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A
mplification at 2.4 GHz is necessary for a number 
of different wireless applications, and silicon CMOS 
offers a low-cost and effective process for achieving 
respectable gain at that frequency. In support of wire-

less transmitters at 2.4 GHz, a 2.4-GHz CMOS current-mode 
power amplifier was developed for improved efficiency. It 
consists of two differential amplifier stages. The first stage is a 
driver evolved from current mirrors, while the second stage is a  
current-mode Class D amplifier. All components, including  
the inductors, are on the CMOS chip. Simulations performed 
with a commercial computer-aided-engineering (CAE)  
software package (from Cadence Design Systems; www. 
cadence.com) indicate high power-added efficiency (PAE)  
of 40% with 0.25-W saturated output power and high gain when 

operating at a 3.3-VDC supply. 
The rapid growth of wireless devices and services has driven 

the need for practical solid-state devices, including amplifiers. 
Many applications are being served by single-chip radios.1 
Many of the RF front-end functions, such as the low-noise am-
plifier (LNA), frequency mixer, and voltage-controlled oscilla-
tor (VCO) serving as the radio’s local oscillator (LO) have been 
integrated onto a single chip using silicon CMOS processes. 
But some of the limitations of CMOS technology—such as  
thermal dissipation, power efficiency, and supply voltage—
have prevented the integration of the power amplifier (PA)  
output stage.2

Of course, the PA is a key part of a 2.4-GHz wireless radio, 
supporting the transmitter section. PA performance can be 
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1. This schematic diagram shows the circuit elements and layout for the high-efficiency, 2.4-GHz silicon CMOS power amplifier. 
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2.4-GHz Power amplifier

judged by a number of param-
eters, including output power,  
gain, and efficiency, with one of 
the more important characteris-
tics (especially for extended bat-
tery life) being the efficiency.3 
High efficiency can also translate 
into less heat produced by the out-
put circuitry. 

A number of different topolo-
gies have been applied for RF PAs, 
differentiated by the operational 
states of the active devices (transistors). 
For example, different classes of linear 
PAs—including Classes A, B, and C—re-
fer to the use of a constant power supply 
in energizing the transistors. In contrast, 
switched-mode PAs—such as Classes 
D, E, and F—turn the power supplies 
on and off.4 Each of these types of PA 
have advantages and disadvantages:  
Linear amplifiers offer good linearity  
at the expense of efficiency, while 
switched-mode amplifiers sacrifice lin-

earity for efficiency. 
Class D switched-mode amplifiers 

have often been used for low-frequency 
applications, but less so at higher fre-
quencies. At the latter frequencies, the 
parasitic capacitance discharge losses 
become excessive. But a modified Class 
D structure, known as a current-mode 
Class D (CMCD) PA uses zero voltage 
switching (ZVS) to minimize discharge 
losses and can work at higher frequen-
cies.5-8 Most current-mode Class D PAs 

have been fabricated with gallium 
arsenide (GaAs) field-effect tran-
sistors (FETs)5,6 or silicon lateral 
diffused metal-oxide-semicon-
ductor (LDMO) FETs.7,8 The use of 
these technologies prevents fabri-
cation as a silicon CMOS chip. 

A two-stage amplifier was de-
signed for high efficiency in a 
silicon CMOS process. The first, 
driver stage accepts input cur-
rent signals and converts them to 

larger driving signals for the following 
stage. The second stage is basically a PA. 
Spiral inductors were used to allow the 
use of on-chip inductors. For analysis, 
the amplifier design was simulated using 
the Cadence Spectre® CAE program for a 
CHRT 0.18-μm mixed-signal/RF CMOS 
process. The simulations revealed that 
this PA design offers higher efficiency 
and output power than other CMOS PAs 
working at the same frequency.9-13 

Figure 1 presents the circuit for this 
high-efficiency CMOS PA. The driver 
stage, which derives from current mir-
rors, consists of resistors R1, R2, and R3; 
capacitors C1, C2, C3, and C4; inductors 
L1 and L2; and transistors M1 through 
M6. The output stage consists of capaci-
tors C7, C8, and C9; inductors L3, L4, and 
L5; and transistors M8 and M9. It is based 
on a CMCD structure to provide high ef-
ficiency at high frequencies. Capacitors 
C5 and C6 are blocking capacitors, while 
resistors R4 through R6 and transistor 
M7 constitute the bias circuitry for the 
switching transistors. The PA accepts a 
current input signal and delivers a volt-
age output, in effect operating as a tran-
simpedance amplifier (TIA).

The PA’s driver stage consists of three 
current mirrors. The amplification prin-
ciple for this stage is based on the pro-
portional relationship of the current mir-
ror. If the two transistors of the current 
mirror operate in their saturation region, 
and their drain currents are proportional 
according to the widths of the transistors, 
the principle can be described by Eq. 1:
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2. This plot provides the drain-source voltage  

characteristics of switching transistor M8. 
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2.4-GHz Power amplifier

where:

iMk = the drain current of transis-
tor Mk and 
Wk = the width of transistor Mk.

The drain current consists of a 
DC component and an AC com-
ponent. The input and output 
signals are the AC components. 
The relationship of the input and 
output signals can be described by Eq. 2:
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where: 

vout = the output voltage signal; 
Zp = the impedance of the shunt-res-
onant circuit C3L1 at the working fre-
quency; and 
iin = the input current signal.

When the proportionality factor is 

larger than unity, the current mirror can 
be used as an amplifier. The two current 
mirrors, M1-M2 and M3-M4, are used 
to amplify two differential input signals 
separately. Current mirror M5-M6 can 
control the direct current of the driver 
stage. The following analysis will show 
how this works. 

From the schematic diagram of the 
PA in Fig. 1, Eq. 3 can be easily obtained:

1

2

3

4

5

6

7

where:

iMk = the drain current of transis-
tor Mk;
imk = the AC component of iMk; 
and 
IMk = the DC component of iMk. 

It is known that the input sig-
nal is a differential signal with 
180-deg. phase difference. The 

relationship can be tracked by means  
of Eq. 4:
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Substituting Eq. 4 into Eq. 3 yields  
Eq. 5: 
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Since iM6 = (W6/W5)iM5, Eq. 6 can 
be found: 
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The left-hand side of Eq. 6 shows the 

direct current of the PA’s driver stage. On 
the right side, current iM5 is tied to resis-
tor R3. The direct current of the driver 
stage can be controlled by adjusting 
the width of transistors M5 and M6 and 
the resistance of R3. From this analysis, 
it can be seen that the driver stage has 
three functions. First, it can accept the 
input current wave signal, this is in ac-
cordance with the demand of current 
mode circuit. Second, it has high gain 
and provides enough driving voltage for 
the following stage. Third, the structure 
of the driver stage can control the power 
dissipation, and it is helpful for increas-
ing the efficiency of the PA.

A critical part of the PA circuit de-
sign is the output stage, which adopts 
a CMCD structure. It consists of tran-
sistors M8 and M9, LC tank capacitor 
C7, inductor L5, and two large induc-
tors L3 and L4 (Fig. 1). For good output 
impedance matching, inductors L3 and 
L4 are adjusted to 3.23 nH. The resona-
tor formed by capacitor C7 and inductor  
L5 resonates at the working frequency 
(2.4 GHz).
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3. This plot shows the drain current characteristics of 

switching transistor M8.
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Driven by differential 
input signals (with 180-
deg. phase difference), 
transistors M8 and M9 
alternately turn on and 
off. The large inductors 
L7 and L8 work as RF 
chokes. They are meant 
to provide the constant 
direct current Idc. When 
transistor M8 turns on 
and transistor M9 turns 
off, direct current Idc 
channels through the LC 
tank from the right side 
to the left side. When transistor M9 turns 
on and transistor M8 turns off, the re-
verse happens. This results in a square-
wave current at the LC tank. According to 
the Fourier transform of a square wave, 
the square-wave current includes a great 
deal of harmonic content. 

Fortunately, due to the symmetry 
of the PA’s circuit and the selectivity of 
the parallel LC tank, all high-order har-
monics are minimized. Only the funda-
mental current component can cause a 
sinusoidal voltage wave at the parallel 
LC tank. The loads connected to the LC 
tank receive a complete sinusoidal volt-
age. Figures 2 and 3 show ideal voltage 
and current waveforms, respectively, for 
switching transistors M8 and M9.  

As Figs. 2 and 3 indicate, the drain-
source voltage of switching transistor 
M8 is a half sinusoidal wave. The cor-
responding current through switching 
transistor M8 is a square wave with am-
plitude of 2Idc and duty cycle of 50%. Al-

ternately, the transistor exhibit zero val-
ues of current and voltage. In this circuit, 
the output power is equal to the voltage 
multiplied by the current. Although in 
theory a CMCD PA can achieve high effi-
ciency, it is limited in its frequency of op-
erating. This is because parasitic-based 
losses increase rapidly as frequency in-
creases. Energy loss per cycle, Ec, can be 
found by means of Eq. 76:
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where:

Ec = the energy loss;
C = the drain-source parasitic capaci-
tance; and 
v = the drain-source voltage when the 
transistor is turned on. 

The CMCD PA has a ZVS character-
istic, which means that the drain-source 
voltage is zero when the transistor is 

turned on. According to 
Eq. 7, charge losses can 
be avoided, so that the 
CMCD PA can work well 
operating at higher (RF) 
frequencies. 

Figure 4 plots the 
power added efficiency 
(PAE) of the PA when 
the input power is var-
ied. The PAE begins to 
drop when the input 
power falls to 0 dBm. The 
maximum PAE is about 

2.4-GHz Power amplifier

4. This plot offers the power-added efficiency (PAE)  

of the 2.4-GHz CMOS amplifier.
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40%. Figure 5 shows variations in output 
power. The maximum output power of 
+24 dBm is achieved with an input power 
level of 0 dBm. The PA’s gain is about 24 
dB. Figure 6 shows the amplifiers input/
output matching, with S11 exceeding −11 
dB and S22 exceeding −8.8 dB. Figure 7 
shows the drain current and voltage for 
transistor M8. As can be seen, the current 
wave is a square wave, while the voltage 

is a half-period sinusoidal wave. Figure 8 
shows the PA’s chip layout, with a die size 
of 0.82 x 0.80 mm. 

 The 2.4-GHz CMOS power am-
plifier compares well with amplifiers 
developed in previous studies (see 
table). It achieves the gain of earlier 2.4-
GHz amplifier designs, but with con-
siderably higher efficiency. The new 
current-mode amplifier, with its reason-

able output power and high efficiency, is  
suitable for a number of mobile wire-
less communications applications at  
2.4 GHz. MWRF 
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6. The CMOS PA’s S11 and S22 characteristics are shown here.
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Year 2004 2009 2006 2009 2010 2010 2007 2012

Frequency 
(GHz) 5 2.4 2.4 2.4 2.4 2.4 2.4 2.4

PAE (%) 20 33 25 38 21 21.3 34.6 40

Output 
power (dBm) 24.1 31 24 25.8 26.7 23.2 17.8 24

Power gain 
(dB)

- 20 10 - 26 - 23 24

Supply 
voltage (V) 1.8 3.3 1.2 7 3.3 3.3 1.2 3.3

Area (mm2) 1.2 x 1.5 1.2 x 1.6 1 x 2 - 1.2 x 1.0 1.2 x 1.1 - 0.82 x 0.8

7. These plots show the drain current and voltage for switching 

transistor M8.
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8. The CMOS PA was fabricated with on-

chip passive circuit elements as a single 

chip, with the layout shown here.
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