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ABSTRACT 
 

In this Dissertation, a study on multi–band linear CMOS power amplifiers (PAs) 

for wireless mobile communication applications is performed. Since mobile and 

radar applications are allocated at different center frequencies with various 

bandwidths, a single PA is required to support number of frequency bands for size 

and cost reduction. Even though the CMOS technology take advantage of cost–

benefit and possibility of integration with other circuits, designing linear multi–band 

CMOS PAs generating high output power has been challenging due to low 

breakdown voltage and nonlinear nature of the CMOS device. Next, three design 

techniques to realize broadband/multi–band linear PAs are presented. 

First, a broadband linear stacked–FET CMOS PA for LTE handset applications is 

demonstrated. The PA is based on continuous Class–F mode of operation, where a 

proposed output matching network controls fundamental loads and their harmonics 

using a low pass network and a shunt resonator. An adaptive bias circuit with a low 

pass filter, as a linearization, generates an average bias depending on each output 

power. The proposed stacked PA, including the integrated bias circuit, is fabricated 

in a 0.11–μm RF CMOS technology. The measurement results show that the peak 

average power is improved by 1.5 dB under an ACLRE–UTRA of -30 dBc, for a 16–

QAM 7.5 dB PAPR LTE signal. From 1.55 GHz to 2.05 GHz, the designed PA 

delivers a linear output power of 24.3–25.2 dBm with a drain efficiency of 25.6–

28.6 % at the ACLRE–UTRA of -30 dBc, under the same bias condition. These results 

show the proposed CMOS PA is useful for broadband highly linear applications. 
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Second, a reconfigurable S/X–band PA integrated into a 0.18–μm RF CMOS 

process is developed. A switchable transformer for output matching is operate by 

tuning its primary winding and a shunt capacitor under a 50 Ω load, with passive 

efficiency of more than 63 %/67 % for the S/X–band. Series resonance circuits 

with bond wires are employed at common–mode nodes, greatly improving the 

X–band performance of the PA. Despite the use of inter–stage matching without 

any tunable elements, the PA presents a power gain of more than 19.5 dB at both 

3.0 and 8.0 GHz. The PA provides a saturated output power of 24.8/21.5 (21.5) 

dBm with a power–added efficiency (PAE) of 32.8 %/11.1 % (10.7 %) at 3.0/8.0 

(9.0) GHz. The 1–dB bandwidth is 0.6/2.0 GHz (2.8–3.4 GHz/7.5–9.5 GHz) for 

the S/X–band. This amplifier demonstrates suitable performance for dual band 

high–resolution radar transceivers. 

Last, a reconfigurable broadband linear PA for long–range WLAN 802.11 af/ah 

handheld applications is presented, which is fabricated in a 0.18–μm RF CMOS 

process. The reconfigurable operation (Mode 1: 450–650 MHz/Mode 2: 650–1100 

MHz) at a proposed in/output matching network provides the PA with broadband 

behavior. The output network is realized by a switchable transformer which shows 

peak maximum passive efficiencies of 65.03 %/73.45 % at 0.45/0.725 GHz. To 

compensate AM–to–PM distortion, an adaptive power cell at the common gate 

transistor is utilized and phase variation is enhanced by 0.7º. With continuous wave 

sources, an 1–dB bandwidth according to a saturated output power is 0.4–1.2 

GHz (FBW: 100 %), presenting the output power/PAE of above 25.62 

dBm/19.65 %. For LTE 16–QAM signal measurement with 20–MHz (40–MHz) 

channel bandwidth, an average output power shows more than 20.22 (20.15) 
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dBm with a PAE of above 7.42 (7.35) %, under an ACLRE–UTRA of -30 dBc. 

Therefore, the suggested design can deliver a linear amplification for a 

broadband/wideband signal of wireless linear communication applications. 

 

Keywords: Adaptive bias circuit, broadband, class–AB, CMOS, continuous Class–

F, dual band, IEEE 802.11af/ah standards, inter–modulation distortion (IMD), 

linearization, long–term evolution (LTE), multi–band, power amplifier (PA), radar 

transceiver, radio frequency (RF), reconfigurable, stacked–FET, sub–GHz, switch, 

transformer. 
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CHAPTER 1 
 
INTRODUCTION 

 

1.1 MOTIVATION 
Currently, the evolutionary communication systems operate with high data-

rate transmission and require a transceiver with large bandwidth, high linearity 

and low–cost production, as illustrated in Fig. 1.1. 

CMOS technology offers a powerful platform for realizing a full radio system 

on a single chip with its unparalleled integration level and extensive digital 

processing capability. In other words, a single chip solution for the radio 

frequency (RF) transceiver implemented in a CMOS process is one way to reduce 

the mass production cost [1]. However, power amplifier (PA), which greatly 

affects the entire transmitter’s power efficiency and output signal quality, still 

remains one of the most challenging blocks for full transceiver implementation 

in CMOS. 

The critical issues for CMOS PA design are the low break–down voltage and 

high knee voltage of the device, which limit the allowable drain voltage swing. 

Various breakdown and degradation mechanisms in sub–micrometer CMOS 

include gate oxide breakdown, hot carrier degradation, punch–through, and 



 

２ 

drain–bulk breakdown, as discussed in [2] and [3]. Due to the limited voltage 

issues, the output matching network for a CMOS PA requires a large impedance 

transformation ratio to generate high output power. This is because large output 

power is commonly achieved by increasing the output current swing through 

wide multi–finger transistors that are inherently slower than standard digital 

transistors [4], [5]. The large impedance transformation ratio often results in 

prohibitive passive loss and complicates the design process. 

In addition, besides conventional PA metrics, such as output power and 

efficiency, various emerging applications may pose further requirements on the 

PA’s operation bandwidth, as show in Fig. 1.2. Modern communication systems 

 
Fig. 1.1. Multi–standard applications of wireless communication systems. 
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often demand a large instantaneous bandwidth to support ultrahigh data rate 

modulation. Applications such as smart antennas and cognitive radios require 

transmitting at programmable center–frequencies within a large bandwidth to 

achieve frequency multiplicity [6], [7]. Furthermore, advanced radar imaging and 

biomedical sensing/imaging systems need the power stage to amplify truly 

broadband signals, such as pulses for target detections [8], [9]. For example, a 

chirped radar imaging system utilizes the correlation between the incident and 

the reflected pulses. The system’s spatial resolution is determined by the 

correlation function’s temporal width, which is inversely proportional to the total 

bandwidth of the chirped signal [9]. In summary, all these applications require 

significant extension of a PA’s operating bandwidth well beyond the conventional 

narrowband practices. 

Fig. 1.2. Electromagnetic spectrum applications. 
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1.2 MULTI–BAND PA STRUCTURES 

To implement a multi–band PA, several multi–banding structures have been 

proposed as shown in Fig. 1.3. In initial development stage, multi–banding of a 

PA was achieved by simply consolidating single–band dedicated PAs into a single 

PA–module, as shown in Fig. 1.3(a). However, this approach cannot obtain the 

 

(a) 

(b) 

(c) 

Fig. 1.3. Different ways of achieving multi–band power amplifier. (a) Unit–selection 
type. (b) Broadband–matching type. (c) Variable–matching type. 
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size and cost benefits. Thus, recent researches have focused on “converged–PA” 

design. The converged PA employs reduced number of PA–cores and multi–band 

matching networks such as the broadband and/or reconfigurable matching 

networks to reduce the size and cost. Distributed amplifiers are one of the 

common techniques to implement broadband amplifiers [10]-[12]. In distributed 

amplifier designs, the input and output capacitance of transistors are absorbed in 

the transmission lines connected to the input and output terminals of each 

transistor (stage) such that a substantially wideband frequency response is 

achieved. Distributed amplifiers, nevertheless, are inefficient due to power 

dissipation in a dummy 50 Ω load as well as varying signal swings across their 

stages, leading to reduced overall efficiency. Contrary to the broadband matching 

method shown in Fig. 1.3(b), the reconfigurable matching technique shown in 

Fig. 1.3(c) can adaptively reconfigure the target output powers as well as the 

target frequencies by employing tunable passive elements such as the voltage-

controlled capacitors (varactors) and RF switches, thus achieving higher 

performances at each target band [13], [14]. However, the reconfigurations 

should also be applied to the inter–stage matching as well as the output matching. 

Also, high performance tunable elements are required to avoid excessive 

performance degradation.  

To cover broader bandwidth and/or far–apart frequency bands, the two structures 

in Fig 1.3(b) and (c) can be combined, which can further reduce the IC die. 
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1.3 DISSERTATION ORGANIZATION 

In this dissertation, a methodology to realize multi–band linear CMOS PAs is 

presented for wireless mobile communication applications. The contents of this 

study are sub–divided into three topics. In the first multi–band PA, a simplified 

broadband output matching technique is introduced for LTE/W–CDMA 

applications. The second multi–band PA employs a reconfigurable output 

network to cover S– and X–band for high–resolution radar transceivers. The third 

broadband linear PA also utilizes a switchable in/output network for long–range 

IEEE 802.11af/ah standards in sub–GHz. 

In chapter 2, a single–stage linear PA is proposed which has high–efficiency 

with broadband characteristic (Band 1/2/3/4: 1.55–2.05 GHz). The PA is biased 

on continuous Class–F mode of operation, where output matching is realized to 

control the harmonic impedances to be nearly reactive using a low pass network 

and a shunt resonator. To avoid the problem of low breakdown voltages, stacked 

topology is employed, which allows the use of lower impedance transformation 

ratio. 

Chapter 3 presents a reconfigurable dual–band PA which consists of a 

differential driver/main stage and operates on the S/X–band. An integrated 

switchable transformer for output matching network provides optimal load 

impedances and high efficiencies in the S/X–band. A series resonance L–C 

structure with a bond wire for the X–band is introduced into the PA and 

compensates for degradation caused by the asymmetric differential–load. 
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In chapter 4, a reconfigurable broadband PA is developed for WLAN 

802.11af/ah mobile applications, which has the similar output matching 

technique in chapter 3. The amplifier with the reconfigurable transformer is 

optimized at 500 MHz and 850 MHz and it operates on the two center–

frequencies depending on the switching. Due to the relatively low operating 

frequencies, the rest of the circuits except the output network are well assembled 

into the transformer to avoid the decoupling. 

Finally the dissertation ends with conclusions in Chapter 5 which summarizes 

the three design techniques for RF multi-band CMOS PAs, demonstrated in this 

dissertation. 
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CHAPTER 2 
 
A BROADBAND LINEAR CMOS  
STACKED POWER AMPLIFIER USING  
CONTINUOUS CLASS–F  
OUTPUT MATCHING NETWORK  
FOR LTE HANDSET APPLICATIONS 

 

2.1 INTRODUCTION 

In today’s cellular market, there is a huge demand to embed numerous wireless 

standards and applications into mobile communication devices. For the third–

generation (3G) wideband code–division multiple access (W–CDMA) [1] and 

fourth–generation (4G) long term evolution (LTE) [2], the proliferation of 

worldwide 3G/4G frequency bands requires handset PAs to support multiple 

frequency bands for global roaming. Fig. 2.1 shows the 3G/4G frequency band 

allocations by region. Even though the 3G UMTS standard initially aimed to 

unite the wide–spread frequency bands into a single–band (UMTS Band–1), in 

reality, it is impossible for each country to completely reallocate the occupied 

frequency bands (called as “frequency re–farming”), because the service 
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providers must pay additional/excessive cost to replace the previous systems with 

new one. Due to the reason, phone makers have demanded PA manufacturers to 

develop a multi–band PA which fulfills multi–band coverage while maintaining 

low cost and small size, which makes a challenge in designing multi–band PAs. 

CMOS technology has become a desirable choice for research on single–chip 

radio transceivers due to its low cost and high–integration capability [3]. Among 

other advantages, CMOS power amplifiers (PAs) offer the potential of reducing 

complexity and cost by enabling the combination of a complete transceiver and 

digital baseband circuitry on the same chip. However, single–chip radio still 

remains elusive as implementing high performance multi–mode multi–band 

 
Fig. 2.1. W–CDMA, LTE and LTE advanced frequency bands and spectrum allocations.
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linear PAs in CMOS technology is challenging. There are two main limitations 

in designing such PAs in nanoscale CMOS technology. 

First, scaled CMOS transistors suffer from low breakdown voltages. Therefore, 

large output powers are commonly achieved by increasing the output current 

swing through wide multi–finger transistors. Additionally, there wide transistors 

present very low input, output, and optimum load impedance. Second, the low 

impedances require lossy on–chip impedance transformation networks to match 

to the system impedance (typically 50 Ω). These limitations have reduced the 

design space of CMOS PAs to a narrowband, low–linearity metrics one with 

often insufficient gain, output power, and efficiency. 

Distributed amplifiers (DAs) are one of the most common technique to 

implement broadband amplifiers [4]–[6]. In DA designs, the input and output 

capacitance of transistors are absorbed in the transmission lines connected to the 

input and output terminals of each transistor (stage) such that a substantially 

wideband frequency response is achieved. DAs, nevertheless, are inefficient due 

to power dissipation in a 50 Ω load as well as varying signal swings across their 

stages, leading to reduced overall efficiency. Furthermore, the transformer–based 

output matching network has a limited bandwidth due to a low coupling factor 

and optimized passive components.  

The stacked PA design technique delivers high linear output power with non–

constant envelope input signals [7]–[9]. A large bandwidth is also achieved by 

selecting the size, number, and topology of stacked cells to provide an insensitive 

fundamental load, which eliminates the need for a lossy on–chip impedance 



 

１３ 

transformation network and its associated bandwidth, power, and efficiency 

degradations Therefore, output matching networks mays be implemented with 

off–chip components at relatively low operating frequencies. 

Several output matching techniques for the PA, such as Class–J and 

Continuous Class–F/F-1, have been introduced to achieve wideband operations 

[10], [11]. However, few studies have approached these techniques relation to 

the CMOS process as a result of the low breakdown voltage issues. These are not 

well explained in reference to the harmonic matching process.  

In this work, a simplified harmonic matching technique for continuous Class–

F mode of operation is presented and it is combined with a CMOS stacked 

topology. This study is organized as follows. A detailed description of the 

suggested design is given in Section 2.2. In Section 2.3, the measured PA 

characteristics are presented together and the PA fabricated in standard CMOS 

process is also shown. Section 2.4 summarizes the results and draws conclusions. 
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2.2 BROADBAND LINEAR CMOS STACKED PA 

2.2.1 STACKED–FET TOPOLOGY 

 

The stacked–FET structure used in this study is shown in Fig. 2.2. The circuit 

is composed of a common–source input transistor and three stacked transistors 

connected in series so that their output swings are added in phase. Unlike in a 

cascade configuration where the gate of the common-gate transistor is RF 

grounded, a relatively small external gate capacitance (C2, C3 and C4) is 

introduced to allow an RF swing at the gate of each stacked transistor. The 

external gate capacitance and the gate–to–source capacitance (Cgs) of each 

stacked transistor form a capacitive voltage divider to produce the proper in–

 
 

Fig. 2.2. Stacked–FET PA basic structure. 
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phase voltage swing at the gate and drain. This approach systematically reduces 

the drain–gate and drain–source voltage swings of both the common–source and 

common–gate transistors under large–signal operation, unlike in a cascode 

structure where the drain–gate voltage swing of the common–gate transistor 

becomes the bottleneck [7]. 

As shown in a simplified model in Fig. 2.3, assuming 0r  is large, the source 

input impedance siZ  of a stacked transistor is influenced by the value of the 

external gate capacitor relative to its gate–source capacitance according to 

 

 1 1(1 ) ( )gs
si

i m gs

C
Z

C g sC
= + × P  

 
1(1 )gs

i m

C
C g

» + × ,   for 0 tf F= .    (1) 

 

 
 

Fig. 2.3. Effect of an external gate capacitance on a stacked FET’s source input 
impedance. 
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The small–signal voltage gain of the PA can be derived as 

 

 1

2 3 4

2 3 4

(1 ) (1 ) (1 )

m L
v

gs gs gs

m m m

g RA sC sC sC
g g g

=
+ × + × +

 

 1m Lg R» ,   for 0 tf F= .    (2) 

 

For a low–frequency design where the carrier frequency ( 0f ) is much lower 

than the cutoff frequency of the device ( tF ), 2sZ , 3sZ , and 4sZ are 

approximately purely resistive and all four devices in series share the same 

constant current swing ( mI ). The values of external capacitors ( 2C – 4C ) should 

be set such that 2sZ , 3sZ , and 4sZ  are optR , 2 optR , and 3 optR , respectively, 

and the optimum output load impedance is 4 optR . This ensures that each 

transistor has the same drain–source, drain–gate, and gate–source voltage swings 

while the absolute voltage swings with respect to ground increase as one moves 

up the ladder.  

For a high–frequency design, however, the reactive component of the load 

impedance ( 2sZ – 4sZ ) due to gsC  becomes significant and the gain is degraded 

somewhat as implied by (2). The four transistors will also see slightly different 

drain currents due to currents leaking out through gsC , resulting in more difficult 

waveform shaping to achieve high–efficiency operation on all transistors 

simultaneously. 
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Compared to the n –parallel–FET PA with the same output power and dc 

power, the n –stacked–FET PA has n  times higher voltage gain and power 

gain. The input and output impedances are n  times and 2n  times higher, 

respectively, resulting in improved input and output matching bandwidths and 

less power loss in the output matching network. 

2.2.2 CONTINUOUS CLASS–F MODE 

As Carrubba et al. [11] analyzed and experimentally demonstrated the 

Continuous Class–F Mode PA. This investigation has shown that, when working 

with constant open–circuited third harmonic impedance, a shorted second 

harmonic component is not a unique solution for achieving maximum efficiency 

and output power. The required voltage waveforms are defined by (3), which has 

been derived from the generic factorial representation of voltage waveforms as 

defined by Cripps et al. [12] 

 

 2( ) (1 cos ) (1 cos ) (1 sin )v q a q b q g q= - × + × -   (3) 

 

where a , b , and g  are three parameters, which define the design space. It is 

very important that, for each combination of the three values, the voltage 

waveform is kept above zero as follows: 

 

 ( ) 0v q > .      (4) 
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If the voltage waveform crosses zero at any point, the device current will drop 

immediately to zero, resulting in a drastic reduction of power and efficiency and 

highly nonlinear behavior.  

Equation (3) can be expanded to give the following expression for the current–

generator plane voltage: 

 

 1 2 3( ) cos( ) cos(2 ) cos(3 )DCv V A A Aq q q q= - - -  

       1 2 3 4sin( ) sin(2 ) sin(3 ) sin(4 )B B B Bq q q q+ + + +  (5) 

 

where DCV  represents the supply voltage. 1A , 2A  and 3A  represent the 

voltage components of the real part of the fundamental, second, and third 

harmonic impedances, and 1B , 2B , 3B  and 4B  represent the voltage 

components of the imaginary part of the fundamental, second, third, and fourth 

harmonic impedances. 

This gives 

 

 211
2DCV a ab= + -      (6) 

 2
1

32
4

A a b a b= - -      (7) 

 2
2

1
2

A ab a= -       (8) 



 

１９ 

 2
3

1
4

A a b= -       (9) 

 2
1

1 1( 1 )
2 4

B g ab a= - -      (10) 

 2
2

1 1( )
2 4

B g a b a b= - -     (11) 

 2
3

1 1( )
2 4

B g ab a= -      (12) 

 2
4

1
8
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Real and imaginary harmonic impedances are normalized to the dc voltage 

( DCV ). 

For the theoretical continuous class–F, to achieve the maximum drain 

efficiency, the second harmonic impedance must be kept reactive. To obtain this, 

the parameter 2A  in (8) is set to zero, giving the condition 

 

 / 2b a= .      (14) 

 

The presence of the third harmonic voltage allows the increase of fundamental 

component. Substituting the value 2b a=  in the real part of the fundamental 

component (7), 
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 3
1

3 3
8 2

A a a= - .      (15) 

 

Differentiating (15), as shown in (16), the maximum amplitude of fundamental 

voltage (a ) for optimum class–F condition can be determined, as shown in (17), 

 

 ' 2
1

9 3( ) 0
8 2

A a a= - =      (16) 

 

giving 

 

 2 / 3a = .      (17) 

 

Keeping the parameters a  and b  constant, g  is the only parameter to be 

swept to reveal the continuous class–F mode 

 

 1 1g- £ £ .      (18) 

 

In accordance with (14), (17), and (18), the new family of voltage waveforms, 

as a function of g , are derived from (5), and are illustrated in Fig. 2.4. For 

0g = , the standard class–F voltage waveform is achieved with a theoretical 

drain efficiency of 90.7% (highlighted via the red line in the online version of the 

figure). For all other values of g , the new voltage waveforms still maintain the 
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class–F power and efficiency performance, but have significantly modified 

waveforms. We assume that the device has sinusoidal input excitation and is 

biased for class–B operation, resulting in a half-wave rectified sinusoidal current 

waveform. 

The key to engineering this new PA mode lies in changing the reactive 

component of the fundamental load while varying the phase of the second 

harmonic impedance, in accordance with (5). In this way, it is possible to keep 

the voltage waveform above zero and maintain a constant high–efficiency state. 

The required impedances are shown in Fig. 2.5 with g  changing from -1 to 1, 

generating a second harmonic reactance that varies around the edge of the Smith 

chart, while the fundamental harmonic impedance simultaneously varies on a 

 
Fig. 2.4. Theoretical continuous class-F current and voltage wave forms for 1 1g- £ £
with steps of 0.5. 
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circle of constant resistance. 

This set of viable loads represents a new “design space,” which allows 

increased flexibility in PA design. In this space, different corresponding values 

of fundamental and second harmonic impedances can be chosen to maintain the 

same theoretical output power and efficiency. The important aspect to highlight 

is that PA designers do not necessarily need to provide a short–circuit second 

harmonic impedance in an actual PA design, but have a choice of a significantly 

wider design space over which optimum device performance is maintained. 

Fig. 2.6 shows drain efficiency and reactance of the fundamental and second 

harmonic impedances normalized to the fundamental resistance 1R , against the 

parameter g . It can be seen that when increasing g , the second harmonic 

 
 

Fig. 2.5. Continuous class-F impedance range for the first three harmonic impedances 
when varying 1 1g- £ £  with steps of 0.25. 
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reactance increases while the fundamental reactance decreases; in this case, the 

efficiency is kept constant to an ideal value of 90.7%. 

For 0g =  with 1 1 2 1 0X R X R= = , the standard class–F mode is obtained. 

For all other values of g , a change of 1X  must be accompanied by a negative 

change of 2X  in accordance with (5) to maintain constant output power and 

efficiency. 

As mentioned above, the value of b  was restricted to 0b =  ( 2 0A = ), thus 

the second harmonic impedance was swept around the edge of the Smith chart. 

We now consider the more general case where the second harmonic impedance 

can be chosen inside the Smith chart, where for 2b a> , in accordance with 

 
 

Fig. 2.6. Theoretical efficiency and fundamental and second harmonic reactive 
impedances ( 1X  and 2X ), normalized to 1R , as a function of g , for 1 1g- £ £
with steps 0.25. 
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(8) and (5), the parameter 2A  is kept greater than zero. The new condition of 

b  variation delivers a wider range of design space that guarantees a stipulated 

minimum output performance. Note that with increasing value of a , again 

bigger troughs in the voltage waveforms are developed. If the parameter b  

increases, the range of a  and g  where voltage waveforms are greater than 

zero and drain efficiency is greater than 75% is reduced, as shown in Fig. 2.7. 

For 2b a= , the efficiency is greater than 75% for a wide range of a ranging 

from 0.75 to 1.5. For 1.5b a=  that range of a  is between 0.9–1.2, and for 

1.4b a= , the only point that allows positive voltage and high efficiency is 

1.05a = . 

 
 

Fig. 2.7. Drain efficiency function of a  and b  for constant 0g = . 
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2.2.3 OUTPUT MATCHING NETWORK BASED ON EXTENDED CONTINUOUS 

CLASS–F FOR THE CMOS STACKED PA 

 

An overall circuit schematic of a single–stage continuous Class–F CMOS PA 

is shown in Fig. 2.8. A quadruple–stacked FET structure is chosen to overcome 

low breakdown voltage problems and help ease the burden of broadband 

fundamental load matching. The gate width of each stacked transistor is 13.2 mm. 

As aforementioned above, the continuous Class–F mode is basically to control 

second harmonics as purely reactive by maintaining an open circuit for third 

 

 
Fig. 2.8. Detailed circuit schematic of the proposed single–stage CMOS stacked PA with 
broadband output matching network. 
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harmonic impedance. Even though third harmonics are also reactive around the 

open circuit and the second harmonics have small resistance with reactance, the 

extended continuous Class–F Mode shows broadband characteristic with high 

efficiency. Instead, the peak efficiency is lower than the ideal case, still showing 

  
(a)                                 (b) 

 

 
(c) 

 
Fig. 2.9. (a) Power added efficiency (PAE) contours based on load–pull simulations at 
fundamental frequencies. (b) Designed fundamental load impedances (1.5–2.1 GHz). (c) 
Designed fundamental and harmonic (up to third harmonics) load impedances. 
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an efficiency of more than 75 %. In this work, a proposed output matching 

network is composed of a low pass filter (TL2 and Cm5) and a shunt resonator 

(TL1, Cm3 and Cm4). The efficiency contours at 1.5, 1.8 and 2.1 GHz are shown 

at Fig. 2.9 (a) and the low pass filter is largely helpful for synthesizing near–

optimum load impedances over a wide frequency range from 1.5 to 2.1 GHz, as 

illustrated in Fig. 2.9 (b). The fundamental load impedance changes smoothly 

from 7 Ω to 10 Ω. For the practical PA design, the optimum second harmonic 

impedance often shifts to the inductive region due to the effect of the parasitic 

capacitance such as gate and drain–to–source capacitances and third harmonic 

impedance has to be kept purely reactive as much as possible for continuous 

Class–F operation. Harmonic load pull simulations were performed on this 

quadruple–stacked FET to confirm this and the shunt resonator with the low pass 

network closely moving second/third harmonic impedances to their optimum 

impedance points, as shown in Fig. 2.9 (c). 

2.2.4 ADAPTIVE COMMON SOURCE BIAS FOR THE STACKED PAS 

Since the modulated signals have high peak–to–average–power ratios (PAPR) 

with wide bandwidths such as LTE and WIMAX, PAs should be operated at a 

back–off power from the peak to satisfy the linearity. Due to a serious level of 

efficiency degradation from the back–off operation, the linearization technique 
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is crucial at a high power region. 

 
 

Fig. 2.10. IMD3 versus output power for different gate biases of bottom transistor of the 
stacked PA (VGS= 0.28 V of the stacked transistors). 

 

 

 
Fig. 2.11. Block diagram of the broadband PA with the proposed linearization. 

 



 

２９ 

Most of the updated CMOS linear PAs operate with deep Class–AB bias 

because the sweet spot moves towards higher power. However, as the bias is 

placed near the threshold voltage, very high inter–modulation distortion (IMD) 

characteristics are shown at low–mid power regions, as illustrated in Fig. 2.10 

[13], [14]. To implement the deeper class–AB biased linear CMOS PA, an 

adaptive gate bias control has been proposed and performed effectively [15], [16]. 

To achieve a higher PA linearity, the sweet spot of the IMD3 needs to be 

located at a higher power region. However, the PA operating closely to Class–B 

generates a large IMD3 at the low power regions. The distortion, mainly 

generated by the I–V curve and the power–series expression of the drain current 

in terms of gate–source voltage, can be represented as 

 

 2 3
1 2 3

1 1
2 6ds m gs m gs m gsi g v g v g v= + + +K .   (19) 

 

From (19), IMD3 products at 1 22w w-  are given by 

 

 ( )3
, 3 3 1 2

1 cos 2
8ds IM mi g A w w t= -é ùë û .   (19) 

 

From (19), it is evident that small 3mg  values will result in small IMD3s. 

Therefore, to achieve a small 3mg  value in large gsv  excursions, the PA should 

operate as Class–A for a linear operation and as nearly Class–B for a mid–
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Fig. 2.12. Simulated optimally controlled gate bias of the bottom transistor according to 
the output power. 

 

 

 
Fig. 2.13. IMD3 with different gate biases and optimal shaped gate bias of the bottom 
transistor. 
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high power region. The sweet spot of IMD3 can be found at a higher power 

region than one from a PA operating with the usual Class–AB bias. 

When this “sweet spot control” is employed in stacked PAs, the control can be 

easily achieved by biasing the bottom transistor because the bias is very sensitive 

with the drain current of the stacked PA. Fig. 2.12 shows the optimum gate bias 

of bottom transistor according to the output power and its initial value is 

approximately 0.35 V. The IMD3, according to output power from the stacked 

PA having the reshaped bias circuit, is illustrated in Fig. 2.13. As shown in the 

figure, output power is improved by almost 1.5 dB while IMD3 meets at -30 dBc 

and the sweet spot is also located similarly with that of deep class–AB. 

The schematic of the adaptive bias circuit is presented in Fig. 2.14. The 

 

 
 

Fig. 2.14. Schematics of the adaptive bias circuit for the gate of the bottom transistor. 
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integrated bias circuit is composed of an envelope detector using the NMOS 

device (M1: 648μm/250nm) and a source follower (M2: 720μm/110nm) with 

resistors (Rg1, Rg2) and capacitor (Cg2) network. The envelope detector receives 

the input signal (RFIN) and rejects RF carrier signals using the resistor (R1) and 

capacitor (C1) network. When the envelope signal is increased, the output of the 

envelope detector is decreased and the on–resistance of the source follower 

increase to change the gate voltage of the bottom transistor from the initial value 

 

 
 

Fig. 2.15. Detailed circuit schematic of broadband 4–stacked PA with the integrated 
adaptive bias circuit. 
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to a lower value of 0.26 V. Therefore, the Class of the stacked PA can move from 

A to B according to output power. 

An overall circuit schematic of a single–stage continuous Class–F CMOS PA 

is shown in Fig. 2.15. Considering the PA’s stability and efficiency, a Miller 

capacitance (CMiller) across the drain–source of the top stacked transistor is also 

used to tune out the parasitic capacitance at an intermediate node of the third and 

fourth stacked transistors [17], [18]. The top three gates of stacked transistors are 

biased with a same gate–to–source voltage using a resistive divider with a 5–V 

supply. All transistors’ bodies tie with their source to prevent the body effect and 

a deep N–well is employed in both the driver and power cells to reduce the 

noise/signal coupling with other components on the silicon substrate [19]. 
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2.3 FABRICATION AND MEASUREMENT RESULTS 

 
The continuous Class–F PA with integrated bias circuit is fabricated in a 0.11–

μm standard 1P8M CMOS process. A photograph of the chip can be seen in Fig. 

2.16, and the size of the die is 2.07mm×1.11mm. In the measurement, the chip is 

mounted on FR–4 PCB and all the losses of PCB transmission lines and bond 

 

 
 

Fig. 2.16. Microphotograph of the designed CMOS PA. 

 

 
Fig. 2.17. Measurement setting for the designed PA (DUT) test. 
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wires are included. Fig. 2.17 shows the measurement setting used to verify the 

performance of the designed PA. The attenuator and couplers protect the test 

equipment, which is limited in that it has available input power of less than 1 W. 

For accurate measurement, calibration of the power meter considering the 

coupling and the insertion loss of the coupler was done from 1.4 to 2.2 GHz. The 

power meter (N1912A) senses the input and output powers of the device under 

testing (DUT) through the couplers. A spectrum analyzer (N9020A) is used to 

measure the adjacent channel power ratio (ACLR) of the DUT. A 16–QAM 10 

MHz LTE or a continuous wave signal is injected from a signal generator 

(N5182B). The maximum input power level is adjusted at each frequency due to 

the gain variation of the DUT. All equipment is controlled by the VEE program 

for the PC provided by Agilent. 

The bias condition of the PA with the linearization is a 5–V supply voltage and 

a 75 mA current for no input signal. The ACLR is measured under evolved 

universal terrestrial radio access (E–UTRA) specifications with a 9–MHz 

resolution bandwidth. Fig. 2.18 shows the ACLRE-UTRA, gain, power added 

efficiency (PAE) and drain efficiency (DE) as a function of the average output 

power at 1.88 GHz (Band II: 1850–1910 MHz) with the proposed bias circuit 

and with conventional Class–AB bias. In comparison, the two PAs have the same 

output matching network. The PA with the proposed bias circuit improves 

ACLRE-UTRA power, ranging up to 5 dB over the constant Class–AB bias and the 

peak average output power difference below -30 dBc, is 1.5 dB. Also, the 

sideband asymmetry is almost negligent at the mid–high output power region 
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Fig. 2.18. Measured performance of CMOS stacked PA with the adaptive bias circuit 
using LTE signal at 1.88 GHz (Band II). 

 

 

 
Fig. 2.19. Measured ACLRs suing LTE signal at band I, II, III, and IV (Dotted lines: 
Class–AB bias [IDC= 35 mA], Solid lines: adaptive bias). 

 



 

３７ 

because an inductor (Lg) at the bias of the bottom transistor controls imaginary 

impedances to a lower value for envelope frequency [20]. The performance of 

the proposed PA at 1.88 GHz achieves a PAE of 21 %, a DE of 29 %, and an 

average output power of 25.3 dBm, while the ACLRE-UTRA level is under -30 dBc. 

The proposed was also evaluated at other LTE bands, compared with the 

conventional PA, as illustrated in Fig. 2.18. Similarly, ACLRE-UTRA is highly 

enhanced and the peak average output power is improved by at least 0.8 dB. All 

side band asymmetries for the three LTE bands are significantly reduced as well. 

To verify the broadband signal operation, the average output power, ACLRE-UTRA, 

and DE according to center frequency using the 10–MHz bandwidth LTE signal 

are measured for the stacked PA with the proposed linearization, and presented 

 
 

Fig. 2.20. Measured performance for broadband operation with 10–MHz bandwidth LTE 
signal. 
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in Fig. 2.20. The average output power and DE show more than 24.5 dBm/25.6 % 

 

 
 

Fig. 2.21. Measured LTE output spectra and ACLRs with average output power of 25.3 
dBm centered at 1.88 GHz. 

 

TABLE 2.1 

PERFORMANCE COMPARISON OF BROADBAND CMOS STACKED PAS 

Ref. Technology Freq. 
(GHz) 

POUT 
(dBm) 

PAE 
(%) 

DE 
(%) 

VDD 
(V) 

ACLR 
(dBc) Application Topology 

This 
work 

CMOS 
110 nm 

1.55-
2.05 

@ 1.8 
25.3 21 28 5 -30 LTE 

16-QAM 

4-stacked 
w/  

Adaptive 
Bias circuit 

[21] CMOS 
65nm 

1.64-
1.951 

@1.78 
25.4 37.9 N/A 3.4 -33 WCDMA 

Stacked 
cascode 
single-

differential2 

[9] CMOS 
45 nm SOI 

1.5-
2.41 

@1.8 

25.1/ 
23.83 N/A N/A 12 -40.6/ 

-38.33 WCDMA 
Stacked PA 

w/ AlN 
substrate 

[22] 
CMOS 
250 nm 

SOS 

1-1.91 
@1.4 26.6 N/A 16.7 13.5 -33 LTE 

QPSK 
Stacked 
cascode 

1Based on CW measurement, 2External power combiner is used, 3On Si Substrate. 
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from 1.55 GHz to 2.05 GHz with a same bias condition, while all ACLRsE-UTRA 

satisfy the LTE specifications of -30 dBc. There is hardly a large decrease in 

output power and DE through the bandwidth. Fig. 2.21 depicts the measured 

spectra of the PA, showing that it meets the LTE spectrum emission mask. Table 

I summarizes the performance data of this work together with recent broadband 

stacked PAs for comparison. 
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2.4 CONCLUSIONS 

A single–stage linear PA has been proposed which has high–efficiency with 

broadband characteristic using 0.11–μm	 standard CMOS process. The PA is 

biased on continuous Class–F mode of operation, where output matching is 

realized to control the harmonic impedances to be nearly reactive using a low 

pass network and a shunt resonator. To avoid the problem of low breakdown 

voltage, stacked topology is employed, which allows the use of lower impedance 

transformation ratio. Also, by using the bias circuit, a sweet spot and a peak 

average output power can be located as a deeper class–AB bias without any 

linearity distortion at the low–to–mid power region. 

This broadband PA with the integrated bias circuit improves 5 dB at the sweet 

spot of ACLRE-UTRA, compared to the constant Class–AB bias PA and shows an 

average output power of 25.3 dBm, a PAE and a DE of 21 %/29 %, with an 

ACLRE-UTRA of -30 dBc at 1.88 GHz for a LTE 10 MHz 16–QAM 7.5 dB PAPR 

signal. The PA delivers the average output power and DE more than 24.5 

dBm/25.6 % from 1.55 GHz to 2.05 GHz with the same bias condition. These 

results show the proposed CMOS PA is useful for highly linear broadband 

applications. 
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CHAPTER 3  
 
A RECONFIGURABLE S/X–BAND  
CMOS POWER AMPLIFIER FOR HIGH–
RESOLUTION RADAR TRANSCEIVERS 

 

3.1 INTRODUCTION 

One of the fundamental features that future radar generations must show is the 

capability to provide a complete cognition of the scenario under observation. To 

do this, they will require to collect a great variety of information, thus allowing 

the interpretation of complex scenes. To this aim, multi–band radars take 

advantage from the different characteristics of environment and targets according 

to the exploited carrier frequencies. As an example, long–range target detection 

and tracking are two key functionalities that typically require a proper frequency 

band selection. Signals in the S–band (in the 2–4 GHz frequency range) show a 

strong immunity against weather clutter, and are widely adopted for early–

warning radar applications. On the other hand, radars operating in the X–band 

(8–12 GHz) are often exploited to generate narrower beams for target tracking, 

and to improve the spatial resolution for highly resolved target imaging [1], [2]. 
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CMOS technology offers a powerful platform for realizing a full radio system 

on a single chip with its unparalleled integration level and extensive digital 

processing capability. However, power amplifier (PA), which greatly affects the 

entire transmitter’s power efficiency and output signal quality, still remains one 

of the most challenging blocks for full transceiver implementation in CMOS. 

Due to limited device break–down voltage, the output matching network for a 

CMOS PA requires a large impedance transformation ratio to generate high 

output power and achieving dual–band functionality in a fully integrated CMOS 

PA has been demanding. Most current CMOS PAs do not meet the requirements 

of radar systems using the aforementioned frequency bands and some of them 

are realized by multiple PAs that are optimized at each target frequency [3]–[6]. 

However, this design method suffers from several major limitations including 

increased cost, excessive chip area, dedicated antenna interface such as multi–

band duplexer and SOI switch network, and complicated packaging. 

Several approaches have been developed to implement broadband or multi–

band features in a single PA. One approach is to employ a transformer–based 

high–order output matching network or a stacked steeped–impedance 

transformer to realize broader operation capabilities [7]–[9]. However, when 

using such solutions for the S/X–band, passive efficiency decreases rapidly in 

the lower/upper bands. This is because the values of the transformer coil self–

inductances are optimized for a given frequency and a shunt capacitor at the 

secondary minimizes the insertion loss and suppresses higher harmonics. 

Moreover, optimal load matching on the S/X-band cannot be achieved by 
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transformers alone in CMOS due to the limited coupling factor. For High–order 

networks with multiple inductors, they create the need for an excessive area. Another 

approach to resolve this issue is to use parallel/series resonant LC structures or an 

off–chip combiner [10]; however, these components are not suitable for high–

power generation and low–cost single–chip integration. 

In this work, the designed PA is intended for a dual band FMCW radar system to 

detect a target through a wall at a short range (< 50 m). The attenuation by the wall 

is proportional to the radar operation frequency, and the range resolution is inversely 

proportional to the chirp bandwidth [1]. The radar operation bands selected for use 

here are the S–band and the X–band, and the radar is required to detect small 

targets (13 cm). Therefore, the radar requires a 3–dB bandwidth of at least 1.2 

GHz for each band. Fig. 3.1 shows an overall block diagram of the proposed 

S/X–band PA with a reconfigurable output matching network which is realized 

by a switchable transformer. The single output matching network suggested here 

provides not only load–pull impedance matching but also high peak efficiency 

 

 
 

Fig. 3.1. Block diagram of the proposed dual band CMOS PA. 
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levels on the S/X–band. From the use of a resonance circuit with a bond wire at 

common–mode nodes, it alleviates asymmetric differential–load effects from the 

output matching network and largely improves the PA’s X–band performance. 

The design details and measurement results of the proposed dual band PA are 

presented in the following sections. 
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3.2 DUAL BAND CMOS PA ARCHITECTURE 

3.2.1 DESIGN OF THE RECONFIGURABLE DUAL BAND TRANSFORMER 

 

For a given power device and technology, the maximum output voltage is 

constrained by the device’s breakdown and degradation voltage, while the 

maximum output current is limited by the device size and the input voltage drive. 

To maximize the output power from a given device, specific load impedance 

should be presented at the device output (Fig. 3.2) [11]. Therefore, the output 

matching network transforms the standard 50 Ω load to this desired complex 

impedance. Assuming class–A operation, for maximum output power, this 

impedance presents an equivalent inductance (LP) to resonate with the device 

nonlinear output capacitance (Cdevice) at the operating frequency and a parallel 

resistive part (RL) as the optimum load, determined by the following two 

equations: 

 

 
 

Fig. 3.2. Optimum load impedance for a differential cascade topology. 
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where kneeV  represents the finite knee voltage of the power device. The optimum 

load impedance is given by a constant load resistance in parallel with an 

equivalent negative capacitance, as 
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Given that optR  and deviceC  are independent of the operating frequency, the 

optimum load impedance moves on a conductance circle with 1 optR , and the 

smaller inductance (LP) is required as the frequency increases. This scenario is 

quite different from the situation with multi–mode operation for back–off 

efficiency [12]. 

In CMOS PAs, a transformer is used as the output power combiner and 

matching network to mitigate design issues caused by the intrinsic nonlinear 

characteristics of a MOSFET [13], [14]. In this study, a high–Q transformer and 

additional metal–insulator–metal (MIM) capacitors are used for an output 

matching network. Fig. 3.3 shows the equivalent circuit of the output matching 



 

５０ 

network. Inductors L1 and L2 represent the primary winding inductance and the 

secondary winding inductance of the transformer, respectively. Resistance R1 and 

R2 represent the parasitic resistances of the primary and secondary windings, 

respectively. M represents the mutual inductance of L1 and L2. RL is terminal 

impedance 50 Ω. The following equations demonstrate the process of impedance 

transformation using the transformer and the additional capacitors C1 and C2. 

ZLoad of Fig. 3.3 can be calculated as follows: 

 

 [ ]2 1
2

1( )Load aZ Z jw L M R
jwC

= + - + .   (4) 

 

The real and imaginary parts of ZLoad, ZLre and ZLim can be expressed as 
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Fig. 3.3. Equivalent circuit for the transformer with the additional capacitors (C1, C2). 
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Assuming the coupling factor k  is 0.7 and the parasitic resistance of the 

windings are expressed as 1 1R wL Q=  and 1 1R wL Q= while the quality 

factor Q  is 10, the transformed impedance (ZLoad) was simulated for two cases 

 

 
 

Fig. 3.4. Normalized ZLoad with variations of L1, L2, C1 and C2 at 3.0 GHz and 8.5 GHz.
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and illustrated in Fig. 3.4. First, ZLoad is calculated with varying C1 and C2 when 

the C1 is varied from 0.1 to 2.0 pF, while C2 is varied from 0.8 to 2.0 pF. The L1 

is maintained to be 0.36 nH and L2 (0.73 nH) is optimized for the X–band. By 

selecting C1 and C2, the matching network cannot provide the optimum load 

impedance for the S–band. Second, the trajectories of ZLoad were drawn by 

varying L1 (0.2–0.75 nH) and C2 (0.8–2.0 pF). C1 is assumed to be 1.43 pF on 

the S–band. If L1 is increased, an imaginary ZLoad is increased, while the real ZLoad 

is also increased. This is because an impedance transformation ratio of the 

transformer is decreased. Meanwhile, C2 precisely controls ZLoad to optimum 

ZLoad. Therefore, L and C are designed to be switchable to provide optimum ZLoad 

for the S– and X–band. As shown in Fig. 3.5, higher L1 (0.58 nH) and C2 (1.56 

 

 
 

Fig. 3.5. Normalized ZLoad with optimized L1, L2, C1 and C2 according to the frequency 
(0.25–10.5 GHz). 
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pF) values are required for the S–band. On the other hand, lower L1 (0.36 nH) 

and C2 (1.24 pF) values are required for the X–band. For both S– and X–band, 

the value of C1 and L2 values are fixed to be 1.43 pF and 0.73 nH, respectively. 

The proposed dual band matching network is shown in Fig. 3.6, which 

employs two switches, S1 and S2, to realize the optimum impedances of the S/X–

band. The bias conditions according to each band are described in Table. 3.1. S1 

is located on the primary winding of the transformer and the other switch S2 is 

connected to a capacitor, which is connected in parallel to the secondary winding 

of the transformer. The switchable transformer is embodied, as shown in Fig. 3.7. 

The primary part is split into two lines, and intertwined around the two parallel–

connected secondary parts to reduce parasitic resistances and improve the 

 

 
 

Fig. 3.6. Schematic of the reconfigurable dual band output matching network. 

 
TABLE 3.1 BIAS CONDITIONS ACCORDING TO THE BANDS 

Band VD1, VS1 VB1 VG1 VB2 VG2 
S-band VDD 1.0 V 1.0 V GND 3.0 V 

X-band VDD 1.0 V 6.0 V GND GND 
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coupling factor. The primary winding has an inner turn inductor to increase the 

inductance for the S–band, and a switch S1 is connected in parallel to the inner 

turn inductor. Also, C2 decreases for the X–band due to the OFF–capacitance of 

S2. To ensure the operations, S1 and S2 are turned OFF and ON for the S–band, 

respectively, while S1 and S2 are turned ON and OFF for the X–band, 

correspondingly. Since the additional inductance for the S–band is located inside 

of the transformer, the dual band matching network does not need additional area. 

 

 
 

Fig. 3.7. Physical layout of the proposed output matching network. 

 
TABLE 3.2 DETAILS FOR THE DESIGNED TRANSFORMER 

Primary 
width (M6) 

Secondary 
width (M6) 

Inner primary 
width (M5&M6) Spacing 

Top metal 
thickness 

10 um 10 um 15 um 2.5 um Al-4.6 um 
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To maintain high passive efficiency on the X–band, a gap of 40 μm exists 

between the conventional and inner primaries, as shown in Fig 3.8. 

When designing a reconfigurable output matching for a PA, two key issues 

related to a high–power switch should be considered. First, the power–handling 

capability should be secured in the OFF–state. If this is not guaranteed with 

enough margins, the PA performance will be degraded under large–signal 

operation. Secondly, the power loss from a parasitic resistance of the switch in 

the ON–state needs to be considered [15]. In general, a multi–stack transistors 

scheme is widely chosen as a method to increase power–handling capability [16], 

[17]. There is, however, a trade–off between the power–handling capability and 

the power loss. The voltage difference waveforms of A and B nodes (VAB in the 

switchable transformer is illustrated in Fig. 3.9. The switch between two nodes 

 

 
 

Fig. 3.8. Passive efficiencies with increase in gap between primaries. 
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is OFF–state and the thicker lines present the voltage stress at the saturated output 

 

 
 

Fig. 3.9. Simulated voltage difference waveforms of S1. 

 

 
 

Fig. 3.10. Simulated voltage difference waveforms of S2. 
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power and the others are for the output power variations. The VAB is under 4 V, 

and the switch for the transformer can be implemented as a single thick gate–

oxide transistor with a sufficient margin. Since one side node of the switch is 

grounded, unlike S1, the voltage stress of S2 could be sufficiently low, as shown 

in Fig 3.10. Though S2 also can be implemented as a single thick–gate transistor, 

it was implemented by a stacked thin–gate transistor to reduce the parasitic 

capacitance in the OFF–state. 

In order to reduce the power loss due to the Ron of a switch transistor, the gate 

width of the transistor needs to be increased, which increases an OFF–

capacitance (COFF) in the OFF–state. The trade–off Ron and COFF results in an 

optimum device width that balances these effects, resulting in the gate width of 

the transistor for S1 of 4.608 mm with a length of 0.35 μm. In this condition, 

COFF is 1.69 pF and Ron is 0.9 Ω. The passive efficiencies of the proposed 

transformer with S1 are shown in Fig. 3.11. The peak passive efficiencies are 

64.5%/68.5% for the S/X–band operation. For the two series connected 

transistors of S2, the gate length of the transistor is 0.18–μm, and its width is 

1.152 mm. The COFF of the stacked transistor is 0.35 pF. Fig. 3.12 shows 

simulation results of scattering parameters of the load impedances, when the 

output matching network is designed with considering parasitic components 

through the electromagnetic (EM) simulation. The designed load impedances at 

3.0 and 8.5 GHz are 15.5+j15.8 Ω and 11.02+j9.54 Ω, respectively, which are 
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Fig. 3.11. Passive efficiencies with various sizes of S1 and complex load impedances for 
S/X–band operation. 

 

 
 

Fig. 3.12. Normalized load impedances of the designed transformer. 

 



 

５９ 

well located in the load pull contours. 

3.2.2 A TWO–STAGE S/X–BAND PA WITH RESONANCE CIRCUITS 

 

The practical layout of the output matching network cannot be perfectly 

balanced due to different inner–connection metals. Usually, the CMOS process 

has a thicker layer at the top metal layer for low loss of signal path. For the CMOS 

process used in this work, all metals are aluminum layer and the thickness of the 

top layer and other bottom layers is 4.6 μm and 0.53 μm, respectively. Therefore, 

conductivity between the top layer and the lower layers show a bit large 

difference. Also, there are parasitic resistances at vias which connect upper and 

lower metal layers. For the X–band operation, the inner turn winding can be seen 

a floating metal. The parasitic components cause the severe asymmetry in a 

differential load which severely degrades the PA’s performance. 

As shown in Fig. 3.14, in order to alleviate these effects, a capacitor (Cp2, Cp3) 

with series bond wire is employed at the differential source node of the power 

 

 
 

Fig. 3.13. Resonance circuits applied to the reconfigurable dual band PA. 
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Fig. 3.14. Overall schematic of the designed dual band PA. 
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stage. A smaller capacitor (C p1) with the bond wire is also utilized at the center–

tap of the conventional primary. The series L–C circuits with bond wires resonate 

at 8.5 GHz and these resonance circuits are forcibly shown as the ac–ground on 

the X-band, which relieves the asymmetric effects. As shown in Fig. 3.15, for the 

X–band operation, the differential loads move close to each other and they are 

located at the load–pull contours. As a result, the 1–dB compression output 

power is improved by more than 4 dB and the power gain is also increased by 

nearly 8 dB. Moreover, for the S–band operation, the resonance circuits with 

multi–bond wires at the differential source nodes provide smaller impedance, 

 

 
 

Fig. 3.15. Normalized load impedance of the output matching network with and without 
resonance circuits, and performance changes of the PA. 
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which improves the 1–dB compression output power performance (~1.5 dB). 

Considering inter–stage matching in the two–stage PA, higher shunt 

inductance (LIT2) is required for the S–band to cancel out the gate capacitance of 

the differential main amplifier. When controlling the inductance of LIT2 using 

paralleled switches, as in [18], the inter–stage matching network suffers from 

additional loss/excessive area and demands negative voltages. As shown in Fig. 

3.16, although the designed inter–stage mismatch appears to be somewhat severe 

for the S–band operation, the peak power gain and power added efficiency (PAE) 

of the designed PA are in fact reduced by 2.57 dB and 1.69%, respectively. This 

small degradation in the S–band is caused by the relatively low–Q inter–stage 

matching, though it still presents a power gain of nearly 25 dB. For X–band 

 

 
 

Fig. 3.16. Normalized load impedance of the driver amplifier with the designed inter–
stage matching network. 
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operation, an input balun optimized for the X–band compensates for the power 

gain which was degraded due to the slight inter–stage mismatch. 

S–band input matching can also be realized by variable self–inductance of 

secondary. However, the power gain of the amplifier may not increase because 

additional loss may be incurred from the switchable balun. Moreover, the 

saturated output power and its efficiency are mainly determined by the main 

power cells and the output matching network such that the input matching 

network contributes little to the output performance. Furthermore, to the extent 

that the PA operates stably, Miller capacitors (Cm#: 0.25 pF) are utilized to 

compensate for the gate capacitances of common–source amplifiers. The total 

gate widths of the common–source/gate for the main stage are 1024/1152 μm 

with a gate length of 0.18/0.35–μm, under a supply of 3.6 V. For the driver stage, 

 

 
 

Fig. 3.17. Miller capacitors applied to differential main stage. 
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the transistor (648 μm/0.18–μm) is chosen for a differential pair of cascode 

topologies with a supply of 1.8 V. 
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3.3 FABRICATION AND MEASUREMENT RESULTS 

 
The proposed two–stage S/X–band PA is fully implemented in a 0.18–μm 

1P6M RF CMOS process that provides a 4.6 μm thick aluminum layer as the top 

metal layer. The substrate resistivity is approximately 10 Ω·m. Spiral inductors 

 

 
 

Fig. 3.18. Chip microphotograph of the CMOS PA (size= 1.67 mm×0.64 mm). 

 

 

 
Fig. 3.19. Microphotograph of PA testing module with bond wires. 
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using the top metal layer and MIM capacitors with 2.0 fF/mm2 are provided. Fig. 

 

 
(a) 

 

 
(b) 

 
Fig. 3.20. Simulated and measured S–parameter for the (a) S–band and (b) X–band 
operation. 
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3.18 and 3.19 show a photograph of the fabricated CMOS PA IC, which is 

mounted on a Duroid 5880 (εr ~ 2.2, tanδ= 0.0009 and H= 15 mil) printed circuit 

board for the measurement. All bond wire effects are included in the 

measurement results and the power output was measured with an MS2830A and 

an N1912A power meter. The supply voltage is 1.8 V for the driver and 3.6 V for 

the power stage. When presenting the highest 1–dB compression output power 

performance for the S/X–band, the driver and power stage consume 10 mA and 

105 mA for the S–band, and 226 mA and 260 mA for X–band, respectively. The 

simulated and measured S–parameters are shown in Fig 3.20 (a) and (b). The 

amplifier achieves a peak small–signal gain of 26.63 dB on the S–band and 19.04 

dB on the X–band. For S– and X–band operation, 3–dB bandwidth is 2.8–4.0 

GHz and 7.7–9.4 GHz and the fractional bandwidth is 35.3% and 19.9%, 

respectively. 

With continuous wave sources at 3.0 and 8.0 GHz, Fig 3.21 shows that the 

saturated output power is 24.8 and 21.5 dBm with a peak PAE of 32.8% and 11.1% 

and a corresponding maximum power gain of 24.0 and 19.5 dB, respectively. The 

designed PA also generates a saturated output power value of 21.5 dBm with a 

PAE of 10.7% at 9.0 GHz. The 1–dB bandwidth depending on saturated output 

power is 2.8–3.4 GHz and 7.5–9.5 GHz (fractional bandwidth: 19.4% and 

23.5%), presenting more than 23.7 dBm and 20.2 dBm for the S– and X–band, 

respectively, as shown in Fig. 3.23. 

The discrepancies mainly stem from the imperfect EM modeling of the CMOS. 

Usually, CMOS foundry companies do not provide substrate fitting files for EM–



 

６８ 

 
(a) 

 
(b) 

Fig. 3.21. Simulated/Measured gain and PAE as a function of the output power with 
continuous wave sources at (a) 3.0 GHz and (b) 8.0 GHz. 

 

(a)                                   (b) 

Fig. 3.22. Measured gain and drain efficiency as a function of output power with 
continuous sources in (a) S–band and (b) X–band. 
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(a) 

 

 
(b) 

 
Fig. 3.23. Simulated/measured saturated output power and drain efficiency versus the 
frequencies for the (a) S– and (b) X– band operation. 
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simulations, and they guarantee their substrate information for all frequency 

bands. Therefore, we measured a few inductor samples and devised a substrate 

model based on the measurement data to predict more accurately the measured 

performance outcomes. Nevertheless, we cannot guarantee that we considered 

perfect values of all parasitic from the designed amplifier at the two different 

frequency bands. With minor differences in the 1-dB compression output power 

and its efficiency, there can also be an inaccurate large–signal modeling because 

the CMOS process itself is based on small–signal data. Table 3.3 summarizes the 

overall characteristics of the proposed PA and other CMOS PAs. In comparison 

with the other fully integrated CMOS PAs capable of multi–band operation, the 

suggested amplifier achieves the highest passive efficiencies and saturated output 

power on both S– and X–band. Also, the output matching network in most listed 

amplifiers cannot provide high passive efficiencies (above 64%) or optimized 

loads in the S/X–band. 
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TABLE 3.3 COMPARISON OF STATE–OF–THE–ART CMOS MULTI–BAND PAS 

 

1Values taken from Fig. 10 in [7]. 2Values taken from Fig. 14 in [7]. 3Values taken 
from Fig. 3 (c) in [8]. 4Values taken from Fig. 5 in [8]. 5Values taken from Fig. 11 (b) 
in [18]. 6Includes the parasitic of S1. *TF: Transformer. #Diff.: Differential. 
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3.4 CONCLUSIONS 

A reconfigurable dual band PA integrated into a CMOS is presented in this 

paper. This PA consists of a differential drvier and main stage with an input and 

output matching network, and it operates on the S/X–band. An integrated 

switchable transformer for output matching network provides optimal load 

impedances and high efficiencies in the S/X–band. The peak passive efficiencies 

of the proposed transformer show 64.5% and 68.5% at 3.0 and 9.0 GHz, 

respectively. A series resonance L–C structure with a bond wire for the X–band 

is introduced into the PA and compensates for degradation caused by the 

asymmetric differential–load. 

A PA with tunable elements only in the output matching network generates a 

maximum power gain of 24.0 dB, 19.4 dB and 16.3 dB and a saturated output 

power of 24.8 dBm, 21.5 dBm and 21.5 dBm with a PAE of 32.8%, 11.1% and 

10.7% at 3.0, 8.0 and 9.0 GHz, respectively. The 3–dB bandwidth according to 

small–signal gain is 2.8–4.0 GHz and 7.7–9.4 GHz during S– and X–band 

operation. The 1–dB bandwidth depending on saturated output power is 2.8–3.4 

GHz and 7.5–9.5GHz, presenting more than 23.7 dBm and 20.2 dBm for the S– 

and X–band, correspondingly. Therefore, the suggested PA is conducive to 

further integration with additional transceiver circuits to form a dual band high–

resolution radar system on a chip. 
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CHAPTER 4 
 
A RECONFIGURABLE BROADBAND  
CMOS POWER AMPLIFIER 
FOR 802.11AF/AH APPLICATIONS 

 

4.1 INTRODUCTION 

With the development of health–care electronics, smart home, machine–to–

machine communication, and Internet of things, there is a great deal of interest 

in expanding the research in ISM bands [1]. Despite the rapid developments of 

IEEE 802.11 devices in the 2.4–GHz frequency band and IEEE802.15.4–based 

sensor devices in the ultrahigh frequency, a spectrum below 1 GHz has also 

kindled new attraction in both research and standardization due to its superiority 

in license exempt, lower obstruction loss, almost clear coexistence issues, less 

interference, longer communication distance, and ubiquitous access. 

As aforementioned above, the emerging Internet of Things (IoT) and machine–

to–machine (M2M) communication markets demand wireless networking 

standards that operate in the sub–1 GHz spectrum, providing long–range and 

low–power operation. There also is a need to offload the data demands of 
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Fig. 4.1. IEEE 802.11af/ah applications. 

 

 
 

Fig. 4.2. IEEE 802.11 wireless standards. 
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smartphones and portable electronics from the cellular network. The IEEE 

802.11af and 802.11ah standards aim to solve these challenges by offering a 

WiFi–like experience with reasonable date rates up to and beyond a kilometer. 

To do so, they occupy different parts of the 1–GHz spectrum and exhibit 

numerous other differences, as illustrated in Fig. 4.2. 

Making use of the 900–MHz licensed exempt bands could enable long–range 

and low–power wireless sensor networks (WSNs) and other massive, multiple–

node wireless networks based on stations and relays. With IEEE 802.11ah, the 

concept of a WiFi–like wireless station can be realized. It promises range to 1 km 

at 1–, 2–, 4–, 8–, and 16–MHz channels with a minimum of 100–kbps throughput, 

as illustrated in Fig. 4.3. Maximum throughput for IEEE 802.11ah 

 

 
 

Fig. 4.3. Transmission range at various center frequencies with each channel. 
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TABLE 4.1 IEEE 802.11 COMMON WIFI STANDARDS BREAKDOWN 

Standard Freq. 
Band 

Channel 
BW 

Modulation 
Scheme 

Channel 
Arch. 

Max 
Data 
Rate 

Range 
Max 

Transmit 
Power 

802.11 2.4 
GHz 20 MHz BPSK to 

256–QAM 
DSSS, 
FHSS 2 Mbps 20 m 100 mW 

b 2.4 
GHz 21 MHz BPSK to 

256–QAM 
CCK, 
DSSS 

11 
Mbps 35 m 100 mW 

a 5.0 
GHz 22 MHz BPSK to 

256–QAM OFDM 54 
Mbps 35 m 100 mW 

g 2.4 
GHz 23 MHz BPSK to 

256–QAM 
DSSS, 
OFDM 

54 
Mbps 70 m 100 mW 

n 2.4/ 5 
GHz 

24/ 40 
MHz 

BPSK to 
256–QAM OFDM 600 

Mbps 70 m 100 mW 

ac 5.0 
GHz 

20–160 
MHz 

BPSK to 
256–QAM OFDM 6.93  

Gbps 35 m 160 mW 

ad 60 
GHz 

2.16  
GHz 

BPSK to 
64–QAM 

SC, 
OFDM 

6.76  
Gbps 10 m 10 mW 

af 
54–
790 

GHz 
6, 7, and 8 

MHz 
BPSK to 

256–QAM 
SC, 

OFDM 
26.7 

Mbps >1km? 100 mW 

ah 

China: 755–787 MHz 
(1, 2, 4, 8 MHz) 

EU: 863–868 MHz 
(1, 2 MHz) 

US: 902–928 MHz 
(1, 2, 4, 8, 16 MHz) 

Korea: 917.5–923.5 MHz 
(1, 2, 4 MHz) 

Japan: 916.5–923.5 MHz 
(1 MHz) 

Singapore: 920–925 MHz 
(1 MHz) 

BPSK to 
256–QAM 

SC, 
OFDM 

40 
Mbps 1 km 100 mW 

 

TABLE 4.2 IEEE 802.11AF FREQUENCIES AND TV WHITE–SPACE CHANNELS 

TV White 
Space Channel 

Lower 
Frequency 

Upper 
Frequency 

Channel 
Width Spectrum 

2 54 MHz 60 MHz 6 MHz VHF Low–Band 

5 76 MHz 82 MHz 6 MHz VHF Low–Band 

6 82 MHz 88 MHz 6 MHz VHF Low–Band 

14–35 470–596 
MHz 

476–602 
MHz 6 MHz UHF 

38–51 614–692 
MHz 

620–698 
MHz 6 MHz UHF 
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may reach as high as 40 Mbps [2]–[4]. 

While IEEE 802.11af occupies a contiguous block of spectrum in the 900–

MHz licensed exempt band (755–928 MHz), IEEE 802.11af occupies many 

various channels of television white space (TVWS) in pre–licensed bands (470–

698 MHz). Its operation is limited based on potential regional interference. The 

operation frequencies of 802.11ah/af are too broad for one integrated power 

amplifier to cover; therefore, a multi–band power amplifier is required to cover the 

wide bands [5], [6]. 

In this work, a reconfigurable output matching network, which is similarly 

used in Chapter. 3, for broadband power amplifier (PA) operation is designed for 

long–range WLAN application. The reconfigurable output network integrated in 

a single PA provides two modes of operation for frequency band switching. Also, 

an adaptive power cell utilized at the common gate of cascode compensates phase 

distortion and increases linearity [7]–[9]. In this chapter, the operation of 

principle of the reconfigurable output matching network and the adaptive power 

cells is presented in Chapter 4.2. The implementation and simulated results of 

 

 
 

Fig. 4.4. Frequency plan of 802.11af/ah. 
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the broadband PA are reported in Chapter 4.3, and the conclusion is finally drawn 

in Chapter 4.4. 
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4.2 OPERATION OF THE RECONFIGURABLE BROADBAND PA 

4.2.1 DESIGN GOAL OF BROADBAND PA 

 

Fig. 4.4 shows the frequency plan of 802.11af/ah. For 802.11ah, different 

frequencies in the 900–MHz licensed exempt bands will be used in different 

countries and a single amplifier which covers all the 802.11ah frequencies will 

be demanded. When including part of 802.11af (470–698 MHz) in the single PA, 

fractional bandwidth is calculated by at least 65.5 %. Since the fractional 

bandwidth of 65.5 % is too broad for the single PA to cover, the amplifier should 

possess multi–band and/or broadband operation. In this chapter, a reconfigurable 

output matching network, which is similarly used in chapter. 3, is utilized to 

realize the broadband operation. 

Table 4.3 summarizes the design goal, issues and solutions. The amplifier’s 

saturated output power is set by 27 dBm, which is 3–4 dB more than 802.11ac/n, 

to consider long–rang WiFi. With an output power of 27 dBm, the drain node of 

main amplifier shows 8–10 Vpp (peak–to–peak) and it causes break down issue 

which is one of the biggest bottlenecks for the CMOS. To resolve the issue, thick 

 

 
 

Fig. 4.5. Targeted frequency bandwidth of each mode operation. 
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oxide transistor (length: 350 nm) is employed at the common–gate of cascode. 

Although the output matching can be used by off–chip to lower loss and increase 

the PA’s efficiency [9], this realization method suffers from several major 

limitations including increased cost, excessive chip area and complicated 

packaging. Also, considering further integration with additional transceiver 

circuits, all matching circuits in the amplifier should be integrated. The proposed 

output matching network integrated in the PA provides two modes of operation 

 

TABLE 4.3 802.11AF/AH DESIGN GOAL 

 Design Target Issue Solution 

Frequency 470–928 MHz FBW > 65.5% Broadband 

Saturation Pout ~ 27 dBm Breakdown 
voltage Thick oxide TR 

Gain > 20 dB  Differential 
structure 

Linearity IMD3 < -35dBc High Linearity Adaptive Power Cell 

 

TABLE 4.4 IEEE 802.11AH LINK BUDGET 

Parameter Units 40 MHz 

Tx power dBm 17 

Tx antenna gain dBi 2 

Free space pathloss dB -101.6 

Shadow fading dB -5 

Rx antenna gain dBi 2 

Required RSSI dBm -85.6 

Transmission Range m 2977.7 
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(Mode1: 450–600 MHz / Mode2: 600–950 MHz) to achieve the broadband 

characteristic, as illustrated in Fig. 4.5. 

Table 4.4 introduces link budget to calculate approximate transmission range, 

when using the proposed PA. Transmitter’s output power is assumed by the 

amplifier’s linear output power (> 17 dBm). Relative received signal strength 

indicator (RSSI) is determined as -85.6 dBm and it is set by reference of 802.11n 

40 MHz 64–QAM. 

4.2.2 RECONFIGURABLE TRANSFORMER FOR BROADBAND OPERATION 

Given that optimal load resistance and device nonlinear output capacitance in 

a power device are independent of the operating frequency, the optimal load 

impedance moves on a conductance circle with 1 optR , and smaller shunt 

inductance is required to resonate with the device output capacitance as the 

frequency increases [10], [11]. As illustrated in Fig. 4.6, an equivalent circuit of 

a high–Q transformer and additional capacitors (C1, C2) are employed for the 

output matching network. Assuming that the coupling factor ( k ) is 0.71 and the 

quality factor ( k ) is 10, transformed impedance was simulated as follows. The 

trajectories of load impedance are drawn by varying the primary winding 

inductance (L1) and C2 from 1.5 to 3.5 nH and from 7 to 28 pF (increments of 7 

pF), respectively, and keeping C1 (0.0 pF) fixed at 0.5 GHz and 0.85 GHz. Fig 

4.6 shows that the real and imaginary parts of load impedance are increased when 

L1 increases, whereas C2 provides precise control of load impedance at the load 

pull contours, as mentioned in Chapter 3. As shown in Fig 4.7, higher L1 (2.75 
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Fig. 4.6. Normalized load impedance with variations of L1, L2, and C2 at 0.5 GHz and 
0.85 GHz. 

 

 
 

Fig. 4.7. Normalized load impedance with optimized L1, L2, and C2 according to the 
frequency (0.05–1.6 GHz). 
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nH) and C2 (23.5 pF) values are required at 0.85 GHz. On the other hand, lower 

L1 (2.56 nH) and C2 (9.44 pF) values are required at 0.5 GHz. For both 0.5 GHz 

and 0.85 GHz, the value of C1 and L2 values are fixed to be 0.0 pF and 5.03 nH, 

respectively. Therefore, L1 and C2 are designed to be switchable to yield the 

optimal load impedance at two center frequencies. The proposed matching 

network for reconfigurable broadband operation is show in Fig. 4.8 and it 

employs two switches, S1 and S2, to realize the optimum impedances of 0.5 GHz 

and 0.85 GHz. The bias condition according to each frequency are described in 

Table 4.5. S1 is located on the primary winding of the transformer and is 

connected in parallel to an additional inner winding. S2 is connected to a shunt 

capacitor in series and to the secondary winding. Fig. 4.9 shows the switchable 

 

 
 

Fig. 4.8. Schematic of the reconfigurable dual band output matching network. 

 
TABLE 4.5 BIAS CONDITIONS ACCORDING TO THE FREQUENCIES 

Frequency VD1, VS1 VB1 VG1 VB2 VG2 
500 MHz VDD GND GND - 2.5 V 3.0 V 

850 MHz VDD GND 6.0 V - 2.5 V - 2.5 V 
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transformer. With the inner turn inductor, the primary inductance increases for 

the Mode 1 operation. In order to avoid the effect of parasitic capacitance 

between conventional and inner primaries, a gap of 400 um is maintained. This 

ensures the high passive efficiency at the Mode 2 frequencies. Table 4.6 lists the 

 

 
 

Fig. 4.9. Physical layout of the designed output matching network. 

 
TABLE 4.6 DETAILS FOR THE DESIGNED TRANSFORMER 

Primary 
width (M6) 

Secondary 
width (M6) 

Inner primary 
width (M3–6) Spacing 

Top metal 
thickness 

35 um 28 um 60 um 4.5 um Al-4.6 um 
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Fig. 4.10. Simulated voltage difference wave forms of S1. 

 

 
 

Fig. 4.11. Simulated voltage difference wave forms of S2. 
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details of the designed transformer. 

For the Mode 1 operation, S1 is turned off and S2 is turned on to realize higher 

L1 and C2. On the other hand, for the Mode 2 operation, S1 is turned on and S2 

is turned off to achieve low load impedance. When designing the tunable 

matching network, the power–handling capability in the OFF–state and the 

power loss from the parasitic resistance of the switches in the ON–state should 

be considered. For the OFF–state of S1 (Fig. 4.10), VAB and VGA are under 2 V 

and 4 V, respectively. For the OFF–state of S2, VDS is nearly 8 V and Fig. 4.11 

shows that VDM and VGD are nearly 4 V. Therefore, the switches (S1 and S2) are 

implemented as a single thick gate–oxide transistor and two stacked thin–gate 

transistors. When considering the gate width of transistors due to on–resistance 

(Ron), the parasitic capacitance (Cds) for the OFF–state cannot be ignored when 

designing the optimal matching. The trade–off between the on-resistance (Ron) 

and the drain parasitic capacitance (Cds) results in an optimum device width that 

balances the effects. 

The gate width/length of S1 and each transistor of S2 is 4.608 mm/0.35–μm 

and 2.304 mm/0.18–μm, correspondingly. Under this condition, S1 has Cds of 

1.61 pF and Ron of 0.36 Ω. The maximum peak passive efficiencies of the 

proposed output network with S1 are 65.03 % and 73.45 % at 450 MHz and 725 

MHz, as illustrated in Fig. 4.12. Fig. 4.13 shows that the designed load 

impedances at 0.5 GHz and 0.85 GHz are 9.58+j4.75 Ω and 10.09+j0.34 Ω, 

respectively, which are well located in the load–pull contours. Moreover, the 
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Fig. 4.12. Passive efficiencies and complex load impedances according to each mode
operation. 

 

 
 

Fig. 4.13. Normalized load impedance trajectories of the designed output network 
depending on each mode operation. 
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OFF–capacitance of the two–stacked transistors (S2) is 0.61 pF. 

4.2.3 ADAPTIVE POWER CELLS AT COMMON GATE TRANSISTORS 

AM–to–PM distortion can be viewed as the dependent of the output phase shift 

upon the input signal amplitude of a PA. That is, for an input 2 1( ) cosinV t V w t= , 

the fundamental output component is given by 

 

 2 1 1( ) cos( ( ))inV t V w t Vf= + .   (1) 

 

where 1( )Vf  denotes the amplitude–dependent phase shift. 

Amplitude–dependent phase shift is mainly cause by non–linear input 

capacitances of power cells in PAs. Thus, in a simplified nMOS large–signal 

model, ( )outV t  can be expressed as 

 

 2 1 1 1 1 1( ) cos( cos )out in avg in avgV t V w t R C w R C wV w ta@ - -  (2) 

 

where inR  denotes the input resistance of the power transistors, a  is the 

constant of the input capacitance ratio, and avgC  represents the average input 

capacitance during one period of input signals. From (2), the third term inside 

the parentheses produces the higher harmonics. Thus, the phase shift is mainly 
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affected by average input capacitance variation due to the input amplitude [12]. 

Fig. 4.14 shows an example of the input average capacitance variation in a 

class–AB biased PA. The nMOS input average capacitance does not have much 

variation in the high gsV  region with small input signals. However, because the 

designed PA handles large input signals, the signal excursions reach the rapidly 

decreasing region. Thus, the average input capacitance decreases at high input 

power and it induces AM–to–PM distortion. In a previous work, there was an 

attempt to reduce the capacitance variation using pMOS [13]. 

Fig. 4.15 shows an example of the adaptive power cell scheme. The differential 

cascode consists of a common source transistor and three common gate transistors. 

Input signal is applied to the common source transistor and the amplified 

 

 
 

Fig. 4.14. Average capacitance with large and small input signals. 

 



 

９３ 

signal goes into the common gate transistors. The gates of the common gate power 

cells (CG1, CG2 and CG3) are biased differently. As referred in Fig. 4.16, the CG1 

exceeds the threshold voltage and the transistor turns on, when the PA operates in 

lower power region. For CG2 and CG3, the transistors turn off. As the input power 

 

 
 

Fig. 4.15. A simplified schematic of the adaptive power cells. 

 

 
 

Fig. 4.16. Voltage and current variations as input power in adaptive power cells. 
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from common source transistor increases, the common gate source voltage becomes 

lower. Then, CG2 and CG3 turn on over threshold voltage in turn. In other words, 

the CG1 cell draws more current and goes gradually into the class–A bias region. In 

the same way, CG2 and CG3 are in the class–B and –C bias regions, respectively. 

Fig. 4.17 shows how the total average gate–source capacitance of the common gate 

transistors varies in relation to the input voltage. The signal voltage excursion at the 

source of the adaptive power cells causes different average capacitance variations. 

In CG1, with increased input, the source voltage excursion reaches the saturated 

capacitance region at the high end. 

Thus, the average input capacitance decreases in the CG1 power cell. In addition, 

one can easily understand that a conventional single common gate (CG) power cell 

PA usually suffers from a decrease in its average capacitance with the input power. 

 

 
 

Fig. 4.17. Simulation results of the average capacitance variations and cancellation in 
adaptive power cells. 
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However, CG power cells of adaptive power cells have smaller total input 

capacitances than a single common gate power cell. 

Also, the input average capacitance variation of each CG transistor has different 

signs. As seen in Fig. 4.17, _ 1AVG CGCD  varies in the opposite direction to 

_ 2AVG CGCD  and _ 3AVG CGCD  in relation to input voltage; thus, the total average 

capacitance variation can become small due to mutual cancelling. Since the 

average capacitance variation mainly cause phase distortion in PAs, the PA with 

adaptive power cells is expected to have less phase distortion with input power 

compared to a single CG PA. 

Fig. 4.18 shows overall schematic of the reconfigurable broadband PA. The 

power stage was designed as a Class–AB for both good efficiency and linearity. 

Since the drain of a power core transistor can experience a signal swing at its drain 

larger than two–times the nominal supply voltage (3 V), a cascode structure in the 

power is employed so the voltage is dived over both the common source and 

common gate transistor, as explained above. The cascode structure in this 

schematic consists of a common source and two common gate transistors which 

operate as main and auxiliary transistor. The common source transistors (M1, 

M2) have a gate length of 0.18–μm with a width of 3.42 mm while the main (M3, 

M4) and auxiliary transistors (M5, M6) in common gate transistors are 0.35–μm 

thick oxide with a gate width of 2.8 mm and 2.33 mm, respectively. Fig. 4.19 

illustrates simulated drain–to–source voltage waveforms of the designed cascode 

structures at 0.5 GHz and 0.85 GHz. The maximum peak voltage of cascode’s 

drain node for the saturated output power is nearly 9 V and 7 V at 0.5 GHz and 
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Fig. 4.18. Overall schematic of the reconfigurable broadband PA. 
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0.85 GHz, respectively. Fig. 4.20 shows simulated drain–to–gate voltage 

waveforms of the common source and common gate transistors at 0.5 GHz and 0.85 

GHz. The voltage waveforms are under the break down limit at both 0.5 GHz and 

 

 
(a)                               (b) 

 
Fig. 4.19. Drain–to–source voltage waveforms of cascode structures at (a) 0.5 GHz (b) 
0.85 GHz. 

 

 
(a)                               (b) 

 
Fig. 4.20. Drain–to–gate voltage waveforms of common source and common gate 
transistors at (a) 0.5 GHz (b) 0.85 GHz. 
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Fig. 4.21. Simulated phase distortion for the cascode topology with the conventional CG 
power cell. 

 

 
 

Fig. 4.22. Simulated AM–PM distortion results with and without adaptive power cell at 
0.85 GHz. 
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0.85 GHz. 

When designing the differential cascode structure with a conventional single 

CG power cell, the PA has a phase distortion of 1.47º and 5.39º at 0.5 GHz and 

0.85 GHz, respectively, as illustrated in Fig. 4.21. As referred to empirical data, 

the phase distortion should be less than 5.0º to meet under the third–order 

intermodulation distortion (IMD3) of -30 dBc. Therefore, linearity technique is 

required to compensate the phase distortion for the Mode 2 operation. In this PA, 

the gates of CG1 and CG2 are equally biased at 3.0 V for the Mode 1 operation, 

and they are differently biased at 2.8 V and 2.5 V for the Mode 2 operation, 

respectively. After adaptive CG power cell is applied, simulated AM–PM 

distortion is 4.7º, which is compensated by 0.7º, at 0.85 GHz. For two–tone 

simulation with the ton spacing of 40 MHz at 0.85 GHz, the average output 

power at -30 dBc is also increased by 0.2 dB owing to this phase compensation. 

Fig. 4.23 shows a designed input balun which transforms input impedance of 

the main stage to 50 Ω. The input impedance of the common source power cell 

is 9.65-j·51.21 Ω and 5.78-j·31.51 Ω at 0.5 GHz and 0.85 GHz, respectively. The 

primary and secondary winding inductance of the balun is optimized at 0.85 GHz. 

The turn ratio, width and spacing of windings are 2 and 7.5 μm and 4 μm, 

correspondingly. The size of the input balun is 314 314´ μm2. When the 

designed balun with a shunt capacitor (C2) at secondary is applied to the main 

amplifier, input impedance at 0.85 GHz is matched to nearly 50 Ω. Otherwise, 

the input impedance at 0.5 GHz is largely mismatched to 50 Ω. However, the 

input impedance at 0.5 GHz can easily move to nearly 50 Ω when a shunt 
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Fig. 4.23. Physical layout of input balun. 

 

 
 

Fig. 4.24. Simulated input impedance of the reconfigurable input matching network. 
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capacitor at primary is applied. In this designed input network, a single transistor 

as a switch and the capacitor (C1) in a series are employed at the input of primary. 

With the switching operation, the input impedances at 0.5 GHz and 0.85 GHz are 

well matched to 50 Ω, as illustrated in Fig. 4.24. 
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4.3 IMPLEMENTATION AND MEASUREMENT RESULTS 

4.3.1 LAYOUT AND CIRCUIT SIMULATION 

 

Fig. 4.25 shows a layout of designed broadband PA. The PA is fully 

implemented in a standard 0.18–μm one–poly six–metal (1P6M) CMOS process 

with a supply voltage of 3.0 V. The PA occupies a small core are of 2.62 1.97´

mm2 including pads and the substrate resistivity is approximately 10 

 

 
 

Fig. 4.25. Chip layout in TSMC 180 nm process. 
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Ω·m. Top metal thickness is 4.6 μm and other sub metals are 0.53 μm. MIM 

capacitors with 2.0 fF/mm2 and two types of polysilicon resistors with several 

sqW  and k sqW  are provided. 

It is important to accurately predict the characteristics and performance of the 

output matching networks because it is the most crucial component in this circuit; 

transforming impedance, converting differential signals to single–ended, 

combining output power, and having relation with operating frequencies. In this 

work, therefore, quasi–3D electro–magnetic (EM) simulation was performed 

using Agilent Technologies’ Advanced Design System (ADS) Momentum to 

characterize the output matching network and other passive matching parts. 

Metal patterns, such as pads and interconnects, for layout effects were also 

 

 
 

Fig. 4.26. Normalized load impedances of the designed output matching network. 
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considered in the EM simulation. Finally, the overall circuit was designed and 

simulated using the Agilent ADS with device models and multi–port S–

parameter data describing the layout effects given by the EM simulator. 

Fig 4.26 shows simulation results of scattering parameters of the load 

impedances at the drain node of the cascode structure, when the fully designed 

output matching network combines with the main amplifier. The load 

impedances indicate on the smith chart according to the switches’ operation. 

When S1 and S2 are OFF and ON–state, the differential load impedance at 0.5 

GHz is on the load pull contours. Otherwise, the differential load impedance at 

0.85 GHz moves on the load pull contours, when S1 and S2 are ON and OFF–

state, respectively. Therefore, these simulations show that the targeted matching 

impedances are well maintained by using the reconfigurable matching network. 

4.3.2 MEASUREMENT RESULTS 

Fig. 4.27 (a) shows a photograph of the fabricated CMOS PA IC, which is 

mounted on a FR–4 (εr ~ 4.6, tanδ= 0.02 and H= 400 µm) printed circuit board 

for the measurement. To reduce bond wire inductance as much as possible, the 

PA IC is placed in the PCB groove mad by laser cutting, as shown in Fig. 4.27 

(b). All bond wire effects are included in the measurement results and the power 

output was measured with an N9020A and N1912A power meter. The supply 

voltage is 3.0 V for the main amplifier. When presenting the highest linearity 

performance, the differential amplifier consumes 440 mA and 430 mA of 

quiescent current for lower frequency mode (LFM) and higher frequency mode 
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(HFM) operation, respectively. The simulated and measured S–parameter is 

 

(a)                                   (b) 
 
Fig. 4.27. (a) Chip microphotograph of the CMOS PA (size= 2.62 mm×1.97 mm) (b) 
Microphotograph of PA testing module with bond wires. 

 

 
 

Fig. 4.28. Simulated and measured S–parameter for the LFM (IDC= 440 mA) and HFM
(IDC= 430 mA) operation. 
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illustrated in Fig. 4.28. A measured peak small–signal gain at 0.58 GHz and 0.8 

GHz is achieved by 22.0 dB and 24.51 dB, accordingly. Considering both LFM 

and HFM operations, the PA is accomplished by 3–dB bandwidth of nearly 430 

MHz, centered at 0.76 GHz, and the fractional bandwidth is 55.74 %.  

With continuous wave (CW) sources at 0.5 GHz and 0.85 GHz, Fig. 4.29 and 

Fig. 4.30 show that the saturated output power of 26.79 dBm and 26.55 dBm 

with a peak PAE of 36.96 % and 32.97 % and a maximum power gain of 23.08 

dB and 27.88 dB, respectively. Also, the 1–dB compression output power is 

26.41 dBm and 25.18 dBm. Fig. 4.31 (a) and (b) show the CW measurement 

results at each frequency from 0.4 GHz to 0.6 GHz and from 0.65 GHz and 1.15 

GHz with 50 MHz and 100MHz intervals, correspondingly. Fig. 4.32 illustrates 

the saturated output power and the maximum PAE versus RF frequencies of LFM 

and HFM operation. The 1–dB bandwidth depending on the saturated output 

power is 0.4–1.2 GHz and its fractional bandwidth is 100 %, presenting the 

output power of more than 25.62 dBm with the peak PAE of above 19.65 %.  

Fig. 4. 33 and Fig. 4. 34 show the measured performances of the proposed PA 

using fully loaded LTE signals with bandwidths of 20– and 40–MHz, centered 

at 0.5 GHz and 0.85 GHz. 16–QAM modulated LTE signal is utilized and it 

shows a PAPR of 7.6 dB with 0.01% probability. Centered at 0.5 GHz with the 

channel bandwidths of 20 and 40 MHz, the designed PA has an average output 

power of 21.33 dBm and 21.53 dBm, and a PAE of 9.88 % and 10.35 %, while 

the ACLRE–UTRA level is under -30 dBc, respectively. The average output power 
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Fig. 4.29. Simulated/Measured power gain and PAE as a function of the output power 
with CW source at 0.5 GHz. 

 

 
 

Fig. 4.30. Simulated/Measured power gain and PAE as a function of the output power 
with CW source at 0.85 GHz. 
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and PAE below -35 dBc are 19.48 dBm with 6.54 % and 19.7 dBm with 6.88 for 

the channel bandwidths of 20 and 40 MHz. Otherwise, centered at 0.85 GHz with 

 

 
(a)                                (b) 

 
Fig. 4.31. Measured power gain and PAE as a function of the output power with CW 
sources for (a) LFM and (b) HFM operations. 

 

 
 

Fig. 4.32. Simulated/Measured maximum output power and its PAE versus RF 
frequencies. 
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Fig. 4.33. Measured ACLRE–UTRA, power gain and PAE versus output power using LTE 
16–QAM signals at 0.5 GHz. 

 

 
 

Fig. 4.34. Measured ACLRE–UTRA, power gain and PAE versus output power using LTE 
16–QAM signals at 0.85 GHz. 
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the channel bandwidths of 20 and 40 MHz, the average output power is 21.04 

dBm and 21.97 dBm with the PAE of 9.48 % and 11.75 %, while the ACLRE–

UTRA level is under -30 dBc, accordingly. The PA achieves the average output 

power and PAE of 19.26 dBm with 6.35 % and 19.84 dBm with 7.29 % for the 

channel bandwidths of 20 and 40 MHz, respectively, while the ACLRE–UTRA level 

meets at -35 dBc. To show the broadband performance, the PA is measured using 

the same 20– and 40–MHz LTE 16–QAM signal while sweeping the carrier 

frequencies from 0.45 to 1.15 GHz as shown in Fig. 4.35. With the input and 

output reconfiguration, the average output power is more than 20.22 dBm with 

and 20.15 dBm for the 20– and 40–MHz LTE signals, respectively, while the 

 

 
 

Fig. 4.35. Measured performance of the proposed PA using 20– and 40–MHz LTE 
signals from 0.45 to 1.15 GHz. 
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Fig. 4.36. Measured output power spectrum of the PA using 10–, 20– and 40–MHz LTE 
16–QAM signals, centered at 0.5 GHz. 

 

 
 

Fig. 4.37. Measured output power spectrum of the PA using 10–, 20– and 40–MHz LTE 
16–QAM signals, centered at 0.85 GHz. 
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PAE is above 7.42 % and 7.35 %. 

Fig. 4.36 and Fig. 4.37 are the measured output spectrum of the PA at 0.5 GHz 

and 0.85 GHz with the channel bandwidths 10–, 20– and 40–MHz. 

Table 4.7 summarizes the measurement results of the designed PA and 

compares them with other broadband PAs performing at sub–GHz. It confirms 

that the proposed PA with an integrated output matching network shows the most 

broadband characteristic with high linear output power. Therefore, this amplifier 

is sufficiently suitable for use in WLAN 802.11af/ah transceivers. 
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TABLE 4.7 
COMPARISON OF BROADBAND CMOS PAS PERFORMING AT SUB–GHZ 

 

1The PAE is achieved at the P1dB. 2Values taken from Fig. 10 in [20]. 3Value is P1dB. 
4Performed at 0.65 GHz. 5Performed at 0.88 GHz. #Output matching network. 
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4.4 CONCLUSIONS 

In this chapter, we have presented a reconfigurable broadband PA targeting the 

WLAN 802.11af/ah applications, which is fabricated in a standard 0.18–μm 

CMOS process. The PA operates in two modes (Mode 1: 450–650 MHz/Mode 2: 

650–1100 MHz), and an integrated reconfigurable transformer for output 

matching network provides optimal loads and high passive efficiencies (450 

MHz: 65.03 %/725 MHz: 73.45 %) for each mode. We also demonstrated 

linearization techniques using the adaptive power cells at common gate transistor. 

This linearized the PA in terms of IMD3 and AM–to–PM, which improves 

maximum linear power and PAE. 

With continuous wave sources at 0.5/0.85 GHz, the proposed PA presents a 

saturated output power of 26.79/26.55 dBm, a peak PAE of 36.96 %/32.97 % and 

a maximum power gain of 23.08/27.88 dB, respectively. The 1–dB bandwidth 

according to the saturated output power is 0.4–1.2 GHz (FBW: 100 %), 

presenting the output power/peak PAE of more than 25.62 dBm/19.65 %. 

For LTE 16–QAM signal performance at 0.5/0.85 GHz with 20–MHz (40–

MHz) channel bandwidths, the PA generates an average output power of 21.33 

(21.53) dBm/21.04 (21.97) dBm and its PAE of 9.88 (10.35) %/9.48 (11.75) %, 

respectively, under ACLRE–UTRA of -30 dBc. Within a 0.45–1.15 GHz, the linear 

output power shows more than 20.22 (20.15) dBm, under the ACLRE–UTRA of -

30 dBc. 

These results verify that the suggested design can deliver a linear amplification 

for a broadband/wideband signal of wireless handset applications.  
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CHAPTER 5 
 
CONCLUSIONS 

 

5.1 RESEARCH SUMMARY 

In this dissertation, three design techniques for multi–band linear power 

amplifiers (PAs) in a standard CMOS process are demonstrated. 

The second chapter developed a broadband single–stage stacked–FET PA with 

an adaptive bias circuit for LTE handheld applications. The PA, based on Class–

F mode operation, is realized by an output matching network which is composed 

of a shunt resonator and a low pass network. The output network provides 

optimal loads at fundamental frequencies and controls their higher harmonics to 

be nearly reactive. Owing to the adaptive bias circuit as a linearization, a peak 

linear output power and a sweet spot can be shown as a deeper Class–AB mode 

operation, and there is not any linearity distortion at the low–to–mid output 

power region. This proposed design approach can provide an attractive solution 

to support multiple LTE/W–CDMA frequency bands for global roaming. 

In the third chapter, a reconfigurable two–stage S/X–band PA for high–

resolution radar transceivers is presented. The single dual band PA is operated by 
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a switchable transformer as an output matching network. The integrated output 

network with tunable elements provides optimal load impedances and high 

efficiencies (>64.5 %) on the S/X–band. Also, a series resonance L–C 

configuration with a bond wire is employed at common mode nodes to relieve 

asymmetric differential–loads of X–band which degrades the PA’s performance. 

After the series circuits are utilized, an 1–dB compression output power is 

improved by more than 4 dB. Even though an inter–stage matching network 

without any tunable element is nearly optimized for the X–band, the PA shows 

S–band power gain of nearly 25 dB due to the relatively low–Q inter–stage 

matching on the S–band. The suggested idea of reconfigurable output matching 

can be a practical solution for covering two far–apart different frequency bands 

with generating output power. 

For the last chapter, a reconfigurable broadband linear PA targeting the WLAN 

802.11af/ah handheld applications has been proposed. The PA operates in two 

modes (Mode 1: 450–650 MHz/Mode 2: 650–1100 MHz) and it is realized by a 

switchable output matching network centered at 0.5 GHz and 0.85 GHz. Within 

a bandwidth of each mode operation, the maximum peak efficiencies are 65.03 % 

and 73.45 % at 0.45 GHz and 0.725 GHz. For an input matching network, a 

switching transistor with a capacitor is also utilized for a variable capacitor to 

have 50 Ω matching at the two center frequencies. Moreover, an adaptive power 

cell at common gate transistor is employed and phase variation is enhanced by 

0.7º to compensate AM–to–PM distortion. This broadband linear design can be 

a practical solution for covering multiple wireless applications/standards.  
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5.2 FUTURE WORKS 

For higher power gain improvement at frequencies within the bandwidth of 

each mode operation, a multi–stage configuration in the PA can be employed. 

Then, inter–stage matching is a critical issue because it changes both the 

source/load impedance at the driver/main stage and shows narrow bandwidth due 

to high–Q matching. Therefore, an analysis and a design technique for the 

broadband linear inter–stage matching network should be conducted. If the two–

stage PA is proposed and realized, it will lighten the burden of gain of oscillator 

and not require any additional driver amplifier before the PA. 
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초록 

 

본 논문에서는 무선 이동 통신 어플리케이션을 위한 다중 대역 선형 

CMOS 전력증폭기에 대한 연구가 수행 되었다. 모바일 및 레이더 통신은 

다양한 대역폭으로 여러 중심 주파수로 할당 되며, 크기 및 비용 절감을 

위하여 이를 지원할 수 있는 하나의 단일 전력증폭기가 필요하다. CMOS 

공정은 비용 절감과 다른 회로와의 집적이 가능함에도 불구하고, 

고출력을 발생하는 다중대역 선형 CMOS 전력 증폭기 설계는 낮은 항복 

전압과 소자의 비선형 특성으로 인하여 어려움을 겪고 있다. 본 

논문에서는 광대역/이중 대역 선형 전력증폭기를 실현하기 위한 세 가지 

설계 기법을 제시한다. 

첫 번째로, LTE 핸드셋 어플리케이션을 목적으로 설계한 광대역 

선형 스택–FET CMOS 전력증폭기를 제시한다. 이 전력증폭기는 

‘연속적인 F급 모드’의 동작을 기반으로 하며, 출력 정합 회로는 저역 

통과 필터와 병렬 공진회로를 사용하여 동작 주파수와 고조파의 부하 

임피던스를 제어하게 된다. 전력증폭기의 선형화 작업을 위하여, 저역 

통과 필터를 가지는 적응형 바이어스 회로를 소스 공통형 트랜지스터의 

게이트에 적용하였다. 이는, 각 출력 전력에 따라 평균 바이어스를 

생성하게 된다. 집적 된 바이어스 회로를 포함하여 제안된 스택 형 

전력증폭기는 0.11–μm RF CMOS 공정을 제작 되었다. 16–QAM 7.5 dB 

PAPR을 가지는 LTE 신호를 설계된 전력증폭기에 주입 하였고 ACLRE–

UTRA 가 -30 dBc 이하 일 때, 평균 선형 전력이 1.5 dB 개선되었음을 

확인하였다. 1.55 GHz 에서 2.05 GHz 까지, 본 전력증폭기는 ACLRE–UTRA 

가 -30 dBc 이하에서 동일한 바이어스 조건으로, 25.6–28.6 % 의 드레인 
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효율과 24.3–25.2 dBm 의 선형 출력을 제공한다. 이러한 측정 결과는 

제안 된 CMOS 전력증폭기가 광대역 고 선형 응용에 유용함을 보여준다. 

두 번째로, 0.11–μm RF CMOS 공정을 기반으로 집적화된 ‘재구성이 

가능한 S/X 대역 전력증폭기’가 선보인다. 출력 정합으로 스위칭 

트랜스포머를 사용하였고 이는 일차 권선 인덕턴스 및 50 옴 부하에 

병렬 커패시터를 가변 하게 된다. 제안하는 출력 정합회로는 S/X 

대역에서 63 %/67 % 이상의 수동 효율을 보이고 최적화된 부하 

임피던스를 제공한다. 전력증폭기의 공통 모드에 사용된 본드 와이어와 

함께 구성된 직렬 공진회로는 X 대역 성능 향상에 크게 기여를 한다. 

가변 소자 없는 중간 단 정합 회로에도 불구하고, 전력증폭기는 3.0 

GHz 와 8.0 GHz 에서 19.5 dB 이상의 전력 이득을 제공한다. 본 

전력증폭기는 3.0/8.0 (9.0) GHz 에서 32.8 %/11.1 % (10.7 %)의 PAE (전력 

부가 효율)로 24.8/21.5 (21.5) dBm의 포화 출력을 제공한다. S/X 대역 

동작 시에, 1–dB 대역폭은 0.6/2.0 GHz (2.8–3.4 GHz/7.5–9.5 GHz) 이다. 

따라서, 이 증폭기는 이중대역 고해상도 레이더 송수신기에 적합한 

성능을 보여준다. 

마지막으로, 0.18–μm RF CMOS 공정으로 진행 된 장거리 용 WLAN 

802.11af/ah 모바일 어플리케이션을 위한 재구성 가능한 광대역 선형 

전력증폭기를 소개한다. 두 가지 모드 (모드 1 : 450-650 MHz/모드 2 : 

650-1100 MHz) 로 동작하는 입출력 정합 회로는 증폭기로 하여금 

광대역 특성을 가지게 한다. 출력 회로는 0.45/0.725 GHz 에서 

65.03 %/73.45 %의 최고 수동 효율을 보여주는 스위칭 트랜스포머로 

구현된다. AM–PM 왜곡을 보상하기 위해, 게이트 공통형 트랜지스터에 

적응형 전력 셀을 이용하였고 위상 왜곡은 0.7°향상 된다. 연속파 

소스를 설계된 전력증폭기에 주입할 경우, 포화 출력 전력에 따른 1–dB 

대역폭은 0.4–1.2 GHz (비대역폭: 100 %) 이며 25.62 dBm/19.65 % 이상의 

출력 전력/PAE 를 나타낸다. 20–MHz (40–MHz)의 채널 대역폭을 가지는 
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LTE 16–QAM 신호를 이용하여 측정할 경우, ACLRE–UTRA가 -30 dBc 인 

상태에서 20.22 (20.15) dBm 이상의 평균전력과 7.42 (7.35) % 이상의 

전력 부가 효율을 보여주고 있다. 측정 결과를 비추어 보아, 제안 된 

설계는 광대역 신호를 가지는 다중 무선 통신 어플리케이션에서 선형 

증폭을 제공 할 수 있다. 

 

주요어: 적응형 바이어스 회로, 광대역, AB 급, CMOS, 연속적인 F급, 

이중 대역, 전기·전자 기술자 협회 802.11af/ah 규격, 변조 왜형, 선형화, 

LTE, 다중 대역, 전력 증폭기, 레이더 송수신기, 무선 주파수, 재구성이 

가능한, 스택 트랜지스터, 서브기가 헤르츠, 스위치, 트랜스포머. 
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