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Abstract: In this paper, the design, fabrication, and measurements of an S band multi harmonic
tuned power amplifier in GaN technology is described. The amplifier has been designed by
exploiting second and third harmonic tuning conditions at both input and output ports of the
active device. The amplifier has been realized in a hybrid form and characterized in terms of
small and large signal performance. An operating bandwidth of 300 MHz around 3.55 GHz, with
42.3 dBm output power, 9.3 dB power gain and 53.5 % of power added efficiency PAE (60 % drain
efficiency) at 3.7 GHz are measured.

Keywords: power amplifier (PA); gallium nitride (GaN); harmonic terminations (HT); power
added efficiency (PAE)

1. Introduction

The great innovations in the wireless communication systems, such as cellular
phones, satellite payloads and microwave transponders, just to name a few, have led
power amplifiers (PAs) to become a crucial device to properly amplify modulated signals
employed in such systems [1].

High linearity, output power and efficiency (power added efficiency, PAE), represent
the main features of a PA, which are conflicting with each other, thus demanding some
design trade off.

Moreover, being the PA the most power-consuming sub-system in a transmitting
chain, the goal of reaching the highest efficiency value becomes a discriminating factor
for the successful development of wireless systems, simplifying the structure of the
cooling system as well [2]. As far as efficiency improvement is concerned, the bias
point can be shifted from class A toward class AB, thus reducing the conductive angle
while sacrificing the gain[3]. For narrow-band applications (roughly up to 10% of
fractional bandwidth), the waveform engineering technique, i.e., the shaping of the
voltage and current wave-forms at the active device output, improves the attainable
efficiency by simultaneously lowering the dissipated power (waste) in the active device,
while increasing its output power delivered to the load at fundamental frequency.

Going into some detail on that, several harmonic terminating design strategies
have been developed and proposed. In this regard, the tuned load configuration tries to
reach a sinusoidal output voltage waveform by loading with a short circuit the second
and third output voltage harmonics [3]. Class F amplifiers aim to achieve a rectangular
output voltage waveform by loading the third output harmonic with an open circuit,
shortening the second ones. In the process, the main PA features are going to be improved
with respect to the tuned load configuration [4-6]. More in general, in harmonic tuned
power amplifiers (HTPAs) the generation and control of second and third harmonic
terminations, both at the input and output device ports, are performed [7-10]. The final
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outcomes have shown performance improvements in terms of efficiency, output power
and power gain, with respect to the tuned load and class F cases [3]. On the other hand,
HTPA designers have to deal with a major complexity design in order to generate output
harmonic components with the proper phase relationships.

To improve the PA efficiency, other approaches based on device switching mode
operation have been proposed, such as Class D (or S)[11,12] and Class E[13], which
demonstrated to be effective for low operating frequencies (less than a few GHz).

As far as PA frequencies are concerned, 5G technology standard for cellular network
foresees two different frequency ranges, namely the sub-6 GHz region (FR1) and the
mm wave frequencies (FR2), where the FR2 networks are expected to provide very
high data rates across small network cells (pico cells) [14]. The first 5G networks will
employ sub-6 GHz frequencies and have comprised large cells in cities and rural areas.
They will transmit high-power RF signals (>10W) over large areas, or "macro cells",
each requiring a high-efficiency linear power amplifier to avoid unnecessary power
consumption during transmission [14,15]. One of the sub-6 GHz bands for Europe lies in
the S band, between 3.4 GHz and 3.8 GHz [16].

In this paper, the design, realization and test of a hybrid S-band PA, biased in deep
class AB over a frequency range from 3.4 GHz to 3.7 GHz, is presented. The harmonic
tuning approach based on input and output multi harmonic manipulation is used.

This paper is organized as follow: in Section 2, a brief overview on the basic of
harmonic manipulation is recalled, while in Section 3 the PA design and its practical real-
ization are presented. Performance features achieved from experimental measurements
in terms of scattering parameters (small signal conditions) and output power, power
gain and PAE (large signal conditions) are discussed in Section 4.

The designed class AB-HTPA achieves a PAE higher than 55 % and an output power
greater than 41 dBm over a frequency range from 3.4 GHz to 3.7 GHz in simulation. In
measurement, it achieved a PAE of 53.5 % (efficiency 60 %) and an output power of
42.3 dBm at the frequency fp = 3.7 GHz, in line with simulation expectations. An output
power larger than 40 dBm with a PAE greater than 40 % was measured in a frequency
range from 3.5 GHz to 3.9 GHz.

2. Harmonic Manipulation Basic

Power amplifiers are inherently based on the use of nonlinear active devices, whose
output (and input) loading harmonic impedances are suitable optimized to shape its
output voltage waveform, while preserving the shape of the output current waveform,
regardless the device physical nature (e.g.,, HBT, HEMT, etc.). In a generic class B,
the device is turned off for half the period of the RF excitation signal, and its output
current is usually approximated as a half sinusoid, whose harmonics are terminated
across the output matching network. Similarly, other non-linear mechanisms can create
current harmonic components, e.g. deviations from the class B bias point and the
nonlinear device capacitances and transconductance. In generic Field Effect Transistors,
the nonlinear gate-source (Cys) and gate-drain Cg4) capacitances may directly create
harmonic components at the gate of the active device as well [17]. Moreover, at higher
frequencies the feedback mechanisms generated by C,; can couple drain harmonics to
the gate. Thus, the gate voltage waveform can no longer be considered as a pure sine
wave and, as a result, the drain current deviates from an ideal half sinusoidal shape.

From a practical standpoint, harmonic termination impedances in an HTPA must
be exploited to properly shape both the gate voltage and drain current waveforms [18].

Assuming the active device (in the following considered as FET type) acting as a
voltage controlled current source, the drain current waveform is shaped by the input
voltage, whereas the output voltage waveform is controlled and shaped by the output
load impedances [19].

In terms of current and voltage harmonic components I;(nfy) and Vy(nfp), respec-
tively, the above statement may be written as:
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where Z(nfp) is the impedance seen by the drain current generator at the n-th har-
monic frequency, Vpp and Ipp are the bias voltage and current (quiescent), respectively.
Equation (2) describes two different ways of shaping the waveform of Vy,(nfp), namely
by 1;(nfy) (operating an appropriate input harmonic matching network), or by Z(nfp)
(operating an appropriate choice of the output matching network). The frequency com-
ponents controlled in an actual design are typically limited up to the third harmonics (n
=1, 2, 3), just to reduce the circuit complexity and the inherent increases in the losses
that would nullify the benefits linked to a control of the upper harmonics. Moreover, for
high frequencies applications, the higher order components may usually be considered
practically shorted by the capacitive behavior of the transistor at its input and output
ports. Hence, a general scheme of the harmonic control technique is represented in Fig.
1.
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Figure 1. Matching networks of an HT PA.

In the reported scheme, the input matching network (ZS1 and filter @f;) has to
assure at the fundamental frequency the conjugate matching criterion over the operating
bandwidth. At the same time, exploiting the non-linear behavior of the active device
at its input, the appropriate choice of the input harmonic terminations (ZL2, @2fy;
ZL3, @3f)) allows to shape the vgg voltage waveform (i.e., the FET input controlling
signal), which ultimately controls the generation of the output drain current harmonic
components I;(1fp).

As far as output is concerned, the maximum output power delivered by the active
device is attained by simultaneously maximizing its voltage and current swings.

Because current and voltage at the fundamental frequency must be in phase at the
intrinsic terminal of the active device nonlinear current source, the role of the output
matching network (ZL1, @f)) is to achieve a purely resistive loading of the controlled
source [20]. On the other hand, the other output matching networks (ZL2, @2f,; ZL3,
@3f)) are used to properly shape the device output voltage waveforms vpg, according
to equation (3).

Summing up what has been stated so far, the goal of the multi harmonic manipula-
tion procedure is to achieve an increase in fundamental frequency voltage component
with respect to the case where no harmonic components are present (tuned load configu-
ration). Therefore, a higher output power and efficiency values are achieved.

In this work, the harmonic tuning methodology based on the control of the funda-
mental, second and third harmonic components, at the input and output ports of the
active device, has been adopted. The control will be carried out by the proper passive
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termination at each harmonic component. Harmonic components order higher than 3
have been assumed shorted by the device output capacitive effect.

3. Power Amplifier Design
3.1. Active Device Technology

The Gallium Nitride (GaN) technology shows attractive features due to its high
breakdown voltage, high temperature stability, and high power density [21,22]. More-
over, the swing of a GaN device output voltage is mostly limited by its ohmic region
rather than its gate-drain breakdown. From this standpoint, HT design strategy may be
an attractive choice for a GaN power amplifier.

In this work, the active device CREE CG2H40010, a packaged 10 W GaN HEMT,
has been selected. A non-linear device model, provided by the manufacturer, has been
employed in the AWR Microwave Office design software.

The microwave substrate used for the design is 10mil Rogers RT/duroid 6010.2LM
microwave laminates, chosen for its high constant dielectric of 10.7, which makes the
size of the final circuit smaller.

3.2. Bandwidth, Biasing and Stability Network

For the design of the power stage, the center frequency fy = 3.55 GHz with 300 MHz
of bandwidth (8.4 % of fractional bandwidth) has been adopted, while a class-AB bias
condition with Vpg = 28V and Ip = 200mA (Vgs = -2.63V) has been chosen. The
quiescent current Ip corresponds approximately to 10 % of the maximum value (deep
class AB), and it has been selected to fulfill the conditions for harmonic manipulation
technique application [23].

Because the device may show negative impedance and potential oscillation issues
at any working frequency, a stability network has been designed and ultimately placed
between the HEMT gate and the input matching network.

Consequently, the scheme reported in Fig. 2(a) has been adopted, where the shunt
Rp resistor and the series parallel Ls-Cs network guarantee low-frequency and in-band
stability conditions, respectively. Fig.2(b) shows the layout of the chosen stability
network, where the inductor Lp has been realized through a shorted transmission line
with 0.8 mm width (characteristic impedance Z¢ = 23.3 (), which is compatible with the
0603 SMD package used for the other passive components (resistors and capacitors).

VGG

| I

@RFin [ . m {] Gate @RFin H §| J Gate
|

c o (I [
(@ ®)

Figure 2. Stability network scheme (a) and layout realization (b).

From a theoretical point of view, the unconditional stability analysis of two-port
microwave circuits may be performed in several ways, namely by the Rollet stability
factor K and the scattering matrix determinant A [24,25], or by the geometric stability
factors y [26] or by the Nyquist criterion [27].

Fig. 3 shows that a geometric stability factor greater than 1 between 0 and 14 GHz
has been achieved (Rp =17Q), Rg = 6.8(), Cs = 6.12 pF). In the same figure, 4 ~ 2 and
a transducer gain (GMax) value of about 18 dB are outlined in the 3.0 - 4.0 GHz band,
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whereas the maximum available gain GMax, with and without the stability network, is
reported as well.
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Figure 3. Effect of the stability network on maximum available gain (GMax) and geometric
stability factor (muy).

3.3. Input & Output Matching Network

Optimum load (I'y,¢) and source (I';;) impedances at the fundamental frequency
have been found using source and load pull simulations. In this regard, load pull
simulations are presented in Fig. 4, where Pout and PAE contours at 3.4 GHz, 3.55 GHz
and 3.7 GHz, respectively, are outlined.

Next, ideal optimum input and output reflection coefficients (I';;, and I'y,¢) at the
fundamental frequency of 3.55 GHz are reported, both in values (Table 1) and in graphical
form (Fig. 5), whereas terminations up to the third harmonic have been defined using
ideal tuners to maximize Pout, Gain and PAE of the whole amplifier.

It is worth to be noted that the optimum load is complex at the fundamental
frequency of 3.55 GHz, since the output matching network has to transform the 50 (
output load into complex impedance, whereas the optimal loads are purely reactive at
harmonic frequencies.

(a) (b) (©)
Figure 4. Load pull simulations at 3.4 GHz (a), 3.55 GHz (b) and 3.7 GHz (c).

In order to synthesize the above defined optimum load values for the multi har-
monic tuned PA, the impedance transforming properties of transmission lines have been
used to implement input and ouput matching networks. In fact, the reactive matching



Version July 29, 2021 submitted to Electronics

6 of 15

Table 1. Optimum input and output harmonic load values.

r in 1qout
Freq. (GHz) Ideal Synthesized Ideal Synthesized
3.7 09330155 093301576 066407 06641725
7.4 1 e/ 110° 0.980 ¢/-108.2° 1 i 172° 0.994 ¢—169.7°
11.1 1 ef38° 0.945 ¢/-37-15° 1 pi141° 0.962 ¢/'137:6°
e -
2fo .
s/ ; &
/ 3fa éb ot 3fo

| o = |deal Tuner | | 0

I-‘ 0 = Synthesized .‘ t

® = |deal Tuner
0 =Synthesized

(a) (b)

Figure 5. Optimum input (a) and output (b) harmonic loads, set them up with ideal tuners (circle
symbols) and currently synthesized (diamond symbols).

10 method (single stub tuning) [28] has been used to design a reactive matching network
121 for each harmonic.

182 According to this method, a series microstrip transmission line together with an
13 open-circuited shunt stub can transform a 50-ohm, or any arbitrary load impedance, into
s the desired value of impedance. A general matching circuit schematic has been repre-
s sented in Fig. 6, where y; = 1 is the load normalized admittance (Y} = 1/50 Siemens),
16 1 = £j- by is the normalized admittance of the shunt open stub (b; > 0 for capacitive
17 susceptance, b; < 0 for inductive susceptance, bs always positive), and the length L;
1. determines the value of £; - b;. The addition of y; = +£j - by to y;, produces a motion
10 along the unity constant-conductance circle from y; = 1toy, = 1% b;. The series
10 transmission line of length L; transforms y, into the desired normalized admittance yn.
11 As a consequence, the value of b; must be selected so that i, and yn are on a constant
w2 |T| circle.

y1=#£jb,
F R =50 ohm
yin=1/zy vi=1)
L1 [mm]
Figure 6. Reactive matching scheme.
103 The designed output matching network is presented in Fig. 7(a), where the transmis-

10a  sion line and open stub matching network that controls each harmonic has been outlined
15 (fo =3.55 GHz). A constant microstrip width of 0.8 mm has been adopted (Z¢ = 23.3Q2).
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At first, the network has been designed with ideal transmission lines for each single
frequency, then real microstrip elements have been introduced together with parasitic
elements. Finally, the three matching networks have been assembled all together and
the transmission line parameters have been optimized in order to achieve the desired
impedance values.

| VDD VDD

——
=260
e = 3o

1 ist
(] ‘ isection

Drain

jm— ., 1=

RFout ; ’ i

3rd | i2nd
section | isection

(@ (b)

Figure 7. Output matching network: transmission line and open stub controlling each harmonic
(a) and section planes used to synthesized the whole structure (b).

Furthermore, the output matching network has been synthesized using a three-
section structure, as shown in Fig.7(b), where the synthesized load at the matched
port (Z1(nf)) and the loads presented across each section are reported in Fig. 8 for the
fundamental frequency (8(a)) and the second (8(b)) and third (8(c)) harmonic, in a larger
frequency range from 3.3 to 3.8 GHz. Section planes are placed in such a way that they
properly explore how the correspondent synthesized load changes its value, according
to the above described reactive matching method.

The synthesized input matching network is depicted in Fig.9(a), where the fun-
damental harmonic (fp=3.55 GHz) has been controlled by a transmission line and an
open stub, while another network has been designed and implemented for the control of
both second and third harmonic simultaneously (the width of the 2"¢ and 3" harmonic
open stub is 0.24 mm, Z¢ = 46.3 (3). Such choice has led to a significant reduction of the
amplifier dimensions.

Likewise the output matching network, the input matching network has been tested
through three theoretical cutting in the whole structure, as shown in Fig. 9(b), whereas
the actual loads at the matched port (Zs(nf)) and across each section are reported in
Fig. 10 for the fundamental frequency (10(a)) and the second (10(b)) and third (10(c))
harmonic as well, in the frequency range from 3.3 to 3.8 GHz.

Two capacitors acting as DC and low frequency signals block (Cys= 10 pF and C;,,=
0.6 pF in Fig.7 and Fig. 9, respectively), have been inserted into the matching networks.

Note that, in order to avoid electromagnetic coupling (cross-talk), the distance be-
tween two adjacent transmission lines was maintained always higher than 3 - H ~0.8 mm,
where H=0.254 mm is the substrate thickness.

The synthesized input and output reflection coefficients (I';, and I';,;) are reported
in the aforementioned Table 1 (value form) and Fig.5 (graphical form, red diamond
symbol), where the comparison with the correspondent ideal loads shows a very good
agreement.

The input-output matching networks have also been electromagnetically simulated
with the MoM (Method of Moment) electromagnetic simulator AXIEM, available inside
the AWR-MWO software. Electromagnetic simulations can evidence some parasitic
or coupling mechanisms, which are not taken into account by the AWR circuit model
components. However, no significant variations have been evidenced.

The layout of the power amplifier is reported in Fig. 11. Dimensions of the whole
amplifier (46 mm x 14 mm — LxH), stability network (10.7 mm x 8.4 mm — LxH), output
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Figure 8. Output matching network: synthesized load at the matched port and across each
matching network section, for the fundamental frequency (a), the second harmonic (b) and the
third harmonic (c), in the frequency range from 3.3 to 3.8 GHz.

st
section |

Cin

RFink. DD
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Figure 9. Input matching network: transmission line and open stub controlling each harmonic (a)
and section planes used to synthesized the whole structure (b).

matching network (12.4mm x 9.4 mm — LxH) and input matching network (22 mm x
6.5mm — LxH) are reported.

Two biasing networks close to Vg and Vpp pads made by capacitors and resis-
tances, have been implemented in the final layout, to short circuit the RF signal and to
reduce the eventual ripple in the bias voltages The presence of resistance components in
the biasing network ensures a lower quality factor Q of the potential resonance effects,
thus leading to an out-of-band Sy1( f) distribution gathered nearby the short circuit point
in the Smith chart.
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Figure 10. Output matching network: synthesized load at the matched port and across each
matching network section, for the fundamental frequency (a), the second harmonic (b) and the
third harmonic (c), in the frequency range from 3.3 to 3.8 GHz.
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Figure 11. PA layout.

The intrinsic load curve (i.e., achieved across the intrinsic current source of the
non linear HEMT model) at 1dB compression point alongside with the static bias
point overlapped to the extrinsic output characteristics are reported in Fig. 12. It was
demonstrated in,[3] that the presence of the upper bending in the dynamic load line of a
GaN HEMT, generates an output current waveform with a negative second harmonic
current component. As a consequence, the fundamental and second harmonic currents
are opposite in phase. This phase relation is mandatory, otherwise the use of an output
second-harmonic termination becomes deleterious [19].

The fabricated PA is shown in Fig. 13, where two SMA connectors have been used
to connect the amplifier to the RF source and the load. The resulting parasitic effects
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253

255

2500

2000

Figure 12. Simulated intrinsic load curve at 1 dBcp.

have been taken into account as well. At the same time, a Montecarlo analysis of the PA
components has been performed, in order to maximize the performance of the whole
power amplifier.

Figure 13. Photo of the realized PA.

4. Experimental Results

As already pointed out in section 3.1, GaN technology shows high power density.
This leads to high dissipated power levels in a limited chip area, which makes the device
heating a critical issue that needs to be taken into account. To sort this issue out, a proper
heat sink with thermal paste as interface was placed below the PA device during the
power measurements, as shown in Fig. 14.

The realized PA has been characterized both by linear and non-linear measurements.
To define small-signal behavior, PA scattering parameters have been measured with a
vector network analyzer.

Fig. 15 shows the measured scattering parameters of the PA evaluated at the bias
point (Vpg = 28V, Ip = 200mA), together with the simulated ones. The substrate di-
electric constant has been fixed to 11.2. A good agreement between simulation and
measurements have been reported, particularly on S; magnitude in the working fre-
quency band 3.4 GHz - 3.7 GHz.

To define large signal behavior in a continuous wave mode, PA parameters have
been measured using a LabView controlled measurement system available at MECSA
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Figure 15. PA linear performance.

Tor Vergata University of Rome Labs. The system is based on a Signal generator and on
a Agilent E4448A spectrum analyzer.

Measured PA data at 3.4 GHz, 3.55 GHz, 3.7 GHz for the nominal bias condition
(Ip =200mA, Vpg = 28 V) and the comparison with simulated results (after reverse
engineering models update) are reported in Fig. 16), respectively. Moreover, measured
PAE in the frequency range 3.2 GHz - 3.8 GHz are depicted in Fig. 17. A saturated output
power Pout = 42.27 dBm with power gain GP = 9.3dB and PAE = 53.5 % (drain efficiency
=60 %), were obtained at 3.7 GHz.

Next, the PA has been characterized in the frequency range from 3.2 to 3.9 GHz,
with a 33 dBm of fixed input available power, corresponding to the PAE peak. Results
are reported in Fig. 18 and compared with simulated counterparts. The achieved results
show a ripple in the output power and power gain lower than 1dB, and a PAE value
higher than 45 %, in the frequency range 3.3 GHz - 3.8 GHz.

Comparisons of this PA performance with the state of the art of S band GaN PAs
are reported in Table 2 (and showed in graphical form in Fig. 19.

5. Conclusions

In this paper, the design and the physical realization of an S band multi harmonic
tuned power amplifier in GaN technology and hybrid form have been presented. The
amplifier’s small and large signal performance have been shown and discussed. In an
operating bandwidth of 300 MHz around £=3.55 GHz (8.4 % of fractional bandwidth),
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Figure 16. Power amplifier performance at 3.4 GHz (a), 3.55 GHz (b) and 3.7 GHz (c).
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Figure 17. Measured PAE values in the frequency range 3.2 GHz - 3.8 GHz.

202 experimental results demonstrate 42.3 dBm output power, 9.3 dB power gain and 53.5 %
203 PAE (60 % drain efficiency) at 3.7 GHz.
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Table 2. State of the art of GaN PA’s.
Ref. Year Freq(GHz) Pout(dBm) PAE (%) Gain (dB)
[9] 2017 3.7 40.7 46.8 10
[29] 2017 3.5 40 48 10.5
[30] 2018 3.5 41.7 47.5 9
[31] 2019 3.5 43.4 52.6 14
[32] 2020 3.7 38 61 10
[33] 2020 3.6 38.5 52 12.8
[34] 2021 3.6 39.9 52 7.2
TW. 2021 3.7 42.3 53.5 9.3
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Figure 19. State of the art of GaN PA'’s in graphical form.

The following abbreviations are used in this manuscript:

EM Electromagnetic

PA power Amplifier

GaN  Gallium Nitride

IMN  Input Matching Network
OMN  Output Matching Network
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