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Abstract— A new type of wideband dual-input hybrid Doherty
outphasing power amplifier (HDO-PA) is developed in which the
load-modulation scheme continuously converts as the frequency
increase, from the previously reported HDO-PA mode with max-
imum flat efficiency response versus power to the conventional
Doherty PA mode. For a symmetric HDO-PA implementation,
this corresponds to the peak-to-backoff fundamental voltage
ratio of the auxiliary amplifier linearly varying from 9/7 to
2 with frequency. A transmission-line-based wideband HDO-PA
prototype is first established at the current-source reference
planes to cover the frequency band from 1.4-GHz to 2.5-GHz. The
wideband HDO-PA is implemented next at the package reference
planes by synthesizing the wideband combiner circuit required to
sustain the intrinsic load-modulation behavior across the entire
frequency bandwidth. A 1.4-GHz to 2.5-GHz wideband HDO-PA
is fabricated and characterized using both continuous-wave and
modulated signals. The 6-dB backoff efficiency varies from 60%
to 44% and the maximum power from 44.8 dBm to 42.9 dBm as
the frequency increases. When the PA is excited with a 20 MHz
bandwidth long-term evolution signal at 1.7 GHz with 6.5 dB
peak-to-average-power ratio (PAPR), the PA achieves an average
drain efficiency of 50.3% with —32.0 dBc adjacent-channel-power
leakage ratio (ACLR) and an average drain efficiency of 47.8%
with —54.0 dBc ACLR after digital predistortion linearization.

Index Terms—Doherty power amplifiers (DPA), outphasing
power amplifiers (OPA), wideband power amplifiers.

I. INTRODUCTION

HE fifth generation of wireless communication (5G)
infrastructure is designed to support communication sys-
tems with ultrafast data transmission rate and large capacity.
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The 5G communication signals adopted rely on complex
modulation schemes, exhibiting large peak-to-average power
ratios (PAPR) and wide modulation bandwidth. To reduce
the energy consumption in 5G wireless communication net-
works, power amplifiers (PAs) in transmitter systems should be
designed to operate with high output power backoff efficiency
and wide bandwidth.

Doherty power amplifiers (DPA) invented in [1] have been
extensively explored and became amongst the most popular
PA topologies for efficiently amplifying signals with large
PAPR. The classical DPA is implemented with a quarter-wave
(4/4) transformer and a common load connecting the main
and auxiliary amplifiers. A high average efficiency is achieved
when the DPA is excited with signals exhibiting large PAPR,
since the load impedance seen by the main transistor is dynam-
ically modulated by the auxiliary drain currents from low- to
high-power levels to maintain a constant drain voltage swing
[2]-[7]. The conventional DPA architecture suffers from band-
width limitation due to the narrowband 4/4 transformer used.
In view of this limitation, there have been numerous efforts to
extend the bandwidth of DPAs [8]-[13], [15]-[19], [48].

Outphasing power amplifiers (OPA) from [20]-[26] pro-
vide an alternative approach to perform load modulation and
enhance backoff efficiency. The conventional voltage mode
outphasing amplifier in [20] consists of two voltage sources
connected differential to a common RF load. Two reactive
components are added to compensate the reactance generated
by the outphasing modulation. Mixed-mode OPA operation
has been investigated in [24] and [25], in which both phase
and amplitude of the PA input signals are modulated. It has
been demonstrated that the mixed-mode OPA operation pro-
vides higher efficiency at backoff power level when compared
with that of the conventional mode OPA. However like the
conventional DPA, the OPA suffers from bandwidth limitation
due to the narrow bandwidth characteristics of the conventional
outphasing combiners.

A promising type of load modulation scheme that combines
both the Doherty and outphasing operations into one PA design
has been proposed [27]-[34]. This load modulation scheme
benefits from both the Doherty and outphasing modes typically
to maintain a high efficiency across a large backoff range. The
wideband Doherty-outphasing PAs are of particular interest
to this work. Andersson et al. [32] developed a dual-input

0018-9480 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Carnegie Mellon Libraries. Downloaded on September 26,2020 at 18:15:21 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0003-0433-6831
https://orcid.org/0000-0003-3909-6110
https://orcid.org/0000-0003-0260-4134

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

power amplifier based on a Doherty-outphasing continuum
analysis. The optimal PA combiner solution which achieves
the desired bandwidth performance is found in simulation.
The incident power levels and outphasing angles applied to
the two input ports of the PA are numerically swept in
a systematic way to search for the best performance. This
empirical optimization has been also adopted in several recent
works [33] and [34]. In contrast to this empirical approach,
a new approach to design the wideband hybrid Doherty
outphasing power amplifier (HDO-PA) is presented in this
work. It relies on the previously proposed Doherty-Chireix
continuum theory reported in [30] and [31]. The wideband
PA combiner is theoretically configured instead of using the
numerical search approach used in [32]. The proposed design
theory provides a systematic method to directly determine
the dual-incident power levels and outphasing angles. This
method also facilitates the PA characterization, since it is not
necessary to conduct the four-dimensional experimental search
associated with the joint dual-input power and phase sweeps
for all frequencies.

The Doherty-Chireix continuum theory established in [30]
is first reviewed and summarized here. The theory reported in
[30] was established based on four current- and voltage-ratio
factors: Ko = [Vipl/I|Visls Koa = Vapl/|Vasl, Kim =
[Lnp!/Inp| and Kiq = |1apl/|1ap|, where the subscripts m and
a refer to the main and auxiliary PAs and the subscripts p
and b refer to the peak and backoff power levels, respectively.
Thereby, the factors K,,,, and K;,  refer to the peak-to-
backoff fundamental drain voltage and current ratios, respec-
tively. A continuum of solution for PA output combiners at the
device current-source reference planes including the Doherty
and Chireix outphasing modes was analytically derived in
term of these ratio factors, which revealed the performance
trade-off achieved by all of the possible PA combiners within
the continuum of solution. An optimal PA design was found
by choosing K,, = OBO/(OBO — 2), where OBO refers to
the output power backoff range. This mode of PA operation is
referred to hybrid Doherty maximum (HDmax) PA in [30] and
[31], inasmuch the efficiency drop between backoff and peak
power level typically observed in the conventional Doherty PA
is compensated and a maximum flat efficiency response versus
output power can be obtained as is experimentally verified
in [31]. Similarly with the approach in [31], the wideband
HDO-PA combiner theory is established by setting K,,, = 1
(same drain voltages at peak and backoff) and K;,, = oo
(auxiliary PA is off at backoff). However, compared with the
work reported in [31], the main novelty of this work is that
the K,, is now changing along with the frequency, which
results in the PA mode of operation dynamically shifting
versus frequency from the HDmax (K,, = 9/7) mode to
the Doherty mode (K,, = 2) so as to maintain the desired
backoff efficiency for a symmetric HDO-PA. The rationale for
selecting these values of K, is inspired in [30, Table I]. In this
work, it has been found that the PA output combiner circuit can
by physically realized when the asymmetry fundamental peak
power ratio between the auxiliary and main amplifiers n is set
to be 1 for all frequencies. At the minimum and maximum
frequencies, K,, = 9/7 was obtained by selecting OBO = 9
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Fig. 1. Conceptual diagram for a wideband HDO-PA at the device
current-source reference planes.

(9.54 dB) and K,, = 2 by selecting OBO = 4 (6 dB) for the
HDmax and Doherty PAs respectively, as will be explained
in further details in the following sections. This wideband
combiner theory based on K,, is first verified in simulation at
the current-source reference planes of the transistors, using an
ideal equation-based output combiner. The wideband combiner
at the package reference planes is then approximately realized
by incorporating the device’s output parasitic. Finally, to val-
idate the proposed theory, the fabricated wideband HDO-PA
is measured from 1.4 to 2.5 GHz.

This work 1is organized as follows. In Section II,
the wideband hybrid Doherty-Outphasing combiner theory is
introduced. The design and simulation results are presented
in Section III. The experimental results of the dual-input
wideband HDO-PA are reported in Section IV. Finally, the con-
clusion is drawn in Section V.

II. WIDEBAND HYBRID DOHERTY-OUTPHASING
COMBINER THEORY

The wideband combiner theory in this work is developed as
an extension of the single frequency combiner theory presented
in [30] and [31]. The wideband hybrid Doherty-Outphasing
combiner theory at the device current-source reference plane is
based on the conceptual diagram presented in Fig. 1. The main
and auxiliary transistors are represented by two ideal current
sources associated with their fundamental drain currents. A
wideband combiner network represented by the two-port Z
parameters Z(w) is connected between the two current sources
to perform the load modulation within the frequency range of
interest.

A. Combiner Network Analysis Based on a Two-Port Network

The two-port combiner network consists of a reciprocal
and lossless three-port network terminated with an output
load R; as shown in Fig. 1. It is assumed that the power
and frequency dependent load impedances seen by the main
and auxiliary devices are both real (at peak and backoff) and
are thus denoted by R,, and R, in Fig. 1. Comprehensive
analytical formulas [(8)—(16)] have been provided in [30] to
fully describe the generalized combiner theory at a single
frequency. The wideband combiner theory in this work is
developed from a special case of [30] or [31], which assumes
that the auxiliary device is completely off at backoff power
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Fig. 2. OBO and peak and backoff outphasing angles versus K.

level (|1,,] = 0). By reducing the design space from four
dimension in [30] to two dimension here using K;, = oo and
K,n = 1, the design equations in [30] are further simplified
as follows. The asymmetry fundamental peak power ratio n
between the main and auxiliary amplifiers reduces to

P, Vapll 1 Kim—1
— @ _ M — KW(L). )
Pmp |Vmp| |1mp| Kim

It is noted that the value of the currents and voltages in
this work are frequency dependent. Solving and obtaining
the relationship of K;,, = K,,/(K,, — n), the output power
backoff (OBO) is derived to be

P, ap + P, mp

OBO = =
Pmb

Kya(n + 1)

K. —n )

Enforcing the combiner lossless-ness condition R*{Z,} =
R{Z11}R{Z»} upon the three-port network for all frequencies,
the outphasing angles at backoff and peak power levels are
then obtained in terms of n and K,,

Kva 1 - K
0, = % cos™! :I:\/ (+n) ba 3)
2Kps — 1
E— @)

We shall set n = 1 for the same main and auxiliary peak
power levels and K,, € [9/7,2] for the mode-of-operation
varying from the HDmax [31] to Doherty modes. The OBO
is plotted versus K,, in Fig. 2. The outphasing angles at
backoff @, and at peak power 8, are also plotted versus K,,
as shown in Fig. 2. In this work, the two negative signs are
selected in (3) to reduce the physical length of the transmission
line implemented in the wideband combiner circuit, as will
be further illustrated in the following section. K,, = 2
corresponds to a symmetrical inverted Doherty PA operation,
since the 0, = 0, = —90° [35]. When K, is reduced to 9/7,
the operating mode relaxes to the same mode reported in [31].

The load impedance seen by the main amplifier at peak
and backoff power level are defined as R,,, = V,,,/I,,, and
Ry = Vinp/ Iny = Kim Ry, respectively. The load impedance
seen by the auxiliary amplifier at peak and backoff power level
are similarly defined as Ry, = Vyp/lap and Ry = Vap/lap,

T TL, L
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Fig. 3. Transmission line based wideband HDO-PA prototype at the device
current-source reference planes.

respectively. Given K;, = 0o, the Z parameters in Fig. (1) are
simplified to be

"lRap Yop e—i0

Rmh
Z=| ,r Kpa—n (5)
me_.jab R 1+Kvufn +(17Kua—n )-j tan0y
Kpa —n ap 1+ tan0,

where y,,(= |Viupl/[Vapl) is defined to be the fundamental
drain voltage ratio between the main and auxiliary devices.
In this work, y,, is selected to be 1.

The analysis presented above results in important analytical
formula characterizing the HDO-PA output combiner network
at the current-source reference planes. This “black-box” type
of combiner network can be directly synthesized using either
transmission lines [31], [40] or LC-type networks [41] for
single-frequency PA designs. However, it is usually time
consuming or even impossible to directly synthesize a two-port
wideband combiner network using the optimization tools avail-
able in microwave circuit simulators. Indeed, the optimizer is
usually unable to converge to an acceptable global minima
given the multiple targeted design goals over within wide
bandwidth and the presence of multiple local minima.

In this work, motivated in [30] and [31], a transmission
line-based combiner circuit prototype as shown in Fig. 3 will
be first synthesized at the current-source reference planes
to realize the two-port wideband combiner network. In this
prototype, the main and auxiliary fundamental peak voltages
are assumed to be the same, resulting in y,, = n/y;, =1 as
mentioned in [30].

As shown in Fig. 3, the two-port combiner network consists
of two transmission lines with the characteristic impedance of
Z, and Z, and the electrical length of 8, and 65, respectively.
A common load R;, to which the output power is delivered,
is connected between the two transmission lines.

For K;, = 0o and n = 1 the equations reported in [30] for
the design parameters Z;, Z,, 01, 6, and R, are simplified and
given by

mp
ZZ - Rap
Rmp
R; =
T2

Kya
0, = tan~! (ﬁ tan[eh(Kva)])

Kva -2
0, = tan~! (ﬁ tan[eh(Kva)])~ (6)
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Fig. 4.  Electrical length #; and 6, of the wideband HDO-PA prototype
versus K.

The electrical lengths 8, and 6, are plotted versus K,, as
shown in Fig. 4. The solution for #, selected for calculating
6, and 6, is the same as the one shown in Fig. 2. In Fig. 4,
the electrical lengths 8; and 6, are both monotonously increas-
ing as K,, increases from 9/7 (referred as the optimal HDO-PA
in [31] or the HDmax in [30]) to 2 (the symmetric inverted
Doherty PA mode). The electrical lengths ¢, and 6, are a
function of K,,. The frequency dependence of 8, and 6, are
then introduced by the designer by making K,, frequency
dependent. A realizable combiner can be obtained by selecting
the HDmax and Doherty modes at the minimum fu;, and
maximum fpnax frequency limits, respectively, given that the
electrical lengths of the transmission lines in Fig. 3 increase
with frequency. A linear distribution of K,, versus frequency
can be initially used for the intermediate frequencies

széw_i_g. (7

7 f max — f min 7

It is noted that the ratio fiux/fmin can reach up to an
octave depending on the topology selected for the physical
combiner at the package reference planes. As K,, varies,
the characteristic impedances Z; and Z, and the common load
R, remain constant, hence, these values are independent on the
operating frequency, which significantly simplifies the design
of the wideband combiner.

By selecting the peak-to-backoff voltage ratio K,, to
monotonously increase with frequency with the proper rate,
the two transmission lines TL; and TL, shown in Fig. 3 can be
approximately synthesized using physical circuits. A wideband
combiner circuit prototype based on Fig. 3 can then be realized
in which the mode of the operation gradually switches from
the HDmax mode to the symmetric inverted Doherty PA mode
as the frequency increases. Based on Fig. 2, the OBO will
drop from above 9.58 to 6.0 dB as the frequency increases.
The backoff outphasing angles 6, required by the wideband
combiner decreases from —41° to —90° as the frequency
increases, whereas, the peak outphasing angles 6, increases
from —139° to —90° as the frequency increases. Thereby a
dual-input implementation is required to realize this wideband
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Fig. 5. Schematic of (a) wideband HDO-PA prototype built with the nonlinear
embedding device model and transmission line based combiner and (b) single
transistor PA terminated with an input-RF voltage source and a resistive load.

outphasing PA operation. The design and synthesis of the
wideband combiner circuit will be discussed in Section III.

III. DESIGN AND SIMULATIONS

A wideband HDO-PA with maximum power of 44 dBm
operating from 1.4 to 2.5 GHz can now be readily designed at
the device package reference planes. In this section, the pro-
posed wideband HDO-PA theory is first verified by performing
ideal simulations at the device’s current source reference
planes using an nonlinear embedding device model [37]. The
wideband combiner circuits and the input matching circuits
are then synthesized at the device’s package reference planes.
Finally, the simulation results for the fabrication-ready PA
circuits are presented and discussed.

A. Wideband Hybrid Doherty-Outphasing PA Theory
Verification Using an Ideal PA Prototype

A wideband ideal HDO-PA prototype is shown in Fig. 5(a).
Two identical nonlinear embedding device models at the
current-source reference planes are used to represent the main
and auxiliary PAs. The main and auxiliary PAs operate in
class-B and class-C mode, respectively. The second harmonic
impedances are properly terminated using two ideal filters.
It is to be noted that these ideal filters at the current-source
reference planes might not be physically realizable at the
package reference planes, but using ideal harmonic filters
allows us to to perform simulations at this step to verify
the proposed theory. The wideband combiner connected in
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TABLE I
DESIGN PARAMETERS FOR THE WIDEBAND HDO-PA PROTOTYPE

fo 1.4 GHz 1.6 GHz 1.8GHz 20GHz 22GHz 24GHz 25GHz
Z1 18.3 Q 18.3 Q 18.3 Q 18.3 Q 18.3 Q 18.3 Q 18.3 Q
Za 18.3 Q 18.3 18.3 Q 18.3 18.3 Q 18.3 18.3 Q
Ry, 9.15 Q 9.15Q 9.15 Q 9.15Q 9.15 Q 9.15Q 9.15 Q
01 74.6° 74.4° 75.4° 77.4° 80.5° 86.6° 90.0°
02 115.0° 123.0° 131.3° 140.4° 151.5° 170.1° 180.0°
| Vas,mp | 31V 31V 31V 31V 31V 31V 31V
| Vas mb 0.74 V 098 V 1.20 vV 1.39 vV 157V .72V 1.74 V
GS,ap 46V 46 V 46V 4.6 V 46 V 4.6 V 46 V
0y —139.7°  —131.4° —124.2° —117.0° —109.0° —96.5° —90.0°
0p —40.3° —48.6° —55.8° —63.0° —71.0° —83.5° —90.0°
Kya 1.25 1.39 1.53 1.67 1.81 1.95 2.00
between consists of two transmission lines TL; and TL, and
the common load R;. 80| —@— 1.4 GHz (K,,=1.25) 80
. . . 1.6 GHz (K__=1.39)

For this 1deal. HDO-PA prototype design, the operating 370 . 18 GHZ(K::=1_53] 70
frequency range is selected from 1.4 to 2.5 GHz. The value of °; 50| —>—20GHz(K,,=167) 160
K, is approximately linearly varied to shift the PA mode from e + 2.2 GHz (K ,=181) A o
HDmax to Doherty PA as the frequency increases to sustain .g 50|—%— 2.4 GHz (K _=1.95) / Dgherty Mode{50 T
the desired wideband backoff efficiency. The values of K, are E 40 4—2.5 GHz (K ,=2.00) | 0BO=6dB | 40 -%
selected to be: K,, = [1.25,1.39,1.53,1.67, 1.81, 1.95,2.00] c o
as the frequency varies linearly from 1.4 to 2.5 GHz. The main T 30 b

.- . . o T
and auxiliary PAs are designed to deliver the same peak power, = 20 -
which results in n = 1. The required main peak-to-backoff 3
current ratios K;,, are then obtained by using (1). A fixed dc 10
drain bias Vpp = 25 V is adopted for both devices and the 0

amplitude of the fundamental drain voltage for both the main
and auxiliary PAs at the peak power level are set to be equal
at each frequency: |V,,,| = |V,,| = 22 V. By selecting the
maximum fundamental drain current of the auxiliary device
to be: [I,,| = 1.2 A, the maximum fundamental drain current
for the main device is calculated to be given by: |/,,| =
[lspl/n = 1.2 A. Knowing K,4, K;, and the fundamental
drain voltages and currents at peak power, the amplitude of the
fundamental drain voltages and currents at backoff power level
can easily be calculated. Thereby, the load impedances seen by
both PAs at peak power level are readily verified to be given
by: R, = Rsp = 18.3 Q. The variation of the outphasing
angle at the backoff power level versus frequency is obtained
using (2) and (3). The design parameters Z, Z», Ry, 0; and
6, can be determined from (6) for the transmission-line based
wideband combiner shown in Fig. 5(a).

The required RF-input voltages for the main and auxiliary
PAs, which sustain the desired fundamental drain currents
when the output ports are terminated with the correct load
impedances (R,, or R,) at each fundamental frequency, are
found by performing single-transistor simulations as shown
in Fig. 5(b) [39]. Specifically, the RF-input voltages at backoff
and peak power levels for the main PA (|Vgsn,|) or the
auxiliary PA (|Vgs,4|) are automatically extracted by sweep-
ing the RF gate voltages and using interpolation. The main
and auxiliary PAs are biased in class-B and class-C modes,
respectively, with the second harmonic impedances properly
terminated.

The simulations based on the schematic shown in Fig. 5(a)
are performed at each frequency from 1.4 to 2.5 GHz to verify

Qutput Power (dBm)

Fig. 6. Simulated drain efficiency versus frequency at the current-source
reference planes.

the proposed theory. It is worth mentioning that the RF-input
voltages and the outphasing angles between the backoff and
peak power levels are simply selected to vary linearly with the
input drive when characterizing the output power response of
the PA at each frequency. The design parameters used in these
simulations versus frequencies are summarized in Table I.
In the simulations K;, is set to be 65 to turn off the aux-
iliary PA at backoff power level, so that the values of the
electrical length shown in Table I are slightly deviated from
the theoretical values calculated by (6), where K, is assumed
to be infinity. Fig. 6 shows the simulated efficiency and power
gain versus output power from 1.4 to 2.5 GHz. As is indicated
in this figure, the auxiliary peak-to-backoff voltage ratio K,
is varied as the operating frequency increases to change the
PA load modulation behavior from the HDmax to Doherty
PA modes. The OBO reduces from approximately 9 dB at
low frequency to 6 dB at high frequency, as predicted by the
proposed theory. The dual-input power gain (in dB) as shown
in Fig. 6 is defined by the difference between the output power
(in dBm) and the combined input power (in dBm) assuming
perfect input matching networks are implemented. The load
modulation behaviors seen by the main and auxiliary PAs
are respectively depicted in Fig. 7(a) and (b), which indicate
that the PA mode varies from the HDmax to Doherty PA
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Fig. 7. Simulated load modulation trajectories versus frequency for (a) main
and (b) auxiliary PAs at the current-source reference planes. (a) Main PA.
(b) Auxiliary PA.

modes as the frequency increases. The load impedance at
both backoff and peak power levels are maintained to be real
at each frequency as targeted. The backoff impedance seen
by the main PA becomes smaller as the frequency increases,
which explains the reduction of the OBO versus frequency.
Meanwhile, the load modulation trajectory gradually changes
from a curve to a straight line as expected, when the PA
mode changes from the outphasing operation to the Doherty
operation.

B. Design of the Wideband Output Combiner

The wideband combiner circuit connected to the transistor’s
package reference planes is first designed and optimized by
incorporating the linear parasitic L-C model of this GaN
device reported in [36]. The nonlinear response of the trans-
mission line’s electrical length versus frequency obtained
from (6) and shown in Table I, cannot be realized using a
single-section transmission line as shown in Fig. 3. Therefore,
a multisection transmission line topology as shown in Fig. 8
is adopted to synthesize the frequency dependence of the
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Fig. 8. (a) Synthesis of the overall electrical lengths of the main/auxiliary
branches, (b) synthesis of R;;, and R, (c) synthesis of the output impedance
transformer, and (d) synthesis and optimization for the overall wideband
combiner circuit.

electrical length. The characteristic impedance Z; and Z, of
the two transmission lines implemented in Fig. 5 which are
frequency independent according to (6), are determined via the
impedance transformation from R, , (or R,) to Ry (0 Rqp).
The design procedure used is summarized below in Step 1 to
Step 3:

Step 1: The wideband output matching network (OMN)
connected to the main PA (or auxiliary PA) is designed from
1.4 to 2.5 GHz as shown in Fig. 8. As shown in Fig. 8(a),
the first design goal is to independently synthesize the main
and auxiliary multisection transmission line circuits such that
the absolute value of the phase of S, be close to the theoretical
values of the electrical lengths 8, and 6, listed respectively
in Table I at each frequency. The results are shown in Fig. 9(a)
for the main and auxiliary branches. The red circles indicate
the theoretical ¢, and the red-dashed line the synthesized
6, for the main branch. The blue rectangles indicate the
theoretical 6, and the blue solid line the synthesized 6, for the
auxiliary branch. For this electrical lengths optimization 50 Q
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Fig. 9.  (a) Comparison between the theoretical and synthesized electri-
cal length, (b) comparison between the theoretical and synthesized R,
(or Rup) and (c) comparison between the theoretical and synthesized 2-port
S-parameters of the wideband output combiner at the package reference
planes.

impedance terminations are used. The second simultaneous
design goal in the synthesis of the multisection transmis-
sion line circuits as shown in Fig. 8(b), is to transform the
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Fig. 10. Simulated drain efficiency and gain from 1.4 to 2.5 GHz: (a) from
1.4 to 1.9 GHz and (b) from 2.0 to 2.5 GHz.

impedance R;,, (or R;,)) seen at the junction point to the
impedance R, (or R,,) seen by the main PA (or auxiliary PA)
at each frequency at peak power. It is noticed from the
zoomed-in view in Fig. 9(b), that the synthesized wideband
fundamental impedance seen by the main PA (in red solid
line) and the fundamental impedance seen by the auxiliary PA
(in blue solid line) are close to the design target of 18.3 Q.
The two-port output matching circuits as shown in Fig. 8
for the main or auxiliary branch including the device output
parasitics and transmission lines are separately synthesized
by simultaneously targeting these two design goals under all
frequencies from 1.4 GHz to 2.5 GHz.

Step 2: The wideband output transformer that transforms
the 50 Q output load to the common load Ry is implemented
by adopting a Chebyshev transformer topology as shown
in Fig. 8(c). The drain dc biasing circuit is co-designed
together with this Chebyshev transformer.

Step 3: The initial design of the main branch, auxiliary
branch in Step 1 were realized by taking account of the
linear device parasitic using the linear model reported in [36].
This initial design enables to avoid the optimizer to settle
in a local minimum. However, only using the linear device
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parasitic network may not be accurate enough in the presence
of the nonlinear device capacitance. The wideband two-port
S-parameters S, (w) for the entire output combiner as shown
in Fig. 8(d) are then further optimized based on this initial
wideband combiner design at all frequencies from 1.4 to
2.5 GHz by minimizing the error &(w)

£(@) = min|S,(@) — S,(@)|

where S;(w) refers to the targeted S-parameters of the wide-
band combiner at each frequency from 1.4 GHz to 2.5 GHz
at the package reference planes, as predicted by the nonlinear
embedding model [37].

It is noted that in Step 3, the required fundamental drain
currents and voltages at the package reference planes sustain-
ing the desired theoretical load modulation behaviors at the
current-source reference planes at backoff and peak power,
are predicted using the nonlinear embedding device model
introduced. The resulting two-port S-parameter S;(w) of the
combiner at the package reference planes obtained by non-
linear embedding process are plotted using plain, dashed, and
dotted lines in Fig. 9(c). The optimized two-port S-parameters
Sp(w) of the combiner are also presented in Fig. 9(c) for
comparison with S;(w). In this work, it was difficult to
precisely overlap the designed S-parameters S,(w) with the
targeted S-parameters S;(w) at each frequency from 1.4 GHz
to 2.5 GHz. However, the simulated wideband PA performance
will turn out to be acceptable, as will be seen in Section III-C.

C. Design of the Input Matching Network and the Wideband
HDO-PA Simulation Results

For the input matching network, a stepped impedance topol-
ogy is adopted to realize a wideband, low-Q input matching
from 50 Q to the targeted input impedance seen at the gate
of the transistors [32]. An R-C network implemented with
a 3.9-pF capacitor and 30 Q resistor in parallel is used to
stabilize the PA. The simulated drain efficiency and gain versus
output power at each frequency from 1.4 to 2.5 GHz are
plotted in Fig. 10(a) and (b). The schematic of the wideband
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Schematic of the propose dual-input wideband HDO-PA circuit operating from 1.4 to 2.5 GHz (unit: mils).
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Fig. 12. (a) Fabricated wideband dual-input HDO-PA demonstrator circuit
and (b) LSNA test bench used for CW measurements.

dual-input PA realized by microstrip lines is shown in Fig. 11.
The incident powers at the gate of the transistors are first
calculated based on the prediction of the nonlinear embedding
model at the package reference planes given the value of
input-RF voltages listed in Table I. The incident powers at
the RF ports of the PA are calculated by taking account of the
S-parameters of the Electromagnetic (EM) models of the wide-
band input matching networks and the R-C stability circuits.
The outphasing angles at the gate current-source reference
planes versus power at each frequency are first calculated
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Fig. 13. Measured drain efficiency and gain from 1.4 to 2.5 GHz: (a) from
1.4 to 1.9 GHz and (b) from 2.0 to 2.5 GHz.

using (3) and (4). After nonlinear embedding of the transistor’s
gate parasitics and taking account of the entire input matching
network and the R-C stability circuits, the outphasing angles at
the RF ports of the PA at each frequency are slightly updated,
which are readily used in the simulations. The wideband EM
models of the input matching and output combiner circuits
are obtained by performing the ADS Momentum simulations.
Then the PA large signal simulations results are obtained
from the ADS EM Co-Simulations by jointly running the
harmonic balance simulator and EM models of the passive
networks. The simulated drain efficiency and gain from 1.4 to
2.5 GHz are presented in Fig. 10. The fabricated dual-input
wideband HDO-PA shown in Fig. 12(a) was built on a Rogers
IsoClad 917 with a relative dielectric constant of 2.2 and a
thickness of 31 mil. Two Wolfspeed’s gallium nitride (GaN)
high-electron-mobility transistors (HEMT) CGH40010F are
used for both the main and auxiliary PAs. The main PA is
set to operate in the class-AB mode with a gate bias voltage
of —3.0 V and a dc quiescent current of 55 mA. The auxiliary
is set be operate in the class-C mode with a gate bias voltage
of —4.1 V. It is noted that the main and auxiliary PAs share the
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Fig. 14.  (a) Comparison between simulated and measured 6 dB backoff
efficiency, 7 dB backoff efficiency and peak power from 1.4 to 2.5 GHz.
(b) Comparison between simulated and measured small-signal S-parameters
versus frequency.

same drain dc bias of 25 V, and because of that, the two PAs
are able to deliver the same amount of peak power (n = 1).
The measurement results are presented next in Section I'V.

IV. EXPERIMENTAL RESULTS
A. Continuous-Wave Measurements

The test bench based on the large signal network ana-
lyzer (LSNA) as shown in Fig. 12(b) is used for performing
continuous-wave (CW) measurements from 1.4 to 2.5 GHz.
For the CW measurements at each frequency, the dual-input
RF ports of the HDO-PA are driven by two phase-locked
signal-source generators (Keysight ESG 4438C) and are
injected with the same incident power data used in the ADS
EM Co-Simulation.

The measured drain efficiency and gain versus output power
are plotted from 1.4 to 2.5 GHz in Fig. 13. The simulated
and measured maximum output power, at 6- and 7-dB backoff
efficiency are also extracted and plotted versus frequency as
shown in Fig. 14(a), respectively. It is noted that the measured
results and simulated results are comparable across the entire
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Fig. 15.

Comparison between the measured and simulated optimal drain efficiency and gain at (a) 1.5 GHz, (b) 2.2 GHz, and (c) 2.5 GHz. Associated

dual-incident power and comparison between the measured and simulated outphasing angles at (d) 1.5 GHz, (e) 2.2 GHz, and (f) 2.5 GHz.

frequency range. The measured 6 dB backoff efficiencies are
from 44% to 60% and the measured 7-dB backoff efficiencies
are from 41% to 55% across the frequency range from
1.4 to 2.5 GHz. The measured maximum output powers are
around 44 dBm from 1.4 to 2.5 GHz. The small signal
measurements and simulations are presented and compared
in Fig. 14(b) to further evaluate the fabrication accuracy of
the wideband HDO-PA circuit. Since the auxiliary PA is off
under small-signal excitation, port 1 refers to the RF input
port of main PA and port 2 refers to the output of the
HDO-PA. |S;;| and |S3;] in dB are simulated and measured
with the auxiliary RF input port terminated with a 50 Q load.
Fig. 15 compares the ADS EM Co-Simulations with the CW
measurements results at 1.5, 2.2, and 2.5 GHz, respectively.
From Fig. 15(a)—(c), the measured optimal drain efficiency
(indicated by black hollow circles) and gain (indicated by
black hollow rectangles) are comparable to the simulated data
(indicated by red lines). The measured drain efficiency and
gain associated with the outphasing angles are also depicted by
the blue dots. It is noted that the outphasing angles applied in
the CW measurements between the dual-input RF ports were
swept at each power level based on the same range of out-
phasing angles used in the ADS simulations instead of relying
on the exact simulation value. This was done to compensate
for performance degradation caused by imperfections in both
the PA fabrication and the device model. The outphasing
angles (indicated by the black circles) based on the optimal
PA performance at these frequencies are compared with the
theoretical outphasing angles used in the ADS simulations
(indicated by the red-dashed lines) in Fig. 15(d)—(f). The

difference between these outphasing angles is reasonable. It
is also noted that the difference between the outphasing angle
at backoff 0, and the outphasing angle at peak 0, reduces as
the frequency increases from 1.5 to 2.5 GHz, which implies
that the wideband PA operates in the outphasing mode at lower
frequencies and gradually shifts to the Doherty mode at higher
frequencies.

B. Modulated Signal Measurements

The fabricated wideband HDO-PA has also been evaluated
with 20-MHz LTE signals exhibiting 6.5-dB PAPR at 1.7,
2.2, and 2.5 GHz, respectively. The linearization method
in this work is the same as the one mentioned in [25].
A lookup table (LUT) is extracted based on the CW mea-
surement results in Fig. 14. This LUT includes the PA output
power as a function of the dual incident powers and the
outphasing angles for the above three carrier frequencies.
An inverse PA model is implemented using the generalized
cubic-spline basis algorithm [53] and it is used to generate
the predistorted waveforms. It is worth mentioning that for
demonstration purpose the same waveforms were used for
both extracting the inverse model and linearizing the PA.
When the wideband HDO-PA is excited with the 20-MHz
LTE signals at 1.7 GHz, 47.8% of average drain efficiency and
around —54.0-dBc adjacent-channel-leakage-ratio (ACLR) are
achieved at an average output power of 37.7 dBm after
applying DPD. When the wideband HDO-PA is excited with
the 20-MHz LTE signals at 2.2 GHz, 44.0% of average drain
efficiency and around —49.4-dBc ACLR are achieved at an
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TABLE II
MODULATED SIGNAL MEASUREMENT WITH 20 MHz LTE SIGNAL

fo Output PAPR Pinc,avg. Pout,ave. Gainayg IDE,avg. /PAEavg. ACLRL,H NMSE
(GHz) (dB) (dBm) (dBm) (dB) (%) (dBc) (dB)
Before DPD 1.7 6.9 25.3 37.2 11.9 50.3/47.1 —32.4,-31.8 —20.5
After DPD 1.7 6.4 25.3 37.7 12.4 47.8/45.0 —54.0,—-52.3 —42.9
Before DPD 2.2 8.0 24.3 35.2 10.9 40.0/36.7 —30.2, -30.5 —14.7
After DPD 2.2 6.6 25.3 36.7 114 44.0/40.8 —49.4, —46.5 —32.7
Before DPD 2.5 6.1 27.5 35.5 8.0 40.0/33.7 —-30.8,-32.7 —22.9
After DPD 2.5 6.2 28.4 354 7.0 40.4/32.3 —47.6,—49.2 —33.8
TABLE III
COMPARISON AND SUMMARY OF THE RECENT DUAL-INPUT DOHERTY-OUTPHASING POWER AMPLIFIERS
Technology PA Operation Frequency Backoff n* Saturation n* Signal Navg PAPR | ACLR | Reference
Methodology (GHz) (%) (%) Bandwidth (MHz) (%) (dB) (dBc)
GaN Numerical Sweep 2.14 50 (12-dB OBO) 66 - - - - [27]**
GaN Numerical Sweep 0.58 74 (10-dB OBO) 80.0 10 70.2 10.4 -47.7 [29]
GaN Numerical Sweep 1.2-3.7 48-68 (6-dB OBO) 45-68 5.0 44-51 6.7 -59 [32]
GaN Numerical Sweep 1.4-4.8 45-62 (6-dB OBO) 45-65 - - - - [33]**
GaN Numerical Sweep 0.7-3.0 40.4-65.8 (6-dB OBO) 49.8-60.3 20 42.8-64.6 6.04 -50.9 [34]
GaN Analytical Solution 14-2.5 44.0-60.0 (6-dB OBO) 60.1-68.4 20 40.4-47.8 6.5 -54.0 This work

*_77 refers to drain efficiency under CW measurements.
** No modulated signal measurements were performed.

average output power of 36.7 dBm after applying DPD. When
the wideband HDO-PA is excited with the 20 MHz LTE
signals at 2.5 GHz, 40.4% of average drain efficiency and
around —49.2-dBc ACLR are achieved at an average output
power of 35.4 dBm after applying DPD. It is noted that the
measured average gain at 2.5 GHz is low, which may be due
to the degraded input return loss and small signal gain at

the edge of the bandwidth of the PA. The modulated signal
measurements are also summarized in Table II. The output
power spectral density tested by the 20-MHz LTE signals
centered at 1.7, 2.2 and 2.5 GHz before and after applying
DPD are shown in Fig. 16(a)—(c), respectively. The AM/AM
and AM/PM before and after applying DPD are also shown
in Fig. 12(d)—(f), respectively. In Table III, the performance
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of the wideband HDO-PA proposed in this article is com-
pared with other recent works found in the literature reviews.
It is to be noted that all the PAs in Table III rely on a
dual-input PA configuration using outphasing to enhance the
Doherty operation over a wide range of frequencies or at
single frequency. The three reference broadband PAs already
reported in the literature [32]-[34] are all optimized using an
empirical search relying on the 3-D sweep of the two input
power and outphasing angle at each frequency. This systematic
3-D search approach usually yields disjointed solutions in
terms of outphasing angle and input power as the frequency
varies. This is expected to limit the high-efficiency operation
of these PAs for wide bandwidth 5G signals both before and
after DPD. On the contrary, the dual-input HDO-PA proposed
in this article relies an analytic theory in which the PA mode of
operation gradually shifts from the HDmax to Doherty modes.
As a consequence, the input power levels and the outphasing
angles vary smoothly as the frequency changes.

V. CONCLUSION

A wideband HDO-PA combiner theory has been developed.
The theory was initially established and verified using the
HDO-PA prototype implemented by the nonlinear embedding
device model and ideal combiner two-port network. Based
on the theory, wideband combiner circuits were realized at
the package reference planes by incorporating the device’s
output parasitic. A wideband hybrid Doherty-Outphasing PA
demonstrator circuits operating from 1.4 to 2.5 GHz was
implemented and fabricated. The fabricated PA was evaluated
using both CW measurements and modulated signal mea-
surements across the entire bandwidth of interest to further
validated the theory and design methodology proposed in this
work.
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