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摘要 

 半導體製程的演進隨著無線通訊系統的發展，以互補式金氧半場效電晶體

(CMOS)實現具成本優勢的射頻電路逐漸成為市場焦點，其中功率放大器是收發機

中最關鍵的電路。本論文將著重於橫向擴散金屬氧化物半導體(LDMOS)技術研製，

因著高崩潰電壓，分別設計了兩顆 40 奈米製程的功率放大器。第一顆電路是以達

到功率放大器之高功率密度的優點，大幅減小晶片面積以節省成本。第二顆電路

為瓦級之高輸出功率的功率放大器，隨著高傳播速率和遠距離的需求，達到

3.5-GHz 頻段使用 CMOS 的製程，以提高電路整合性和降低成本。 

 在第三章，以 40 奈米互補式金氧半場效電晶體製程實現一個 3.5-GHz LDMOS

的變壓器功率結合式功率放大器。此運用頻段為 4G/LTE 手機通訊晶片，上傳頻寬

為 80MHz，是由 3410MHz 到 3490MHz，中心頻率為 3450MHz。LDMOS 常被應

用在設計給基地台使用的射頻功率放大器，原因是藉由較高的跨壓以滿足高輸出

功率。為了降低晶片面積，功率放大器的功率核心使用變壓器以同時達成功率結

合、阻抗匹配以及單端與差動訊號的轉換。在選擇較大的電晶體時，電晶體在柵

極和漏極之間固有的電容也隨之增大，造成放大器不穩定的現象，插入一對中和

電容不僅可以消除柵極和漏極之間的電容，以提高功率放大器的穩定性，同時也

能達到提高增益的效果。此功率結合的功率放大器是目前此頻段附近的互補式金

氧半場效電晶體最高的高功率密度，輸出功率可達到 26.5dBm 最大的輸出功率的

設計，面積僅佔 0.259 平方毫米，可達到 1724mW/mm
2的飽和輸出功率的高功率

密度，以及 992.4mW/mm
2的 OP1dB輸出功率的高功率密度。 

 在第四章中，以 40 奈米互補式金氧半場效電晶體製程實現一個具三維結構之 

3.5-GHz 瓦等級變壓器功率結合式功率放大器。為了達到近瓦等級的輸出功率，採

用放射狀功率分配器及放射狀功率合成器將四路功率核心的功率結合輸出，因輸

入端的分配器較不需考量損耗，走線同時具有阻抗轉換的功能以降低輸入端匹配

網路的阻抗轉換比，而輸出端的合成器相對需要考量輸出功率，用最短距離的走

線以降低損耗。藉由將放射狀功率分配器及合成器在電路的中央以三維結構垂直

共用同一區域，突破以往二維功率結合技術的瓶頸，且可以在不用妥協和不受頻

段限制的情況下同時達到電路佈局的對稱性和阻抗選擇的自由度，大幅減小功率
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分配器以及功率合成器的占用面積，達到縮小晶片面積的目的。此瓦級的三維架

構功率結合的功率放大器是目前 3.5-GHz 頻段中，使用 CMOS 製程達到最高至瓦

級的輸出功率，此輸出功率最高可達到 31.26 dBm。 

 

關鍵字：功率放大器、橫向擴散金屬氧化物半導體、變壓器結合、高輸出功率、

高電壓操作、高功率密度、40 奈米互補式金氧半場效電晶體製程。 
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ABSTRACT 

 With the evolution of semiconductor process and development of wireless 

communication system, implementing radio frequency integrated circuit with CMOS 

becomes the focus point of industry market. In the transceiver design, power amplifier 

is the most critical and significant component. This thesis emphasizes the design and 

analysis of laterally diffused metal oxide semiconductor (LDMOS). Due to the high 

supply voltage, two LDMOS power amplifiers in 40-nm process are designed and 

analyzed separately. The first power amplifier design achieves high power area density 

to reduce the chip area and cost effective. In order to target the demand of high data rate 

and long distance, the second power amplifier design obtains a watt-level high output 

power that becomes high output power performance in 3.5-GHz band that is in CMOS 

process to raise circuit integrity and reduce cost. 

 In chapter 3, a compact 3.5-GHz transformer combined power amplifier with 

LDMOS transistors is designed in 40-nm CMOS process. This frequency band can be 

applied in 4G/LTE mobile devices, where has 80MHz bandwidth for uploading from 

3410MHz to 3490MHz with the central frequency of 3450MHz. LDMOS is usually 

used in the design of RF power amplifiers in the base station since the high breakdown 

voltage provides high output power. In order to reduce the chip size, the power cells of 

power amplifier use transformer to do power combining, impedance matching and 

single-to-differential ended simultaneously. Larger device selection will bring larger 

gate-to-drain capacitance and it will make power amplifier instable. The neutralization 

capacitor can degrade the gate-to-drain capacitance, and effectively increase the 

stability and gain for power amplifier design. This power amplifier is the highest power 

density about the frequency bands in the recent power amplifiers of CMOS process. The 
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output power can reach the highest performance as 26.5 dBm with only 0.259 mm
2
, and 

achieves in the highest power area density of saturated output power as 1724 mW/mm
2
 

and the highest power area density of OP1dB as 992.4 mW/mm
2
.  

 In chapter 4, a 3.5-GHz watt-level transformer combined power amplifier with 3-D 

architecture implements in 40-nm CMOS process. For watt-level output power design, 

4-ways power combining is realized by the shortest path for the radial power combiner 

and longer path for the radial power splitter. The long path of input splitter can also 

reduce the impedance transform ratio of input matching network. By sharing the same 

area vertically in 3-D architecture, the occupied area of radial power combiner and 

power splitter can be minimized significantly. This technique breaks the bottle neck of 

the conventional 2-D power-combined techniques that achieves the symmetry of circuit 

layout and flexibility of impedance transformation without compromising and limiting 

in various conditions of different frequency bands. This watt-level 3-D architecture 

transformer-combined power amplifier achieves the highest output power in CMOS 

process among the recent published 3.5-GHz band power amplifiers. The maximum 

output power can be achieved in 31.26 dBm of high output power performance.  

 

Index Terms – Power amplifier, LDMOS, Transformer combining, High power, High 

operating voltage, High power area density, 40-nm CMOS process. 
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Chapter 1 Introduction 

1.1 Background and Motivation 

 According to the rapid development of deep-submicrometer CMOS technology, the 

high operating frequency of CMOS technology has propelled their applications into 

radio frequency and microwave systems. The massive requirement of commercial 

wireless communication makes CMOS technology become a desirable choice for low 

manufacturing cost and integration capability. The applications in CMOS process are 

high yield and convenience with integrating with digital and analog circuit designs. 

Data in

Modulator IF Filter Mixer

Local 

Oscillator 

(LO)

Bandpass 

Filter 

(BPF)

Power 

Amplifier 

(PA)
Antenna

 

Data out

DemodulatorIF FilterMixer
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Bandpass Filter 
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Low Noise 

Amplifier 

(LNA)
Antenna IF Amplifier

 

Figure 1.1 Block diagram of wireless communication system 

 Simple block diagrams of transceiver and receiver sides in a wireless 

communication system is illustrated and shown as in Figure 1.1. Power amplifier is used 

for amplifying RF signal to the antenna which becomes one of the most important 

components in a transmitter. The output power is a dominate issue in the power 

amplifier design consideration since the high output signal delivers to the antenna will 
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provide the longer communication distance and higher data rate. Since the drawbacks of 

low breakdown voltage and lossy substrate in CMOS process, the higher breakdown 

voltage of LDMOS device is induced for high output power design. Thus, the design 

topic of this thesis is high output power in a compact area which reaches a high power 

area density, and a large number of power combining cells achieve in a watt-level output 

power performance. 

 

Figure 1.2 Global frequency band for 4G/LTE (long-term evaluation) development [56] 
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In order to have a high output power in a small area, laterally diffused metal oxide 

semiconductor (LDMOS) is usually applied in power amplifier designs. Since the 

characteristic of LDMOS has high breakdown voltage, the relatively small DC current 

can still reach the high output power of a watt-level power amplifier design. The 

characteristic of the first compact LDMOS power amplifier is high power density, while 

the second chip of the LDMOS 4-way combined power amplifier is to have a watt-level 

output power performance. These two power amplifier designs follow the frequency 

bands of 4G/LTE band, where the spectrum allocations of 3.5-GHz band is included the 

upload frequency band from 3410 MHz to 3490 MHz as shown in Figure 1.2. 

 

1.2  Literature Surveys 

 The literature surveys include compact PAs and watt-level PAs in 3.5-GHz band 

for the application of 4G/LTE. 

 

1.2.1 High Power Area Density PAs 

 A huge market in the mobile devices rapidly grows in the 21
st
 century, and the high 

data rate in a thin device becomes a trend of this market. Due to the high yield and low 

cost, CMOS process becomes very popular for designers. This power amplifier has high 

breakdown voltage device of LDMOS that helps with designing low frequency band in 

an advance process of 40-nm CMOS technology. The power device can provide a high 

output power in only one power cell; as a result, it does not require many combinations 

to reach high output power in a certain chip area. In Table 1-1, there are recent 

published power amplifiers in the frequency bands that are close to 3.5 GHz and are 

fabricated in CMOS process. In order to identify this feature of this LDMOS device can 
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be a good model for power amplifier design, the target is to have high power in a 

compact chip area. Hence, the high power area density will be achieved in this part to 

proof the characteristic of this power device for low-cost consideration and the market 

trends.  

Table 1-1 Previously Reported CMOS PAs in the Relevant Bands 

Ref. [4] 

2011 

JSSC 

[23] 

2009 

APMC 

[24] 

2010 

TMTT 

[25] 

2015 

ISSCC 

[26] 

2009 

JSSC 

[27] 

2012 

JSSC 

Process 0.18 μm 

CMOS 

0.13 μm 

CMOS 

90 nm 

CMOS 

65 nm 

CMOS 

90nm 

CMOS 

0.18 μm 

CMOS 

fo (GHz) 2.5 2.5 2.5 2-6 2.3~2.7 2.4 

Class/Stage AB/2 AB/2 AB/1 AB/2 AB/2 AB/2 

Vdd (V) 3.3 3.3 3.3 1.8/3.3 3.3 3.3/3.2 

Psat (dBm) 31 25.5 32 22.4 30.1 34 

PAE(%) 34.8 32 48 28.4 33 34.9 

OP1dB (dBm) 28 21.4 29.5 20.7 27.7 31.5 

Gain (dB) per stage 15.65 15.5 18 11.8 

±0.4 

14 11 

Areacore*/ 

Areapower stage** 

(mm
2
) 

1.57/ 

1.09 

2.52/ 

1.92 

1.95/ 

1.95 

0.75/ 

0.7 

3.57/ 

2.59 

3.045/ 

1.825 

PsatPADcore
#
/PADpowe

r stage
##

 

(mW/ mm
2
) 

801/ 

1154.7 

140.8/ 

185 

812.8/ 

812.8 

231/ 

248.2 

286.6/ 

395 

824.9/ 

1376 

OP1dB 

PADcore
$
/PADpower 

stage
$$

 (mW/ mm
2
) 

401.9/ 

578.9 

54.8/ 

72 

457.1 / 

457.1 

86.08/ 

167.8 

164.9/ 

227.4 

463.9/ 

774 

*chip area without pad ** power stage area from chip photo 
#
Psat/Areacore  

 
##

Psat/ Areapower stage  
$
OP1dB/Areacore   

$$ 
OP1dB/Areapower stage 

 

1.2.2 Watt-Level PAs 

 Due to the demands of the market in wireless communication, a watt-level design 

of power amplifiers can satisfy with the requirement of long distance and high data rate. 

In the recent reported power amplifiers of watt-level design that shows in Table 1-2, the 

high supply voltages are used for increasing the breakdown voltage of the power 
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amplifier. The stacked topology is induced for high supply voltage such that 8V and 12 

V in [31], and 15V in [32]. In the paper of [33], the Doherty design technique provides 

good linearity as postponing the P1dB and makes it close to the peak PAE. It also uses 

5V for its supply voltage. The reason of using high breakdown voltage for a watt-level 

design is to reduce the current in each power cell. The previously reported power 

amplifiers in the frequency band of 3.5 GHz do not have CMOS process. As a result, the 

advanced process in 40-nm CMOS technology with the high breakdown voltage device 

of LDMOS transistor is worth to try in this frequency band. 

 

Table 1-2 Previously Reported PAs in 3.5-GHz and the Relevant Bands 

Ref. Process fo 

(GHz) 

Psat  

(dBm) 

Peak PAE 

(%)  

OP1dB 

(dBm)  

Gain  

(dB)  

[31] 

2012 MWCL 

2 μm GaAs 

HBT-HEMT 

3.5-6.5 27 

 

38 

 

26.4 

 

13.5 

[31] 

2012 MWCL 

0.5 μm GaAs 

HBT-HEMT 

3.5-6.5 29.4 

 

27.2 

 

29.1 

 

11 

[32] 

2007 IMS 

2 μm  

GaAs HBT 

4.5-5.8 29 

 

38 

 

26 

 

13.1 

[33] 

2011 APMC 

SiGe 0.35 μm 

HBT 

3.5 28 

 

35 

 

22 

 

14 

[33] 

2011 APMC 

SiGe 0.35 μm 

HBT 

3.5 30.5 

 

31 

 

21 

 

26.5 

[33] 

2011 APMC 

SiGe 0.35 μm 

HBT 

3.5 30 

 

31 

 

23.5 

 

18 

[34] 

2003 RFICS 

SiGe HBT 5 30 27 26 21 

 

1.3  Contributions 

 This thesis presents two LDMOS power amplifiers that are fabricated in 40-nm 

CMOS process for 4G/LTE band in the mobile applications.  
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1.3.1 High Power Area Density PAs 

 This fully on-chip power amplifier for 3.5-GHz band is designed in 40-nm CMOS 

process. The device of LDMOS provides high breakdown voltage for one power cell; as 

a result, a single power cell can reach a high output power without a lot of power 

combinations. This power amplifier is composed of two common source cells in 

differential mode to help with stabilizing its functional work. The transformer 

combining techniques can have both advantages of impedance transformation and 

convenience for biasing. At the same time, this technique can effectively save the 

occupied area for biasing and matching network. To increase the stability of this power 

amplifier, the neutralization technique is allocated in the cross section of the common 

source cells drain and gate. This technique can eliminate the gate-to-drain capacitance, 

and which not only increase the gain performance but also stabilize the power amplifier. 

The characteristic of this design, the high output power in a small chip area gives a high 

performance on its power area density among the recent published power amplifiers in 

the low frequency band. It reaches the highest Psat power area density of 1724 mW/mm
2
 

and OP1dB power area density of 992.4 mW/mm
2
. Moreover, the proposed miniature 

3.5-GHz transformer-based LDMOS power amplifier has gain of 15.4 dB at 3.5 GHz, 

OP1dB of 24.1 dBm, Psat of 26.5 dBm and peak PAE is 25 % under 5 V supply voltage 

with chip size 0.259 mm
2
. 

 

1.3.2 Watt-Level PAs 

 This 3.5-GHz band watt-level power amplifier is fully on-chip that is fabricated in 

40-nm CMOS process. Applying the radial-combining technique, the high power 

devices of LDMOS are spreading out in the four corners of a square. The technique 
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releases the self-heating from the transistors by spreading them out. The 3-D 

architecture let power combiner and power splitter share the same area vertically and 

effectively deduct the chip size. This proposed 3.5-GHz transformer-based high output 

power amplifier has gain of 20.8 dB at 3.5 GHz, OP1dB of 26.5 dBm, Psat of 30.9 dBm 

and peak PAE is 22.7 % under 5 V supply voltage with chip size 1.712 mm
2
. This power 

amplifier successfully achieves in the first watt-level performance of this 3.5-GHz 

frequency band by using CMOS process among the recent published papers. The 

maximum Psat is 31.26 dBm at 3.42 GHz with peak PAE of 23.95 % and gain of 21.16 

dB. 

 

1.4 Thesis Organization 

 The organization of this thesis is described as follows. Chapter 2 illustrates the 

main design challenges and techniques of transformer-combined power amplifier and 

the watt-level RF power amplifier in CMOS technology. A simple design of a 

full-integrated LDMOS power amplifier in 40-nm CMOS process is firstly introduced 

in Chapter 3, which applies transformer-combined techniques for area efficiency and 

organizes the stability techniques for circuit solutions. Chapter 4 is the main topic of 

this thesis for a watt-level full-integrated LDMOS power amplifier design which has 

four-way combined that is based on the design from Chapter 3. From the theoretical 

challenges of a high output power design in CMOS process to the practical issues of 

self-heating that happen in the measurement results that all becomes the experiences of 

the process of designing a high output power amplifier. All in all, Chapter 5 is 

concluded the successful three power amplifier designs and how these effectively work 

on the high power density to save the chip area and have low-cost to complete this 

thesis..Equation Chapter 2 Section 1 
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Chapter 2 Watt-Level RF Power Amplifier in 

CMOS Technology 

2.1 Challenges in RF Power Amplifier CMOS Technology 

 Fabricating standard CMOS technology not only has the advantage of low cost and 

high yield, but also being easy to integrate with another digital/analog circuit. Along 

with the evolution of CMOS process, many CMOS RF circuit was reported and can be 

comparable with III-V semiconductors in the last decade. However, some challenges in 

RF power amplifier design still exist, especially a fully integrate power amplifier. 

Scaling CMOS process let high-frequency circuit can be realized, degrades the 

breakdown voltage of transistors and limits the output power. A simple example in 

below is to illustrate this problem. Figure 2.1 is a simplified schematic of a power 

amplifier, the output power delivered by amplifier through output matching network to 

load. 

Input 

matching 

network

PA

Vdd

Output 

matching 

network
RFin

RL

 

Figure 2.1 The simplified schematic of a power amplifier 

 The required peak-to-peak voltage (Vpp) can be calculated to deliver 1 watt RF 

power to a 50-Ω load. 
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2

P
8

pp

out

L

V

R
  (2.1) 

 

2

1 20
8 50

pp

pp

V
W V V  


 (2.2) 

 Assume that the supply voltage (Vdd) of a transistor is 1.8 V in the case of CMOS 

180-nm technology, and the output voltage can swing from 0 to 2 Vdd, the load 

resistance present to the transistor can be calculated as in below: 

 
2(1.8 2)

1 1.6
8

L

L

W R
R


   


 (2.3) 

 For LDMOS, assume that the supply voltage (Vdd) of a transistor is 5 V, and the 

output voltage can swing from 0 to 2 Vdd, the load resistance present to the transistor 

can be calculated as in below: 

 
2(5 2)

1 12.5
8

L

L

W R
R


   


 (2.4) 

 Low load resistance needs to combine many transistors to achieve, and the high 

output impedance transform ratio will cause output matching network more complex 

and lossy. 

 In spite of the low operating voltage, another disadvantage of CMOS technology is 

the high loss in passive environment. Firstly, silicon substrate has higher conductivity 

than III-V semiconductor substrate that leads to high loss at high frequency. Secondly, 

CMOS technology uses multi-layer metal for inter-connection, but most of them are 

thin-film metals which have high parasitic resistance, high loss and low current density 

limit the characteristics. From the above two reasons make the power amplifier difficult 

to design a low loss power combiner and high impedance transform ratio matching 

network in CMOS. 
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2.2 Power Combining Techniques 

 Power combining techniques are used for combining the transistor devices to 

achieve a high output power. The introduction of direct combining, Wilkinson 

combining, and transformer combining are listed in below. Especially, the advantage of 

transformer combining can save the occupied area and have impedance transformation 

at the same time. 

 

2.2.1 Direct Combining 

 The simplest and the most efficient way to combine multiple transistors is direct 

combine as shown in Figure 2.2, output current from each way is summed and delivers 

to the load. Even though the combination will take area, the optimal output impedance 

drops rapidly when the numbers of combined transistor increase. The increased 

impedance ratio leads to a complex and lossy matching network. Moreover, increasing 

the metal width and combiner size can solve the problems of huge DC current from 

massive transistors combining. The layout asymmetry increases which results loss and 

phase imbalance on combiner and decreases the combination efficiency. 

N

RFin1

I1

I2

I3

IN

RFin2

RFin3

RFinN

RFout

 

Figure 2.2 N-ways direct combining structure 
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 By using binary direct combining structure, the problem of layout asymmetry can 

be solved as shown in Figure 2.3. Since the fully symmetric layout, there is no loss and 

phase imbalance but the drawback is the longer metal lines significantly increase the 

combiner size and insertion loss. 

N

RFin1

I1

I2
RFin2

RFin(N-1)

RFinN

RFout

IN-1

IN

 

Figure 2.3 N-ways binary direct combining structure 

 

2.2.2 Wilkinson Combining 

 An N-ways Wilkinson power combiner can provide in-phase power combination 

by full symmetric structure as shown in Figure 2.4. Between any two input ports of 

Wilkinson power amplifier has theoretically perfect isolation by quarter wavelength 

transmission line and isolation resistors. Perfect port-to-port isolation indicates when 

some ways of power cell fall, other power cells will not be affected and the whole 

amplifier can still work fine with deducted gain and output power. Since Wilkinson 

power combiners require quarter wavelength lines with high characteristic impedance, 

an N-ways Wilkinson combiner needs N quarter wavelength lines which take lots of 

area. The high characteristic impedance makes it difficult to realize in CMOS process. 
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N

RFin1

I1

I2

I3

I4

RFin2

RFin3

RFinN

RFout
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Figure 2.4 N-ways Wilkinson combining structure 

 The N-ways binary Wilkinson combiner is introduced to solve the high 

characteristic impedance problem of transmission line and planarize the previous 

structure. In Figure 2.5, the N-ways binary Wilkinson combiner is full symmetric and 

planar structure. Instead of √𝑁𝑍0, the impedance of the transmission lines is only√2𝑍0. 

Even though the power amplifier using Wilkinson power combining structure has been 

successfully published in 90 nm process [1]; the area efficiency is much lower as 

number of combined ways increased in the quarter wavelength lines of Wilkinson 

combiner.  

N

RFin1

I1

I2
RFin2

RFin(N-1)

RFinN

RFout

IN-1

IN

2Z0

2Z0

2Z0

2Z0

2Z0

 

Figure 2.5 N-ways binary Wilkinson combining structure 

𝒁𝒄 = √𝑵 × 𝒁𝟎 

𝒁𝒄 = √𝟐 × 𝒁𝟎 
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2.2.3 Transformer Combining 

 In the recent years, Transformer power combiner becomes the most popular 

combining technique. Since the characteristics of transformer can combine the output 

power and achieve impedance transformation, the techniques of transformer combine 

can make chip size more compact and enhance power density in the millimeter wave. 

There are many power amplifiers have been publish with varies transformer-based 

combining configuration [2]-[10]. Most of them use push-pull amplifier to be the power 

cell, and the functional work of the push-pull configuration is two transistors operating 

180 degree out of phase as shown in the simple schematic in Figure 2.6.  

The signal is split into two anti-phase paths by using a balun or transformer, and 

the signal is merged at the output according to the same technique. The abundant profits 

of this technique provides in power amplifier designs is in below. Without reducing the 

reliability of each transistor, the output voltage swing is double. The virtual ground 

created by differential characteristic which not only makes it strongly against parasitic 

inductance or capacitance from the bond wires and off-chip components and but also 

reduces the bypass capacitance and chock inductance at DC supply nodes. Also, it leads 

to a good cancellation of even harmonics that improves the linearity of the RF circuit 

[9]. All of above shows the transformer combining becomes an up-to-date solution for 

power amplifier designs. 
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Transformer

RFout

VDC

Virtual 

GND

 

Figure 2.6 Push-pull amplifier using transformer combining technique 

 

2.3 Circuit Solution for High Supply Voltage 

2.3.1 High-Breakdown Device 

 High output power has high voltage swing on the load side. As the supply voltage 

increases higher, the swing range on each device will be expanded and the output power 

will have enhancement. The most intuitive way than any other methods is using 

high-breakdown device. LDMOS is the modified CMOS process for high power 

applications in nowadays. LDMOS has advantages of high breakdown voltage, high 

ruggedness and high thermal stability. There are several LDMOS power amplifiers have 

been reported [11]-[13], [28], [29].  

 

Figure 2.7 Conventional LDMOS device 
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 In Figure 2.7, LDMOS device uses the lower concentration of doping at n-channel 

between gate and drain to achieve the higher breakdown voltage such as this design case 

5 V. Since the lower concentration of the electrons in the n-channel area, the device 

requires higher voltage to make it breakdown.  

 

2.3.2 Cascode Configuration 

 The simple schematic of cascade topology is shown in Figure 2.8. The power 

amplifier in cascode configuration has advantage of high gain and high supply voltage 

than common-source (CS) or common-gate (CG) amplifier because it contains two 

stages which are cascaded by CS and CG amplifiers. However, cascode configuration 

has a disadvantage in high power operation. In the CG configuration, there must be AC 

ground at gate of M2. It leads the Vgs swing of M2 is equal to the voltage swing at node 

X which is the amplified signal from RF input, and the Vgs swing of M2 large than 

swing of M1. The unequal distribution of the output swing can be observed on two 

transistors. The output swing is small and can be ignored in small-signal operation. But 

in large-signal operation, the CG transistor over the breakdown voltage may happen due 

to the unequal distribution of the output swing. The thick-oxides transistor can be used 

to enhance the breakdown voltage of CG transistor by considering the reliability. 

However, the think-oxides transistor has defects of low gain, high parasitic capacitance 

which deducts the benefit. 
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Figure 2.8 Cascode configuration 

 

2.3.3 Stacked Device Structure 

 The power amplifier design in stack device structure is to solve the problem of 

unequal distribution of output swing. The simple schematic of stacked amplifier is 

shown in Figure 2.9. Each gate of the stacked transistors (M2 to Mn) is not an AC 

ground, and has some voltage swing. If each transistor is identical with same DC 

condition and same Vgs swing, the output swing of each transistor can be summed up to 

the output node with no transistors over the breakdown voltage. The gate voltage swing 

can be generated by input transformer [13], by driver amplifiers [14], by feedback [15] 

or by parasitic component on each transistor. There are several CMOS power amplifiers 

use stacked configuration have been published, [13]-[17]. 
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Figure 2.9 Stacked device structure 

 

2.4 Transformer-Based Power Combining Techniques 

2.4.1 Series-Combining Transformer (Voltage Mode) 

 Series-combining transformer (SCT) is also called voltage-combining transformer 

as shown in Fig. 2.10. Since the series structure of the secondary coils combines N ways 

of identical RF signal source by magnetic coupling at primary side, and sums up the 

voltage swings to load by the secondary coils to achieve high output power. Assuming 

that each transformer cell is identical and ideal, and then the output voltage and current 

swing can be expressed as: 
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 L

1
I s pI I

n
    (2.5) 

 LV N V Vs pN n      (2.6) 

Apply (2.3) here, the load impedance and load power dissipation can be calculated as: 

 
2 2L

L

L

V
R =N

ps
in

s p

VV
N n N n R

I I I
         (2.7) 

 

2

L
L L L p p p p

L

1 1
P = I => N N

2

V
V n V I V I

R n
          (2.8) 

 The series-combining transformer can be a combiner and a matching network 

which has transform ratio N × 𝑛2 as shown in (2.7). Applying this characteristics of 

this transformer combining technique, many works have been published in [9]-[10], and 

even in a watt-level power amplifier design. 
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Figure 2.10 Schematic diagram of series combining transformer 

doi:10.6342/NTU201603297



 19 

2.4.2 Parallel-Combining Transformer (Current Mode) 

 Two types of the parallel-combining transformer (PCT) which can also be called as 

current-combining are shown in Figure 2.11. The two different schematic diagrams in 

Fig. 2.11(a) and Fig. 2.11(b) has equivalent model. Regarded Iload as the superposition of 

the current flowing on the secondary side, the relationship between output voltage and 

current can be expressed as: 

 LV V Vs pn    (2.9) 

 LI N I Is p

M

n
     (2.10) 

Apply (2.3) here, the load impedance and load power dissipation can be calculated as: 

 

2 2

L
L

V 1
R =

ps
in

L s p

VV n n
R

I M I M I M
       (2.11) 

 

2

L
L L L p p p p

L

1
P = I => 

2

V M
V n V I M V I

R n
         (2.12) 

 The parallel-combining transformer can be a combiner and a matching network 

which has transform ratio 
𝑛2

𝑀
 as shown in (2.11). Applying this characteristic of this 

transformer combining technique, such as published in [8]. 
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Figure 2.11 Schematic diagram of parallel combining transformer 

 

2.4.3 Parallel-Series Combining Transformer (Current-Voltage Mode) 

 Both of series-combining transformer and parallel-combining transformer are 

suffered with the unity of impedance transformation. Series-combining transformer can 

only transform the impedance to relatively high impedance, so the maximum number of 

combined cell will be limited by optimal load of device and the load impedance of 

usually 50 ohm. Parallel-combining transformer can only transform the impedance to 

relatively low impedance. Although this transformer combination can use large turn 

ratio to match higher impedance, it will occupy a large area and have poor power 

transfer efficiency. Concerned about the design flexibility, the parallel-series combining 
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transformer is applied. Parallel-series combining transformer takes the advantage of a 

hybrid structure of PCT and SCT. 

 Parallel-series combining transformer (PSCT) is shown in Figure 2.12, the output 

voltage is summed up by SCT and the output current is summed by PCT such that 

 V N V N VL s pn      (2.13) 

 I M I IL s p

M

n
     (2.14) 

Apply (2.3) here, the load impedance can be calculated as: 

 

2
2NV N N

R =
M

psL
L in

L s p

VV n
n R

I I M I M

 
     


 (2.15) 

 

2

L
L L L p p p p

L

1
P = I => N

2

V M
V n V I N M V I

R n
           (2.16) 

 The parallel-series combining transformer has more flexibility in impedance 

transformation than SCT and PCT as shown in the calculation of (2.13). Table 2-1 

provides the summary of the three types of transformer-based combining techniques. 
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Figure 2.12 Schematic diagram of parallel-series combining transformer 

 

Table 2-1 Summary of Different Transformer-Based Power Combining Techniques [54] 

 VL IL RL PL Ways of 

combining 

Series combining 

(Voltage mode) 

N pn V    
1

pI
n
  

2N inn R   N p pV I   N  

Parallel combining 

(Current mode) 

pn V  
p

M
I

n
  

2

in

n
R

M
  

M p pV I   M  

Parallel-series combining 

(Current-voltage mode) 
pN n V   

p

M
I

n
  

2

in

N
n R

M
   

N M p pV I    N M  
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Chapter 3 A Compact 3.5-GHz Fully-Integrated 

LDMOS Power Amplifier 

Equation Chapter (Next) Section 1 

3.1 Circuit Design 

3.1.1 Bias and Device Selection 

 The main target of power amplifier design is to reach the most output power 

without sacrificing efficiency. The bias voltage is selected in Class-AB for better 

performance on efficiency. The DC-IV curve and gm curve versus different bias voltages 

are shown in Figure 3.1 and Figure 3.3, which demonstrate the bias selection. gm curve 

shows the transistor starts turn-on at Vgs=0.4V, and the peak value of gm is at Vgs=1.6V. 

By the comparison between Vgs=1.6V and Vgs=1.2V, the one with 1.2V wins the 

selection due to its high gm value and low quiescent current.  

 For the further design consideration, the four-way radial-combined power amplifier 

architecture can assemble 4 differential power amplifier units and each power amplifier 

unit composed of 2 power amplifier cells. In other words, each power amplifier cell 

should deliver 80 mW (~19 dBm) and 2 power amplifier cells deliver 158 mW (~22 

dBm). The optimal load of each power cell for 28 dBm can be calculated as: 

 

2 2( )

2 2

p dd knee
out

opt opt

V V V
P

R R


 

 
  (3.1) 

 
2(5 1.5)

38.76
2 0.158

optR


  


  (3.2) 

where Vknee is the knee voltage of 1.5 V as shown in Figure 3.1.Then, the device size 

can be determined as W/L = 2×(10×32)μm / 0.54μm according to the detailed analysis 

of Figure 3.4 and Table 3-1 in below. 
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 The MSG/MAG curve of a transistor with 10 μm width and different finger 

numbers at the VDD =5V and Vgs =1.2V is shown in Figure 3.2. The MSG/MAG curves 

show the ideal of maximum gain without additional passive loss margin, and the gain of 

the target frequency at 3.5 GHz is lower than all transitional points among MSG/MAG 

curve. As sweeping the finger numbers from 8 fingers to 32 fingers, the output power of 

1-dB compression increases from 14.26 dBm to 19.94 dBm and the saturated power 

increases from 15.1 dBm to 20.11 dBm. However, the PAE at output power of 1-dB 

compression only increases 1.23% from 43.48 % to 44.71 % and the peak PAE only 

decreases 1.56% from 50.24 % to 48.68 %. This appearance shows that the selection of 

large transistor size can provide high output power without sacrificing efficiency. As the 

result, the gate width of 10 μm with 32 fingers is selected. The quiescent current of a 

single common source is 38.7 mA and the quiescent current of one-way power cell is 

155 mA. 
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Figure 3.1 DC-IV curve of common source with width of 10-μm and finger of 32 
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Figure 3.2 MSG/MAG curves with 10-μm width and different numbers of finger 
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Figure 3.3 Id and gm curve with width of 10-μm and finger of 32 when Vds=5V 
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Figure 3.4 P1dB and P1dB PAE according to different finger numbers 

Table 3-1 Device Selection with Output Impedance which is the Closest to 50-Ω Load 

# of NMOS PAE (%) P1dB (dBm) Input Impedance (Ω) Output Impedance (Ω) 

1 44.98 19.96 7.76-36.83j 79.179+38.748j 

2 43.41 22.80 2.94-17.71j 37.552+24.678j 

3 42.25 24.43 2.53-11.88j 28.937+13.637j 

4 40.59 25.54 1.58-9.06j 19.662+10.576j 

 

Table 3-2 The Comparison between (10μm×32)×2 and (10μm×16)×4 

Transistor Sizes PAEmax (%) Impedance (Ω) Pout (dBm) Impedance (Ω) 

(10μm×32)×2 43.74 38.933+27.351j 22.80 37.655+20.340j 

(10μm×16)×4 42.33 37.047+21.556j 22.97 38.772+17.847j 
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 Table 3-1 shows the two units of gate width 10 μm and 32 fingers have the closest 

impedance to the 50-Ω load. Table 3-2 compares the two units of gate width 10 μm and 

32 fingers with the four units of gate width 10 μm and 16 fingers. In both sizes the 

impedances and the performance of the maximum output power and maximum PAE are 

similar in the load-pull simulation. Although the 16 fingers one has slightly higher gain 

in the operated point, in Figure 3.2 the MSG/MAG curves show that the turning point of 

32 fingers has closer to the operated frequency than the 16 fingers one within the same 

gate width of 10 μm. As the result, the transistor size for a power cell is chosen as (10 

μm × 32 fingers) ×2. 

 

3.1.2 Transformer and Power Cell Design 

 The transformer model as shown in Figure 3.5 is used in order to design a 

transformer. A transformer is composed by two inductors which coupled with each other 

by magnetic field. When a time-variant current I1 flow in the primary inductor, it 

generates magnetic flux through the secondary inductor, promote the secondary inductor 

generates some voltage, and vice versa. The relationship between voltage and current in 

the transformer can be expressed as 

 
1 1 1 1

2 2 2 2

V R j L j M I

V j M R j L I

 

 

      
     

      
  (3.3) 

In (3.3), L1 is the primary inductor, L2 is the secondary inductor, R1 is the parasitic 

resistor in primary inductor, R2 is the parasitic resistor in secondary inductor, and M is 

the mutual inductance which defined as  

 
1 2( )M k L L     (3.4) 

In (3.4), k is the coupling coefficient. The mutual inductance can also be calculated by 

Zij in N-port network, the equation is 
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Im( )ijZ

M


 , when i j   (3.5) 

 The parameter n is the turn ratio between primary and secondary windings 

which is defined as 

 2 1 2

1 2 1

L I V
n

L I V
     (3.6) 

 The lossy inductors of the transformer are modeled by the equivalent series 

resistors R1 and R2. The series resistors R1 and R2 can be calculated by the primary and 

secondary inductors L1 and L2 with their quality factors, which are 

 1
1

1

L
R

Q


   (3.7) 

 2
2

2

L
R

Q


   (3.8) 
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Figure 3.5 Transformer model 

 

 The equivalent T-model is introduced and shown as in Figure 3.6 to clearly 

illustrate the transformation of impedance by an actual transformer. The parameter n in 

Figure 3.6 is the turn ratio between primary and secondary coil of a transformer design. 

doi:10.6342/NTU201603297



 29 

Port 2Port 1

(1-k)L1 (1-k)L2

kL1
V1

+

-

V2

+

-

I2I1

IM

 

Figure 3.6 The equivalent T-model of transformer with n=1 

 CMOS process has multi-layer environment, the more advanced CMOS 

process the more multiple layers it provides. As considering of horizontally-coupled and 

vertically-coupled, there are two main methods to approach to the transformer designs, 

edge couple and broadside couple. The two types of coupling structures give different 

coupling coefficients, which indicate different magnetic coupling efficiency and 

different amount of losses. 

 The method of adjusting coupling coefficient for the edge-coupled transformer 

is to change the spacing between metals of primary and secondary coils. However, as 

the method of adjusting coupling coefficient for broadside couple is to use different 

metal width. The simulation results are shown in Figure 3.7 and Figure 3.8, respectively. 

The simulation result of coupling coefficient k using metal 9 and metal 10 with 300μm 

length by broadside couple and edge couple. The ground plane degrade coupling factor 

slightly in broadside coupling design but significantly in edge coupling design. 

 Although the broadside coupling has larger coupling factor than the edge 

coupling, the edge coupling is used for the transformer design in this power amplifier 

because the design in low frequency will require more inductance. The more routings 

give the more inductance. The top metal of 40-nm process (M10) is 30.2mA/μm, metal 

9 (M9) is 8mA/μm, and the rest of the bottom metal layers are less conductivity and 

more loss. In order to use the top two metals which has more conductivity and less loss, 
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the edge coupling is selected. 
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Figure 3.7 The broadside couple simulation with different metal widths 
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Figure 3.8 The edge couple with different spacings 
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Figure 3.9 Schematic of output transformer at power cell output terminal 

 

 The quiescent DC current of common source cell is 77.4 mA. Since the current 

density of metal 10 in TSMC 40-nm CMOS Technology is 30.2 mA/μm; as the result, 

the metal width of the DC transmission line must be wider than 2.6 μm. To keep more 

margins for the DC current when the dynamic DC current increases in the large signal 

operation, the maximum width of the layout restriction is used as 12 μm. The more 

margins can also provide a low resistance path from the voltage source of VDD and 

indirectly avoid the IR drop. 

 Transformer type can be classified into five categories as shown in Figure 3.10: 

single to single, single to differential, single to differential with center-tapped ground, 

differential to differential, and differential to differential with center-tapped ground.  
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Figure 3.10 (a) Single to single (b) single to differential (c) single to differential with 

center-tapped ground (d) differential to differential (e) differential to differential with 

center-tapped ground 

 

 For the output transformer of the power amplifier as shown in Figure 3.11 uses 

differential-to-single ended topology. Transformer design provides isolation between 

primary windings and secondary windings which indicates the DC block can be 

removed from the output path. The primary windings provide the path of voltage source 

(VDD) and combine the two differential power cells; while the secondary windings sum 

up the voltage to deliver output power from electromagnetic induction of the primary 

windings. The DC bias voltage is fed from the AC virtual ground with a large resistor 

for blocking DC and RF signals and 8 pF bypass capacitor for common-mode 

suppression. The ground plane uses both metal 1 and metal 2 to increase the current 

density. 
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Figure 3.11 View of output transformer 
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Figure 3.12 Impedance transformation by the output transformer 
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 The output transformer design is optimized by full electromagnetic simulating in 

Sonnet software. It occupies 336 × 316 𝜇𝑚2  included the slotted ground. The 

inductance value of the primary winding is 1.023 nH and the secondary is 2.704 nH. 

The turning capacitor is 0.72 pF for amplitude and phase balance. The simulated 

amplitude imbalance of output transformer is below 0.5 dB and phase imbalance is 

below 0.2 degree from 3 to 4 GHz that is shown in Figure 3.14 and Figure 3.15. 

 Transformer can combine the output power and transform the impedance Zopt 

to ZTF. The transformed impedance ZTF is near 50 Ω which means no extra matching 

component is needed when RL is 50 ohm as shown in Figure 3.12. Power transfer 

efficiency is another indicator which presents the combination efficiency of combiner; 

power transfer efficiency is defined as: 

 load

in

P

P
    (3.9) 

where Pin is the total input power of transformer and Pload is the total output power of 

transformer. Figure 3.13 presents the power transfer efficiency of output transformer, 

the peak value of the efficiency is 74% which is about 1.3 dB power loss, and from 2.35 

GHz to 5.67 GHz the efficiency is more than 70 %. 

doi:10.6342/NTU201603297



 35 

1 2 3 4 5 6 7 8
40

45

50

55

60

65

70

75

80

 

 

T
ra

n
s
fo

rm
e

r 
E

ff
ic

ie
n

c
y
 (

%
)

Frequency (GHz)

Frequency of Interest

 

Figure 3.13 Simulated output transformer power transfer efficiency 
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Figure 3.14 Amplitude imbalance of output transformer 
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Figure 3.15 Phase imbalance of output transformer 

 

Figure 3.16 View of input transformer 
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Figure 3.17 Amplitude imbalance of input transformer 
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Figure 3.18 Phase imbalance of input transformer 
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 The geometry size of input transformer occupies 324 × 145 𝜇𝑚2 included 

the slotted ground as shown in Figure 3.16. The primary inductance is 2.087 nH and the 

secondary inductance is 2.142 nH. The amplitude imbalance is below 0.3 dB, phase 

imbalance is below 2 degree, and -7 dB insertion loss at 3.5 GHz as shown in Figure 

3.17 and Figure 3.18. 

 In Figure 3.29, the small resistor R1 which is inserted in the center tap of input 

transformer can have lossy matching and reduce the common-mode effect on 

unsymmetrical issues of differential-to-single transformers. The small value of 

resistance will degrade the quality factor of input transformer and solve the 

common-mode problem without effecting differential mode. Furthermore, the large 

resistor R2 is placed before the bias voltage that can isolate RF signal from DC supply. 

 The common-source cell is composed by two common-source NMOSs and an 

odd-mode suppression resistor. Two common-source cells in differential operation are 

combined with input and output transformers, and which all construct the power cell as 

shown in Figure 3.29 below. Design parameters of the power cell are listed in Table 4-1. 

 Moreover, an odd-mode suppression resistor is shunted at the output of the two 

combined transistors to prevent odd-mode oscillation and ensure the amplifier stability. 

The K-factor stability check for power amplifier designs is only suitable for even modes. 

The combination of power cells in differential operation do not need the odd-mode 

oscillation test, only the N parallel combined devices require this test. Two-way 

direct-shunt combined power amplifier for the n=2 case is discussed here as an example 

to analyze the odd-mode oscillation. With the 2-port symmetrical z-matrix analysis, the 

even- and odd-mode impedances seen at each port can be expressed as 

 11 12eZ Z Z      even mode (3.10) 
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 11 12oZ Z Z       odd mode (3.11) 

 Each power-combined power amplifier has even and odd modes. The odd-mode 

impedance seen at the power device is denoted by Zin,o, and the odd-mode impedance 

seen at the output matching network is denoted by Zout,o. Then the oscillation conditions 

can be expressed as 

  , ,Re 0in o out oZ Z    (3.12) 

  , ,Im 0in o out oZ Z    (3.13) 

Hence, the odd-mode oscillation will happen if the above oscillation conditions are 

satisfied at some frequency. An odd-mode suppression resistor, Rodd, is required as 

shown in Figure 3.19 to avoid odd-mode oscillation between two parallel combined 

power devices in direct-shunt combining power amplifier design. The virtual ground at 

the center of the resistor is achieved in odd-mode operation. The odd-mode oscillation 

can be terminated if the half of Rodd is equal to the output impedance of a single 

transistor M1 or M2. The value of the odd-mode suppression resistor after fine-tuning 

has the sum of the real parts of the odd-mode impedance at each port that is greater than 

0. As a result, the odd-mode oscillation conditions will not be occurred. 

 

Figure 3.19 Schematic of a 2-way direct-shunt combining power amplifier. [54] 
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schematics of the simulated setup are shown in Figure 3.20 and Figure 3.23. The 

simulated results at the transistor gate are shown in Figure 3.21 and Figure 3.22, and the 

simulated results at the transistor drain are shown in Figure 3.24 and Figure 3.25. The 

simulated results express they are not in oscillation condition, as a result, the circuit is 

stable and the odd-mode suppression resistors are not necessary.  

 The second method is simply observing the input return loss at the combined nodes 

of the combined transistors that illustrates in Figure 3.26. This simulation is to force an 

odd-mode signal occur in the power amplifier, if the input return loss is more than zero 

then the power amplifier will be oscillated. In order to avoid the oscillation, the 

odd-mode suppression resistor is inserted and can deduct the return loss where the lower 

return loss the better it is in the simulation.  
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Figure 3.20 The schematics of odd-mode test at transistor gate 
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Figure 3.21 The measured result of odd-mode test at top part of transistor gate 

 

Figure 3.22 The measured result of odd-mode test at bottom part of transistor gate 
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Figure 3.23 The schematics of odd-mode test at transistor drain 

 

Figure 3.24 The measured result of odd-mode test at top part of transistor drain 
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Figure 3.25 The measured result of odd-mode test at bottom part of transistor drain 

       

(a)                                 (b) 

           Figure 3.26 (a) Odd-mode test concept (b) layout view 

 Between shorted and very large resistance, there is appropriate values in the range. 

The simulated results are shown in Figure 3.27 and Figure 3.28. The odd-mode 

suppression resistor is decided as 56 ohm according to the simulated results and layout 

spacing consideration. 
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Figure 3.27 Odd-mode simulation from transistor drain 
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Figure 3.28 Odd-mode simulation from transistor gate 
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Figure 3.29 Schematic of a power cell 

 

Table 3-3 The Listed Parameters of a Power Cell 

Transistor Size (10μm × 32) × 2 

Parameter Value Parameter Value 

Lp_out 1.023 nH Cb1 8 pF 

Ls_out 2.704 nH Cb2 20 pF 

Lp_in 2.087 nH Ctune 720 fF 

Ls_in 2.142 nH Cn1, Cn2 185 fF 

R1 14 Ω R2 3 kΩ 

Bias Voltage 

VDD 5V 

Vg 1.2V 
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3.1.3 Neutralization Design 

  

   

(a)          (b) 

Figure 3.30 (a) Zopt and load stability circle (b) Zs and source stability circle of LDMOS 

at 3.5 GHz. 

 Although the optimal load (Zopt) of LDMOS device is higher than core MOS 

transistor due to the high supply voltage, the very low conjugate source impedance (Zs) 

of the LDMOS device becomes a design challenge contrarily. Take the transistor size of 

10 µm width and 32 fingers for example; the Zopt of two LDMOS transistors in parallel 

is 30.3+8.3j Ω at 3.5 GHz from load-pull simulation, which is higher than core MOS 

devices in 40-nm process. Therefore, LDMOS provides an easier output matching 

network that reduces the complexity of transformer design for miniature area. Also, the 

Zopt is located in stable region shown in Figure 3.30(a). However, the Zs of the two 

LDMOS transistors in parallel is 3.87+20.2j Ω at 3.5 GHz, which is the major number 

limitation of direct-combined transistor in practical implementation. In addition, Zs of 

LDMOS falls in unstable region of source stability circle as shown in Figure 3.30(b). To 

solve the stability problem, the neutralization of cross-coupled capacitors Cn is allocated 
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between the gate and drain terminals of differential PA-cells. Capacitive neutralization 

can cancel undesired feedback through the gate-to-drain capacitor (Cgd) to avoid 

oscillation [9]. 

 Large transistor size is usually used to achieve high output power in power 

amplifier design. However, the larger the transistor size, the higher the intrinsic 

capacitance of Cgd, and the lower the reverse isolation of transistor. Moreover, the 

reverse isolation is directly related to S12 of the transistor, and increasing S12 will 

degrade the maximum stable/available gain (MSG/MAG) of the transistor where MSG 

and MAG can be expressed as 

 

21

12

221

12

S
MSG=

S
MAG= ( 1)

S

K K
S

 

  (3.14) 

 The effect of intrinsic capacitor Cgd on the reverse isolation will become more 

significant in the millimeter-wave frequency designs, and the poor reverse isolation may 

lead to instability of the power amplifier. Furthermore, if the gain of power stage is too 

low, the performance of PAE will become poor. As a result, the gain of the power 

amplifier becomes more precious in higher frequency band. 

 Neutralization technique is one of the methods to increase the power gain of the 

transistor. The neutralization can use the equivalent negative capacitance (-CN) to cancel 

the gate-to-drain intrinsic capacitance (Cgd) of the transistor. By using cross-couple 

capacitors between the gate and drain of the two transistors in differential operation, it 

can produce the negative capacitance. Figure 3.31 shows the circuit topology of a 

pseudo-differential common-source cell with the neutralization capacitors (CN) and its 

ac equivalent model. To verify this concept, the Y-parameters of the circuit shown in Fig. 

are calculated to derive the correlation between the MSG/MAG, Cgd and CN. The 
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Y-parameters of the differential common-source cell can be expressed as 
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  (3.15) 

where RG, Cgs, and Cdb are the equivalent parallel gate resistance, gate-to-source 

capacitance, and drain-to-body capacitance. Since the MAG is related to the stability 

factor (K), so the relation between K and CN must be considered first. The stability 

factor K consisting of Y-parameters can be expressed as 

 11 22 12 21

12 21

2 Re[ ]Re[ ] Re[ ]Y Y Y Y
K

Y Y


   (3.16) 

Substituting the Y-parameters derived in Eqn. (3.15), and then K can be equal to 

 

2 2

2 2 2

2 ( ) R R

( )

gd N G D

gd N G D gd N m

C C
K

C C R R C C g



 

 


  
  (3.17) 

 The stability factor related to CN shows the value of K when CN equals Cgd, which 

means the differential cell achieves the highest stability when Cgd is neutralized. 
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(a)                                       (b) Figure 3.31 (a) Differential common-source cell with the neutralization capacitor 

(CN) in cross-couple connection and (b) its ac equivalent circuit. 
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 Moreover, S21 and S12 in the MSG/MAG shown in Eqn. (3.14) can be also 

substituted by the Y-parameters, and they can be expressed as 
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11 0 22 0 12 21
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  (3.18) 

where Y0 is equal to 1/Z0. Then, MSG/MAG composed of Y-parameters is expressed as 
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  (3.19) 

Finally, substituting the Y-parameters shown in Eqn. (3.15) into Eqn. (3.19), the 

MSG/MAG can be expressed as 
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  (3.20) 

where K composed of the Y-parameters can be found in Eqn. (3.16). From Eqn. (3.20), 

the MSG achieves the maximum value when Cgd is neutralized by CN. Considering the 

gain and stability, the neutralization capacitance close to or slightly over Cgd is usually 

chosen instead of selecting the value of CN that is equal to Cgd. When CN is close to Cgd, 

the gain of the differential cell approaches the maximum value with an acceptable 

stability factor. Figure 3.32 shows the simulated MSG/MAG, K, and S12 of the 

differential cell at 3.5 GHz and from 3 to 4 GHz versus different values of CN. This 

differential cell with the transistor size (M) of 2×10μm×32fingers in 40-nm CMOS 

process is biased at 1.2-V VDD and Class AB. Cgd of the transistors which can be 

calculated from Eqn. (3.20) in this differential cell under Class-AB bias are about 185 fF. 
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The results show that MAG and the maximum values of the stability factor appear when 

CN is about 185 to 190 fF. When CN is 185 fF, the MAG is about 17.4 dB which is 

almost 2.1 dB larger that the MSG/MAG without using neutralization and the stability 

factor is just around 4. In this case, 185-fF CN will be the proper selection, since the 

gain of the differential cell is raised to the maximum value with an acceptable stability 

factor (K=1). Observing the results in Figure 3.33, S12 achieves the lowest value when 

the intrinsic capacitance Cgd is neutralized, which means that the reverse isolation of the 

transistor is increased. And then the stability factor and maximum gain will be raised. 

The value of CN should be carefully chosen, since excessive CN will lead to higher S12, 

and it may result in instability. Figure 3.34 and Figure 3.35 are the frequency responses 

of the simulated MSG/MAG and stability factor of the differential cell with different CN 

from 3 to 4 GHz. The results reveal that the MSG/MAG and K are not only raised at 3.5 

GHz, but also increased from 3 to 4 GHz which almost covers the frequency range of 

3.5 GHz-band. Actually, the intrinsic capacitance Cgd is voltage dependent rather than 

frequency dependent. Therefore, once Cgd of the transistor is neutralized, the 

MSG/MAG and stability factor will be raised with different levels from MHz to 

hundreds of GHz. Moreover, the optimum load impedance (Zopt) of the PA will not be 

changed too much when using different neutralization capacitance, which is an 

advantage for power amplifier, since the capacitance for neutralizing Cgd is quite small 

as several femto Farad only, and it is possible to have variation due to the process 

fabrication. Usually, the neutralization capacitors are realized by inter-digital capacitors 

arranged between the layouts of the two differential transistors.  
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Figure 3.32 The simulated MSG/MAG and stability factor (K) of the differential cell 

versus neutralization capacitance (CN). The cell with transistor size of 2×10μm×32 

fingers is biased at 1.2-V VDD Class AB. 

 

Figure 3.33 The simulated MSG/MAG, stability factor (K), and S12 of the differential 

cell versus neutralization capacitance (CN) from 3 to 4 GHz. 
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Figure 3.34 The simulated MSG/MAG of the differential cell with different CN from 3 

to 4 GHz. The cell with the transistor size of 2×10μm×32 fingers is biased at 5-V VDD 

and Class AB. 
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Figure 3.35 The simulated stability factor of the differential cell with different CN from 

3 to 4 GHz. The simulation conditions are the same as in Figure 3.34. 

doi:10.6342/NTU201603297



 53 

 

Figure 3.36 Stability factor and maximum gain with/without capacitive neutralization. 

 

  Since the device itself has the instability issues, the maximum power gain and 

stability factor with and without capacitive neutralization are plotted in Figure 3.36. 

With the neutralization technique, the stability factor is higher than 1 and maximum 

power gain is improved substantially. 

 Figure 3.37 is the circuit schematic setup of a differential cell of common-source 

with neutralization capacitors for load-pull simulation in ADS. The transistors in the 

differential cell are biased at 1.2-V VDD and Class AB with both sizes of 2×10 μm×32 

fingers. Table 3-4 summarizes the differential optimum load impedance (Zopt,diff), PSAT, 

and PAEmax of the differential cell under different CN. From Table 3-4, the differential 

cell has the average Zopt,diff of 35.1-j9.34 Ω with <13.7% real-part and <11.1% 

imaginary-part variations, PSAT of 25.84dBm with <0.155% variation, and PAEmax of 

31.7% with <2.2% variation under 0 to 400-fF CN. The results show that PSAT, PAEmax, 

and Zopt,diff are only slightly affected by the neutralization capacitors CN. 
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Figure 3.37 The circuit schematic setup of the load-pull simulation with CN in the ADS. 

The transistors with the size of 2×10μm×32 fingers are biased at Class AB and 5-V VDD 

for load-pull demonstration. 

 

Table 3-4 The Zopt,diff, PSAT, PAEmax versus Different CN at 3.5 GHz 

C
N
 0 fF 50 fF 100 fF 150 fF 200 fF 

Z
opt,diff

 36.3-j9.6 Ω 36.3-j9.6 Ω 36.3-j9.6 Ω 36.3-j9.6 Ω 30.3-j8.3 Ω 

P
SAT

 25.80 dBm 25.81 dBm 25.82 dBm 25.83 dBm 25.84 dBm 

PAE
max

 31.93 % 31.90 % 31.86 % 31.80 % 31.01 % 
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Figure 3.38 View of a whole power cell 

 

3.1.4 I/O Matching Network 

 Output matching network is neglected since the resultant value of impedance 

transformation from the transistor device to the output transformer is approximate to the 

50-Ω load. However, the input impedance of the transistor device from load-pull 

simulation is 3.87+20.2j Ω. The input matching network uses a 1-pF capacitor in series 

and a 0.9-pF shunt capacitor to match the input impedance to approximate 50 Ω. The 

impedance transformation is as shown in Figure 3.39. The method of using series and 

shunt lump components can make the conjugate matching more precisely than using 

transmission line matching. Also, the large EM simulation is simulated for more 

practically.  
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Figure 3.39 The impedance transformation of the input matching network where 

ZS=50-Ω term and ZL=19.8+63.4j Ω 
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 The shunt and series capacitors are made with parallel-plate capacitors such as 

Figure 3.40, which the even-numbered metal layers must be tied to one another and 

must be the odd-number layers. For maximum capacitance density, all metal layers can 

be utilized. As shown in Figure 3.40(b), these connections are made by vias. The quality 

and linearity of well-designed parallel-plate capacitors are typically very high that they 

do not need to be taken into account. Parallel-plate geometries also suffer from a 

parasitic capacitance to the substrate. As illustrated in Figure 3.40(b), the capacitance 

between the lowest plate and the substrate, Cp, divided by the desired capacitance, 

C=C1+C2+…+C5, represents the severity of this parasitic. In a typical process, if this 

value exceeds 10% will lead to serious difficulties in circuit design. [55] 

 

3.2 Post-Layout Simulation 

 All passive components and structures are simulated by full-wave EM simulator 

(Sonnet) to obtain the post-simulation result. The amplifier with passive element is 

completely simulated by Agilent Advanced Design System (ADS). 

 The simulated S-parameter of 3.5-GHz LDMOS power amplifier is shown in 

Figure 3.41. The peak gain S21 is 16.7 dB at 3.36 GHz, the 3-dB bandwidth is from 3.06 

to 3.73 GHz and S11 is below -10 dB from 3.28 GHz to 3.53 GHz. The small-signal gain 

is 16.1 dB at 3.5 GHz. The simulated stability factor (K) is 2.26 at 3.5 GHz which is the 

valley as shown in Figure 3.42. The factor K is high than 1, which means the amplifier 

is unconditionally stable. Figure 3.43 shows the simulated results of large-signal 

performance, the power gain is about 16.1 dB and the saturated output power is 26.7 

dBm, respectively. 
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Figure 3.41 The simulated S-parameter of 3.5-GHz PA 
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Figure 3.42 The simulated stability factor (K) of 3.5-GHz single stage PA. 
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Figure 3.43 The large-signal simulation of 3.5-GHz single stage PA 

 

3.3 Experiment Results and Discussions 

3.3.1 Experiment Results 

 The miniature high power area density 3.5 GHz power amplifier has been designed 

and fabricated in 40-nm CMOS process. Figure 3.44 shows the chip micrograph of the 

proposed power amplifier with area 0.259 mm
2
 excluding all testing pads. The circuit is 

measured via on-wafer probing. The simulated and measured results of S-parameter are 

shown in Figure 3.45, and closely look at the in-band small-signal performances are 

shown in Figure 3.47 and Figure 3.48. The measured power gain |S21| is 15.4 dB at 3.5 

GHz. In Figure 3.46, the measured OP1dB is 24.1 dBm at 3.5 GHz, PSAT is 26.5 dBm and 

the corresponding peak PAE is 25 % at 3.5 GHz. Table 3-5 summarized the performance 

of recent fully-integrated power amplifiers. The miniature 3.5 GHz power amplifier 
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reaches the highest PSAT power area density of 1724 mW/mm
2
, and OP1dB power area 

density of 992.4 mW/mm
2
 compared to other power amplifier designs with competitive 

performance.  

 

G

S

G

G

S

G

DC probe

DC probe
 

Figure 3.44 Chip micrograph of 3.5 GHz PA with area 0.259 mm
2 

(excluding pads) 
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Figure 3.45 The simulated and measured small-signal performances of 3.5-GHz PA 

-30 -20 -10 0 10 20
-30

-20

-10

0

10

20

30

40

 

G
a

in
 (

d
B

) 
&

 P
o

u
t 
(d

B
m

)

Pin (dBm)

 Gain_mea

 Pout_mea

0

4

8

12

16

20

24

28

 PAE_mea

P
A

E
 (%

)

 

Figure 3.46 Measured large-signal performance at 3.5 GHz 
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Figure 3.47 The simulated and measured small-signal gain at 3-4 GHz 
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Figure 3.48 The simulated and measured small-signal gain at 3.4-3.6GHz 
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3.3.2 Re-simulations According to the Measured Results 
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Figure 3.49 The re-simulation of small signal for 3.5-GHz PA 
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Figure 3.50 The re-simulation of small-signal gain at 3-4 GHz 
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Figure 3.51 The re-simulation of small-signal gain at 3.4-3.6 GHz 

 

 The re-simulation of small signal performance which includes the thermal issues 

performs the perfectly match with the measured results as shown in Figure 3.49. The 

original simulated gain is 16.1 dB at 3.5 GHz which is under 25℃ as room temperature 

condition. However, the measured gain is 15.4 dB at 3.5 GHz which drops 0.7 dB from 

the original simulated result. The re-simulated gain is 15.5 dB at 3.5 GHz which is high 

temperature at the junction temperature. The gain percentage error turns to be less than 

0.6%, and effectively proof the thermal issues should be taken into design simulation 

for the practical results that are close to the measurement. The in-band results for 

4G/LTE applications are shown in Figure 3.50, and Figure 3.51. 
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Table 3-5 Comparison Table with Relevant State-of-the-Art PAs 

Ref. [4] 

2011 

JSSC 

[23] 

2009 

APMC 

[24] 

2010 

TMTT 

[25] 

2015 

ISSCC 

[26] 

2009 

JSSC 

[27] 

2012 

JSSC 

This 

work 

Process 0.18 um 

CMOS 

0.13 um 

CMOS 

90 nm 

CMOS 

65 nm 

CMOS 

90nm 

CMOS 

0.18 um 

CMOS 
40 nm 

LDMOS 

fo (GHz) 2.5 2.5 2.5 2-6 2.3~2.7 2.4 3.5 

Class/Stage AB/2 AB/2 AB/1 AB/2 AB/2 AB/2 A/1 

Vdd (V) 3.3 3.3 3.3 1.8/3.3 3.3 3.3/3.2 5 

Psat (dBm) 31 25.5 32 22.4 30.1 34 26.5 

PAE(%) 34.8 32 48 28.4 33 34.9 25 

OP1dB 

(dBm) 

28 21.4 29.5 20.7 27.7 31.5 24.1 

Gain (dB) 

per stage 

15.65 15.5 18 11.8 

±0.4 

14 11 15.4 

Areacore*/ 

Areapower 

stage** 

(mm
2
) 

1.57/ 

1.09 

2.52/ 

1.92 

1.95/ 

1.95 

0.75/ 

0.7 

3.57/ 

2.59 

3.045/ 

1.825 
0.259/ 

0.259 

PsatPADcore
#

/PADpower 

stage
##

 

(mW/ mm
2
) 

801/ 

1154.7 

140.8/ 

185 

812.8/ 

812.8 

231/ 

248.2 

286.6/ 

395 

824.9/ 

1376 
1724/ 

1724 

OP1dB 

PADcore
$
/PA

Dpower stage
$$

 

(mW/ mm
2
) 

401.9/ 

578.9 

54.8/ 

72 

457.1 / 

457.1 

86.08/ 

167.8 

164.9/ 

227.4 

463.9/ 

774 
992.4/ 

992.4 

*chip area without pad ** power stage area from chip photo  
#
Psat/Areacore  

 
##

Psat/ Areapower stage  
$
OP1dB/Areacore   

$$ 
OP1dB/Areapower stage 

 

 

 

 

Equation Chapter (Next) Section 1 

doi:10.6342/NTU201603297



 66 

Chapter 4 A 3.5-GHz Fully-Integrated High Power 

Transformer Combined LDMOS Power 

Amplifier with 3D Architecture 

4.1 Circuit Design 

4.1.1 Device and Bias Selection 

 The device and bias selection are similarly selected as in Chapter 3. The 

one-way fully-integrated transformer-combined power amplifier which illustrates 

in Chapter 3 is fabricated as the test kit for each of power cells in this watt-level 

four-way fully-integrated transformer combined power amplifier design. Recall 

that the device size of LDMOS is chosen in two 10-μm width and 32 fingers in 

parallel, and the bias voltage is 1.2 V that is operated in Class-AB.  

 

4.1.2 Power Budget and Power Cells 

 According to the measured results of 1-way power amplifier, the power budget is 

shown in Figure 4.1 to achieve in the target of 29 dBm output power. In order to achieve 

on the maximum output power performance, the direction of the power amplifier should 

be designed from the output side to the input side. Due to the loss from the power stage 

is 1 dB; the 4-way combination will be 29 dBm minus 6 dB then remain 24 dBm of 

output power for each power cell. Since each of the power cell gain is 15 dB, the input 

power of each power cell in power stage is 8 dBm. At the splitting point of the power 

stage is 9 dBm plus 6 dB and turns to be 15 dBm. The loss from inter-stage matching is 

approximate 1 dB as well. The output power of the driver stage is 16 dBm and the gain 

is 15 dB, which can indicate the input power should be 1 dBm. 
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Figure 4.1 The power budget of 4-way combined power amplifier 
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Figure 4.2 Schematic of a power cell 

 From the load-pull simulation, the optimal load impedance of two common-source 

transistors is read as 40.2+24.5j. Two power cells are combined by input and output 

transformers and are regarded as push-pull (differential) topology. The schematic is 
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shown in Figure 4.2 and the 3D structure is in Figure 4.3. The performance of power 

cell can be estimated by input conjugate matching. The design parameters of the power 

cell are listed in Table 4-1. 

Table 4-1 Design Parameters of Power Cell 

Transistor Size 10 μm × 32 

Parameter Value Parameter Value 

Lp_out 1.023 nH 
Cb1 8 pF 

Ls_out 2.704 nH 
Cb2 20 pF 

Lp_in 2.087 nH 
Ctune 720 fF 

Ls_in 2.142 nH 
Cn1, Cn2 185 fF 

R1 14 ohm R2 3 kΩ 

Bias voltage 

VDD 5V Vg 1.2V 

 

Table 4-2 The Parameters of Input / Output and Inter-Stage Matching Network 

Parameter Value Parameter Value 

Cinput1 0.9 pF Loutput 0.85 nH 

Cinput2 1 pF Coutput 1.44 pF 

Linter_stage 1.1 nH Cinter_stage 2.5 pF 

 

 The design of the gain stage amplifier is similar with power stage design, but the 

difference is the total device size ratio should be taken into the design consideration. 

The total device size ratio between gain stage and power stage is decided by gain and 

power performance of power stage. For this power amplifier case, the size ratio is 1:4. 
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Figure 4.3 Complete schematic of two stage 3.5GHz power amplifier 
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4.1.3 Radial Power Splitter and Combiner 

 In order to reach the watt-level output power, the more power cells are combined. 

Since a power cell can only deliver about 26 dBm of saturated output power, Figure 4.4 

shows the schematic of four-way current combination. The saturated output power can 

increase from 26 dBm to 32 dB ideally, but the passive loss will degrade the 

performance. The optimal load impedance of the four-way combination is the one-way 

divided by four.  

 For instance, the load impedance of 1-way power amplifier is 40.2+24.5j Ω and the 

load impedance of 4 way combined power amplifier becomes the impedance of 1-way 

power amplifier by a factor of 4 which is 10.05+6.125j Ω as shown in Figure 4.5. The 

output matching network will transform this load impedance of 4-way combined power 

amplifier into the 50- Ω term, and it will be illustrated in later section of I/O matching 

network of this Chapter. 
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Figure 4.4 Schematic of 4-way current combine. 

doi:10.6342/NTU201603297



 71 

10 25 50 100 250

-10j

10j

-25j

25j

-50j

50j

-100j

100j

-250j

250j

4-way

1 way
2-way3-way

 

Figure 4.5 The impedance transformation from 1-way PA to 4-way combined PA 

 

 From the simulation result, 50-Ω line width is 12 μm, 54-Ω line width is 10 μm, 

59-Ω line width is 8 μm, 63-Ω line width is 6 μm, 73-Ω line width is 4 μm and 84-Ω 

line width is 2 μm. Under the same metal length, parasitic resistance of 50-Ω line is the 

less than other sampling of 54-Ω line and 68-Ω line. Since 12 μm is the maximum width 

for 40-nm process, the characteristic impedance with various metal widths in 40-nm 

CMOS is shown in Figure 4.6. Due to the output power consideration, the metal width 

of the output combiner should use 12 μm. However, input part of the metal width is not 

necessary to concern about the power transformation, and the metal width can use 6 μm. 
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Figure 4.6 The characteristic impedance of TFML (thin-film microstrip line) with 

various metal widths in 40-nm CMOS. 

 The output combiner of the 4-way power amplifier combination is shown in Figure 

4.7, while the input splitter of the 4 power cells is shown in Figure 4.8. The 

cross-section of the input splitter and the output combiner is shown in Figure 4.9.  

 The differences from the previous works, the output combiner and input splitter are 

alternated since the output loss is highly considered but the input part does not care that 

much. Figure 4.7 shows the output combiner uses the maximum width and shorter 

path for its transmission line design, and Figure 4.8 shows the input splitter does not 

care about the loss that much and uses 6-μm width and longer path for its transmission 

line design. In Figure 4.9, it will have some intrinsic capacitances at the cross section of 

input path and output path. As a result, the cross-sectional part of this larger EM should 

be taken into account. The 3-D structure of four power cells with input splitter and 

output combiner are shown in Figure 4.10. 
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Figure 4.7 The output combiner of the 4-way power amplifier combination 

 

 

Figure 4.8 The input splitter of the 4 power cells 
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Figure 4.9 The cross section of input splitter and the output combiner 

 

 

Figure 4.10 3D structure of four power cells with input splitter and output combiner 
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4.1.4 I/O Matching Network and Inter-Stage Matching Network 

 The last thing of the 3.5-GHz two-stage power amplifier design is the input/output 

matching network and the inter-stage matching network. The output matching network 

is composed by a series inductor and a shunt capacitor as shown in Figure 4.11. From 

the source impedance of the 4-way combined power amplifier, the impedance is 

transformed from 16.46+0.33j Ω to the 50-Ω load. The output matching network uses a 

0.85-nF inductor in series and a 1.44-pF shunt capacitor to match the output impedance 

to the load where is approximate to 50 Ω.  

 The inter-stage matching network is also composed by a series inductor and a 

shunt capacitor as shown in Figure 4.12. Between the gain stage and the power stage of 

the power amplifier design, the impedance is transformed from 30.8+2.9j Ω to 6.85+21j 

Ω load. The inter-stage matching network uses a 1.72-nF inductor in series and a 

2.68-pF shunt capacitor to complete the impedance transformation. 
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Figure 4.11 The impedance transformation of the output matching network where 

Z4-way=16.46+0.33j Ω and 50-Ω term 
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Figure 4.12 The impedance transformation of the inter-stage matching network where 

ZS=30.8+2.9j Ω and ZL=6.85+21 Ω 

 

4.2 Post-Layout Simulation 

4.2.1 Small-Signal and Large-Signal Simulation 

 The simulated results of small-signal simulation from ADS simulation show the 

small-signal gain and input/output return loss in Figure 4.13. The simulated small-signal 

gain has peak gain 29.94 dB at 3.3 GHz, 29.355 dB at 3.5 GHz, and the 3-dB bandwidth 

is from 3.06 GHz to 3.73 GHz. When bias voltage is 1.2 V and the supply voltage is 5 V, 

the results of large-signal simulation at 3.5 GHz show in Figure 4.14 as the gain is 

29.355 dB. The output power at the 1-dB compression point is 28 dBm and the 

saturated output power is 32.87 dBm at the peak PAE of 30.18 %. 
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Figure 4.13 The simulation of small-signal performance 

-30 -20 -10 0 10 20
-15

-10

-5

0

5

10

15

20

25

30

35

P
A

E
 (

%
)

 

 

G
a
in

 (
d
B

) 
&

 P
o

u
t 
(d

B
m

)

Pin(dBm)

 Gain_sim

 Pout_sim

-10

-5

0

5

10

15

20

25

30

35

40

 PAE_sim

 

Figure 4.14 The large signal performance of 3.5 GHz 4-way combined PA 
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4.2.2 Stability Check 

 Since the first priority of a successful power amplifier design is stability, the 

stability has to be checked carefully. There are multiple methods to check the stability of 

a power amplifier: the first is K-factor according to the S-parameter, the second is 

inter-stage stability check, and the third is S-probe from the ADS simulation.  

 Firstly, the K>1 means the power amplifier is in the stable region, for instance, the 

K-factor of this power amplifier is 31.12 at 3.5 GHz and the valley is 26.9 at 3.7 GHz as 

shown in Figure 4.15 that mean the circuit is unconditionally stable. Secondly, the 

inter-stage stability check is in Figure 4.16, which shows the frequency paths of the first 

stage and the second stage of the power amplifier are not inter-connected. Finally, the 

S-probe from the ADS simulation is used to check the stability of power amplifier. 

S-probe is shown in Figure 4.17 that has to be in the region of positive one and negative 

one to ensure this power amplifier in unconditionally stable. 
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Figure 4.15 The simulated K-factor stability of 4-way PA 
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Figure 4.16 The inter-stage stability simulation of 4-way PA 

 

Figure 4.17 The stability simulation with S-probe for 4-way PA 

 For the high output power like a watt-level power amplifier design, the ground 

path and better bypass capacitors on the DC parts have to be considered. Recall the 
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previous work of the 5.3-GHz Fully-Integrated High Power Transformer Combined 

CMOS Power Amplifier from Ian Tseng [59], the more complete grounding and ground 

pads surrounding around the chip would make good ground path for effectively 

reducing the thermal issues. 

 The initial design of this 4-way combined power amplifier is used the previous 

method and the layout is shown in Figure 4.18. However, since the closer bypass 

capacitors from the supply voltage to the circuit will reduce the uncertainty and have a 

better performance, the completely on-wafer design for the six DC-probes design is 

improved from Figure 4.18 to Figure 4.19. In Figure 4.19, the DC-probes are P-G-P, 

P-G-P, and the correlation of the bias voltages are shown in Table 4-3. In conclusion, 

on-probing design has better performance to reduce the DC uncertainty from PCB wire 

bonds, and the previous method of ground surrounding can be used in PCB design if the 

bias voltages are more than the exist DC-probes.  
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Figure 4.18 Layout of 3.5 GHz 4-way combined PA (surrounding ground pads) 
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Figure 4.19 Layout of 3.5 GHz 4-way combined power amplifier (on-wafer design) 
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4.3 Experimental Results and Discussions 

4.3.1 Experimental Results 

 The watt-level high output power 3.5 GHz power amplifier has been designed and 

fabricated in 40-nm CMOS process. Figure 4.25 shows the chip micrograph of the 

proposed power amplifier with area 1.712 mm
2
 including all testing pads. The circuit is 

measured on-wafer probing. The simulated and measured results of S-parameter are 

shown in Figure 4.20. The measured power gain |S21| is 20.8 dB at 3.5 GHz. In Figure 

4.21, the measured OP1dB is 26.5 dBm at 3.5 GHz, PSAT is 30.9 dBm and the 

corresponding peak PAE is 22.7 % at 3.5 GHz.  

 The measured results of the large-signal performance in 3-dB bandwidth are shown 

in Figure 4.22. The saturated output power can reach above 29.6 dBm in 3-dB 

bandwidth, and the maximum saturated output power is 31.26 dBm at 3.42 GHz and 

30.9 dBm at 3.5 GHz. Due to the high gain of this power amplifier which is all above 

18.2 dB in the 3-dB bandwidth, the maximum gain is 21.16 dB and the peak PAE can be 

highly reached as 23.95% at 3.42 GHz and 22.7 % at 3.5 GHz. 

 From observing the simulated and measured values of the input/output matching 

networks on smith chart, the measured results of S11 and S22 have slightly larger 

resistances than the simulated ones due to the passive loss. The small-signal 

performance of S11 in smith chart is shown in Figure 4.23 and the marked points are 

56.5-32j Ω for the simulation and 39.1-26.66j Ω for the measurement. Similarly, the 

small-signal performance of S22 in smith chart is shown in Figure 4.24 and the marked 

points are 32.2+17.2j Ω for the simulation and 39.7-5.2j Ω for the measurement, 

respectively. The measured S22 is closer to 50 Ω to obtain a better output return loss than 

the simulated one. 
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Figure 4.20 The small-signal simulated and measured results on 3.5 GHz 4-way PA 
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Figure 4.21 The large-signal simulated and measured results on 3.5 GHz 4-way PA 
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Figure 4.22 The large-signal performance in 3-dB bandwidth 
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Figure 4.23 The simulated and measured smith chart of S11 

doi:10.6342/NTU201603297



 85 

10 25 50 100 250

-10j

10j

-25j

25j

-50j

50j

-100j

100j

-250j

250j

 S22_sim

 S22_meas

 

Figure 4.24 The simulated and measured smith chart of S22 
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Figure 4.25 Chip micrograph of the 3.5 GHz PA with area 1.712 mm
2 
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Table 4-3 DC Pin of the Correlated Bias Voltages of the 4-Way Combined PA 

DC pin P G P P G P 

Upper VDD_0=5V GND VG_1=1.2V VDD_1=5V GND VDD_2=5V 

Lower VG_0=1.2V GND VG_2=1.2V VDD_3=5V GND VDD_4=5V 

 

4.3.2 Re-simulations According to the Measured Results 

 Due to the thermal issues, passive loss, and parasitic resistance and inductance 

between transistor source and ground pad, the re-simulation of small-signal and 

large-signal results are made with taking all these factors into accounts.  

 The thermal management technology in Figure 4.26 shows the methods to release 

the self-heating issues from an integrated circuit design. Firstly, since the limitation of 

on-wafer probing cannot be packaged, the active method can only use gas cooler and 

thermoelectric/thermionic coolers. The simplest gas cooler is fan, and it can drop 

temperature about 10℃ to 30℃. Thermoelectric coolers can only be observed under 

thermal camera but the on-wafer probing for thickness of thermoelectric cooler.  

 Secondly, the thermal vias method is applied in the design of the printed circuit 

board (PCB), which is top and bottom layers of PCB with through vias. This method 

can effectively release the heat and drop the temperature. Thirdly, the silver gel is a very 

common thermal gel material that is used to have chip and PCB fully attached. 
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Figure 4.26 Thermal management technology 

 The re-simulation of small-signal gain is dropped from 29.355 dB to 24.2 dB at 3.5 

GHz. With parasitic resistance and inductance consideration, the re-simulation of 

small-signal result is dropped slightly with an extra 0.68 dB as the resultant value of 

23.48 dB at 3.5 GHz. The re-simulation of small-signal result is shown in Figure 4.27 

and the re-simulation of the large-signal results is shown in Figure 4.28. The in-band 

small-signal performances of the re-simulation and measurement are very close as 

shown in Figure 4.29 and Figure 4.30. 
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Figure 4.27 The small-signal re-simulation on 3.5 GHz 4-way PA 
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Figure 4.28 The large-signal re-simulation on 3.5 GHz 4-way PA 
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Figure 4.29 The small-signal re-simulation at 3-4 GHz 
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Figure 4.30 The small-signal re-simulation at 3.4-3.6 GHz 
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Table 4-4 Comparison Table with Relevant State-of-the-Art PAs 

Ref. Process fo  

(GHz) 

Psat  

(dBm) 

Peak PAE 

(%)  

OP1dB 

(dBm)  

Gain  

(dB)  

[31] 

2012 MWCL 

2 μm GaAs 

HBT-HEMT 

3.5-6.5 27 

 

38 

 

26.4 

 

13.5 

[31] 

2012 MWCL 

0.5 μm GaAs 

HBT-HEMT 

3.5-6.5 29.4 

 

27.2 

 

29.1 

 

11 

[32] 

2007 IMS 

2 μm  

GaAs HBT 

4.5-5.8 29 

 

38 

 

26 

 

13.1 

[33] 

2011 APMC 

SiGe 0.35 

μm HBT 

3.5 28 

 

35 

 

22 

 

14 

[33] 

2011 APMC 

SiGe 0.35 

μm HBT 

3.5 30.5 

 

31 

 

21 

 

26.5 

[33] 

2011 APMC 

SiGe 0.35 

μm HBT 

3.5 30 

 

31 

 

23.5 

 

18 

[34] 

2003 RFICS 

SiGe HBT 5 30 27 26 21 

This Work 40 nm 

LDMOS 

3.5 30.9  22.7  26.5  20.8  

  

 In the comparison table of Table 4-4 shows this watt-level 3.5-GHz power 

amplifier design is the highest output power among the published 3.5-GHz band and 

5-GHz band power amplifiers in the recent years. Most other power amplifiers in this 

frequency band are used GaAs HBT-HEMT and SiGe 0.35-μm HBT process with 

higher supply voltages. The first three designs use stacked power amplifiers and the 

three of SiGe 0.35-μm HBT process use Quasi-Doherty power amplifier. Other than 

high supply voltage, some techniques induce in the power amplifier designs can 

effectively achieve in a high output power design. This work of power amplifier design 

is used only 5-V supply voltage with LDMOS device in 40-nm CMOS process to reach 

the highest output power above all. 
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Chapter 5 Conclusion 

 This thesis presents the design and implementation of two power amplifiers, which 

are designed based on high output power, compact chip size and high operating voltage. 

The two power amplifiers are fabricated in TSMC 40 nm process. 

 In chapter 3, a compact 3.5-GHz fully-integrated transformer combined LDMOS 

power amplifier is presented. With the neutralization technique, the instability issue has 

been solved. The proposed miniature 3.5-GHz transformer-based LDMOS power 

amplifier has gain of 15.4 dB at 3.5 GHz, OP1dB of 24.1 dBm, Psat of 26.5 dBm and peak 

PAE is 25 % under 5 V supply voltage with chip size 0.259 mm
2
; in addition, it reaches 

the highest Psat power area density of 1724 mW/mm
2
 and OP1dB power area density of 

992.4 mW/mm
2
. 

 In chapter 4, a watt-level 3.5-GHz fully-integrated transformer combined LDMOS 

power amplifier is presented. With the radial passive structure, a fully symmetric power 

splitter and combiner without length routing components is realized, and the distributed 

power cells reduce the burden of large DC current and thermal issue. The 3-D 

architecture let power combiner and power splitter share the same area and minimize 

the chip size. The proposed 3.5-GHz transformer-based high output power amplifier has 

gain of 20.8 dB at 3.5 GHz, OP1dB of 26.5 dBm, Psat of 30.9 dBm and peak PAE is 22.7 

% under 5 V supply voltage with chip size 1.712 mm
2
. The maximum Psat is 31.26 dBm 

at 3.42 GHz with peak PAE of 23.95 % and gain of 21.16 dB. 
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