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Theory and experimental validation
of a Class E PA above theoretical

maximum frequency

ELISA CIPRIANI, PAOLO COLANTONIO, FRANCO GIANNINI AND ROCCO GIOFRE

This paper reports an investigation and a proposed solution to design Class E power amplifiers above the theoretical
maximum frequency allowed by the adopted active device. Starting from the traditional time domain analysis, a numerical
algorithm has been developed and presented in order to extend Class E feasibility through the optimization of the output
voltage waveform. A hybrid Class E amplifier in laterally diffused metal oxide semiconductor (LDMOS) technology has
been designed and measured. The final amplifier shows an output power of more than 10 W with an associated efficiency
of 49% (power added efficiency (PAE) = 45%) over a 100-MHz bandwidth around 2.14 GHz.
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. INTRODUCTION

In modern communication systems highly efficient transmitters
are desirable for simplifying heat sinking, reducing dc power
consumption and cost, and increasing reliability, with regard
to both base station and handset applications. On the other
hand, the major contribution in overall efficiency is related to
the final stage of the transmitter, that is the power amplification
stage, and several efforts have been made during the last years to
design highly efficient power amplifiers (PAs).

In this context, switched mode PAs are good candidates for
high-efficiency operation. In particular, the adoption of Class
E strategy, firstly proposed by Sokal and Sokal in the 1970s [1],
has been receiving a large amount of interest from radio
frequency (RF) PA designers, thanks to its simplified design
formulas and its high performances in terms of output
power and efficiency.

In a Class E PA, the switching behavior of the active device
and the absence of power delivered at harmonics of the funda-
mental frequency allow one to minimize DC power consump-
tion and achieve an ideal unitary efficiency.

These conditions are obtained by the proper design of the
output matching network, whose component’s values are
determined in closed-form expressions and satisfy the operat-
ing conditions stated by Sokal and Sokal [1].

To date, many papers have already demonstrated the possi-
bility of integrating the Class E PA either in wireless systems
such as global system for mobile communications/general
packet radio service (GSM/GPRS), universal mobile telecommu-
nications system (UMTS), and wireless local area network
(WLAN) terminals [2] or in PA architectures such as envelope
elimination and restoration [3].
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However, the nonideal switching operation of the active
device is still a critical issue, in particular when the operating fre-
quency increases. In fact, a maximum operating frequency
(famax)> derivable from a simplified analysis, exists even for an
ideal Class E PA and is directly dependent on the device physical
limits (I)4,, and breakdown voltage) and inversely dependent on
bias point (Vpc) and device output capacitance (Cg). Even if
some solutions could be adopted by changing the value of Vp,
Class E maximum operating frequency is mainly determined
by the value of Cg;, andis usually limited to a few gigahertz [4].

Nonetheless, Class E PA development recently registered an
improvement related to the proliferation of emerging technol-
ogies such as SiGe-HBT and Si-LDMOS devices [5]. The
former, thanks to high cut-off frequencies, represents a useful
solution to minimize problems related to fy,, [6]. Anyway, for
base station applications a high output power level is required,
thus making LDMOS devices preferable when compared to
SiGe-HBT [7], thanks to their higher breakdown voltage and
maximum allowable current. However, LDMOS maximum fre-
quency in Class E operation is limited to hundreds of megahertz.

The aim of this contribution is to determine how it is poss-
ible to extend the Class E operating mode above the stated
maximum frequency, through the optimization of the
voltage waveform and the proper choice of fundamental
load impedance. The approach described herein is based on
a numerical optimization of load impedance. In order to vali-
date the proposed methodology, a 2.14-GHz Class E PA in
LDMOS technology has been designed and characterized
and its performances are discussed in this paper.

Il. FREQUENCY DOMAIN ANALYSIS

A) Low frequency-domain analysis

The basic topology of the single-ended Class E PA is depicted
in Fig. 1. The power dissipated in the active device is
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minimized through a switching mode operation, while the
output network is designed to ideally filter out the power
delivered at harmonic frequencies of the fundamental one.
As a result, a theoretical maximum efficiency of 100% is
achieved. In order to carry out a simplified closed-form analy-
sis of a Class E amplifier, referring to Fig. 1, it is convenient to
assume the active device as a perfect switch, its output capaci-
tance Cg, included in the capacitance C,, and the series C,-L,
acting as an ideal filter at operating frequency. Under these
assumptions, the values of Ry, AL, and C, can be dimensioned
to satisfy the Class E operating conditions formulated by Sokal
and Sokal in [1], i.e.

1) a purely sinusoidal current across the load Ry;

2) zero voltage switching condition (ZVS), which implies
nonsimultaneous nonzero voltage and current across the
switch;

3) zero voltage derivative switching condition (ZVDS), which
implies that the current starts to increase from zero after
the switch is turned on.

Time domain expressions derived in [4] are herein
reported for convenience, considering the most common
case of a 50% duty cycle. The total current is written as the
sum of a DC component that is the bias current Ipc, and a
sinusoidal component, having its own amplitude a and its
phase ¢, which are determined applying ZVS and ZVDS con-
ditions [4]:

0, o< I < m,
ips(9) = Ipc (1)
(1—asin(d+¢), w<I<om

isw(9) =

The voltage across the switch is obtained by integration of
the current during the OFF period and is given by

vps(9) = érz,x(l — asin (9 + ¢))dd
1 0 (2)
= ID—C(0+ a(cos (9 + ¢)) — acos ¢).
wC,

Class E ideal voltage and current waveforms are shown in
Fig. 2. Although Class E PA time domain analysis is a rela-
tively simple and straightforward process, a frequency
domain approach is useful to better describe the harmonic
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Fig. 1. Classical Class E topology.
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Fig. 2. Ideal Class E waveforms.

content of switch voltage and current and to easily determine
the load impedances Z, at fundamental frequency and at its
harmonics.

Applying a Fourier analysis on the current and voltage
waveforms, their harmonic coefficients are expressed by [4]

Ipc, n=o,

1
E(277'—|— 8i+im?), n=a1,
8

I,=1{ Ipc. 2n+in
" chi, n > 1, even, (3)
2 w(n*—1)
1
E1', n > 1, odd,
nw

where Ipc is the DC drain current component, and

VDC,
Vn — { |\Pn|ejarg(‘l’,,)’

n=o,
otherwise,

where W, assume the following expression:

Ipc 2n + in
2mfC, \2n(1 — n?)

), n > 1, even, (5)

n > 1, odd.

Therefore, the optimum fundamental impedance Z, (see
Fig. 1) to be synthesized at the switch terminals to fulfil
Class E requirements is simply expressed by the ratio
between fundamental frequency components of device
voltage and current, given by

Vi 035 e 1
Z, = L~ amfC et = ZE||j277fC1 . (6)

From the above analysis, it is worth noting that a depen-
dence on frequency only appears in the voltage Fourier coeffi-
cients, while current coefficients are unaffected. This would
suggest some consequence on high-frequency Class E design
and it has been exploited in the presented analysis, leading
to interesting conclusions reported in the following.
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B) High frequency-domain analysis

Closed-form expressions and the use of a very simple load
network justify the attractiveness of the Class E approach.
However, even considering ideal conditions for the output
matching network and waveforms, a frequency limit in
Class E operation can be inferred [4, 8], depending upon
bias voltage, device maximum current, and device output
capacitance Cy. An approximate expression is given here:

Ipc  _ IMax
27T7‘C1VDC 56.5C1VDC'

fMax = (7)

Being a lower limit of C, represented by the device output
capacitance Cg, the Class E operating frequency is intrinsi-
cally limited by the active device itself. Above this maximum
frequency, Class E wave shaping is no longer satisfied and
the ideal Class E behavior could not be obtained.

This limitation has to be taken into account, especially for
micro- and millimeter-wave applications. Usually, at these fre-
quencies the switching behavior of any active device suffers
from the presence of parasitic effects, which tend to increase
switching time transitions, resulting in low-pass filtering be-
havior. Hence, the loss of higher frequency voltage com-
ponents does not allow the desired wave shaping, with a
consequent degradation in power and efficiency levels.

As a consequence, considering the active device as the par-
allel connection of a perfect switch and the parasitic capacitance
Cas the higher voltage harmonics are assumed as effectively
shorted by C4, and only a few harmonic loads can be reasonably
controlled [4, 9]. At the same time, the current waveform can
still be considered unaffected. The resulting drain voltage and
current waveforms are depicted in Fig. 3.

Although still representing a good approximation of Class
E behavior [9], it is clear from Fig. 3 that the new drain voltage
waveform does not fulfil ZVS and ZVDS conditions [8].
Moreover, device physical constraints are violated, since nega-
tive values on the voltage waveform are observed. As pointed
out in [8, 10], two solutions can be adopted in order to opti-
mize the drain voltage waveform, while avoiding the occur-
rence of negative values. Obviously, it is possible to increase
the drain bias voltage, but this would mean a nonnegligible
increase in the DC dissipated power with a consequent degra-
dation of output performance. In addition, an increased peak

¢ (rad)

Fig. 3. Drain waveforms considered in the analysis: the current is unaffected,
while the voltage is truncated at the third order.
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voltage value could exceed breakdown limitations of the tran-
sistor. A second strategy consists in the optimization of the Z,
value, assuming that the current components previously
determined are unchanged, in order to meet the device
limits and without losing Class E behavior.

Then, a numerical algorithm has been developed, in order
to overcome the limitations related to Cy, and to extend the
Class E approach above its maximum operating frequency,
as described in the following section.

1. DEVELOPED ALGORITHM

Using the above-described frequency domain approach,
voltage and current expressions are written as functions of
circuit parameters, and in particular as functions of output
capacitance C,. Without loss of generalization, the following
assumptions are possible:

1) the switch has zero on-resistance and infinite off-
resistance,

2) a purely sinusoidal current still flows into the load (i.e. the
band-pass filter in the output network is ideal); and

3) the harmonic loads are only due to the output capacitance
C..

Defining harmonic load at every harmonic component as
Zn=— (8)

the voltage waveform can be rewritten as the sum of contri-
butions of current at each harmonic multiplied by the respect-
ive value of impedance, assuming 6 = wt:

vps(9) = Vpp — 2Re<z Zn1n67”’9>. (9)

n=1

Based on the above-listed assumptions, the impedance pre-
sented at each harmonic after the first one is only due to the
capacitance C,. Thus the above expression (9) is modified
into the following:

ejm‘))

When operating below fy.y, at fundamental frequency it is
possible to provide an expression for Z;:

vps(¥) = Vpp — 2Re(ZIIIe7‘9)

- 1
— 2R ——1,
> e(ijﬂ'nfC1

n=2

(10)

0.35 o
— 2 )%,

Z, = Zg|lZ¢c =
1 E”C 271fC1

(11)

When operating at high frequencies, usually above a few
gigahertz, the high-order harmonics - above third order -
can be considered as effectively shorted because of the pres-
ence of C,, and their effect neglected. This results in truncating
at the third order the expression describing the voltage
waveform.

Thus the drain voltage expression is rewritten, introducing
a normalization parameter, k, defined as the ratio between
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actual operating frequency and maximum frequency (k=
w/wypx) rated from a time domain analysis [4]. The par-
ameter k is assumed to be greater than or equal to unit, to ade-
quately describe the PA behavior at and above fi,.:

ejnkﬁ) .

Then, considering capacitance C, to be constant and the
bias point to be given by Vpp and Ipc, the proposed solution
implies finding the optimum value of Z, in order to simul-
taneously satisfy the following conditions:

vps(9) = Vpp — 2R€(lelejk’9)

3
1
— 2R I,
? e<2:jnkwc1

n=2

(12)

1) to prevent negative voltage on the drain and

2) to maximize the amplitude of the fundamental component
of drain voltage, and consequently the output
performances.

As a first step, a discrete formulation for the function vpg(t)
has been derived:

vps(m) = Vpp — zRe(ZIIIejm”/M)

3 . (13)
— %R In Jjnmam/M
> e(X:jnka1 ¢ )

n=2

taking into account the relationship

kO = 277% (14)

so that the number of samples of vpg is equal to M in a period,
regardless of actual frequency. Nonetheless, the dependence
on operating frequency still appears in the higher harmonics
impedance expression. In order to maintain a good approxi-
mation, the number of samples per period M was chosen
relatively high and equal to 200.

Then, the unknown fundamental impedance Z, was
written in a polar form and its value was swept around the
ideal one. In particular, the magnitude was varied in a range
0.1-1.9 times the ideal value and the phase was varied
between —9o0 and 90° in steps of 1°, so assuming whatever
realizable value using passive components. Therefore,

Zl = |Z1,ideal|AZejA(D = EAZJA(D,
wC,
szel ) o)

AD € [—7;7 +ﬂ.

Function vpg(m) was numerically computed inferring at
the end the couples of AZ and A® that avoid negative
values in the voltage waveform and simultaneously maximize
the amplitude of the fundamental component of the drain
voltage, so determining the optimum load for Class E oper-
ation at selected normalized frequency. The process was
iterated for k going from 1 to 5 in steps of o.1, obtaining a
plot of impedance variation versus normalized frequency.

Figure 4 reports the AZ and A® behaviors as a function
of k. A quasi-monotonic decrease in the variation of the
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Fig. 4. AZ and A® behaviors as a function of k.

magnitude of fundamental impedance is observed, leading
to a consequent decrease in the fundamental voltage ampli-
tude as well as in maximum drain voltage. The phase behavior
is monotonically decreasing, causing almost purely resistive
impedance at the fundamental harmonic as the frequency
increases.

The resulting drain efficiency, reported in Fig. s, is signifi-
cantly different from unity, due to the nonideal operating
conditions that a finite number of harmonics causes even
for k= 1. The main reason for efficiency decrease is the
lower value of fundamental voltage amplitude with respect
to the ideal one.

A peak value of the drain efficiency is observed at 1.6 times
the maximum frequency, resulting in a combination of voltage
and current that effectively minimizes the power dissipated in
the transistor.

The above analysis suggests a useful and immediate
approach in the design of a high-frequency Class E PA, improv-
ing the closed-form relationships of the classical methodology.

V. PADESIGN AND REALIZATION

Based on the results obtained previously, and in order to vali-
date the developed algorithm, a Class E PA was designed at
2.14 GHz, using a medium-power LDMOS transistor. The
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Fig. 5. Drain efficiency as a function of normalized frequency.
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device non-linear model was available from the foundry,
allowing direct access to the intrinsic section.

The bias point was chosen in order to maintain the Class E
operating point within the physical limits of the device.
Maximum current and breakdown voltage are, respectively,
2.5 A and 70 V, estimated by DC simulation on the device
model. The theoretical Class E boundary conditions impose

Vbc < VBreak/3-562,
Ipc < Ipjax/2-862.

Thus a Vpe of 20V and a Vg of 3.3 V (Ipc = 800 mA)
were chosen. The device output capacitance C,, was estimated
by S-parameter simulations in 4.2 pF. This implies a
maximum frequency of about 520 MHz for pure Class E
conditions. ‘

The ideal Class E impedance is Z, = 2 5.1e3% calculated at
the intrinsic section of the active device.

Since the nominal frequency chosen for the design was 4.1
times greater than the maximum one allowable for Class E
ideal operation, as can be deduced from Fig. 4, a decrease of
30% in magnitude and an absolute phase of 17° are expected
for high-frequency Class E impedance. Initial values of load
impedance, determined in simulation with ideal harmonic
tuners, effectively demonstrate the pertinence of the used
approach. An optimum impedance of Z, o, = 17.5¢/7" was
obtained.

Simulated performance at the intrinsic drain section is
reported in Fig. 6, showing a maximum efficiency of about
76%, slightly less than the value expected from Fig. 5. In
fact, the knee voltage effect (i.e. on-resistance value) has
been omitted in the algorithm for the sake of simplicity, but
it has some influence on the overall performance when it is
not negligible.

Simulated drain voltage and current waveforms and intrin-
sic load line are reported in Fig. 7, demonstrating a good
approximation of ideal Class E behavior even above fj ..

An essential schematic of the amplifier is reported in Fig. 8.
The output matching network was designed to present the
optimum load at the intrinsic section of the transistor. It
was synthesized using a hybrid approach, with the use of
surface mounting lumped elements. Additional work was
performed on the input matching network to assure
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Fig. 6. Simulated output performance at the intrinsic section.
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Fig. 7. Simulated drain waveforms (a) and load line (b).

unconditional stability (by resistors R, and R, in Fig. 8) and
the conjugate input matching of the PA. Then, both networks
were implemented on a commercial substrate (g, = 10, h =
640 pwm). The realized PA is depicted in Fig. 9.

V. EXPERIMENTAL RESULTS

Linear and nonlinear measurements were finally performed
on the realized PA and compared with simulations with non-
ideal circuit elements at the nominal bias point (Vpc = 20V
and Ipc = 800 mA).

Measured small signal S-parameters are reported in Fig. 10,
showing good agreement with the simulations.

Py £
Ve Voo |
500/ | _—
Ry = 75°
> IR R
[ I oy | Y 4
RF., 00 [ C RFou
500 MA——— 3% |boa 50Q
s o L 225n
soq|| © Rzl ‘
63° I
Cz

Fig. 8. PA schematic.
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Fig. 9. Photograph of the realized PA.
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Fig. 10. S-parameters simulations and measurements.

Large signal measurements were performed at 2.14 GHz
using continuous wave excitation. As a consequence, the
amplifier should be considered to operate in Class E only
when reaching a deep compression level, i.e. above 25 dBm
of input power, with reference to Fig. 11.
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Fig. 11. Output performance of the designed PA at 2.14 GHz at nominal bias
point.
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Fig. 12. Output performance of the designed PA at 2.14 GHz at Vpc =26 V.
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Fig. 13. Output performance as a function of frequency.

From Fig. 11, an appreciably lower measured efficiency and
PAE as compared to simulation (40% instead of 56%) is
evident. In fact, the measured output power is about 1 dB
lower than the simulated value (39.8 dBm against 40.7 dBm
at 30 dBm input power), and above all the actual DC
current absorption predicted by the nonlinear model of the
active device was lower than that measured, causing a decrease
in efficiency.

Try to increase efficiency, further measurements were per-
formed with a slightly higher drain bias voltage and at a lower
bias current, ie. Vpc=126V and Ipc= 500 mA.
Measurements against simulations are depicted in Fig. 12. In
such conditions, the amplifier can reach 41 dBm of output
power and a maximum efficiency of 49% at 2.14 GHz.

In Fig. 13, plots of drain efficiency and output power versus
frequency are reported, measured in the frequency range of
2.1-2.2 GHz at a constant gain of about 11 dB, namely in
the Class E operating region.

VI. CONCLUSION

In this paper analysis on the high-frequency Class E design
approach was presented. Starting from the classical approach,
a numerical analysis, based on the optimization of the
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fundamental impedance, was performed to extend Class E
feasibility at higher frequencies. The method developed was
validated designing a PA based on an LDMOS device, at a fre-
quency 4.1 times higher than the maximum allowable for a
traditional Class E design. The PA was realized and character-
ized, showing an output power of 10 W with an associated effi-
ciency of 49% over a 100-MHz bandwidth.
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