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Abstract—A  comprehensive analysis is presented for
investigating the effects of input nonlinearity on performance and
broadband design of continuous mode class-F power amplifiers
(PAs). New time-domain waveforms are derived considering input
and output harmonic terminations for continuous mode class-F
operation. The derived design equations show that the typical
fundamental load design space of a continuous class-F PA must be
re-engineered in presence of second harmonic input nonlinearity
to a new design space in order to achieve optimum class-F PA
performance versus varying second harmonic load impedance.
For the practical validation, the impacts of input nonlinearity on
the performance of continuous-mode class-F PAs are first
confirmed with pulsed vector load pull (VLP) measurements on a
low power GaN 2 mm device. Second, a broadband high power
GaN 24 mm part is designed following the proposed theory with
in-package input second harmonic terminations targeting
1.75-2.3 GHz frequency band for sub-6 GHz 5G high-power
applications. Efficiency higher than 65% with peak power more
than 53.2 dBm was maintained over the target frequency band,
with excellent flatness. Third, a Doherty PA is implemented based
on the designed GaN 24 mm part to evaluate the broadband
performance with modulated stimuli. Using a multi-carrier signal
having an instantaneous bandwidth of 395 MHz, the average drain
efficiency of the Doherty PA at 8 dB output back-off is higher than
44% and the linearized adjacent channel power ratio (ACPR) is
better than -52 dBc.

Index Terms— Broadband, class-F, continuous class-F,
Doherty, high power, input nonlinearity, multi-harmonic load
pull, power amplifier, waveform engineering.

I. INTRODUCTION

OWER AMPLIFIERS (PAS) play a crucial role in overall radio

frequency (RF) front-end system efficiency performance.
Being the most power-hungry device in the system, high
efficiency PA not only reduces the power consumption, also
lowers the cooling system requirements. Consequently, the
pursuit of high efficiency PAs and their design techniques has
been ongoing. The fundamental understanding of high

This work was supported in part by the National Research Council of
Canada and in part by Alberta Innovates Technology Futures.

S. K. Dhar, and F. M. Ghannouchi are with the University of Calgary,
Calgary, AB T2N 1N4, Canada (e-mail: sagar.dhar@ucalgary.ca;
fadhel.ghannouchi@ucalgary.ca).

T. Sharma is with the Department of Electrical and Computer Engineering,
Princeton  University, Princeton, NJ 08544, USA  (email:
tsharm@princeton.edu).

efficiency PA design techniques can be trailed down to the
1920s [1] and in this century long journey, not only the power
devices have been evolved from vacuum tube to high power
density solid state ones, output load networks are also explored
extensively from tuned load (TL) to bi-harmonic, poly-
harmonic or in general to harmonic tuned (HT) ones [2].

In the HT PAs [3]-[10], harmonic load terminations are
configured such that voltage and current waveforms are shaped
with minimum overlapping in order to generate minimum
harmonic power. This leads to the rectangular and half
sinusoidal voltage/current waveforms for class-F/F1 PA
realized by terminating the even and odd harmonic loads at
either short or open. Although fixed harmonic terminations
make the PA load network design complex, they enhance the
PA efficiency performance [11]. Considering the performance,
size, and complexity of a practical implementation, it is
common to design HT PAs up to third harmonic load
terminations. However, due to the fixed terminations at
fundamental and harmonics, these PA design techniques are for
single frequency applications. To cope up with this limitation,
continuous mode HT PAs have been proposed and well
exercised [12]-[24] for a broadband operation where PA
performance is maintained over the operating band.

The abovementioned design techniques assume a fixed short
circuit harmonic termination at the intrinsic gate node under the
fact that the input harmonic termination (especially second
harmonic) other than a short can cause PA performance
degradation due to input nonlinearity [25]-[28]. The basis of
this conclusion is that the input second harmonic impedance
(Z2s) termination other than a short circuit widens the drain
current waveform and increases conduction angle which
consequently reduces the PA efficiency performance. Although
a fixed short circuit Z,s termination nullifies the input
nonlinearity, an absolute short is not possible to maintain in
practice for a broadband operation. Moreover, there are
possible Z,s terminations that can also reduce the drain current
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Fig. 1. (a) Simplified nonlinear power device model, (b) input second harmonic (Zs) terminations, and (c) variation of nonlinearity parameters, y and ¢, with

Z,s terminations.

conduction angle and improve PA performance [29]. As such,
it is crucial to understand the impact of input nonlinearity on
the input-output waveform shaping and on the PA performance.
Although, the impact of input nonlinearity is investigated in
[30]-[33], a complete analysis is still missing for continuous-
mode class-F HT PAs.

In this work, a comprehensive analysis on the effects of input
nonlinearity in continuous mode class-F PA operation is
presented. Unlike continuous mode class-F* PA [33], it is
identified herein that a continuous class-F PA is greatly
sensitive to the input nonlinearity and theoretical analysis
shows that a distinct design strategy is required for continuous
class-F operation in presence of input nonlinearity. We
demonstrate that, due to the drain current waveform shaping by
the input nonlinearity, the fundamental load design space must
be re-engineered in order to recover and maintain the class-F
PA continuum versus varying second harmonic load
impedance. New comprehensive time-domain waveforms are
also derived under input-output harmonic terminations for
continuous class-F PA operation. Based on these waveforms,
the generation of input nonlinearity is linked to the Zs
termination to identify the favorable and adverse regions of the
input second harmonic design space.

The rest of the paper is organized as follows. In Section II,
the input nonlinearity generation and the theoretical analyses on
its impacts on the continuous mode class-F operation are
presented. The load pull validation of the theory is discussed in
Section Ill. In Section 1V, PA implementation and
measurement results are reported. Finally, conclusions are
drawn in Section V.

Il. CONTINUOUS CLASS-F WAVEFORM ENGINEERING THEORY

Input and output nonlinearity shape the input and output
waveforms of a PA and influence its performance. In this
section, input-output nonlinearities and their impacts on
continuous class-F PAs are discussed analytically.

A. Input Nonlinearity Generation

Input nonlinearity is typically introduced by the nonlinear
Cas-Ves profile of a power device. It generates harmonic voltage
components at the gate node. Considering up to second
harmonics, the gate voltage can be expressed as

Vgs (0) =V +V, €0s 8 +V, C0S(20 + )
Ves (‘9) _VGSO

Vl
=C0S 8+ ycos(260 + p,)

where input nonlinearity parameter y = Vo/Vi is the ratio
between the fundamental and second harmonic gate voltage
components, ¢, indicates the phase difference, and Vgso, Vas,norm
are the gate bias voltage, and the normalized gate voltage,
respectively.

To assess the input nonlinearity generation in terms of y and
@2, a simplified nonlinear large-signal model of a GaN 2 mm
device is considered as in Fig. 1(a) based on a drain current
equation with parameters that adequately describes measured
DC I-V as a function of Vs and Vps. The nonlinear Cgs, Cop
and Cps profiles are extracted as functions of Vs, Vep, and
Vs, respectively, and implemented as 1-D splines within the
circuit simulator. The model is driven into saturation while
sweeping Zzs around the edge of the Smith chart (]T'2s|=0.9)
with a step of 5° as shown in Fig. 1(b). The simulations are
performed at 1 GHz with fundamental source (Zis) conjugate
matched, fundamental load (Zi.) terminated at maximum
efficiency point (MXE), and load harmonics (Zz., Zs.) short
circuited. The recorded y and ¢, are shown in Fig. 1(c). With
different Z,s terminations, y changes up to 0.7 which indicates
significant second harmonic voltage generation (up to 70%
compared to the fundamental) by intrinsic device nonlinearity.
On the other hand, ¢> is found to vary between ~170° to ~320°,
contrasting with previous works [25]-[28] where ¢, is
considered only to be 180°. For |I'zs| value lower than 0.9, the
peak to peak variation of y and ¢, is gradually decreased and
converges to y ~ 0.2 and ¢o~ 170°.

The input nonlinearity shapes the gate voltage waveforms
based on the y and ¢> which consequently shapes the drain
current by the device transconductance. For different y and ¢
values, the normalized gate voltage waveforms are shown in
Fig. 2(a). It should be noted that the zero-level in Fig. 2(a)
indicates the gate bias Veso. Thus, the zero level crossing
indicates the conduction angle of the device in a class-B bias
condition (Veso = Vp, pinch of voltage). It can be seen that the
shape of the gate voltage waveform as well as the conduction
angle are modified significantly by y and ¢, values. The
modified conduction angle, S, for a class-B bias condition can
be found by solving

VGS,norm (9’ 7/’ %) = (1)

COS§+7COS(ﬁ+¢2):0 2
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Fig. 2. (a) Gate voltage waveforms (normalized to Vgsmax), and (b) calculated
S along with the simulated y and @2 combinations (red dotted line) by input
nonlinearity.

The variation of g with y and ¢, values is shown in Fig. 2(b).
The red dotted curve in Fig.2(b) indicates model simulated y
and ¢, values for the GaN 2 mm device that are depicted in
Fig.1(c). It can be seen that the conduction angle can increase
to ~225° or reduce to ~160° compared to the nominal bias
conduction angle of 180°. The input nonlinearity parameters for
a few key points are summarized in Table 1. The modified
conduction angle  converges to 180° as expected when Zs is
short circuited (Case ). The maximum device conduction angle
occurs at «I'»s=150° (Casell) and the minimum at
225 =160° (Case I11). Such deviation in conduction angle is
translated into efficiency performance variation due to input
nonlinearity.

B. Continuous Class-F Drain Current Waveforms

For a typical continuous class-F PA, the third harmonic load
(ZsL) is terminated at open circuit and the second harmonic load
(Z21) is swept near short. Due to the open circuit termination,
the third harmonic current cannot sustain and the drain current
waveform remains half sinusoidal for a typical continuous
class-F PA (Zzs = 0). Considering both input nonlinearity and
open circuit Zs_ termination, the continuous class-F drain
current waveform is defined as

g[cos @+ ycos(20 + ¢,)] —
Insice (0,7, 9,) = (;500539—3:8“’139), _gg Sg )
0<rn

0, —ﬂ'S@S—ﬁ ES
2 2

TABLE |
SIMULATED INPUT NONLINEARITY PARAMETERS OF A GAN 2 MM
DEVICE AT 1 GHZ, AND |I'z5| = 0.9

255 (Degree) % @2 (Degree) S (Degree)
180 (Case I) 0 - 180
150 (Case 11) 0.7 217 228

160 (Case 111) 0.34 294 161

where y, & denote the coefficients for real and reactive terms of
third harmonic drain current, iz = ycos36 — £sin34, respectively.
The subtraction of i3 in (3) reflects the impact of open circuit
Z3_ termination by current trapping technique [7], [20]. This
paper introduces a current limiting factor ¢ to prevent drain
current exceeding maximum drain current Ima. Thus, the

current  limiting factor is calculated by setting
ips,ice (Max) = Imax and solved as
|+ 2 C0s36, —&sin 36,
£(7,gp,) = e X 00~ & SN O

cos b, +ycos(26, +¢,)
where r, is the phase at which ipsicr = Imax. The third harmonic
current components y, ¢ are computed by setting the real and
reactive current component to be zero as
+p12
b (B.7,0) == | iogicr (0,7,,).c0530 d0 =0 (5a)
-BI2
+p12
Iy (B.7,0,) == [ ingice (0,7,,)5in30 40 =0 (5p)
-pI2
Thus, the Fourier drain current components are computed from
(3) as

Dc(,BV(Pz)— [sm'g re 2(/)ZSI’1IB:| 3”. 35 ©)
. sin2f+2sin
|1r (ﬁl%(oz):%(ﬁ.psmﬁ)_l[ ﬁﬂ IB]+
U]
M[3Sin£+sin%}
3r 2 2
Ilq(’8'7’%):%(ZSinﬂ—SiHZﬂ)_W'
(8)
|:3Sin£—sin%:‘
2 2
I2r(ﬂ171¢2):§|:23in§ 3ﬂ+7cos¢2M}
_l(sin§+%sin%) ©)
Via
Lo (B7.0,) = j(smsﬁ %si,ﬁgj_'973i”</’2(i/:—sin2/3)

(10)
where lpc, lir, and Iy are the DC, fundamental and second
harmonic real drain current components, respectively, and liq,
Iq are the fundamental, and second harmonic reactive drain
current components, respectively.

With the Fourier coefficients calculated, the reconstructed
drain current waveforms for the three cases mentioned in
Table I are shown in Fig. 3. As expected, the drain current
waveform for Case | is half sinusoidal resembling to the typical
continuous class-F one with 180° device conduction angle since
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Fig. 4. (a) Typical continuous mode Class F design space (no input nonlinearity), and variation in the design space with input nonlinearity using typical
continuous Class F drain voltage waveform at (b) y = 0.7, ¢, =0.5%, (¢) y=0.7, o ==, and (d) y = 0.7, ¢, = 1.57.
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Fig. 3. Normalized continuous Class F drain current waveforms with input
nonlinearity. [Normalized t0 Imax ]

input nonlinearity factor y = 0. This ensures the accuracy of the
analyses. Besides, the device conduction angle increases for
Case Il and decreases for Case Ill, as anticipated.

C. Continuous Class-F Drain Voltage Waveforms

For the class-F PA operation over a frequency band,
continuous mode PA was introduced [12]-[15]. The drain
voltage waveform is defined as

Vbs cF 0)=
, L _ (11)
Voo —ﬁ(vDD -V,) cos@—gcos?a@ (1-5sin6)

where Vpp, and Vg are the drain supply voltage, and knee
voltage, respectively. In a classical continuous class-F (CCCF)
PA operation, the theoretical output power and efficiency
performance is maintained over a Z;_ and Zp_ design space
which can be computed from (3) and (11) as

Z, = "V (12)
Lo = Tog
where Zy_ is the n"-harmonic load impedance termination, and
Vir, Vnq are the n'"-harmonic real and reactive drain voltage
components, respectively. The design space for a CCCF PA is
shown in Fig. 4(a). It is worth noting here that the input
harmonics are assumed short circuited for a CCCF PA. In
reality, however, it is not possible to maintain a short circuit
termination over a frequency band. As such, input nonlinearity

is inevitable and it is important to assess its impact on the CCCF

PA design space. For a few y and ¢, values, the variation of
CCCF design space considering the classical drain voltage
expression in (11) is illustrated in Fig. 4(b-d). Unfortunately,
the drain voltage in (11) cannot result in purely reactive Z
terminations, in fact, it can lead to negative or resistive
terminations in presence of input nonlinearity. This is due to the
nonzero second harmonic reactive drain current components
(lq) generated by input nonlinearity as expressed in (10).
Nevertheless, a designer can have the freedom of selecting
purely reactive Z terminations. Thus, the drain voltage
waveform defined by (11) for CCCF PA operation is not
suitable in presence of input nonlinearity. Accordingly, it is
more appropriate to derive the drain voltage waveforms
correspond to the Z,_ terminations selected by the designer. In
this work, a time-domain drain voltage analysis of a continuous
class-F PA is presented with arbitrary input and output second
harmonic terminations. The impact of Z,s termination on the
drain voltage waveform is reflected through the current
components which are functions of y and ¢>.

To derive new time-domain drain voltage waveform,
fundamental and second harmonic voltage and current
components can be related to the load terminations as

vV, -V,

Z, =R +jX, = ——I” — Ilq (13a)
1r 1q
vV, —V.
Z, = jX,=— I“ I2q (13b)
2r — l2q
Var Vs
Z, = —ﬁ =
3r 3q
(13c)

and the modified generic drain voltage waveform can be
defined as

Vs, cF (mod) (6) =Vpp +
Vy, €0S 6 +V,, Sin 0 +V,, c0s 26 +V,, sin 26 +V,, cos 36

where Vi, Vig, Var, Vaq, and Vs are the fundamental real,
reactive, second harmonic real, reactive, and third harmonic
real voltage components, respectively. By equating the real and
imaginary coefficients, the drain voltage components can be
defined as

(14)

Vi == X + 1, R) (152)
Vig = 1, Xy = 1,4R, (15b)
Vor = =154 X, (15¢)
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V= 1, X, (15d)

To determine the drain voltage coefficients, there are a few
conditions to be fulfilled, considering arbitrary selection of X,
around short circuit by the designer:

2r

Condition 1: Since Var#0 as in (15c) unlike CCCF PA
operation, Vi, value must be set such that the drain
voltage, Vps,crmod) Ffemains non-negative.

Condition 2: Since Vyq #0 as in (15d), Viq value should be
determined such that Vps,crmod) Femains non-negative.

Condition 3: Sweeping X, near short results in drain voltage
peaking. Thus, a limit of absolute Xz value (Xz,im) has to
be determined based on the allowable maximum drain
voltage.

To find the relationship between Vi, and Var, a generic drain
voltage of a HT PA can be considered as [2]
Vos it (0) =Vpp —[V;, COSO+V,, cos20+V,, cos30] (16a)

Vs 17 .nom (€) = —€OS @ — K, €0s 20 — k, cos 3¢ (16b)

where k, ks are the normalized second and third harmonic real
voltage components with respect to the fundamental. For
different values of k, and ks, a fundamental HT PA voltage gain
function is defined as [2]

Ak, k;) = Vi a7)
VDD_ k
and illustrated in Fig. 5, satisfying the condition

[Vos,H(0)]min =0 or [VosHr,norm(0)]min = -1. For a classical
class-F (CCF) operation, ko = 0 and ks = -1/6 result in voltage
gain function A(kz,ks) = 2/v/3 and the well-known rectangular
drain voltage waveform. To emphasize Condition 1, the generic
drain voltage in (14) can be re-written by utilizing (16) and (17)
as

(0) =V, —A(k,,k,)(V,, —V, )[cos & +k, cos30]
+V,, sin@+V,, c0s26+V, sin20

The generic drain voltage in (18) presents an infinite number of
solutions based on the combinations of k; and ks. However, an
optimum constant ks = -1/6 is considered in this analysis to start
with the well-known rectangular CCF voltage waveform when

VDS ,CF (mod)

(18)

Zy = jX, = 0. By equating (14) and (18), third harmonic voltage
component can be defined as Var = -kz.A(k2,ks).(Vop-Vk).

To find the drain voltage waveforms for an arbitrary X value,
first of all, Vor and Vo are calculated according to (15c¢) and
(15d). Then, the voltage gain function A(kz,ks) is mapped based
on the kz and k3 value. Once A(kz,ks) is known for the given X
value, Vi, can be calculated from (17). Afterwards, the only
remaining coefficient V4 is determined from (18) as a function
of Voq such that [Voscrmod)(0)]min = 0. This way, the drain
voltage for an arbitrary second harmonic load termination can
be determined with input nonlinearity. Although, there is no
closed form solution for Vi, an approximated linear
relationship can be developed from the numerical solutions as

J§\/2q,k3— S

Once the voltage coefficients are known, the equivalent
fundamental real (R1) and reactive (Xi) terminations can be
determined as a function of X; as
R = Y3l X, 1 X,
|

1q

X = Ilq(VDD_Vk)A(kZ’ 3) \/_Ilr 2r

1 IZ

(19)

(20)

S (21)
The design spaces at different input nonlinearity conditions are
shown in Fig. 6(a-d). Compared to the design space in Fig. 4,
optimum fundamental load (Z1.) impedance is readjusted in
Fig. 6 to adopt purely reactive Z,_ terminations. It can be seen
that the optimum fundamental impedance at X, = 0 illustrated
in Fig. 6 as Zopr,r is not always resistive due to the input
nonlinearity. To obtain the optimum rectangular drain voltage
waveform at X2 = 0, Zoer,r is changed accordingly.

Finally, it is also important to evaluate the X,im for a given
limit of drain voltage maximum, Vps max.iim- AS it is well-known,
a change in Xz near short causes voltage peaking from its initial
value of 2xVpp. It has been observed that the maximum drain
voltage changes linearly with |Xa|. Thus, X2,im can be defined for
different input nonlinearity parameters by finding the slope of
such linear variations for the allowed drain voltage maximum
(Vps,max,lim). For example, a linear relationship with y = 0 can be
found as

7\ v, v
2 lim (norm ) [ DS,ma;;m .
DD

for Vosmaxiim > 2Vpp Where X3 is normalized by (Vop-Vk)/Imax-
With such limits, the new drain voltage waveforms for a few
input nonlinearity conditions are shown in Fig. 6(e-h) for
Vps,max lim = 3Vop. It is worth noting that the drain voltage
excursions are maintained above zero for second harmonic load
sweep near short as conditioned before. Also, the rectangular
drain voltage waveforms are maintained for different input
nonlinearity conditions at X, = 0 as expected.

To evaluate the PA performance, output power and
efficiency are calculated as

Poc (B,7,0,) = Vippx I 5

1 .
POUT(ﬁvyygoz) :_EX Re[vlll ]

(22)

; v=0

(23)

1 (24)
= _E(V“ Ly +Vigly )

10 '1q
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harmonic reactive load termination.
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Poc (B.7,90,)

where I," indicates the complex conjugate of the fundamental
current. The variation of output power (normalized) and
efficiency over X, sweep near short for three cases of input
nonlinearity is shown in Fig. 7. The output power is normalized
to the typical class-F output power and the X, value to (Vpp-
Vi)/Imax. For Case I (y = 0, no input nonlinearity), output power
and efficiency are constant over X, sweep, confirming the
typical CCCF operation. For Case Il (increased conduction
angle), it is interesting to see that the efficiency is significantly
decreased from the typical class-F one as anticipated due to
higher conduction angle. More importantly, the efficiency and
output power are not constant over X, sweep unlike CCCF
operation. The output power can drop by 3 dB from -X, to +X;

n(B.rv.e, (25)

point. Significant efficiency variation (65% to 35%) is also
observed over X, sweep for Case Il. On the other hand, the
variation of efficiency and output power for Case Il is almost
constant except few points higher or lower than the typical
class-F ones. Conversely, one can see in Fig. 7 that Case IlI
(¢T2s = 160°) with appropriate load terminations can provide
the optimum continuous mode performance similar to CCCF
operation.

I11. LOAD PULL MEASUREMENTS AND VALIDATION

A. Vector Load Pull (VLP) Measurement Setup

In this work, vector load pull (VLP) measurements are
performed to validate the theoretical analyses presented. A VLP
setup and measurement provide useful information about
device input characteristics which enhances measurement
accuracy compared to the conventional scalar load pull
measurements. The setup mainly consists of a load tuner MPT
1808, a source tuner MPT Lite 1808 and a phase reference unit
Mesuro PR-50 from Focus Microwaves Group, VNA ZVA67
and its extension unit ZVAX-TRM40 from Rohde & Schwarz,
a spectrum analyzer MS2840A from Anritsu, and DC power
supplies E3634A from Keysight. The load tuner can tune the
fundamental (Z1.), second (Z2.) and third (Zs.) harmonic loads
from 0.8 GHz to 18 GHz. The source tuner does the same for
fundamental (Zis) and second (Zzs) harmonic source
impedances. To communicate, control and for synchronized
measurements, Focus Device Characterization Suite (FDCS)
[34] software is used. The setup mainly consists of two
calibration steps. First, tuner calibration and then wave
calibration. The tuners are calibrated with the FDCS software
using VNA ZVAG67. For wave calibration, Mesuro calibration
software is used along with the Mesuro phase reference unit
PR-50 and a power meter NRP2 with power sensor NRP Z57
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from Rohde & Schwarz. For wave measurements, both wave
power and phase calibration are performed by Mesuro
calibration software and utilized in the FDCS wave load-pull
measurement software.

For GaN device measurements, thermal effects play a vital
role in performance metrics number. To validate the HT PA
theory, the device is driven into saturation for repetitive
measurements. If continuous wave (CW) large signal
measurements are performed, GaN device performance are
influenced significantly by thermal effects. To alleviate device
heating and to avoid temperature effect, a pulsed wave load-pull
measurement system is facilitated with a pulse modulator that
comes with the ZVAX-TRM40 extension unit. Such pulsed
VLP measurement ensures accurate and repeatable
measurements in a quasi-isothermal environment.

B. VLP Measurement Results

To validate the theoretical framework presented in the
previous section, pulsed VLP measurements are performed
with a GaN 2 mm device at 1 GHz. To perform accurate load
pull measurements and to probe intrinsic parameters, however,
device parasitics especially the drain to source capacitance
(Cps) must be deembedded. To do so, efficiency minima
phenomenon presented in [9] is utilized. Once the parasitic
information is extracted, the impact of second harmonic source-
pull is investigated at different fundamental and harmonic
loading conditions of a continuous class-F mode of operation.

The second harmonic source pull results for three cases
I =0.92-135° (Xz =-20 Q), I =0.92180° (Xz = O), and

20

0
X3 (2)
Fig. 9. Efficiency and output power performance with different nonlinearity

conditions (Case I-111) of a continuous mode Class F PA operation, X, = -20,
0, and +20 Q.

I =0.92+135° (X2=20 Q) are shown in Fig.8. The
fundamental load is terminated at MXE. The maximum |/s|
realized at the intrinsic gate node is about 0.9 due to the loss of
the couplers, coaxial cables, probes and device parasitics.
Although a higher reflection coefficient is always desirable,
|s] = 0.9 is enough to probe important source pull information.
It is also a fair representative to a reflection coefficient that is
most possibly implemented in a matching network in practice.
As seen from Fig. 8(a-c), the efficiency performance of a
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continuous class-F PA is significantly impacted by the second
harmonic source termination over the whole Smith chart. In all
three measurements, it is clear that there is a certain area of
intrinsic  source second harmonic termination (around
2155 = 140°) where efficiency degrades the most (identified as
Case Il in Table I). On the other hand, there are terminations
around £7>%s = 160° where efficiency is about 3% higher than a
perfect short termination (identified as Case Ill in Table 1).
Overall, there is a range of Zys terminations from -j25 Q to
+j5 Q (or in general the lower half of the Smith Chart) that can
be identified for optimum continuous class-F operation with
input nonlinearity where efficiency is degraded the least.
Besides, it can be identified from the output power contours
shown in Fig. 8(d-f) that the worst efficiency region
(¢I2s=140°) also provides the lowest output power
performance. On the other hand, the output power in the better
efficiency region is comparable to that of the conventional input
second harmonic short termination one.

Moreover, it is interesting to observe from Fig. 8 that the
efficiency and output power performance is not consistent for
different X, terminations as predicted analytically in
Section IIC. To evaluate the performance variation, the output
power and efficiency is plotted versus X, terminations in Fig. 9.
It can be seen that both the efficiency and output power are
significantly varied for Case Il and the continuity of a
continuous class-F PA is greatly perturbed. On the other hand,
Case | and Case |11 show relatively consistent performance over
X variation. These measured results are in excellent agreement
to the analytically predicted ones showed in Fig. 7.

The drain current waveforms for three different input
nonlinearity cases are shown in Fig. 10 for X, = 0. At Zs short
circuit condition (Case 1), the drain current is a half sinusoidal
waveform as expected for a class-F mode of operation.
However, at the presence of input nonlinearity, current
waveform is shaped. For Case I, the drain current conduction
angle is increased and forms two additional side-peaks
resembles quite well with the analytical prediction illustrated in
Fig. 3. On the other hand, the drain current conduction angle is

Fig. 11. (a) In-package input harmonic terminated prematched GaN 24 mm
power device, and (b) high power measurement setup.

decreased for Case 111 compared to the Case | and Case Il. This
is in well agreement to the analytical prediction presented in
Section 1IB.

These source/load pull measurement results validate the
theoretical framework presented in Section I1. The analyses and
measurement results show that the input harmonic energy can
impact the efficiency and output power performance of a
continuous class-F PA. The favorable and adverse design
regions for Zys terminations are identified for continuous mode
class-F operation. The variation of the continuous class-F PA
performance with input nonlinearity is validated.

IV. PA IMPLEMENTATION, MEASUREMENT RESULTS, AND
DISCUSSIONS

The load-pull validation presented in section Il provides a
comprehensive insight into the validity of the theoretical
framework presented in the paper. Along with the low power
GaN load-pull measurement this section presents an
implementation of the input-output harmonic control for the
design of a 24 mm high-power GaN device [35]. The theory is
further validated by mounting this active die in a high power air
cavity package with pre-matching network operating from
1.75-2.3 GHz for high-power macro base-station applications,
as shown in Fig. 11(a). The in-package terminations are
implemented using wirebond inductance and with the input and
output integrated passive devices (IPDs) inside the package.
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gain compression at (c) 1.88 GHz (d) 2.11 GHz and (e) 2.2 GHz.

The measurements are carried out using both continuous
wave (CW) and modulated signals. The measurement setup is
shown in Fig. 11(b) essentially consists of Rhode and Schwarz
SMU200A modulated signal source which drives the device
under test (DUT) through 50-W Amplifier Research (AR)
driver with linear gain >45 dB. The isolator is placed at the
driver output to provide fixed 50 Q source impedance to the
DUT and hence prevent any standing waves caused due to the
mismatch between the driver and the DUT input. Effective
input and output power of the DUT, coupled through the
directional couplers, are measured using Keysight N1912B
power meters with over 60-dB dynamic range capability. Rhode
and Schwartz Spectrum Analyzer FSQ8 is also incorporated in
the setup to compute ACPR from the captured PA output
spectrum.

A. High Power GaN Pre-Match Implementation and
Measurement Results

The intrinsic design space for the 24 mm GaN power device
from 1.7-2.3 GHz for fundamental source (Z1s) and load (Z1.),

TABLE Il
INPUT NONLINEARITY PARAMETERS FOR THE REALIZED IN-PACKAGE
SOURCE SECOND HARMONIC TERMINATIONS OF GAN 24 MM DEVICE

Frequency 02
(MHz) i (Degree)

1700 0.2 194
1800 0.18 187
1900 0.14 185
2000 0.1 189
2100 0 -

2200 0.15 300
2300 0.57 265

3.4-4.6 GHz for second harmonic source (Z»s) and load (Zz.),
and 5.1-6.9 GHz for the third harmonic load (Zs.) is shown in
Fig. 12(a) and 12(b). The design space is implemented by in-
package harmonic terminations. It can be inferred that the
second harmonic load impedance is reactive near short while
the third harmonic load is near open confirming continuous
class-F PA design space. For source, the input harmonics are
terminated to be in a region where y and ¢, are favorable to
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shape input waveforms for optimum efficiency performance.
The Z,s terminations are designed around the region where
efficiency deviation is minimum compared to the Z,s short
termination as can be inferred comparing Fig. 8(a-c) and Fig.
12(a). It is worth noting that the second harmonic source
impedance is kept away of the efficiency minima at the input to
achieve higher bandwidth. The input nonlinearity parameters (y
and ¢,) are listed in Table 11 at different frequency points for the
realized in-package Zps terminations. For CW measurement a
high power load pull of this continuous class-F part was

TABLE Il
PERFORMANCE OF THE PROPOSED BROADBAND PA COMPARED TO THE
PREVIOUS WORKS

Ref. Year Tech. Freq. Pout Peak Eff.
(GHz) (dBm) (%)
This Work 2020 GaN 1.75-2.3 53.4-54 65-70.7
[36] 2009 GaN 2.6 52.5 65.6
[37] 2017 GaN 1.7-2.7 52.7-54.3 55-65
[38] 2018 GaN 1.8-2.7 53.53.5 50-68
[39] 2016 GaN 1.55-1.6 54.7 55
[40] 2014 GaN 1.75-2.17 51 71-75
[41] 2014 GaN 2.14 54 70

performed and the corresponding output power and efficiencies
are plotted in Fig. 12(c-e). With a 48 V drain and a-2.8 V gate
supply voltage, the GaN 24 mm prematch part provides
maximum output power (MXP) of 53.9 dBm (245 W) with
Zymxp = 4.9 — j12.2 and maximum drain efficiency (MXE) of
70.7 % with Z; yxr = 8 — j10 at 1.88 GHz as shown in Fig.
12(c). Likewise, at 2.11 GHz, MXP of 53.6 dBm at Z; yxp =
5.3 — j14 and MXE of 66.3 % with Z; yxr = 6.9 — j11.2 was
measured as shown in Fig. 12(d). In addition, at 2.2. GHz,
loading of Z} xp = 5.4 — j14.8 provides MXP of 53.4 dBm
and Z; yxg = 6.3 — j10.8 efficiency of 65.9 % as in Fig. 12(e).
The intrinsic drain voltage and current waveforms for 1.88, 2.11
and 2.2 GHz are plotted for 24 mm GaN part in Fig. 13(a—c).
The drain current waveform is half sinusoidal and a square
voltage at 1.88 GHz confirms the class-F PA mode of operation.
The peak voltage swing of 110 V (2.2xVpp) indicates
continuous class-F mode voltage peaks to the right-hand side
due to reactive second harmonic load termination as shown in
Fig. 13(c).

The power sweep results at different frequency points in
terms of drain efficiency (DE) for constant 3-dB gain
compression level from 1.8 to 2.3 GHz (30% fractional
bandwidth) are shown in Fig. 14(a). The frequency response of
the 24 mm prematch device with 70.7% peak DE at 1.88 GHz,
with a minimum efficiency of 65% from 1.75-2.3 GHz,
maintaining an efficiency flatness of 6% across the band. The
maximum output power at 3-dB gain compression is measured
from 53.2-53.9 dBm . In addition, the large-signal gain at MXP
with 3-dB compression varies from 14.5-15.9 dB across the
band thereby providing a high gain flatness which is critical for
high power cellular base station applications. The performance
of the proposed input harmonic controlled broadband Class-F
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Fig 15. (a) Prototype of the symmetric doherty using GaN 24 mm prematch part, (b) gain and efficiency, (c) AMPM performance of the symmetric Doherty PA
with output power, (d) IMD3 performance at constant 48 dBm output power, output spectrum with (red) and without (dark) digital predistortion for (c) LTE 2-

carrier 20 MHz signal, and (d) LTE 10-carrier 20,10,5 MHz signal.

design is reported in Table 11l compared to the previous works
[36]-[41]. It should be noted that the prematch device is
implemented with in-package input-output harmonic
terminations unlike previous works but provides comparable
performance with excellent output power and gain flatness.
This 24 mm GaN part is thereafter used in the design of a
symmetric Doherty to demonstrate the modulated performance
of the device.

B. High Power Symmetric Doherty PA Design

To demonstrate wideband RF performance for modulated
signal applications, a symmetric Doherty PA was designed and
fabricated using the prematched part presented in Section IV.
As such, the harmonic terminations are like what is shown in
Fig. 12(a) and 12(b). The 50 Q input-output printed circuit
board (PCB) is realized using a low loss 20-mil Rogers
substrate (RO4350) with a relative permittivity of 3.66. The
dimensions of the Doherty circuit is approximately 10x6 cm?,
as shown in Fig. 15(a). The gain, efficiency and AMPM
response of the Doherty PA with output power are shown in
Fig. 15(b) and 15(c). The Doherty PA is optimized for the best
linearizable efficiency performance which is crucial in high
power base-station applications. The symmetric Doherty with
the pre-matched GaN part was tested using an LTE signal with
the peak to average ratio (PAR) of 7.2 dB. The digital pre-
distortion (DPD) was performed using wideband transceiver
with 737.28 mega samples per second (MSPS) rate.

The symmetric Doherty PA was designed to realize desired
wideband instantaneous bandwidth (IBW) of 395 MHz. A two-
tone measurement was performed to capture the third order
intermodulation distortion (IMD) for the Doherty PA at
constant 48 dBm output power at different tone spacing as
shown in Fig. 15(d). The PA demonstrates the lower IMD3
(IM3-L) and the upper IMD3 (IM3-U) well controlled lower
than -17 dBc.

For a 2-carrier testing, 20 MHz LTE signal with
instantaneous signal bandwidth (ISBW) varying between 200

TABLE IV
DPD RESULTS WITH 2-CARRIER 20 MHZ LTE SIGNAL
ISBW AE PBout ACPR-L ACPR-U
(MH2) (%) (dBm) (dBc) (dBc)
200 45.2 475 -58 -57.1
250 44.3 47.3 -57 -56.4
300 45.8 47.6 -57.1 -56.7
365 46 47.5 -55 -54.1
395 44.3 47.3 -54.1 -52.3

ISBW: Instantaneous Signal Bandwidth, AE: Average Efficiency, PBoy:
output power at back-off, ACPR-L/R: Adjacent channel power ratio
left/right.

and 395 MHz was used. Measured average efficiency, average
output power, and corrected adjacent channel power ratio are
reported in Table 1VV. The Doherty PA provides an average
efficiency of 44.3-46% at 8 dB back-off with a corrected ACPR
of -52 to -58 dBc. The average output power is higher than
47.3 dBm. The raw and corrected spectrum for the 2-carrier
LTE test with 395 MHz ISBW is shown in Fig. 15(e).
Furthermore, the DPD measurement was performed with a 10
carrier LTE signal consisting of 7x20 MHz carriers, 2x10 MHz
carriers, and a singe 5 MHz carrier and the achieved average
efficiency is 46% at 48.8 dBm average output power with a
corrected ACPR of -47 dBc as shown in Fig. 15(f).

V. CONCLUSIONS

This work presents an in-depth analysis of a broadband
class-F PA operation under the influence of input nonlinearity.
The regions of second harmonic source terminations are
identified that result in device conduction angle expansion or
contraction. Thereafter, it has been investigated with new
time-domain analyses that the continuity of a continuous
class-F PA is in fact conditional to the input second harmonic
terminations. As such, it is important to carefully consider the
input second harmonic design space for the optimum broadband
operation of a class-F PA. The analyses are validated with
pulsed VLP measurements with a low power GaN device and
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the optimum input second harmonic design space is identified.
Further, a wideband high power GaN 24 mm part with

in-package

second harmonic source terminations is

implemented as a proof of concept operating at 1.7-2.3 GHz.
Finally, the GaN 24 mm part is used to build a symmetric
Doherty PA with an IBW of 395 MHz providing average
efficiency higher than 44% at 8 dB back-off.
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