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ABSTRACT We present a theoretical and experimental analysis of the use of a reversed uneven power
splitting (RUPS) technique for asymmetric Doherty power amplifiers (PAs). The RUPS technique utilizes
an uneven power splitter that drives more input power into the carrier amplifier, enabling shallow class-C
operation of the peaking amplifier. Although the RUPS technique has played a significant role in achieving
high-performance Doherty PAs, there has been a lack of comprehensive research examining the fundamental
factors that contribute to its effectiveness. We conducted numerical and experimental investigations to
demonstrate that the RUPS Doherty PA exhibits significant improvements in efficiency, gain, and linearity
compared to conventional Doherty PAs with even power splitting (EPS). For the experiments, the EPS
and RUPS networks were developed using lumped-element directional couplers. The fabricated RUPS
Doherty PA, based on a 0.25-um GaN HEMT monolithic microwave integrated circuit (MMIC) process,
achieves superior overall performance at 2.14 GHz compared to the conventional EPS Doherty PA, without
requiring any additional circuitry. The results verify that the RUPS technique can enhance the performance
of asymmetric Doherty PAs.

INDEX TERMS Doherty power amplifier (Doherty PA), input power splitting, directional coupler, gallium
nitride (GaN), monolithic microwave integrated circuit (MMIC), long-term evolution (LTE).

I. INTRODUCTION the various linear PA architectures for high efficiency, the

The efficiency and linearity of power amplifiers (PAs) are
typically in a trade-off relationship [1], [2], prompting PA
designers to invest considerable effort in achieving optimal
performance. In current wireless communication systems
based on wideband code-division multiple access or orthog-
onal frequency division multiplexing, high peak-to-average
power ratios (PAPRs) exceeding 6 dB are common [2], [3],
[4], [5], [6], [7]. As a result, PAs need to maintain high
efficiency at output powers significantly lower than their
peak power, while still ensuring sufficient linearity. Among
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Doherty PA has demonstrated outstanding performance and
is widely utilized in base stations [1], [2], [3], [4], [5], [6],
[71, [8], [9], [10]. The Doherty PA, consisting of a pair
of amplifiers, achieves excellent efficiencies at backed-off
output powers due to its active load modulation and exhibits
good linearity [11], [12].

An ideal Doherty PA consists of two symmetric (equal-
sized) amplifiers that operate in class-B modes (referred to
as B-B Doherty PA), with the peaking amplifier precisely
turning on at the breakpoint [11]. However, in practi-
cal Doherty PAs, as illustrated in Figure 1, the peak-
ing amplifier operates in class-C mode to maintain an
off-state in the low-power region, while the carrier ampli-
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FIGURE 1. The basic AB-C Doherty configuration.

fier operates in class-AB mode to improve overall linearity.
When the input power is evenly split between both amplifiers,
the basic configuration leads to inadequate load modulation
due to insufficient current in the class-C peaking ampli-
fier [13]. To address this issue without the need for additional
circuitry, two effective methods have been demonstrated: the
asymmetric structure [13], [14], [15], [16], [17], [18] and
uneven power splitting (UPS) [18], [19], [20].

The asymmetric structure was developed to expand the
high-efficiency region of the Doherty PA by designing the
peaking amplifier with a larger device periphery compared
to the carrier amplifier [13]. The increased current in the
enlarged peaking amplifier facilitated proper load modulation
and further enhanced linearity through effective cancellation
of third-order transconductance.

A conventional UPS [18] delivers more input power into
the peaking amplifier, thereby improving linearity through
proper load modulation. However, the attenuated input power
towards the carrier amplifier adversely affects the gain and
efficiency in the low-power region below the breakpoint
where the peaking amplifier begins to activate. Adaptive UPS
methods [19], [20] have been implemented to address this
issue, aiming to drive more power into the carrier amplifier
in the low-power region while directing more power into
the peaking amplifier in the high-power region. Although
these adaptive methods have achieved improved linearity and
enhanced peak efficiency [19] or reduced size [20], they also
have limitations, such as marginal improvements in efficiency
at back-off powers and a reduction in operation bandwidth.

The reversed uneven power splitting (RUPS) technique,
which delivers more power to the carrier amplifier, was
first introduced in [21] and has played a significant role
in achieving high-performance Doherty PAs on GaN mono-
lithic microwave integrated circuits (MMICs) [21], [22], [23]
and a printed circuit board [6]. However, a comprehensive
investigation into the fundamental factors contributing to the
effectiveness of RUPS has not been conducted.

In this paper, we investigate how the RUPS technique
contributes to performance enhancement through theoretical
analysis and experimental demonstration. Our results verify
that the RUPS Doherty PA outperforms conventional even
power splitting (EPS) Doherty PAs in terms of efficiency,
gain, and linearity. This improvement is attributed to several
factors, including increased input power in the low-power
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region, shallow class-C operation of the peaking amplifier,
and enhanced overall output power. Furthermore, the RUPS
technique can be easily implemented without the need for
additional circuitry, making it applicable not only to MMIC
Doherty PAs but also to generic asymmetric Doherty PAs.

The remainder of this paper is organized as follows:
Section II provides a description of the conventional EPS
and UPS methods, including their limitations, and presents
a theoretical investigation of the RUPS method, examining
its effectiveness in terms of efficiency, gain, and linearity
of the Doherty PA. In Section III, we design two different
lumped-element directional couplers to realize the EPS and
RUPS networks. For the design of Doherty PAs utilizing
these couplers, we employ GaN MMIC-based Doherty PAs,
which have demonstrated notable efficiencies at back-off
output powers and exhibit strong potential as small-cell base-
station PAs [1], [2], [4], [5], [8], [10], [14], [21], [22], [24].
Section IV presents the results of experimental analyses,
comparing the performance of the RUPS Doherty PA with
that of the EPS Doherty PAs. Finally, Section V provides the
conclusions of our study.

Il. INPUT POWER SPLITTING OF DOHERTY PAS

The input power splitting methods for Doherty PAs can be
categorized based on power splitting ratios: even and uneven
ratios. In this section, we first review the conventional EPS
and UPS methods. Then, we introduce the RUPS strategy and
investigate its effectiveness in enhancing the performance of
the Doherty PA.

A. CONVENTIONAL EVEN POWER SPLITTING (EPS) AND
UNEVEN POWER SPLITTING (UPS) METHODS

The EPS method demonstrates proper load modulation in an
ideal B-B Doherty PA scenario [11]. However, as mentioned
in the previous section, load modulation loses its balance in
the AB-C Doherty PA configuration due to inadequate out-
put current from the peaking amplifier caused by a reduced
conduction angle of class-C operation [13]. Nevertheless, the
EPS approach has proven to be a valuable power-splitting
technique for both symmetric and asymmetric GaN MMIC
Doherty PAs [5], [8], [9], [10], [15], particularly when design
simplicity in the input network or broadband performance is
required.

The UPS technique, which involves supplying more input
power to the peaking amplifier, restores proper load mod-
ulation, resulting in improved linearity and drain efficiency
(DE) in the high-power region [18]. However, as a significant
portion of the input power is delivered to the ‘off-state’
peaking amplifier below the breakpoint, the UPS Doherty PA
experiences a reduction in gain and a consequent decrease
in power-added efficiency (PAE) in the low-power region.
Additionally, to prevent early turn-on caused by the increased
portion of input power in the low-power region, the peaking
amplifier must operate in a deeper class-C mode compared
to the EPS case. This deeper class-C operation inevitably
leads to a decrease in the fundamental output current and
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FIGURE 2. Output current waveforms of the power amplifier with
different gate bias voltages.

an increase in harmonic components, which deteriorate gain
and linearity [11]. Furthermore, in the case of an asymmetric
Doherty configuration, the UPS may achieve only marginal or
minimal improvement since the asymmetry alone can provide
proper modulation.

B. THE REVERSED UNEVEN POWER SPLITTING (RUPS)
METHOD

To overcome the limitations of conventional power split-
ting techniques, we have introduced the RUPS method [21],
which delivers more input power to the carrier amplifier
across the entire power range. The RUPS strategy can
enhance gain and PAE in the low-power region compared
to the EPS technique because a significant portion of the
input power is supplied to the carrier amplifier, which oper-
ates independently below the breakpoint. However, above the
breakpoint, it becomes apparent that the peaking amplifier
cannot deliver sufficient output current for proper load mod-
ulation due to the inadequate input power.

To compensate for the shortage of output current, we have
made modifications to the peaking amplifier in two ways: by
enlarging its device periphery and increasing the gate bias
voltage. As mentioned earlier, in the asymmetric Doherty
configuration where the peaking amplifier has a larger device
periphery than the carrier amplifier, load modulation is
improved due to the enhanced output current of the peak-
ing amplifier [13]. Furthermore, the output current can be
further enhanced by increasing the gate bias voltage. In the
RUPS strategy, the power delivered to the peaking ampli-
fier is smaller than that delivered to the carrier amplifier.
This causes the peaking amplifier to activate at a higher
input power. Consequently, we have a significant margin to
increase the gate bias voltage, enabling the peaking amplifier
to operate in a much shallower class-C mode compared to the
EPS case.

Figure 2 illustrates the alterations in the output current
waveforms of a PA for various gate bias voltages under
the condition that the current peaks are kept the same. The
gate voltage waveforms are normalized to the waveform for
class-B mode and overlapped with dashed lines, position-
ing their peaks at the output current peaks. Each gate bias
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FIGURE 3. Fundamental output current and conduction angle of class-B
and class-C power amplifiers as a function of normalized gate bias.

voltage is indicated in italic type. It is evident that the shal-
lower class-C mode exhibits a larger conduction angle and
a greater fundamental current component compared to the
deeper class-C mode.

Figure 3 displays the changes in the fundamental compo-
nent and conduction angle in class-C modes as a function of
the normalized gate bias voltage while maintaining the peak
output current. As the class-C peaking amplifier becomes
shallower by increasing the gate bias, the fundamental cur-
rent component is enhanced due to the increased conduction
angle. For example, a shallow class-C PA with a gate bias of
—0.2 improves by 20.5% compared to a deep class-C PA with
a gate bias of —1.0.

The RUPS method can also enhance efficiency near the
breakpoint in the high-power region. Supplying less input
power to the peaking amplifier enables driving additional
power even after the carrier amplifier reaches its peak cur-
rent, resulting in an extension of the back-off region. Thus,
we can fully leverage the peaking amplifier similar to the
EPS method. Assuming the same back-off range, the peak-
ing amplifier operating with a shallow class-C mode can
achieve an efficiency advantage compared to a deep class-C
mode after the breakpoint. This is due to the fact that a
shallow class-C amplifier exhibits higher efficiency than a
deep class-C amplifier at back-off power [25]. On the other
hand, the efficiency improvement will decrease as we move
towards peak power because the shallow class-C amplifier
becomes less efficient than the deep class-C amplifier under
full drive [25]. Nevertheless, the efficiency enhancement near
the breakpoint is meaningful because the modulation signal
mainly operates around the back-off power.

Of course, the additional input drive inevitably results in
early current saturation of the carrier amplifier. However,
its fundamental component will continue to grow to some
extent, and this behavior can be readily verified through
Fourier series analysis, as described in the following anal-
ysis. Furthermore, the concern of current saturation can
be mitigated by slightly increasing the size of the carrier
device and adjusting the input matching network to ensure
proper operation at the breakpoint. This approach effectively
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FIGURE 4. Output current waveforms for (a) the class-AB carrier amplifier
and (b) the class-C peaking amplifier.

delays saturation, enabling a normal operation of the RUPS
Doherty PA.

C. NUMERICAL ANALYSIS WITH AB-C DOHERTY PA
MODEL

To quantitatively investigate the effectiveness of the RUPS
method, we constructed an AB-C Doherty PA model [11],
which is more suitable for representing a practical Doherty
PA than the simple B-B model. By assuming a purely sinu-
soidal drive and constant transconductance, we are able to
generate the output current waveforms of both amplifiers,
as shown in Figure 4.

The evolution of the output current can be described by
introducing a parameter x (0 < x < Xpqy, Where Xpgy 1S
typically 1), which is proportional to the input drive. We then
define several variables to represent the waveform of the
carrier amplifier as follows:

Ioc : quiescent current

Iyc : maximum current

Ipc : peak current amplitude at the maximum current

O.c : conduction angle

X4 : a point where the waveform starts to get truncated.

Now we represent the current waveform as follows:

Ipc -x -cosf +Igc , —Q*TC<9<9*?C

0 otherwise

Ic (0,x) = [ ey
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where
Ipc = Iyc — Ipc
bec (1) = 21 , 0<x<uxus
xC “12-cos7! (—);—A) » XA =X < Xpax
1
xp= —2
Iyc — Igc

Through Fourier series expansion, we obtain the funda-
mental and DC components of the output waveform:

Ici (x):%/n Ic (0,x)-cos6 -db 2)

-7

T
Ico (x) = L/ Ic (8,x) -db. 3)
2w ),

Similarly, we can extract the fundamental and DC compo-
nents from the class-C waveform of the peaking amplifier.

Igp : absolute value of virtual quiescent current

Iyp : maximum current

Ipp : peak current amplitude at the maximum current

0.p : conduction angle

Xpreak . @ point where the peaking amplifier turns on
(breakpoint)

We represent the current waveform for x > Xxprear as
follows:

Ipp - x -cos6 —Igp , —Q’CTP <9<9‘%P

Ip (0 = .
P (6, %) 0 otherwise

“

where

Ipp = Iup + Igp

X
Op (x) =2 - cos™! (M) .
X
Iop
Xbreak = &
Ipp

The fundamental and DC components of the output wave-
form are as follows:

Ip; (x) = %/ Ip (6, x)-cosf -do ®)

-7

T
Ipg (x) = L/ Ip (0, x) - db. (6)
2 J_,

We can express the equations in a more concise format
using normalized currents: Iyyc = 1 and Iyp = y where
y = Iyp / Iyc is the maximum current ratio between the
carrier and peaking amplifiers. The normalized equations are
summarized in Table 1.

Since both amplifiers operate as current sources with the
described current waveforms, we can construct two differ-
ent equivalent circuit models separated by the breakpoint,
as shown in Figure 5. In a lossless quarter-wave transmis-
sion line, the product of voltage and current is preserved,
as follows:

Ver-Icr = Vi - IcL. @)
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TABLE 1. The equations reformulated using normalized currents.

Equations reformulated using normalized currents

Iyc =1, Iyp =y where y = Iyp/Iyc

Ipc =1 —&, where &, = IQC/IMC = Iqgc

X4 =fc/(1_fc) 0

Ic(8,0) = (1= ) "x"cosf + &, ——- <0 <
Ipp = (14 &p) vy where &p = Igp/Iyp = Igp/Y
Xpreak = {P/(1 + EP)

[’} 0
1p(8,%) = yL(1 + ) *x - cosf — &l = 2= < 6 <=~

bxc
2

Descriptions of parameters

y: max. current ratio between carrier and peaking amplifiers
&+ proportion of the quiescent current (carrier amp.)
&p: proportion of the virtual quiescent current (peaking amp.)

Below the breakpoint (0 < x < Xpeqr), as illustrated in
Figure 5(a), only the carrier amplifier operates, satisfying the
quarter-wave transformer relation as follows:

2

_ 4
R
To maximize efficiency at the back-off power, the carrier

amplifier should operate with its full voltage swing at the
breakpoint, i.e.,

Rc ®)

Ver (Kpreak) = Re - Ict Kbreak) = Vpp — Vi 9)

where Vpp and Vj are drain voltage and knee voltage,
respectively.

Above the breakpoint (Xpreqk < X < Xmax), as illustrated
in Figure 5(b), the peaking amplifier starts to operate and
begins to modulate the load impedance. The quarter-wave
transformer relation now becomes

2
Rc = Z—O. (10)
Rer
In this region, it is assumed that the carrier amplifier’s output
voltage V1(x) remains constant at its maximum amplitude,

i.e.,

Ver (x) = Vpp — Vk. (1)
From (7), (10), and (11), we can derive the relationship
Vop — Vi
Icp (x) = ———", (12)
Zy

which implies that Iy, (x) from the carrier amplifier reaches
its highest value at the breakpoint and then remains con-
stant throughout the high-power region above the breakpoint.
To maximize the efficiency at the peak power, the voltage at
the load (VL) should fully swing:

Vi Gmax) = R Ucer (max) + Ip1 (max)1 = Vpp — Vi
(13)
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FIGURE 5. Equivalent Doherty circuit models: (a) below the breakpoint,
(b) above the breakpoint.

Solving (8), (9), (12), and (13) simultaneously, we can
determine the optimum values of R;, and Zy. Then, we obtain
output impedances, output voltage, output power, DC power
consumption, and efficiency from the following relations:
output impedances

Vi
Rc = rcl
Ict
Vop — Vi 73
LA r_os 0 < x =< Xpreak
= 1 Ic1 (preqr)  RL (14)
Vop — Vi
—_—, Xbreak = X = Xmax
Icy
V Ic
RPZ_L:RL (1+_L)sxbreak <X = Xmax (15)
Ip Ip

output voltage

IRL'ICL =+VRL -Ic1-Vci, 0=x < Xpreak

Ry (cL +1p1), Xpreak = X =< Xmax

(16)
output power
1 1
EVL e = EVCI “Ici, 0 =X < Xpreak
Pout = 1 1
EVL UcL +1Ip1) = 3 Ver-Icir + Vi - 1p1),
Xbreak = X = Xmax
(17
DC power consumption
Vop - Ico, 0<x<
Ppe = DD " 1C0 =X = Xpreak (18)
Vop Uco +1po) s Xbreak < X =< Xmax
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efficiency
_ Paut
Ppc

(19)

Since improved load modulation leads to higher efficiency,
we can assess the effectiveness of the RUPS method by
comparing it to the conventional methods. For comparison,
we define four different cases of AB-C Doherty PAs as
follows:

Case 1: The symmetric Doherty PA with EPS

Case 2: The asymmetric Doherty PA with EPS

Case 3: The asymmetric Doherty PA with RUPS, where
the current of the carrier amplifier saturates after reaching its
maximum current

Case 4: The asymmetric Doherty PA with RUPS, where the
current of the carrier amplifier increases without saturation
for the additional input drive

In Cases 3 and 4, the power splitting ratio is set to 1.5, indi-
cating that the carrier amplifier receives 1.5 times more input
power across the entire input power range. For the asymmet-
ric configurations in Cases 2 and 3, the maximum current
ratio between the two amplifiers is set to 1.5, implying that the
peaking amplifier has a device periphery 1.5 times larger than
that of the carrier amplifier. On the other hand, in Case 4, the
peaking amplifier’s maximum current is 1.5 times higher than
the carrier amplifier’s breakpoint current, suggesting that the
carrier amplifier’s current can increase after the breakpoint
without saturation. Practically, this condition can be achieved
by slightly increasing the size of the carrier device and adjust-
ing the input matching network to ensure proper operation at
the breakpoint, as mentioned earlier. To ensure a fair com-
parison, the output back-off range and the proportion of the
quiescent current (§¢) of the carrier amplifier were uniformly
setto 7.5 dB and 0.1, respectively, for all cases. For each case,
the proportion of the virtual quiescent current (§p) was opti-
mized to achieve the back-off range of 7.5 dB. Consequently,
when considering the asymmetric configurations, the values
of &p for Case 3 and 4 are 0.32 and 0.39, respectively, whereas
the value of &p for Case 2 is 0.48. This result indicates that
the RUPS configurations operate in shallower class-C modes
compared to the EPS case, as expected.

The fundamental and DC current profiles for each case
are depicted in Figure 6. In Case 3 and 4, we observe that
the current components of the carrier amplifier continue to
increase until the peaking amplifier is fully utilized. In Case 3,
the current slopes of the carrier amplifier start to decrease
at a certain point in the high-power region due to current
saturation. In Case 4, on the other hand, the current slopes
of the carrier amplifier remain steady above the breakpoint
as a result of mitigating current saturation. Furthermore,
the impedance modulation profiles are depicted in Figure 7.
While favorable modulation is observed in all cases, the
Doherty PA in Case 4 exhibits the most appropriate load
modulation.

The efficiencies for all the cases are depicted in Figure 8.
The graph shows that the RUPS cases (Case 3 and 4) achieve
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FIGURE 6. Fundamental and DC current profiles for four cases: (a) Case 1,
(b) Case 2, (c) Case 3, (d) Case 4.

better efficiencies than the conventional cases (Case 1 and 2)
for most of the input drive range. When considering only the
asymmetric cases, the RUPS Doherty PA shows an efficiency
improvement of up to 2.4% compared to the EPS PA in the
high-power region. The efficiencies of the RUPS Doherty
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FIGURE 7. Normalized output impedances for four cases: (a) Case 1,
(b) Case 2, (c) Case 3, (d) Case 4.

PAs exhibit significant improvements due to their shallow
class-C operation and extended output power. Case 4 exhibits
the highest efficiency across the entire power range among all
the cases, thanks to its expanded operational power range.
We expect that the difference in efficiency becomes more
significant in terms of PAE because the RUPS method can
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achieve higher gain than the conventional method due to
the increased input drive and the shallow class-C operation
of the peaking amplifier. The gain enhancement achieved
by the RUPS method has been demonstrated in a previ-
ous study [23]. It should be noted that our analysis model
primarily focuses on the output behavior, including output
power back-off, output current, load modulation, and drain
efficiency. Therefore, our model has limitations in capturing
the PAE trend because it requires gain analysis based on
the precise device models, which are not fully integrated
into our analysis. Instead, in Section IV, we will validate
the rationale behind the gain enhancement resulting from the
RUPS method through experimental demonstration.

Additionally, the RUPS configuration with a shallow
class-C mode offers advantages in terms of linearity due
to the reduced harmonic components of the peaking ampli-
fier. A previous study [13] has effectively demonstrated
the enhancement in linearity of an asymmetric Doherty
PA through increased conduction angles. Furthermore, the
increased gate bias voltage helps mitigate the electric field
between the gate and drain, making the peaking amplifier less
susceptible to breakdown.

lll. GaN MMIC DOHERTY PAs WITH EPS AND RUPS
CONFIGURATIONS

To demonstrate the effectiveness of the RUPS method
with experimental investigations, we designed and fabri-
cated Doherty PAs with the EPS and RUPS configurations.
We employed GaN-based MMIC technology, which offers
the advantage of compact size, making it suitable for use
in a small-cell base-station PA for a 2.14-GHz long-term
evolution (LTE) system.

A. DIRECTIONAL COUPLERS WITH EPS AND RUPS RATIOS
The power divider plays a critical role in implementing
the power-splitting configurations. The four-port 90° hybrid
directional coupler [26] is commonly used in Doherty PAs.
The two output ports of the directional coupler have a phase

VOLUME 11, 2023
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FIGURE 9. The schematic of the lumped-element directional coupler.
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FIGURE 10. Simulated S-parameters and phase differences of the two
types of directional couplers: (a), (b) EPS, (c), (d) RUPS.

difference of 90°, which can be utilized to cancel out the
phase difference introduced by the impedance inverter. Alter-
natively, the three-port Wilkinson power divider [22], [26] is
also widely used for the input splitting network, but it requires
phase compensation as the two outputs are in-phase.

In this work, a lumped-element directional coupler [27]
was utilized, as shown in Figure 9. The components
within the dashed box were designed on the MMIC die,
while the remaining components were implemented using
off-chip components such as bonding wires, microstrip lines,
and surface-mounted chip inductors. This approach was
employed to minimize losses.

We designed two types of directional couplers with differ-
ent power splitting ratios: the EPS and RUPS ratios. In the
directional coupler with the RUPS ratio, the output port P5,
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TABLE 2. Simulation results of EPS and RUPS directional couplers.

Parameters EPS Directional RUPS Directional
@ 2.14 GHz Coupler Coupler
S -4.05 dB -3.16 dB
S31 -4.05 dB -4.81 dB
Power Ratio (P, : P3) 1:1 15:1
Total Power Loss 21% 19%
Phase Difference 71.0° 66.3°

which supplies input power to the carrier amplifier, carries
1.5 times more power than port P3, which is connected to
the peaking amplifier. By modifying the external inductors
(L1 ~ L4) of the directional coupler, the splitting ratio can
be easily adjusted without requiring changes to the MMIC
die layout. The splitting ratios were designed and optimized
through electromagnetic simulation, and the results are pre-
sented in Figure 10. The S-parameters and phase differences
at output ports P, and P3 are shown as a function of fre-
quency within the LTE band (2.11~2.17 GHz), and key
parameters at 2.14 GHz are summarized in Table 2. Both
power splitting ratios were achieved using the same MMIC
die, with very similar power losses. The phase differences
deviate slightly from the typical value of 90° due to opti-
mization to compensate for phase differences between the
matching elements of the carrier and peaking amplifiers,
as well as the impedance inverter. Additionally, a small vari-
ation in phase difference between the two power splitters
was introduced during optimization to adjust the matching
conditions.

B. DESIGN AND FABRICATION OF GaN MMIC DOHERTY
PAs

The circuit schematic of the complete Doherty PA is shown
in Figure 11. The design was based on the TriQuint 0.25-um
GaN HEMT 3MI process. To achieve an extended back-off
range and proper load modulation, we employed an asymmet-
ric configuration where the active device size of the peaking
amplifier is 1.57 times larger than that of the carrier amplifier.
The total gate widths of the carrier and peaking amplifiers
are 2800 um and 4400 pum, respectively. Lumped passive
elements were utilized to design and implement key compo-
nents such as the directional coupler, matching networks, and
m-network impedance inverter, aiming to reduce the circuit
size. More detailed design features have been described in
the previous work [21].

A combination of an MMIC die and off-chip compo-
nents provides a suitable compromise for achieving a small
footprint and good efficiency. To effectively reduce size,
key components including the input power splitter, matching
networks, and impedance inverter were fabricated on the
MMIC die, as indicated by the dashed box in Figure 11.
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FIGURE 11. The schematic of the GaN MMIC Doherty PA.
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FIGURE 12. The photos of the fabricated GaN MMIC Doherty PA.

For the peripheral inductors located outside the box, high-
Q surface-mounted chip inductors were used in conjunction
with feeding lines and bond wires on a low-loss Taconic TLY
printed circuit board (PCB) with a dielectric constant of 2.2.
Photos of the fabricated MMIC and the assembled PA on the
PCB are shown in Figure 12. The MMIC die (3.3 x 2.6 mm?)
and off-chip elements were assembled within an area of 1.1 x
1.5 cm?, which is much smaller than a hybrid-type Doherty
PA. The area can be further reduced by employing shorter
feeding lines and smaller chip inductors.

IV. EXPERIMENTAL RESULTS

To demonstrate the performance of the RUPS GaN MMIC
Doherty PA compared to the EPS configuration, we con-
ducted a continuous-wave (CW) measurement at 2.14 GHz,
which is the center frequency of an LTE downlink band
(2110-2170 MHz), as shown in Figure 13. All amplifiers were
operated with a drain bias voltage of 28 V. The gate bias
voltages for the carrier amplifiers were set to —2.80 V for
the EPS Doherty PA and —2.84 V for the RUPS Doherty PA.
Although there was a slight variation in gate bias voltages, the
quiescent currents of the carrier amplifiers were very similar,
measuring 91 mA for the EPS Doherty PA and 90 mA for
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FIGURE 13. Measured CW characteristics of GaN MMIC Doherty PAs with
the EPS and RUPS configurations: (a) DE, gain, (b) PAE.
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FIGURE 14. Measured DC currents versus output power of the EPS and
RUPS Doherty PAs.

the RUPS Doherty PA. The peaking amplifier in the RUPS
Doherty PA had a gate bias voltage of —3.66 V, while the EPS
Doherty PA had a lower value of —4.29 V. This discrepancy
in gate bias voltages confirms that the RUPS Doherty PA
operates in a much shallower class-C mode, as explained
in Section II.

As shown in Figure 13(a), the RUPS Doherty PA demon-
strates a clear improvement in DE at various output powers,
aligning with our earlier analysis. The observed difference in
DE reaches up to 3.5%, exceeding the maximum difference
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FIGURE 15. Measured CW characteristics of GaN MMIC Doherty PAs with
the efficiency-enhanced EPS and RUPS configurations: (a) DE, gain,
(b) PAE.

TABLE 3. Summary of measured performance using LTE signal.

Tvpe Vesp | Vasp | Gain | DE | PAE | ACLR
P (\%) V) | @B) | (%) | (%) (dBc)
EPS 2.80 | 429 | 145 | 47.7 | 46.1 -28.0
Efficiency
-Enhanced 2.80 | -4.56 | 14.1 | 48.6 | 46.7 -26.6
EPS
RUPS 2.84 | -3.66 | 157 | 51.8 | 50.4 -32.8

* The parameters were measured at an average power of 33.2 dBm
* Test signal: 2.14-GHz LTE signal with 10-MHz-bandwidth and 7.1-dB
PAPR

of 2.4% predicted in our analysis. This discrepancy between
the analysis and measurement could be attributed to realistic
factors that were not accounted for in the analysis.

The RUPS Doherty PA exhibits higher gains across the
entire power range, with a gain enhancement ranging from
1.1 to 1.3 dB. As discussed in Section II, the gain improve-
ment in the low-power region is attributed to the increased
input power supplied to the carrier amplifier. In the high-
power region, the gain is maintained with a consistent slope
due to the shallower class-C operation. The gain enhancement
leads to noticeable discrepancies in PAE, reaching up to 3.9%
as shown in Figure 13(b).
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FIGURE 16. Measured 10-MHz-bandwidth LTE spectra for GaN MMIC
Doherty PAs with (a) EPS, (b) efficiency-enhanced EPS, and (c) RUPS
ratios, at an average output power of 33.2 dBm.

The measured DC current profiles of both EPS and RUPS
Doherty PAs are depicted in Figure 14. The input and output
powers at the turn-on points are as follows: Py, = 17.0 dBm
and Py = 31.7 dBm for the EPS Doherty PA, while for
the RUPS Doherty PA, they are Pj,; = 15.8 and Py =
31.6 dBm. The shallow class-C operation causes the peaking
amplifier of the RUPS Doherty PA to turn on at a lower input
power compared to the EPS Doherty PA, which operates in
a deep class-C mode. However, since RUPS delivers rela-
tively less input power to the peaking amplifier, its turn-on
output power is similar to that of the EPS Doherty PA.
In summary, by employing RUPS, we can attain the benefits
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TABLE 4. Performance comparison of fully-integrated GaN MMIC Doherty PAs (sub-6 GHz, single-stage).

Continuous Wave Modulation Signal
Ref. Freq. Symmetry Input Power
: (GHz) Splitting DE (%) @ OBO* Gain DE [PAE] (%) ACLR (dBo)® PAPR
[14] 2015 2.1-2.7 A° UPS 48.5-55° @ 7 dB 13-15°¢ 46-53 -30 —-25¢ 7.2
[8]2017 2.6 S¢ EPS 54.2 @ 6 dB 13.7 54.4 -27.0 6.5
[15]2018 43 EPS 44 @ 6 dB 15¢ N/A N/A N/A
[912019 3.3-3.8 S EPS 42-51 @ 6 dB 12 N/A N/A N/A
43 -29
[23]12019 4.5-52 S RUPS 47-50 @ 6 dB 8.6-11.6 @4.9 GHz @4.9 GHz 7.7
[10] 2019 4.5-6.0 S EPS 24.4-31.6 @ 6 dB 7.6-11.6 (25.7] 34 8
T A o @5 GHz @5 GHz
[5] 2022 4.6-5.5 S EPS 51-56.4 @ 6 dB 10.8-13 50-54 -25.4 —-22¢ 6.2
f =
EPS 514@6dB 143 @6dB 47.7 [46.1] 280
. 50.3 @ 7 dB 14.5 @7 dB
This Work 2.14 A F g 7.1
RUPS 342@6dB 154@6dB 51.850.4] 328
53.6 @ 7 dBf 15.5 @ 7 dB ' ' '

output power back-off, ®w/o linearization, ‘Asymmetric, ‘Symmetric, ‘read from graph, ‘backed-off from 3-dB compression power

of gain enhancement in the low-power region and achieve
efficient operation in the high-power region above the break-
point through the shallow class-C operation of the peaking
amplifier.

To assess the performance improvement in a general sce-
nario, we compared the RUPS Doherty PA to an EPS Doherty
PA with a different bias condition adjusted for higher effi-
ciency. By adjusting the gate bias voltage of the peaking
amplifier in the EPS Doherty PA from —4.29 V to —4.56 V,
we achieved a deeper class-C operation, shifting the break-
point to a higher output power. Consequently, the efficiencies
improved at back-off output powers, as depicted in Figure 15.
However, even with the deeper class-C operation, the RUPS
Doherty PA still exhibited superior efficiencies.

The deeper class-C operation did improve the efficiency
but had a detrimental effect on the gain, as shown in
Figure 15(a). The gain begins to rapidly decrease around an
output power of 33 dBm, and the amount of compression
reaches 2.5 dB at 40.3 dBm. Therefore, it is evident that the
deeper class-C operation induces significant gain compres-
sion in the high-power region, as discussed in Section II.

By observing the gain characteristics, we can make an esti-
mation of the linearity. For example, the efficiency-enhanced
EPS Doherty PA, despite its improved efficiency, may have
poorer linearity due to substantial compression compared to
the other PAs. However, when comparing the two gain curves
in Figure 13(a), which exhibit similar compression behaviors,
it becomes challenging to determine which one has better
linearity. To evaluate linearity more clearly, we conducted
measurements using a 2.14-GHz LTE modulated signal with
a 10-MHz bandwidth and 7.1-dB PAPR. The power spectral
densities were obtained at an output power of 33.2 dBm
for all cases (EPS, efficiency-enhanced EPS, and RUPS),
as depicted in Figure 16.

The RUPS Doherty PA demonstrates an adjacent channel
leakage ratio (ACLR) of —32.8 dBc, while the EPS and
efficiency-enhanced EPS Doherty PAs exhibit worse values
of —28.0 dBc and —26.6 dBc, respectively. The linearity of
the RUPS Doherty PA can be attributed to the reduction in
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harmonic components due to the shallow class-C operation of
the peaking amplifier, as discussed in Section II. Additionally,
it is worth noting that the efficiency-enhanced EPS Doherty
PA exhibits a worse ACLR compared to the original EPS
Doherty PA, as anticipated.

In terms of efficiencies and gain at average output power,
the RUPS Doherty PA outperforms the EPS Doherty PAs.
It achieves a DE of 51.8%, a PAE of 50.4%, and a gain of
15.7 dB. Compared to the EPS PA, the RUPS PA exhibits
increments of 4.3% in PAE and 1.2 dB in gain. Similarly,
when compared to the efficiency-enhanced EPS PA, the
RUPS PA shows increments of 3.7% in PAE and 1.6 dB
in gain. These results highlight the significant performance
improvements achieved by the RUPS Doherty PA over con-
ventional configurations. A summary of the measurement
results can be found in Table 3. Furthermore, we com-
pared the performance of our Doherty PA results with other
single-stage GaN MMIC Doherty PAs and summarized them
in Table 4. We observe that the RUPS Doherty PA demon-
strates competitive efficiency at back-off power compared to
other Doherty PAs, while also achieving excellent gain and
linearity.

V. CONCLUSION

We investigated the effectiveness of the RUPS method for
asymmetric Doherty configurations through numerical anal-
ysis and experimental demonstration. The RUPS Doherty PA,
which involves supplying more input power to the carrier
amplifier and operating the peaking amplifier in a shal-
low class-C mode, demonstrated substantial improvements
compared to conventional EPS Doherty PAs. The fabricated
RUPS Doherty PA, based on a 0.25-um GaN HEMT MMIC
process, achieved superior efficiency, gain, and linearity at
2.14 GHz. Specifically, for a 2.14-GHz CW signal, the PAE
improved by up to 3.9%, and the gain increased by over
1 dB. When subjected to an LTE signal with a 7.1-dB PAPR,
the RUPS Doherty PA demonstrated a 3.7-4.3% improve-
ment in PAE and 1.2-1.6 dB higher gain compared to the
conventional EPS PAs. Although the effectiveness of the
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RUPS method was demonstrated using an asymmetric GaN
MMIC Doherty PA in this study, it can be applied to generic
asymmetric Doherty PAs, enabling significant performance
enhancements.
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