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ABSTRACT The paper presents a design of a broadband high-efficiency class-E power amplifier (PA)
for the advanced efficiency enhancement architectures applications. A sequential load pull methodology to
design broadband class-E power amplifiers using a packaged gallium nitride power transistor is presented.
Two different broadband matching synthesis techniques have been proposed using lumped elements have
been presented and implemented in the manuscript. A fourth-order low-pass impedance transformation
topology is designed as the output matching network to provide the optimum load reflection coefficients
in the targeted bandwidth (1.8–2.7 GHz). A combination of input and output matching network has been
proposed in the manuscript to satisfy the given fractional bandwidth requirements. For practical validation,
a Wolfspeed (Cree) CGH40025 package transistor has been used. Under continuous wave test condition the
fabricated PA showed more than 50% power added efficiency (PAE) with up to 29 W output power for 40%
fractional bandwidth from 1.8–2.7 GHz. Furthermore, the proposed broadband Class E PA is deployed in
efficiency enhancement architecture like delta-sigma modulation based transmitters. The PA shows more
than 48% PAE all over the frequency band when driven with a delta-sigma modulated LTE downlink signal
while maintaining high signal quality and PA reliability.

INDEX TERMS broadband, class-E, delta-sigma, gallium nitride (GaN), lumped element, microstrip,
switching-mode

I. INTRODUCTION
The future generation RF front-end systems demand highly
efficient power amplifiers (PAs) which can handle multiple
signal standards at different frequencies. All the signal cod-
ing, modulation, and conversion could be performed in digital
processing frontend which is then amplified with a PA and
sent to the antenna. This kind of transmitter is less complex in
structure and can be switched easily between different signals
and applications. Switching mode power amplifiers (SMPAs)
have been a popular choice for realizing the high-efficiency
operations. These SMPAs demands precise harmonic tuning
and face narrow bandwidth constraint. The recent field of
waveform engineering and harmonically manipulation has
led to the extension of these inherent narrow band SMPAs
to relatively broadband operation [1]–[13]. Despite being the

promising candidates, these existing broadband amplifiers
face limitations in terms of their deployment in wireless
advanced efficiency enhancement architectures like Doherty,
delta-sigma, envelope tracking etc. For practical implemen-
tation purposes, among the advanced transmitter architec-
tures, delta-sigma modulation based transmitters are the most
convenient ones to employ [14]–[20]. Since all the signal
processing can be done in the FPGA and no additional hard-
ware other than a single-ended SMPA is required. Moreover,
in contrast to polar and LINC transmitters, in delta-sigma
transmitters, the SMPA input signal is a bi-level pulse which
is perfect to drive the PA as a switch.

Class-E power amplifier shows more promising perfor-
mance to the input signal with different duty cycles, as it
often occurs in delta-sigma modulation based transmitters,
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compared to class-F and class-D SMPAs [4]. Moreover,
a class-E PA is easier to design for broadband applications
due to its output load impedance conditions, more precisely
its high impedance load conditions for harmonic frequencies
when compared with class-F and class-D SMPAs. In recent
years some works have been done to design broadband class-
E power amplifiers. The transistor is assumed to be an ideal
switch with no output capacitance in [5] and a band-pass
matching circuit is designed to provide the obtained optimum
load under this ideal assumption, for the desired frequency
band. In [8] more attention is paid to the input matching
circuit such that the sine-wave input voltage is converted to
a square-wave voltage at the gate of the transistor to enhance
the switch-like operation. The broadband performance is sim-
ply achieved by an output series LC resonator. The output
circuit in [10], consisting of a two-stage lumped element
matching network followed by a band-pass Butterworth filter,
transfers 50 � reference impedance to the theoretical opti-
mum class-E load impedance at the fundamental frequency
within the passband. Reactance compensation technique has
been used in [11] to cancel out the output capacitance of
the active device and achieve broadband performance in an
MMIC design. A design methodology based on the nonlinear
model of a transistor and by using low-pass matching struc-
ture is presented in [12] and [13].

All these broadband designs are either based on class-E
theoretical optimum load impedance equation or commercial
transistor models. Often times due to model inaccu-
racies, and non-linear charges the simulated and mea-
sured impedances exhibits a high impedance mismatch.
As a result, the simulated and measured results show
quite a lot discrepancies. Moreover, except [12] no clear
systematic design approach is followed by these reported
research works to synthesize both input and output matching
circuits.

In this paper, a methodical design approach is presented to
design a broadband class-E power amplifier which employs
a packaged active device. Theoretical class-E optimum load
equation is used to locate the required class-E load reflection
coefficient region on the Smith chart and an optimum output
matching circuit configuration is selected according to this
study. On the other hand, the optimum input reflection coef-
ficient is more dependent on the packaged device rather than
the class of operation. For this reason, a predetermined circuit
configuration cannot be proposed for input matching net-
work. This circuit should be selected after obtaining optimum
input reflection coefficients by source-pull measurements.
This method can be applied to any device technology and
operating frequency band.

This paper is organized as follows. In Section II, a gen-
eralized theory of class E operating principle amplifiers is
presented. The matching network for broadband class E
amplifiers is explained in Section III. A proof of con-
cept and PA implementation is carried out in Section IV.
The PA measurements are shown in section V of the
paper.

II. CLASS-E OPERATION PRINCIPLE
In a Class-E PA, by taking advantage of the device output
capacitance and selecting the fundamental load impedance,
the drain current and voltage waveforms are engineered so
that they do not overlap during the entire RF cycle. In addi-
tion, the drain voltage and its derivative should be set to
zero when the transistor turns ON. This guarantees the zero
voltage crossing at the instant of the transition from OFF
to ON state resulting in no power dissipation. The transistor
drain should be kept to open circuit at all harmonic frequen-
cies. In a practical RF design, only the second and third
harmonic impedances are considered since higher harmonic
frequencies don’t carry any considerable amount of power.
The optimum fundamental load impedance for class-E oper-
ation is expressed in (1) [13].

ZDrain =

{
Zopt,E f = f0
∞ f = nf0, n > 1

Zopt,E =
0.58(1+ j1.14)

5.42ωCout
(1)

The optimum class-E load impedance is inversely propor-
tional to both the device output capacitance and frequency
of operation. Fig.1 shows the movement of the class-E ideal
optimum load reflection coefficient in the Smith chart with
a change in output capacitance and frequency of operation.
By either increasing frequency or the device drain-source
capacitance (Cds) the optimum load moves towards the small
impedance area in the Smith chart (short circuit in the extreme
limit). High power devices generally have high periphery Cds
thereby increasing the matching complexities. The reference
impedance (50 ohms) can be easily transferred to the opti-
mum load with a simple matching network if the load is far
from the small impedance area.

FIGURE 1. Class-E optimum load reflection coefficient for a fixed
frequency/device output capacitance (2 GHz/2 pF) and variation of the
device output capacitance/frequency (0.5 pF to 3.5 pF/0.5 GHz
to 3.5 GHz).

There are 8 possible ways to create circuits with 2- element
lumped component to transfer 50 ohms to an impedance in the
Smith chart. In this paper, lumped element circuits are con-
sidered to attain a general method for designing class-E PAs.
Alternatively, these circuits can be converted to distributed
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circuits by replacing capacitances with low impedance open
circuited stubs and inductances with high impedance short
transmission lines according to (2) and (3) respectively.

θC = tan−1(ω · C · Z0) (2)

θL =
ω · L
Z0

(3)

where θC and θL are electrical lengths of the equivalent
transmission lines.

III. MATCHING NETWORK CONFIGURATIONS
In order to design a broadband class-E, PA input and out-
put matching networks should be designed to provide opti-
mum impedances for both input and output of the active
device in the targeted pass-band. The first question to be
answered is that what output matching topology should be
used to transfer 50 � to the optimum load. In general, dis-
tributed and lumped elements are the two options to realize
matching circuits. Transmission lines have a more sensitive
response to the frequency variation than the lumped element
components. This is actually considered as a drawback in
a broadband design. On the other hand, lumped element
components present a Self-Resonance Frequency (SRF) and
Quality factor (Q) which should be carefully considered in
the design process. Taking into account SRF of the commer-
cially available capacitors, inductors and the Q of inductors,
the design up to 4 GHz is realizable by lumped component
structures which are preferred in distributed configurations
for a wideband design. Therefore in this paper, the PA design
is based on lumped component configurations. Inductors may
be replaced by short narrow transmission lines to improve the
performance of such components.

Since according to the theoretical class-E operation anal-
ysis the locus of the load reflection coefficient in the Smith
chart is known, as illustrated in Fig. 1 then the load impedance
matching circuit configurations are studied independently of
the device and its measurement results. On basis of that,
a possible candidate is predetermined in III (A). However,
the input matching circuit configuration is strongly dependent
on source-pull measurement results of the utilized transistor
and should be selected after performing this type of
measurement.

A. OUTPUT MATCHING NETWORK CONFIGURATIONS
As shown in Fig. 1 optimum load impedance for a class-E
PA is complex with inductive nature that lies in the top left
region of the Smith chart. In general, to transfer this reference
impedance to the desired complex impedance in the Smith
chart, there are 8 possible 2-element lumped circuits that can
be used. Only 5 of them can map 50 ohms to an inductive
complex impedance located in the top left region of the Smith
chart. Fig. 2 depicts these five configurations.

Configurations d and f in Fig.2 have a high-pass response
which is not appropriate for class-E output matching network
since the circuit should provide open circuit (high impedance)
at harmonic frequencies. Another two configurations, a and b,

FIGURE 2. The 2-element lumped impedance transformation networks
that can relocate 50 � to impedances in top left region of the Smith chart.

FIGURE 3. Simulated impedance design space for both L1 and L2 varying
from 0 to 10 nH for topology (a).

FIGURE 4. Simulated impedance design space for both L1 and L2 varying
from 0 to 10 nH for topology (b).

have a band-pass response and can provide high impedance
at the second and third harmonic respectively. However, they
cover impedances in different areas of the top left region of
the Smith chart. Fig. 3 and Fig. 4 shows design impedances
of configurations a and b when L1 and L2 are varied from
0 to 10 nH at a frequency of 2 GHz. These two configu-
rations may be a good choice for low frequency and low
power designs where the optimum load reflection coefficient
angle is close to 90◦ but they do not cover the design space
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FIGURE 5. Simulated impedance design space for C1 and L1 varying from
0 to 10 pF and 0 to 10 nH respectively for topology (c).

targeted in this paper. To cater this problem, a configuration c
with the low-pass response is considered to provide optimum
class-E load impedance. This configuration provides a better
high impedance for harmonic frequencies than configuration
a and b respectively. Fig. 5 shows the covered impedance
design area by configuration c when C1 and L1 are varied
from 0-10 pF and 0-10 nH respectively. In addition, as can be
seen by comparing Fig. 3 and Fig.4 with Fig.5 the configura-
tions (a) and (b) are not able to provide complex impedances
with small imaginary part while configuration c is perfectly
capable of doing that. Small imaginary inductive impedance
is exactly what should be presented at the output of an active
device in an RF class-E high power amplifier. As mentioned
earlier high-power devices (greater Cds) require smaller com-
plex optimum impedances than lower power devices. The
approximate optimum output reflection coefficient area for
higher and lower power designs are shown in Fig. 6 by
considering the effect of device parasitics.

FIGURE 6. Optimum class-E load impedance areas for high power
(greater Cds) and lower power (smaller Cds) devices.

Configuration c can fairly cover all the desired load reflec-
tion coefficient area for both low, high power class-E design
space while configuration a and b would only cover the load
impedance area for low power design with greater inductor
values. Therefore, configuration c is picked to design the out-
put matching circuit in this paper. To improve the bandwidth
of these structures they can be used in ladder configuration by
increasing the number of their stages. Although configuration

c can also be employed in its band-pass configuration, this
would increase the number of components which results in
more complexity and higher loss. The design process of the
output matching circuit is described in section IV (A).

B. INPUT MATCHING NETWORK
Input matching circuit in a class-E PA is designed so that
maximum gain can be obtained. After designing the out-
put matching network, the input matching network should
be designed to provide a conjugate of the input impedance
of the transistor while loaded by output matching. There
is no general analytical equation to compute the input
impedance. Therefore, this impedance is extracted by per-
forming measurement based source-pull test. Depending on
the results of this test a proper input matching structure
from Fig. 2 or other configuration can be selected. The
design space for source reflection coefficient can vary based
on the type of the transistor and its power capability. The
design process of input matching circuit for Cree GaN 25 W
device based on source-pull measurement data is described
in section IV (B).

IV. BROADBAND GaN CLASS-E PA DESIGN
In recent years GaN transistors have been often used in RF
power amplifier designs due to their high power capability
and improved power efficiency. In addition, their fairly high
transition frequency makes them suitable for switching mode
power amplifier designs where output harmonic frequencies
impedances should be controlled as well as the fundamental
frequency impedance. In this paper, a packaged GaN HEMT
from Cree (CGH40025) has been used to design a broad-
band class-E power amplifier for 1.8 GHz–2.7 GHz LTE
frequency range. Although there is a commercial nonlinear
Advanced Design System (ADS) model is available for this
device, load/source –pull measurement has been performed
for different frequencies to obtain accurate optimum load
and source impedances of this device. The packaged GaN
Cree device has been mounted in Focus microwave passive
load/source –pull measurement set-up test fixture and biased
at VGG = −3.5 and VDD = 30 V. After calibrating the set-up
optimum load impedances for maximum PAE and optimum
source impedances for maximum gain as well as efficiency,
and output power contours have been obtained for 2.14 GHz
2.45 GHz and 2.5 GHz.

These frequencies are selected because harmonic load
terminations are only available for these frequencies.
Fig. 7 shows the obtained optimum load and source reflection
coefficients on the Smith chart for the entire frequency band
(1.8 GHz - 2.7 GHz). The points are extracted by extrapolat-
ing the three-measured point in ADS schematic S-parameter
simulation. The ideal optimum class-E load impedance is
close to what is obtained from load-pull measurement accord-
ing to Fig. 7. To design the broadband class-E PA input
and output matching circuits should be designed so that
they provide presented impedances in Fig. 7 pointed out two
important points.
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FIGURE 7. Optimum load impedances for maximum PAE and optimum
source impedances for maximum gain obtained from load/source –pull
measurement of CGH40025.

• Load reflection coefficients (0L) in the targeted fre-
quency range are gathered in a compact area of the Smith
chart while source reflection coefficients expanded in
a relatively wider area. This shows that two different
topologies may be needed to realize these two groups
of impedances.

• The optimum source and load impedances are spread
counterclockwise as a function of frequency in the Smith
chart, while a typical matching network response as a
function of frequency is clockwise.

FIGURE 8. Power added efficiency versus phase variation of 0L at
the second and third harmonic frequencies obtained from load-pull
measurement at 2.14 GHz.

According to the class-E principle of operation, the device
should be terminated to open circuit (high impedance) condi-
tion at the second and third harmonic frequencies. However,
in practice, it is very challenging to terminate these harmonic
with open circuit condition. For practical implementation,

the load-pull measurement data shows that there is more
freedom to select these harmonic impedances. For instance,
Fig. 8 presents measured PAE results at 2.14 GHz by
changing the phase of 2nd and 3rd harmonic load reflection
coefficients while fundamental frequency load and source
reflection coefficients are set to their optimum values shown
in Fig. 7. Due to the available passive load-pull set-up limita-
tions, themagnitude of the reflection coefficient at the 2nd and
3rd harmonic frequencies are set to 0.9 and 0.85 by a harmonic
tuner.

Test results, depicted in Fig. 8, shows that if the magnitude
of the load reflection coefficient at the 2nd harmonic fre-
quency is close to unity its phase doesn’t have a big influence
on PAE, as long as it stays between 0◦ and 170◦. For the
3rd harmonic load reflection coefficient, PAE remains almost
unchanged for all the points near to the border of the Smith
chart independent of its phase.

FIGURE 9. Broadband output matching circuit structure for class-E PA
design.

A. BROADBAND OUTPUT MATCHING CIRCUIT DESIGN
To provide proper optimum load impedance for Cree 25W
packaged device the matching circuit should be designed to
transfer 50 � to the impedances shown in Fig. 7 (× symbol).
As discussed in III (A) an appropriate lumped element circuit
to reach this goal is configuration c shown in Fig.2 which is a
low-pass impedance transformer network. However, in order
to cover the targeted frequency band (1.8 GHz - 2.7 GHz) a
ladder, themulti-stage low-pass network should be employed.
The output matching circuit design in this paper is based
on the Chebyshev low-pass impedance transformation net-
work as presented in [18]. To start the design process a
load impedance point obtained from load-pull measurement
at 2.14 GHz is selected (ZL = 12.7 + j∗5.8�). This is
the closest point to the center frequency (2.25 GHz) of the
targeted frequency band for which the harmonic load-pull
measurement couldn’t be run due to the frequency limitation
of the load harmonic tuner. Values of a four-element low-
pass transformation network to convert 50� to 12.5�with a
fractional bandwidth of 0.4 and in-band attenuation ripple of
less than 0.015 dB are obtained using [13]. The synthesized
two-stage low-pass impedance transformer structure is shown
in Fig. 9. The calculated values from [13] assure that the
reference impedance is transformed to 12.5 �, a close value
to the real part of the selected complex load impedance for the
design (ZL = 12.7+j∗5.8�), in the targeted frequency band.
These values are reported in Table 1 and used as a starting
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TABLE 1. Output matching circuit components values.

point for optimization and synthesizing the required complex
load impedance all over the frequency band.

FIGURE 10. Load-pull measurement and simulation results of
synthesized load reflection coefficient in different design steps for the
targeted frequency band, (1.8 GHz - 2.7 GHz).

The reflection coefficient of the broadband output match-
ing circuit with component values are presented in Table 1 is
shown in Fig. 10 (H symbols). These component values
are then optimized to provide the obtained optimum load
reflection coefficient from load-pull measurements which are
depicted in both Fig. 7 and Fig. 10 (× symbol). The compo-
nents have been optimized using ADS schematic S-parameter
and optimization simulations with goals defined for reflection
coefficients at the start, stop and center frequencies of the
band. Synthesized load reflection coefficient after optimizing
the two-stage Chebyshev low-pass impedance transformer is
shown in Fig. 10 (• symbols).

To implement the designed and optimized output matching
circuit a few points should be considered.
• In every design and optimization steps, the components
values have been tried to be kept as small as possible.
Because, small capacitance has higher SRF and small
inductance presents smaller resistance (greater Q), with
lower SRF. In addition, inductors can be replaced by
short narrow transmission lines which are preferred in
broadband designs.

• Lumped element capacitors are preferred to capaci-
tive open-ended stubs as long as their SRF is greater
than the 3rd harmonic of the operating frequency. Low
impedance open-ended transmission lines typically are
frequency sensitive capacitances and would expand the
load reflection coefficient response on the Smith chart
and hence are not the best choice for broadband applica-
tions unless they are the only practical choice.

• Lumped element inductors though have typically much
less SRF than lumped element capacitors and often
present a significant series resistance which can degrade
the efficiency. Thus, they are replaced by short narrow
microstrip transmission lines in this paper.

By considering the above points, output matching layout has
been EM co-simulated and optimized by using s-parameter
model of the utilized American Technical Ceramic (ATC)
capacitors. Fig. 10 shows the simulated load reflection coef-
ficient (solid line). The 2nd and 3rd harmonic output reflec-
tion coefficients of this circuit are also shown in this figure
(N and symbols respectively). The maximum 2nd and 3rd

harmonic load reflection coefficient phases are 130◦ and 82◦

which occur at 3.6 GHz and 5.4 GHz respectively. They lie
in the acceptable design region given by Fig. 8.

FIGURE 11. Block diagram of the input matching circuit terminated to
source impedance and optimum input impedance at port 2 and 1
respectively.

B. BROADBAND INPUT MATCHING CIRCUIT DESIGN
The optimum input reflection coefficients for maximum gain
over the broadband frequency range are dispersive over a
greater area on the Smith chart as compared to the out-
put reflection coefficient. The broadband matching theo-
rem proposed in [19] suits better for realizing the optimum
input reflection coefficient for maximum gain since it can
theoretically map a real impedance to a set of frequency
dependent complex impedance. Either the Chebyshev or But-
terworth response can be selected for achieving the tar-
geted gain response. The input matching circuit is shown in
Fig. 11 and has been designed using the following sequential
steps.
• A series RLC circuit is found to model the optimum
input source impedance, shown in Fig. 7 (+ symbol),
within the pass-band. Subsequently, load impedance
function of the input matching circuit ZS(s) is
determined.
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• Non-sloped Chebyshev gain response of the matching
network G(−s2), expressed in (4), is selected.

G(−s2) =
Kn

1+ P2n(s′)
0 ≤ Kn ≤ 1

Pn(s′) = εCn(s′)

s′ =
s2 + ω2

0

jBs
B = ω2 − ω1 ω

2
0 = ω1ω2 (4)

where Cn is the nth order Chebyshev polynomial of the
first kind, ε is the ripple factor and ω1 and ω2 are the
lower and upper pass-band frequencies.

• Using G(−s2) a minimum-phase bounded-real reflec-
tion coefficient p(s) has been found such that
p(s)p(−s) = 1− G(−s2)

• Determined the positive-real restrictions, defined in [19]
have been checked to make sure that the input
impedance of the matching network Z1(s) will be
positive–real. If the conditions are satisfied we go to the
next step if not a different p(s) is chosen.

• The input impedance of the matching circuit has been
obtained using the selected gain response G(s) and
the determined minimum-phase real-bounded reflection
coefficient p(s) and load impedance function Zs(s) as
expressed in (5). The optimum input impedance Zs(s) is
selected as a reference impedance for the input matching
network shown in Fig. 11.

S11(s) =
Z1(s)− Zs(−s)
Z1(s)+ Z s(s)

⇒ Z1(s) =
2rs(s)

1− S11(s)
− Zs(s) (5)

where S11(s) is a function of p(s).
• Z1(s) has been synthesized into a lumped element net-
work by employing pole extraction method.

FIGURE 12. Ideal broadband input matching circuit.

The synthesized network is composed of reactive com-
ponents and a non-50 � resistor as the load which should
be transformed to the reference impedance (50 �). The
designed ideal input matching circuit structure is presented
in Fig. 12 and its corresponding components values are listed
in Table 2. A fifth order circuit (n = 5) has been chosen to
cover the targeted optimum input reflection coefficient points
within the pass-band. The input reflection coefficient of this
circuit is shown in Fig. 13 (• symbol). A broadband circuit
with the greater order may present an input reflection coeffi-
cient closer to the targeted area shown in Fig. 13 (+ symbol)

TABLE 2. Ideal input matching circuit components values.

FIGURE 13. Input reflection coefficient simulation results of the designed
input matching circuit and optimum input reflection coefficient for
maximum gain obtained from source-pull measurement for
1.8 GHz - 2.7 GHz frequency band.

but at a price of greater complexity. A circuit with excessive
complexity makes the post-fabrication tuning very complex
and difficult. Therefore the order of the input matching circuit
is constrained to 5 elements.

This ideal lumped-element broadband circuit then has been
converted to a more realistic circuit by adding the compo-
nents soldering pads and replacing the smaller inductances
and a portion of the bigger ones by a short high impedance
microstrip transmission line. The ideal capacitors and induc-
tors are also replaced by S-parameter models of the available
commercial components from American Technical Ceramics
Corp. (ATC) and Coilcraft respectively. In input matching
circuit design the restrictions on SRF and Q factor of the
lumped elements are more relaxed since the response of
the circuit is more critical at fundamental frequency f0 and the
losses presented by commercial inductors are not as critical as
they are at the output matching circuit. The layout of the input
matching circuit has been prepared in ADS and an EM-circuit
co-simulation has been run to more accurately estimate the
response of the circuit after fabrication. The result of this
co-simulation is presented in Fig. 13 by a solid black line. The
discrepancy between the realistic and ideal input matching
circuit responses is due to adding the microstrip lines to
connect the components, soldering pads, parasitics of the
lumped components and the tolerance of the lumped com-
ponents. Furthermore, the component values for the realistic
circuit have been selected from the limited values of available
commercial components and are not exactly what is obtained
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from ideal optimization. However, an optimization using the
commercial components models has been performed to find
the optimum response by considering all the described non-
idealities and limitations.

V. BROADBAND CLASS-E FABRICATION AND
MEASUREMENT RESULTS
The designed and simulated input and output matching cir-
cuits described in Section IV have been fabricated on a
Rogers’ substrate (RO5870) with the Aluminum base. This
substrate has εr = 2.33 and height (H) = 20 mils. Before
building the power amplifier the two matching circuits are
built and their input reflection coefficients are measured
after soldering the components. Due to the tolerance of the
commercial components and fabrication errors, the compo-
nents have been altered to minimize the discrepancy between
the measured and simulated reflection coefficient responses.
Fig. 14 presents the simulated and measured input reflection
coefficients of the input and output matching circuits when
they are terminated with a 50 � load.

FIGURE 14. Measured and simulated input reflection coefficients of the
designed and fabricated broadband input and output matching circuits
for 1.8 GHz - 2.7 GHz frequency band.

Input and output matching integrated on a RO5870 sub-
strate tomake the broadband class-E power amplifier. A stabi-
lizing circuit composed of a resistor and a capacitor in parallel
has been designed and added at the gate of the transistor. The
gate and drain of the device are biased through a 27 nH and a
high current 22 nH inductors from Coilcraft respectively. The
gate and drain bias voltages are set to−3.5 V and 30V as they
were during the load/source –pull measurements. The PA is
driven by a 33 dBm continuous wave (CW) signal to ensure
the transistor switch-like operation by using a wideband lin-
ear driver to amplify the signal generator output signal. The
CW frequency sweep measurement results of the broadband

class-E PA is shown in Fig. 15. The output power is measured
using a Spectrum analyzer.

FIGURE 15. Measurement results of frequency sweep test of the
fabricated broadband class-E PA, the input power was set to 33 dBm.

The performance of the fabricated broadband PA under
CW test as presented in Fig. 15 can be summarized as follows.
• The PA power added efficiency is greater than 48 %
in 1.8 GHz - 2.7 GHz band with a peak of 65.2 %
at 2.21 GHz.

• The PA’s output power in this frequency range lies in the
range of 16 W-29 W.

• The gain is greater than 8 dB all over the frequency
range.

• In contrary to [11] the drain and gate bias voltages are
kept constant in this test which provides a more practical
test condition.

FIGURE 16. Measurement results of input power sweep test of the
fabricated broadband class-E PA at 2.14 GHz.

Power and drain voltage bias sweep test at 2.14 GHz
has also been performed and their results are depicted
in Fig. 16 and Fig. 17 respectively. The PA shows more than
50% PAE in 4 dB back off input power. Its drain efficiency
remains almost constant when the drain bias voltage varies
in the range of 10V-30V while its output power responds
linearly to this variation. Although class-E PAs are not gener-
ally appropriate for conventional transmitters, the high back
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FIGURE 17. Measurement results of drain bias voltage sweep test of the
fabricated broadband class-E PA at 2.14 GHz and for Pin = 33 dBm.

off power efficiency and relatively flat gain response of the
fabricated PA shown in Fig. 16 which suggest that it can be
used in conventional transmitters utilizing signals with small
PAPR. Furthermore, it’s fairly constant power efficiency and
linear output power responses to the drain bias voltage vari-
ation illustrated in Fig. 17 show a good potential for being
used in polar transmitters.

To evaluate the performance of the PA for a practical
transmitter two tests under modulated signals have been per-
formed. In the first test, the PA performance as a block in a
conventional transmitter is tested. Since class-E PA should be
driven by a constant envelop signal and in saturation, GSM
signal which is a constant envelop signal is chosen for this
test. Baseband I and Q files of a 0.27 KHz GSM signal are
generated in ADS and are then loaded into an E4438C ESG
vector signal generator using MATLAB. Fig. 18 shows the
normalized power spectrum of this signal at the output of the
ESG and PA. The signal is centered at 1.96 GHz.

FIGURE 18. Output power spectrum of the broadband class-E PA and ESG
vector signal generator driven by a 0.27 MHz GSM signal at 1.96 GHz
carrier frequency.

The PA output signal quality is the same as the input signal
while the measured output power and drain efficiencies are
43.8 dBm and 60 % respectively. These results prove that
the designed PA amplifies the RF modulated GSM signal
efficiently and with no reduction of the signal quality.

FIGURE 19. Output power spectrum of the linear driver and the
broadband fabricated class-E PA driven by a delta-sigma modulated LTE
downlink signal at 2.14 GHz carrier frequency.

The second test has been performed by sending a delta-
sigma modulated LTE downlink signal to the PA. A 1.4 MHz
LTE downlink signal which is an envelope varying signal
with 10 dB PAPR has been generated in ADS. The Base-
band I and Q files of this signal are then modulated by a
second-order delta-sigma modulator in an ADS schematic
simulation to provide a constant envelop signal. The PA is
tested by this signal, loaded into E4438C ESG using MAT-
LAB, at different frequencies. Fig. 19 shows the normalized
output power spectrum of the driver and fabricated class-E PA
driven by this signal at an instance frequency of 2.14 GHz.
Two points are worth mentioning about this figure.
• The signal quality of the PA output declines by a small
amount because the input signal is not a perfect pulse
sequence due to measurements limitations.

• Although the LTE downlink signal generated by ADS
has 1.4 MHz bandwidth, the actual signal sent to the PA
has the smaller bandwidth. This is because of the limited
sampling frequency of the available ESG.

FIGURE 20. Measurement results of the broadband class-E driven by
delta-sigma modulated LTE downlink signal.

The measured PA performance in the whole designed fre-
quency band (1.8 GHz - 2.7 GHz) under the described LTE
downlink signal drive is shown in Fig. 20. The output power
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and gain are constant while PAE stays greater than 48 %
over broadband. The adjacent channel power ratio (ACPR)
is lower than −36 dBc for all frequency points in this test.
The fabricated class-E PA shows linear and high-efficiency
performance when is employed in a delta-sigma modulation
based transmitter as proved by the delta-sigma modulated
LTE downlink signal test.

VI. CONCLUSION
This paper presents a load/source –pull measurement-based
approach to design a broadband class-E power amplifier at
RF frequency for packaged transistors. The methodology is
independent of the device technology and frequency as long
as the available commercial lumped components can be used
in the frequency of operation. 4 GHz is a rough estimation of
the upper-frequency range of this method since most of the
commercial inductors and capacitors are not very accurate
beyond this frequency. It is shown in this paper that a low-
pass multi-stage broadband impedance transformer with a
small optimization process can always be used as an appro-
priate configuration for output matching circuit of a class-E
PA while input matching configuration could be different
according to the required device optimum input reflection
coefficient for maximum gain. Broadband input and out-
put matching circuits are designed for obtaining optimum
input and output reflection coefficients from load/source–pull
measurements. The broadband (40 % fractional bandwidth)
25 W GaN HEMT class-E PA is then prototyped in hybrid
technology and its performance has been evaluated through
different CW and modulated signal tests. Designed for LTE
frequency range (1.8 GHz - 2.7 GHz), It has been shown
that the fabricated PA operates properly when driven by LTE
signal in delta-sigma modulation based transmitters.
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