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Abstract—This paper presents a 30dBm (1W) class-E power 

amplifier projected in a standard 0.18-μm CMOS technology. 

The power amplifier (PA) consists in two differentials stages. The 

main stage employs a cascode class-E RF power amplifier with a 

self-biasing circuit. The driver stage uses the technique of 

Injection-Locking to substantially reduce the input power signal, 

maintaining a high gain. At 2.45 GHz, the power amplifier 

achieves power added efficiency (PAE) of 42% at an output 

power of 30 dBm, with a total gain of 28 dB. 

Keywords-component; CMOS; Power Amplifier; Class-E; 

Switched; RF; Injection-Locking  

I. INTRODUCTION 

The success of mobile equipment demands transceivers 

with minimum size and a high efficiency. Some wireless 

portable devices need deliver high power, such as mobile 

phones, in this way the increasing of power efficiency even by 

a small amount is critical to save battery lifetime. Since the 

PA is the biggest power consumer in almost all types of 

transmitters, an efficient PA is always in great demand. In 

most cases, beyond efficiency, the transceiver must be as 

cheap as possible in order to compete with the fierce 

competition. Thus, the integration of the transceiver in a single 

chip with a low cost technology becomes very important and 

significant. More and more signal processing is done in 

CMOS. For this reason, a single chip transceiver demands an 

integrated CMOS PA [1].  

The main goal of this work is the test of CMOS 0.18 µm 

technology under high power levels at radio frequencies (RF) 

providing a decent PAE. Another goal and no less important is 

the design of a power amplifier using the minimum of external 

components as possible, except the input and output balun. 

Thus, if the configuration type of transmitter allow, the power 

amplifier can be differential and fully integrated. 

Implementing a highly efficient watt-level PA in CMOS 

technology is a challenging task due to losses in the substrate 

and the low breakdown voltage that are common to these 

technologies [2]. There are two types of PA, the switched and 

the non-switched, and for each type there are several working 

classes. When efficiency is a priority and linearity is not a 

concern, the choice falls in switched PA. They can provide 

power at a theoretical 100% efficiency. Thus, they are most 

suitable for systems using constant envelope modulation 

schemes (e.g. GSM). The class-E is usually used at RF due to 

its ability to maximize the PAE. However, the class-E PA can 

be employed in systems requiring amplitude modulation 

schemes as well using alternate solutions like polar 

architectures [3]. 

One of the main bottlenecks for highly integrated PA 

CMOS is the on-chip inductor because they have a poor 

quality factor (Q) [4]. For example the standard 0.18 μm 

CMOS used in this work has spiral inductors with Q below 10. 

Thus, one of the most common ways to maximize the 

efficiency of an amplifier is through the use of external 

inductors. Usually the bond-wires are made in gold providing 

specific characteristics such as low resistance to a significant 

inductance, which leads to higher quality factors. In most 

published works the choke inductor is replaced by a bond-

wire, what actually represents an external component which 

improves the efficiency of the PA, as presented in Fig. 1.a. If 

the transmitter is a system on chip (SoC) and is fed by another 

block of the same chip (e.g. block of power management), the 

bond-wires becomes undesirable, as illustrated in Fig. 2. One 

aim of the proposed PA is to minimize the effect of the bond-

wires inductance. So, two different techniques were 

implemented, which are: 1) Put an inductor of CMOS 

technology in place of the choke inductor, as presented in Fig. 

1.b, and 2) Put several bond-wires connected in parallel to the 

power supply in order to minimize the value of bond-wire 

inductance, as illustrated in Fig. 3. 

Figure 1.  Importance of  bond-wire inductance value to the PA.            

a) Crucial. b) Negligible. 
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This work provides a 2.45 GHz class-E full differential 

amplifier designed in 0.18 μm CMOS process. The PA 

delivers 30dBm power to a 50 Ω load from a 6 V supply. The 

PA presents two differentials stages. The main stage employs 

a cascode class-E RF power amplifier with a self-biasing 

circuit. The driver stage uses the technique of Injection-

Locking to substantially reduce the input power signal, 

maintaining a high gain. 

This paper is organized as follows. Section II introduces 

the fundamental theory of class-E PA. Section III presents the 

choices made for the design of PA. In section IV, we present 

the PA final layout as well the post-layout simulations with C 

extraction. Finally, the conclusions are present in section V. 

 

II. FUNDAMENTAL THEORY OF CLASS-E 

The main goal of class-E PA is to improve the efficiency of 
a switched-PA that uses non-ideal switch, that is, the switch 
does not switch instantaneously [5]. This problem is becoming 
more and more visible with the frequency increase, where the 
switching time of the switch is no longer negligible during the 
signal period. 

The basic scheme of a class-E PA is shown in Fig. 4. 
Usually this class of PA is composed of a transistor, a shunt 
capacitor (CP) and a band-pass filter slightly mistuned. For the 
class-E PA optimum operation it is necessary to ensure that the 
voltage delivered to the load meets two conditions, which are: 
1) zero voltage switching (ZVS) and 2) zero voltage derivative 
switching (ZVDS), as shown in Fig. 5. Condition ZVS prevents 
the dissipation of the energy stored by the shunt capacitor when 
the transistor turns on, and ZVDS makes the first condition 
more robust in terms of components and frequency variation 
[5]. Following [6], the efficiency of an ideal class-E PA may 
reach 100%.  In theory, when the input signal present a 50%  
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duty-cycle, the power (P0) delivered to the load (RL) is as 

follows: 

 

    (1) 

 

Another characteristic of a class-E amplifier is a high-

peak voltage swing. For a Vcc power supply, the maximum 

voltage on the transistor drain is given by: 

 Vmax = 3.562 Vcc 

III. CIRCUIT DESIGN 

A. Main Stage 

A class-E PA has high peak voltage across the transistor 

(2), so, in order to prevent damage in the transistors due the 

low breakdown voltage that are common in CMOS 

technologies, we adopt the cascode topology. Thus, it is 

possible to divide the large output voltage swing between two 

series transistors. With this technique it is possible to increase 

the power supply and consequently the PA output power [7]. 

In the 0.18 μm CMOS technology used, the foundry 

provided two types of transistors, which are: 1) a thick gate-

oxide transistor, with a 0.34 μm gate length for 3.3 V supply 

voltage and 2) a thin gate-oxide transistor, with 0.18 μm gate 

length for 1.2V supply voltage. 

The adopted cascode topology combines the better of two 

worlds: the best performance at RF of the thin-oxide transistor 

M1 in common source (CS) configuration and the higher 

voltage sustainability of the thick-oxide transistor M2 in 

common gate (CG) configuration. With this solution it is 

possible to simplify the design of the driving stage and at the 

same time prevents the degradation of the transistors. 

Figure 2.  The transmitter and a power management block in a CMOS 

SoC.  
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Figure 5.   Ideal drain current and drain voltage waveform of 

Class E PA. 

 

Figure 3.  Technique to minimize the value of bond-wire inductance. 

 

Figure 4. Schematic of a typical class-E PA with CMOS switch. 
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In some types of modulations the information is also 

transmitted in the signal amplitude. The class-E PA can be 

employed in systems requiring amplitude modulations 

schemes as well, for example, using polar architecture. 

This solution requires some type of control in the supply 

voltage, so, we employed an auto-biasing circuit in cascode 

topology, as depicted in Fig.6. This circuit presents a voltage-

divider (R1 and R2) and a DC block capacitor. This technique 

allows the voltage supply change without compromising de 

output power and PAE of PA, as shown in Fig. 10. 

B. Driver Stage 

The driver stage presents the interesting technique of 

Injection-Locking. This technique refers to the condition in 

which another self-oscillating circuit is coupled and forced to 

run at the same frequency of an input signal, resulting in a 

huge reduction in the input power signal [8]. Because of its 

tuned nature, an Injection-Locking amplifier can operate only 

inside a certain frequency range. 

In fact the project of the driver stage begins with the 

design of a power oscillator tuned at working frequency, and 

subsequently, one has to decide how to apply the input signal, 

as depicted in Fig. 7. This is performed by a pair of cross-

coupled transistors to create the required negative resistance, 

and a LC tank composed by the inductor L and at least the 

parasitic capacitances of the cross-coupled transistors. 

 

C. Differential topology 

The proposed PA presents a fully differential 

configuration in order to minimize the problem of substrate 

coupling. In a fully differential configuration the current is 

being discharged to ground twice per cycle, decreasing 

interferences at frequency signal. Furthermore, the differential 

implementation provides twice the voltage swing across the 

load compared to single ended amplifier which results in a 

four time increase in output power delivered (1).  

Fig. 8 shows the two stages class-E watt-level PA 

designed to work at 2.45 GHz and that delivers an output 

power of 1W. As depicted in III. A and B, the input stage uses 

the Injection-Locking technique and the main stage uses a 

cascode topology with a self-biasing circuit. 
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IV. LAYOUT AND SIMULATIONS 

The fully differential RF PA has been designed in 0.18 

μm CMOS technology and its layout is shown in Fig. 9. The 

die area, including the bonding pads, is 1570*1400 μm
2
. We 

used 14 bonding pads to ground and 16 bonding pads for the 

power supplies in order to minimize the inductance and 

resistance of a bond-wire. The input and output baluns are 

external surface mount devices (SMD) components in 50 Ω 

accesses and less than 1dB insertion losses. 

Figure 6.   Schematic of a cascode topology with 

a self-biasing circuit.  

 

Figure 7.   Injection-Locking technique. 

 

Figure 8.   Schematic of proposed fully diferenttial class-E PA. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In order to obtain simulations closer to reality, we made a 

C extraction after a first layout, that is, we extracted the 

parasitic capacitances from the layout and we made some 

adjustments in the schematic in order to improve the 

efficiency. So, all simulations presented in this paper are pos-

layout ones. 

The simulated PAE and output power versus source 

available power are plotted in Fig. 10, at a frequency of input 

signal of 2.45 GHz. In Fig. 10 the PA achieves 42.2 % PAE 

and delivers 30 dBm to a 50Ω load. For the simulation, source 

available power was set at 2 dBm and a 28-dB power gain was 

achieved. 

 In 0.18 μm technology, a thin gate-oxide transistor has a 

breakdown voltage above 4.2 V and the gate-oxide transistor 

has a breakdown voltage above 8.2 V. So, Fig. 11 makes clear 

that the transistors of cascode topology are in safe values to a 

voltage supply of 6V. 

The simulated PAE and output power versus main stage 

power supply are in Fig. 12, where the power supply varies  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

from 6 to 3 V. This power supply variation leads to a decline 

in output power from 30 to 24 dBm, and the PAE decreases by 

only 6%. Thus, the PA exhibits a PAE of 36% at 6dB power 

back-off due the self-biasing circuit present in the main stage. 

Table I shows a summary of the PA specifications.  

TABLE I.  SPECIFICATIONS OF  PROPOSED PA 

Item Post simulation 

Frequency range (GHz) 2.35-2.65 

Frequency (GHz) 2.45 

Main Power Supply (V) 6 

Driver Power Supply (V) 2 

Source available power  (dBm) 2 

Output Power (dBm) 30 

Gain (dB) 28 

DE (%) 42.23 

Figure 9.   Final layout of PA. 

 

Figure 10. PAE and output power versus input power. 

 

Figure 11.   Drain-source voltage waveform of cascode transistors  

in main stage.  

 

Figure 12.   PAE and output power versus supply voltage. 

 



Item Post simulation 

PAE (%) 42.2 

PAE@6dB back-off (%) 36 

Area (including pads) (μm2) 1570*1400 

 

V. CONCLUSION 

A class-E differential self-biased cascode and an 

Injection-Locking driver stage has been designed and 

simulated in the UMC 0.18 μm CMOS technology. A great 

effort was made to prevent the effect of bond-wire inductances 

in PA. All circuit components, except the input and output 

balun, have been designed on-chip. The post-layout 

simulations results present a 30dBm of output power with a 

PAE of 42%. The circuit is under fabrication and will be 

characterized in chip-on-board test set. 

VI. ACKNOWLEDGMENT 

The authors would like to thank to Fundação para a 

Ciência e a Tecnologia for funding this work through the 

project PTDC/EEA-TEL/65988/2006. 

REFERENCES 

 
[1] Hajimiri, A.; , "Next-Generation CMOS RF Power Amplifiers," 

Microwave Magazine, IEEE , vol.12, no.1, pp.38-45, Feb. 2011J. Clerk 
Maxwell, A Treatise on Electricity and Magnetism, 3rd ed., vol. 2. 
Oxford: Clarendon, 1892, pp.68–73. 

[2] Changsik Yoo; Qiuting Huang; , "A common-gate switched 0.9-W 
class-E power amplifier with 41% PAE in 0.25-μm CMOS," Solid-State 
Circuits, IEEE Journal of , vol.36, no.5, pp.823-830, May 2001. 

[3] Zhang, G.; Khesbak, S.; Agarwal, A.; San Chin; , "Evolution of RFIC 
Handset PAs," Microwave Magazine, IEEE , vol.11, no.1, pp.60-69, 
Feb. 2010R. Nicole, “Title of paper with only first word capitalized,” J. 
Name Stand. Abbrev., in press. 

[4] Drakaki, M.; Hatzopoulos, A.A.; Siskos, A.; , "CMOS Inductor 
Performance Estimation using Z- and S-parameters," Circuits and 
Systems, 2007. ISCAS 2007. IEEE International Symposium on , vol., 
no., pp.2256-2259, 27-30 May 2007. 

[5] Sokal, N.O.; Sokal, A.D.; , "Class E-A new class of high-efficiency 
tuned single-ended switching power amplifiers," Solid-State Circuits, 
IEEE Journal of , vol.10, no.3, pp. 168- 176, Jun 1975. 

[6] Raab, F.; , "Idealized operation of the class E tuned power amplifier," 
Circuits and Systems, IEEE Transactions on , vol.24, no.12, pp. 725- 
735, Dec 1977. 

[7] Apostolidou, M.; van der Heijden, M.P.; Leenaerts, D.M.W.; Sonsky, J.; 
Heringa, A.; Volokhine, I.; , "A 65 nm CMOS 30 dBm Class-E RF 
Power Amplifier With 60% PAE and 40% PAE at 16 dB Back-Off," 
Solid-State Circuits, IEEE Journal of , vol.44, no.5, pp.1372-1379, May 
2009. 

[8] Mertens, K.L.R.; Steyaert, M.S.J.; , "A 700-MHz 1-W fully differential 
CMOS class-E power amplifier," Solid-State Circuits, IEEE Journal of , 
vol.37, no.2, pp.137-141, Feb 2002. 

 

 


