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Abstract 

With the allocation of Ka-band as one of the frequency bands for the upcoming 5G mmWave 

wireless communication, it is anticipated that there will be a massive increase in the demand for 

cost-effective mmWave power amplifiers (PAs) that can potentially be integrated in the RF 

front-end modules (RF-FEMs) of billions of 5G handsets and small-cell radios. 

RF-SOI (Silicon-On-Insulator) process has emerged as a strong contender to III-V 

processes (e.g., GaAs, InP, and GaN) in terms of a candidate process for 5G mmWave PAs. RF-

SOI retains most of the advantages of the bulk CMOS (i.e., high integration capability, low 

power consumption, and evident economies of scale), yet also offers features that are tailored for 

RF/mmWave circuits (i.e., RF-dedicated devices, high-resistivity (HR) substrate, and back end 

of line (BEOL) metal stack that includes thick copper and aluminum layers). Furthermore, the 

floating-body partially depleted (PD) devices offered in the RF-SOI process facilitate transistor 

stacking, which allows the PA to achieve higher RF output power while overcoming the high 

knee voltage and low breakdown voltage limitations of the advanced node RF-SOI devices.  

This thesis presents the design and implementation of a fully integrated 28 GHz 3-stack 

linear PA in 45-nm RF-SOI process. The research work focuses on the design and optimization 

of transistor cell layout, transistor stacking technique, and layout-driven PA design method – all 

of which are critical to achieving high RF performance at mmWave frequencies. The 

implemented PA operates from a 3.3V power supply, and under a continuous wave (CW) RF 

input, it delivers a saturated output power of 19.5 dBm. Furthermore, the PA achieves a peak 

power-added efficiency (PAE) and a power gain of 31.8% and 14.1 dB, respectively. The PA 

chip occupies 0.66 mm
2
 (950 µm by 700 µm) of die area, including the pads. 
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Chapter 1  

Introduction 

With the standardization process for International Mobile Telecommunications-2020 (IMT-2020) 

rapidly approaching its completion [1], the fifth-generation wireless communication (5G) is 

slowly but surely becoming a reality. It is forecasted that 5G ecosystem will be comprised of 

three main use cases, namely, enhanced mobile broadband (eMBB); ultra-reliable, and low 

latency communication (uRLLC); and massive machine-type communications (mMTC); where 

these use cases are expected to drive 5G extremely data-centric by nature [2]. Hence, in order to 

cope with the explosive growth of data traffic, 5G aims to achieve a 1000-fold increase in system 

capacity (per km
2
), greater than 10 Gbps peak data rates (downlink), and sub-1ms latency [2, 3]. 

 

Figure 1.1: IMT-2020 timeline [1]. 
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Along with the use of spectrally efficient high-order modulation schemes such as 256 or 

1024 quadrature amplitude modulation (QAM), the key technologies that will enable 5G have 

been identified to be the adoption of millimeter-wave (mmWave) spectrum; small cell 

densification; massive multiple-input and multiple-output (MIMO); and electronic beam forming 

and steering using phased-array antennas [2]. Each of these technologies contributes to 

enhancing the individual parameters in the well-known Shannon-Hartley’s channel capacity 

theorem, thereby enabling higher channel capacity. Shannon-Hartley’s channel capacity theorem 

can be expressed as shown in (1.1) where C is the channel capacity in bps, M is the MIMO order, 

BW is the bandwidth in Hz, and SNR is the signal-to-noise ratio.  

           
 
        (1.1) 

   

Among the aforementioned key technologies for 5G, the adoption of mmWave spectrum 

for commercial 5G services is considered particularly remarkable and groundbreaking. It is 

anticipated that the large bandwidths available in the mmWave spectrum will alleviate the 

spectrum scarcity problem currently existing in the sub-6 GHz spectrum while playing a key role 

in achieving the target peak data rates [3].  

While mmWave wireless communication sounds fascinating and promising, it has several 

known drawbacks, such as higher path losses due to oxygen absorption and lower received SNR 

due to small antenna aperture [11]. Consequently, these drawbacks necessitate short-range (100–

200 m) and point-to-point line-of-sight (LOS) communication at mmWave frequencies. To this 

end, small cell densification and steerable phased array antennas have been proposed as viable 

solutions [4, 5]. Another drawback of mmWave wireless communication is that the battery life of 

battery-powered devices is expected to be reduced considerably as more current will be drawn 
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from the battery. Consequently, the use of low power consumption ICs has become increasingly 

important. 

 

1.1 Motivation for 28 GHz RF-SOI PA 

It has been announced that the initial deployment of 5G network will be in the sub-6 GHz bands 

(phase 1), followed by mmWave bands (phase 2) [1–3]. Figure 1.2 shows the sub-6 GHz, and 

mmWave candidate spectrums for 5G, and their associated bandwidths for different countries. It 

can be seen that in the mmWave spectrum, Ka-band (26.5–40 GHz), and particularly 28 GHz, 

has drawn keen attention from all countries (except China); the reason for such high interest in 

28 GHz is attributed to the fact that the propagation losses at 28 GHz are moderate compared to 

other higher mmWave bands [4, 5]. Consequently, it is anticipated that there will be an 

exponential increase in the number of handsets and small-cell radios that can support 28 GHz 

band, which, in turn, translates to an increase in the demand for cost-effective mmWave power 

amplifiers (PAs). 

 

Figure 1.2: Sub-6 GHz and mmWave candidate spectrums for 5G [2]. 
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Traditionally, III-V processes such as Gallium Arsenide (GaAs), Indium Phosphide (InP), 

and Gallium Nitride (GaN) have been favored over complementary metal-oxide semiconductor 

(CMOS) for implementing mmWave PAs; this is because III-V processes offer devices with 

higher voltage handling capability and the high resistivity III-V substrates allow the realization 

of low-loss transmission lines and high-quality factor (Q) on-chip passives [6, 7]. These features 

have allowed the III-V PAs to achieve RF performance (i.e., output power, efficiency, linearity, 

and bandwidth) superior to that of CMOS counterparts. Nevertheless, while RF performance is a 

critical factor when it comes to deciding on a process for implementing mmWave PAs, the 

capability of a process to offer a high level of integration, low power consumption, and 

economies of scale become equally as critical concerning 5G mmWave PAs.  

CMOS has been the process of choice for digital, analog, and mixed-signal circuits for 

many years. However, despite the high transit frequency fT and maximum oscillation frequency 

fmax (fmax > 250 GHz [8]) attained from continuous technology scaling (which has been driven by 

the advancement in the high-performance digital ICs), CMOS has not been the primary choice of 

process for implementing mmWave PAs; this is because CMOS devices have inherently low 

voltage handling capability, and hence extracting RF output power comparable to that of III-V is 

rather difficult or requires the use of very sophisticated circuit techniques and/or topologies. 

Furthermore, the lossy transmission lines and on-chip passives (primarily the integrated 

inductors) resulting from the low resistivity silicon substrate (~10Ω-cm [11]) degrades the RF 

performance of the PA [7]. It is indisputable that III-V processes have clear advantages over 

CMOS in terms of having the capability to achieve the desired RF performance more readily; 

however, for reasons that will become clear shortly, CMOS turns out to be a more attractive 

process for mmWave PAs that are to be used in 5G handsets and small-cell radios. 
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Studies show that with the small cell densification and the use of phased-array antennas, 

the RF output power requirement per PA element from a small-cell radio or a handset is expected 

to drop to 50–300 mW (or 17–24 dBm) range [6]. It can be seen from Table 1.1 that the RF 

output power per PA element for femto and picocells (which are the two cell types that 

correspond to a small cell) is less than 20 dBm (or 100 mW). The drop in the RF output power 

level works in favor of CMOS, since power is at a premium for CMOS.  

 

Table 1.1: Required RF output power from base station and per PA element for different cell 

types [6]. 

Cell 

Type 

RF power from base station 

[dBm] 

RF output power per PA element 

[dBm] 

Femto < 24 < 20 

Pico 24 - 30 < 20 

Micro 30 - 40 < 27 

Macro 40 - 47 > 27 

 

The RF-FEMs in the traditional mmWave transceivers have a low level of integration as 

each active component in the RF-FEM (i.e., PA, LNA, switch, phase shifter, and VGA) is 

implemented in a process that results in the best performance for that specific component (e.g., 

GaAs or InP HBT/HEMT, SiGe HBT, CMOS, and others) [9]. Consequently, this results in RF-

FEMs with a large form factor and high costs. For 5G mmWave transceivers, which will most 

likely adopt the hybrid beamforming architecture shown in Figure 1.3, it is required to minimize 

the size of RF-FEM so that the massive MIMO system can be realized compactly. To this end, 

the high integration capability of CMOS can be exploited to integrate all the active components 

of an RF-FEM into a single die while simultaneously incorporating digital logic and digital 

signal processing (DSP) features; this allows the realization of a small form factor and low-cost 

RF-FEM, which, in turn, allows the realization of a compact MIMO system.  
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Figure 1.3: Hybrid beamforming transceiver for 5G mmWave wireless communication [9]. 
 

In order to take the level of integration even further, it has been proposed to integrate an 

RF-FEM with an antenna substrate [10] as shown in Figure 1.4. The integration of RF-FEM and 

antenna substrate becomes feasible at mmWave frequencies, since the physical size of the 

antenna array and the half-wavelength (λ/2) spacing between the antenna elements becomes 

small. The wavelength at 28 GHz in free space and SiO2  is ~10.7 mm and 5.1 mm, respectively. 

By integrating the RF-FEM with the antenna substrate, the off-chip routing losses, which can be 

siginificant at mmWave frequencies, can be reduced. Consequently, this leads to improvement in 

the overall system efficiency. 

 

Figure 1.4: Integration of RF-FEM and an antenna substrate [10]. 
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When it comes to manufacturing cost, CMOS holds a dominant position over III-V. 

Being a mature mainstream technology for high-density digital, analog, and mixed signal ICs, it 

offers excellent yield and clear economies of scale; hence, it is capable of meeting the high-

volume demands [11]. 

Based on what has been described so far, CMOS seems to be capable of meeting the 

majority of requirements for 5G mmWave PA. Nevertheless, due to the limited power supply 

voltage, extracting an adequate amount of RF power from advanced node CMOS devices 

remains a challenge. In order to overcome this challenge, CMOS PAs typically employ on-chip 

passive combining (e.g., transformer-based and Wilkinson) to achieve higher RF output power 

[12]. However, with the on-chip passive combining, compromises on the achievable RF 

performance have to be made as the losses of the on-chip output combiner often cause 

degradation of gain and PAE and also limits the bandwidth of the PA. Furthermore, in the case 

of Wilkinson power combiner, there is an area penalty as the structure consumes a large portion 

of the die area.  

Relatively recently, a technology called RF Silicon-On-Insulator (RF-SOI) has been 

introduced and is becoming widely adopted in RF/mmWave circuits. RF-SOI retains most of the 

advantages of the bulk CMOS, yet also offers features that are tailored for RF/mmWave circuits 

(e.g., high fT/fmax devices and RF/mmWave-optimized substrate and BEOL metal stacks [8, 13–

15]). Consequently, the problem of lossy transmission lines and on-chip passives that persisted in 

the bulk CMOS is largely mitigated in RF-SOI. Figure 1.5 shows fmax of bulk CMOS as a 

function of technology nodes, and fmax of 45-nm RF-SOI. It can be seen that at the equivalent 

technology node, fmax of RF-SOI is higher than that of the bulk CMOS as a result of reduced 

source/drain (S/D) to the substrate parasitic capacitances. It can also be seen that fmax of bulk 
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CMOS peaks at 65-nm node and declines for more advanced nodes due to the higher layout 

parasitics that are added to the intrinsic device core (i.e., higher Rg×Cgd product) [8]. 

 

Figure 1.5: fmax of bulk CMOS versus technology nodes, and fmax of 45-nm RF-SOI [8]. 
 

In RF-SOI, the presence of a thin buried-oxide (BOX) layer essentially eliminates the 

body effect and hence facilitates transistor stacking [8, 13–15]. Transistor stacking is another 

way of boosting the RF output power of a PA, which has not been favored by CMOS PAs, since 

CMOS devices suffer from the body effect (which is due to the substrate being a common node 

for all devices). As the body effect degrades the transconductance of the devices considerably 

and is exacerbated with a higher number of devices in the stack [12], transistor stacking is not an 

ideal technique to be used with CMOS PAs. On the contrary, since RF-SOI devices do not suffer 

from the body effect, transistor stacking can be readily used to achieve higher RF output power. 

Transistor stacking allows higher power supply voltage to be used for the PA as the power 

supply voltage is distributed equally among the individual transistors in the stack. Furthermore, 

the voltage swings across the individual transistors in the stack add constructively to result in a 
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higher voltage swing at the drain node of the top transistor. Compared to the on-chip passive 

combining, transistor stacking results in higher PAE and is more area-efficient as the large on-

chip output combiner can be eliminated. The subject of transistor stacking will be covered in 

more detail in Chapter 4. 

 

1.2 Previous Work on 45-nm RF-SOI PAs 

In the last few years, a number of fully integrated Ka-band N-stack PAs implemented in 45-nm 

RF-SOI have been reported. The reported PAs are targeting the upcoming 5G mmWave wireless 

communication, where cost-effective PAs are expected to be in high demand. 

 

Figure 1.6: 2-stack PA, which exploits the coupled-inductor neutralization technique to counter 

the feedback currents [16]. 

 

A 28 GHz, single-stage 2-stack PA, which exploits the coupled-inductor neutralization 

technique to neutralize the effect of feedback capacitance Cgd is reported in [16]. At high 

frequencies, the feedback current through the parasitic gate-drain capacitance Cgd causes the 
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drain current iD and the drain-source voltage vDS to be not 180° out-of-phase; this results in 

higher power dissipation in the devices, which, in turn, degrades the PAE of a PA. Hence, in 

order to counter the feedback current, the proposed technique utilizes the shunt inductor, which 

is originally used for intermediate node matching. First, the shunt inductor is intentionally made 

to couple to the load inductor. Then, by selecting a proper coupling coefficient, the mutual 

currents that are 180° out-of-phase with the feedback currents are induced on the drain nodes of 

each transistor, which cancels out the feedback currents. The use of this technique resulted in 

higher PAE for the PA as the power dissipation in the devices is reduced. Furthermore, the use of 

this technique resulted in higher gain and improved stability of the PA.  

 

Figure 1.7: 3-stack PA, which exploits transistor sizing and stack height to eliminate the output 

matching network [17]. 

 

A 24 GHz, single-stage 3-stack PA, which exploits transistor sizing and stack height to 

eliminate the output matching network, is reported in [17]. The number of transistors to be 
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stacked and the size of the transistors are selected, such that the real part of the optimum load 

impedance for the PA is close to 50Ω, while the imaginary part is resonated out by the RF choke 

inductor. Typically, an on-chip output matching network takes a bite out of the output power and 

degrades the PAE of a PA; hence, eliminating the output matching network and connecting the 

PA output directly to the load leads to a corresponding improvement in the PA’s performance. 

The reported PA also used intermediate node matching between the top and middle transistors to 

gain further improvement in PAE. 

 

Figure 1.8: 2-stack PA implemented with PMOS devices [18]. 

 

A 26.5 GHz, single-stage 2-stack PA implemented using PMOS devices is reported in 

[18]. Aside from the well-known fact that PMOS devices are slower than the NMOS devices (i.e., 

lower fT/fmax), PMOS devices are less susceptible to hot carrier injection (HCI) and time-

dependent dielectric breakdown (TDDB). Based on the short-term reliability assessment carried 

out where the power supply voltage of the PA was varied from 2V to 3V (in steps 0.2V) while 

the PA was operated at the saturated output power for 30 minutes at each test voltage, it was 
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found that PMOS PAs show less performance degradation compared to its NMOS counterparts. 

Based on this observation, the author of [18] claims that higher power supply voltage can be 

used with PMOS PAs to achieve higher output power and efficiency. 

 

Figure 1.9: Doherty PA, which employs 2-stack PAs for the main and auxiliary amplifiers [19]. 

 

A 28 GHz, single-stage Doherty PA that employs symmetric 2-stack PAs for the main 

and auxiliary amplifiers is reported in [19]. Doherty PAs are capable of maintaining high 

efficiency over a wide signal dynamic range, and hence, they are well-suited for the modern 

wireless communication system, which uses complex modulated signals with large envelope 

variations or high peak-to-average power ratio. The Doherty PA reported in [19] uses the low- 

loss (0.5 dB) output combiner implemented using the analytical synthesis methodology presented 

in [20]; the output combiner performs the active load modulation and impedance matching 

required for the Doherty operation. 
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Figure 1.10: 4-stack transistors realized using multigate-cell layout [21].  

 

A 28 GHz, single-stage 4-stack PA that employs multigate-cell device layout is reported 

in [21]. As illustrated in Figure 1.10, the four devices in the stack are implemented as a single 

device with one source and drain connection, and the four gates sharing a common active area. 

The advantage of the multigate-cell device layout is that it results in a compact size and has 

reduced parasitic capacitances and resistances. The large periphery required for the PA is 

obtained by connecting multiple multigate-cells in parallel, and the external gate capacitors for 

the upper stack devices are implemented locally within the unit cell. The 4-stack PA 

implemented using the multigate-cell device layout is broadband due to the absence of tunning 

elements and is thermally robust. However, a major drawback of employing the multigate-cell 

layout is that the intermediate node matching cannot be employed to improve the performance of 

the PA as there is no access to the intermediate nodes. The 4-stack PA, which employs multi-

gate cell layout is shown in Figure 1.11. 
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Figure 1.11: 4-stack PA, which employs multi-gate cell layout [21].
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Table 1.2 below summarizes the performance of the previously reported fully integrated Ka-band N-stack PAs implemented in 

45-nm RF-SOI. 

 

Table 1.2: Previously reported fully integrated Ka-band N-stack PAs in 45-nm RF-SOI. 

Ref # Year 
Frequency 

[GHz] 
Topology 

# of 

Stages 

Gain 

[dB] 

P1dB 

[dBm] 

Psat 

[dBm] 

PAEpeak 

[%] 

Area 

[mm
2
] 

Results 

From 

[16]  2018 28 2-Stack 1 13.6 16 18 48.2 

0.27 

(excluding 

pads) 

Measurement 

[17]  2017 24 3-Stack 1 13.1 14.2 16.2 41.5 
0.41 

 

Measurement 

[18]  2018 26.5 
2-Stack 

PMOS 
1 10.3 16 17.8 40.7 

0.37 

 

Measurement 

[19] 2018 28 

2-Stack 

Symmetric 

Doherty 

1 10 21.5 22.4 40 
0.62 

 

Measurement 

[21] 2016 29 

4-Stack 

Multigate- 

cell layout 

1 13 21 24.5 29 
0.3 

 

Measurement 

This 

work 
2019 28 3-Stack 1 14.1 18 19.5 31.8 

0.67 

 

EM-

cosimulation 
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1.3 Thesis Objectives 

The primary objective of this research work is to assess 45-nm RF-SOI process in terms of its 

feasibility of implementing 5G mmWave PAs for handsets and small-cell radios. In order to 

achieve the objective, the research focuses on two main subjects. The first subject is the design 

and implementation of a unit cell and power transistor cell that offer high power gain at 

mmWave frequencies. The second subject is the design and implementation of a fully integrated 

28 GHz PA that employs transistor stacking as a means of achieving higher RF output power, 

while overcoming the high knee voltage and low breakdown voltage limitations of advanced 

node RF-SOI devices. Along with the two main subjects, the layout-driven PA design method 

will also be presented in this research work. 

 

1.4 Thesis Contributions 

The major contributions of this research work are as follows. The first is the power transistor cell 

that achieves a high peak extrinsic fmax (~ 280 GHz), which translates to a high power gain at 

mmWave frequencies. Having a high power gain is advantageous not only because it results in a 

higher PAE of a PA, but also because it relaxes the output power requirement of the driver stage. 

Furthermore, having a high power gain is also advantageous in terms of die area and overall 

system power consumption as the number of amplification stages in the transmitter chain can be 

reduced. Another contribution of this research work is the Ka-band linear PA. Since the use of 

digital pre-distortion at mmWave frequencies with several hundreds of MHz to a GHz bandwidth 

will be practically difficult, inherently linear PAs are likely to be welcomed and be in high 

demand. Lastly, the PA implemented in this research work can serve as a building block for a 
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fully integrated Doherty PA that can extend the region of high PAE over a wide range of output 

power. 

 

1.5 Thesis Organization 

This thesis is organized as follows. Chapter 2 presents the necessary background information on 

power amplifiers, where various key figures-of-merit (FOM) and the basic concepts of different 

classes of power amplifiers will be reviewed. This chapter will conclude with reliability 

considerations of PAs where different types of device breakdown and the ways to prevent them 

will be reviewed. 

Chapter 3 is split into two parts. The first part of the chapter presents an overview of the 

RF-SOI process where the key RF/mmWave enablement features of the RF-SOI process and the 

characteristics of PD-SOI devices will be studied. The second part of the chapter presents the 

design and implementation of transistor cells. The key FOM for active devices that are of 

importance in PA design will be studied, followed by design considerations of a unit cell. Then, 

the design and optimization of a unit cell and power transistor cell layout in 45-nm RF-SOI 

process will be presented.  

Chapter 4 begins with an overview of the transistor stacking technique where its principle 

of operation will be studied. Then, the design and implementation of a fully integrated 28 GHz 3-

stack PA will be presented with an emphasis on the layout-driven design method. This chapter 

will conclude with the EM-cosimulation results of the implemented PA chip and the 

measurement setup of the chip. 

Chapter 5 presents the conclusions of the research work presented in this thesis and 

suggestions for future work on this topic. 
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Chapter 2  

Principles of Power Amplifiers 

A power amplifier (PA) constitutes the last stage of the transmitting system, where its primary 

role is to drive a load (typically a 50Ω antenna in wireless communication systems) with the 

required RF power. PA is typically the most power-consuming component in the whole RF 

system as it utilizes a substantial amount of DC input power from the power supply in order to 

produce an amplified replica of the input signal at the output. There are several key figures-of-

merit (FOM) for PA, namely, output power, efficiency, power gain, and linearity. In addition to 

these classical FOM, wide bandwidth has also become an important design requirement for PAs 

used in modern wireless communication systems. There are a variety of different classes of PAs, 

each having its advantages and limitations; hence, their use primarily depends on the type of 

application the PAs are used or the signal they are subjected to (i.e., type of modulation scheme 

used). Another important aspect of PA besides the RF performance is the reliability or robustness. 

Since the devices used in PAs experience high voltage stress, they are more prone to breakdown, 

and depending on the type of breakdown, the devices may suffer permanent damage or 

performance degradation over time. 
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This chapter presents the necessary background information on PAs, where various key 

FOM and the basic concepts of different classes of power amplifiers will be reviewed. This 

chapter concludes with the reliability considerations of PAs where different types of device 

breakdown and the ways to prevent them will be discussed. 

 

2.1 Key Figures of Merit (FOM) for PAs 

The key FOM for PAs are output power, efficiency, power gain, and linearity. As will be 

discussed in this section, some of the FOM are correlated with one another that improvement in 

one FOM causes degradation in the other. Hence, oftentimes, compromises have to be made on 

the achievable RF performance.  

 

2.1.1 Output Power 

The RF output power of a PA can be expressed as shown in (2.1) [23], where Vpp and Ipp are the 

peak-to-peak values of the fundamental output voltage and current waveforms, respectively.  

 
        

      

 
 

 

(2.1) 

 

Under the premise that the device output capacitance has been resonated out with an output 

inductor, maximum power can be extracted from the device by presenting an optimum 

fundamental load resistance Ropt at the device output. The value of Ropt can obtained from (2.2) 

[23] where Vknee and BVDSS are the knee voltage and drain-source breakdown voltage of the 

device, respectively while Imax and Imin are the maximum and mimimum drain current, 

respectively (Imin = 0).  

 
     

           

         
 

 

(2.2)  
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Figure 2.1 shows the optimum load line, which has a slope –1/Ropt. It can be seen that if the 

quiescent point is selected exactly in the mid-point of the maximum output voltage and current 

excursion range, and the RF input signal is kept within the cut-off and saturation boundaries, the 

output voltage and current waveforms can go through their maximum excursions without 

distortion. 

 

Figure 2.1: Optimum load line and quiescent point that results in maximum output voltage and 

current excursions (for ideal class-A operation). 

 

Consequently, the maximum RF output power of a PA can be expressed as shown in (2.3) [23]. 

 
            

                        

 
 

 

(2.3) 

  

It is important to note that, since the output voltage excursion is strictly limited by Vknee and 

BVDSS, which are process parameters, the output current excursion has to be increased in order 

to maximize the output power of a PA. To this end, PAs employ a large periphery transistor, 

which results in a small Ropt. The small Ropt of a large periphery transistor is advantageous in 

terms of output power; however, it also limits the achievable performance of a PA. The issues of 

a large periphery transistor will be considered in some depth in the next chapter.  
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2.1.2 Power-Added Efficiency 

The efficiency of a PA is defined using two metrics, drain efficiency ηdrain and power-added 

efficiency (PAE), where the results of both metrics are expressed in percentage terms. Drain 

efficiency represents how effectively the DC input power drawn from the power supply is 

converted into RF output power, and it is expressed as the ratio of PRF_out to PDC as shown in (2.4) 

[23]. 

 
η
     

 
       

   

 
 

(2.4) 

  

Drain efficiency, however, is not a very accurate indicator of PA’s efficiency as it does not take 

into account the gain (or, in other words, the RF input power) of a PA. An alternative expression 

and perhaps a more realistic indicator of PA’s efficiency is PAE, which can be expressed as 

shown in (2.5) [23].  

 
    

              

   

  η
     

(  
 

 
) 

 

(2.5) 

  

Contrary to the drain efficiency, PAE takes into account the gain of a PA, and hence reflects the 

gain compression that occurs at high input drive levels. However, it should be noted that if the 

gain of a PA is high (i.e., higher than 10 dB), PAE is more or less equal to the drain efficiency as 

the effect of RF input power on efficiency is isolated. Figure 2.2 shows the output power, drain 

efficiency, and PAE as a function of input power. It can be seen that while drain efficiency keeps 

on increasing over the entire range of input power, PAE increases for low input power, reaches a 

peak, then starts to decline at higher input power. The peak PAE typically occurs a few dB above 

the 1-dB compression point P1dB.  
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Figure 2.2: Output power, drain efficiency, and power-added efficiency versus input power. 

 

Achieving high efficiency is a crucial task as high efficiency leads to extended battery 

life for battery-powered devices and less operating costs for base stations (i.e., less costs 

associated with air-conditioning). Furthermore, maintaining high efficiency over a wide signal 

dynamic range has become increasingly important in PA design as modern wireless 

communication uses complex modulated signals that have large envelope variations or high 

peak-to-average power ratio (PAPR). There are several widespread efficiency enhancement 

techniques for PAs namely, Doherty, Chireix out-phasing, envelope elimination and restoration 

(EER), and envelope tracking (ET) [22]. Each of these techniques has its advantages and 

limitations; hence their use primarily depends on the type of application or transmitter 

architecture. 

 

2.1.3 Power Gain 

The power gain of a PA is the ratio of RF output power to RF input power (PRF_out and PRF_in in 

watts), and it can be expressed as shown in (2.6) [23].  
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(2.6) 

  

Contrary to the small-signal amplifiers where the input and output of the amplifier are 

simultaneously conjugate-matched to the source and load impedances, respectively for maximum 

gain, PAs typically employ conjugate matching only at the input, while the output is matched to 

another impedance point referred to as the optimum load impedance Zopt (or equivalently Γopt). 

Zopt is an impedance point which, when matched to, results in maximum output power of a PA at 

high input drive levels; this type matching is known as large-signal power match, and Zopt is 

typically found using an iterative search method called load-pull. The basic concepts of the 

small-signal conjugate match and large-signal power match is graphically illustrated in Figure 

2.3. 

 

Figure 2.3: Basic concepts of the small-signal conjugate match (top) and large-signal power 

match (bottom). 

 

The output power of a PA as a function of input power under the two different matching 

scenarios is shown in Figure 2.4. It can be seen that at high input drive levels, the large-signal 
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power match results in a higher output power than the small-signal conjugate match. However, 

the higher output power from the large-signal power match comes at the expense of losing a bit 

of small-signal gain; this is, however, an acceptable trade-off as PAs are typically driven into 

saturation for maximum efficiency. 

 

Figure 2.4: Output power of a PA under two different matching conditions, small-signal 

conjugate match (red) and large-signal power match (blue). 

 

2.1.4 Linearity 

Linearity is associated with the capability of a PA to amplify the input signal without incurring 

distortion in the signal waveform. Since PAs are typically operated at or beyond P1dB where the 

cutoff and clipping behavior of the devices become prominent, practically all PAs exhibit some 

degree of nonlinearity. Nevertheless, it is imperative to keep the nonlinearity below an 

acceptable level.  

The nonlinearities of a PA distort both the amplitude and the phase of the signal. The 

amplitude distortion results in the amplitude of the output signal to differ in shape from the input 

signal; it is known to be caused by AM-AM conversion, which is associated with gain 
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compression and harmonics [23]. The phase distortion, which occurs as the gain of the PA starts 

to compress, results in an undesired phase shift in the output signal as shown in Figure 2.5; it is 

known to be caused by AM-PM conversion, which is associated with the voltage-dependent 

capacitances of the device [24].   

 

Figure 2.5: Gain compression and phase shift in the output signal. 

 

Modern wireless communication systems impose stringent linearity requirements on PAs 

as the complex modulated signals require linear amplification. By using more linear PAs, the 

intermodulation products spreading into the adjacent channels (which is referred to as spectral 

regrowth) can be reduced, which, in turn, reduces the adverse impact on the adjacent channel’s 

signal quality.   

There are several measures that indicate the linearity of a PA, namely, 1-dB compression 

point P1dB, third-order intercept point (IP3), adjacent channel power ratio (ACPR), and error 

vector magnitude (EVM). P1dB and IP3 are measures of linearity under a single-tone and two-

tone excitation, respectively, whereas ACPR is a measure of linearity under a modulated signal 

condition. EVM, although not a direct measure of PA’s linearity, is an important linearity 

measure for digital transmitters whose linearity is largely determined by the linearity of a PA. 
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There are several ways to improve the linearity of a PA. One of the easiest ways is to 

operate the PA at a backed-off power (from the saturated output power) so that the cutoff and 

clipping behavior of the devices can be avoided. Another way to improve the linearity of a PA is 

to operate the PA at a higher conduction angle by reducing the quiescent current. The 

improvement in linearity achieved with these two methods, however, comes at the expense of 

efficiency degradation. If high linearity is required without compromising the efficiency, 

external circuits can be employed. The most widespread linearization circuits are feedback, 

feedforward, and predistortion [23]. 

 

2.2 Classes of PA 

PAs are broadly categorized as either conventional or switch-mode PAs. Conventional PAs are 

further classified into class-A, -AB, -B, and -C PAs based on the conduction angle of the PAs, 

while the switch-mode PAs are further classified into class-E and -F based on the circuit 

topology. In this section, the basic concepts of different classes of PAs will be presented. It 

should be noted that there are other classes of PAs in addition to the ones covered in this section; 

they have been deliberately omitted to limit the scope of this work. 

 

2.2.1 Class-A, -AB, -B, and -C 

In conventional PAs, a device operates as a voltage-dependent current source (i.e., output current 

determined by the input voltage); hence, the PAs are classified based on the conduction angle of 

the device, where the conduction angle is defined as the fraction of a full cycle (in degrees) for 

which the device conducts currents. Figure 2.6 shows DC-IV curves of a simple Common-
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Source (CS) topology PA on which the load lines for class-A, -AB, -B, and -C operations are 

overlaid, and also their corresponding output voltage and current waveforms. 

 

Figure 2.6: Load lines for different classes of operation and corresponding output voltage and 

current waveforms. 

 

It can be seen that different classes of operation can be obtained by simply altering the input bias 

voltage VGS while the output bias voltage is fixed at the power supply voltage VDD. In other 

words, by varying the quiescent current ID in the device, the operating class of the PA can be 

varied.  

For class-A operation, VDS is set to VDD, and VGS is set to a value that results in ID to be in 

the mid-point between Imax and Imin. Operating the device at such a quiescent point allows the 

output current and voltage waveforms to go through their maximum excursions without 

distortion. Under the simplifying assumption that Vknee is 0V and BVDSS is 2VDD, the output 
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voltage can swing from 0 to 2VDD, and the output current can swing from 0 to Imax. In class-A 

operation, the device conducts current for the full cycle of the signal, and hence the conduction 

angle is 360°. The theoretical maximum drain efficiency that can be achieved in class-A 

operation is 50%. 

Class-AB, -B, and -C operations can be obtained by lowering VGS while VDS is kept at 

VDD. For class-AB operation, VGS is set to any value between class-A operation and device cut-

off (VGS > Vt), while for class-B and -C operation, VGS is set to Vt, and below Vt, respectively. As 

VGS is lowered, the device conducts current for a shorter fraction of the full cycle, translating to a 

smaller conduction angle. However, in principle, the output current can still swing up to Imax 

even for lower conduction angles. The theoretical maximum drain efficiency that can be 

achieved in class-AB, -B, and -C operations are 50 to 78.5%, 78.5%, and 78.5 to 100%, 

respectively. 

Figure 2.7 shows the normalized maximum output power of a PA as a function of 

conduction angle, where the maximum output power of a PA is normalized to the maximum 

output power of class-A operation. In principle, class-A to class-B operation results in nearly the 

same maximum output power while the theoretical maximum drain efficiency is higher for lower 

conduction angles; however, in practice, the achievable output power is lower for lower 

conduction angles. Class-C operation, on the other hand, results in the highest theoretical 

maximum drain efficiency, but the maximum output power declines rapidly as the conduction 

angle decreases. In addition to the output power and efficiency, the gain of a PA reduces for 

lower conduction angles; this is due to the fact that as the conduction angle becomes smaller, the 

PA requires a higher input drive for the same output power.  
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Figure 2.7: Normalized maximum output power versus conduction angle. 

 

The amount of harmonic components present in the drain current is an important 

indicator of PA’s linearity. Figure 2.8 shows the normalized current components as a function of 

conduction angle where the current components (n = 1, 2, 3, 4, and 5) are normalized to the 

maximum current swing in the device (i.e., Imax – Imin). It can be seen that for class-A operation, 

there are no harmonic components in the drain current. However, as the conduction angle 

becomes smaller, more harmonic components appear in the drain current, indicating the 

degradation of linearity. Nevertheless, these harmonic components can be prevented from 

reaching the load by placing a low-pass output matching network. It was described in Section 

2.1.2 that the efficiency of a PA is inversely proportional to the conduction angle; this shows that 

there is a clear trade-off between efficiency and linearity. 

Table 2.1 below summarizes the performance of different classes of conventional PAs. 

While class-C PA offers the highest efficiency, due to its low output power and poor linearity 

characteristics, it is typically not used as a stand-alone PA in modern wireless communication 

systems. Class-A PA, on the other hand, is well-suited to work with complex modulated signals 

due to its excellent linearity; however, with class-A PA, efficiency has to be compromised. 
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Figure 2.8: Fourier analysis of reduced conduction angle current waveforms. 

 

Table 2.1: Performance comparison of the different classes of conventional PAs. 

Class 

Conduction 

Angle 

[°] 

Normalized 

Output Power 
Gain 

Theoretical 

Maximum 

Efficiency 

[%] 

Linearity 

A 360 1 Excellent 50 Excellent 

AB 360 – 180 ~1 Good 50 – 78.5 Good 

B 180 1 Moderate 78.5 Moderate 

C 180 – 0 
1 at 180°, 0 at 

0° 
Poor 78.5 – 100 Poor 

 

In practical PAs, the output voltage swing is less than the ideal case (0V to 2VDD) and not 

sinusoidal due to the finite Vknee, and BVDSS. Also, the output capacitance of the device causes 

the output current to swing below zero. Consequently, the output power of practical PAs is lower 

than the ideal case. Furthermore, since the matching networks contribute to additional losses in 

the output power, the efficiency of the practical PAs is much lower than the theoretical 

maximum. 
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2.2.2 Class-E, and -F 

The efficiency of a PA is fundamentally limited by the power dissipation in the device, which is 

equal to the product of its drain voltage and current waveforms. Class-E and -F PAs, which 

belong to the category of switch-mode PAs, achieve very high efficiency (theoretically 100%) by 

shaping the drain voltage and current waveforms such that their overlap in time is minimized. 

Such waveform shaping is carried out by operating the device as an ON-OFF switch (i.e., 

operating the device either in saturation region or cut-off) and presenting a proper load network 

at the output of the device. A major drawback of switch-mode PAs is that they are highly 

nonlinear; hence, unless a substantial linearization is applied, they are unsuited to work with 

complex modulated signals [10].  

Figure 2.9 shows a basic configuration of class-E PA. It is comprised of a device M1; an 

RF choke inductor LRFC; a shunt capacitor to ground C1; a series LC resonator formed with L1 

and C2; and a load resistor RL. In the load network, the drain-source parasitic capacitance Cds is 

typically absorbed into C1, and the series LC resonator is tuned to the fundamental frequency so 

that only the fundamental component reaches the load. Under the following simplifying 

assumptions:  

1) LRFC has a high impedance at the frequency of operation  

2) Load network has infinite Q  

3) M1 operates as an ideal switch 

the values of C1, C2, L1, and RL can be chosen such that the drain voltage vD satisfies the Zero-

Voltage Switching (ZVS) and Zero-Derivative Switching (ZDS) conditions shown in (2.7) and 

(2.8) [25].  

   (
 
 ⁄ )  0 
 

(2.7) 
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  0 

(2.8) 

  

 

Satisfying (2.7) and (2.8) ensures that when the switch is ON, vD is 0V while iD is finite, and 

when the switch is OFF, iD is zero while vD is finite. As illustrated in Figure 2.9, this mechanism 

results in non-overlapping vD and iD waveforms, which translates to zero power dissipation in the 

device. 

 

Figure 2.9: Basic configuration of class-E PA and corresponding drain voltage and current 

waveforms. 

 

In principle, class-E PA can achieve 100% efficiency while the maximum RF output 

power is around 78% of that of a single-ended class-B PA. Nevertheless, in practice, the non-

idealities of the actives and passives (i.e., knee voltage Vknee, finite on resistance Ron, device 

parasitics, finite inductor Q, and finite impedance RF choke inductor) limit the maximum 

efficiency to 80% range [23]. A major drawback of class-E PA is that the devices experience a 

large peak drain voltage of approximately 3.56VDD in the OFF state, which increases the 

likelihood of device breakdown substantially; hence, the reliability of the PA suffers [26]. 

Figure 2.10 shows a basic configuration of class-F PA. It is comprised of a device M1; an 

RF choke inductor LRFC; a DC blocking capacitor CDCB; two parallel LC resonators; and a load 
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resistor RL. The parallel resonator consisting of L1 and C1 is typically tuned to the third harmonic 

frequency in order to present high termination impedance to the third harmonic component; this 

allows the third harmonic component to be added to the fundamental drain voltage, such that the 

fundamental drain voltage waveform has a flattened shape, as shown by the blue line in Figure 

2.10. Since the drain current iD of class-E PA is a half-wave rectified sinusoid, the overlap 

between the drain voltage and current waveforms is minimized. Lastly, the resonator consisting 

of L2 and C2 is tuned to the fundamental frequency to ensure the output voltage vo is sinusoidal. 

 

Figure 2.10: Basic configuration of class-F PA and corresponding drain voltage and current 

waveforms. 

 

In principle, class-F PA produces RF output power and efficiency higher than that of a 

single-ended class-B PA (output power higher by 27%, and efficiency higher by 10%), where the 

maximum efficiency of class-F PA with third-harmonic peaking is equal to 88% [23]. In order to 

improve the efficiency even further, more parallel resonators can be added at the output of the 

device, or the resonators can be replaced with a quarter-wave transformer; the addition of more 

resonators results in higher-order odd harmonics components (i.e., 3
rd

, 5
th

, 7
th

, …) to be added to 

the fundamental drain voltage, and as a result shape the drain voltage waveform more like a 

square wave, as shown by the green line in Figure 2.10. If a quarter-wave transformer is used 
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instead of the lumped-element resonators, the drain voltage waveform consists of the 

fundamental component and all odd harmonic components, while the drain current waveform 

consists of the fundamental component and all even harmonic components; this results in zero 

voltage and current waveform overlap, leading to 100% efficiency. However, as in the case of 

class-E PA, the non-idealities of the actives and passives limit the practical efficiency to lower 

than the ideal case. Furthermore, the large die area consumption of the additional resonators or 

the quarter-wave transformer poses a challenge to practical implementation.   

 

2.3 Reliability Consideration 

Devices used in PAs experience high voltage stress, and as a result they are more prone to 

breakdown. There are several different types of breakdowns, each having different implications 

on the device’s performance. The gate-oxide breakdown (also called time-dependent dielectric 

breakdown TDDB), which occurs when the device is subjected to a large VGS or VDS, results in 

instantaneous device failure and may cause permanent damage to the device. On the other hand, 

the hot carrier injection, which occurs when the device is subjected to simultaneously large VDS 

and ID, results in a degradation of performance over time (e.g., shift in the threshold voltage Vt 

and reduction in the transconductance gm [43]). Lastly, the drain-source punch-through, which 

occurs when a large VDS is applied to the device that is in cutoff (VGS < Vt), causes the gate to 

lose control of the depletion charge under the channel and results in a rapid increase in ID. The 

drain-source punch-through also results in a degradation of performance over time.  

In order to ensure the reliability of a PA, device breakdown must be avoided. There are 

several ways to prevent device breakdown. For instance, the power supply voltage can be 

reduced to limit the voltage swing across the device; however, the improvement in reliability 
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with this approach comes at the expense of performance degradation (i.e., lower output power, 

and PAE). Another way to prevent device breakdown is to interconnect or stack several devices 

such that the voltage across each device is kept within the breakdown voltage limit of a single 

device. Lastly, thick-oxide devices with higher breakdown voltage can be used; this approach, 

however, requires compromise on the speed of the device (i.e., lower fT/fmax).  

 

2.4 Summary 

In this chapter, various key FOM for PAs and the basic concepts of different classes of power 

amplifiers were reviewed. The importance of presenting optimum load resistance Ropt at the 

device output and employing large-signal power match to achieve the maximum RF output 

power was discussed. In the review of the conventional PAs, it was highlighted that the 

efficiency of a PA is inversely proportional to the conduction angle of a device, while the 

linearity of a PA is proportional to the conduction angle of a device. In the review of the switch-

mode PAs, it was highlighted that very high efficiency can be achieved by operating a device as 

an ON-OFF switch and presenting a proper load network at the output of the device (such that 

the overlap of the drain voltage and current waveform is minimized). Lastly, different types of 

device breakdown were discussed in relation to the reliability of a PA. It was highlighted that 

while the gate-oxide breakdown results in instantaneous device failure, the hot carrier injection 

and punch-through results in long-term degradation in the device’s performance. This chapter 

concluded with a brief discussion of techniques that can be used to prevent the device breakdown 

such as power supply voltage reduction, device stacking, and use of thick oxide devices.  
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Chapter 3  

RF-SOI Technology 

As the planar bulk CMOS (hereinafter referred to as “CMOS”) technology continued to scale to 

more advanced nodes, the short-channel effects (SCEs), such as drain-induced barrier lowering, 

hot carrier effects, punch-through, mobility degradation, and others became severe and harder to 

control. Hence, in order to control, or to mitigate the SCEs, a combination of various device 

fabrication techniques (e.g., shallow S/D extension, lightly doped drain (LDD), halo doping, 

strain engineering, and others) was adopted and has been found to be effective to a certain extent 

[27]. Nevertheless, the diminishing effectiveness of these techniques with ever-decreasing 

channel length necessitated a more novel approach to control the SCEs, which has led to the 

advent of Silicon-on-Insulator (SOI) technology. While SOI has been proven to be effective in 

mitigating the SCEs, the use of SOI for RF/mmWave ICs was, however, limited as the process 

was primarily intended for digital ICs; despite the availability of high fT/fmax devices (higher than 

CMOS), the realization of low-loss transmission lines and high-Q on-chip passives were still 

challenging due to the low resistivity substrate and digital-optimized BEOL metal stack. 

However, with persistent efforts, foundries were able to retrofit the SOI process with 

RF/mmWave enablement features and introduce a variant of the SOI process called RF-SOI.  
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This chapter is split into two parts. In the first part of the chapter, an overview of the RF-

SOI process will be presented where the key RF/mmWave enablement features and the 

characteristics of PD-SOI devices will be studied. In the second part of the chapter, the design 

and implementation of transistor cells will be discussed. The key FOM for active devices that are 

of importance in PA design will be studied, followed by design considerations of a unit cell. 

Then, the design and optimization of a unit cell and power transistor cell layout in 45-nm RF-

SOI process will be presented.  

 

3.1 RF-SOI Process Overview 

RF-SOI, being a planar process, leverages the existing CMOS fabrication toolsets and does not 

require any peculiar processing steps; hence, this leads to substantial savings in both 

manufacturing time and costs [45]. The fabrication process starts with a high-resistivity (HR) 

silicon substrate as the base (also called a back-gate) where the resistivity of the substrate is 

made higher than 1kΩ-cm. On top of the HR-substrate, a layer called trap-rich is formed to 

minimize any conduction at the buried oxide (which is a layer above the trap-rich layer) interface 

and to suppress the generation of harmonics from the silicon substrate. It has been demonstrated 

that the presence of the trap-rich layer does not have a significant impact on the DC and RF 

characteristics of the SOI devices [28]. The combination of the HR-substrate and trap-rich layer 

leads to significantly lower substrate losses, better noise isolation, higher linearity, and less phase 

imbalances in the voltage swing [13]. On top of the trap-rich layer, a uniform insulating layer of 

SiO2, also known as the buried oxide (BOX) layer, is formed to isolate each device electrically 

from the base substrate (i.e., devices are floating); the presence of the BOX layer essentially 
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eliminates the body effect. Finally, the devices are fabricated in an ultra-thin crystalline silicon 

film on top of the BOX layer.  

RF-SOI offers RF/mmWave-optimized BEOL metal stack, which includes thick 

aluminum and copper top layers. Figure 3.1 shows an example of RF/mmWave-optimized metal 

stack where the top layer is thick aluminum, and the subsequent two layers are thick copper. The 

RF/mmWave-optimized metal stack also has a larger distance to the substrate (so-called raised 

metal layers) compared to the digital-optimized metal stack, due to the use of thicker inter-level 

dielectrics (ILDs); the thicker ILDs are used for reducing the capacitive coupling between the 

layers and to the substrate [11, 13]. The presence of HR-substrate and the thick top metal layers 

allows the realization of low-loss transmission lines and high-Q on-chip passives, making RF-

SOI a competitive process for RF/mmWave circuit implementation. 

 

Figure 3.1: RF/mmWave-optimized BEOL metal stack. 

 

RF-SOI offers devices with high fT/fmax as the vast majority of S/D to the substrate 

parasitic capacitances are effectively reduced by the presence of the BOX layer. Furthermore, the 
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enhanced charge carrier mobility achieved with strain engineering also contributes to high fT/fmax. 

Typically, for strain engineering, tensile liner with stress memorization is used with n-type 

devices, and compressive liner with embedded Silicon Germanium (eSiGe) is used with p-type 

devices [11]. 

While RF-SOI offers numerous advantages over CMOS, it also has some drawbacks. 

Besides the higher wafer cost compared to the CMOS, an undesirable phenomenon called 

“floating body effect,” which alters the device’s DC-IV characteristics occurs in RF-SOI devices; 

the subject of floating body effect will be considered in detail in the next section. Another key 

drawback of RF-SOI is that it suffers from poor heat dissipation due to the low thermal 

conductivity of the SOI substrate. In SOI, the devices are isolated laterally by shallow trench 

isolation (STI), and above and below by ILD and BOX layers, respectively (i.e., devices are 

enclosed in insulators). Consequently, the devices can heat up substantially with continuous 

current (e.g., DC or increased leakage currents), and cause what is known as the “self-heating 

effect (SHE).”  SHE is undesirable as it degrades the performance of the device over time (i.e., 

threshold voltage shift, and reduction in the charge carrier mobility and output current [30]) and 

can eventually shorten the life span of the device. For the case of PAs, it has been reported that 

SHE adversely affects the linearity of the PAs and worsens the memory effects [31].  

 

3.1.1 Partially Depleted (PD) SOI  

RF-SOI offers partially depleted (PD) devices that have SOI film thickness (which is equal to the 

thickness of the body) of between 50 and 90-nm [32]. The name “partially depleted” comes from 

the fact that when a channel is created in the device, the body gets partially depleted of the 

majority carriers as the width of the body is thicker than the width of the depletion region; this 
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results in a quasi-neutral region in the body or, simply, a floating body as illustrated in Figure 3.2. 

When large VDS is applied to the PD-SOI device, the floating body causes a phenomenon called 

“floating body effect,” in which the holes generated from impact ionization near the drain flow to 

the floating body and get accumulated over time. Consequently, the charged body results in an 

increased body-source voltage VBS, which, in turn, lowers the threshold voltage Vt. The 

manifestation of the floating body effect can be seen as a kink and/or increase in the device’s 

output conductance gds on the DC-IV characteristic curves of the device. The kink effect is 

undesirable as it degrades the voltage gain and causes excess 1/f noise near the kink region [27]. 

However, despite the floating body effect, the floating-body PD-SOI devices are still favored for 

implementing RF/mmWave circuits as the kink effect does not significantly degrade the RF 

performance of the devices, and, in fact, the floating-body PD SOI devices offer the greatest RF 

performance benefit from the SOI technology. 

 

Figure 3.2: Cross-section of a floating-body PD-SOI device. 

 

The floating body effect can be essentially eliminated by forming an electrical body 

contact. The body-contacted PD-SOI devices offer a better control over the device’s DC-IV 

characteristics, which results in higher transconductance gm and lower gds [11]. Furthermore, the 
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body-contacts PD SOI devices offer minimum mismatch between the adjacent devices that arise 

due to process, voltage, and temperature (PVT) variations; hence, they are well-suited for use in 

analog circuits (e.g., current mirrors, sense circuits, PLL, comparators). The body-contacted PD 

SOI devices, however, results in additional wiring capacitances and resistances, which cause 

degradation of fT/fmax and noise figure of the device. Consequently, the RF performance benefits 

offered by the SOI technology diminishes with the body-contacted PD-SOI devices. Furthermore, 

there is also an area penalty with the body-contacted configuration as it consumes more area than 

the floating-body configuration. 

 

3.2 Transistor Cell Design 

PAs use transistors whose periphery is substantially larger than those used for other RF active 

circuits (i.e., LNA, mixer, oscillator, and others). The large periphery transistor, which is 

generally referred to as a “power transistor,” is used so that the transistor has the capability to 

handle the large current required for producing high output power. A power transistor, however, 

often limits the achievable RF performance of a PA. For instance, a power transistor has low fmax, 

which translates to less obtainable high-frequency power gain from the device; the low fmax of a 

power transistor results from the substantial amount of parasitics that arise from its large physical 

layout. A power transistor also results in a small Ropt, which translates to a high impedance 

transformation ratio up to 50Ω; the high impedance transformation ratio leads to a narrowband 

output matching unless a multi-section matching network is employed (which is costly due to its 

large area consumption). Yet another problem with small Ropt is that the matching network 

becomes physically large, primarily due to the size of the on-chip inductors, and the 

corresponding high matching losses results in degradation of output power and PAE of a PA. 
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Lastly, thermal issues may arise as the power transistor heats up at high output power. A power 

transistor cell is typically custom-laid out where its large periphery is obtained by increasing the 

multiplicity of a smaller transistor cell called a “unit cell,” and wiring these unit cells together; 

this process is commonly referred to as scaling. Many of the aforementioned issues of the power 

transistor can be mitigated by optimizing the unit cell layout, and the way theses unit cells are 

wired together. 

This section will present the design and optimization of transistor cells. The key FOM for 

active devices that are of importance in PA design will be studied, followed by design 

considerations of a unit cell. Then, the design and optimization of a unit cell layout in 45-nm RF-

SOI will be presented. In order to demonstrate the importance of optimizing the transistor cell 

layout, a performance comparison is made between an unoptimized and optimized unit cell 

layout. Lastly, the design of a power transistor cell layout, which uses the optimized unit cell 

layout, will be presented. 

 

3.2.1 Key FOM for Active Device (relevant to PA Design)   

In RF/Microwave, the two essential FOM that is used to represent the speed of a device is the 

transit frequency fT and maximum oscillation frequency fmax. As a result of continuous 

technology scaling, devices with very high fT and fmax became available, and these devices have 

enabled the implementation of high performance mmWave ICs. 

The transit frequency is defined as the frequency at which the short-circuit current gain 

H21 falls to unity or 0 dB. As shown in (3.1) [23], it is associated with the transconductance of 

the device gm, the gate-source capacitance Cgs, and the gate-drain capacitance Cgd. (3.1) shows 

that in order to maximize fT, gm has to be maximized while Cgs and Cgd have to be minimized. 
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Typically,  fT is considered an intrinsic device parameter that is optimized during device 

fabrication stage (i.e., with technology scaling) by reducing the gate length, boosting the 

effective carrier velocity in the channel, and lowering the series S/D resistances [33]. 

Maximum oscillation frequency is another parameter used to represent the speed of a 

device, and it is defined as the frequency at which the maximum available gain (MAG) falls to 

unity or 0 dB. As shown in (3.2) [23], fmax is associated with fT, the gate resistance Rg, and Cgd.  
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(3.2) 

  

 

fmax takes into account the extrinsic layout parasitics (which arise from interconnects, contacts, 

vias, and others) that are added to the intrinsic device core. For PA design, fmax is a more 

meaningful parameter than fT, since power gain is of more concern than current gain. 

Furthermore, it is important to maximize fmax, since the desired RF performance can be achieved 

more readily with devices that have high fmax. In nano-scale devices, however, fmax is susceptible 

to degradation as the polysilicon gates of the nano-scale devices are very resistive. Also, at 

RF/mmWave frequencies, the effects of layout parasitics become more severe, and contribute 

significantly to the degradation of fmax. Hence, in order to maximize  fmax of a device, the 

unwanted layout parasitics (primarily Rg, and to a lesser extent, Cgd) have to be minimized. 

As a side note, an interesting finding with respect to fT and fmax is that although different 

technology nodes have distinct peak fT and fmax values, due to constant-field scaling, the current 

densities at which peak fT and fmax occur are the same irrespective of the technology nodes. It has 

been demonstrated across the different technology nodes that peak fT and fmax occur at ~0.3 

mA/µm and ~0.2 mA/µm, respectively [11]. 
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3.2.2 Unit Cell Design Considerations 

The first thing to consider when designing a unit cell with a fixed width is the gate resistance. As 

shown by (3.2), in order to maximize fmax, the gate resistance Rg has to be minimized. Rg is 

comprised of intrinsic and extrinsic components where the intrinsic component is determined by 

the polysilicon gate of the intrinsic device core, and the extrinsic component is determined by the 

metal wiring added to the intrinsic device core. For a device that has one gate finger of width WF, 

the intrinsic gate resistance Rg_int, which accounts for the distributed RC nature of the polysilicon 

gate can be expressed as shown in (3.3) [11], where Rpoly is the polysilicon sheet resistance, y = 1, 

2 is the number of gate contacts, and L is the channel length. 

 
        

       

    
 

(3.3) 

 

 

In order to reduce Rg_int while keeping the total gate width the same, the single large finger can 

be split into n smaller fingers and connected in parallel (this is equivalent to connecting n 

identical devices in parallel); this results in a reduction of Rg_int by a factor of n
2
. Furthermore, by 

using double gate contacts (y = 2), Rg_int can be further reduced by a factor of 4. The use of 

double gate contacts results in an increase in the gate capacitance (Cg = Cgs + Cgd); however, 

since the reduction in the intrinsic gate resistance is more dominant than the increase in the gate 

capacitance, improvement in fmax can be achieved [34]. Figure 3.3 shows peak intrinsic fmax as a 

function of number of gate fingers for a 16 µm unit cell realized with 40-nm floating-body PD-

SOI devices available in the 45-nm RF-SOI process. It should be mentioned that the 16 µm unit 

cell was realized with a parameterized cell provided in the 45-nm RF-SOI PDK to simply 

demonstrate the effect number of gate fingers has on fmax; hence the extrinsic Rg component, 

which would normally exist in an actual unit cell layout was not taken into account in the 

simulation. It can be seen from Figure 3.3 that as the number of gate fingers increases from 8 to 
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32 (or equivalently, as the unit gate width (UGW) decreases from 2 µm to 0.5 µm), the peak 

intrinsic fmax increases from 235.4 GHz to 418 GHz, which translates to 77.5% improvement; this 

clearly shows that by having a higher number of gate fingers (or equivalently, using a smaller 

UGW) for a fixed width unit cell, the intrinsic fmax can be improved significantly as a result of 

substantial reduction in Rg_int. 

 

Figure 3.3: Peak intrinsic fmax versus number of gate fingers for 16 µm unit cell. 

 

From (3.3) and Figure 3.3, it may seem that using as many gate fingers as possible for a fixed-

width unit cell is advantageous for reducing Rg. However, in reality, there is a hard limit on the 

minimum and the maximum number of gate fingers a unit cell can have as the UGW cannot be 

set to a value outside the min/max range allowed by the process. Furthermore, in an actual unit 

cell layout, increasing the number of gate fingers beyond a certain value results in an increase in 

Rg rather than a reduction; this is because the extrinsic component of the gate resistance Rg_ext, 

which arises from wiring all the gate fingers in parallel increases more dominantly than the 

decrease in the intrinsic gate resistance [35]. In addition to the effect on the gate resistance, the 

metal wiring also results in an increase in the parasitic capacitances (i.e., gate to S/D contacts 
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capacitances), which contribute to fmax degradation. Consequently, it is crucial to optimize the 

transistor cell layout such that these unwanted parasitics are minimized. For the unit cell layouts 

that will be presented in the next section, 1 µm was chosen as the UGW for the following three 

reasons. 

1) Intrinsic fmax is considerably higher than 10 × fo (i.e.,  > 280 GHz). 

2) Intrinsic device core has a width to height ratio of 1:6, and hence the rotational error is 

small. 

3) Being a whole number rather than a rational number minimizes the errors in the actual 

fabricated width. 

 

3.2.3 Unit Cell Layout Optimization 

In order to demonstrate the importance of optimizing the transistor cell layout, two different 

versions of 16 µm unit cell layout were created using 40-nm floating-body PD-SOI devices 

available in the 45-nm RF-SOI process. The top layout in Figure 3.4 shows the default 

unoptimized unit cell, and the bottom layout shows the custom-designed optimized unit cell (the 

view of the unoptimized unit cell layout was zoomed in compared to the view of the optimized 

unit cell in Figure 3.4). UGW of 1 µm and double gate contacts were used for both unit cells. 

Furthermore, two dummy gates were added at the top and bottom of the unit cells to mitigate the 

boundary dependent etching.  
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Figure 3.4: Unoptimized (top) and optimized (bottom) 16 µm unit cell layout. 

 

In the unoptimized unit cell layout, the gate poly pitch in the intrinsic device core was set 

to a regular pitch, and the wiring of the gates, sources, and the drains were done using the lowest 

two metal layers, M1 and M2. In advanced node RF-SOI (or CMOS) process, the lower metal 

layers allow very small line width and fine wire pitch at the expense of higher sheet resistance; 

hence, they are typically used for very short wiring within or near the device. In the optimized 

unit cell layout, the gate poly pitch in the intrinsic device core was set to a relaxed pitch as it has 

been demonstrated that the relaxed gate poly pitch results in an improved fT due to lower gate to 

S/D contact capacitances, and higher gm from enhanced stress response of the device [36]; 

however, the improvement in fT comes at the expense of more area consumption. While the 

thermal aspects of the transistor cell will not be discussed in this work, it is important to note that 

the number of gate fingers and the gate finger pitch play an important role in determining the 

maximum temperature rise in the transistor. In addition to using a ring-shaped polysilicon gate 
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with double gate contacts, M1-M3 stacked metal was used for the gate in order to reduce the 

extrinsic gate resistance that arise from wiring. For the sources and drains, the staircase routing 

technique [37] was employed to minimize the capacitive coupling between the source and drain 

metals on the same layer, thereby reducing the drain-source capacitance Cds. Finally, the sources 

and drains were wired together using metal strips on C1 layer, which has relatively lower sheet 

resistance than the bottom three layers (M1 to M3).   

 

Figure 3.5: Staircase routing to minimize source-drain capacitive coupling [37]. 

 

In order to demonstrate the effectiveness of layout optimization, RC parasitic extraction 

(PEX) simulation was run on both unit cell layouts using Mentor Graphic’s Calibre xRC tool 

embedded within the Cadence Virtuoso environment. The PEX simulation creates an instance 

that contains the parasitic resistances and capacitances extracted from the physical layout of the 

unit cell (from polysilicon layer up to C1 layer); the created PEX unit cell instance can then be 

imported into a schematic test bench and be used just like an ordinary schematic instance. Using 

the PEX unit cell instance, S-parameter simulation was run, and the resulting S-parameters were 

converted into Y-parameters. Then, using (3.4) to (3.9) [34], the high-frequency small-signal 

equivalent circuit parameters shown in Figure 3.6 were computed where the results are 

summarized in Table 3.1. The computed small-signal equivalent circuit parameters account for 

both intrinsic and extrinsic components of the unit cell layout. Nevertheless, it is important to 
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note that the high frequency small-signal equivalent circuit model shown in Figure 3.6 is a 

simplified model, which does not include all the high-frequency elements that are present in the 

transistor. 

           

Figure 3.6: High-frequency small-signal equivalent circuit of a transistor. 
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Table 3.1: Computed small-signal equivalent circuit parameters (at 28 GHz) of the unoptimized 

and optimized 16 µm unit cell. 

 
Unoptimized Unit Cell 

16 µm 

Optimized Unit Cell 

16 µm 

gm [mS] 21 22 

Cgs [fF] 9.9 10.0 

Cds [fF] 2.7 1.6 

Cgd [fF] 5.0 5.0 

rds [Ω] 262.9 252.3 

rg [Ω] 10.2 8.6 
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As can be seen from Table 3.1, while Cgd remained the same for both layouts, the 

optimized unit cell layout resulted in a 15.7% lower gate resistance than the unoptimized unit 

cell layout. Furthermore, the optimized layout resulted in 42% lower Cds than the unoptimized 

layout attributed to the staircase drain/source routing. In order to see the effect of lower gate 

resistance on fmax, fmax as a function of drain current density was plotted for both unit cells as 

shown in Figure 3.7. It can be seen that while peak fmax of both unit cells occurred at the same 

current density (0.35 ~ 0.4 mA/µm), the peak fmax of the optimized unit cell was higher than that 

of the unoptimized unit cell by 17.6% (395.8 GHz to 336.5 GHz). This result clearly shows that 

fmax is sensitive to layout parasitics and hence it is critical to optimize the transistor cell layout to 

maximize fmax. It may seem that the improvement is marginal as demonstrated with the unit cells 

in this section; however, it should be noted that the improvement in fmax becomes more evident as 

the size of the transistor cell grows.  

 

Figure 3.7: Extrinsic fmax versus drain current density for optimized and unoptimized 16 µm unit 

cell. 
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3.2.4 Power Transistor Cell Layout 

A power transistor cell is realized by increasing the multiplicity of a unit cell and wiring the unit 

cells together. As shown in Figure 3.8, there are several different styles of power transistor cell 

layout, namely, in-line [11], round-table [38], and zipper [39].  

In the in-line style, the multiplicity of a unit cell is increased by placing the unit cells 

consecutively in a direction perpendicular to the gate orientation. Then the gates, drains, and the 

sources of the unit cells are strapped together with long metal strips to form global gate, drain, 

and source nodes. Tapered lines are commonly used at the input and output of the power 

transistor to mitigate an abrupt impedance transformation. The global source node can be directly 

connected to the ground plane to realize a common-source configuration. The in-line style is 

very simple in terms of its layout complexity; however, it is inefficient in terms of area usage and 

heat distribution as its shape becomes very long for a large periphery transistor. Furthermore, due 

to its long shape, phase delays can occur at the gate fingers, which can result in PAE degradation 

of a PA. 

 

Figure 3.8: Different styles power transistor cell layout; in-line (left), round-table (middle), 

zipper (right) [11, 38, 39]. 

 

A better way to realize a power transistor cell is to wire the unit cells with a pattern or in 

the form of an array. For instance, in the round-table style, the multiplicity of a unit cell is 
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increased by placing the unit cells in a circular manner. The gate contacts at the top and bottom 

of each unit cell facilitate connections with the adjacent unit cells. The global source and drain 

nodes are formed by wiring together the sources and drains of the unit cells at the outside and 

inside of the power transistor cell, respectively. It has been demonstrated that for the same size 

transistor, the round-table stlye results in a lower gate resistance than the in-line style [38]. 

Nevertheless, one critical drawback of the round-table style is that it requires the gates of the unit 

cells to be oriented both in the horizontal and vertical directions; hence, this style of layout 

cannot be used in processes where only one gate orientation is allowed.  

In the zipper style, the multiplicity of a unit cell is increased by placing the unit cells in 

the form of an array. Then, the global gate, drain, and source nodes are formed by 

interconnecting the unit cells in a way that resembles a zipper. The zipper style is more area 

efficient and thermally robust than the in-line style, since the unit cells are arranged compactly in 

a square or rectangular shape; this allows the heat to be distributed more evenly and hence result 

in less cross-heating of the devices.  

The zipper style was chosen for the power transistor cell layout used in this work, since 

only one gate orientation was allowed in this process, and even distribution of heat across the 

transistor cells was considered to be critical for not exacerbating the self-heating effect of the 

SOI devices. 256 µm power transistor cell (which was found to be the periphery required to meet 

the output power requirement of the 3-stack PA designed in the next chapter) was realized by 

wiring 16 unit cells together as shown in Figure 3.9. C1 layer was used for interconnecting the 

unit cells, and the upper metal layers (UA to OB) were used for realizing the global nodes, since 

they have high current handling capability and low sheet resistance. The global gate and drain 

nodes were kept far apart to minimize the feedback capacitance Cgd, thereby reducing the 
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likelihood of oscillation. Throughout the wiring process, multiple vias were used in order to 

reduce the equivalent via resistance and to be safe from electromigration; they were also used as 

a precaution against fabrication imperfection. 

 

Figure 3.9: 256 µm power transistor cell layout in “zipper” style. 

 

As was done for the unit cell, PEX simulation was run on the power transistor cell layout, and 

the resulting PEX power transistor cell instance was used in the fmax simulation. Figure 3.10 

shows fmax as a function of drain current density for the 256 µm power transistor cell. It can be 

seen that while the current density where peak fmax occurs remained unchanged from that of the 

unit cell (0.35 ~ 0.4 mA/µm), the peak fmax of the power transistor was reduced by 29.5% (395.8 

GHz to 279 GHz) due to the substantial increase in the layout parasitics. Table 3.2 shows the 

computed small-signal equivalent circuit parameters of the implemented 256 µm power 

transistor cell. It can be seen that while the gate resistance decreased by 90% from that of the 
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unit cell, the gate-drain capacitance increased by 1600%, accounting for the significant reduction 

of fmax. 

 

 

Figure 3.10: Extrinsic fmax versus drain current density for 256 µm power transistor cell. 

   

 

Table 3.2: Computed small-signal equivalent circuit parameters (at 28 GHz) of the 256 µm 

power transistor cell 

 
Power transistor cell  

256 µm   

gm [mS] 331.0 

Cgs [fF] 163.0 

Cds [fF] 54.1 

Cgd [fF] 84.6 

rds [Ω] 16.0 

rg [Ω] 0.9 

 

3.3 Summary 

In this chapter, the key RF/mmWave-optimized features of RF-SOI and PD-SOI devices were 

studied followed by the design and implementation of 16 µm unit cell and 256 µm power 
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transistor cell in 45-nm RF-SOI process. The fmax of a unit cell was optimized by using unit gate 

width of 1 µm, double gate contacts, relaxed poly pitch, stacked-metal gate, and stair-case 

drain/source routing. For the 256 µm power transistor cell layout, “zipper” style was used in 

order to have a compact layout and better heat distribution across the transistor cell. The peak 

extrinsic fmax of the 16 µm unit cell and 256 µm power transistor cell were found to be 395.8 

GHz and 279 GHz, respectively. 
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Chapter 4  

28 GHz 3-Stack Power Amplifier in 45-nm RF-

SOI 

 

Transistor stacking is an effective way to achieve higher RF output power while overcoming the 

high knee voltage and low breakdown voltage limitations (i.e., gate-oxide and drain-source 

breakdown voltages) of advanced node RF-SOI devices. In 45-nm RF-SOI process, the floating-

body PD-SOI devices facilitate transistor stacking as they do not suffer from the body effect and 

have significantly low S/D to the substrate parasitic capacitances (which translates to low 

parasitic capacitances at the intermediate nodes of the stack).Transistor stacking, being a 

practical alternative to the passive power combining, is more area-efficient than the passive 

power combining as the use of large on-chip output combiner can be eliminated. Furthermore, 

the higher input and output impedance of the stacked transistor cell make low-loss and wideband 

matching possible.  

This chapter will begin with an overview of the transistor stacking technique, where its 

principle of operation will be studied. Then, the design and implementation of a Ka-band 3-stack 

PA will be presented with an emphasis on the layout-driven design method. This chapter will 
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then conclude with EM-cosimulation results of the implemented PA chip and the measurement 

setup. 

 

4.1 Transistor Stacking Overview 

Transistor stacking refers to a series interconnection of transistors where common-gate-like 

amplifiers are stacked on top of a common-source amplifier as shown in Figure 4.1.  

 

Figure 4.1: Basic configuration of an N-stack PA. 

 

The stack topology enhances the voltage handling capability of the circuit and hence allows 

higher power supply voltage VDD to be used for the PA. For an N-stack topology comprised of N 

identical transistors, VDD can be scaled to N × VDD,max where VDD,max is the maximum power 

supply voltage allowed for a single transistor. However, the scaling of VDD is on the condition 
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that the gate bias voltages VG,n  (n = 1, 2, …, N) are set correctly such that VDD is distributed 

equally among the individual transistors in the stack (i.e., VDS,1 = VDS,2 = … = VDS,N). With the 

equal DC drain-source voltage VDS,n across each transistor, the RF drain-source voltages of the 

individual transistors vds,n, must also be tuned to have equal magnitude and phase by loading the 

gates of the upper-stack transistors with the proper values of capacitance. Ultimately, the equal 

distribution of both DC and RF voltages allows the individual transistors to operate within the 

drain-source breakdown voltage (BVDSS) limit of a single transistor under a large-signal 

condition. 

In the ideal lossless case, the in-phase combining of maximum vds,n,max (i.e., vds,1,max + 

vds,2,max + … + vds,N,max) gives rise to N × (BVDSS – Vknee) voltage swing at the drain node of the 

top transistor (whose peak value can reach N × BVDSS in principle). If the RF drain currents of 

the individual transistors are constant, and they are in-phase, the theoretical maximum RF output 

power of an N-stack PA can be expressed as shown in (4.1) [41]. 

 
        

                            

 
 

(4.1) 

 

It is evident from (4.1) that, in principle, by stacking N transistors, the RF output power can be 

increased by a factor of N from that of a single transistor. However, in reality, the output power 

is lower than the theoretical maximum value due to the losses in the transistors and non-ideal or 

out-of-phase drain-source voltage combining [40]. 

The maximum number of transistors that can be stacked is limited by the gate-oxide 

breakdown voltage of the transistors, the stability of the circuit, and the value of the top external 

gate capacitor [41]. It has been demonstrated, however, that practically no meaningful 

improvement in RF output power can be achieved beyond 3-stack [40]. As shown in Figure 4.2, 

if 0.5 dB loss per transistor is assumed, less than 0.5 dB improvement in RF output power can be 
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achieved with the addition of 4
th

 transistor. It is also important to note that while higher stack 

results in a higher RF output power, corresponding PAE is lower due to the higher resistive 

losses in the transistors. 

 

Figure 4.2: Achievable increase in the saturated output power from a common-source PA versus 

number of stacked devices [40]. 

 

4.1.1 Determination of Gate Capacitance   

Stack topology differs from the cascode topology in that the gates of the upper-stack transistors 

are not grounded at the frequency of operation but loaded with finite external capacitors Ck (k = 2, 

3, …, N). The finite impedance at the gate gives rise to finite RF voltage vg,k on the gates of the 

upper-stack transistors whose magnitude is determined by the voltage division across Ck, and the 

parasitic gate-source capacitance Cgs,k. It is important to note that in order for the gate voltage 

swing to increase correspondingly with the increase in the drain voltage swing as one moves up 

the stack, the values of Ck need to decrease as one moves up the stack; this ensures the peak 

value of the instantaneous gate-drain voltage vGD,k is kept below the gate-drain breakdown 

voltage limit of a single transistor (assuming the RF gate and drain voltages are in-phase).   
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In addition to controlling the RF gate voltages, Ck also determines the impedance seen 

from the drain of (k −1)
th

 transistor in the stack. Under the simplifying assumption that the small-

signal output resistance ro is infinite, and the parasitic drain-source capacitance Cds is zero, the 

impedance seen from the drain of (k −1)
th

 transistor can be expressed as shown in (4.2) [40], 

where Zd,k is the impedance seen from the drain of k
th

 transistor. 

 

       
              (          )

  
   

        (        )
               

 

(4.2) 

 

In order to have maximum drain-source voltage swings across the individual transistors in the 

stack, the output nodes of the upper-stack transistors must be presented with scaled multiples of 

Ropt (i.e., 2Ropt, 3Ropt), where Ropt is the real part of the optimum fundamental load impedance of 

a single transistor. Consequently, by setting Zd,k-1 to (k − 1) × Ropt and Zd,k to k × Ropt in (4.2) 

(which is a valid assumption for operating frequency fo much lower than fT), and performing 

mathematical manipulation on (4.2), Ck can be expressed analytically as shown in (4.3) [40]. 

 
   

                       

(   ) 
   

      
                 

 

(4.3) 

 

In summary, the proper selection of VG,n, and Ck values, and the linear scaling of Ropt allow the 

stack PA to achieve higher RF output power while ensuring the reliability of each transistors in 

the stack. The scaling of Ropt is also advantageous in terms of output matching network design, 

since higher Ropt reduces the impedance transformation ratio up to 50Ω, hence simplifies the 

matching complexity.  

 

4.1.2 Intermediate Node Matching 

If fo is a significant fraction of fT, there may be phase misalignments between the RF drain-source 

voltages of the individual transistors due to the substantial amount of inter-nodal parasitic 
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capacitances that arise from the transistor cell layout and metal interconnections to the 

conductive silicon substrate. The inter-nodal parasitic capacitances, whose effect becomes more 

acute in proportion to the increase in frequency, cause Zd,k to have capacitive reactance, thereby 

negating the purely resistive approximation, which was valid for fo much lower than fT. In 

addition to the phase misalignments of the RF drain-source voltages, the inter-nodal parasitic 

capacitances cause the RF current to leak through them (primarily through Cgs,k), which, in turn, 

reduces the amount of RF current delivered to the load. Consequently, the out-of-phase 

combining of the RF drain-source voltages and the reduced RF current delivered to the load 

results in lower RF output power, PAE, and small-signal gain of a PA.  

The performance of an N-stack PA, which operates at a significant fraction of the transit 

frequency, can be optimized by correcting the phase misalignments in the RF drain-source 

voltages, so that they combine in-phase to give the highest voltage swing at the drain node of the 

top transistor. To this end, a matching element can be introduced at each intermediate node of the 

stack to resonate out the capacitive reactance present at that node. Figure 4.3 shows the three 

different intermediate node matching techniques that have been reported, namely, shunt 

capacitor, series inductor, and shunt inductor [40]. Since intermediate node matching was not 

used in the N-stack PA presented in this work, no further discussion will be made of these 

matching techniques. However, more details on these intermediate matching techniques and the 

analytical expressions for computing the matching component values can be found in [40]. The 

use of intermediate node matching has made it feasible to use the transistor stacking technique 

effectively even at every high mmWave frequencies. 
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           (a)                                              (b)                                              (c) 

Figure 4.3: Intermediate node matching techniques (a) shunt capacitor (b) series inductor (c) 

shunt inductor. 

 

4.2 3-Stack PA Design in 45-nm RF-SOI 

The impact layout parasitics have on the performance of a PA becomes more pronounced in 

proportion to the increase in frequency and power; hence, overlooking their effects may result in 

unwanted performance degradation, frequency shift, and/or instability. Nevertheless, as the 

occurrence of these parasitics is inevitable, it is critical to capture their effects thoroughly by 

exploiting parasitic-extraction (PEX) and electromagnetic (EM) simulations, and incorporate 

them into the design.  

In this section, the design and implementation of a Ka-band 3-stack PA will be presented 

with an emphasis on the layout-driven design method. In order to achieve the target output power 

of 20 dBm, the PA employs three instances of the 256 µm power transistor cell that is 

implemented in Section 3.2.4 (which was sized for 20.5 dBm saturated output power, leaving 0.5 

dB margin for the losses in the output matching network). The PA operates from a 3.3V power 
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supply, and the gates of the bottom, middle, and top transistors were biased at 0.55V, 1.65V, and 

2.75V, respectively. The gate bias voltages were chosen, such that each transistor in the stack 

operates at the optimum current density for maximum power gain, and each transistor has VDS of 

1.1V (i.e., 3.3V power supply voltage distributed equally among the three transistors).  

  

4.2.1 Layout-driven Design and Implementation 

The layout-driven design method makes use of the SnP (n-port S-parameter) file of the physical 

layout that gets generated from EM simulations (which uses Integrand’s EMX tool embedded 

within the Cadence Virtuoso environment). By doing so, the parasitics and distributed effects 

associated with the layout are fully taken into account in the design. In order to generate the SnP 

file of the die layout, the active and passive components other than the on-chip inductors and 

interconnects were removed from the layout; then, edge ports were placed at every component 

connection points. The edge ports create pins on the schematic instance of the SnP file so that the 

PEX transistor instances and the S2P instances of the capacitor layout can be wired to their 

corresponding pins in the EM-cosimulation test bench as shown in Figure 4.4.  

 

Figure 4.4: EM-cosimulation test bench of the 3-stack PA. 
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The first step in the design was the floor planning of the die; the die area was determined 

by placing Ground-Signal-Ground (G-S-G) RF pads at the east and west of the die, and PPPPP 

type DC pads at the north and south of the die. Since 150 µm pitch was required for both RF and 

DC pads, the minimum size of the die was more or less fixed. The floor plan of the die and the 

function of each pad are shown in Figure 4.5. It should be noted that edge ports were placed on 

all of the pads in order to capture the effects of ground inductance and the loading effects of the 

RF and DC pads. The edge ports were also used to create pins on the schematic instance of the 

die layout SnP file for source, load, and ground connections.  

 

Figure 4.5: Floor plan of the PA chip with bias lines and no input and output matching networks. 

 

In order to provide low impedance return paths for the RF currents, a global ground plane 

was realized on LD layer, which is thick aluminum, and the highest layer in the BEOL metal 

stack. As shown in Figure 4.6, the top surface of the die was flooded with LD layer except for 
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areas where there are/will be on-chip inductors and transistor cells. The low impedance global 

ground plane on the top layer prevents fields from entering the substrate and ensures the ground 

connections of all the active and passive components are at the same reference potential. 

Furthermore, it reduces the gain degradation of the CS amplifier (bottom transistor), which 

occurs due to source degeneration.  

 

Figure 4.6: Global ground plane on LD layer. 

 

The 3-stack topology was realized by placing three identical 256 µm power transistors 

cells in the center of the die and interconnecting them with traces on OB layer. OB layer, which 

is thick copper, was chosen to minimize power loss and to provide sufficient current handling 

capability. It should be noted that the lengths of these interconnects were kept short to minimize 

the parasitic inductances. With the interconnects in place, the transistor cores and wiring up to 

C1 layer were removed, and only UA up to OB layers were retained in the transistor cell layout; 

then, as shown in Figure 4.7, edge ports were placed to create pins so that the PEX transistor 

instances (which contains the parasitic resistances and capacitances extracted from the 

polysilicon layer up to C1 layer in the transistor cell layout) can be used in the EM-cosimulation 

of the PA. 
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Figure 4.7: Placement of edge ports to capture the effects of the interconnect and via 

inductances, as well as the coupling between the interconnects (OB down to UA). 

 

Since a large quiescent current flows in the drain bias line, it is critical to ensure that the bias line 

has high current handling capability to be safe from electromigration, and has low resistance to 

minimize the power supply voltage drop along the line. To this end, the drain bias line was 

implemented on OA layer (which is thick copper) with a line width of 10 µm. On the contrary, 

since negligible currents flow in the gate bias lines, the gate bias lines were implemented on M1 

layer with a line width of 0.3 µm. Finally, the RF signal lines were implemented on OA layer 

with a line width of 5 µm to have low insertion loss. Throughout the design, multiple or arrays of 

vias were used in order to reduce the equivalent via resistance and to be safe from 

electromigration. Furthermore, they were used as a precaution against fabrication imperfection, 

which can lead to non-functioning or failure-prone circuits. For supply decoupling, instead of 

using a single large-value capacitor, many 420 fF decoupling capacitors were placed along the 

bias lines to realize a large capacitance (5~7.5 pF); this approach was taken, since large-value 

capacitors have low self-resonant frequency (SRF). The AC reference point of the decoupling 

capacitors was set by connecting the ground terminal of the decoupling capacitors to the low 

impedance ground plane on LD layer using stacked vias. For the input and output DC block 

capacitors, 2 pF was used in order to have a small series impedance at the frequency of operation. 
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Table 4.1 shows the initially computed and final optimized values of the external gate 

capacitors. The initial values of the external gate capacitors were computed using (4.3) where gm, 

Cgs, Cgd values of the power transistor cell were obtained from Table 3.2. The Ropt of a single 

power transistor was found using a load line analysis and 10.5Ω was used in the external gate 

capacitor computation. Based on the transient response of the PA, the initial external gate 

capacitor values were fine-tuned later using a CAD simulator such that each transistor in the 

stack has optimum vds at the maximum input drive level. 

Table 4.1: Computed and optimized values for the external gate capacitor. 

k 
Computed Ck 

[fF] 

Optimized Ck 

[fF] 

1 - - 

2 220 310 

3 91 110 

 

In order to keep the design symmetric, the external gate capacitor per stack was realized using 

two identical capacitors of value 0.5Ck fF as shown in Figure 4.8. As in the case of the supply 

decoupling capacitors, the AC reference point of the external gate capacitors was set by 

connecting the ground terminals of the capacitors to the low impedance ground plane using 

stacked vias. Furthermore, as was done for the transistor cells, edge ports were placed at the 

connection points of the capacitors so that the S2P instances of the capacitor layout can be used 

in the EM-cosimulation of the PA. 
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Figure 4.8: Realization of the external gate capacitor per stack using two identical capacitors of 

value 0.5Ck. 

 

For all the capacitors in the design, VNCAP (Vertical Neutral Capacitor), which is a type of 

MOM (Metal-Oxide-Metal) capacitor was used; VNCAP makes use of the available BEOL 

metal layers and does not require additional process masks; hence, it is cheaper than the MIM 

(Metal-Insulator-Metal) capacitor, which requires additional process masks for the high-k 

dielectric layer. VNCAP was chosen over the MIM capacitor, not only because it offers higher Q 

than the MIM capacitor for a given value of capacitance, but also because it offers layout 

convenience attributed to its perfectly symmetrical structure. Figure 4.9 shows a VNCAP made 

with interdigitated metal fingers on four consecutive layers. In order to achieve the highest Q for 

a given value of capacitance, the length-to-width ratio of the capacitor layout was made close to 

1. Furthermore, since the capacitor layout suffers from high frequency distributed effects, EM 

simulations were run on the capacitor layout to obtain the accurate dimensions that gives the 

desired capacitance value (while keeping the length-to-width ratio close to 1). The resulting S2P 

instances of the capacitor layout were used in the EM-cosimulation of the PA. 
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Figure 4.9: VNCAP made with four consecutive metal layers (M1 to C1). 

 

Polysilicon resistors were used as gate bias resistors and an RC stabilization element in 

the design. Polysilicon resistors are favored in RF/mmWave circuits as there is no distributed 

capacitance associated with it other than the shunt capacitance between the polysilicon and the 

substrate. In order to ensure the low-frequency stability of the PA (which requires suppressing 

the gain peaking at low frequency), a parallel RC stabilization circuit was added in series with 

the gate of the CS amplifier. For the stabilization resistor and capacitor, 420Ω and 400 fF were 

chosen as they were found to offer the best trade-off between stability and small-signal gain. 

With the RC stabilization circuit in place, the PA was verified to be unconditionally stable from 

DC up to the fmax of the power transistor. 

Lumped inductors were used for input and output matching, as well as for RF choke in 

the output bias network. Planar inductors with sufficiently high SRF were realizable on-chip, 

since the required inductance at 28 GHz was small (up to a couple of hundreds of pH). 

Nevertheless, since inductor structures occupy a significant portion of the die area compared to 

the transistor cells or other passive components, it was critical to have a compact inductor layout. 

To this end, a double-layer spiral inductor was realized by interconnecting the spirals on the two 

consecutive layers as shown in Figure 4.10. The double-layer spiral structure allows the 
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realization of a given inductance in a compact area, since the mutual inductance of the two 

spirals adds to the inductance of the individual spiral [23].  

 

Figure 4.10: On-chip double-layer spiral inductor made with spirals on OA and OB layer. 

 

The spirals were realized on OA, and OB layers, since these layers have low resistivity and are 

far away from the substrate (i.e., less losses due to substrate coupling). The patterned ground 

shield for preventing Eddy current was not needed, since 45-nm RF-SOI uses HR-substrate and 

the inductor structures were physically separated from the substrate by the BOX layer. The 

spirals were made in an octagonal shape to reduce the corner resistances, and the number of turns 

was kept to 1.5 to keep the inner area of the inductor hollow (thereby improving the Q of the 

inductor). Furthermore, the line width and the area of the inductor were tuned to achieve high Q 

at 28 GHz. Lastly, in order to reduce the capacitive coupling to the ground plane, which can 

cause a reduction in the inductance, peak Q, and SRF of the inductors, cutouts were made on the 

ground plane around the inductor structure. A distance of 5 to 6 line widths were kept between 

the edges of the inductor structure and the ground plane. 

On-chip inductors suffer from high-frequency effects such as substrate coupling, 

interwinding/layer-to-layer capacitive coupling, skin effect, and proximity effect; hence, it is 
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imperative to run EM simulations to obtain the accurate performance of the inductors. The EM-

simulated performance of the on-chip inductors that are used in the design is summarized in 

Table 4.2. From the simulations of various sizes of double-layer spiral inductors, it was observed 

that for small-value inductors (i.e., up to a couple of hundreds of pH), the typical Q (at 28 GHz) 

and SRF that can be achieved were 20~30 and 60~140 GHz, respectively. On the other hand, for 

large-value inductors (i.e., close to 1 nH), the typical Q and SRF that can be achieved were 

15~20 and 30~40 GHz, respectively.  

 

Table 4.2: Inductance, quality factor, and self-resonant frequency of the input and output 

matching and RF choke inductors. 

 LIMN LOMN LRF_Choke 

Inductance [pH] (at 28 GHz) 220 160 310 

Q (at 28 GHz) 25.5 29.5 23.3 

SRF [GHz] 103.7 132.7 57.8 

 

In order to design the input matching network of the PA, 50Ω signal source and load 

were connected to the RF input and output port of the PA, respectively, in the EM cosimulation 

test bench (as shown in Figure 4.4). Then, the impedances seen at the reference planes shown in 

Figure 4.11 were found with harmonic balance simulations. Finally, Zin_Gate was conjugately 

matched to Zin_RFin_PAD using a single-section low-pass L match. This matching scheme allowed 

the capacitive reactance of the input RF pad and the impedance of the RF signal lines to be 

effectively absorbed into the matching network. 
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Figure 4.11: Impedance looking towards the RF input pad (Zin_RFin_PAD) and impedance looking 

into the input of the PA (Zin_Gate). 

 

In order to design the output matching network of the PA, load-pull simulations were run 

with the input matching network in place. With a load tuner connected at the reference plane 

shown in Figure 4.12, the load impedance and the source power were swept to find the optimum 

load impedance that results in the highest PAE for 20 dBm saturated output power. However, it 

was found that at 20 dBm saturated output power, the RF drain-source voltages swing above the 

BVDSS limit of the device (2.2V for 40-nm PD-SOI devices [42]), and the gain compression is 

somewhat severe; hence, in order to ensure the reliability of the devices and to improve the 

linearity of the PA, the target output power was adjusted to 19.5 dBm. Figure 4.13 shows the 

PAE contours in 0.5% steps for 19.5 dBm output power. It can be seen that the optimum load 

impedance is primarily resistive as a result of fo being much smaller than the fT  of the power 

transistor (fo is 28 GHz, and fT was found to be approximately 260 GHz). Furthermore, the real 

part of the optimum load impedance is approximately scaled multiples of Ropt (i.e., 3 × 10.5Ω) as 

predicted by the theory. Although, 32.6 + j8.7Ω was found to be the optimum load impedance 
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that results in the highest PAE, the output of the stacked transistor cell was matched to 32.6 + 

j6.3Ω as it offered the best trade-off between PAE, output power, and linearity. 

 

Figure 4.12: Load tuner connection point and the impedance looking towards the RF output pad 

(Zin_RFout_PAD). 

 

 

Figure 4.13: Sampled load points and PAE contours in 0.5% steps for 19.5 dBm output power. 
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In the same way as was done for the input matching, the impedance seen at the reference plane 

shown in Figure 4.12 was found with harmonic balance simulations. Then, this impedance was 

matched to Zopt using a single-section low-pass L match. The low-pass matching network was 

used at the output to filter out the harmonic components that are generated by the nonlinearities 

of the transistor. Figure 4.14 shows the impedance trajectory from Zin_RFout_PAD to Zopt where the 

loaded Q of the matching network was found to be 0.68. 

 

Figure 4.14: Impedance transformation from Zin_RFout_PAD to Zopt at 28 GHz (loaded Q = 0.68). 

 

Figure 4.15 and Figure 4.16 show the final schematic and layout implementation of the 3-Stack 

PA, respectively. The implemented PA chip occupies 0.66 mm
2
 (950 µm by 700 µm) of die area 

including the pads. It should be noted that the intermediate node matching was not used as the 

EM-cosimulation results showed that the phase-misalignments between the drain-source voltages 

of the individual transistors were minimal. 
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Figure 4.15: Designed single-ended 3-stack PA, VDD = 3.3V, VG1 = 0.55V, VG2 = 1.65V, VG3 = 

2.75V. 

 

 

Figure 4.16: Layout implementation of the single-ended 3-stack PA (950 µm × 700 µm). 
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4.3 EM-Cosimulation Results 

Figure 4.17 shows the small-signal S-parameter simulation result of the implemented PA. The 

PA achieves a maximum small-signal gain of 14.1 dB at 28 GHz and a 3-dB gain bandwidth of 

10.3 GHz (20.8–31.1 GHz), which corresponds to 36% fractional bandwidth. Furthermore, the 

PA achieves an input return loss of better than 10 dB over 27 GHz to 29 GHz. Figure 4.18 to 

Figure 4.22 shows the large-signal performance of the PA under a continuous wave (CW) RF 

input. At the operating frequency of 28 GHz, the PA delivers a saturated output power Psat of 

19.5 dBm (89 mW) and achieves a peak PAE of 31.8%. It can be seen from Figure 4.21 that at 

the maximum input drive, the drain-source voltages of the individual transistors are operating 

within the BVDSS limit of a single device (BVDSS = 2.2V) and they are all phase-aligned. 

Lastly, Figure 4.23 and Figure 4.24 show that the AM-PM variation at the saturated output 

power is about 1.7°, and the PA is unconditionally stable.  

 

Figure 4.17: S-parameters versus frequency. 
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Figure 4.18: Gain and power-added efficiency versus output power at 28 GHz. 

  

 

Figure 4.19: Power-added efficiency and saturated output power versus frequency. 
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Figure 4.20: Drain voltages versus time. 

 

   

Figure 4.21: Drain-source voltages versus time. 
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Figure 4.22: Drain currents versus time. 

 

   

Figure 4.23: AM-AM and AM-PM conversion at 28 GHz. 
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Figure 4.24: Stability factor K and B1 versus frequency. 

 

The performance of the 3-stack PA is summarized in Table 4.3. 

Table 4.3: Performance summary of the 3-stack PA. 

Specification Achieved 

Operating Frequency (fo) [GHz] 28 

Power Supply Voltage (VDD) [V] 3.3 

1-dB Compression Point (P1dB) [dBm] 18 

Saturated Output Power (Psat) [dBm] 19.5 

Gain [dB] 14.1 

Peak PAE [%] 31.8 

DC Power Consumption (PDC) [W] 0.25 

 

4.4 Measurement Setup 

Figure 4.25 shows the measurement setup for the fabricated PA chip. The measurements are to 

be performed on-wafer (in a 50Ω environment) using 150 µm pitch G-S-G probes and 150 µm 

pitch PPPPP DC probes. In order to shift the measurement reference plane to the device-under-

test (DUT), calibration up to the probe tips are required using on-wafer short-open-load-thru 

(SOLT).  
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Figure 4.25: Large-signal measurement setup of the fabricated chip [40]. 

 

4.5 Summary 

In this chapter, a fully integrated 28 GHz 3-stack PA was implemented using the 256 µm power 

transistor designed in Chapter 3. Transistor stacking was exploited to achieve higher RF output 

power while overcoming the high knee voltage and low breakdown voltage limitations of the 

RF-SOI devices. The implemented PA operates from a 3.3V power supply, and under a 

continuous wave (CW) RF input, it delivers a saturated output power of 19.5 dBm and achieves a 

peak power-added efficiency (PAE) and a power gain of 31.8% and 14.1 dB, respectively. The 

PA chip occupies 0.66 mm
2
 (950 µm by 700 µm) of die area including the pads.
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Chapter 5  

Conclusions and Future Work 

5.1 Conclusions 

mmWave PAs for 5G handsets and small-cell radios are challenged to meet not only the RF 

performance requirements but also the non-RF performance requirements such as high 

integration capability, low power consumption, and the capability to offer a large-volume 

production at a low cost. In this regard, RF-SOI has emerged as an attractive candidate process 

that has a potential to meet both the RF and non-RF performance requirements of the 5G 

mmWave PAs. Consequently, the research work in this thesis aimed to assess the 45-nm RF-SOI 

process in terms of its feasibility of implementing 5G mmWave PAs for handsets and small-cell 

radios. 

This thesis began by discussing the advantages and limitations of III-V and bulk CMOS 

processes in relation to 5G mmWave PAs. The literature review revealed that although the bulk 

CMOS is capable of achieving the RF output power level required for 5G mmWave PAs, the 
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limited power supply voltage and the lossy on-chip passives forbid achieving the RF 

performance comparable to that of III-V counterparts. 

This thesis then discussed how the shortcomings of the bulk CMOS are remedied in RF-

SOI to result in an improved RF performance of the circuit. The key features of RF-SOI, such as 

high fT/fmax PD-SOI devices, high-resistivity substrate, and RF/mmWave-optimized BEOL metal 

stack were studied. Next, the design and optimization of transistor cell layout in 45-nm RF-SOI 

process were presented. The impact of layout parasitics (i.e., intrinsic and extrinsic gate 

resistances and parasitic capacitances) on the fmax of a transistor was discussed and several layout 

techniques that can be used to improve the fmax of a unit cell were introduced. Then, 256 µm 

power transistor cell layout was implemented using the “zipper” style, which achieved a peak 

extrinsic fmax of 279 GHz. 

Lastly, this thesis presented the design and implementation of a fully integrated 28 GHz 

3-stack PA. Transistor stacking was exploited to achieve higher RF output power while 

overcoming the high knee voltage and low breakdown voltage limitations of the RF-SOI devices. 

Furthermore, in order to reduce the risk of discrepancies between the simulated and measured 

performance of the PA chip, a layout-driven design method, which incorporates the layout 

parasitics into the design was adopted. Under a continuous wave RF input, the implemented PA 

achieved a saturated output power, peak power-added efficiency (PAE), and a power gain of 

19.5 dBm, 31.8%, 14.1 dB, respectively at 28 GHz. The implemented PA chip occupied a die 

area of 0.66 mm
2
 (950 um by 700 um). 

Unfortunately, due to the recent outbreak of trade war between the United States and 

China, there was a delay in the tapeout schedule, and the implemented PA chip is currently under 

fabrication. Also, a mistake was found in the design after the design was submitted for 
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fabrication. Nevertheless, the fix for the mistake has been fully incorporated in the PA design 

presented in this thesis, and the presented EM-cosimulation results are based on the corrected 

version of the PA. 

 

5.2 Future Work 

The primary future work is to measure the fabricated PA chip upon its arrival and compare the 

measured results with the simulated results. Besides the measurement of the chip, the research 

work presented in this thesis can be further extended in the following area. The 3-stack linear PA 

implemented in this thesis can be leveraged to design and implement a fully integrated mmWave 

Doherty PA. The inherent problem with the conventional PAs, such as the one presented in this 

thesis, is that the peak PAE is achieved only at the saturated output power level, and the PAE 

declines rapidly from its peak value as the output power is backed-off from the saturated output 

power level; this implies that the conventional PAs will have low average PAE when they are 

subjected to modulated signals with high PAPR (as used in the modern wireless communication 

systems). The low average PAE is problematic as it results in low battery life for battery-

powered devices and higher operating costs for the base stations. Furthermore, the low average 

PAE leads to increased heat-dissipation in the PA, which, in turn, degrades the performance and 

eventually the life span of the PA; this is particularly concerning for RF-SOI PAs as they already 

suffer from the self-heating effects. Consequently, maintaining high efficiency over a wide signal 

dynamic range becomes an important design requirement for modern PAs. The classical Doherty 

PA is comprised of an input power splitter; two PAs termed the “main” and “auxiliary,” and an 

output combiner; the Doherty PA uses what is called “active load-modulation” to extend the 

region of high PAE over a wide range of output power (down to 6 dB back-off for a classical 
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Doherty PA). In the bulk CMOS, the full integration approach was deemed rather unpractical as 

the high losses in the Doherty output combiner diminished the central PAE benefit of the 

Doherty PA. However, since high Q on-chip passives can be realized in RF-SOI process, it 

would be worthwhile to investigate what sort of performance can be achieved with a fully 

integrated Doherty PA implemented in RF-SOI process.
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