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ABSTRACT Many countries have allocated new frequency bands for fifth generation (5G) communication
systems. In this paper, a wideband continuous class-F (CCF) radio frequency power amplifier (RFPA) is
presented for the new 5G frequency band, from 3.3 GHz to 4.3 GHz using a 10 W Cree CGH40100F device.
A unique wideband RFPA design approach for the output matching network (OMN) is also presented by
applying a harmonic tuning network (HTN) for the harmonics and a low pass matching technique (LPMT)
for the fundamental frequency. The RFPA is fabricated, and promising measurement results show a drain
efficiency of 55.9% to 65.3% is achieved at an output power of 40 dBm (& 0.3 dBm) over a frequency range
of 3.3 GHz to 4.3 GHz. A two-tone signal with a 10 MHz spacing was also applied to investigate the linearity
of the RFPA.

INDEX TERMS GaN HEMT, 5G communication, wideband, high efficiency, radio frequency power

amplifier (RFPA), low pass matching, current generator plane (I-Gen).

I. INTRODUCTION

Wireless communication develops rapidly to meet the
demands of users. The radio frequency power amplifier
(RFPA) has become a critical component in wireless com-
munication systems [1]. Fifth-generation (5G) wireless com-
munication systems require wideband and high-efficiency
RFPAs. One of the main challenges in the existing com-
munication systems is the shortage of spectrum resources.
For this reason, for the past few years, the problem of the
spectrum distribution has drawn the attention of researchers
and government departments such as the Federal Communi-
cations Commission (FCC). The 5G communication network
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will primarily operate in two frequency bands: a high-
frequency band between 24 GHz and 86 GHz and a low-
frequency band till 6 GHz [2]. In the low-frequency band
below 6 GHz, different countries’ communication networks
will use various frequencies of operation. The government
of some countries nominated the frequency bands for the
operation of the 5G system. The frequency of these countries
is listed in [3], showing the lowest operating frequency of
3.3 GHz and the highest operating frequency of 4.3 GHz.
In order to implement a 5G communications system, a wide-
band RFPA is needed for the frequency band of 3.3-4.3 GHz.

RFPAs are categorized into two main types: linear mode
and switching mode [4]. During recent decades, different
types of narrowband RFPA modes have been explored the-
oretically and experimentally [5]. Different modes of RFPAs
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are created by applying waveform engineering at the current
generator (I-Gen) plane that is inside the device and is differ-
ent from the package/measurement plane. The package plane
is a reference plane where the voltage and current waveform
is actually measured. The operating modes of transistors
can be defined by identifying the drain voltage and current
waveforms at the I-Gen plane. Therefore, the performance
parameters of the RFPA such as efficiency, gain, and output
power can be optimized by shaping the drain voltage and
current waveforms at the I-Gen plane. Numerous types of
high-efficiency RFPAs exist in reality based on the harmonic-
tuned circuit, such as class-E, class-F/F~!, and class-J [6].
From the classical class-B condition, the fundamental theory
of class-F and inverse class-F RFPA is developed. Class-F
RFPAs can achieve high efficiency for a narrowband, which
is usually less than 10% [6]. So, to solve the issue of narrow-
band, continuous mode RFPAs i.e. continuous class-F (CCF),
continuous inverse class-F (CCF~!) and continuous class-J
(CCJ) have been discovered and these modes can be accom-
plished by properly controlling the impedance termination
of the fundamental as well as the harmonic frequencies [7].
The continuous mode harmonic tuned RFPA has been proved
to be a good solution for extending the bandwidth while
maintaining good efficiency [1]. However, there is a limita-
tion to the CCF RFPA when dealing with the anticlockwise
rotation of the second harmonic impedance, it is difficult to
match such impedance trajectory using passive matching net-
works [8]. Consequently, the second harmonic’s impedance
is matched carefully because appropriate matching of the
optimum impedance of the fundamental and harmonic fre-
quencies is important for the continuous mode RFPA. Many
impedance matching techniques have been explored and
developed to date. One of the most effective methods is the
low pass matching technique (LPMT).

Most recent studies of CCF RFPAs focused on frequencies
lower than 3.6 GHz [8], [9], [10], [11], [12], [13], [14],
whereas in this paper, the RFPA design extends the applica-
tion of CCF mode for the 5G system whose frequency range
from 3.3 GHz to 4.3 GHz that is the first in the literature to
the best of the authors knowledge. This paper also presents
a new design approach to achieve a wideband matching net-
work for the CCF RFPA. The new design approach for this
work has the following methodology. First, to manage the
harmonic impedances, a harmonic tuning network (HTN) is
designed. Then, using the LPMT, the optimum fundamental
impedances over the band are synthesized. The same match-
ing technique is applied to both the input and output of the
Cree device. When tuning is performed to get better perfor-
mance, importance is given to the efficiency and the output
power while keeping the signal distortion low enough to meet
the spectral mask required by the regulatory authority. The
linearity of the RFPA can be quantified by various metrics
such as third order intermodulation distortion (IMD3) prod-
uct, third-order intercept point (TOI), and 1-dB compression
point [15]. To determine the linearity of the designed RFPA,
a 10 MHz spacing two-tone signal is applied at the input to

92572

test the fabricated RFPA, and IMD?3 is measured over the
band of frequency from 3.3 GHz to 4.3 GHz.

The organization of this paper is as follows. Section II
shows the theoretical derivation of the fundamental as well
as harmonic impedances for the CCF RFPA. The impedance
of this mode is derived from the equation of the drain volt-
age and current waveforms of the classical class-B mode
RFPA. Section III elaborates the design methodology of the
output matching network (OMN) and the input matching
network (IMN). The design methodology is implemented
considering the optimum impedance at the device package
plane. To achieve the design goals, the HTN and fundamental
frequency impedance matching networks are designed sepa-
rately. In Section V, the measurement of the fabricated RFPA
is presented for the frequency band of 3.3 GHz to 4.3 GHz.
Section VI has the conclusions.

Il. FUNDAMENTAL AND HARMONIC IMPEDANCES OF
CCF MODE THEORETICAL DERIVATION

By appropriately terminating impedance at the I-Gen plane
of the active device at the fundamental and harmonic fre-
quencies, the conventional class-F RFPA is produced from the
classical class-B RFPA [16]. The drain current waveform of
a class-B RFPA is a half-rectified sinusoidal wave [17]. The
drain current ip of the class-B RFPA for an infinite number
of frequencies is described by the following equation:

. b4 T
ip = Imax cos b, 3 <9<§
=0, —n<9§—£; 259575 (1)
2 2

where I,,,,, 18 the drain current’s maximum value and 6 is the
angle of conduction of the device.

The conventional class-F RFPA is obtained ideally by
having open-circuited termination at odd harmonics and
short-circuited termination at even harmonics, as shown in
Figure 1(a). This ensures that the voltage waveform will be a
perfect square wave and the current waveform will be a half-
rectified sinusoidal waveform, as shown in Figure 1(b). The
theoretical efficiency of class-F RFPA is 100 percent since the
drain voltage and current waveforms do not overlap. Usually,
the device is terminated up to the third harmonic only, cor-
responding to the current and voltage waveforms, because if
the harmonic tuning is increased beyond the third harmonic,
it increases the circuit complexity and insertion loss of the
load network [18] without any significant improvement in
the efficiency. In the case of the conventional class-F RFPAs,
the coefficient of the normalized waveform of the drain volt-
age up to the third harmonic can be calculated in two ways:
by considering the flat waveform [19] and by considering
the maximum efficiency [20]. In this paper, the coefficient
of voltage waveform is calculated by considering maximum
efficiency. In this case, when the termination of harmonics is
restricted to three, the theoretical efficiency drops from 100%
to 90.70% [21]. The Fourier series of the drain voltage, vp,
normalized by Vpc up to the third harmonic as given in [14]
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FIGURE 1. (a) Class-F RFPA output circuit and (b) the corresponding ideal
waveform.

is as follows:

2 1
vp=1 ﬁcosé+3ﬁcos39 2)
To address the problem of narrowband performance of
class-F and inverse class-F amplifiers, Cripps [22] introduced
a continuous mode of operation. To get a CCF RFPA, a factor
of (1 — y sin#) is used to multiply the equation of the drain
voltage. The equation can be extended as follows:

vp = (1 — %cos@ + %cosi&@) (1 —ysinf) (3)
where y denotes the design space factor. The factor y is
swept from -1 to 41 to maintain a positive drain voltage. For
y = 0, the standard conventional class-F RFPA is obtained.
This CCF mode provides a series of optimal impedances for
different values of y, and for any values of y within the
range, the efficiency of the CCF is the same as the conven-
tional class-F RFPA. For y = —1 to +1, a family of the
drain voltage is obtained and the corresponding half-rectified
sinusoidal current waveforms are shown in Figure 2. The
harmonic impedances of the CCF RFPA are shown in the
following equations derived from the drain current (1) and
the drain voltage (3),

2 .
Zp = Roptﬁ +]VR0pt
731

Zyp = _jRoptTV

Z3p = 00
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Ropt _ Vbe Vinee ( 4)
Imax /2

where R, is the matching impedance at the optimum con-
dition for the classical class-B operation. For an ideal case,
Vinee = 0 while Vpc and I, represent the biasing voltage
of the drain and the maximum drain current of the transistor,
respectively. As the space factor, y, goes from -1 to +1,
the fundamental impedance varies on the constant resistance
circle in a clockwise direction, and the impedance of the
second harmonic is located on the Smith chart’s edge and
rotates anticlockwise, but the impedance of third harmonics
remains fixed at infinite resistance point of the Smith chart
(see Figure 3).

Normalized voltage (V)
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FIGURE 2. Normalized current and voltage waveform of the CCF RFPA
for-1 <y <1.

> 3 hannoni\:s Impedance
—_—f 7 v = for all value
Fundamental { ~a

! impedance ! I
3 S e’l‘
X /
. . /

FIGURE 3. The theoretical impedance of fundamental, second, and third
harmonic frequencies.
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Ill. BROADBAND PA DESIGN METHODOLOGY

Based on the theoretical design space mentioned in
Section II, the HTN and the fundamental frequency matching
network are designed separately. In Figure 4, the schematic
circuit of the proposed HTN is shown. The center frequency
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FIGURE 4. Proposed HTN up to third harmonics.

of the band is chosen in designing the HTN and the
impedance buffer concept is also applied [23].

As shown in the dotted red box in Figure 4, shunt quarter-
wave stubs (Stubl and Stub2) are used to convert the
impedance to the short circuit at point A. The electrical length
of the shunt stub is calculated as:

93(?521 = 95@z£2 =90° ®)
where the characteristic impedance of the shunt stub Zgy,;1
and Zgypo is a free design parameter limited by achiev-
able dimensions on the chosen substrate. The characteristic
impedance is chosen to be the same for both stubs. In such
a way, short-circuit impedance is achieved at point A. Then,
the short circuit at point A is converted to an open circuit at
the package plane using another transmission line, TL1. The
length and the characteristic impedance of the transmission
line are calculated by the following equation:

Zomun (f3) = jZ711 tan 07,1 (6)

where Zoyn (f3) is the optimum impedance at the third
harmonics. For the ideal case, the optimum impedance at
the package plane is infinite but practically, it is different.
The characteristic impedance of the transmission line TL1
is also a free design parameter. Therefore, the transmission
line’s TL1 electrical length is calculated by the following
equation:

-1
OrLi = tan (.ZOMN(f3)) N
JZrL1

As shown in the blue dotted box in Figure 4, in order to
achieve an optimum second-harmonic impedance termina-
tion, a quarter-wave open circuit stub (Stub 4) and a half-
wave short circuit stub (Stub 3), together with an adjustable
transmission line, TL2 is used to obtain optimum impedance
at the package plane. The electrical lengths of the stubs
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are as follows:

ef, _ o
Osups = 180

@f: o
Osupa = 90 ®)

The characteristic impedance of the shunt stubs Zgy,,3 and
Zswmpa are also free design parameters. The quarter-wave and
half-wave stubs create the short circuit at point B at second
harmonic frequency. Then, the transmission line’s length TL2
is adjusted to convert the short circuit at the package plane
from the point B together with the third HTN (shown as
dotted red box). The half-wave stub at the second harmonics
works as a quarter-wave stub at the fundamental frequency.
It also converts the short circuit from the biasing point to open
circuit at point B at the fundamental frequency. Therefore, the
quarter-wave stub at fundamental frequency isolates the RF
signal from the biasing.

The next step is to determine the dimensions of the
adjustable transmission line, TL2. In order to find the length
and impedance of the transmission line, TL2, the impedance
at plane p; and the impedance at plane p»> need to be derived
first. The optimum impedance at the plane p; (shown as green
dashed line in the red dotted box) is calculated as:

. @
Zomn (f2) — jZr11 tan <9TLf13 }%)

Zp1(f2) = Zr11
. @
Zrr1 — jZomn (f>) tan (9TLff /{%)

©))

The optimum impedance at the package plane p, (shown
as orange dashed line in the in the red dotted box) is calcu-
lated as:

of ¢
Zp1(f2)Zswub1 cot (95t£1 %)

@
2Zp1(f2) + Zstup1 cot (9&1{21 %)

Zp(fa) = (10)

Now, the TL2 transmission line electrical length is deter-
mined as follows:
-1
b1 = G2 2) (1n
JZr12
where the characteristic impedance, Z7y 5, is also a free design
parameter. Therefore, Equations 5 through 11 are used to
determine all parameters of the HTN.

The next step is the design of the matching network for the
fundamental frequency.

The optimum impedance at the fundamental frequency f at
the plane p3(as shown as purple dashed line in the blue dotted
box in Figure 4) is determined by applying the load-pull
approach. The fundamental impedance matching network is
then designed using the LPMT. The impedance-transforming
structure of general form for the low pass matching is shown
in Figure 5, where go, g1...... .. gn are the normalized com-
ponent values. In designing the impedance transformer net-
work, the most important parameters are the fractional band-
width, w, the impedance transformation ratio, r, and the
passband attenuation ripple, L4,. After determining these
parameters, the next step is the determination of the number
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FIGURE 5. Low pass matching structure prototype.

of reactive elements needed for the matching network. Tables
1 to 5 in [24] can be used to find the needed value of n
quickly. The normalized component value of the prototype
is determined from the Chebyshev table (Table 6-10) in [24],
then, at the desired system frequency, the prototype is scaled
using the following equations:

Rk = R (;)
= (50) ()
cu(@E) o

where R}, Cy, and Ly are the normalized design parameters
and Ry, Cy, and Ly are the scaled design parameters. At high
frequency, the lumped element is converted into transmis-
sion line using the Richards’ transformation [25] given in
equation (13):

73 = jZ,tan Bl
Z8 = —jZ,cot Bl
= —jZ,/tan Bl (13)

When the OMN, consisting of the HTN and fundamental
impedance matching network, is obtained, then the IMN
network is designed. At the time of designing the IMN, the
optimum source impedance is determined using the source-
pull technique. After that, the IMN is also designed using the
LPMT.

IV. DESIGN IMPLEMENTATION

To validate the design methodology, the CCF RFPA is
designed using the Cree CGH40010F device. The device is
biased at 28 V, as suggested by the datasheet, and the biasing
current is 60 mA as the class-F RFPA is operated at the
class-B condition which normally operates at 10% to 15%
of the maximum drain current. Before performing load-pull
and source-pull, the stability and the biasing networks are
designed. The parallel combination of the capacitor and resis-
tor in the input matching network is used for low frequency
stability. In addition to this, to improve stability, another
resistor is added in series with the biasing line at the gate side.
As for the biasing network, a quarter-wave transmission line
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and a radial stub are used. Then, load-pull and source-pull
techniques are performed at the package plane of the Cree
device to find out the optimal load and source impedances.

A. REALIZATION OF OMN
The OMN consists of the HTN and the fundamental matching
network. Before designing the HTN, the optimum impedance
at the I-Gen plane of the device is determined using the load
pull approach in the Keysight Advanced Design Software
(ADS) software. Then, HTN is designed using the method-
ology outlined in Section III. The free design parameters of
the characteristic impedance of the transmission lines Z7y 1,
Z112, Zsubl, Zsup2 and Zsypa are chosen to be 50 Q. The
characteristic impedance of Zg;,;3 is chosen to be 90 €2, which
is higher than other stubs because this stub will be used for
both as the matching element and as a quarter-wave biasing
line at the same time. Therefore, a high impedance is better
to be used in isolating the RF signal from the DC bias. The
transmission line’s electrical length at the package plane is
calculated using Equations 5 to 11 and the center frequency
of the band is chosen to be 3.8 GHz for calculating of the
dimension of the transmission line. The lengths of the stubs
are Osup1 = sz = 30° s Osuubs = 90", Osupa = 45,
9TL1 =45 . and QTLZ =955,

The package and I-Gen planes are two different planes
with an effect from the packaging parasitic capacitance and
inductance between them. The output de-embedded network
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is applied to CGH40100F [26], as shown in Figure 6, to obtain
the optimum impedance at the I-Gen plane. When studying
CCF modes, the correct waveforms at the I-Gen plane must
be presented. Unfortunately, the waveform at the I-Gen plane
is not accessible using the standard measurement system.
In order to view the waveforms at the I-Gen plane, the
de-embedding network and the mirror network with negative
component values (as shown in Figure 7) are applied in the
simulation. In this way, the I-Gen plane is translated to the
package plane where the obtained impedances from the load
pull simulation are applied. The HTN is designed carefully,
considering the effect of parasitic elements after the I-Gen
plane. A parasitic compensation network must be included in
the HTN. As a result, the final HTN will be different from
the theoretical one. The desired second and third harmonic
impedances at the I-Gen plane are obtained by tuning the
transmission length of TL1 and TL2. The final HTN together
with the biasing network is shown in the dotted red and green
box of Figure 9. With the HTN that have been designed,
the optimum fundamental output impedance at the plane p3
(as shown in Figure 4) is determined again using the load-
pull technique. A center frequency of the band of 3.8 GHz is
chosen for the designing of the OMN. The optimum output
impedance of the device obtained at plane p3 is 28.4 - j9.2 Q
at the center frequency of 3.8 GHz. The output match-
ing of fundamental frequency has to be designed between
28.4 - j9.2 @ and 50 Q. The OMN for the fundamental
frequency is implemented by applying the LPMT [24] using
the optimum resistive impedance at the center frequency.

The remaining design steps of the fundamental frequency
matching network are as follows:

First, the real-to-real impedance conversion at the funda-
mental frequency is applied. The real part of the fundamental
load impedance is 28.4 €2 as obtained in the earlier step and
the output terminating reference impedance used is 50 €2. The
impedance transformation ratio, r is obtained as follows:

terminating reference resistance at the output
r =

optimum resistance of the device

The transformation ratio is 1.76. Therefore, the closest
integer transformation ratio of » = 2 is chosen for prototype
extraction. The calculated fractional bandwidth is 26.3%.
A fractional bandwidth of 30% is chosen for the design of
the matching network. The passband attenuation ripple, La,,
is selected to be less than 0.1 dB. The required order of the
output matching is 4, determined from Tables 1 to 5 in [24].

Second step, the value of the normalized component of
the matching network is calculated from Tables 6 to 10(e)
in [24]. The normalized values of the components are shown
in Figure 8.

Third step; this prototype is scaled at the center frequency
chosen for this design that is 3.8 GHz and considering the
50 2 system at the output of the RFPA (using Equation 12).

In the final step, the lump elements are converted into
a transmission line using the Richards’ transformation as
described earlier. According to this theory, the capacitor

92576
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is replaced by an open-circuited transmission line, and the
inductor is replaced by the short-circuited transmission line.
The length Bl and characteristic impedance Zy of the trans-
mission line is related by Equation 13. If the transmission
line’s length is short and has a high characteristic impedance,
then its performance can be approximated to a series inductor.
In contrast, when the transmission line’s length is short and
has a low characteristic impedance, then its performance can
be approximated to a shunt capacitor [25]. This design is
implemented on the Rogers 5880 substrate with a thickness
of 0.51 mm and a dielectric constant of 2.2. The minimum
width of the microstrip line corresponding to this substrate
is 0.15 mm. Therefore, a characteristic impedance of 90 Q
corresponds to the line width of 0.52 mm is chosen for conver-
sion of the inductor into the transmission line considering the
minimum width and fabrication tolerance. The characteristic
impedance of 40 €2 is chosen for the conversion of the capac-
itor to the microstrip line. The complete OMN is optimized
together with the Cree transistor model to achieve optimum
performances. The finalized dimension of the transmission
line and stubs of the OMN are indicated in Figure 9.

The synthesized OMN load trajectories corresponding
to the optimized OMN and the optimum load impedance of
the Cree device for three frequencies (3.5 GHz, 3.8 GHz
and 4.1 GHz) at the I-Gen plane are plotted on Smith chart,
as shown in Figure 10. It is seen that the fundamental
frequency is matched for a significantly wide bandwidth.
The second harmonics and third harmonics impedances are
located at the low impedance and the high impedance regions
of the Smith chart, respectively. The result shows that the
OMN performs well for a wide bandwidth on the proposed
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design and this design maintains the desired impedance for
the continuous class-F mode as described in Section II.

B. REALIZATION OF IMN

The IMN consists of a fundamental frequency matching
network (red dotted box) and a stability network (blue dot-
ted box) as shown in Figure 11. The stability network is
designed using the parallel combination 20-2 resistor and
2.5-pF capacitor (by-pass over the operating frequency band).
Microstrip lines are added to provide soldering space for
connecting the Cree device and the stability network which
is also a part of the IMN.

The source impedance of the device at the Zg plane (shown
as purple dashed line) is different from the impedance at
the Zs plane (shown as orange dashed line) due the sta-
bility and biasing network of Figure 11. The source pull
simulation is therefore performed at the Z; plane. Since the
input impedance matching at the harmonic’s frequency plays
a less critical role in enhancing the efficiency, therefore,
only the fundamental frequency matching is considered and
the higher harmonics are neglected. From the source pull
simulation, the optimum source impedance obtained for the
device at 3.8 GHz and at the Z plane is 106.1 + j 37.5 Q.
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Using the same LPMT technique for the OMN, first, the real-
to-real impedance transformation is performed. For the real
impedance at center frequency of 106 €2, the transformation
ratio calculated is 2.12. Therefore, a transformation ratio
of 2.2 is chosen for the design of the IMN. The required
order is 4, calculated from the Tables 1 to 5 from [24]. The
normalized component of the prototype matching network is
obtained from [24]. Then, the scaling and the lump element
conversion need to be performed. The final optimized param-
eter of the IMN is shown in Figure 11.

V. SIMULATION AND EXPERIMENTAL RESULT

A. SIMULATED VOLTAGE AND CURRENT WAVEFORM

To validate the designed RFPA’s CCF operating mode, the
voltage and current wave at the I-Gen plane are investigated
using the Keysight ADS. The de-embedded voltage and cur-
rent waveform at the lower edge of the band, 3.5 GHz, at the
center of the band, 3.8 GHz, and at the upper edge of the
band, 4.1 GHz at the I-Gen plane are shown in Figure 12.
It is observed that the waveform confirms the CCF mode of
RFPA as the current waveform is approximately half rectified
sine wave and voltage waveforms are close to the theoretical
continuous class-F voltage waveform, as shown in Figure 2.
To further validate the RFPA is operating in the CCF mode,
the RFPA is also simulated below 3.3 GHz.

B. S-PARAMETER MEASUREMENT RESULT

Figure 13 shows the small-signal S-parameters of the simu-
lated circuit and the measured S-parameters of the fabricated
RFPA. The S-parameters were measured using the Agilent
PNA N5227A microwave network analyzer. The instrument
was calibrated using the Agilent N4694-60001, an electronic
calibration module and the experiment is set up for a broad-
band frequency sweep from 10 MHz to 6 GHz. The simulated
and measured results line up reasonably well. The measured
gain is between 10 dB and 10.9 dB for the band of frequency
of 3.3 t0o 4.3 GHz.

C. CONTINUOUS WAVE (CW) MEASUREMENT

The performance of the fabricated RFPA is also measured
with a CW signal over the band starting from 3.3 GHz to
4.3 GHz with a step of 0.1 GHz. AnaPico APSIN12G signal
generator is used as an input source for the RFPA and boosted
by a commercially available driver power amplifier (Mini-
Circuit ZVE-8G+) to provide sufficient input power. The out-
put power of RFPA is measured using an Agilent U2044XA
power sensor. The fabricated broadband RFPA is shown
in Figure 14.

The CW measurement setup of the designed RFPA is
shown in Figure 15. Two power supplies are used for the
driver RFPA and the designed RFPA. The positive and nega-
tive voltage is applied to the drain and the gate of the device,
respectively. The RF input power of different frequencies
from 3.3 GHz to 4.3 GHz with a step size of 0.1 GHz
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FIGURE 12. At the I-Gen plane, the Voltage and current waveform at
(a) 3.5 GHz (b) 3.8 GHz and (c) 4.1 GHz.

is applied to the designed RFPA and the measurement is
recorded at the output.

Figure 16 depicts drain efficiency (DE), power added effi-
ciency (PAE), and gain over the frequency band. All the data
is plotted at 40 dBm (£0.3 dBm) output power. The measured
DE is found to be greater than 55.9% in the whole operating
range with a maximum of 65.3%. The PAE varies in a pattern
similar to that of the DE, but the PAE has a lower value than
DE as at the time of calculating the PAE, the DC input power
is not included., In the whole frequency band, the gain was
greater than 7.8 dB at 4.3 GHz with a maximum of 11.1 dB
at 3.8 GHz It is noted that the measured DE and PAE are
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FIGURE 14. Photo of the realized CCF 10 W power amplifier
(73 x 55 mm?).
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FIGURE 15. Measurement setup for CW signal.

better than the simulated results at most frequency points and
the differences are between 0% to 12% which is within the
expected error of a reasonably good non-linear model.
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FIGURE 17. Drain efficiency at different output power and frequency
(a) simulation result and (b measured result).

The simulated and measured drain efficiency at different
output power and frequency is shown in Figure 17 (a) and (b).
From the measurement data of Figure 17(b), it is seen that
the output power decreases rapidly as the power is backed-
off from the Psat value. This is an expected behavior for
the Continuous Class-F RFPAs, as confirmed in literature
[14], [27], [28]. The maximum measured efficiency reaches
at a peak of 78% at 4.1 GHz with 41.9 dBm output power.
The efficiency is higher than 55.9% at 40 dBm (£ 0.3 dBm)
over the whole bandwidth of 3.3 GHz to 4.3 GHz.

Figure 18(a) shows the measured gain versus output power
at three frequencies: 3.5 GHz, 3.8 GHz and 4.1 GHz to char-
acterize the performance over the bandwidth. From the plot,
the RFPA is observed to be linear up to the 40 dBm output
power and compressed by 1dB at 41.7 dBm, 42.5 dBm and
42.3 dBm output power at 3.5 GHz, 4.1 GHz and 4.3 GHz,
respectively. It is observed that the measured gain fluctuates,
at some frequencies, the gain is higher and at some frequen-
cies, the gain is slightly lower. In Figure 18(b), the output
power versus input power is shown for all frequencies in the
interested band. These two figures confirmed that the RFPA
behaves linearly up to the nominal 40 dBm (10W) output
power. The gain starts to compress above the 40 dBm output
power.
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FIGURE 18. (a) Gain versus output power at 3.5 GHz, 3.8 GHz and 4.3 GHz
frequencies (b) Output power versus input power.

Table 1 compares the designed RFPA with a state-of-the-
art broadband RFPAs with Cree CGH40010F device and
shows the proposed RFPA operates at the highest operating
frequency with 1 GHz bandwidth compared to other RFPAs
with comparable performances. The output power variation
is small compared to the published literatures in [7], [10],
[12], and [29]. The DE is very good at this frequency band
that varies from 55.9% to 65.3%, as normally the efficiency
decreases with the rise of operating frequency for the Cree
device.

TABLE 1. Comparison with state-of-the-art broadband RFPAs.

Ref. Year Class Bandwidth Pout DE
(GHz) dBm (%)
[7] 2017 CCF 04-2.3 39-42 62.3-80.5
[8] 2017 CCF 1424 >40 60-73
[12] 2018 CCF 1.2-3.6 40-42.2 60-72
[10] 2019 CCF 1.7-3.0 39.741.1 54.7-74.8
[29] 2021  CCF! 0.5-2.5 38.8-41.9 60.7-71.5
This work 2022 CCF 3343 39.9-40.3 55.9-65.3
P =
signal gene‘r‘aw’r
Po Driver
mm:';rer RFPA puTt

Spectrum analyzer

Spectrum analyzer

Signal generater

FIGURE 19. Measurement setup for the two-tone test.

D. LINEARITY CHARACTERISTIC WITH
A TWO-TONE SIGNAL

To assess the linearity of the fabricated RFPA, the input
is fed with two-tone signals with a frequency of 10 MHz
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spacing. The measurement setup for a two-tone signal test
is shown in Figure 19. When a two-tone signal is applied
then the RFPA will generate a mixing product of two sig-
nals which are called the intermodulation distortion (IMD)
products. The common way of removing IMD is filtering.
As third-order intermodulation distortion (IMD3) products
(2f1 — f> and 2f> — f1) are very near to the fundamental
tone, it cannot be filtered out easily. Therefore, the main
contributor to the signal distortion is IMD3. Therefore, lin-
earity is measured in terms of the difference of power level
between the fundamental tone and the third harmonics tone.
The carrier to third-order intermodulation suppression ratio
(C/IMD3) is plotted against average output power for three
frequencies: at the middle of the lower band (3.5 GHz); at
the center of the band (3.8 GHz); and at the middle of the
upper band (4.1 GHz), as shown in Figure 20. The RFPA
performs better at the lower frequency compared to the higher
frequency within the band. The C/IMD3 for both middle of
the lower side of the band and center frequency of the bands
are less than —23 dBc up to average output power of 40 dBm,
and it is less than —15 dBc for the center frequency of the
upper bands until 39 dBm average output power, as shown
in Figure 20.

Next, to characterize the linearity performance of the
designed RFPA over the whole frequency band, a two-tone
signal with 10 MHz spacing is applied from 3.3 GHz to
4.1 GHz frequency at 38.5(£0.3) dBm average output power
and the linearity performance of the RFPA is plotted in
Figure 21. At the lower frequency of the band, the linearity
is somewhat better compared to the higher frequency. Across
the entire band, the C/IMD?3 is less than -15 dBc, with a
minimum of -35 dBc at 3.9 GHz frequency. The average drain
efficiency is between 42% and 60% (as shown in Figure 21),
which is good at 38.5 dBm average output power, as it is
a 40 dBm device. From these two figures (Figure 20 and
Figure 21), it is noted that the C/IMD3 versus output power
shows that the performance is not good as the output power
increases, especially for the C/IMD3 at 4.1 GHz and higher.
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The asymmetry of the lower IMD3 sideband (IMD3L) and the
higher IMD3 sideband (IMD3H) is also not desirable. This
linearity performance will be investigated in a separate work.

VI. CONCLUSION

The wideband CCF RFPA is presented here using a GaN
HEMT 10W device for the frequency band 3.3 GHz to
4.3 GHz. To maintain the high efficiency of the designed
RFPA, a HTN and a wideband matching network using
LPMT for the fundamental frequency are applied in sequence
within the OMN. The drain efficiency achieved is quite
significantly good between 55.9% and 65.3% considering
the 1 GHz bandwidth, while the output power variation is
between 39.9 to 40.3 dBm. The C/IMD3 is less than -15 dBc
for the whole frequency band at 38.5 dBm output power.
In terms of linearity, the performance of the RFPA is not
very good and more investigations will be done in a separate
work. Some techniques such as the digital predistortion can
be applied to get better linearity performances. The overall
performances and specifically the broadband characteristics
of the proposed RFPA confirm that it can be used in the trans-
mitter of a 5G wireless communication system especially for
the 3.3 to 4.3 GHz band.
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