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Abstract: This paper presents a comprehensive review of GaAs HBT-based Doherty power
amplifiers (DPAs) targeting 5G New Radio (NR) handset applications. Focusing on the
critical challenges of linearity enhancement, back-off efficiency improvement, bandwidth
extension under low-voltage (3.4 V) operation, and chip thermal management, the authors
analyze state-of-the-art DPAs published in recent years. Key innovations including dynamic
power division technique, third order intermodulation (IM3) cancellation technology, and
compact output combiners are comparatively studied. Using 5G NR signals, the critical
performance of the latest reported PA such as maximum linear power, back-off efficiency,
bandwidth, and operating voltage are quantitatively investigated. The measurement results
demonstrated that the best performance in recent DPAs achieved high linear power of 31
dBm with 34% PAE and 30 dBm with 31% PAE at the N78 and N77 bands, respectively.
The corresponding adjacent channel leakage ratios (ACLRs) were lower than —36.5 dBc
without digital pre-distortion (DPD). This review provides a comprehensive understanding
of the latest advancements and future directions in highly efficient and linear DPA designs
for 5G handset front-end modules.

Keywords: 5G NR; Doherty power amplifier; GaAs HBT; load modulation; ACLR; back-off
efficiency; IM3 cancellation; thermal management

1. Introduction

The transition to 5G NR with up to 100 MHz bandwidth and 12 dB peak-to-average
power ratio (PAPR) imposes stringent demands on handset power amplifier (PA) designs.
While envelope tracking (ET) has dominated the 4G LTE era, its bandwidth is a critical
limitation of 5G. Recent studies have shown that Doherty PAs (DPAs) exhibit comparable
system efficiency to ET PAs when operating with 100 MHz 256QAM signals [1-4]. It is well
known that the efficiency of Envelope Tracking Power Amplifiers (ET PAs) depends not
only on the amplifiers themselves, but also on the operational efficiency and maximum
bandwidth of their envelope tracking modules. And, the implementation of ET technology
incurs higher costs due to its requirement for additional power management ICs, while
DPAs maintain compatibility with existing infrastructure, resulting in lower implemen-
tation costs. This advantage stems from the DPA’s intrinsic load modulation mechanism
rather than external supply adjustment. However, due to the stringent requirements for
linearity, back-off efficiency, bandwidth, and thermal management, three fundamental
challenges persist in DPA designs for 5G handsets:

(1) Nonlinear Phase Distortion from Asymmetric AM-AM/AM-PM Responses of Class-
AB and Class-C Amplifiers
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In a Doherty power amplifier (DPA) configuration, the carrier amplifier is typically
designed to operate in Class-AB mode, which provides a balance between linearity and
efficiency. However, this operational mode introduces gain compression as the input power
increases, leading to a nonlinear relationship between input and output power levels.
Conversely, the peaking amplifier is designed to operate in Class-C mode, which allows for
higher efficiency at the cost of linearity, often resulting in gain expansion. This inherent
asymmetry between the two amplifiers leads to significant amplitude and phase distortion.

The resulting nonlinear characteristics manifest in two key ways: amplitude modula-
tion to amplitude modulation (AM-AM) distortion and amplitude modulation to phase
modulation (AM-PM) distortion [5]. AM—AM distortion affects the output power in re-
lation to the input power, causing deviations from the ideal linear response. Similarly,
AM-PM distortion introduces phase shifts that can adversely affect signal integrity, par-
ticularly in communication systems that rely on precise phase information, such as 5G
New Radio (NR). To mitigate these nonlinear distortions, advanced techniques have been
developed. One effective approach is to implement dynamic power division strategies,
where the power distribution between the carrier and peaking amplifiers is adjusted in
real time based on the input signal conditions [1-3]. Additionally, harmonic suppression
techniques can be employed to manipulate the amplifier’s harmonic responses, aligning
the phase relationships of the intermodulation distortion components from both amplifiers
to enhance cancellation effects. These strategies not only improve the linearity of the DPA,
but also ensure that the overall system meets the stringent Adjacent Channel Leakage Ratio
(ACLR) requirements essential for 5G applications.

(2) Efficiency and Bandwidth Degradation Under 3.4 V Supply Compared to Traditional
5V Systems

The transition to lower supply voltages such as 3.4 V in modern 5G handsets brings
significant challenges for both efficiency and bandwidth in Doherty amplifiers. Firstly, the
reduced supply voltage limits the output voltage swing, leading to a decrease in both the
maximum output power and the overall efficiency of the amplifier compared to traditional
5V systems [3]. For a given power output, as the peak voltage is reduced, the corresponding
current must increase. This lowering of load impedance leads to the second contribution to
performance reduction: lower load impedance bring higher loss as transformation ratio is
increased. Accordingly, bandwidth is almost always compromised as load impedances are
lowered. To address these efficiency and bandwidth challenges, several innovative strate-
gies are being explored. One approach is the optimization of output-matching networks
to enhance bandwidth at lower supply voltages [4,6]. Techniques such as adaptive bias
control can also be employed, where the biasing of the amplifier is dynamically adjusted
based on the input power level [7-9]. This ensures that the amplifier operates in the most
efficient region of its performance characteristics, even at reduced supply voltages.

On the other hand, the efficiency-optimized design relies on precise impedance trans-
formations between the carrier and peaking amplifier paths, which are inherently frequency-
sensitive. Specifically, the quarter-wave transformers and compensating networks required
for proper load modulation exhibit narrowband characteristics, restricting the operating
bandwidth [10-12].

(3) Thermal Management in Chips

Effective thermal management is critical for maintaining the reliability and perfor-
mance of Doherty amplifiers in 5G applications. High power levels can lead to significant
heat generation, which, if not managed properly, can adversely affect amplifier perfor-
mance and longevity. Chip thermal management typically involves both die-level and
system-level approaches. At the die level, layout optimization is required to balance
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thermal performance and cost. At the system level, it is necessary to compare the differ-
ences in overall thermal dissipation between flip-chip and wire-bond packaging processes.
Through optimized layout design and advanced chip integration techniques, the overall
thermal management of the chip can be effectively enhanced, consequently improving its
comprehensive performance and reliability [13-16].

In conclusion, addressing these fundamental challenges—nonlinear amplitude/phase
distortion, bandwidth restrictions, efficiency degradation, and thermal management—
requires a multi-faceted approach involving innovative design strategies, advanced circuit
techniques, and thorough performance optimization. By overcoming these obstacles, next-
generation Doherty power amplifiers can meet the stringent requirements of 5G handsets,
paving the way for more efficient and effective communication systems.

2. Key Technology Discussion
2.1. Linearity Enhancement Techniques

(1) IM3 Cancellation Techniques:

Cancellation of the third-order inter-modulation distortions (IMD3s) generated by
the carrier and peaking amplifiers is the most important design issue in realizing a linear
Doherty power amplifier [1,2]. The IM3 and fundamental signal of class AB biased carrier
amplifier are in anti-phase when gain compression occurs. By contrast, the IM3 and
fundamental signal of class B/C biased peaking amplifier are in phase at the beginning
of gain expansion. Thus, the IM3s of the two amplifiers can cancel each other in specific
power region to improve the linearity of the Doherty amplifier.

However, due to the RF swing controlled parasitic parameters in GaAs HBT, the
phases of IM3 and fundamental signals from carrier and peaking amplifier deviate with
input signal. For the linearity of this power amplifier, the 7-shaped equivalent circuits of
A/4 transmission lines are optimized to compensate the phases of IM3s for cancellation.
Meanwhile, bias-controlled PDR is designed to compensate the magnitude of IM3 for
cancellation. To validate this theory, a two-tone signal with 100 MHz space was applied
in a simulation. Figure 1a,b show that IM3s of carrier and peaking power amplifier have
opposite phases from low to moderate signal levels. On the other hand, as shown in
Figure 1c,d, the fundamental carrier and peaking power amplifier signals present some
phase offsets (40 degree) at a low signal level, but a small deviation (16 degree) in the high
power region. It is a trade-off between linearity and PAE. Considering the priority of IM3
cancellation, this optimization is acceptable.

(2) Adaptive Power Division:

Adaptive power division is a key innovation that facilitates flattening of the AM—AM
characteristic across a wide input power range. By dynamically adjusting the power-
dividing ratio (PDR) based on the input signal conditions, the carrier and peaking amplifiers
can be optimized to operate in their most linear regions [1-4]. This is particularly important
for reducing the distortion associated with gain compression and expansion in the two
amplifiers. The implementation of real-time monitoring and control systems allows for
continuous adjustment of the power division, ensuring optimal performance regardless of
varying signal conditions. As shown in Figure 2, the bias-controlled PDR technique has a
large and accurate dynamic range. This adaptability is vital for maintaining linearity in the
context of 5G signals, which often exhibit high peak-to-average power ratios (PAPRs) and
complex modulation schemes. In recent research on linear Doherty PAs, this technique has
been widely adopted.
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Figure 1. Simulated IM3 and fundamental signal vs. input power: (a,b) at lower frequency; and

(c,d) at higher frequency.
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Figure 2. Simulated PDRs vs. input power with different bias currents.

2.2. Back-Off Efficiency Improvement

The inherent design of the Doherty amplifier allows for improved efficiency at power
back-off (PBO) levels due to its load modulation characteristics. As the input power
decreases, the peaking amplifier is progressively disengaged, allowing the carrier amplifier
to operate more efficiently under lower power conditions. This dynamic adjustment of
load impedance enables the DPA to maintain higher efficiency compared to conventional
amplifiers, which often suffer from significant efficiency drops at back-off levels. Recent
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designs have focused on optimizing the asymmetry between the carrier and peaking
amplifiers to enhance efficiency even further. By fine-tuning the bias points and operating
conditions of each amplifier, it is possible to achieve a broader range of efficient operation
while minimizing distortion. In addition, three-way Doherty configuration is a typical
back-off efficiency improvement technique.

(1) Asymmetric Power Cell Designs:

The development of asymmetric power cell designs has proven effective in maximizing
efficiency [5]. By configuring the carrier amplifier to operate in Class-AB mode and the
peaking amplifier in a deeper Class-C bias, the overall efficiency at PBO can be significantly
improved. This configuration allows the peaking amplifier to activate only when necessary,
thus conserving power during lower output scenarios. In addition, the asymmetric power
cell architecture, when integrated with the PDR technique mentioned earlier, enables
superior IM3 interference cancellation, leading to enhanced linearity performance.

(2) Adaptive Bias Control:

Implementing adaptive bias control strategies allows for real-time optimization of
the amplifier’s performance based on the input signal characteristics [7]. By adjusting
the bias points of the amplifier stages dynamically, the system can maintain an optimal
balance between efficiency and linearity across varying operational conditions [8,9]. This is
particularly critical in 5G applications, where the signal characteristics can change rapidly
due to varying modulation schemes and channel conditions. Through the use of feedback
mechanisms and digital signal processing, the amplifier can continuously monitor its
performance and make necessary adjustments to the biasing, ensuring that it operates
efficiently across its entire range, particularly in the back-off regions.

(3) Three-Way Doherty Configuration:

The three-way Doherty configuration has emerged as a prominent technique for
enhancing power amplifier efficiency at high output back-off levels, while introducing
design trade-offs in linearity and bandwidth performance [17-19]. The three-way DPA
configuration represents a significant advancement in efficiency performance for modern
wireless systems, particularly in high PAPR applications like 4G/5G. By incorporating
an additional peak amplifier branch compared to conventional two-way designs, this
architecture creates three distinct efficiency peaks—typically at 0 dB, 6 dB, and 12 dB back-
off points. This multi-stage load modulation enables the amplifier to maintain significantly
higher efficiency across a wider power back-off range when processing complex modulated
signals. However, these efficiency gains come with important trade-offs. The interaction
between three amplifier paths introduces more pronounced nonlinearities, resulting in
4-6 dB worse inter-modulation distortion, requiring substantially more complex digital
pre-distortion. Bandwidth performance also suffers due to phase matching challenges
in the complex impedance inverter network. These characteristics make the three-way
Doherty not suitable for 5G NR handset application.

2.3. Bandwidth Extension with Low Supply Voltage
(1) Parallel-Plate Couplers:

Parallel-plate couplers represent a novel approach to achieving wideband power
combining in Doherty amplifiers [10-12]. These couplers utilize planar configurations to
achieve low phase variation and high bandwidth, addressing the limitations of traditional
transmission line structures. The compact nature of parallel-plate designs also facilitates
easier integration into RF front-end modules, which is essential for modern handset appli-
cations. The wideband characteristics of parallel-plate couplers enable the DPA to handle
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multiple frequency bands without significant performance degradation, making them
particularly suitable for the diverse frequency allocations utilized in 5G technology.

(2) Multi-Section Output Networks:

As shown in Figure 3, employing multi-section output networks is another effective
strategy for extending the bandwidth of Doherty amplifiers. By cascading multiple quarter-
wavelength sections or using coupled-line structures, designers can create output networks
that maintain effective impedance matching across a wider frequency range [3,20]. By
using this multi-section approach, the output impedance of carrier and peaking amplifier
is transferred to R instead of 2R in saturation. As a result, the output power will be
doubled. As shown in Figure 4, the benefits of enhanced bandwidth and performance
make it a worthwhile investment in the context of achieving the operational requirements
for 5G applications.

Improved
6 =90, 7 = 2R
V2 Doherty

Normal
Doherty

6 =902 =2R

AR — 2R

\ Rout=R

e Pe aki n;

Rout=R

oen—> R 0=97= 2r

Open% 2R

Figure 4. Load modulation: (a) simplified output impedance transform diagram; (b) simulation results.

In conclusion, the key technology discussions surrounding Doherty power amplifiers
for 5G applications highlight the innovations and strategies employed to overcome the
inherent challenges in linearity, efficiency, and bandwidth. Through these advancements,
DPAs can meet the stringent demands of modern communication systems, ensuring reliable
and efficient performance in a rapidly evolving technological landscape [20-22].

3. Doherty Power Amplifier Circuit Design

The three-stage DPA architecture in [3] exemplifies the latest implementation, and the
fundamental configuration of the linear DPA is depicted in Figure 5. Key innovations include:
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Figure 5. Architecture diagram of the typical Doherty power amplifier module.

3.1. Tunable Power Allocation by Driver Amplifier

As shown in Figure 6, the driver stage biases are dynamically tuned to vary the power
division ratio from 2 dB to 5 dB, optimizing the load modulation across the operating power
range. This adaptive power division scheme, combined with the asymmetric carrier and
peaking amplifier biases, enables a flatter AM—AM/AM-PM response and higher back-off
efficiency. This technique is crucial for maintaining low ACLR performance under wide
modulation bandwidths.

14

—=— Carrier
13{ | —e— Peaking

Driver Gain (dB)

-30 I -20 -10 0 10 20
Input Power (dBm)

Figure 6. Simulated driver gain vs. input power.

3.2. Output Network Design

The output network design of a Doherty amplifier is critical for optimizing perfor-
mance, especially in terms of impedance matching. Effective impedance matching ensures
maximum power transfer from the amplifier to the load, which is particularly important
in high-frequency applications like 5G. One common approach is using a combination
of quarter-wavelength transmission lines and lumped elements to create an impedance
transformation network, as shown in Figure 7. The design can be tailored to provide
optimal impedance at the operating frequency while also accommodating the varying load
conditions that occur during operation. By using quarter-wavelength transmission lines
network technique, the same output power can be achieved under low supply condition
without decreasing the output impedance of transformer. Meanwhile, transformer-based
power amplifiers offer the advantages of compact size, high impedance transformation
ratio, and wide bandwidth, making them widely adopted in high-power, high-efficiency
PA designs [23-25].
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Figure 7. Output matching circuit of the Doherty power amplifier.

Figure 8 illustrates a three-dimensional representation of the LMN employing a six-
layer laminated structure. The 1:4 turn ratio transformer was implemented using three
uppermost metal layers, achieving an inductance ratio of 1:10 (Lp = 0.42 nH, Ls = 4.2 nH).
This configuration features symmetrical narrow-turn windings in M1 and M3 layers elec-
tromagnetically coupled with a broader intermediate M2 layer to maximize coupling
efficiency, all contained within an 800 pm diameter footprint. The laminate-exclusive Pi
network inductors, fabricated using only M1 and M2 layers for optimal Q-factor, comple-
ment the design. Power supply Vcc2 connects through the transformer’s center tap with
10 nF surface-mount decoupling capacitors, requiring merely four external capacitors for
simplified LMN implementation.

Figure 8. The implementation of output matching circuits.

ANSYS HFSS 2024R1 simulations of the 3D electromagnetic model incorporating
bump pillars demonstrated total losses of 0.3 dB in the carrier path, 0.6 dB in the peaking
path, and 0.5 dB transformer loss across the operational bandwidth. This topology provides
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0.1 dB higher loss in peaking path due to the two-segment Pi network. But it is worth if con-
sidering the other benefits. In addition, to extend the bandwidth, the quarter-wavelength
transmission line can be equivalently replaced by multiple LC networks, but this will
introduce significant loss. Therefore, the circuit design here needs to consider the trade-off
between bandwidth and loss.

3.3. Thermal Management

(1) Chip layout-level thermal analysis:

Due to the large layout size of PA power cell core, the parasitic parameters including
resistance, capacitance, and inductance between sub-cells affect the performance of the
whole chip die greatly. Also, because of the high saturated power, thermal coupling between
transistors brings a big thermal design challenge. In order to push the performance to the
limit of transistor, the geometry of layout should be optimized to decrease the parasitic
effect and thermal coupling.

Common state-of-art solutions to such thermal design challenges include increasing
the size of thermal bars and improving the heat dissipation environment to avoid heat
spot breakdown and adopting novel power devices [13]. In layout design, optimizing the
cooling environment can be achieved by changing the spacing or length of fingers and
constructing a strong ground thermal path to obtain a uniform temperature distribution of
the power cells [14-16].

In this work, two kinds of different layout geometries in power cell are presented, as
show in Figure 9a. The conventional layout shows the merits of easy connection and signal
isolation between transistors, but it leads to the risk of heat spot in the layout, thus burning
the transistors under certain conditions. The main concept of layout configuration in this
study is the geometrical thermal isolation of power sub-cells. As illustrated in Figure 9b, the
power sub-cells are divided into smaller sizes with strong ground surrounding. Although
the connection of this layout structure is complex and brings more parasitic capacitance, it
can be solved by careful layout and accurate parasitic extraction. As shown in Figure 10,
this layout geometry shows an overwhelming advantage of average thermal distribution
with lower working temperature. The thermal performance is simulated by heatwave soft-
ware provide by Agilent Corporation. By distributing the power sub-cells, the maximum
operating temperature of the power transistors is decreased by 25 °C when the PA is in
saturated operation with a continuous wave signal.

Ground and thermal path

Ground and thermal path

Ground and thermal path

(a) (b)

Figure 9. Comparison of different power cell layout geometries. (a) Conventional structure and
(b) distribution structure.
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Cupper Pillar and Solder Ball

(@) (b)

Figure 10. Thermal simulation results of the power cells. (a) Conventional structure and (b) distribu-

tion structure.

(2) System-level thermal analysis:

Thermal analysis in package systems presents increased complexity, requiring con-
sideration of thermal dissipation variations across different technologies and architec-
tures, alongside reliability, cost, and manufacturing consistency factors. As illustrated
in Figures 11 and 12, two primary packaging technologies emerge: bond-wire and flip-
chip configurations, with their thermal and characteristic comparisons detailed in Table 1.
The flip-chip approach demonstrates distinct advantages, offering superior thermal dis-
sipation performance and enhanced manufacturing consistency compared to traditional
wire-bonding methods. Thermal performance is particularly important in high-power
applications like 5G, where amplifiers can generate significant heat. Effective thermal
management solutions, such as thermal vias and heat sinks, can be integrated within the
packaging design to ensure reliable operation.

Bond-Wire with Back
Through Via in GaAs PA

GaAs Die CMOS/SOI Die

Laminate Substrate

Figure 11. Bond-wire technology in chips.

Flip-Chip Technology with Copper Pillar

CMOS/SOI Die

A A A A

Laminate Substrate

Figure 12. Flip-chip technology in chips.
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Table 1. Comparison of the bond-wire and flip-chip technologies.

Bond-Wire in GaAs

Flip-Chip in GaAs

1. Thermal resistance

1.  Low cost and easy connection

No expensive gold layer, but normal copper bumps.
2. High consistency of matching

All the inductors realized on laminate show better

Advantages The GaAs substrate should be thinner for ~ consistency.
better heat dissipation. But to be thinner, it 3.  Low thermal resistance
will be more fragile. Strong ground connection through numerous solid
cupper pillars.
4. Low parasitic inductance
Easy to achieve high performance.
1.  High cost and high complexity
Golden bond wires connect with 1.  Limited thermal cycling reliability
components on the laminate substrate
Disadvantages through golden pads. Flip-chip interconnects experience high thermal stress

2. Bad consistency of bond wires

The variation of height of bond wires may
result in deviation of performance in
massive production.

due to coefficient of thermal expansion (CTE)
mismatch between the chip and substrate, potentially
leading to solder joint fatigue failures.

4. Implementation Results

The trend toward monolithic integration in RF front-end designs is driven by the
need for compact and cost-effective solutions in 5G handsets. By integrating the DPA with
other RF components, such as filters, switches, and low-noise amplifiers, manufacturers
can significantly reduce the size of the overall module. Monolithic microwave integrated
circuit (MMIC) technology allows for the fabrication of multiple components on a single
chip, reducing inner-connect losses and improving reliability. This integration not only
minimizes the physical footprint, but also enhances performance by reducing parasitic
inductances and capacitances that can degrade signal integrity.

Figure 13 shows a recent photograph of the PA module [3]. The GaAs HBT PA chip,
two CMOS controller chips, output transformer, and SMD components are mounted on a
six-layer laminate substrate. The Doherty PA is fabricated in a GaAs HBT 2 pm two-layer
metal flip-chip process with a chip area of 1.1 mm by 1.3 mm. The PA chip with output-
matching circuits occupies an area of 1.3 mm by 2.5 mm on the laminate. To verify the
PA module, an evaluation board is fabricated using FR-4 printed circuit board (PCB). By
carefully considering the integration and packaging aspects, designers can create highly
efficient and compact DPA solutions that meet the stringent requirements of 5G systems.

As shown in Figure 14, the PA module achieves a Pg,; of 34.8 dBm with 43% PAE at
the N78 band. In the high frequency region of the N77 band, the PA module shows more
than 33.4 dBm P, with 38% PAE. The adjacent channel leakage ratio (ACLR) performance
versus output power at different frequency bands is measured using a 5G NR-modulated
FDD-DFTs-100MHz-QPSK signal. Figure 15a shows that this Doherty PA module achieves
about 31 dBm Pout with —36 dBc ACLR at the N78 band from 3.3 to 3.75 GHz. As shown
in Figure 15b, the maximum linear output power is about 30 dBm with —36 dBc ACLR1 at
4.0 and 4.2 GHz at the N77 band, respectively. At the N78 band, the proposed Doherty PA
module also supports 25 dBm output power, while the EVM is less than 2%. By optimizing
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the bias voltage of driver amplifiers, the maximum linear output powers are 24.5 and
24 dBm (2% EVM) at 4.0 and 4.2 GHz at the N77 band, respectively.

1300 um

<

1100 um

Figure 13. Photograph of the implemented Doherty PA.

Figure 14. Measured PAE versus output power from 3.3 to 4.2 GHz using a CW signal.
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Figure 15. Measured ACPR versus output power: (a) ACLR at the N78 band; (b) ACLR at the
N77 band.

Table 2 gives a summary of RF performances measured in this work. Compared with
other works, this work shows obviously wider bandwidth, higher liner output power,
and better efficiency with a smaller chip die and laminate module. To the best of the
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authors’ knowledge, this is the first broadband Doherty power amplifier for 5G NR handset
applications with a low supply voltage of 3.4 V. The improvements in PAE, ACLR, and
bandwidth demonstrate the effectiveness of the key innovations discussed in the previous
sections. The PAE at 6 dB PBO increased by 5% to 10%, indicating a significant enhancement
in back-off efficiency. The ACLR improvement of 3 dB showcases the advancement in
linearity through IMD3 cancellation. Moreover, the fractional bandwidth expanded, thanks
to the compact output combiner design and lumped-element impedance transformation.

Table 2. Comparison of the proposed PA with recently reported PA.

Ref. [10] 2021 IMS [4] 2022 IMS [21] 2023 TCSII [3] 2024 IMS

Supply Voltage (V) 3.8 4.5 5V 34V

Frequency (GHz) 3.35-4.15 2.8-3.8 3.3-4.2 3.35-4.15

PA Process GaAs HBT GaAs HBT GaAs HBT M3 GaAs H.BT M2
(Flip-chip) (Flip-chip) (Bond-wire) (Flip-chip)

PA Die Area (mm?) 1.1x1.1 1.5x1 1.34x1.44 1.1x1.3

Module Area (mm?)

3.5x2.5*, Laminate

2.1x1.8, Laminate

1.69x3.85, Laminate

1.3 x 2.5, Laminate

CW Psat (dBm) - - 36 33.4-34.8

CW PAE (%) @Sat. - 32.2-47.3 39-44 38-43

CW Gain 33-36 * 31.9-38.3 25.8-27.2 26.2-28.1

NR Pout (dBm) 27.8 26-27.8 30 30-31

NR PAE (%) 35-42 22-30.6 26.2-30.3 31-34

NR ACPR (dBc) -35 -33 -32.1 —36

Using DPD Yes NO NO NO

Structure Single-end Doherty  Differential Doherty inlflfaeféi?igle Sos}ilrelil;_ Z\i]g;irzi(t);;boher ty

*: Graphically estimated.

Despite the increased circuit complexity, the chip area remains under 1.5 mm? [4,10,25],
highlighting the high level of integration achieved in recent DPA designs. The trade-off
between size and performance has been carefully managed, demonstrating the maturity of
the DPA technology for 5G handset front-end modules.

5. Conclusions

This comprehensive review of state-of-the-art Doherty power amplifiers for 5G handset
applications has highlighted the recent advancements in linearity enhancement, back-off
efficiency improvement, and broadband operation. Key innovations, including dynamic
power division, IM3 cancellation, parallel-plate couplers, and compact output combiners,
have enabled DPAs to achieve superior performance in terms of efficiency, linearity, and
bandwidth compared to conventional designs. Furthermore, the study comprehensively
investigated how optimized chip layout design and flip-chip system-level packaging
implementation affect thermal dissipation and overall device performance. The trade-offs
between chip area, output power, operational bandwidth, and thermal management were
quantitatively investigated to guide the development of highly integrated 5G handset
front-end modules.

The findings in this review provide a clear understanding of the current landscape and
future directions in DPA technology for 5G NR applications. It is worth mentioning that,
in addition to high Vcc operation using buck-boost DC-DC converters, low Vcc operation
has been explored in the recent cellular system for low cost. This will make PA design



Chips 2025, 4, 20 14 of 15

more challenging. By addressing the critical challenges of linearity, back-off efficiency, and
bandwidth, the DPA architectures presented here have demonstrated their potential to meet
the stringent requirements of 5G handset PAs. The combination of advanced linearization
techniques, efficient load modulation, and wideband impedance transformation has paved
the way for highly integrated and energy-efficient 5G front-end solutions. As the 5G
ecosystem continues to evolve, further research opportunities exist in exploring novel
circuit topologies, device technologies, and system-level integration to push the boundaries
of DPA performance. The review presented in this paper serves as a valuable resource
for researchers, engineers, and industry professionals working on the development of
cutting-edge linear 5G handset power amplifiers.
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