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Fully integrated three-way LDMOS Doherty PAs
for 1.8–2.2 GHz dual-band and 2.6 GHz m-MIMO
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Abstract

This paper presents a fully integrated three-way Doherty architecture to address the challenges
of 5G applications using laterally-diffused metal-oxide semiconductor (LDMOS) technology.
By using the so-called CDS cancelation method for the Doherty combiner design, a wideband
impedance transformation is achieved, that combined with the three-way Doherty power
amplifier (DPA) architecture allows for high efficiency in deep back-off, with a reduced
load modulation for high bandwidth. Throughout this paper, the design approach and real-
ization are described, while multiple critical design challenges will be addressed such as
low frequency drain resonance optimization, impact of in-package coupling effects, and lin-
earity versus efficiency tradeoff. Two state-of-the-art three-way fully integrated LDMOS
DPA monolithic microwave integrated circuit (MMICs) are presented to demonstrate how
these measures have been successfully applied to different power amplifier (PA) line-up com-
ponents for 5G base station systems. First, a 60W 1.8–2.2 GHz multi-stage device for driver
application in true dual-band operation is presented. The circuit design pays special attention
to extended PA video bandwidth thanks to integrated passive device. After digital pre-distor-
tion (DPD) in dual-band operation, this highly linear device achieves an outstanding adjacent
channel leakage ratio (ACLR) of −56 dBc for a 2cLTE 20MHz 8 dB peak-to-average ratio sig-
nal spaced by 345MHz, thus 385MHz instantaneous bandwidth (IBW), with 29% efficiency
at 35 dBm, 12 dB output back-off (OBO). Second, the simulation and measurement results of
a 55W 2.6 GHz multi-stage DPA for massive-MIMO final stage application are presented,
which yields an excellent linearized efficiency of 49% using a 200MHz 10cLTE signal with
an ACLR lower than −47.5 dBc. For 8cLTE 20MHz (160MHz IBW), the device yields 50%
efficiency with −50.7 dBc ACLR linearized after DPD. The achieved efficiency is well compar-
able to published GaN DPAs. These results were achieved by improved simulation techniques
to minimize frequency dispersion and thus allow high efficiency operation over wide band-
width. Both devices show that LDMOS is not only a mature technology which allows those
PAs to be reliable and low-cost for mass production in very compact packages, but also
provide best-in-class RF performance according to the needs of 5G base station systems.

Introduction

With the roll out of the fifth generation (5G) active antenna unit (AAU), telecommunication
industry requires ever higher efficiency and linearity of RF power amplifiers (PAs) to support
wideband signals for high data-rate transmission in low cost and compact solutions. Now typical
5G massive-MIMO base stations have 32–64 transceivers. To avoid excessive energy consump-
tion and thermal management issues, the efficiency of PAs must significantly improve compared
to previous generations. On the other hand, as discussed in [1] 5G New Radio requires wider
bandwidth (400MHz instantaneous bandwidth (IBW) for macro base stations and 200MHz
for m-MIMO base stations) with stringent linearity requirement fixed by 3GPP and Federal
Communications Commissions (FCC). This involves more complexity to linearize PAs with
digital pre-distortion (DPD) whereas on the other hand DPD power consumption needs to
be lowered. Achieving high efficiency over wide IBW remains the most challenging issue for
the design of RF PAs, especially based on silicon LDMOS technology. Indeed, 5G breakthrough
is synonym to GaN High Electron Mobility Transistor (HEMT) technology introduction for the
telecommunication base station industry. As compared in [2, 3], GaN has multiple advantages
over LDMOS for PA design, namely higher power density, higher output impedance, lower CDS,
therefore more wideband, and higher efficiency at the device level. However, GaN has still some
undesirable effects such as self-heating, trapping effects, and reliability affecting the reproduci-
bility for mass production [3]. Moreover, as demonstrated in [4] LDMOS still yields good
performance until 5 GHz. The combination of a mature technology and good RF performance
for sub 6 GHz band makes LDMOS technology still very interesting for 5G if the bandwidth and
efficiency limitations at the transistor level can be compensated by design improvements.
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Conventional Doherty power amplifiers (DPAs), which utilize
the concept of active load modulation, have been used for decades
in base stations due to their advantages in efficiency when used
with high peak-to-average ratio (PAR) modulated signals [5, 6].
However, when using silicon LDMOS technology, the efficiency
of the classical two-way symmetric DPA is far from sufficient,
while the two-way asymmetric DPA has intrinsically more limita-
tions in bandwidth and wideband DPD linearizability (raw linear-
ity is not a reliable parameter to judge DPD linearizability). Many
studies have been conducted to push the bandwidth limitations of
two-way DPAs [7–11] with excellent results. However, although
those approaches are suitable for discrete PAs on large printed
circuit board (PCB) areas, they are less suitable for a fully inte-
grated solution due to compactness constraint required by base
station manufacturers [12]. Some architectures such as outphas-
ing or envelope tracking are quite interesting to increase effi-
ciency. However, those architectures are not suitable for base
station requirements such as linearity and bandwidth, and fur-
thermore require fundamental change in base station architecture
level [13]. At the end as described in [12–14] DPAs are still the
trend in 5G industry, especially integrated circuits for compact-
ness reason. In summary, the challenge to design 5G RF PAs
can be formulated by this question, what is the Doherty architec-
ture which can be integrated in one single compact package and
small PCB area (in total less than a few cm2), while achieving
highest linearized efficiency in deep back-off (8–10 dB), respect-
ing 3GPP and FCC constraints for wideband modulated signals
of 200MHz and more. Moreover, the solution must be low
cost. We also would like to emphasize the necessity of evaluating
efficiency as a line-up efficiency, including the power consump-
tion of driver stages, which heavily depends on the achieved
gain of the final stage. In many cases, this does have a non-
negligible influence (even for an optimized line-up, one can typ-
ically count at least 5–6% efficiency reduction due to the drivers).
This study will show how the possibility of high integration in
LDMOS MMICs allows us to implement more complex three-way
DPAs, breaking the boundaries of classic Doherty topologies in
industry field. This comprises the use of the CDS cancellation
technique [15] to realize the combiner circuit, allowing for wide-
band PA impedance transformation and full integration in a sin-
gle compact package which reduces the size of the device.

As displayed in Fig. 1, a transceiver PA line-up of a base station
(BTS) typically consists of at least two or more amplifier compo-
nents. To achieve the required total line-up gain, typically 50–60
dB, some amplifiers are using several gain stages (multi-stage
PAs) to increase the gain per component. Although often more
focus is given to the final stage, also the driver stage plays a sig-
nificant role when it comes to linearity, line-up efficiency and
last but not least miniaturization and integration of the BTS.
Compared to a final stage, the drivers require equally complex

and challenging DPA architectures, especially as they typically
operate even further in power back-off (for higher linearity mar-
gin). Key advantage of multi-stage integrated LDMOS MMICs for
drivers is to have high gain in one single package which implies
significant cost reduction (same power supply, remove circulator,
less manufacturing operation, etc.).

In this paper, multiple critical design challenges in industry
will be addressed for driver and final stage DPAs in silicon
LDMOS technology, such as low frequency drain resonance opti-
mization, in-package coupling effect mitigation, linearity
improvement, and prediction in simulation, all based on the
architecture and design of three-way DPAs. Applying these meth-
ods, two fully integrated Doherty LDMOS MMIC PAs were rea-
lized, and obtained results will be shown and discussed. First, a 60
W 1.8–2.2 GHz multi-stage device for driver application in true
dual-band operation, and second, a 55W 2.6 GHz DPA for
massive-MIMO final stage applications are designed. Both devices
are designed for high gain between 27 and 30 dB, thus based on
integrated multi-stage amplifiers.

Broadband-integrated LDMOS Doherty

Choice of Doherty architecture

Although GaN offers better performance at the transistor level
when compared to LDMOS, the advantage of LDMOS lies in
the feasibility (technical and cost-wise) of more complex
Doherty architectures. The optimum compromise to satisfy the
requirements of low-cost circuit, compact architecture, and broad-
band is to exploit LDMOS technology with a strong effort on
Doherty architecture optimization with higher complexity.

The theoretical demonstration of different Doherty structures
is widely treated in [15]. Figure 2 clearly shows the comparison
of theoretical efficiency of various Doherty structures. It is
important to keep in mind that any two-way Doherty allows us
to place a single efficiency peak in back-off, given by the k2 par-
ameter. One must change the power ratio of the two amplifiers to
change k2 (1:1 versus 1:2), which at the same time affects band-
width in the opposite way, more back-off causes reduced band-
width. In contrast, a three-way Doherty allows not only to place
a second efficiency peak at intermediate back-off level (impact

Fig. 1. Transceiver PAs line-up.

Fig. 2. Theoretical efficiency for N-way Doherty [15].
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will be further discussed below), but it also offers a multitude of
different power ratios, which completely overcomes the funda-
mental trade-off limitation between bandwidth and back-off (effi-
ciency) of the two-way Doherty.

As discussed in the previous section, many possibilities have
been published to improve the bandwidth of the two-way com-
biner, which in a matter of fact results in an up-shift of the band-
width–efficiency trade-off to a higher bandwidth. But the
fundamental trade-off limitation remains. Moreover, the area
requirement of such combiner networks is rarely taken into
account but is an equally crucial parameter for real use in 5G
m-MIMO systems than efficiency itself. Last but not least, one
also has to keep in mind that most structural improvements of
the two-way combiner found in the literature can in principle
be applied also to a three-way combiner. However, once all factors
for 5G m-MIMO are achieved, such as efficiency, linearity, band-
width, compactness, cost, and practical reliability, the three-way
architecture is clearly key for LDMOS technology, as will be dis-
cussed step by step later on.

Latest LTE modulations exploit 256QAM that is translated
with a 9–9.5 dB of output back-off for final stage applications.
At the same time, this involves for the driver amplifier to operate
at a power back-off close to 13 dB, in order to preserve the line-
arizability of the full line-up. To analyze the impact of a high
back-off efficiency, a study is performed under three different ver-
sions of Doherty amplifier to verify how the theoretical efficiency
behavior translates into a more realistic circuit. All the circuits are

simulated using LDMOS technology [4] and exploiting the same
design approach, based on two-stage amplifiers. Two-stage means
that each branch of the Doherty is composed of a small driver and
a final stage transistor. This is done to achieve around 30 dB of
line-up gain. A lossy combiner and splitter were designed for
each circuit, based on the techniques discussed in the next section.
All were simulated at the schematic level without layout realiza-
tion. The first one is a symmetric two-way Doherty. The second
one is an asymmetric two-way Doherty. The power ratio between
the main and peak amplifier is 1:2. The third one is a three-way
Doherty. The power ratio between main, peak one and peak two is
1:2:1.

Figure 3 shows the simulated power-added efficiency of these
three architectures and the distribution of an LTE signal with 8
dB PAR.

Applying this distribution to the three amplifier version the
average efficiency at 8 dB back-off is 46.1% for the 1:1 version,
49.3% for the 1:2, and 51.4% for the 1:2:1, respectively (Fig. 4).
In case of higher signal back-off which is the case of the driver
application use case (from 9 to 13 dB OBO) the gap between
the symmetric and the asymmetric Doherty PAs increases consid-
erably. Moreover, for 5G low traffic operation, when base station
is not working at full load (so in deep back-off) it is non-
negligible to maintain high-modulated efficiency to avoid too
much AAU power consumption.

In terms of efficiency, the three-way DPA is slightly better than
the two-way asymmetrical DPA but at complexity cost. The real
advantage given by the three-way DPA is the higher bandwidth
compared to the two-way asymmetric Doherty. The parameter
used to classify the three architectures in terms of bandwidth is
based on the amplifier load modulation, as summarized in
Table 1. The symmetric Doherty has a load modulation of 2,

Fig. 3. Simulated response of N-way Doherty with LTE
signal distribution.

Fig. 4. Simulated response of the average efficiency for N-way Doherty with 1cLTE
signal distribution at various output back-off.

Table 1. DPA architecture comparison back-off (k1, k2), load modulation
(VSWR), and fractional bandwidth (Δf/f ) of a quarter wavelength transformer
for the required VSWR

Doherty architecture k1 (dB) k2 (dB) VSWR Δf/f (%)

2-way 1:1 0.00 −6.02 2.00 16.3

2-way 1:2 0.00 −9.54 3.00 9.9

3-way 1:2:1 −2.50 −9.54 2.25 13.8
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measurable by the voltage standing wave ratio (VSWR) concept
(VSWR = Z0/ZL). In theory, a load modulation of 2 allows the
amplifier to work in a relatively wide fractional bandwidth of
16.3%. Equation (1) shows the theoretical relation between frac-
tional bandwidth and VSWR. Γm is the target reflection coeffi-
cient for the quality of the impedance matching, here assumed
to be 0.045 (27 dB):

Df
f0

= 2− 4
p
cos−1 Gm����������

(1− G2
m)

√ 2
��������
(ZLZ0)

√
|ZL − Z0|

⎡
⎢⎣

⎤
⎥⎦ (1)

The asymmetric 1:2 Doherty has a VSWR of 3 that negatively
impacts the fractional bandwidth of this architecture to 9.9%, in
order to increase the back-off point k2 to −9.54 dB. The three-way
DPA allows us to reduce the VSWR while preserving a high back-
off efficiency. In case of an amplifier ratio of 1:2:1, the back-off
point k2 remains at −9.54 dB, like for the two-way 1:2, but a
VSWR of 2.25 is achieved, enabling broadband capabilities for
the Doherty PA with 13.8% theoretical fractional bandwidth.

The concept of three-way Doherty exhibits great potential,
however, its integration in a compact package remains a challenge.
In the literature, one can find various flavors of Doherty

architectures, even asymmetrical two-way Doherty with higher
bandwidth. The price to pay to achieve this is a significant
increase in space required by the combiner [7–10]. For that rea-
son, the design of the output combiner is the heart of the inte-
grated Doherty. In this study, the output combiner is fully
integrated on the silicon die.

CDS cancellation technique to improve combiner bandwidth
and compactness

A common method employed to manage the output capacitance of
an LDMOS transistor is to resonate the CDS using a shunt inductor,
followed by a λ/4 transmission line transformer to realize the
Doherty combiner (Fig. 4(a)). This shunt inductor is implemented
inside the package, close to the drain of the transistor, using bond
wires connected to a large shunt capacitor, which acts as an RF
short circuit. This approach has several limitations, which are the
additional bandwidth limitation of the resulting parallel resonator,
the losses of the shunt inductor wires, due to the limited quality fac-
tor of the network, and the shunt capacitor to decouple the supply
voltage supply, which increases the total output capacitance of the
amplifier with direct impact on the amplifier IBW. Another not
neglectable drawback of this technique is the parasitic mutual coup-
ling between the shunt wires and the other input and output wires,
adding further challenges for compact integration in anN-way DPA.

Fig. 5. (a) Impedance inverter using a quarter wave
transmission line and (b) integrated compact combiner
CDS_Carrier– Ld–CDS_Peaking π-filter.

Fig. 6. Three-way integrated DPA configuration with IPD.

Fig. 7. Simulated S-parameters with and without IPD.
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To improve the impedance transformation bandwidth, in this
study the so-called CDS (drain-to-source capacitance) cancellation
technique is used to design the combiner of the device, described
in [15–17]. It is based on the absorption of the CDS of the carrier
and peak transistor into the combiner, by realizing a C–L–C
π-network equivalent to a λ/4 transmission line transformer,
acting as an impedance inverter of the Doherty (Fig. 5(b)).

The Ld inductance is realized with high-Q bond wires to limit
efficiency losses and the capacitors are extracted from the CDS of
the LDMOS transistors. This makes the transistor more ideal,
raising the output impedance, improving the quality factor of
the network, thus resulting in higher bandwidth for impedance
matching and, hence widening the operative bandwidth. The

implementation of the CDS absorption helps to significantly
reduce the parasitic capacitance at the output of the PA seen by
the baseband signal, when compared to the aforementioned
shunt inductance network, due to the absence of any additional
RF shunt capacitors. Another benefit of this method is the full
integration of the DPA in a single compact MMIC device,
which reduces the size of the package to follow the demands of
miniaturization and integration which are key for 5G
massive-MIMO application. To emphasize the importance of
this point, note that due to this technique, the whole three-way
Doherty combiner was realized in less than 1.5 mm2 footprint
area on the MMIC die, which is just slightly bigger than the foot-
print of a single 0603 SMD component.

Fig. 8. PCB, effective area 18 × 22 mm2.

Fig. 9. (a) OMN schematic diagram and (b) loads pre-
sented at lead reference plane package at 2 GHz.

Fig. 10. (a) AM/AM and (b) efficiency in pulsed-CW.
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MMIC DPA design considerations

The actual design of the Doherty combiner was done by matching
the large signal optimum load impedances of the three final stage
transistors (carrier, peaking 1, peaking 2) under different condi-
tions in back-off and saturation, taking into account the boundary
conditions of CDS absorption in the combiner. The choice of total
final stage transistor gate width was driven by the output power
requirements considering all output losses. Furthermore, the
multi-stage amplifiers (e.g. two-stage, with one driver stage, and
one final stage) were realized using integrated MMIC passive
components (thick Al metal inductors, MIM capacitor, and
poly-Si resistors). The interstage matching between driver and
final stage transistors as well as the input matching of the driver
was fully EM simulated using Momentum. The driver stage size
was chosen for sufficient output power margin over a temperature
from −40 to 130°C at the plastic package interface to an under-
lying PCB. In this way, the linearizability of the whole DPA can
be sustained even at high temperature, with some trade-off to
consider on the driver power consumption and therefore line-up
efficiency. The input splitter design of any Doherty PA is almost of
equal importance to the combiner, as a wideband combiner is only
as good as its splitter, which needs to provide the correct amplitude
and phase to each amplifier branch over bandwidth and dynamic,
with low losses to preserve a high line-up gain. A misaligned splitter
causes undesired frequency dispersion in amplitude and phase
(AM/AM, AM/PM, and delay), which in turn causes degraded lin-
earizability, efficiency, and output power. The integration of splitter
and combiner into the package and even into the MMIC die, allows
not only a perfect adjustment of all those requirements by design,
but also guarantees a good repeatability and reproducibility of the
DPA performance in high volume production needed for 5G
m-MIMO AAUs. The biasing of the DPA is using to two different
gate voltages for application system reasons, which means that one
gate voltage is used to bias the carrier amplifier in class-AB, while
both peaking amplifiers use the same gate voltage in class-C.
Therefore, driver and final stages of each amplifier branch use the
same gate voltage. Note that ideally a three-way Doherty would
use at least three different bias points (one for each final stage) to
manage the correct turn-on behavior of the peaking amplifiers.
Here, the input splitter was used to compensate for the different
turn-of behavior of the two peaking amplifiers.

Last but not least, the full circuit was verified for stability using
non-linear stability methods (such as STAN), and traditional lin-
ear small signal stability measures (such as k-factor). The stability
is analyzed including parasitic feedback loops in the package as
well as the MMIC itself, by using EM simulation of passives on
die and 3D FEM simulations of the package environment. Due
to the high gain and high intrinsic isolation of a multi-stage amp-
lifier, e.g. an isolation below −60 dB and gain of 30 dB from pack-
age input to output and even more on some nodes on the die,
some parasitic feedback loops which are totally important for sin-
gle stage amplifiers (with e.g. 15 dB of gain), suddenly become
critical and have to be taken into account correctly.

Dual-band 60 W 1.8–2.2 GHz DPA

The motivation of this three-way DPA is to achieve a wide radio
frequency bandwidth while having a high efficiency in deep back-

Fig. 11. IMDs at 38 dBm output power for various two-
tones spacing with center frequency 1990 MHz.

Fig. 12. Digital pre-distortion hardware setup.
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off for driver stage application. This will lead to big advantages for
base station manufacturers such as improved line-up efficiency
(∼3 pts) which is crucial for the incoming 5G. Higher system inte-
gration which means, for example, only one compact device to
handle two independent telecommunication bands. Also, a
cheaper infrastructure under from many points of view like
reduced number of PAs, more compact PCB, simpler power sup-
ply management, and minimization of DPD systems are the key
to catch the bigger part of mobile infrastructure market.

For a designer, the main challenge is to optimize the PA’s RF
performances in its operative band. First criterion is to have a PA
with as flat as possible transfer function (small signal gain). This
involves having a reduced in-band ripple, almost zero phase dis-
persion, and stable group delay over the whole of frequency band.
If those conditions are satisfied the PA will show limited short-
term memory effects which have short time constant. This mem-
ory effects are mostly corrected by current DPD algorithms.

However, the PAs are also affected by long-term memory
effects associated with the bias networks. These effects represent
one of the main limitations for linearization capabilities because
they are very difficult to predict and model. This is even more dif-
ficult if the resonance frequency of the biasing network is in the
same range as the baseband envelope frequency of the input sig-
nal. Because of that, during the design phase the baseband reso-
nances and impedances must be carefully optimized. Moreover,
those parasitic resonances increase with transistor size, so in
other words with the total PA power.

Instantaneous bandwidth extension technique

In view of the incredibly wide IBW required by 5G systems, which
is up to 400 MHz. It is not possible to use a simple classical bias
decoupling network like λ/4 feeders for the biasing of the ampli-
fiers drain. The λ/4 feeder, for low frequencies such as the current
design, is made with relatively long line. That line is invisible in
the RF band, but it represents an inductive path for the base
band. The sum of this inductance and the inductors Ld of the
Doherty combiner gives a total base band inductance relatively
high. The resonance of the inductance with the drain–source cap-
acitor (CDS) of the carrier determines the low-frequency reson-
ance (LFR) of the amplifier and consequently limits to certain
values the IBW achievable for the PA. To optimize the baseband
impedances and push the LFR to higher frequencies, an integrated
passive device (IPD) is embedded inside the package [18]. The
IPD circuit is based on a separate silicon die interconnected to
the Doherty MMIC through bond wires (Fig. 6).

The circuit implements a high value capacitor (nF range) and a
series resistor. The resistor acts as a dumping network to mitigate
the parasitic self-resonance of the bond wires and the tank capaci-
tor. The presence of this energy tank close to the carrier amplifier
of the Doherty increases considerably the LFR of the whole
Doherty, thus boosting the IBW of the complete amplifier.

As Fig. 7 shows, the integration of the IPD circuit allows to
have a higher LFR, moving the base band resonance of the amp-
lifier from 300 up to 600MHz. Of course, due to the presence of

Fig. 13. ACLR result after DPD correction for 2cLTE 20
MHz spaced by 345 MHz.

Fig. 14. ACLR result after DPD correction: (a) 2cLTE 20
MHz versus spacing and (b) 3cLTE 20 MHz versus B1,
B2, and B3 band.
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this new component the interaction between the IPD interconnec-
tion wires and the other wires of the combiner and input connec-
tion influences also the complete PA response. Because of that the
integration of the IPD is not expensive. The design requires to be
reworked to consider the mutual coupling and the additional
parasitic losses. On the other hand, the advantage given by the
IPD is not only the frequency shift of the LFR but also the low-
ering of the baseband impedances which reduces the complexity
of the wideband DPD algorithm. The second resonance peak vis-
ible on the orange curves derives from a parasitic resonance
between the RF capacitors placed at the end of the λ/4 feeder

and the base band capacitor (10 μF) used to decouple the low fre-
quency band. The same effect is visible on the blue curve but
shifted higher in frequency due to the different circuit set-up.

Measurement results

The PA is assembled in a low-cost reliable compact solution, over-
molded package (OMP400). Biasing network, part of base band
decoupling and output matching network are implemented on a
PCB using the Rogers RO4350B substrate of 20 mils of thickness.

Table 2. Performance comparison Doherty PA design for 2 GHz

Freq (GHz) 1.8–2.2 1.805–1.88 1.8–2.2 1.8–2.2

Pavg (dBm) 39 44.5 47.3 35

Max gain (dB) 16.7 20.3 15 27

ACLR DPD for 3cLTEa −57.01/−54.58 dBc (B2) −51.22/−52.08 dBc (B3) NA −58.04/−58.79 dBc (B1)

ACLR DPD for 2cLTE spaceda NA NA −54.1/−52.3 dBc (B1 + B66) −56.10/−60.57 dBc (B1 + B3)

DPD Eff 47% (8 dB OBO) 50% (8 dB OBO) 44.3% (8 dB OBO) 29% (13 dB OBO)

Doherty type 3-way iDPA 2-way DPA 2-way DPA 3-way iDPA

Techno LDMOS LDMOS GaN LDMOS

Reference [16] [29] [18] This study

aDPD results displayed are for the worst case in each case (B1, B2, B3 or spacing).

Fig. 15. Initial measured performance of the three-way Doherty with matching on PCB versus simulated one that shows: (a) lack of power for both peaking ampli-
fiers and (b) strong phase and amplitude dispersion over frequency.

Fig. 16. 3D view of the package including MMIC pas-
sives and bond-wires for coupling simulation: (a) full
view and (b) zoom on wires and inductors.
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Copper baseplate for heat dissipation is soldered directly at the
backside of the PCB as shown in Fig. 8.

The effective matching area to ensure 50Ω input 50Ω output
impedance is compact: only 18 × 22 mm2 and only two gate bias
voltages are used to supply carrier, peak 1, and peak 2 amplifiers
to be more compact and easier to integrate. Measurements are
performed at 25°C. VDS voltage is set to 28 V while Vgs_c is set
at 2.19 V to regulate the quiescent current at 100 mA.

For measurements, the MMIC is matched on maximum power
impedance location for linearization capability in 1805–2170
MHz band to handle B1 and B3 simultaneously. The output
matching network is a high pass filter as displayed in Fig. 9(a).

As shown in Fig. 9(b), the impedances are quite high and
regroup over frequencies. It eases matching and reduces PCB
losses.

AM/AM measurement results shown in Fig. 9(a) confirm the
capability of a three-way integrated DPA to be wideband over 400
MHz bandwidth. The compression behavior is smooth with P1
dB close to P3 dB over the full band. This achievement, as dis-
cussed before, is mainly due to the reduced load modulation
that guarantees not only a flat gain but also stable maximum out-
put power, close to 48 dBm, and limited spread in efficiency
(Fig. 10(b)). For driver application it is very important to under-
line that the amplifier exhibits an efficiency of above 27% at 13 dB
OBO for all frequencies. This is an excellent result considering
LDMOS driver PAs. Looking closer to the shape of efficiency
curves the Doherty behavior exhibits a shift of k2 efficiency
peak. This is mainly due to the broadband Doherty configuration.
The relative bandwidth is close to 20% and due to the very strin-
gent compactness constraints of the plastic package, the circuit
does not guarantee a stable 9 dB back-off as expected by the the-
ory. To mitigate this effect, during the design phase, the output
combiner and the input splitter have been optimized, acting on

Fig. 17. Simulated output power over frequency for
fixed input power level of (a) peak 1 amplifier and (b)
peak 2 amplifier in Doherty operation; red, initial
design but no 3D EM coupling considered; blue, initial
design with parasitic 3D EM coupling; green, optimized
design to compensate for parasitic 3D EM-coupling
effects.

Fig. 18. Impact of design improvement to account for parasitic coupling effect on the small signal stability (K-factor) in (a) simulation and (b) measurements.

Fig. 19. Simulated LFR in baseband depending on drain decoupling network
configuration.
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power magnitude and phase, to keep k2 between −8 and −10 dB
for 1.805 and 2.170 GHz respectively. The final result is a consist-
ent behavior of the PA performance over a relatively wide fre-
quency spectrum.

Once verified the right features of the circuit in the operative
band it is important to verify the behavior in the base band
domain. Because of the broadband radio frequency spectrum, it
is important that the PA shows the same capabilities in the base-
band domain. For that reason, the focus is now moved on the
evaluation of base band performance exploiting the video band-
width (VBW) measurement. Thanks to this test it is possible to
verify the maximum instantaneous band that the PA can handle.
The amplifier is designed and used as a driver stage block. Under
normal conditions, i.e. at 28 V and 25°C, it delivers an average
output power of 35 dBm. However, the VBW test is then per-
formed at 38 dBm. Indeed, the deeper back-off, 35 dBm will
show a more linear PA because, mainly, only the carrier stage
contribute to the signal amplification and is still far from his out-
put compression. Moving 3 dB higher the average signal is more
realistic because it better describes the worst case of the operative
domain of the amplifier. The carrier starts to compress, and the
two peaks amplifiers contribute more to the total PA output
power. What is expected is a degradation and a resonance of

IMD3 that is important to evaluate to ensure a good response
of the amplifier. VBW measurement is performed thanks to two-
tones CW with various spacing and maintaining a constant out-
put power.

The IMD3 defines the VBW limit. The measurement, in
Fig. 11, shows a resonance above 300MHz which is in line with
what is achieved by the LFR shown in Fig. 7. LFR is almost the
double of the VBW (or IMD3 resonance) and four times the res-
onance of IMD5. In the measurement, the IMD5 (H) resonates
close to 150MHz. The two tones spacing, for IMD3 start to
diverge before the IMD3 resonance. This is mainly due to the
amplifier base band envelope impedance [19]. The IPD makes
the difference on the drain amplifier side, by moving the LFR
at higher frequencies. The two tones spread is also due to the
gate envelope impedances that are treated mainly with an external
base band decoupling circuit. To further optimize the shapes of
IMDs a more powerful gate decoupling network must be imple-
mented, preferably inside the package as in [20, 21].

Linearized dual-band operation

Linearization is performed with different tones spacing for
2cLTE 20 MHz with 8 dB PAR at 13 dB OBO, corresponding

Fig. 20. Design workflow optimization.

Fig. 21. Linearized ACLR (after DPD) over number of
carriers of a multi-carrier 20 MHz LTE, simulated
using a behavioral model of the DPA and VS-GMP
DPD algorithm for linearization.

552 Marc Vigneau et al.

https://doi.org/10.1017/S1759078721000131 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078721000131


to 35 dBm average power. This is the typical test case scenario
requested by BTS equipment manufacturers for 2 GHz true
dual-band application. Moreover, to proof also the PA capability
for multiband application, a 3cLTE 20MHz 8 dB PAR modu-
lated signal at the operating power was linearized in the three
bands B1, B2, and B3. Generalized memory polynomial [22]
and dynamic deviation reduction Volterra [23] series are widely
used to model PA nonlinear dynamical behavior [24]. As DPAs
have different power operating regions it is interesting to use
piece-wise model as the VS-GMP model [25]. This allows to
decompose the DPA behavior in the sub-region depending on
the magnitude of the output power and models this region
with different coefficients. This is a more effective approach to
linearize strong nonlinear PAs without degrading the efficiency.
An in-house DPD based on an algorithm of [25] is used with the
following model: nonlinear order of 9, memory depth of 11,
cross term of 3, and number of regions of 5. From a hardware
point of view RF generator is used to generate the pre-distorted
signal and a spectrum analyzer is used as feedback path, coeffi-
cient calculation is made thanks to signal processing software
(Fig. 12).

Fig. 22. PCB, effective area 19 × 23mm2.

Fig. 23. (a) OMN schematic and (b) loads presented at lead reference plane package at 2.6 GHz.

Fig. 24. Measured S-parameters on the board.
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To confirm that this PA is suitable for industry application and
that the chosen DPD model is not too complex (DPD complexity
is hard to judge between different algorithms even if common
number of coefficients or operation are used when they are dis-
closed). A commercial DPD is used. It achieves standard results
with realistic solution and physical implementation (trade-off
ASIC power consumption and DPD complexity). The same
results are achieved.

Result in Fig. 13 displays ACLR below −56 dBc after DPD cor-
rection with an efficiency measured at 29%. This performance
demonstrates that this PA is highly linear and can handle B1
and B3 bands simultaneously. Moreover, ACLR results can be
improved with 2D-DPD [26].

In line with the expectations, this DPA is also suitable for mul-
tiband application, it is highly linear, always below −58 dBc
(Fig. 14(b)) for 60MHz IBW in each sub-band B1, B2, and B3.

Discussion of measurement results

Most publications focus only on final stage PAs to address multi-
band/dual-band application at 2 GHz in LDMOS and GaN
(Table 2) while driver application conditions are rarely considered.
It appears that GaN solution is the easiest technology solution to
address this concurrent dual-band final application for high

power due to low CDS. The DPA of this study represents a good
compromise among linearity, efficiency, and compactness with
excellent reproducibility [27]. In fact, the total linearized dual-band
line-up efficiency at 8 dB OBO of a final stage in GaN as reported
in [18] using the DPA of this study as the driver stage would result
in 41%. Although the use of a classical class AB driver PA [28]
would lead to a total line-up efficiency of only 38%, with even a lar-
ger matching area on the PCB. This clearly shows the potential of
this study for base station manufacturers to save energy consump-
tion and matching space of their overall line-up.

Table 2 compares this study with published DPA in the same
frequency band, which present multiband or dual-band linearized
results. As wideband linearized efficiency is the most stringent
performance to achieve at 2 GHz telecommunication band it is
misleading to compare DPAs without this key parameter.
Compared to LDMOS-integrated DPA achieving 400 MHz RF
bandwidth this study presents more than 20 dB higher gain for
the smaller package. Compared to the newest three-way iDPA
[16] which is designed for linearity this study achieves the same
level of linearity for multiband application. The research pre-
sented in [16] achieved outstanding efficiency at 12 dB back-off.
Compared to our study we need to balance the fact that to achieve
27 dB gain there are driver stages which have a non-negligible
impact on the line-up efficiency and the fact that the linearized
efficiency is for wider IBW. Then the PA presented in [29] high-
lights the complexity to realize dual-band DPA with LDMOS
technology compared to GaN discrete solution [18]. Comparing
linearized ACLR of this study and the GaN PA [18] for concur-
rent dual-band operation, it demonstrates the suitability of this
architecture to answer simultaneously to these base station
requirements: linearity, efficiency, compactness, and cost. To the
best of author’s knowledge, this is the first three-way multi-stage
fully integrated DPA to address simultaneously two sub-band
application at 2 GHz in LDMOS technology. Thanks to the imple-
mented architecture concurrent band operation usually realized
with GaN technology is reached with LDMOS.

m-MIMO 55W 2.6 GHz DPA

This section presents the implementation of the three-way
Doherty architecture in a 55W 2.6 GHz DPA for

Fig. 25. Large signal RF performances of the 55 W 2.6 GHz DPA: (a) AM/AM and pulsed-CW efficiency (b) AM/PM.

Fig. 26. Measured IMD3 and IMD5 at constant output power (39 dBm) for various two-
tone spacing.
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massive-MIMO final stage applications, targeting for example 64
transceiver 320WAAU in B41 band (2496–2690MHz). The DPA
is also based on a multi-stage LDMOS MMIC for high line-up
gain, as described earlier. However, here the compactness is
pushed another step further as the DPA is fully integrated into
an 8 × 8 mm2 plastic over a molded plastic PQFN package. This
brings additional thermal constraints along, due to the maximum
temperature limitations in the application, which is a real chal-
lenge for LDMOS technology. High efficiency therefore also
becomes thermally an important factor as the absolute dissipated
power needs to be limited. Furthermore, the high compactness
leads to an increasing impact of parasitic EM coupling inside
the package, which results in an unwanted but significant fre-
quency dispersion in measurements, and therefore to reduced lin-
earizability. An improved simulation approach will be discussed
to take those effects more precisely into account. Measured results
of two different DPA design variants are evaluated to compare the
impact to simulations. As an outcome, an excellent simulation to
measurement predictability was achieved for a complex three-way,
multi-stage integrated DPA.

Design and simulation

Simulation of frequency dispersion through in-package coupling
effects
An increasing demand for compactness and wideband RF per-
formance inevitably leads into an increasing importance of
in-package parasitic coupling effects between the silicon
LDMOS MMIC, bond wires and external connection to the pack-
age. Especially, the presence of a multitude of bond wires to real-
ize the Doherty combiner and connections for output and input
of the DPA inevitably causes EM-fields spreading over the die
and consequently parasitic coupling. With higher compactness,
the active and passive components inside the package will become
closer and closer to each other, thus their interaction due to EM
coupling increases. Especially, the combination with a high
line-up gain of the multi-stage MMIC, which on some points of
the die easily exceeds 35 dB, presents a severe challenge to handle
from design point of view. One must consider that at 35 dB of
gain, typically an isolation of better than −60 dB is required to
avoid influence of unwanted coupling effects. However, a simple

Fig. 27. ACLR result after DPD correction for 10cLTE 20 MHz at
2.6 GHz.

Fig. 28. ACLR result after DPD correction versus number of
carriers at 39 dBm at 2.6 GHz.
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EM simulation in the 2–3 GHz range of the passive PCB environ-
ment to access the package leads, e.g. a 50Ω line for RF input and
output connections with about 8 mm of spacing (package dimen-
sions), already degrades the isolation close to the critical order of
magnitude.

To avoid unintended frequency dispersion leading to reduced
wideband linearity or loss in wideband efficiency, these effects
must be taken into account during the design phase. Amplifier
stability is another criterion which is strongly impacted by these
effects, and thus should be carefully simulated in order to keep
reasonable margins.

In a typical industrial MMIC design, integrated passives such
as inductors and capacitors, are commonly simulated with 2D
or 2.5D EM simulators (good tradeoff between accuracy and
simulation time), while the employ of bond wires and packaging
requires 3D simulators. As mentioned before, bond wires radiate
their EM-field throughout the package and MMIC, and part of
this field can especially be captured by integrated inductors.
This undesired coupling combined with the high gain can have
a significant effect on the behavior of the complete RF perform-
ance of the DPA, especially as phase and amplitude of the individ-
ual amplifiers are quite different with respect to the output signal.

In order to verify these effects in measurements, the design
and realization of a first iteration MMIC DPA has been realized
by using separated simulation methods, meaning 2.5D EM simu-
lation for the MMIC, and 3D EM simulation for the wires. As a
consequence, one omits any impact of parasitic coupling effects.
The measured results shown in Fig. 15 reveal that despite of a
low frequency dispersion in simulation, especially the behavior
of the two peaking amplifiers is heavily altered (characteristics
for Pout > 38 dBm), leading to a strong amplitude and phase dis-
persion in addition to a low P3 dB, as a consequence of
out-of-phase power combination. On the other hand, the carrier
amplifier, seen by characteristics for Pout < 36 dBm of output
power, shows good wideband RF performance as expected from
the simulation. As is the PA is not industrialized.

After a detailed investigation to align the simulation results
with the measurement, it has been found that the main contribu-
tor is the crosstalk between bond wires that compose the output
combiner and the integrated passive structures on the silicon
MMIC, thus confirming the significance of the more detailed
simulation analysis to take these effects correctly into account.

Hence, a full 3D simulation flow has then developed and
applied in order to anticipate the impact of the EM coupling.
An example of the design flow is shown in Fig. 16 where

inductors and wires are used at the same time in a full 3D EM
simulator to evaluate their contribution.

By simulating the EM-coupling it is possible to correctly pre-
dict the measured performances of the first DPA shown before,
thus allows optimization of the integrated MMIC circuitry to
mitigate or compensate for the parasitic impact. Each inductor
coupling can have a specific impact on the overall performance
of the circuit depending on its physical location and functional
location in the circuit schematic. Figure 17 shows the impact of
different implementations of integrated inductors on the simu-
lated output power dispersion (gain dispersion) of the two peak
amplifiers over frequency when EM-coupling is taken into
account by full 3D EM-simulations. One can see that the gain
slope over frequency changes drastically by about 2 dB at low fre-
quencies for the peak 1 amplifier, and several dB at high frequen-
cies for the peak 2 amplifier, thus causing an imbalance in the
power contributions of the Doherty, leading to characteristics pre-
sented in Fig. 14. It can also be seen that a correct simulation of
the coupling allows to mitigate or compensate its impact by
adapted MMIC design, in this case almost perfectly for the
peak 1 amplifier, and partially but sufficiently for the peak 2 amp-
lifier. The outcome of these improvements will be shown in the
“Measurement results” section. Further comparison of final meas-
urement results versus simulation data of the full Doherty will be
completed in “Measurement results” of this section.

Another area of improvement was seen in stability and stability
margin of the overall amplifier. By modifying integrated inductors
inside the splitter and therefore impacting the phase shifting, the
loop gain shows an important improvement, thus significantly
improved the K-factor in small signal operation (Fig. 18). Note
that this behavior is mainly related to the carrier amplifier,
which showed no significant alteration of its large signal behavior
(Fig. 15). Even so the simulated and measured small signal stabil-
ity does not fit perfectly, the prediction of the relative improve-
ment is very good from practical point of view, and design
improvements to compensate for parasitic coupling effects are
very well predicted by the new simulation flow.

Low frequency resonance optimization
To handle 200 MHz IBW in band B41 a similar circuitry is
applied in this design as in the 60W 1.8–2.2 GHz DPA presented
in the previous section (L–C resonator). However, in this design
extra dedicated attention is put on the PCB to reduce the parasitic
inductance of the drain feeder and to optimize the drain bias net-
work decoupling on linearizability. With the increase of the IBW

Table 3. Performance comparison of integrated DPAs for 2.6 GHz

Freq (GHz) 2.6 2.65 2.6 2.655 2.6 2.5–2.7 2.5–2.7

Pavg (dBm) 33.3 33.1 31 35.6 37.4 34 39.0

Max gain (dB) 11.8 12.6 27 30.9 15 32 30

DPD signal 1cLTE 10 MHz 1cLTE 10 MHz 6cLTE 10 MHz 1cLTE
10 MHz

1cLTE
10 MHz

3cLTE/10cLTE
20 MHz

8cLTE/10cLTE
20 MHz

PAR (dB) 6.5 7.2 9 7 6.5 8 8

DPD Eff (%) 41.9 49 41 46.8 55.5 42/NA 50/49

ACLR DPD (dBc) −45.2 −51.9 −51 −49.3 NA −55.0/−50 −50.8/−47.5

Technology GaN GaN LDMOS GaN GaN LDMOS LDMOS

Reference [42] [43] [45] [40] [41] [44] This study
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the impact of the remaining inductance of the drain feeder
(RF-shorted λ/4 stub) is not negligible in baseband as shown in
Fig. 19. As presented in [30] an interesting solution to reduce
replace the λ/4 feeder is to use L–C discrete component.
However, due to high Q of an L–C resonator it impacts PA per-
formances for wideband signals. The main issue is that SMD
inductor values are limited for a given current. Consequently, as
shown by the simulations, in this study an optimized PCB config-
uration including a double drain feeder is used to increase the
LFR by 20%, while simultaneously reducing the impedance level
frequencies below the resonance, which is a significant improve-
ment and has a positive impact on efficiency and linearity [31].

As mentioned previously, the simplest rule to estimate the
VBW of a PA is to divide the value of the LFR by a factor of
2. Then, a VBW of around 400MHz is expected. In view of
200MHz of IBW this is expected to strongly improve the linear-
izability of that device.

Behavioral model for linearizability simulation

The importance of the tradeoff between linearity and efficiency is
fundamental for any wideband PA used in base station applica-
tions. Although efficiency can easily be analyzed by a classical
simulation approach, linearity or even linearizability of the PA
is much more complex to anticipate. This is mainly due to the
multitude of parameters which affects this amplifier characteristic,
comprising gain slope over output power (AM/AM) [32], phase
variation over output power (AM/PM) [32, 33], output power
group delay, and finally memory effects with short and long
time constants. All these parameters influence the capability of
a DPD system to reach a clean and linear output signal, in par-
ticular when the IBW extends beyond 100MHz. Many studies
have been conducted to improve the raw linearity of RF PA, espe-
cially AM/PM nonlinearity [34–38]. Moreover, raw linearity given
through third order intermodulation product or raw ACLR for
modulated signal is no clear indicator for a good linearizability
by DPD systems. Even if DPD algorithms are more and more
powerful, it is a big challenge to achieve wideband DPD [1]
while maintaining high efficiency. For the MMIC process,
which has a long manufacturing time, it is highly important to
be able to predict in simulation which level of ACLR after DPD
that can be achieved as in Fig. 20.

Indeed, usually a DPD measurement is one of the last tests rea-
lized during measurement, while at the same time non-
compliance with 3GPP and FCC linearity norms are a showstop-
per. Consequently, if the PA is not linearizable in application, a
new and very time-consuming full design iteration is needed,
which can take up to several months and is a critical factor in
industry. Implementing a DPD simulation in the design flow,
and to predict ACLR after DPD in simulation, allows directly to
evaluate the design before even starting the fabrication.

Over time many workflows have been tried to predict lineariz-
ability, using harmonic balance or envelope simulation, but none
of them were conclusive, too time consuming, or not accurate
enough for wideband signal and complex PA architectures.

Here, a different approach has been implemented to model the
DPA response in a mathematical way. The RF response of the
DPA is extracted from harmonic balance simulation and a behav-
ioral model is built based on a parallel Hammerstein model [39].
All the complex circuitry is replaced by a black box where for a
given input, an output is generated. To predict the linearizability
of this 2.6 GHz PA a VS-GMP DPD algorithm [25] is applied to

the extracted behavioral model, simulated at 8 dB output power
back-off like in the real application.

In the center of the B41 band the simulation predicts an ACLR
of around −47 dBc for 10cLTE with 8 dB PAR as shown in
Fig. 21. Those results are very encouraging even if baseband
effects are not considered. But one can mitigate this lack of accur-
acy knowing that the baseband response, such as LFR, is opti-
mized by design and pushed toward high frequencies, to assure
that the baseband response does not become a mayor limitation
for the DPD.

Measurement results

The PA is assembled in a low-cost reliable compact plastic pack-
age (8 × 8mm2 PQFN). The overall circuit is implemented on a
PCB using an RO4350B substrate of 20 mils thickness. Copper
baseplate for heat dissipation is soldered directly at the backside
of the PCB as shown in Fig. 22. The effective matching area is
compact, 19 × 23 mm2, and only two gate biases are used to sup-
ply carrier, peak 1 and peak 2 amplifiers to be more compact and
easier to integrate at the system level.

Measurements are performed at ambient temperature 25°C.
Drain voltage (VDS) is set to 28 V while the gate of the carrier
is set to 2.165 V, for a quiescent current of 42 mA.

The PCB is tuned to the maximum power load impedance of
the DPA MMIC for best linearization capability, which also is
close to best efficiency in 2496–2690MHz B41 band as shown
in Fig. 23(a).

As shown in Fig. 23(b), the output impedances of the package
present very low Q-factor (Q < 0.33) at the high impedance level,
with low dispersion over frequency, despite of the high output
power. This is very beneficial to ease the matching and reduce
PCB losses.

For m-MIMO 5G application, RF performances must be
balanced between high efficiency and linearity. S-parameter mea-
surements shown in Fig. 24 confirm that the three-way DPA can
achieve wide small-signal bandwidth and has a flat gain of 29 dB
over 400 MHz which eases the DPD linearization. The input
matching to 50Ω is integrated in the device and yields a return
loss better than −20 dB from 2.4 to 2.7 GHz.

AM/AM and AM/PM results shown in Fig. 25(a) depict a very
low frequency dispersion over the full dynamic range. They con-
firm all the previously discussed improvements achieved in simu-
lation to correctly predict and account for parasitic EM-coupling
effects between wires and MMIC inductors inside the package.

Pulsed-CW measurements show a P3 dB of at least 47.1 dBm
and an efficiency above 50% at 9 dB OBO. Moreover, due to
the three-way Doherty architecture, a high efficiency is main-
tained up to 10–11 dB OBO. As a result, at the targeted average
output power of 39 dBm, the average efficiency measured with
narrow band modulated signals (20MHz LTE) is above 50%
over all the frequency band. The good phase consistency, as dis-
played in Fig. 25(b) (AM/PM), is also highly in favor for wide-
band linearizability. Moreover, comparing to the simulated
performance, there is a good fit of the efficiency and of the
AM/AM behavior even if the peaks have lower gain. Measured
AM/PM has phase inflexion, this is mostly coming from the split-
ter delay which could be adjusted on another iteration. Recovering
the simulated AM/PM behavior should also impact the AM/AM
response in the good way.

The VBW was measured at 39 dBm through an IMD reson-
ance test (Fig. 26). An IMD3 resonance at 461 MHz was found,
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very well in line with the simulation and optimization of the LFR
by improved and drain feeder network PCB layout. This result is
favorable for managing linearization of wideband modulated sig-
nals up to 200 MHz, as required by the application.

Linearity and digital pre-distortion correction results

Linearization is performed with the same setup compared to that
in the previous section using a 10cLTE 20MHz signal (200MHz
IBW) at 39 dBm of output power (8 dB PAR). This is the typical
test case scenario requested by BTS equipment manufacturers for
2.6 GHz m-MIMO application.

Result in Fig. 27 displays ACLR below −47.5 dBc after DPD
correction with an efficiency measured at 49%. For 8cLTE 20
MHz (160MHz IBW), the same device yields 50% efficiency
with −50.7 dBc ACLR linearized after DPD. This performance
respects the ACLR below −45 dBc 3GPP norm and spectrum
emission mask. This confirms the capability of this three-way
fully integrated DPA to achieve high linearized efficiency over
wideband modulated signal for 5G application.

A sweep of number of carriers (20 MHz LTE) at 2.6 GHz is
done from 3 to 10 in order to compare the results to the simula-
tion results. Even so we do not observe a perfect fit for narrow-
band signals, which can be related to the noise level generated
by the pre-amplifier in the measurement setup, for wideband sig-
nals the prediction is quite good, especially knowing how delicate
it is to predict, model, and anticipate DPD results (simulation is
shown in Fig. 21, measurement is shown in Fig. 28).

Discussion of measurement results

Table 3 compares this study with the literature for DPAs at 2.6
GHz which include linearized m-MIMO signal results.
Comparing to GaN DPAs [40–43] (only narrow band single car-
rier 10MHz results are shown) this study achieves higher linear-
ized efficiency for wider modulated signals (up to 200MHz), and
with 20 dB more gain. Moreover, as mentioned before, in this
study the power consumption of the integrated driver stages is
already taken into account (line-up efficiency), which is a severe
difference compared to low gain single stage DPAs (drain effi-
ciency). However, in terms of pure RF bandwidth the studies
achieved in [40–43] are more broadband. The DPA [41] exhibits
best drain efficiency before DPD even if the back-off region is
reduced only at 6.5 dB, but the gain is 15 dB lower than that for
our study. Estimating a line-up efficiency for comparison, for a
driver with 30% efficiency to reach a line-up gain close to the
one presented in this study with the DPA [41], the full line-up
efficiency would be around 50% which is close to our MMIC
one, even lower (48%) using a driver with 20%. Now compared
to other DPAs realized in LDMOS with similar high gain,
which also present linearized efficiency for wideband signals
(160MHz/200 MHz with high PAR 8–9 dB) this study shows
slightly lower gain compared to DPAs [44, 45], around 1–2 dB
below. The DPA [44] is more linear for 200MHz LTE signals
compared to this study. However, the presented design presents
by far the highest linearized efficiency for 5G m-MIMO applica-
tions, with more than 49% efficiency after DPD.

From the best of author’s knowledge (Table 3), this is the first
published three-way fully multi-stage integrated DPA in such a
compact package to address 5G application in the RF industry.
In comparison with other DPA solutions at 2.6 GHz, the pre-
sented integrated three-way LDMOS DPA is a state-of-the-art

solution for highly linear and efficient 5G m-MIMO applications
with efficiency well comparable to GaN DPAs.

Conclusion

A fully integrated three-way Doherty architecture implemented in
28 V LDMOS MMIC technology has been presented to answer
5G high performance requirements and challenges. Through
this paper investigations and solutions for several critical design
challenges are elaborated such as how to improve the instantan-
eous signal bandwidth through bias network resonance (LFR)
and baseband optimization, EM-coupling effects affecting the fre-
quency dispersion and an improved DPD simulation approach for
accurate prediction of linearizability. The Doherty combiner is
fully integrated by the use of a CDS–Ld–CDS network, leveraging
on the CDS absorption principle to achieve the required wideband
impedance transformation and high compactness at the same
time.

The huge market request behind the release of 5G all over the
world pushes PA manufacturers and designers for innovation and
new solutions to better satisfy the requirement of these new AAU
systems used for massive-MIMO. In answer to that, two suitable
Doherty PA candidates to satisfy these demands are presented in
this study, a true dual-band 60W 1.8–2.2 GHz DPA for ultra-
linear wideband driver applications with high average efficiency
of 27% in deep back-off of more than 13 dB OBO, and a 55W
2.6 GHz DPA in a compact 8 × 8 PQFN plastic package for use
in final stage massive-MIMO AAUs for 160 and 200MHz IBW
multi-carrier LTE signals with a linearized average efficiency of
up to 50% at 39 dBm output power level. Measurement results
of both DPAs demonstrate the capability of this architecture to
achieve high linearized efficiency for wideband modulated signal
with a fully integrated compact solution. Moreover, in industry,
LDMOS-integrated circuits present the high benefit to achieve
reliable performances, with low component variation for part to
part or reliability. At 2.6 GHz for the first time a 55W LDMOS
Doherty PA was successfully implemented in a compact and
low cost 8 × 8 PQFN plastic package thanks to its high efficiency,
which can be considered as a game changer for cost. In compari-
son with other published data in the same frequency bands, the
achieved results, thanks to the three-way LDMOS-integrated
DPA architecture, represented the state-of-the-art for 5G
massive-MIMO application, even comparable to GaN solutions.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S1759078721000131.
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