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The Doherty power amplifier: review of recent
solutions and trends

Vittorio Camarchia Senior Member, IEEE, Marco Pirola Member, IEEE, Roberto Quaglia Member, IEEE,
Seunghoon Jee Student Member, IEEE, Yunsung Cho Student Member, IEEE and Bumman Kim Fellow, IEEE

Abstract—In this work, an extensive review of the most up-to-
date papers on microwave Doherty power amplifiers is presented.
The main applications are discussed, together with the employed
semiconductor technologies. The different research trends, all
aimed to improve the advantages of the Doherty scheme and to
solve its inherent drawbacks, are presented. The first considered
topic is the maximization of efficiency and/or linearity, where
analog and digital techniques are exploited. Another important
trend is the bandwidth enlargement of the Doherty architecture,
that involves a large number of papers. Multi-band, multi-mode
solutions are also considered, using either fixed or reconfigurable
solutions. The final section is dedicated to the most significant
Doherty integrated implementation.

Index Terms—Doherty power amplifier, gallium nitride, gal-
lium arsenide, linearization, wireless communications.

I. INTRODUCTION

IRELESS communications have been literally explod-
Wing in the last few years, and their growth is not
expected to stop in a near future. While the market is asking
for higher throughput and lower power consumption, the
designers of wireless transmitters have to cope with even
more stringent demands on system bandwidth, linearity and
versatility.

The power amplifier (PA) is a crucial element of the
transmitter, since it strongly affects both power efficiency and
linearity [1].

Thanks to its high efficiency in a wide range of output
power, the Doherty Power Amplifier (DPA)[2]-[4] repre-
sents a convenient, widely adopted solution for PAs dealing
with the amplitude modulated signals required to achieve
the throughput needed in modern digital transmitters. In this
paper, we present a review of the most recently published
contributions on DPAs, giving continuation to the work of
Grebennikov and Bulja [4]. In fact, we discuss some significant
examples, representative of the main research trends on DPAs,
considering published journal papers from January 2011 to
present.

The back-off efficiency enhancement issue can be ap-
proached with alternative strategies, like outphasing, bias
modulation and envelope tracking.

The outphasing PA adopts two saturated, high efficiency
amplifiers, fed with constant envelope signals, conveniently
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obtained from the input signal. Adopting the Chireix power
combiner [5], signal amplification can be performed with high
total efficiency, but it degrades the PA linearity. Recently, the
outphasing amplifier has been progressed significantly [6].

The bias modulation technique, or the Kahn transmitter in
its analog form [1], also adopts a saturated high efficiency PA,
usually a switching current amplifier, driven by a constant
envelope signal carrying the phase information of the input
signal. The amplitude information is recovered by modulating
the drain voltage of the PA with a linear envelope amplifier.

A more viable solution is the envelope tracking[1], [7],
where a linear PA, driven with the amplitude modulated input
signal, is adopted and the drain bias voltage tracks the envelope
of the signal to minimize the power dissipation. Also in this
case, when a large modulation bandwidth is required, the
envelope amplifier becomes critical, and solutions need to
be found to trade-off bandwidth and efficiency. Although the
envelope tracking has become very popular for handset PAs,
its employment as a class AB replacement for base stations is
not straightforward due to the high power involved.

Considering this aspect, DPAs are often preferred because
they can be effectively considered as class AB PA replace-
ments. In fact, the other described techniques should refer
to the whole transmitters rather than to the PA. In this
context, they require a deep revision of the complete system
architecture, with a strong impact on back compatibility and
cost. TableI, reporting a comparison between DPA and other
PA solutions in terms of the characteristics of their standard
implementations, shows that one of the major concerns about
DPA is its limited RF bandwidth. However, as discussed
later in this paper, different solutions have been proposed
to solve this issue. Also the other techniques have been
revised to overcome their intrinsic limitations: for example,
outphasing PAs can now achieve good average efficiency [6].
Other issues remain open, such as modulation bandwidth in
high power outphasing and envelope tracking, and DPAs are
still a preferred choice.

The importance of DPA for the microwave research com-
munity can be highlighted by the fact that, browsing the
IEEE electronic library in the considered time span, among
1100 results on “microwave power amplifiers” and “RF power
amplifiers”, more than 100 relate to DPAs. What it is in-
teresting to notice is that, along the years, the number of
published papers on PAs and, in particular, DPAs, has con-
stantly grown, following the spreading of high data rate mobile
communications, see Fig. 1(a). Furthermore, the impact ratio
between papers on DPA and total papers on PAs is constantly



Type Output Average RF Mod.
Power Efficiency | Band | Band
Class AB High Low High High
DPA High High Low High
Outphasing High Medium Low Low
Envelope tracking Medium High High Low
Bias modulation Low High High Low
TABLE I
DPA vS. OTHER PA IMPLEMENTATIONS: COMPARISON OF MAIN
CHARACTERISTICS.

increasing, see Fig. 1(b).
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Fig. 1. Survey on IEEEXplore database: papers on PAs and DPAs vs. year
(a), ratio between papers on DPAs and papers on PAs (b). Data on 2014 are
extrapolated from the first 7 months.

A brief overview of the basics of DPA is given in SectionII,
describing its advantages and limitations. Section III explores
the most important applications where DPAs play an important
role, together with the device technologies exploited for their
implementations. In the remaining Sections, the main research
trends in DPA are accurately described and documented. In
particular, SectionIV shows the solutions adopted for DPA
efficiency and linearity optimization for 6dB and higher
back-off. SectionV introduces and analyses the bandwidth
enlargement techniques, while Sections VI focuses on multi-
band DPAs. The integrated solutions, i.e., Radio Frequency In-
tegrated Circuit (RFIC) and Monolithic Microwave Integrated
Circuit (MMIC) technologies, are described in Section VII.
Finally, some conclusions are drawn in Sec. VIIIL.

II. DOHERTY CONCEPT

The DPA was firstly proposed by W. H. Doherty [2], for
the amplification of amplitude modulated signals with vacuum
tubes. For many years in the more recent solid state device era,
high frequency power amplifiers dealt with constant envelope
modulated signals, e.g., phase and frequency modulations,
which represent the most suitable and simple choice for the
maximization of PA power efficiency. In this framework,
DPA architectures with their rather complex layouts did not
attract particular attentions from the PA designers which
preferred more conventional and simpler approaches. Things
completely changed with the establishment of the new com-
munication standards, whose high data rates require modula-
tions with spectral efficiencies affordable only through mixed
modulation techniques, i.e., acting on both amplitudes and

phase/frequency. The new scenario forced a renewed interest
on DPA idea starting in the ‘90s, where basestation market
began to ask for linear microwave amplifiers adopting solid
state technologies able to maintain high efficiency in presence
of modulated signals with significant Peak-to-Average Power
Ratio (PAPR) [1], [4], [8]. In fact, despite the efficiency of
basestations based on class AB PAs is appropriate at maximum
output power, it is significantly reduced when the output
power level is decreased, i.e., the amplifier is working in
back-off conditions. The DPA presents an inherent linearity
that is suitable for handset applications, while first base-
station DPAs needed feedforward linearization to overcome the
intrinsic high distortion of solid state devices. Thanks to the
introduction of digital predistortion techniques, feedforward
has been gradually replaced, and DPA has become a suitable
PA solution also for 3G and 4G systems. The combination of
DPA and digital predistortion allows in fact to achieve, at the
same time, high average efficiency and the required linearity.
The DPA architecture, consisting of two PA stages, the main
and the auxiliary, see Fig.2, improves back-off efficiency
thanks to load modulation.

Offset Line

Impedance

Offset Line
= Auxiliary

Fig. 2. Typical block scheme of a standard, 2-way DPA.
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Fig. 3. Normalized efficiency of class B and Doherty PAs (standard, 4-
way and 3-stage) vs. normalized output power, over-imposed to examples of
normalized power distributions of modulated signals for wireless applications.

At low input power, the auxiliary is off, usually thanks to
its class C bias point. In the case of Fig.2, that refers to
a two-way symmetrical DPA, the main amplifier, normally
biased in class AB, works on a load that is 2R, where
Ropt is the optimum load for maximum output power. At
6dB Output power Back-Off (OBO) from maximum power,



the main output voltage reaches its maximum swing, and it
becomes maximally efficient. At the same time, the auxiliary
starts injecting current into the DPA common node. Two
effects can be observed when power increases: the output
power increases of 3 dB because of the auxiliary current, while
the load seen by the main amplifier decreases proportionally to
the output power, reaching 2, at saturation, and allowing a
further 3 dB increase of the main output power while it remains
at maximum efficiency.

The impedance inverter at the output of the main stage
is necessary to guarantee the correct load modulation, and
the phase difference that it introduces is recovered at the
DPA input inserting a delay line. Main and auxiliary output
matching networks present R, to the main and auxiliary
devices at saturation, as in standard PAs.

The so-called offset lines[9], [10] can be inserted in the
output section of the DPA, see Fig.2. Their characteristic
impedance is chosen equal to the load seen by the stage at
saturation, in order not to affect the saturated DPA behaviour,
but they are useful to optimize performance at lower power.
In fact, for the main stage, the offset line length is tuned
to provide a purely real 2R, load at the device drain,
a condition not generally satisfied with a simple matching
network. The auxiliary stage offset line ensures instead that
the turned-off auxiliary does not influence the load seen by the
main stage. As a result, offset lines improve DPA performance,
e.g., the gain flatness vs. output power, since they allow to
optimize the load modulation.

The DPA ideal efficiency vs. is represented in Fig. 3. The
ideal efficiencies of a 3-stage DPA, a 4-way DPA, and an ideal
tuned load class B are also reported. The multi-way DPAs can
be considered as DPAs where the auxiliary is a combined PA:
on monolithic solutions, larger periphery is usually adopted
for the auxiliary stage (asymmetrical devices) [4]. In Fig. 3,
the power distributions (approximated with Rayleigh distribu-
tions [8]) of widely employed modulated signals for modern
wireless communications are also represented. It can be clearly
seen that the 2-way DPA advantages in terms of efficiency are
maximized at 6dB OBO, and are still significant for larger
PAPR signals. Moreover, efficiency can be further increased
introducing more sophisticated DPA solutions.

III. APPLICATIONS AND TECHNOLOGIES

The physical layer for the down- and up-link of mobile
and wireless communications is spread on several frequency
bands, at present almost all limited below 6 GHz. Fig. 4 reports
the frequency occupation of the main mobile and wireless
services. While the GSM bands stand below 2 GHz, from
the third generation of mobile networks the trend has been
to occupy also higher frequencies. UMTS widely uses the
2.14 GHz band, while the fourth mobile generation, i.e., LTE
and WiMAX, also extends to higher frequencies. Wireless
Local Area Networks (LANs), mainly represented by the WiFi
protocol, are developed on the ISM 2.4 GHz band and on
higher frequencies, including 5.5 GHz band. Regarding power
levels, WiFi systems are strongly limited around few watts.
Mobile base stations need power levels up to hundreds of watt,
while the user terminals are limited to below one watt.
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Fig. 4. Frequency bands up to 6 GHz and output power levels for the main
mobile (downlink channel) and wireless services.

The usage of higher frequencies for the radio channel
access is limited by several factors, among which the necessity
of eyesight connection that would impede users’ mobility,
and by the increasing cost of high frequency electronics.
However, 60 GHz wireless LAN are under development for
small environments, for example inside building communi-
cations. Moreover, high frequency radio links are widely
adopted for the implementation of the mobile infrastructure,
where the communicating devices are fixed in space, and high
gain antenna can be employed. An important example is the
backhaul [11], i.e., the connection of the basestations to the
core of the network, that is expected to be deeply revised in
the next few years due to the increasing need of capacity.
In fact, the implementation of backhaul through microwave
point-to-point radio links working from few GHz to mm-
wave frequencies, will cover an important market share for
microwave electronic manufactures. The power levels are, in
this case, in the range from few watts to some tens of watt.
Regarding future development, the usage of mm-wave carrier
for 5-th generation mobile networks is under consideration,
due to GHz signal bandwidth required and the availability of
spectrum resources.

The frequency of operation and the power level are the main
factors influencing the choice of the semiconductor technology
for the design of power devices and amplifiers. When more
solutions are available, cost, power, efficiency and linearity
become the deciding factors.

For base-stations, LDMOS and GaN HEMT devices are
popularly used due to their characteristics of high breakdown
voltage and power density. The LDMOS is a low cost, silicon
based device that demonstrates very high reliability and very
good linearity behaviour. The GaN HEMT provides higher
efficiency, in particular on SiC substrate, but it is a more
expensive solution. The bias voltage is similar between the
two technologies (28, 40, 50V drain bias options are com-
mercially available), resulting in a comparable optimum real
load. However, the intrinsic properties of GaN devices permit
higher frequency operation and larger bandwidth [12] thanks
to the reduced capacitive effects. Outstanding performance
in terms of output power and back-off efficiency have been
already demonstrated with GaN-based high power DPAs [13]-
[15], and it has to be noticed that almost all the broadband
DPA prototypes presented in this review are based on GaN
transistors, see Sec. V.



HBT devices are preferred for handset application for about
1W level PAs with drain voltage below 4.5V, due to the
reliable, low cost technology process.

CMOS-based DPAs have also been actively researched
due to flexibility and co-integration capability with baseband
block. However, with respect to HBT DPAs, they exhibit
inferior performance, because of CMOS drawbacks such as
low breakdown, no via holes and low power density.

Finally, GaAs pHEMTs are good candidates to develop
medium/high power, millimeter wave PAs above 20 GHz,
where also GaN transistors, at least at research level, are
starting to be investigated. From the DPA design point of view,
the characteristics that favorably place GaN with respect to
GaAs are related to impedance levels, allowing for wideband
matching and reduced losses. Moreover, thanks to the higher
power density, the need of complex combiners is reduced,
enabling the implementation of advanced topologies like the
DPA [16].

IV. EFFICIENCY AND LINEARITY MAXIMIZATION

DPA standard implementations have limitations on linearity
and achievable average efficiency, that can be ascribed to the
intrinsic DPA nature and to other problems related to the
device non-idealities. Digital predistortion is practically always
employed to comply with the communication system linearity
specifications. To reduce the complexity of the predistorters
and to enhance the overall system performance, techniques
for the reduction of amplitude and phase distortion, as well
as memory effects, are often matter of scientific contributions.
The works of [3], [17] focus on distortion compensation at high
power level, optimizing bias and devices’ size. In[18], [19] the
relationship between load modulation and phase distortion in
DPAs is analyzed following different approaches.

Regarding the efficiency, the request of its further enhance-
ment can be easily understood given the importance of power
consumption reduction. TableII reports the list of the papers
referenced in this section, with an indication of employed
technology, frequency target, output power, target OBO and
OBO efficiency. More details on the design strategies can be
found in the following subsections. It is important to notice
that all the proposed techniques never consider efficiency or
linearity independently. In fact, every approach that allows for
efficiency improvement usually implies an added complexity,
and a very accurate input splitting design, bias selection and
phase synchronization between the stages to avoid detrimental
non-linear effects like strong saturation. A last remark on
the fact that digital signal processing is often employed to
adaptively adjust these parameters.

A. Back-off extension

An intrinsic limitation of the standard 2-way DPA is given
by the fact that the first maximum efficiency peak is at 6 dB
OBO. However, in most of modern communication systems
the PAPR exceeds this value, hence asking for an extension
of the high efficiency range. Multi-way and multi-stage DPAs
are two viable solutions to increase the high efficiency back-
off region. According to the classification used in [4], a N-way

Ref. Freq. Tech. PsaT OBO Eff.
(GHz) (dBm) (dB) (%)
[20] 2.14 Si LDMOS 50.5 10.5 35
[21] 1.85 GaAs HBT 30 6,10 37,31
[22] 2.6 GaN HEMT 41.9 7,12, 17 62
[23] 2.655 GaN HEMT 51.7 8.1 60.5
[17] 2.14 Si LDMOS 53 6 50
[24] 0.87 Mixed 51 6, 8, 10 61, 56, 51
[25] 10 GaN HEMT 49.8 7.8 49
[26] 10 GaAs pHEMT 29 6 43
[27] 2.01 Si LDMOS 425 6 33
[28] 2.14 GaAs pHEMT 31.6 6 53
[29] 35 GaN HEMT 49.5 6 46
[30] 1.8 GaN HEMT 31 7 31
[31] 2.1 GaN HEMT 42 6 48
[32] 1.88 GaAs HBT 335 6 44
TABLE 11

PERFORMANCE COMPARISON BETWEEN DPAS FOR
EFFICIENCY/LINEARITY ENHANCEMENT.

DPA is realized by parallelizing N-1 auxiliary stages that turn
on simultaneously (see Fig. 5-left for a 4-way DPA), obtaining
an equivalent asymmetrical DPA operation. By increasing N
and properly optimizing power splitting and bias, the first
efficiency peak can be extended beyond 6dB. Fig.3 shows
the efficiency curve for a 4-way DPA, optimized for 12 dB
OBO first efficiency peak: it can be noticed that the efficiency
curve drops significantly in the Doherty region. The N-stage
DPA can overcome this issue. It has N-1 auxiliary amplifiers,
see the block scheme of Fig.5-right for the 3-stage case,
which are turned on at different power levels, coinciding with
the efficiency peaks. The efficiency drop in the power region
between peaks is significantly attenuated, (see Fig.3 for an
asymmetrical 3-stage DPA case), when devices’ size and input
splitting ratio are properly dimensioned.

On the other hand, the main amplifier of a 3-stage DPA
can be pushed into a strong saturated region, thus requiring
proper device size selection and ad-hoc design solutions. Very
interesting 3-stage DPA approaches were proposed by works
presented before the time-range considered in this review. A
state of the art WCDMA DPA is shown in[33], where three
separated input drives for the main and the two auxiliaries
are used. In[14], gate bias adaptation technique is applied,
improving the linearity of the stage.

The work of [20] implements a 2.14 GHz 3-stage inverted
DPA in LDMOS technology, using different sizes for the main
and the two auxiliary stages, in order to optimize the back-off
efficiency. The designed DPA delivers 50.5 dBm of maximum
output power while, at 10.5dB OBO with a WCDMA signal,
it maintains a drain efficiency of 35% with 9.5dB gain.

A different case is analyzed in[21], where the focus is on a
hardware that needs to operate in two modes, high power mode
employing a Doherty, and low power mode, where a switched
load is used to enhance the efficiency at 10 dB back-off. The
DPA, which includes a driver stage, is developed at 1.85 GHz
on InGaP/GaAs HBT technology for the power stage.

A multi-mode DPA is also exploited in[22]: in this pa-
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per, the best efficiency OBO is set through Micro Electro-
Mechanical Switch (MEMS)-based reconfigurable matching
networks (located at the output combiner and at the main
branch input), and auxiliary stage bias adjustment. The design
is carried out at 2.6 GHz, employing GaN HEMT devices; the
saturated output power is 41.9 dBm, while at average power
levels of 35, 30 and 25dBm, set according to the selected
configuration, the PAE remains higher than 62%.

In [23], a new output combiner is developed, allowing for an
easier matching of the auxiliary device. The hardware works at
2.665 GHz, is based on GaN HEMT devices from CREE, and
is able to deliver at saturation an output power of 51.7 dBm.
When measured with WiMAX signals with 8.3 dB PAPR, the
DPA exhibits 43.6 dBm of output power, together with average
efficiency higher than 60%.

B. Asymmetrical devices and splitting

Another important source of investigation in literature is the
proper dimensioning and turning on of the auxiliary stage. In
fact, for an ideal behaviour of the DPA, either the auxiliary
device should be roughly double-sized with respect to the
main (asymmetrical devices), or the input power splitting
should be asymmetrical, giving more power to the auxiliary
branch [34]. The adoption of asymmetrical input splitting is
widely adopted in hybrid solutions using packaged or die
transistors, and is well established in commercial products.
In fact, at least in principle, this technique permits to build
a DPA starting from two identical power amplifiers, focusing
on the design of offset lines, impedance inverter and input
splitter. The asymmetrical devices solution is favorable in
monolithic implementations, thanks to the flexibility in device
size selection. However, different devices’ size can be used
also with packaged transistors, with the limitation to choose
among a small basket of peripheries.

In[17], the adoption of an auxiliary device larger than
the corresponding main is carefully analyzed, in particular
focusing on the derived advantages: improved load modu-
lation, well-timed turn-on effect, effective nonlinear distor-
tion cancellation, and simple topology. As case studies, two
DPAs, optimized respectively for linearity and efficiency, were
fabricated and measured for 2.14 GHz, 4-carrier WCDMA
operation, employing LDMOS devices. The achieved output

power is around 53 dBm. If compared to a standard DPA
implementation, the modified structures have better linearity,
roughly 1dB higher output power and, in the case optimized
for efficiency, around 5% higher efficiency.

In[24], a DPA realized with a LDMOS main and a GaN
auxiliary is presented: thanks also to the asymmetrical voltage
bias, the device power utilization factor [35] is maximized. The
position of the first efficiency peak can be set at 6, 8 and 10dB
of OBO by proper bias tuning.

C. Output combiner optimization

A great effort has been given to the optimization, mod-
ification and revision of the output combiner of the 2-way
DPA. In the works of [25], [26] the Doherty load modulation is
revised to account for the variation of knee voltage for different
currents, due to the on-resistance of the device. They exploit
an OBO main load larger than 2R, with a consequent
efficiency improvement at back-off, see Fig. 6. The hardware
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Fig. 6. Larger back-off impedance for efficiency maximization [25], [26].
Dynamic load lines of the main device at saturation and back-off (left). Typical
efficiency improvement (right).

proposed in [25], based on GaN CREE devices, yields almost
50 dBm of output power. Instead, the DPA of [26] is developed
at X-band on GaAs MMIC, and it achieves 29 dBm of output
power.

The solution of [27] substitutes the standard DPA impedance
inverter with a coupled-line loaded with a capacitor. This
solution helps harmonic suppression, and the intermodulation
distortion can be reduced by 23 dB, with respect to a standard
DPA, by proper tuning of this new structure. The design
example is developed with LDMOS devices at 2.01 GHz, with
maximum output power of 42.5dBm and 6 dB OBO efficiency
around 33%.

In[28], the output matching network (impedance inverter
and global matching to 50 2) is adjusted to correct the current
unbalance between the main and the auxiliary branches. A
theoretical analysis is provided and the results prove the
effectiveness of the solution. In fact, 13% higher back-off
efficiency with respect to standard DPA is demonstrated by
a prototype developed on GaAs pHEMT at 2.14 GHz, with
31.6dBm of output power.

The design of [29] combines several of the previously cited
techniques in order to maximize the back-off efficiency. In
particular, it modifies the output combiner for asymmetrical
device sizes, using stepped impedance networks. The proto-
type is conceived for large instantaneous bandwidth signal
(100 MHz LTE), for 3.5 GHz operation. The DPA is realized



with GaN HEMT devices, and it achieves 49.5 dBm of output
power with 6 dB OBO efficiency larger than 46%.

D. Other techniques

Deeper variations to the DPA structure are proposed in [30]
and [31]. In[30], the DPA load is connected in series [2], [4]
allowing for more favorable impedance transformations. Input
and output baluns are needed for the differential-to-common
mode transition. A distortion reduction method, that can also
be applied to shunt-type Doherty, is analytically derived and
proved. It works by reducing the phase and gain deviations
between the main and auxiliary branches through proper bias
tuning. A prototype is developed at 1.8 GHz, employing GaN
HEMTs. The maximum power is around 31 dBm, while at
24 dBm the Power Added Efficiency (PAE) is 31%.

In[31], a branch line coupler replaces the standard DPA out-
put combiner. With this solution, similar results with respect to
a standard DPA can be achieved, but the impedance level are
far more favourable, especially for high power operation. The
prototype is developed at 2.1 GHz employing GaN HEMTs.
The maximum output power is 42dBm, while at 6dB OBO
an efficiency of 48% is obtained.

Fig. 7. Picture of the DPA presented in [32].

Finally, the work of[32] focuses on the compensation of
non-idealities arising in HBT Doherty implementations, in
particular due to the non-linear behaviour of the collector-base
capacitance Cp.. Class F harmonic closure is used for back-
off efficiency optimization. A prototype has been realized, see
Fig.7, and it delivers 33.5dBm of output power at 1.88 GHz.

V. BANDWIDTH ENHANCEMENT

Several factors limit the bandwidth of a DPA. In fact, while
for a combined PA the broadband design can be actually seen
as a broadband matching problem, in DPAs the situation is
more complicated. The added complexity is related to the
need of a correct load modulation, that requires different
impedances at different power levels. In particular, the DPA
impedance inverter, the offset lines, and the phase synchroniza-
tion at the output common node can be seen as the typical DPA
bandwidth limiting factors. The impedance inverter is usually
realized by means of a quarter-wave length transmission line,
that is intrinsically narrowband. Some of the referenced works
in this section present new realizations of the impedance
inverter, able to extend its bandwidth. The offset lines are
well defined for single frequency operation: a solution often
adopted in the cited papers is to embed the offset line within

the output matching network, thus reducing the overall quality-
factor of the filter. An optimal load modulation over a large
frequency band, achievable with good phase synchronization
between main and auxiliary, can be obtained through a revision
of the DPA basic structure, as it happens in the so-called digital
DPA, where the signal between the main and auxiliary stages
is split at baseband.

A comprehensive analysis of the bandwidth limitations
given by the output section of DPAs is discussed in [36]. Other
factors limiting the bandwidth can be related to the adoption
of harmonic terminations, that are usually realized by means
of resonant elements, intrinsically narrowband.

Table III reports the list of the paper referenced in this
section. It gives indication of the employed technology, center
frequency, fractional bandwidth (BW), moreover reporting the
minimum saturated output power, and OBO efficiency on the
declared bandwidth. The considered OBO is also reported.
More details on the design strategies can be found in the
following subsections.

Ref. Tech. Freq. BW | PsatT | OBO | Eff.
(GHz) | (%) | (dBm) | (dB) | (%)
[37] InGaP/GaAs HBT 1.83 27 35 7.5 30
[38] GaN HEMT 3.3 18 43 6 38
[39] GaN HEMT 0.85 35 50 6 52
[36] GaN HEMT 2.6 31 39.5 56 40
[40] GaN HEMT 0.85 30 43 9 49
[41] GaN HEMT 0.776 21 49.3 6 43
[42] GaN HEMT 0.98 41 40.2 6 30
[43] GaN HEMT 2.2 22 42 6,7 40
[44] GaN HEMT 2 41 42 6 42
[45] GaN HEMT 1.73 115 43.1 6 45
TABLE III
PERFORMANCE COMPARISON BETWEEN DPAS FOR BANDWIDTH
EXTENSION.
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Fig. 8. Bandwidth enhancement DPAs. Minimum in-band back-off efficiency
vs. frequency. Saturated output power indicated in legend.

A. Matching networks optimization

The correct load modulation is a defining characteristic of
the DPAs, but at the same time is the feature that mostly
affects their bandwidth. For this reason, many papers have
been devoted to the optimization of the output section of the
DPA, in order to guarantee high back-off efficiency on large



Fig. 9. Picture of the LTE DPA presented in [37].

bandwidth. The technique proposed in[37] improves DPA
bandwidth by integrating the functions of matching, offset
lines and impedance inverter blocks in a single, simpler match-
ing network. A similar approach is adopted for all the other
DPA structures. The design example is carried out for handset
applications, using a HBT process on InGaP/GaAs, see Fig. 9.
The DPA is tested with a LTE signal with 7.5dB PAPR and
10 MHz bandwidth: in the 1.6-2.1 GHz band the PA exhibits,
at the average power of 27.5dBm average efficiency higher
than 30%, however complying with the standard emission
masks. The approach followed in [38] is based on wideband

Wideband
Matching Compensator +
Input + II Harm. IT Harm. Control
Splitter Control -
= Main
Delay
Line Wideband
Matching Compensator +
+ II Harm. IT Harm. Control

Control

= Auxiliary

Fig. 10. Block scheme of the wideband DPA presented in [38].

Fig. 11. Picture of a 20 W GaN-based 3-3.6 GHz DPA described in [38].

compensator networks, that cancel, on the band of interest, the
reactive effects of the devices, see block scheme in Fig. 10.
Moreover, second harmonic tuning is exploited at back-off for
the higher frequencies of the band, in order to obtain flat power
and efficiency. The DPA is fabricated using CREE 10 W GaN
HEMTs, see Fig. 11, and it shows, in the 3-3.6 GHz band, an
output power exceeding 43 dBm, and a 6 dB OBO efficiency
larger than 38%.

In[39], the authors expand the bandwidth of the classi-
cal DPA by using a quasi-lumped quarter-wave transmis-
sion line and the Klopfenstein taper [46]. However, this DPA
requires different drain supply voltages for the main and
auxiliary transistors. The implemented Doherty PA delivers
very good performance at high power (saturated output power
of 50dBm), with minimum 6 dB back-off efficiency of 52%
over a fractional bandwidth of 35%.

In[36], the broadband matching is achieved following a
simplified real frequency technique [47], to obtain the desired
frequency-dependent optimum impedances. Two prototypes
are realized with CREE GaN HEMTs. The sample achiev-
ing larger bandwidth shows an output power in excess of
39.5dBm, with 6 dB OBO efficiency higher than 40%, on the
2.2-3 GHz band.

A combination of bandwidth and OBO enhancement is
achieved in [40], thanks to proper cancellation/absorption of
the device output capacitances in a three-way DPA. To fabri-
cate the prototype, a 10 W CREE GaN device is used for the
main stage, while two 25 W CREE GaN devices are used for
the auxiliary branches.

The focus of the DPA presented in[41] is on the opti-
mization of the instantaneous bandwidth, in order to adopt
100MHz LTE signals. To this aim, the drain bias networks
are designed to minimize electrical memory effects, employing
ad-hoc LC resonators. An integrated Doherty combiner is
used (RDO750A03 from RN2 Technologies co.), and its
impact on the bandwidth is compensated by broadband out-
put matching networks, designed applying a simplified real-
frequency technique. The prototype, realized with CREE 60 W
GaN transistors, shows a considerable improvement of ACLR
(4dB) and ACLR asymmetry (3 dB), with respect to the same
DPA adopting conventional bias networks.

A completely different solution is used in[42]: in this
design, the impedance inverter is removed, but still good
results in terms of back-off PAE are achieved thanks to an
appropriate matching. Despite it may be questionable if this
PA can still be considered a Doherty, the measured results
on the prototype are very good: on the 0.8-1.2 GHz band,
the output power is higher than 40.2dBm, with 6dB OBO
efficiency higher than 30%. The DPA is realized with 10 W
CREE GaN devices.

B. Digital DPA

The introduction of digital DPAs opens new degrees of
freedom in the Doherty design. According to this strategy,
main and auxiliary stages are independently driven from base-
band, see Fig. 12. Proper digital signal conditioning, applied
to the two branches, accounts for the output section bandwidth



limitations. On the other hand, the utilization of separated
baseband processing and up-conversion process asks for a re-
definition of the transmitter: in this case, the pros and cons
with respect to a standard solution must be carefully evaluated.

Offset Line

Offset Line
= Auxiliary

Fig. 12. Block scheme of the digital DPA.

The work of [43] is based on a careful analytical comparison
between conventional and digital DPA. It is shown that the
bandwidth can be increased of a 2.8 factor. The proposed
prototype adopts 10 W GaN CREE devices, and shows an
output power greater than 42dBm with 6 dB OBO efficiency
larger than 40% over the 1.96-2.44 GHz bandwidth.

The work of [44] introduces a modification in the digital
Doherty approach through a novel output combiner with better
bandwidth characteristics. Moreover, the proper drain bias
setting of the main device allows to configure the desired OBO
at 6, 8, and 10dB. The prototype, based on 15 W GaN CREE
devices, reaches 42dBm of output power between 1.5 and
2.5 GHz, with 6dB OBO efficiency larger than 40%.

A more extensive analysis on digital DPA operation is per-
formed in [45]: a continuum between Doherty and Outphasing
harmonic loading conditions of the devices is demonstrated
under ideal conditions studying a dual-digitally driven DPA.
For the actual implementation, a combiner assuming non-ideal
harmonic closure is analyzed and designed, showing possible
good efficiency level. Then, it is exploited for the realization
of an over 100% fractional bandwidth DPA. The prototype
adopts 15W GaN CREE HEMTs, and on the 1-3 GHz band
shows an output power higher than 43.1 dBm, with 6dB OBO
efficiency higher than 48%.

VI. MULTI-BAND SOLUTIONS

The increasing number of available frequencies for mobile
communications requires to design multi-band RF front-ends.
Multi-band designs can take advantage of discrete frequencies
matching solutions, with potential better performances than
wideband DPAs used to cover more frequencies. In some
cases, multi-band hardware is used for concurrent operation:
two or more modulated signals at different carrier frequencies
can fed simultaneously the DPA, with consequent increased
PAPR of the total signal and the need of ad-hoc predistortion
techniques. In fact, with concurrent signals, both intermodula-
tion and cross-modulation must be considered. In other cases,
the multi-band DPA is useful for a reconfigurable transmitter
that works on different frequencies at different time slots.

Different approaches are also followed in the practical
realization of the multi-band filters. In some cases, a real multi-
band approach is followed, by using multi-resonant structures
that provide narrowband matching around a discrete number
of frequencies. In other examples, a wideband approach is
followed for filter design, but the hardware is used at discrete
points. The wideband approach has advantages in terms of
design robustness, because it is intrinsically less resonant, and
provides more flexibility. On the other hand, if the separation
between the bands is very large, the wideband approach
becomes unfeasible, due to the bandwidth limitations of the
DPA, while ad-hoc multi-band filters can be designed to cover
the specific bands.

TableIV reports a list of the multi-band DPAs presented
in this Section, summarizing their performance. It reports
frequency bands, output power and OBO efficiency, together
with the considered OBO. More details on the design strategies
adopted in every paper are described in the following. It has
to be noticed that most of the DPAs illustrated in this section
are fabricated adopting GaN HEMT devices.

Ref. Freq. Psat OBO Eff.
(GHz) (dBm) (dB) (%)
[48] 0.88/1.96 41/40 6 36/35
[49] 1.96/3.5 43/42 6.5 40/30
[501* 1.5/2.1/2.65 46/43/42 6 60/50/38
[50]2 0.95/1.5/2.1/2.65 | 44/44.5/42/42 6 58/49/49/32
[51] 2.14/2.655 43.5/43.2 6.5 40/45
[52] 1.85/2.15/2.65 44/44/44 6 58/50/42
[53] 0.9/2.31 46/45.5 9 61/44
[54] 0.85/2.33 44/42.5 6 50/42
[55] 1.9/2.14/2.6 41.5/40.5/40 6 60
TABLE IV

PERFORMANCE COMPARISON BETWEEN MULTI-BAND DPAS.

In the work of [48], two dual-band DPAs are developed. The
design is carried out by using dual-band input splitter, offset
lines, and impedance inverter, realized employing T-shaped
networks and coupled lines. The two DPAs have frequency
dependent OBO, equal in one case, and unbalanced in the
other, in order to evaluate the differences between the two
approaches. The DPA is fabricated adopting SiC MESFET
devices by CREE for the WCDMA bands of 880 MHz and
1960 MHz. The comparison between balanced and unbalanced
DPAs did not show significant differences. Concurrent, 2-
dimensional predistortion [56] is successfully applied to lin-
earize the DPA under two-tone excitation.

Always mainly focusing on the output section of the DPA,
the GaN-based prototype of [49] presents the analysis and de-
sign of dual-band offset lines for dual-band DPA performance
improvement.

Tri- and quad-band DPAs are developed in[50] where the
theoretical study and practical implementation of multi-band
impedance inverter are described. In this case the two DPAs,
realized with GaN HEMT devices, show the typical Doherty
behaviour for all the design frequencies, i.e., 1.5, 2.1 and
2.65 GHz in the tri-band case, and 0.95, 1.5, 2.1 and 2.65 GHz
for the quad-band case.



The DPA of[51] is designed adopting a revised Doherty
output section. In particular, the global output matching is
removed, and the DPA is directly loaded with 50 €2. Moreover,
the auxiliary is not directly connected to the common load,
but it employs two quarter-wave length sections for the power
matching. The devices are matched with a broadband class-E
reactance compensation [57]. The resulting structures can be
actually considered as wideband, but the goal of the design is
the operation at two discrete frequencies, 2.14 and 2.655 GHz.
Two 10 W GaN CREE devices are used for the fabrication
of the DPA. In[52], the same broadband class-E amplifier is
used as a building block also for a tri-band DPA. A detailed
description of the output combiner design is provided, with a
discussion on the broadband strategy adopted.

While the previous works are mainly focused on the output
section design, the DPAs of [53], [54] point out the importance
of the frequency dependence of the input power splitting to
compensate for the device gain decrease vs. frequency and
to correct the auxiliary device turning on. In[53] a three-way
dual-band DPA is shown, employing GaN HEMTs. Efficien-
cies at 9dB OBO of 61% and 44% are achieved at 0.9 and
2.31 GHz, respectively, with saturated output power around
46 dBm. In[54], an asymmetrical two-way DPA is presented
with 10 W GaN CREE devices, showing at 0.85 and 2.33 GHz
an output power of 44 and 42.5 dBm and 6 dB OBO efficiency
of 50% and 42%, respectively.

A reconfigurable approach is followed instead in [55], where
multi-band operation relies on MEMS reconfigurable struc-
tures, located at the output combiner and at the main branch
input. The tunable elements realize tunable loaded transmis-
sion lines through single-pole, double-throw switches. The
prototype is a tri-band DPA, with bands at 1.9, 2.14, and
2.6 GHz, where the output power is of 41.5, 40.5, and 40 dBm,
respectively. It has to be noticed that, at 6dB OBO, the
efficiency is above 60% for all the three configurations.

VII. INTEGRATED IMPLEMENTATION

Integrated implementations of DPAs include Silicon-based
RFICs and compound semiconductor MMICs. Integrated so-
lutions are feasible for low frequency, low power applications
(handset) and for high frequency solutions (backhaul, 5G),
with low, medium power levels. The selection between RFIC
and MMIC is driven by many factors. CMOS is less linear,
less efficient and requires more complicated structures than
compound technology to achieve watt-level power levels. On
the other hand, it has big cost advantages for high volume
production, and is more keen to a mixed-signal integration.
This also allows to embed on-chip the advanced controls
required for bias and power splitting ratio. For both technology
families, the DPA implementation poses specific challenges.

Among the papers presented in the previous sections, the
DPAs of [21], [26], [32], [37] are integrated, but they have
been inserted there since focused on particular techniques for
performance enhancement. In this section, DPAs with special
features specifically conceived for integration are instead ref-
erenced. Table V reports a resume of the referenced papers,
with main technology and performance information.

Ref. Freq. Tech./F.I. PsaT | OBO | Eff. Size
(GHz) (dBm) | (dB) | (%) | (mm?)

[58] 2.4 Si CMOS/Y 26.3 6 25 1.88
[59] 1.75 Si CMOS/Y 28.6 6 25 242
[60] 1.9 Si CMOS/Y 28 12 19.7 2.94
[61] 2.4 Si CMOS/Y 31.9 12 25 2

[62] 45 SOI CMOS/Y 28.5 6 26 0.45
[63] 0.75 GaAs HBT/N 38.8 10 37 6.28
[64] 1.88 GaAs HBT/Y 28 9 25.1 1.2
[65] 7 GaN HEMT/Y 355 9 42 3.15
[66] 7 GaN HEMT/Y 37 7 47 21.6
[67] 7 GaN HEMT/Y 38 7 42 21.6
[68] 2.14 GaN HEMT/N 40.5 7.3 51 8.58
[69] 2.14 GaN HEMT/N 412 4.7 43 6.75

TABLE V
PERFORMANCE COMPARISON BETWEEN INTEGRATED DPAS. TECH./F.I.
COLUMN INDICATES THE TECHNOLOGY AND IF THE DPA IS FULLY
INTEGRATED.

A. Silicon technology

The employment of RFIC on CMOS technology is quite
common for the realization of chipsets for mobile equipment,
see [70], where power levels are not too high. To overcome
some issues related to the unavailability of via holes and high
losses in Si CMOS substrates, the use of differential DPAs
with transformer-based matching is a convenient choice, see
the block scheme of Fig.13. In this case, the DPA should
be considered as a voltage- instead of current-combiner. For

Input _ 2o OUT
Balun Main IN
IN oo
Output Impedance
.| Baluns Inverter

Active

= Aux. Phase

‘ Shift

Fig. 13. Simplified scheme of a series, transformer based DPA, typically
adopted in CMOS technology (left). Block scheme of the active phase shift
DPA adopted in [62] (right).

example, the DPA of [58] is developed on a 90nm CMOS
process for 2.4 GHz applications. It adopts a series com-
bining transformer allowing for chip implementation of an
asymmetrical DPA. In fact, it uses different sizes for main
and auxiliary stages, and optimizes the behavior thanks to a
properly unbalanced output transformer. The total chip size is
1.88 mmx 1 mm.

The DPA of [59] is based on 180 nm CMOS technology, for
1.75 GHz applications. It adopts an output voltage transformer
instead of conventionally combining the output currents. The
input balun is realized on an external board, while the core
active part of the DPA and the output transformers are in-
tegrated on two different chips, with 0.79 mmx1.46 mm and
0.79 mmx 1.6 mm size, respectively.

A further enhanced structure is proposed in[60] using
40nm CMOS technology for 1.9 GHz LTE applications. A



hybrid series-combining transformer consisting of two Dis-
tributed Active Transformers (DATSs) ensures high efficiency
even when only one of the four amplifiers is active. Both main
and auxiliary DAT are composed by two PAs. The system,
which achieves a saturated output power of 28 dBm, operates
in high-power (HP) and low-power (LP) modes. The measured
PAE if of 25.5% and 19.7% at 6dB and 12dB back-off,
respectively. The total chip size is 2.1 mmXx 1.4 mm.

A DPA using a variable balun transformer as impedance
inverter is analyzed in [61]: it achieves load modulation with-
out any phase delay circuit, thus reducing the total chip
area. Additionally, adaptive bias control of the auxiliary stage
assists the load modulation, resulting in an improved back-off
efficiency. The DPA, based on 130nm CMOS technology for
2.4 GHz, delivers an output power of 31.9 dBm, while it keeps
the efficiency above 25% over a 12dB OBO range.

At mm-waves frequencies, the use of Si integrated techno-
logy can lead to great advantages in terms of mass production
cost. The work of [62] is developed on 45nm SOI CMOS,
for 45GHz applications (both radar and communications).
Several features are used in this design for performance
maximization: the main and auxiliary are realized by stacked
devices to improve the output power without compromising
the impedance level. In one prototype, the main stage input
phase delay, usually realized by means of a transmission line,
is substituted by a driver-amplifier stage, that allows gain
improvement. In another DPA realization the use of slow-
wave coplanar waveguide [71] helps improving both PAE and
gain. The achieved output power is 28.5 dBm with 6dB OBO
efficiency of 26% for the active phase shift DPA, that shows
a size of 0.5 mmx0.9 mm.

B. Compound technology

For achieving high power or frequency, compound semi-
conductor technology can be used instead of silicon. The
DPA of [63] shows a Doherty implemented in low-voltage
GaAs HBT technology, for 750 MHz. The integrated part
which includes pre-driver, driver, and main and auxiliary
devices, has a size of 2.36 mmx2.66 mm. The DPA impedance
inverter is realized as II-type CLC network, with integrated
MIM capacitors and external bond-wires working as inductors.
However, external impedance matching is still needed since the
common node impedance is rather low (0.7 2). The presented
measurements, that also include the output matching losses,
show a saturated output power higher than 39 dBm on the 728-
756 MHz band. On the same band, the PAE at 10dB OBO is
higher than 25%.

A fully integrated series-type extended Doherty amplifier
was proposed in[64]. To apply it to a W-CDMA handset
transmitter, all circuits are compactly implemented on a single
InGaP/GaAs HBT MMIC. The DPA achieves 26 dBm peak
output power, while the PAE is kept above 25.1% over a 9 dB
range of output power.

The DPAs presented in [65]-[67] adopt the same TriQuint
0.25 pm GaN on SiC MMIC process, and have been conceived
for 7GHz microwave backhauls. In the first two cases, an
asymmetrical DPA architecture is adopted, with 4x100 um

and 10x100 ym device sizes for the main and the auxiliary,
respectively. In[65], the focus of the design is on bandwidth
enhancement and size reduction. The PAE at 9dB OBO
is higher than 30% from 6.7 to 7.8 GHz with a delivered
output power higher than 34.5dBm. The MMIC size is
2.1mmx1.5mm. The DPA of[66] is thought for back-off
efficiency enhancement and maximum power utilization. The
layout, whose microscope picture is shown in Fig. 14, has a
size of 4.6 mmx4.7 mm. The delivered output power at 7 GHz
is larger than 37dBm, and the 7dB OBO efficiency is of
47%. To achieve a good fractional bandwidth, the DPA of [67]

Fig. 14. Picture of the GaN MMIC DPA for 7 GHz backhaul presented in [66].
Size of 4.6 mmx4.7 mm.

adopts a driver on the auxiliary branch, and a coupled line as
input power splitter. The achieved maximum power is 38 dBm,
with a 7dB back-off efficiency of 42%. The occupied area is
4.6 mmx4.7 mm.

The design of [68] is realized on TriQuint 0.25 um GaN
on SiC MMIC, for 2.14 GHz small cell base-stations. The
DPA delivers 40.5dBm of saturated output power, while at
7.3dB of OBO the efficiency is still higher than 50%. For loss
reduction, two strategies have been followed: on one side, the
core components of the DPA are integrated with semi-lumped
topology minimizing the parts count. On the other hand, the
high value inductors needed for bias and at input splitter are
realized through external, high-Q chip inductors. Similarly to
the approach followed in [66], the auxiliary device has larger
size (22x200 ym) with respect to the main (16x200 ym),
while more power is delivered by the input splitter to the
main stage, for gain and back-off efficiency improvement.
Fig. 15 shows a microscope picture of the realized DPA (size
3.3 mmx2.6 mm), with the bond-wires for the RF/DC feed and
connection to external inductors.

The DPA of [69] is fabricated on TriQuint 0.25 um GaN
MMIC, for 2.14 GHz femto-cell base stations. In this case
the integration does not include the Doherty output combiner,
the output matching and the drain bias network. A driver
stage is present: the interstage is optimized by removing
subcircuits matched on 50 €2 and inserting a coupler optimized
for the devices’ impedances. The DPA, that adopts a total gate
periphery at the output section of 2.4 mm, reaches an output



Fig. 15. Picture of the DPA presented in [68] for 2.14 GHz small cell base-
stations. Size 3.3 mmx2.6 mm.

power of 41.2 dBm, with first efficiency peak of 43% at 4.7 dB
OBO. Thanks to the driver stage, the gain is around 20 dB. The
MMIC and the full module have area of 2.5 mmx2.7 mm and
7 mmx 15 mm, respectively.

The design procedure of a K-band DPA with embedded
drivers is shown in [72]: the measured results on the realized
hardware, see a microscope picture in Fig. 16, show a saturated
output power exceeding 1 W, together with gain higher than
9dB over a 10% bandwidth.

Fig. 16. Microscope picture of the GaAs MMIC DPA designed following the
guidelines of [72] for K-band point-to-point radios. Size: 3 mmx 1.43 mm.

VIII. CONCLUSION

In this paper, the most recent literature on Doherty power
amplifiers has been reviewed, after the basic Doherty concepts
have been briefly summarized.

The main research trends have been addressed, considering
their links with the newly available technologies and the
requirements of the present and future wireless communication
systems.

Considering base-stations, where Si LDMOS and GaN
HEMTs are the preferred choices, the main efforts are fo-
cused to enhance the back-off efficiency, and to design multi-
standard hardware through multi-band or wideband solutions.

Similar tendencies are observed for portable systems, where
the development of multi-standard feature has to be considered
even more interesting. Implementations mainly rely on Si
CMOS or GaAs HBT integrated circuits, adopting ad-hoc
techniques to cope with the integration issues.
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The market of backhaul point-to-point radios, at high fre-
quency, e.g., at C- or K- band, is rapidly growing. In this
framework, Doherty solutions based on GaN and GaAs HEMT
monolithic circuits and adopting techniques for gain, efficiency
and bandwidth enhancement are effectively exploited.
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