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A 700-MHz 1-W Fully Differential CMOS Class-E
Power Amplifier

Koen L. R. Mertens and Michiel S. J. Steyaert, Senior Member, IEEE

Abstract—A 700-MHz fully differential class-E CMOS power
amplifier for wireless applications has been built toward maximum
efficiency. The prototype can deliver 1 W of output power in a 50-

output impedance. The maximum power-added efficiency (PAE) is
measured to be 62%. The obtained efficiency and output power is
compared with the class-E amplifiers theory.

Index Terms—Class-E CMOS, drain efficiency, power ampli-
fiers, power-added efficiency.

I. INTRODUCTION

T ODAY’S power amplifiers are implemented in GaAs [1],
HBT, LDMOS, BiCMOS, etc., using conventional biasing

schemes. However, more and more signal processing is done
in CMOS. For this reason, a single chip transceiver demands
an integrated CMOS power amplifier. Also, the linearization
of the power amplifier can be done in the digital part of the
transceiver chip [2]. In CMOS, switching mode power ampli-
fiers are the favored candidates for wireless communications,
due to their excellent power-added efficiency (PAE). The PAE
is defined as the output power minus the input power, divided
by the supply power. Efficient power amplifiers are desirable
because power amplifiers typically dominate the power con-
sumption in portable radio devices. Hence, designing a power
amplifier for maximum efficiency is of the utmost importance
[3]. Two well-known configurations are suited for this task: the
class-E and the class-F amplifier.

II. CMOS CLASS-E TOPOLOGY

When looking at the differences between both amplifiers, a
tradeoff has to be made between power capability and the na-
ture of the matching network. Because the lumped matching
network, for frequencies below 2 GHz, is easier to make for a
class-E amplifier, we favor the class-E amplifier (Fig. 1). Nor-
mally, a class-E amplifier is treated as a switch which opens and
closes, so that current and voltage are never present at the same
time. To do so, the matching network components, have
to be calculated for a certain load resistance, where and
must satisfy [4]
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Fig. 1. Ideal class-E amplifier.

For these values, the well-known class-E conditions are ful-
filled, meaning that at the moment the switch closes,
and . At this point, the load resistance is quite
small, and an upwardLC impedance transformation network has
to be used to transform this to 50. The quality factor of the
transformation network is approximately equal to

(3)

Due to the small resistance, the quality factor will be large,
and a sinusoidal current through the load can be assumed. Hence,
the condition for using (1) and (2) is satisfied. By lumping the
components, we eventually come to a singleand two ’s.

Most CMOS power amplifiers that are published use differen-
tial output signals [5]–[7]. Using differential output signals has a
number of benefits. The problem of substrate coupling is solved,
because there is less injection of common mode noise into the
substrate. The current is charged to ground twice per cycle,
reducing interference with the desired signals. However, the
greatest benefit is undoubtedly gain boosting. The voltage at the
drain of the class-E amplifier is swept up to approximately 3.6
times the supply voltage. In a differential structure, this voltage
can be positively fed back, reducing the size of the nMOS tran-
sistors. The schematic of Fig. 2 shows the two-stage CMOS
class-E power amplifier, working at a frequency of 700 MHz.

Providing sharp pulses to the class-E stage is a huge problem.
Tapered buffers cannot be used, because they use too much cur-
rent. With every buffer, a dynamic and a short-circuit dissipa-
tion can be associated. The short-circuit dissipation strongly de-
pends on the rise and fall times [8], and may even become larger
than the dynamic dissipation. Also, the buffers have difficulties
providing a 50% duty cycle. To overcome these problems, the
input capacitances of the class-E stage are tuned out by induc-
tors. The class-E stage is therefore driven by a sine wave, with
a peak-to-peak voltage of two times the power supply. Using a
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Fig. 2. Schematic of the power amplifier.

sine wave causes loss due to incomplete switching, but this loss
is less than with tapered buffers.

The transistors of Fig. 2 can be scaled, so that three dif-
ferent modes of operation exist: a differential mode oscillator,
a common-mode oscillator, and an amplifier with positive feed-
back. In our case, they have been sized so that the circuit works
on the verge of oscillation, because the amplifier must be able to
be driven by a high impedance source; such a high impedance
source can be integrated on chip, making it possible to have a
full transceiver in CMOS.

III. OPTIMIZING THE GLOBAL DRAIN EFFICIENCY

We can consider our design as a single equivalent transistor,
for one side of the differential circuit. For this equivalent tran-
sistor, we can define a maximum global drain efficiency (DE),
which is the ratio of divided by . This maximum DE is
expressed in terms of individual efficiencies, which are consid-
ered to be independent of each other. This means that for each
individual loss, the class-E stage is supposed to be working in
perfect class-E conditions. This implies that the drop in effi-
ciency can be assigned to the loss under consideration, giving
rise to an intermediate efficiency. For the differential circuit,
the calculated efficiency stays the same, but the output power
is doubled. In the following paragraphs, we will discuss the dif-
ferent loss sources.

A. Inductor Losses

The dc feed inductor has a parasitic resistance which
is proportional to the inductor length by the factorgiven in

nH:

(4)

Over the parasitic resistance of the dc feed, a voltage drop is
measured, lowering the supply voltage to . This voltage
can be written in function of the supply:

(5)

As the output power is proportional to the square of the dc
voltage seen by the drain, the above expression can be trans-
formed into

(6)

This leads to an efficiency for , which is equal to

(7)

The variable is equal to the dc resistance for the class-E
stage seen by . The value of is linked to the ac-
tual load resistance. The actual load resistanceis formed by
summing the target load resistancewith the parasitic resis-
tance of the excess inductor. For the value calculated with
(1), the class-E conditions no longer applies. To fulfil the class-E
conditions for the actual load resistance, an adjusted excess in-
ductance must be calculated. This is done by replacing the
target load resistance by the actual load resistance in (1):

(8)

After rearranging the terms in the above equation, we come to

(9)

and the actual load resistance can therefore be written as

(10)

Substituting in (7) by the actual load resistance gives

(11)

The variable used in the above expression is called the dc-cur-
rent-to-RF-voltage transfer constant. The value foris usually
1.862, but can be calculated by solving a set of differential equa-
tions [4]. A fraction of the output power is absorbed in the para-
sitic resistance of the excess inductance. The resulting output
power in the target resistor can be expressed by the basic for-
mula for the output power multiplied by an efficiency, which
takes the influence of the excess inductance into account.

(12)

When we plot the efficiency for the excess inductancein
Fig. 3, we can clearly see that the quality of the excess inductor
must be very good. Since the efficiency is independent of the
target resistor , the only inductors that can be used are bonding
wires, for which has a typical value of 0.1 nH. Making the
excess inductance with an on-chip inductor would result in a
low global drain efficiency.

B. Loss and the Loss in the Driving Stage

Increasing the size of the switch transistors has the benefit of
reducing the on-resistance . The penalty, of course, is that
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Fig. 3. Efficiency in function of� for the excess inductanceL.

a smaller inductor needs to be used to tune out the gate capaci-
tance. Aluminum bonding wires are used as inductors, and the
parasitic resistance of the bond wire can be taken proportional to
the inductor length. In other words, the quality factor of theLR
network is independent of the length, and is given by .
When we assume that the series resistance of the capacitance in
the RLC network is negligible, the resulting quality factor for
theRLC tank is equal to . However, the equivalent parallel
resistance will depend linearly on the bond wire inductance

(13)

This means that the power in theRLC tank stays the same,
but not the voltage. For smaller inductors, this results in
more power consumption in the driving stage. This power
consumption lowers the efficiency of our amplifier, because
the dc power increases where the output power stays the same.
The CMOS driver stage is a class-C amplifier, which has an
efficiency by itself that lies around 10%. Therefore,
the intermediate efficiency of the class-E amplifier due to the
driving stage can be expressed as

(14)

The above expression clearly shows that the equivalent parallel
resistor has to be large. For a large , the input capaci-
tance at the gate of the nMOS has to be small; this results in
a nMOS transistor with a small width. The conclusion is that
making large conflicts with having a low resistance.
So, an optimum transistor width, where the sum of the losses of

and the driver stage is minimal, can be found. The fact that
power is consumed in the on-resistance gives rise to an interme-
diate efficiency [9]

(15)

The peak voltage seen by the drain is not equal to 3.6 times dc
drain voltage, but becomes

(16)

The effective voltage used in (16) is the dc drain voltage
minus the voltage drop over the on-resistance, when the switch is
closed. Writing the effective voltage in function of results in

(17)

The maximum allowable peak drain voltage is technology de-
pendent, and is determined by the junction and oxide break-
down voltages. For the 0.35-m CMOS technology that has
been used, these voltages are around 7.5 V. The supply voltage

can be calculated by using (5) and (15). This results in a
equal to 2.3 V, when we assume , , and

. Note that the value for is determined by the
used CMOS technology. For the 0.35-m CMOS technology,
the resistance equals 2mm per unit channel width. The
effective voltage also has an impact on the output power. The
new expression for the output power becomes

(18)

C. Dirac Impulse Losses

A class-E amplifier built with real components will have tol-
erances on its component values. These nonidealities will pro-
duce a Dirac impulse in the current characteristic [4] at the mo-
ment when the switch closes. The Dirac pulse is smeared in the
time domain, because the current through the nMOS has a finite
response time. The result is that voltage and current are present
during a short time in the transistor. An estimation of this loss
can be done by varying the component values and measuring the
power loss. An intermediate efficiency of 95% due to the Dirac
impulse is a realistic assumption.

D. Combining the Efficiencies

The efficiencies given in the previous paragraphs are com-
bined in order to calculate the maximum drain efficiency. This
leads to

1 (19)

The efficiencies that are related to the transistors are summed;
all the others are multiplied. To obtain a maximum efficiency,
an optimization of the above expression has to be done. For this,
the losses have to be equally distributed over the total design.
The intermediate efficiencies are therefore practically the same,
but not maximal. As a consequence, the output power given by
(18) will not be maximized. This means that this design dif-
fers from earlier CMOS power amplifiers [6], [10], whose pri-
mary goal was to achieve a high output power. The following
values were used to calculate the output power and the effi-
ciency: V; ; ; nH;

; nH ; ;
; 95 ; 10 . The result is

that 0.52 W of output power is achieved with an efficiency of
66%. Due to the differential structure, the total output power is
multiplied by two, which gives 1.04 W of output power.
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Fig. 4. Photograph of the CMOS power amplifier chip.

Fig. 5. Spectrum of a sine wave.

IV. PROTOTYPE

A prototype circuit has been fabricated in a standard 0.35-m
CMOS (5M2P) technology, and placed on a 600-m-thick
ceramic substrate, as shown in Fig. 4. The total chip area is
2.64 mm . Special care has been taken to comply with the EM
rules and to obtain maximum symmetry. The output ports are
placed at opposite sites of the die, which reduces the coupling
between the inductors. They can easily be connected to a
balun because they are placed 2 mm apart. The two external
18-pF capacitors have been placed on the ceramic substrate at
each side of the chip. Each RF choke consists of two parallel
aluminum bond wires. As a result, the mutual coupling makes
them larger, and reduces the additional resistance associated
with the heating of the bond wires. The two RF chokes of the
class-E amplifier are connected to the middle of the chip. In this
way, the current flows from the middle, through the transistors,
and in to the ground bonding pads, which are placed at the
edges of the die. To reduce the ground inductance to a strict
minimum, 28 ground bonding wires are provided.

V. MEASUREMENTRESULTS

The power amplifier is measured with the aid of two baluns.
A 50- RF source with a fixed output signal of 12 dBm has been

Fig. 6. Output power and PAE vs. supply power.

Fig. 7. Output power and PAE versus frequency.

used to drive the power amplifier. A 10-dB attenuator has been
used, because the input capability of the vector/spectrum ana-
lyzer is only 20 dBm. The signal loss associated with the baluns
and coax cables is measured to be 5.1 dB. Fig. 5 shows the mea-
sured output power for the total setup, after compensation for the
loss of the baluns, cables, and the 10-dB attenuator. Compen-
sating for the loss of the balun is allowed so long as the power
amplifier is located close to the antenna, such that no balun is
required. The measurements are being done, without any ex-
ternal cooling. The output power can be changed by changing
the supply voltage. In Fig. 6, the output power and PAE is shown
versus the supply voltage. When changing the supply voltage
from 0.7 to 2.3 V, the output power changes from 0.113 mW to
1 W. The PAE is calculated for an input power of 12 dBm. This
gives a worst-case estimation for the PAE, because we only need
the voltage swing of the RF power source and not the power it-
self. We see that the maximum PAE occurs at a supply voltage
of 2.2 V. Fig. 7 shows how the output power and PAE changes,
as a function of the input frequency. The output power stays
quite constant for frequencies below 700 MHz. At these low
frequencies, the dc current becomes larger, resulting in a de-
creased PAE. The risk of permanently damaging the circuit in-
creases; this gives a lower bound for the frequencies that can
be used. Notice that the measured values are close to the values
predicted in Section III-D.

Class-E amplifiers are very suitable for constant envelope
modulation schemes. To demonstrate how the power amplifier is
used in practice, a GMSK spectrum is applied to the power am-
plifier. This spectrum is very popular in digital communications,
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Fig. 8. GMSK output spectrum(BT = 0:3) and GSM spectral emission
mask.

Fig. 9. Harmonic contest of the power amplifier.

because the out-of-band radiation is less than with digital FM.
Fig. 8 shows the measured spectrum in dBc, at an output power
of 1 W. The resolution bandwidth is 30 kHz. The product of the
Gaussian filter bandwidth and the symbol duration (BT) was
chosen to be 0.3. The output spectrum falls within the GSMK
spectral emission mask. As can be seen in Fig. 9, the measured
single output second and third harmonic are lower than 60 dBc.
The second harmonic is clearly suppressed, due to the use of a
differential architecture. The power amplifier measured with the
vector signal analyzer has an error vector magnitude of 1.3%
rms, magnitude error of 0.1% rms, and phase error of 0.75%
rms. Those values are very close to the accuracy of the RF gen-
erator itself.

VI. CONCLUSION

A 700-MHz CMOS class-E power amplifier has been
designed and measured. The chip was placed on a ceramic
substrate together with the necessary external components,
resulting in a complete CMOS power amplifier. The power
amplifier is capable of transmitting a 1-W GSMK spectrum,
with a PAE of 62%. These values are close to the predicted
values of 1.04 W for the output power and 66% for the effi-
ciency. This means that every loss source is found and taken
into account. The power amplifier is intended to be integrated
with an upconversion mixer and the preceding components as
part of an all-CMOS wireless transceiver.
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