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Abstract—This work introduces a novel design theory for
a single-input hybrid Doherty power amplifier (PA) inspired
by the design space existing within the previously reported
dual-input Doherty—Chireix (outphasing) continuum. Unlike the
conventional A /4 Doherty PA inverter which only performs the
correct load modulation at its center frequency, the hybrid
Doherty PA (HDw-PA) combiner network achieves a wideband
load modulation using the frequency dependence of the electrical
length of the output combiner lines versus frequency for sliding
the PA mode of operation. A modified theory is presented in this
work to allow for a single-input PA implementation. In this new
design, the outphasing angle is only changing with frequency and
not the input power. A transmission line phase shifter is used
to provide the correct frequency-dependent input phase offset
ensuring the correct wideband load modulation performed by
the output combiner. A novel methodology is also proposed to
select the optimal input phase offset to reduce the variation in
the saturation power versus frequency and minimize the circuit
size. A proof-of-concept demonstrator PA circuit is designed to
operate from 2.5 to 3.3 GHz. When the fabricated PA is excited
by a 20-MHz long-term evolution (LTE) modulated signal with
6-dB peak-to-average-power ratio (PAPR), an average efficiency
of 45%-59% and adjacent channel leakage ratio (ACLR) less
than —50 dBc are achieved after digital predistortion (DPD)
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across the entire band. When the fabricated PA is excited by
a 5G-like 50-MHz orthogonal frequency-division multiplexing
(OFDM) signal with 10-dB PAPR, an average efficiency of
33%-41% and ACLR less than —44 dBc are achieved after DPD
across the entire band.

Index Terms—Doherty power amplifiers (PAs), Doherty-
outphasing continuum, wideband PAs.

I. INTRODUCTION

OHERTY power amplifiers (PAs) continue to draw atten-
tion from PA designers due to their enhanced back-off
power efficiency and simple circuit topology. They have been
widely adopted in wireless transmitter systems and are still
a popular choice for the fifth-generation (5G) or beyond of
wireless base station infrastructures. The conventional Doherty
PA from [1] and [5] relies on the load modulation technique
to maintain high efficiency from backoff to peak power level.
The load modulation scheme depends on a quarter-wave (4/4)
transmission line (TL), which is inherently narrowband. In [6],
a narrowband Doherty PA output combiner was developed
based on a “black-box” type of a two-port network to facilitate
the design process. Recently, there have been numerous efforts
to extend the bandwidth of Doherty PAs [7], [8], [10], [11],
[13], [14], [15], [16], [17], [18], [19], [20], [21], [22], [23],
[23], [24], [44]. For example, in [14] a post harmonic matching
network is designed to create the harmonic load modulation
between main and auxiliary PAs, resulting in a broadband
Doherty PA operation. In [19], an additional TL is incorporated
at the auxiliary PA branch to obtain the desired AM-PM
performance within a large bandwidth. Two extra TLs are
inserted in the main and auxiliary PA branches in [22] to
keep the backoff impedance seen by the main PA constant
across the frequency band. From [25] to [34], there have
also been many other advanced load modulation techniques
proposed to break through PA bandwidth limitation. In par-
ticular, the distributed efficient PA and the load-modulated
balanced amplifier have been showing promising wideband
performance.
In addition, dual-input PAs have been investigated in [35],
[36], [37], [38], [39], [40], and [41] for bandwidth extension.
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In [36], a Doherty-outphasing PA continuum was first
proposed to design wideband PA output combiners with
variable electrical lengths and characteristic impedance. Mul-
tidimensional computer-aided numerical search was then per-
formed to select the desired PA output combiner structure
which yields the largest bandwidth. From our recent research,
the analytic Doherty—Chireix/outphasing continuum theory is
introduced in [38]. Instead of relying on the computer sim-
ulations, closed-form design equations defining the Doherty—
Chireix/outphasing continuum are carried out in this work.
Two narrowband dual-input PAs combining both the features
of Doherty and mixed-mode outphasing load modulation were
designed in [38] and [46], both of which yield high efficiency
over a large output power back-off (OBO) range. Furthermore,
an analytic dual-input PA prototype is proposed as shown in
[38, Fig. 3], which provides a systematic approach for the
wideband dual-input PA design at the current-source refer-
ence planes. Thereafter, the work reported in [40] presents a
wideband dual-input hybrid Doherty-outphasing PA solution
by continuously varying, as the frequency changes, the load
modulation mode measured by the auxiliary peak-to-backoff
voltage ratio within the Doherty—Chireix continuum [38]
while turning off the auxiliary transistor at backoff. Note
that as the frequency increases, the mode of operation is
targeted to vary from the HDmax outphasing mode [38]
to the Doherty mode. The HDmax mode is an outphasing
mode for which the main and auxiliary PAs provide the
same peak power with OBO larger than 6 dB. The HDmax
mode also exhibits high power efficiency between peak and
backoff owing to its auxiliary peak-to-backoff voltage ratio,
which remains constant to be unity versus output power. Com-
pared with HDmax PA, the Doherty PA with the same OBO
exhibits a noted slump in efficiency between peak and backoff
powers.

In [41], a comprehensive review of the analytic Doherty—
Chireix/outphasing continuum theory and the PA demonstrator
circuits designed to validate the theory was presented. This
article also summarized the important closed-form equations
used to design dual-input PA narrow/wideband output com-
biners from [38], [39], [40], [41]. However, compared with
the dual-input PA architecture which requires careful and
time-consuming input source synchronization and calibration,
the single-input PA structure is simpler to design, operate,
and thus more attractive, especially in industry, due to its
lower cost. The main novelty of this work compared with
the work reviewed in [41] is to address the complexity
issue in the conversion of the dual-input operation into a
single-input PA operation while still relying on the Doherty—
Chireix/outphasing continuum concept summarized in [41] for
expanding the bandwidth. Several solutions for the output
combiner design are possible such as the constant OBO and
the constant saturated power by selecting different frequency
dependence for K,, and the electrical lengths. Furthermore,
instead of determining the key frequency design parameter
K,q(w) by trial and error as we did in [40], analytic formulas
for both the cases of the constant OBO and the constant
saturated power designs are derived in this work for the
first time to synthesize the targeted linear and quasi-linear
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Fig. 1. Conceptual diagrams of the proposed single-input hybrid Doherty PA.
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Fig. 2. Simulation schematic of the dual-input PA built with the nonlinear
embedding device intrinsic IV model [45] and TL-based output combiner.
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frequency dispersion for the electrical lengths 6,, and 6, of
the main and auxiliary branches, respectively.

The organization of this work is as follows. A single-input
broadband hybrid Doherty PA (HDw-PA) combiner theory
including the PA output combiner and input phase shifter
design is presented in Section II. The design of a wideband
HDw-PA demonstrator circuit is presented in Section III,
and the simulation and measurement results are presented in
Section IV. The achievements are summarized in Section V.

II. WIDEBAND SINGLE-INPUT HYBRID DOHERTY
CONTINUUM PA DESIGN THEORY

The conceptual diagram for the proposed single-input
HDw-PA is shown in Fig. 1. Note that this prototype
HDw-PA circuit presents the targeted operation at the
current-source reference planes (CSRPs) for both the main and
auxiliary transistor IV characteristics represented by the field-
effect-transistor symbols as shown in Fig. 2. The proposed
HDw-PA output combiner prototype consists of two TLs with
the characteristic impedance of Z, and Z, and electrical
length of 6,,(w) and 8, (w), respectively. The common load R,
connected in between the lines assists with the load modulation
while delivering the output power. The main and auxiliary
transistors are operating in class AB (or class B) and C modes
with the second-harmonic current shorted, respectively. The
gate of the transistors is driven by two voltage sources, with
the one on the main side phase shifted by the outphasing
angles @ relatively. For the single-input HDw-PA discussed in
this work, a 50-Q TL with electrical length 6(w) is inserted
to function as a frequency-dependent phase shifter.

A. Design of the Phase Sliding-Mode Output Combiner

An important design parameter introduced in the Doherty—
Chireix/Outphasing continuum solutions [38], [40] is the
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peak-to-backoff drain voltage ratio of the auxiliary PA. It is
defined as K,, = |Vupl/IVapl, where the subscript a refers
to the auxiliary PA, and the subscripts p and b refer to the
peak and backoff power levels, respectively. For the theoretical
analysis in this work, the auxiliary PA is fully turned off below
backoff power, and thus, the peak-to-average drain current
ratio of the auxiliary PA is very large and taken as infinity:
Kiw = |1ypl/1ap| = o0. Based on (10) and (14) in [38], the
asymmetry power ratio between the main and auxiliary PAs n
simplifies to
P OBO —1 ]

(@) = K@) 556 T Ko (@) W
where OBO is defined as the output backoff power range. It is
worth mentioning that different from the PA designed in [40],
where the OBO is set to be varying from 6 to 9.54 dB versus
frequency, the OBO in this work is set to remain constant at
8 dB versus frequency. This requires a slight variation in the
output load R; and peak auxiliary load R,, versus frequency.
The line electrical lengths 6, and 6,, and the input phase
offset & will be expressed in terms K,, to accommodate the
single-input Doherty PA design. The characteristic impedances
for the TLs—Z,,, Z,, and the output load R;—remain them-
selves as in [38] to maintain a broadband operation at peak
power

Zy = Rmp
Za(a)) = Rap(w)

Ry (@) — K _ Rup(OBO/Ku(@) + 1)
t n(w) + 1 OBO — 1

where R,, and R,,(w) refer to the loads at CSRP to be
provided at peak power seen by the main and auxiliary devices,
respectively.

The dual-input PA outphasing angles at backoff 6, and peak
power level 0, which are given by (17) and (18) in [38] are
expressed in terms of only K,, and OBO with K;, = oo,
yielding

)

BO — K2
Op(w) = £ cos™! :I:\/ OBO AC) )

OBO + 2K 4 (w) + 1
Op(@) = 7 — 0,(0). 3)

For each value of K,,, there exists four possible combinations
(eight solutions) for the input phase offset angles based on (3)

BO — K2
6},1 = COS_l OBO va(a)) ;6],1 =TT — 9},1
OBO + 2K 4 (w) + 1

BO — K?
6},2 = COS_l — OBO v (CU) ; 9172 =T — 9},2
OBO + 2K 4 (w) + 1

OBO — K2, ()

a

Op3 = —cos™! 0y =m —0
b3 = 708 \/ OBO+2KM(a))+1) p3 =M TS

OBO — K2, ()

a

9 = — -1 - ;6 - _0 -
bd cos \/OBO+2KW(w)+1) pa =T b4

The electrical lengths #,, and 6, in Fig. 1 are simplified and
expressed in terms of K,, and OBO as

O (w) = tan™! (% tan ), (a))) 4)
va(@) — OBO/K,,
Op(w) = tan™" (K (wifua @ +/f< @ tan 6, (cu)). 5)

Having established the relationships between the electrical
lengths 6,,(w) and 6,(w), the targeted OBO and K,,(w)
from (4) and (5). The frequency dependence for K,,(w) can
be theoretically obtained to yield frequency-dependent solution
for the TL electrical lengths 6,,(w) and 6,(w).

First, by selecting the desired extreme K,,(wmpn) and
Ko (®max), (3) and (4) can be used to determine the boundary
conditions 6, (wyin) and 6, (wyax) for the targeted OBO. One
can then assume a linear dispersion for the main TL electrical
length 6,,(w) as w varies from gy tO Wmax

em (CO) = (1 - a)em (wmin) + aem (wmax) (6)

where o = (0 — @min)/(Omax— Omin) varies from 0 to 1 with
frequency. Equation (3) can then be reformulated to: tan® 6}, =
(Kya + 1)?/(—K2, + OBO). Starting from (4), a quadratic
equation for K, is formed in terms of OBO and 6,,(w), which
is given by

(tan*6,, + 1)K, + 20BO K,, + OBO(OBO — tan @), ) = 0.

This quadratic equation admits for solution

—b+ ~/b?> —4ac w
2a

K,q(0,,, OBO) = ith
a=tan6: +1
b =2 OBO
¢ = OBO(OBO — tan 6?). (7

Taking the ratio of (5) by (4), the required dispersion 6, (w)
for the auxiliary TL, which might be slightly nonlinear, is then
given by
tan 6, (w) = tan 6, (w) Kia(@) — OBO/Ky() . (8)
K,.(®w) + OBO

In this work, OBO is fixed to 8 dB and K,,(w) is cal-
culated to be {1.50, 1.75,1.97,2.15,2.30,2.40,2.47,2.51} as
the frequency linearly increases from 2.5 to 3.2 GHz based
on (7) and (6). The resulting electrical lengths 6,,(w) and 6, ()
from (6) and (8), shown as red dots and blue rectangles in
Fig. 8(b), are found to be quasi-linear functions of frequency as
desired to closely fit the phase dispersion of the transmission-
line-based output matching networks.

The four different cases based on different sign selection
of (3) are plotted in Fig. 3. The absolute values of 6, and
0, are shown in Fig. 3(a) and (b), respectively. Based on (4)
and (5), the electrical length for the main branch TL: 6,, and
auxiliary branch TL: 6, are also shown in Fig. 3(c) and (d),
respectively. The two positive signs (6,,; and 6,1) or the two
negative signs (0,4 and 6,4) should be selected to reduce the
physical length of the two TLs (6,, and 6,). In summary, once
the frequency dependence of K,,(w) has been selected, the
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versus frequency, and (d) theoretical electrical length 6, versus frequency.

design of the HDw-PA output combiner prototype shown in
Fig. 2 is complete.

It is worth mentioning that for the operation of the dual-
input PAs, the outphasing angle € needs to be varied gradually
from 6, to 0, as the output power increases from backoff to
peak power. However, to implement a single-input PA, the
outphasing angle has to remain power-independent if it is to be
realized with a passive input phase shifter circuit. The design
of the input phase shifter will be discussed in Section II-B.
By sliding the value of K,,, one obtains a continuum of
solutions for the HDw-PA output combiner, all maintaining
the desired load modulation behavior from the Doherty PA
mode to the HDmax PA mode introduced in [38]. How-
ever, to design a single-input HDw-PA capable of operating
across a wide range of frequencies, one needs to synthesize
the frequency dependence of K,,(w) such that the required
HDw-PA output combiner is realizable while also maintaining
a constant OBO. This is readily achieved if the combiner’s
TLs exhibit quasi-linear dispersion 6,,(w) and 6,(w), as will
be discussed next in Section III.

B. Input Phase Shifter Design

In this work, where the Doherty to HDmax continuum
mode in [38] is selected, it further assumes that the auxiliary
device is completely turned off below the backoff power level
(K;, = 00), while the value of K,, is sliding from the Doherty
to HDmax PA modes. Hence, only the main device is actively

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

140
=
= 120
o
=
B 100] [0y (Sian+ )
% —m— 0, (Sign+ -)
§ g0l —7— 0, (Sign- +)
ﬁ —£-0,, (Sign--)
H
£ 601
40 : : : : : :
2500 2600 2700 2800 2900 3000 3100 3200
Frequency (MHz)
(b)
240
220 -

N
(=]
o

—e—0_, (Sign+ +)
—m—0_, (Sign+ -)
_V_ﬁﬂ (Sign- +)
-0, (Sign--)

TLINE 9, (°)
8

2600 2700 2800 2900 3000 3100

Frequency (MHz)
(d)

3200

(a) Theoretical outphasing angle |0, versus frequency, (b) theoretical outphasing angle |6| versus frequency, (c) theoretical electrical length 6,

=Q=Input phase offset selected:d, |
.v_lnpul phase offset selected: ﬁ‘p‘1

0.5

1.5 1.6 1.7 1.8 1.9 2 21 22 23 24 2
K

va

Fig. 4. Theoretical analysis on the saturation power variation by selecting
different input outphasing angles: 0,4(®) and Op1 (®).

operating below the backoff power. Thereby, the outphasing
angle value at backoff has an insignificant impact on the PA’s
overall backoff efficiency since the main amplifier, which is
typically biased at class-B/AB mode, is dominating the PA
performance at backoff. It is then reasonable to keep the
input outphasing angle 6 constant between peak and backoff
to realize the desired single-input PA at each frequency.
As the electrical length of the main and auxiliary TLs has
been determined in the previous subsection, from Fig. 3(a)
and (b) there are eight candidates for the outphasing angles
remaining to be selected as the input phase offset: 65; and 0,,;.
To reduce the physical length of the input phase shifter, 65,
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TABLE I
SUMMARY OF THE DESIGN PARAMETERS FOR THE HDw-PA PROTOTYPE

fo 25GHz 26GHz 27GHz 28GHz 29GHz 30GHz 3.1GHz 32GHz
Ky (w) 1.50 1.75 1.97 2.15 2.30 2.40 247 2.51
O(w) 52.0° 57.5° 63.0° 68.2° 73.2° 78.0° 82.7° 87.0°
Rmp 244 Q 244 Q 244 Q 244 Q 244 Q 24.4 Q 244 Q 244 Q
Rpp(w) 76.3 Q 71.6 Q 68.1 Q 65.6 Q2 63.8 Q 62.6 2 61.8 Q 615 Q
Rap(w) 239 Q 212 Q 19.3 Q 18.1 © 17.3 Q 16.7 Q 16.4 Q 16.2 Q
Zm 244 Q 244 Q 244 Q 244 Q 244 Q 244 Q 244 Q 244 Q
Zo(w) 239 Q 212 Q 19.3 Q 18.1 © 17.3 Q 16.7 Q 16.4 Q 16.2 ©
R (w) 12.1 Q 114 Q 10.8 2 104 Q 10.1 © 9.9 Q 9.8 Q 9.7 Q
Om (w) 75.1° 77.0° 79.0° 80.5° 83.0° 85.3° 87.3° 88.8°
0 (w) 127.1° 134.6° 142.8° 149.2° 156.3° 163° 169.6° 175.8°
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Fig. 5. Simulated load modulation trajectories and PAE versus K,,, based on the ADS schematic depicted in Fig. 2. Case I: (a) load modulation and (d) PAE
when 0,4 is selected as the input phase offset. Case II: (b) load modulation and (e) PAE when 6 is selected as the input phase offset. Case III: (c) load
modulation and (f) PAE for when the outphasing angle varies from 6y4 to 0,4 with the output power [40]. (a) Case I: Load Modulation. (b) Case II: Load
Modulation. (c) Case III: Load Modulation. (d) Case I: PAE. (e) Case II: PAE. (f) Case III: PAE.

Op3, 0,2, o1 0,4 should be selected due to their smaller electrical
length value. In Section II-A, we saw that either the solution
Op1 or 0,4 must be selected to reduce the physical length
of the output combiner. Thus, to jointly reduce the physical
length of both the phase shifter and the output combiner, the
input phase offset #(w) must be selected to be either 6 ()
or 0,4(w).

It has been found that the choice of 6, or 6,4 also has
an impact on the variation in the saturation power Py, versus
frequency. Plugging (1) from this work into (5) in [40], the
Z-parameters of the HDw-PA output combiner are simplified
to be

R.,(OBO—1) _ig
Z=| i (OBgmf) L ” )
. (0BO=1) _ip
Kbt € Rapp

with
OBO + Ky, K2 —OBO
14 - jtan 6,
ﬂ — KULI(KU(I + 1) KULI(KU(I + 1)
1+ jtan@,

The fundamental current defined as flowing out of the main
PA is set as I,, = |I,|, and the fundamental current defined as
flowing out of the auxiliary PA is set as I, = |I,|e™/%, where
0 refers to the input phase offset angle between the main and
auxiliary PAs. It is noted that /,, and I, are both power- and
frequency-dependent; however, 0 is set to be only frequency-
dependent. The fundamental voltages for the main PA V,, and
for the auxiliary PA V, are calculated by

Vm(Kva; 9) - le : Im + ZIZ . Ia
Va(Kva; 9) - ZlZ . Im + ZZZ . Ia-
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Fig. 6. Theoretical analysis comparing constant OBO and constant saturated power (constant n) designs in terms of (a) calculated K,, for both the

cases, (b) calculated load for constant OBO, (c) calculated drain efficiency for constant OBO, (d) calculated 6, for both cases, (e) calculated load for constant
saturated power, and (f) calculated drain efficiency for constant saturated power. (a) K,, Comparison. (b) Constant OBO. (c) Constant OBO. (d) 6, Comparison.

(e) Constant Pgy. (f) Constant Pgy.

The load-modulated impedance seen by the main and auxil-
iary devices and output power delivered by the HDw-PA output
combiner are given by

m Va
Znp(Kya, 0) = —; Zap (Kya, 0) = 1_
1 1
Pou (K, 0) = zs)f{e{vml,:;} + 5z)fte{valj}. (10)

To observe the impact on the saturation power and load
impedance caused by the input phase offset angle 8, a theo-
retical analysis is performed to visualize the variation in Pgy.
The drain bias Vpp is set to be 25 V and I, at 1.8 A
across all the frequencies. Assuming the device knee voltage
is V;, = 3 V, the fundamental voltage at peak power for the
main and auxiliary PAs is |V,,,| = [Vap| = Vop — Vi =22 V.
By sweeping K,, from 1.5 to 2.5, the variation in the satura-
tion power A Py, is calculated, where A Py is defined as

APy = |Psat(Kva) - min(Psat(Kva))l- (1)

As shown in Fig. 4, the magenta circles and black triangles
indicate the variation in the saturation power A Py, versus
K,. when the input phase offset angle 0, or 6,4 is used,
respectively. This clearly shows that A Py is smaller versus
K,. (frequency) when 6,4 is adopted.

To further demonstrate which outphasing angles—6,; or
0ps—should be selected as the constant input phase offset
angle for optimal performance, three circuit harmonic bal-
ance simulations using advanced design system (ADS) are
performed based on the circuits topology shown in Fig. 2.
The resulting simulated load modulation trajectories and
power-added efficiency (PAE) for the three cases are plotted

-2(S3117121) = Omya

I ML,
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R )
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Port 4

50Q

Chebyshev Post-Matching Transformer

i

Fig. 7. (a) Synthesis of the effective overall electrical lengths of the
main/auxiliary branches and the effective characteristic impedances of the
main/auxiliary branches and (b) output postmatching transformer.

in Fig. 5. For case I, where the outphasing angle 6 is fixed at
0,4 as the input power is increased, the saturation power level
and the efficiency are similar to each other when sweeping
K,, from 1.5 to 2.5. This agrees with the theoretical analysis
performed in Fig. 4. However, for case II where the input phase
is selected to be 6y, the saturation power is around 4 dB
less for K,, = 1.5 compared with the saturation power for
K,, = 2.5, as expected from the theoretical analysis as shown
in Fig. 4. Intuitively, the saturation power loss is due to the
improper load modulation behavior shown in Fig. 5(b) when
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chart.

the input phase offset § = 0,4 deviates from 6,(®) —0,,(w).
Case III shown in Fig. 5(e) and (f) is used as a reference, where
the outphasing angle is varied linearly from 6 to 0,4 as the
incident power increases under each K,, value. Although there
is a minor efficiency degradation in case I between the backoff
and peak power regimes compared with the performance
achieved by the reference dual-input PA prototype in case III,
the backoff efficiencies and saturation powers obtained are
similar in both the cases. Therefore, to design a wideband
single-input PA with relatively constant saturation power, the
input phase offset #(w) should be selected to be equal to
0ps(w) in (3). It is also worth mentioning that fine-tuning

Input Phase Shifter

500

50Q

Fig. 9. TL-based input phase shifter.
110 —
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Fig. 10. Simulated input phase offset angles versus frequency.

around 0,4(w) could be performed to further minimize the
saturation power variation versus frequency when the physical
circuit is being implemented. Table I summarizes the targeted
HDw-PA design parameters predicted by the theory, which are
used to guide the PA circuit design and optimization.

C. Comparison of the PA Theoretical Performance

The case where OBO is fixed at 8 dB versus frequency has
been extensively investigated in the above sections. However,
it is also possible to convert the wideband dual-input PA
reported in [40] for constant saturated power Py, into a
single-input PA using different input phase shifter and output
combiner designs. Indeed, the output combiner circuits in [40]
were designed differently to keep an asymmetry power ratio
n = 1 constant for all the frequencies. By setting n = 1 in (1),
the saturation power remains constant as suggested by (15)
in [38]. It results that OBO is given by: OBO = 2K,,/
(Kys — 1). A similar quadratic equation for K,, in terms of
6,n(w) can also be formulated for the case of n = 1

(1 + tan? 0,,1)K02a + (1 — 3tan’ Hm) Kyo + 2tan9,i =0.

Similar to (7), K,, can be calculated by taking the ratio of
tan#,, and tan@, given by (6) presented in [40], where the
main TL electrical length 6,,(w) is the user-defined linear
dispersion given by (6). After solving the K,, quadratic
equation, the auxiliary TL electrical length tand,(w) is given

by
Kyy(w) -2
Kyq(w)

The theoretical drain efficiency # versus the normalized
backoff power can then be calculated for different K,,(w).

tan 6, (w) = tan 6,,(w) (12)
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Fig. 12. (a) Fabricated wideband dual-input HDw-PA demonstrator circuit

and (b) LSNA test bench used for CW measurements.

By assuming ideal class-B operation for both the main and
auxiliary PAs, the drain efficiencies # are given by:
Pouw  7{Re{Vul:} + Re{V.I'}}
Pdc 4 VDD (llml + |1a|)

In this work, Case I is for OBO fixed at 8 dB for all the
frequencies. To demonstrate several input designs are possible,
we shall compare Case I with Case II where the asymmetry
power ratio n is fixed at 1 (constant saturated power) for
all the frequencies. To compare the theoretical performance
between the two cases, K,, and theoretical electrical length
0, are plotted in Fig. 6(a) and (d), respectively. It is noted
that the calculated frequency dispersion of 6, for Case I is
less nonlinear than that for Case II, which makes it easier
for implementing with the TL-based output matching circuits.

W(Kvaa Pout) =

(13)
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Fig. 13.
[S21]. (b) [S12] and [S2a].

Simulated versus measured small-signal performance. (a) |S11| and

The theoretical load-modulated impedances seen by the main
and auxiliary devices for both the cases are shown in Fig. 6(b)
and (e), respectively. The backoff impedance variation ver-
sus frequency of Case I is significantly smaller than that
of Case II, which also facilitates the wideband impedance
matching process in the final design realization. To better
visualize the performance distinction between the two cases,
the efficiency response versus power and frequency under both
the cases are plotted in Fig. 6(c) and (f), respectively. Although
Case II exhibits a constant saturation power in theory, the OBO
varies by more than 3 dB as the frequency increases. Case I
with fixed OBO design is adopted for a single-input wideband
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Fig. 14. (a) Simulated load trajectories versus frequency seen by the main PA
and (b) simulated load trajectories versus frequency seen by the auxiliary PA.
(a) Main PA. (b) Auxiliary PA.

PA design in this work, due to its more linear frequency
dispersion of the electrical length and more closely grouped
backoff impedances versus frequency.

IITI. PA CIrcUITS DESIGN

To validate the proposed theory, a wideband HDw-PA
demonstrator circuit operating from 2.5 to 3.2 GHz is designed
and evaluated. The main and auxiliary PA branches are first
designed and optimized using multisection TLs and open stub
circuits as shown in Fig. 7(a). It is noted that the multisection
TLs need to be optimized to simultaneously satisfy the tar-
geted electrical dispersion and load impedance transformation
from 2.5 to 3.2 GHz, while controlling the second-harmonic
impedance to avoid the PAE minimum region. At peak power
level, the impedances R, and R;, seen at the combiner’s
junction point shown in Fig. 1 need to be transformed for all
the frequencies to Ry, and R,, seen by the main and auxiliary
PAs, respectively. The target design goals for the impedance
and electrical length versus frequency are summarized in
Table I. It is noted in Table I that at peak power level,
we have R,,, = Ry, and R, = R, across the entire band.
The optimized main and auxiliary PA branches provide the
impedance transformation from 2.5 to 3.2 GHz presented in
the zoomed-in Smith chart Fig. 8(a). The red solid line refers to
the simulated R,, across the frequency and the red dot refers
to the theoretical R,, = 24.4 Q. The blue dashed line refers
to the simulated R,,, across the frequency, which are carefully
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Fig. 15. (a) Simulated drain efficiency and gain (simulations) and (b) mea-
sured drain efficiency and gain (measurements).

optimized to track the targeted R,,, trajectory depicted by
the blue rectangles. Using the frequency-dependent K,,(w)
determined in (7), 6,,(w) and 6,(w) dispersion result and
shown in Fig. 8(b) from 2.5 to 3.2 GHz. It is worth mentioning
that the frequency dependence of K,,(w) (indicted by solid
red dots and blue rectangles) establishes a quasi-linear phase
response versus frequency approaching that of an ideal TL
dispersion (indicated by the red dash-dotted and blue dashed
lines), which greatly facilitates the combiner design outlined
next. The linear parasitic L-C model of this GaN device [43]
is incorporated in the design to move the design from the
package to the current source reference planes. Alternatively,
instead of performing the circuits’ design and optimization
shown in Fig. 7, the main and auxiliary PA output branches
can be modeled as a network of lossy TLs with equivalent
characteristic impedance Z; and electrical length ¢ given
by [44].

A Chebyshev post-matching transformer and the drain bias
circuits as shown in Fig. 7(b) are co-designed to transform
the output 50-Q load to R; summarized in Table I across
the entire frequency band. The simulated frequency-dependent
R, is indicated by the blue dash trajectory in the zoomed-in
Smith chart in Fig. 8(c), which are closely tracking the targeted
design goals (blue hollow circle). A parallel R-C network
(2 pF // 50 Q) is used to stabilize the PA. A low-Q broadband
input matching circuit is then implemented to transform the
device’s gate input impedance to approximately 50 Q from
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Fig. 16. (a) Measured (solid line) and simulated (dashed line) PA perfor-

mances using CW signals and (b) measured PA performance using 20-MHz
LTE signals with 6.1-dB PAPR before (dashed line) and after DPD (solid
line). (a) CW measurements. (b) 20-MHz LTE signal measurements.

2.5 to 3.2 GHz. A 50-Q TL as shown in Fig. 9 is used as
the PA input phase shifter to match the required theoretical
frequency-dependent input phase offset 6,4 shown in Fig. 10.

It is noted that the theoretical input phase offset (marked
with black dots) is different from the final determined phase
angles (marked by the dashed lines) due to the nonlinear
embedding [45] and linear embedding process introduced by
the input matching network. A symmetric Wilkinson power
divider is used to split the incident power evenly from 2.5 to
3.2 GHz. The simplified schematic of the proposed wideband
HDw-PA is shown in Fig. 11. The final fabricated HDw-PA
circuit and the large signal network analyzer (LSNA) PA
testbench are shown in Fig. 12(a) and (b), respectively. This
PA was built on a Rogers IsoClad 917 substrate with a
relative dielectric constant of 2.2 and a thickness of 31 mil.
Two Wolfspeed’s gallium nitride (GaN) high-electron-mobility
transistors (HEMTs) CGH40010F are used for both the main
and auxiliary PAs. The gate bias voltage for the main PA is
—3.0 V with a dc quiescent current of 55 mA. The gate bias
voltage for the auxiliary PA is set to be —5.7 V. The main and
auxiliary PAs share the same dc drain bias of 28 V.

IV. SIMULATION AND MEASUREMENT RESULTS

The simulated and measured small-signal performance of
the fabricated PA is shown in Fig. 13 (a) and (b). The simulated

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

TABLE 11
MODULATED SIGNAL MEASUREMENTS USING 50-MHz OFDM SIGNAL

fo PAPR | Pout,avg. | 7Navg. ACLRL u NMSE | EVM

(GHz) | (dB) (dBm) (%) (dBe) @B) | @

Before DPD 2.6 10.2 34.6 43.9 —35.4,-31.3 —17.9 5.81
After DPD 2.6 10.2 33.8 40.7 —44.4,—-44.7 —37.0 1.35
Before DPD 2.9 10.2 35.3 44.9 —34.4,-35.9 —14.6 5.25
After DPD 2.9 10.2 33.9 39.6 —44.9,—-45.0 —36.6 1.47

Before DPD 3.15 10.2 34.8 38.5 —30.8,-37.0 —12.9 6.6
After DPD 3.15 10.2 33.0 33.0 —47.1,-44.4 —34.2 1.25

TABLE III

COMPARISON BETWEEN THE RECENT DESIGN OF LOAD-MODULATED PAS

Architecture | Frequency Psat PAPR | ACLR | FBW Navg Reference
N/A (GHz) (dBm) (dB) (dBc) (%) (%) N/A
Doherty 4.7-53 39.0-39.5 74 -52.7 12 38.9-43.6 [19]
Doherty 1.35-1.7 42.0 6.0 -50 23 59.0-62.0 [18]
Doherty 2.80-3.55 43.0-45.0 6.5 -51.4 23.6 49.1-57.2 [22]
Doherty 2.55-3.35 44.3-45.4 8.0 -51.1 27.1 53.4-56.6 [23]
Doherty 1.4-2.5 44-45.9 9.0 -47.4 56.4 57.4-53.5 [27]
LMBA 1.45-2.45 45.6-46.7 6.0 -49.0 51.3 51.2-64.4 [31]
OLMBA 0.65-3.25 45.0-47.0 N/A N/A 135.0 50.0-70.0 [32]
DEPA 2.55-3.8 48.8-49.8 8.0 -51.3 40.0 47-60 [25]

HDw-PA 2.5-3.3 42.5-44.2 6.1 -55.9 27.6 45.1-58.5 | This work

load modulation trajectories versus frequency seen by the
main and auxiliary PAs are shown in Fig. 14. It is noted that
these simulations are based on the fabrication-ready PA EM
model. Then the PA was evaluated from 2.5 to 3.3 GHz using
continuous-wave (CW) signals. Fig. 15(a) and (b) depicts
the simulated and measured drain efficiency and gain versus
output power from 2.5 to 3.3 GHz, respectively. Based on
Fig. 16(a), the CW-measured 6-dB backoff drain efficiency is
from 45% to 52%, the 8-dB backoff drain efficiency is from
40% to 45%, and the measured saturation power is between
42.5 and 44.2 dBm. The measured data and simulated data are
comparable.

This PA is also evaluated using modulated signals for
different carrier frequencies from 2.5 to 3.3 GHz. According
to Fig. 16(b), adjacent channel leakage ratios (ACLRs) less
than —50 dBc and average efficiencies from 45% to 59%
are observed across the entire frequency band after the digital
predistortion (DPD). The generalized cubic spine basis DPD
reported in [48] is adopted in this work. It is noted that these
experiments were conducted using a 20-MHz LTE signal with
6.1-dB peak-to-average-power ratio (PAPR). Furthermore, a
5G-like 50-MHz orthogonal frequency-division multiplexing
(OFDM) signal with 10.1-dB PAPR is applied to test the
PA’s linearity performance at 2.6, 2.9, and 3.15 GHz. The
output spectral density and constellation diagram are shown
in Fig. 17(a)—(e). It is worth pointing out that there exists
asymmetry on the spectrum regrowth of the output spectrum
before DPD, which could be obviated by properly designing
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Fig. 17. Output spectral density indicating the ACLR before and after DPD and constellation diagram indicating the EVM before and after DPD. (a) 2.6 GHz.

(b) 2.9 GHz. (c) 3.15 GHz. (d) 2.6 GHz. (e) 2.9 GHz. (f) 3.15 GHz.

the baseband impedance and tuning the bias points [49]. The
measured performance for this 50-MHz OFDM signal before
and after DPD is also summarized in Table II. Table III shows
comparison of the performance of the proposed HDw-PA with
other recent wideband single-input load-modulated PAs found
in the literature.

V. CONCLUSION

A single-input broadband hybrid Doherty PA design the-
ory with constant output backoff was introduced. In this
single-input hybrid Dohert PA theory, the broadband load
modulation is realized by monotonously sliding the value
of the auxiliary PA peak-to-backoff voltage ratio K,, versus
frequency, to track the Doherty to HDmax PA-mode con-
tinuum. The analytic equations are reported in this article
to determine the frequency dependence of K,, required for
broadband phase sliding-mode operation for both the constant
OBO and constant saturated power cases. After the theoretical
analysis and comparison, the constant OBO case selected
in this work, out of the eight possible input phase offset
angles, it was demonstrated that only one solution leads to
both: 1) a compact circuit design for the output combiner
and input phase shifter and 2) yielded a relatively constant
saturated (peak) power versus frequency for the single-input
PA. A wideband PA combiner circuit was then designed to
maintain the correct load modulation behavior across the
entire targeted frequency band. The input phase shifter was
designed to provide the correct input phase offset at each
frequency. A demonstrator PA circuit was fabricated and
evaluated from 2.5 to 3.3 GHz using both CW and 4G and 5G
modulated signals to validate the proposed theory and design
methodology.
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