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Abstract—This article introduces a 4 X 2-way Doherty power
amplifier (PA) tailored for millimeter-wave (mm-wave) 5G appli-
cations. It incorporates an advanced output combiner that
consists of four differential 2-way Doherty networks, two quadra-
ture hybrid couplers (QHCs), and a balun to enhance the
output power P, and improves power back-off (PBO) efficiency.
Realized in 40 nm CMOS bulk technology with a core area
of 1.54 mm?, the prototype delivers a saturated power/peak
gain surpassing 25.2 dBm/25.5 dB, and it demonstrates a drain
efficiency (DE) exceeding 17.5%/10% at 0 dB/6 dB PBO across
a 26-32 GHz band. The proposed mm-wave PA achieves error
vector magnitude (EVM)/adjacent channel leakage ratio (ACLR)
values of —25 dB/-33 dBc for a 2 GHz 64-quadrature amplitude
modulation (QAM) orthogonal frequency-division multiplexing
(OFDM) signal with 9.6 dB PAPR, operating at an average
output power (P,,;) of 11.3 dBm with an average drain efficiency
(DE,,) of 4% without using digital predistortion (DPD). For a
50 MHz 1024-QAM OFDM signal with 10 dB PAPR, it achieves
a P,,/DE,, of 7.2 dBm/2% with EVM/ACLR of -35 dB/—42
dBc without DPD.

Index Terms—Adaptive biasing, artificial intelligence (Al),
compact, digital predistortion (DPD), Doherty, lumped compo-
nents, millimeter-wave (mm-wave), power amplifier (PA), power
combiner, three-stage, voltage standing wave ratio (VSWR).

I. INTRODUCTION

HE millimeter-wave (mm-wave) bands of fifth-generation

(5G) networks enable the multi-gigabit per second data
rates, high capacity, and low latency necessary for the next
generation of digital innovation and connectivity. To achieve
these capabilities, 5G networks employ phased array beam-
forming systems and spectrally efficient modulation schemes
like quadrature amplitude modulation (QAM) and orthogonal
frequency-division multiplexing (OFDM). These modulation
methods, however, result in signals with a high peak-to-
average power ratio (PAPR) [1], [2], [3], [4]. For instance, the
commonly used 64-QAM OFDM has a PAPR of 11 dB if no
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crest factor reduction is applied, necessitating power amplifiers
(PAs) to be efficient both at peak power and at 11 dB PBO.

Key requirements for mm-wave front-end design include the
following:

1) High saturated output power (Py,): Typically around

24-25 dBm for handsets and access points.

2) Efficiency at peak and deep PBO: To improve the
average efficiency [5], [6].

3) Large modulation bandwidth (up to 1.4 GHz): To fully
leverage the mm-wave spectrum.

4) High and flat gain: To compensate for signal losses in
preceding stages, such as power splitters, phase shifters,
and mixers [7], [8]. Gain flatness can also impact over-
the-air performance, such as the coverage area at certain
frequencies and can introduce frequency-dependent dis-
tortion and intermodulation distortion.

5) Linearity: With stringent error vector magnitude (EVM)
requirements, such as —25/-30 dB for 64-/256-QAM
[5], [6].

6) Voltage standing wave ratio (VSWR) resilience: Ensur-
ing compatibility with phased array systems [8].

Nanoscale complementary  metal-oxide-semiconductor
(CMOS) technologies are being investigated for 5G mm-
wave transmitters (TXs) because of their high integration,
cost-effectiveness, compact size, and efficiency. However,
these technologies face challenges such as limited supply
voltage and maximum oscillation frequency (Fpax), which
make it difficult to achieve the desired Pg,. Furthermore,
Ropt = (V%D/ZPsa[) cannot be significantly reduced because
it needs to match the impedance of the 50 Q antenna. This
limitation raises the quality factor (QF) requirements and
restricts the operational bandwidth.

Although recent power combiners satisfy 5G requirements
for output power (P,y), EVM, and adjacent channel leakage
ratio (ACLR), improving average efficiency is still a daunting
task [8], [9], [10], [11], [12]. The N-way Doherty amplifier is
well regarded for delivering high P, and enhancing average
efficiency for signals with high PAPR. Among N-way Doherty
configurations, 2-way [13], [14], [15], [16], [17], [18], [19],
[20], [21], [22], [23], [24], 3-way [25], [26], [27], and 4-way
Doherty amplifiers [28], [29] are commonly used. However, as
noted in [30], increasing the number of Doherty stages ideally
boosts Py, but it also adds two inductors and capacitors
to the output network for each additional stage in a linear
Doherty PA. These additional components raise passive losses
more than conventional combiners, potentially reducing Py, in
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practice. Furthermore, DE,,, shows little improvement beyond
the 3-way Doherty configuration for signals with a PAPR of
11 dB. Besides, the impedance of the main PA in symmetrical
N-way linear Doherty designs varies from optimum impedance
(Ropt) 10 N X Ropi, Which decreases the operational bandwidth
due to the higher QF requirement compared to conventional
combiners. Efficiency improvements at deep PBO are also
limited by the finite channel resistance of the CMOS PAs [31],
[32]. Thus, increasing beyond 2-/3-way Doherty configurations
does not significantly enhance average efficiency due to the
increased losses in these technologies.

As an alternative approach, this article proposes a novel
4 x 2-way Doherty PA that meets the key design requirements
outlined earlier, specifically achieving high output power by
combining a 4-way power combiner with a 2-way Doherty
architecture. In this work, we thoroughly analyze the benefits
of the proposed front-end in terms of delivered output power,
efficiency, bandwidth, linearity, and VSWR performance. The
proposed output network enhances efficiency at PBO, lin-
earity, wide operational bandwidth, and large modulation
bandwidth, as the 2-way Doherty network exhibits a lower
impedance transformation compared to higher-order symmet-
rical Doherty networks and requires less complicated adaptive
biasing circuitry. Furthermore, the proposed combiner com-
prises two QHCs, which improve the PA’s resilience VSWR
variations.

This article covers the following topics. Section II ana-
lyzes various power combiner topologies, including 2-/3-way
Doherty variants and compares their performance with and
without losses. Section III details the design methodol-
ogy for a compact power combiner that integrates four
2-way Doherty amplifiers, two quadrature hybrid couplers
(QHCs), and a balanced-to-unbalanced (balun) transformer.
Section IV explores the circuit implementation of the pro-
posed 4 x 2-way Doherty PA prototype, which is fabricated
using 40 nm bulk CMOS technology. The experimental
results are presented in Section V, and this article concludes
in Section VI.

II. POWER COMBINER VARIANTS

To meet the handset and access point requirements of the
5G standard, a P, of 24-25 dBm is necessary. Assuming an

T

(a) Scenario I: two 3-way Doherty amplifiers using one QHC. (b) Scenario II (proposed): four 2-way Doherty amplifiers using two QHCs.

7483

Scenario 11 Parameters Scenario | Scenario Il
(Proposed) Number of 2 3
combining stages
Stage 1 Two Four
Pout— 27 dBm 3-way Doherty | 2-way Doherty
2 Stage 2 One QHC Two QHCs
Non-isolated
Stage 3 power
combining
Balun Yes Yes
Output power
per Dopherfy (dBm) 24 21
(c)

output network loss of 2-3 dB, the ideal Py, should reach
approximately 27 dBm (0.5 W). Achieving this output power
requires an N-way power combiner paired with an N-way
Doherty network, as 6-8 devices are typically needed to gen-
erate 27 dBm using CMOS 40 nm technology. Moreover, as
discussed, the PA must support OFDM signals with high PAPR
(= 9-12 dB), while operating under load mismatch conditions
of up to VSWR 3:1. One approach involves increasing the
complexity of the Doherty network while reducing the order
of the power combiner to achieve a power-added efficiency
(PAE) peaking at ~12 dB PBO. The second approach priori-
tizes minimizing complexity, thereby improving overall PAE
by reducing the output matching network’s loss. Based on
this tradeoff, integrating the power combiner with 2-/3-way
Doherty architectures is the most effective approach, achieving
an optimal balance between Py, average efficiency, and wide
bandwidth.

1) Scenario I: Two 3-way Doherty amplifiers using a QHC
combiner [Fig. 1(a)].
In this design, the power combiner uses a single QHC to
combine the power of two 3-way Doherty PAs. Each 3-
way Doherty PA’s output network includes either three
transmission lines (TLs) or, for a high-pass (HP) model,
four inductors and three capacitors. Here, the Py, for
each 3-way Doherty and PA is 24 and 19.2 dBm,
respectively.

2) Scenario Il (Proposed): Four 2-way Doherty amplifiers
using two QHCs as power combiners [Fig. 1(b)].
The 4-way power combiner in this design uses a
combination of isolated power combining (with two
QHCs) and non-isolated power combining in the current
domain, which merges the power from the four 2-way
Doherty PAs. Each 2-way Doherty achieves a Pg of
21 dBm.

Both scenarios can be classified as balanced PAs due to
the inclusion of QHCs at the output. Balanced PAs improve
the PA’s resilience to VSWR, as highlighted in [8] and [24].
In addition, a symmetrical N-way Doherty design employs
equally sized devices, simplifying the design process and
allowing the same chain to be reused for each individual
PA within the Doherty configuration. Section II-A provides
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Fig. 2. (a) Schematics of 3-way Doherty PA and (b) 2-way Doherty PA.

a comparison of 2-way and 3-way Doherty configurations in
terms of Poy, DE, bandwidth, and VSWR, considering their
losses in the output network.

A. 2-Way Doherty Versus 3-Way Doherty

In Fig. 2(a) and (b), the schematics for 2-way and 3-
way Doherty amplifiers with TLs or lumped components
are illustrated. The HP model for the TL is selected due
to its integration of shunt inductors, which function as a
direct current (dc) feed and can be naturally converted into
a differential circuit. The figure highlights the device’s drain-
source capacitance (Cgqs). In reality, the device includes channel
resistance, and Cg has a finite QF, which can be represented
as Ry oss- These elements, Cyqs and Ry o5, are shown in Fig. 2(a)
and (b) in red [31], [32]. Ideally, Ry should be infinite. To
achieve the ideal Pg, of 27 dBm, each PA in a symmetric
3-way Doherty configuration needs to generate 19.2 dBm'
(Scenario I), whereas each PA in a symmetric 2-way Doherty
configuration should generate 18 dBm? (Scenario II). This
implies that the devices used in the 3-way Doherty are bigger,
resulting in larger Cys and lower Ry than in the 2-way
Doherty.

1) Output Power and Efficiency Comparison: All simula-
tions in Fig. 3(a)—(c) were conducted with an ideal PA model,
and the QF of the capacitors and inductors were set to 25/15,
respectively. It is observed that after incorporating QF into the
output network and considering finite Ry ., the 2-way Doherty
performs better than the 3-way Doherty, even at PBOs of 9.5
and 12 dB [Fig. 3(a)]. Besides, as QF decreases, the output
network losses increase, reducing both peak output power and
efficiency at peak and PBO. The impact of QF degradation
is more pronounced in the 3-way Doherty architecture due to

IEach single-ended (SE) PA must generate 16.2 dBm. Thus, a push-pull
configuration generates 19.2 dBm. Subsequently, one bank of 3-way Doherty
generates 24 dBm, and 2 x 3-way Doherty eventually delivers 27 dBm.

2Each SE PA must generate 15 dBm. Thus, a push-pull configuration
generates 18 dBm. Subsequently, one bank of the 2-way Doherty generates
21 dBm, and 4 x 2-way Doherty eventually delivers 27 dBm.
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Fig. 3. (a) DE versus normalized Py, at 30 GHz for symmetric 2-/3-
way Doherty for three cases (ideal, with QF of 15 for inductor and 25 for
capacitor, with finite Ry o), (b) DE, (¢) Pou versus frequency for symmetric
SE 2-/3-way Doherty with Q; = 15, Q¢ = 25, and finite Ry o, and (d) nor-
malized impedance versus normalized Py at 30 GHz for symmetric 2-/3-way
Doherty.

its higher component count. The Py, and DEg, are lower for
the 3-way Doherty due to higher passive losses in the output
network, which has more lumped components than the 2-way
Doherty.

At deep PBO, the main PA in the 3-way Doherty experi-
ences an impedance Ry s [13Rop: , While in the 2-way Doherty,
the main PA sees Ry oss [I2Ropt - Since the main PA in the 3-way
Dobherty requires a greater impedance transformation (to 3Rp)
at deep PBO compared with 2-way Doherty, its DE peak at 9.5
dB significantly reduced, making it more susceptible to Ry oss
[refer to Fig. 3(d)]. This suggests that N-way Doherty configu-
rations may not achieve the desired DE peak at deep PBO due
to the higher impedance transformation required. Efficiency
improvements at deep PBO could be realized through: 1)
asymmetric Doherty designs, which employ smaller main PA
to improve efficiency at deep PBO; 2) higher supply voltages,
allowing the use of smaller devices with larger Rp.s; and
3) advances in technology to reduce Cys and have better
QFs.

Fig. 3(b) and (c) presents the DE and P,y versus
frequency for symmetric 2-way and 3-way Doherty config-
urations with finite Ry, and a QF of 15/25 for inductors
and capacitors, respectively. In terms of bandwidth for
DE and Py, the 2-way Doherty outperforms the 3-way
Doherty. It is also noted that while the 3-way Doherty
produces higher Py, despite higher passive losses, this
is because it is designed for a single-ended (SE) Py
of 21 dBm, whereas the 2-way Doherty is designed for
18 dBm.

Fig. 3(d) illustrates the normalized drain impedance for
the main and peak-1 PAs in a symmetric 2-way Doherty
configuration, as well as the normalized drain impedance for

Authorized licensed use limited to: TU Delft Library. Downloaded on November 20,2025 at 09:13:14 UTC from IEEE Xplore. Restrictions apply.
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Fig. 4. (a) Schematic of a 2-way Doherty at deep PBO, (b) Smith chart illustrating the impedance trajectory of the main PA in the 2-way Doherty with ideal
lumped components, and (c) with a QF of 15/25 for inductors/capacitors and parasitic Cgs. (d) Schematic of a 3-way Doherty at deep PBO, (e) Smith chart
showing the impedance trajectory of the main PA in the 3-way Doherty with ideal lumped components, and (f) with a QF of 15/25 for inductors/capacitors

and parasitic Cgg.

the main, peak-1, and peak-2 PAs in a symmetric 3-way
Doherty configuration. These simulations employ ideal PAs
and output networks, with the impedance normalized to the
Rope required to achieve the desired Pg,. Notably, Ry differs
between the 2-way and 3-way Doherty configurations, as they
are designed to generate 18 and 21 dBm, respectively.

2) Bandwidth Comparison: At 6 dB PBO, the peak-1 PA
in the 2-way Doherty is inactive and can be approximated
as open-circuited, leaving only the main PA active, as shown

in the schematic of Fig. 4(a). The impedance at each node
is calculated and plotted on the Smith chart [Fig. 4(b)] to
visualize the main PA’s impedance trajectory, which remains
within a Q circle of 2. Similarly, at a deep PBO of 9.5 dB,
both peak-1 and peak-2 PAs in the 3-way Doherty are inactive,
with only the main PA active, as illustrated in Fig. 4(d).
Fig. 4(e) shows the impedance trajectory of the main PA
with ideal lumped components, which stays within a Q circle
of 2.5. The 3-way Doherty demands a higher QF due to

Authorized licensed use limited to: TU Delft Library. Downloaded on November 20,2025 at 09:13:14 UTC from IEEE Xplore. Restrictions apply.
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Fig. 5. (a) Schematic model of the MOSFET device and (b) equivalent circuit
after applying Miller’s theorem to Cggq.

the larger impedance transformation (3R.y) at deep PBO,
thereby limiting the operational bandwidth compared to the
2-way Doherty as explained by Q = (f,/BW). This bandwidth
limitation of the 3-way Doherty is also apparent in the DE and
P,y versus frequency plots [Fig. 3(b) and (c)].

When a QF of 15/25 is introduced for the induc-
tors/capacitors and parasitic Cgs in the 2-/3-way Doherty
configurations, the impedance trajectory shifts, as shown in
Fig. 4(c) and (f). This reduces the drain impedance of the
main PA, extending the trajectory beyond a Q circle of 4 and
6 for the 2-/3-way Doherty configurations, respectively, which
further limits the operational bandwidth. The loaded QF (Qp)
at each node can be calculated using QF = (J(Y)/R(Y)). In
addition, for a given unloaded network QF (Qy) and loaded
network QF (Q;), the insertion loss (IL) can be determined as
follows [33]:

1
IL=10log| —— | . (D
(1+%)

For steps 0 and 1, Qy is equal to Qjq; for other steps Oy
can be approximated as Qingl|Qcap for easier calculation. The
total approximate IL for the 2-/3-way Doherty networks are
2.6 and 4.2 dB, respectively.

The Q analysis clearly demonstrates that the 2-way Doherty
amplifier has a wider operational bandwidth, requiring a
smaller impedance transformation and a lower QF compared
to the 3-way Doherty. It also has lower IL due to the reduced
number of lumped components.

3) Linearity Comparison: To compare the linearity of 2-
way and 3-way Doherty PAs, a theoretical amplitude-to-phase
(AM-PM) analysis is performed on the main PA, as it pre-
dominantly determines the linearity of the Doherty PA. Fig.
5(a) depicts an metal-oxide-semiconductor field-effect transis-
tor (MOSFET) model consisting a voltage-controlled current
source (g V,), capacitors [gate-source capacitance (Cgs), Cqs,
and gate-drain capacitance (Cgq)], and a gate resistance (7).
The admittance Yiuin = Gmain + jBmain represents the output
load of the main PA, where Gain = (1/Rmain) and Bpain =
(1/Xmain)- The transistor gate is connected to a voltage source
(Vs) with an internal impedance of Zg = Rs + jXs.

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 73, NO. 10, OCTOBER 2025
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Fig. 6. (a) AM-AM and (b) AM-PM of 2-/3-way Doherty PAs and standalone
class-B PA.

By applying Miller’s theorem to the feedback capacitor
(Cg), the equivalent schematic shown in Fig. 5(b) is obtained.
It is assumed that the drain load of the transistor is purely
resistive, and the PA achieves a high voltage gain. Based on
these assumptions, the phase of Viin (£Vimain) is calculated as
shown in the following equation:

R, +r
1 s lg . (2)

s W(CyagmRmain+Cys)

£/ Vinain = tan~

Equation (2) reveals that £V, depends on the transistor
parameters (Cgs, Cgq, transconductance (g,,), and r,) and the
output impedance presented to the main PA’s drain (Rp,i,). In
a 2-way symmetrical Doherty PA, the impedance transitions
from Ry to 2R,p, Whereas in a 3-way Doherty PA, it changes
from Ryp to 3Rop [as shown in Fig. 3(d)]. This indicates
that the 3-way Doherty PA experiences larger fluctuations in
£V main, resulting in greater AM-PM distortion compared to the
2-way Doherty PA.

A non-linear Cys is introduced at the main and peak PAs
drains in 2-way and 3-way Doherty. Fig. 6 illustrates the
amplitude-to-amplitude (AM-AM) and AM-PM characteristics
of class-B, 2-way Doherty, and 3-way Doherty PAs with non-
linear Cqs, assuming ideal output network and devices. The
results show that most of the AM-AM and AM-PM distortion
originates from the main PA’s non-linear Cgs, as it remains
active throughout the operation. The impact of the non-linear
Cys in the peak-1 PA is noticeable only near saturation power.

As shown in Fig. 6, AM-PM distortion contributes more
significantly to the non-linearity of Doherty PAs than AM-
AM distortion. Furthermore, AM-PM distortion is larger in
3-way Doherty PA than 2-way Doherty PA, which aligns with
the behavior predicted by (2). Moreover, as indicated in (2),
£Vmain 1s also a function of g,, Cg, and Cg, whose values
depend on the gate input voltage and are inherently non-linear.
Consequently, load modulation in Doherty PAs exacerbates the
AM-PM performance even further compared with the ideal
model with non-linear Cys.

In conclusion, AM-PM distortion is the primary contributor
to the non-linearity of Doherty PAs, driven largely by load
modulation, especially when compared to traditional class
B/AB PAs. 3-way Doherty PAs exhibit greater non-linearity
due to larger impedance transformations.

Authorized licensed use limited to: TU Delft Library. Downloaded on November 20,2025 at 09:13:14 UTC from IEEE Xplore. Restrictions apply.
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Fig. 7. (a) Class-B PA, (b) 2-way Doherty, (c) 3-way Doherty, and (d) voltage
of the main PA across VSWR for all cases.

4) VSWR Resilience Comparison: Fig. 7 shows the
schematics of 2-/3-way Doherty PAs, along with the formula
for calculating the voltage across the main PA (v,;). Consider
the schematic shown in Fig. 7(b). Since a 1/4 TL is used, the
current and voltage on either side of the TL can be related as

follows: .
iy = 0 iy’
Zy

In this regard, let us consider the main and peak PAs as ideal
current sources. Here, the combination of the main current
source and A/4 impedance inverter operates as a voltage
source. Since the output impedance of the voltage source is
zero and is in parallel with the load, ip does not contribute
to the output current. Thus, the load’s voltage and current
relationships are as follows:

V;W = iLRL

iy =i —ip. @)
Using (3) and (4), we can calculate the magnitude of vy, as
shown in the following equation:

inZ? .
vul = R—O —ipZyp. &)
L

Similar to the 2-way Doherty, we can calculate the voltage
of the main PA (vy) for the 3-way Doherty, as shown in the
following equation:

. 2 .
inZiy  ip1Zislns
Ry Z34

It is evident from (5) and (6) that one term is load-
dependent, while the other is load independent, unlike in a

(6)

Vil =
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TABLE I
SUMMARY OF SECTION II-A

Parameters 3-way Doherty 2-way Doherty

Consist of 2 inductors
and 1 capacitors

Sist of 4 1 S
Output network (ON) Consist of lnfiuclors
and 2 capacitors

3-way Doherty has more loss than

Psat with lossy ON
W Y 2-way Doherty when lossy ON is considered

Impedance transformation

for main PA 3Ropt to Ropt

2Ropt to Ropt

Higher degradation in PBO efficiency for 3-way Doherty when

Efficiency at PBO
ciency a Rloss is considered (reason - larger impedance transformation)

3-way Doherty is narrow band

Bandwidth (reason - higher Q requirement due to
larger impedance transformation)
Linearity 3-way Doherty has a larger AM-PM variation

(reason - larger impedance transformation)

3-way Doherty can’t handle
beyond VSWR of 1.5

2-way Doherty can’t handle

VSWR resili
resilience beyond VSWR of 2

class-B PA, where vpy = ipaR;. Note that at 6 dB PBO, (5)
and (6) become

inZ3 inZiy  ip1Z1aZs
= d = - . 7
[Vieas| 2R, and  [vyeaB R, 175 (7
Similarly at 9.5 dB PBO, (5) and (6) become
inZ} inZ,
= d = . 8
[Varops asl 3R, and  [vp9p5asl 3R, ®)

Let us consider the peak currents of the main PA (iy,) and
peak PA (i,) are given as 10 mA, ensuring an output power
of 10 dBm with a Vpp of 1 V and a load impedance (Ry)
of 50 Q. The table in Fig. 7(d) shows the values of v, at
peak P, for different VSWR cases. At VSWR = 2/0°,v,,
is 0. This implies that an ideal symmetrical 2-way Doherty
PA with 6 dB PBO efficiency enhancement cannot operate
under a VSWR greater than 2. Fig. 7(c) illustrates a symmetric
3-way Doherty that generates 10 dBm with a 1 V supply and
R, = 50 Q. The characteristic impedance (Zj) of the TLs is
calculated using the formula shown in Fig. 2(a).

Similarly, for a 3-way Doherty PA, vy is 0 for VSWR of
of 1.5£0°. Thus, 3-way Doherty cannot work under VSWR
greater than 1.5. Also, it is seen that the reliability of a Doherty
PA is more sensitive to the load impedance variation, and it
increases as the Doherty order increases. In terms of VSWR
resilience, the 2-way Doherty amplifier demonstrates superior
performance and lesser reliability issues compared with the
3-way Doherty.

Furthermore, from the table in Fig. 7(d), it is evident that
the behavior of the 3-way Doherty at 6 dB PBO is similar
to that of the 2-way Doherty at 0 dB PBO. Likewise, the 2-
way Doherty at 6 dB PBO and the 3-way Doherty at 9.5 dB
PBO behave like a class-B PA. This can significantly affect
the performance when operating with high PAPR signals.

B. Selected Power Combiner

The proposed power combiner, illustrated in Fig. 1(b),
employs the 2-way Doherty amplifier due to its lower pas-
sive losses, wider bandwidth, better linearity, and superior
VSWR resilience compared with the 3-way Doherty (refer
Table I). The architecture integrates three types of power
combining: 1) Doherty; 2) isolated power combining using
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QHCs; and 3) non-isolated power combining. While non-
isolated power combining could be replaced with isolated
power combining using QHCs, this substitution would increase
losses. At mm-wave frequencies, simulations indicate that
each QHC incurs a loss of 0.4-0.5 dB, depending on the
metal stack used [8], [22], [34]. Furthermore, adding an extra
QHC in the third-stage power combining does not provide
significant improvements in VSWR resilience. The proposed
design incorporates only two QHCs, minimizing losses and
making its performance comparable to the power combiner
shown in Fig. 1(a). Additionally, placing the QHCs closer
to the drain of the PA is advantageous, as it reduces the
effect of fast antenna impedance variations. This proximity
helps the QHC maintain impedance stability without adversely
affecting Doherty operation. The use of QHCs makes the
proposed structure a balanced PA. Thus, the proposed structure
diminishes forward power deviation, delivered power loss, and
efficiency degradation in both mutual-coupling and impedance
mismatch scenarios [35].

IIT. 4x 2-WAY DOHERTY COMBINER DESIGN
PROCEDURE

The schematics of the output power combiner are shown in
Fig. 8. The phase requirement of each PA is important as it
is needed for proper Doherty operation and power combining
at the output. The phase of each PA and the phase at the
input of QHCs are shown in Fig. 8. It consists of four 2-way
Doherty networks (highlighted in orange), two QHCs, and a
balun to convert the differential signal to an SE signal. The
Doherty network, comprising two inductors and a capacitor,
is depicted in Fig. 2(b), and its layout is shown in Fig. 9(a).
It has an area of 0.028 mm?. The inductors supply Vpp to the
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main and peak-1 PAs, respectively. To achieve a Pgy of 22
dBm with a Vpp of 2 V for a symmetric 2-way Doherty, the
SE Rgp is 25 Q calculated using the equations in Fig. 2(b).
Zy of the TL (Z;3), along with the values for the inductor
(L) and capacitor (C}) can be determined using the following
equation:

Zi3 = 2Ropt
Z
L=
w
Ci=——. 9
1= 7w )]

The simulation results shown in Fig. 10(a) are based on
the EM model of the Doherty output network [as illustrated
in Fig. 9(a)] generated using Keysight’s Momentum, with
capacitors having a QF of 25, and ideal PA models. The
designed Doherty network achieves a Py, of 22 dBm, with
a 2 dB loss in the output network at 30 GHz. The connection
between the Doherty output and the QHC is designed as an
L-match network to increase the impedance from 25 to 31 Q.
In the second stage of power combining, QHCs are
employed to enhance VSWR resilience. The differential QHC
is designed using a transformer with an SE impedance of
31 Q and has an area of 0.012 mm?. The high-k transformer-
based QHC design is done using (10) provided in [36], which
helps to reduce the transformer size significantly. wy is the
center frequency, k is the coupling, L is the inductance in
the transformer, and Z; is the characteristic impedance. For
Zy =31 Q and k = 0.8, other parameters can be calculated

C=Cy+Cg
Cu
—— =k
C
L
ZO = E
1
w4 = —F——
LC(1-k)
woy = O.54a),1/4. (10)

The isolation ports are properly terminated at 31 Q. The
type of resistor used is a P+ poly resistor without salicide.
Fig. 9(b) shows the layout of the QHC. The parasitic ground
capacitance of the physical transformer can be absorbed in
Cg, and the parasitic interwinding capacitance can be absorbed
in C M-

In the third stage, a non-isolated power combining technique
is utilized instead of an additional QHC to minimize losses in
the output network. The traces are modeled as a coplanar edge-
coupled structure [Fig. 9(c)] with Z, equal to the differential Z,
of transformer-based QHC. Hence, the 4-way combiner, which
employs two QHCs and non-isolated combining exhibits a 0.8
dB loss at 30 GHz, including the interconnects, as illustrated
in Fig. 10(b).

The balun [Fig. 9(d)] at the output converts the differential-
ended signal to an SE signal while also matching it to a 50 Q
SE antenna. The non-isolated combining reduces the differen-
tial impedance to 31 Q since it is a parallel combination. Then,
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interconnects versus frequency using the EM model, (c) PE versus Py, (d) DE versus Py across the frequency of the proposed power combiner, (e) DE,
and (f) Poy versus frequency of the individual 2-way Doherty and the proposed power combiner.

the balun is used to match R, of 50 Q and pad capacitance
(Cpad) to Rp =31 Q.

yoRe_n
R, km
Ly
n= ,[—
L,
1
wp = (11)

vV Lscpad '

However, this comes at the cost of reduced passive effi-
ciency. The balun can be integrated into the Doherty output
network to achieve an SE output, as suggested in [24],
[26], and [32]. The decision to use a differential power
combiner (including the Doherty network and QHC) stems
from the poor grounding of PAs, particularly for Doherty A
and C, due to the ground pads being positioned on either

side—a limitation of the technology (see Fig. 11). Maintaining
the signal differential until the end relatively mitigates this
issue.

Fig. 10(c)—(f) presents the simulation results using the EM
model of the proposed network shown in Fig. 8, with a QF
of 25 for the capacitors and ideal PAs. Fig. 10(c) and (d)
illustrates the passive efficiency (PE) and DE versus P, across
the frequency range of 26-34 GHz. At 30 GHz, the proposed
power combiner achieves a Pg of 26 dBm and a maximum
DE of 30%, with a loss of 4.6 dB in the output network.
Fig. 10(c) shows that the balun introduces an additional 1 dB
of loss. This balun can be omitted if a differential antenna is
used or if better technology provides improved grounding for
the PAs and allows the balun to be absorbed into the Doherty
network, as previously discussed.

Fig. 10(e) and (f) shows DE and P,y at 0/6/9.5 dB PBO
for both the individual 2-way Doherty and the proposed

Authorized licensed use limited to: TU Delft Library. Downloaded on November 20,2025 at 09:13:14 UTC from IEEE Xplore. Restrictions apply.



7490

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 73, NO. 10, OCTOBER 2025

Doh.B

vain [ Stage 1

Adaptive

V- : | Stage 2
D

N

N/ L\ AL\ )

o/

AL A\ S

{6 s e ]

Lateral view of the metal

29fF
85IfF 21pH —||—|
— | 000 1T S
X | pm

Peak-1 PA bias Peak-1 DRYV bias

o o
% 0.55V 0.6V |
" H l6pum n 16pum I
T

VCTRL

o
H

(d)

Fig. 11. (a) Schematics of the proposed 4x 2-way Doherty PA, including output combiner’s layout, (b) cascode PA, (c) driver (DRV)/predriver (PDRV), and

(d) adaptive biasing.

power combiner. The proposed power combiner exhibits a
1 dB bandwidth in Py, of 10 GHz (24-34 GHz), which
is comparable to that of the individual 2-way Doherty. This
indicates that the bandwidth of the proposed network is limited
by the Doherty network, not by the QHCs or balun. Across the
frequency range of 24-34 GHz, the proposed network achieves
a DE of more than 25/15% at 0/6 dB PBO, respectively.

IV. CIRCUIT IMPLEMENTATION

Fig. 11(a) presents a detailed diagram of the proposed PA
configuration. The initial component is an SE input splitter
that generates the required phase for the main and peak-1 PAs
within each Doherty amplifier. The phase of the peak-1 PA

must lead by 90" relative to the main PA in each Doherty.
In addition, the output phases of Doherty B and D must be
90" ahead of Doherty A and C to ensure that the power is
combined in phase by the output QHCs. The input splitter
comprises a Wilkinson divider and six QHCs. The Wilkinson
power splitter is designed with lumped components to match
a 50 Q impedance and provide wideband matching [37], [38],
[39]. After the power is divided by the Wilkinson, each output
is fed to three transformer-based SE QHCs [40], which are
designed to produce the necessary phase shifts as depicted in
Fig. 11(a). The isolation ports are terminated with 50 €, using
P+ poly resistors without salicide. Fig. 12(a) demonstrates that
the phase variation across the frequency for the main and
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Fig. 12. (a) Phase variation across the frequency for main and peak-1 path
in each Doherty [(A, B, C, and D)] and (b) loss across the frequency for the
input splitter using the EM model.

peak-1 paths in each Doherty is less than 5°, and the input
splitter introduces less than 2 dB of loss in the frequency range
24-32 GHz [refer Fig. 12(b)]. Although the use of three QHCs
extends the bandwidth, it also increases the insertion loss [36].
Following the input splitter, each branch in the Doherty
amplifier, namely, the main and peak-1 paths, includes an input
balun, PDRYV, inter-stage matching, DRV, inter-stage matching,
and the PA itself. A balun is then used to convert the SE signal
into a differential signal while providing interstage matching.
This balun employs a double-tuned transformer design [41],
[42], [43] to achieve broad matching, resulting in a PE of
70%, as calculated using the equation from [44]. The required
power gain is attained by incorporating two additional driver
stages, each utilizing a neutralized common-source transistor
consisting of four unit cells, each with 50 fingers and a width
of 1 um [Fig. 11(c)]. A bias of 0.6 V is applied to the
PDRVs and DRVs. The interstage matching between PDRVs
and DRVs employs a double-tuned transformer network to
ensure wideband matching, achieving a PE [44] of 74%.
The intermediary stage between the DRV and PA also uses
a double-tuned transformer technique for wideband matching,
achieving a PE of 69%. Fig. 11(b) shows the detailed
schematic of the cascode PA. To maximize output-to-input
isolation and ensure unconditional stability [45], two pairs of
neutralization capacitors are used for the common-source and
common-gate transistors. Additionally, two 21 pH inductors
align the voltage and current wave phases, thereby improving
DE [46]. Each common-source transistor in the PA comprises
eight unit cells, each with 50 fingers and a width of 1 um,
optimized for cut-off frequency (fr) and Fp,x while minimiz-
ing the effects of device parasitics and interconnections [47].
The cascode transistors include five unit cells with a transistor
aspect ratio of 2 um/40 nm and 40 fingers [24]. The bias
is set at 0.55 V for the common-source transistor and 1.6
V for the common-gate transistors. Additionally, two PMOS
varactors are employed at the PA and DRV inputs to enhance
their AM-PM profiles. The non-linear variation of the input
capacitance of an NMOS transistor can be compensated by
adding a PMOS varactor at the input. The varactors at the
PA and DRV inputs are not driven dynamically, and the
control voltage (VCTRL) can be used to compensate for PVT
variations or model inaccuracy during the design phase [48].
An adaptive biasing circuit, as shown in Fig. 11(d), is
employed to implement Doherty load modulation. Adopted
from [49], this circuit includes a SE envelope detector with an
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Fig. 13. Die micrograph of the proposed 4 x 2-way Doherty PA.
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Fig. 14. Measurement setup of the proposed 4 x 2-way Doherty PA.

RF input and a turn-on voltage (Vge), along with two drivers
for the DRV and PA. The Vg of the envelope detector can
be adjusted to control the activation of the peak-1 PA, thereby
influencing load modulation. If Vg is increased, the peak-
1 PAs remain on, causing the output network to function as
a power combiner without improving efficiency at PBO. The
adaptive biasing circuit provides a 3 dB bandwidth of 2.5 GHz.

V. MEASUREMENT RESULTS

The proposed PA was fabricated using a 40 nm bulk CMOS
technology, as depicted in Fig. 13. The core area of the 4 x 2-
way Doherty power combiner is 1.1 x 1.4 mm?. Measurements
were conducted using a high-frequency probe station, with
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dc supplies, bias voltages, and the adaptive biasing turn-
on voltage wire-bonded directly to a printed circuit board
(PCB). The PAs operates with a 2 V supply voltage, while
the DRVs and PDRVs within each Doherty amplifier use a
1 V supply. Fig. 14 illustrates the setup for continuous wave
(CW) (blue), modulated (black), and VSWR measurements
(red). The insertion loss of the Z-probe, cables, and directional
coupler was measured and de-embedded from the results.

A. CW Measurement Results

The small-signal S-parameter performance is measured
using the Keysight E8361A vector network analyzer with the
input power set to —20 dBm. As demonstrated in Fig. 15(a),
the proposed PA achieves more than 6 GHz small-signal
BW; 4z where its S11/S 2 are less than —8/—50 dB over a
24-32 GHz band. At 28 GHz, PA’s Sy, is —18 dB, while its
input matching is —9 dB. The PA offers 25.5 dB small-signal
gain at 28 GHz.

The large signal CW measurement results are reported in
Fig. 15(b)—(d). As Vg increases, peak-1 PAs are always on
and there is no load modulation. Thus leading to no efficiency
improvement at 6 dB PBO. But if Vy is reduced a lot, then the
gain won’t be flat and the PA becomes non-linear. Thus, Vi
= 0.5 V is chosen for measurements in Fig. 15(b)—(d). From
Fig. 15(b), the output power at 1 dB compression (P g4p),
Py, and gain are 23 dBm, 25.2 dBm, and 25.5 dB at 28
GHz, respectively. Its DE at Py and 6 dB PBO are 20.5%,
and 13.3%, respectively. Fig. 15(d) shows Pg,, DE, and PAE
across the frequency at 6 dB PBO, and full power with Vg
of 0.5 V. It can be seen that the proposed PA achieves more
than 24.5 dBm Py, and a DE of better than 17.5%/10% at 6/0
dB PBO across the 26-32 GHz band. The PA achieves a 1 dB
bandwidth of 7 GHz with respect to the Pgy.
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B. Modulated Signal Measurement Results

The PA dynamic performance is verified using wideband
modulated signals such as “64-QAM OFDM,” “256-QAM
OFDM,” and “1024-QAM OFDM?” signals. As demonstrated
in Fig. 14, the baseband in-phase/quadrature (I/Q) modulated
signals are generated with an arbitrary waveform generator
(Keysight AWG MS8190A) and upconverted using a Marki
I/Q mixer (MMIQ-1865L). A directional coupler (Marki C20-
0240) is employed at the output to provide the signal for
an R&S FSW43 signal analyzer, while an R&S NRP50S
measures the output power. Fig. 16(a) exhibits 11.3 dBm/4 %
average output power (Py)/average drain efficiency (DE,y,)
measured for a 12 Gb/s OFDM 64-QAM signal at 28 GHz
with 9.6 dB PAPR. Its EVM/ACLR are -25 dB/-33.6 dBc,
respectively. Similarly, the proposed PA achieves 11.5 dBm/4
% Pqug/DEye for a 6 Gb/s OFDM 64-QAM signal with
EVM/ACLR of -25 dB/-32.3 dBc, respectively [Fig. 16(b)].

For a 6.4 and 3.2 Gb/s OFDM 256-QAM signal with
9.8 dB PAPR, the proposed PA achieves an EVM/ACLR
of =30 dB/-39.4 dBc and —30 dB/-39.5 dBc, respectively
[Fig. 16(c) and (d)]. Furthermore, the spectral purity and
constellation of a 100 MHz and 50 MHz OFDM 64-QAM
signal is measured at 28 GHz with EVM/ACLR of -35
dB/-42.1 dBc and —35 dB/—42.3 dBc which are illustrated
in Fig. 16(e) and (f).

Fig. 17 illustrates P, and DE,, for an OFDM signal
with different bandwidths (2000/1000/800/400/100 MHz) and
modulation schemes (64/256) within the 24-33 GHz fre-
quency band, aiming to meet specific EVM requirements. To
elaborate, considering the minimum EVM requirement for a
64-QAM signal as —21.9 dB [5], [6] and providing a 3 dB
margin, we present Pgy,/DE,,, for an EVM of -25 dB. The
proposed PA achieves a Pyye/DE,,, performance surpassing 10
dBm/3 % in the 25-30 GHz band, as shown in Fig. 17(a) and
(b). Additionally, Fig. 17(c) and (d) exhibits corresponding
results for OFDM 256-QAM signals with bandwidths of
800/400/100 MHz.

C. Comparison Between Doherty Mode and Power
Combiner Mode

As previously discussed, Vg determines when the peak-
1 PAs activate, significantly impacting back-off efficiency.
Setting Vg = 0.9 V keeps the peak-1 PAs continuously on,
causing the output network to function as a simple power
combiner without providing efficiency enhancement at PBO.
From Fig. 18(a), it can be observed that the power combiner
mode exhibits a flat gain but fails to improve efficiency at 6
dB PBO at 28 GHz.

Fig. 18(b) presents the EVM and DE,,; versus P, for a
2 GHz 64-QAM OFDM signal under two scenarios: Vgt =
0.5 V (Doherty mode) and Vg = 0.9 V (power combiner
mode). It is evident that, for the power combiner mode (Vg =
0.9 V), P, increases by 3 dB to meet the EVM requirement
of —25 dB for the 64-QAM OFDM signal. However, the
average efficiency remains constant at 4% in both modes,
thanks to the Doherty operation improving efficiency at PBO.
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Fig. 18(c) and (d) displays P, and DE,,, for a 64-QAM

OFDM signal with varying bandwidths (2000/400 MHz)
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Fig. 18. (a) Gain/DE, (b) EVM/DE, versus P,y for 2 GHz 64-QAM

OFDM, (c) Payg, and (d) DE,y versus frequency to achieve EVM = -25 dB
with Vger = 0.5 V and 0.9 V at 28 GHz.

across frequencies to achieve an EVM of —25 dB. These
results indicate that enabling the power combiner mode
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- Vdet = 0.9 V (Power combiner mode)
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Fig. 19. The measured AM-AM/AM-PM of the proposed PA with Doherty mode (Vget = 0.5 V) and power combiner mode (Vger = 0.9 V) employing

64-QAM OFDM signals with PAPR = 9.5 dB for different frequencies.

improves Py, by at least 2 dB, while DE,,, remains similar
to Doherty across the frequency range. This suggests that the
Doherty mode exhibits greater non-linearity.

To delve deeper, we analyze AM-AM and AM-PM char-
acteristics for Vgr = 0.5/0.9 V. Fig. 19 shows the AM-AM
and AM-PM distortions for Doherty mode (Vg = 0.5 V)
and power combiner mode (Vg = 0.9 V) using a 64-
QAM OFDM signal with bandwidth of 50 MHz across
different frequencies. For Py, ~ 14 dBm at 28 GHz,
where the power combiner mode meets the EVM require-
ment of —25 dB, the Doherty mode exhibits higher AM-AM
and AM-PM distortions, particularly for 50 MHz band-
width. This explains the Doherty mode’s inferior EVM
performance.

At lower P, ~ 10 dBm, both modes show similar AM-
AM performance, but the Doherty mode suffers from greater

AM-PM distortion. This indicates that AM-PM deterioration
occurs earlier in the Doherty mode, contributing significantly
to reduced EVM. The primary cause of AM-PM distortion
is load modulation, which exacerbates the non-linearity of
transistor parasitics such as Cg, making the Doherty PA
inherently non-linear. Similarly, adaptive biasing and phase
misalignment also affect linearity, but these can be considered
secondary effects.

These distortions can be mitigated through DPD, which
linearizes the AM-AM and AM-PM characteristics, enabling
the Doherty PA to operate at higher P,, and achieve the
intended efficiency improvements. An off-chip deep recurrent
neural network (RNN)-based digital predistortion (DPD) is
employed to linearize the PA. This system utilizes a gated
recurrent unit (GRU) regressor for PA modeling and DPD
learning, and it is referred to as AI-DPD [53]. The block
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Fig. 20. (a) OFDM 400 MHz 64-QAM and (b) OFDM 1000 MHz 64-QAM
at 28 GHz measurement results with and without AI-DPD.

diagram illustrating the steps involved in AI-DPD can be found
in the Appendix.

Fig. 20 shows the measured spectrum and constellation of
1-CC 64-QAM OFDM signals with 400/1000 MHz modula-
tion bandwidths at 28 GHz with and without the AI-DPD.
With the implementation of AI-DPD, the proposed PA meets
the —25 dB EVM requirement for a 64-QAM signal at
a similar average power. This enhances the DE,,, and
allows the proposed PA to operate closer to its saturated
power. The related ACLR is also improved by 7 dB. It
is noteworthy that the AI-DPD correction is restricted to
up to the 1000 MHz modulation bandwidth as the Al-
DPD algorithm requires a sampling rate of at least 3.5-4
times the baseband bandwidth to ensure adequate cover-
age of adjacent channels and effectively mitigate spurious
leakage.

D. VSWR Results

As previously discussed, maintaining linearity, gain, and
output power stability under load mismatch is critical for
mm-wave phased-array systems. The VSWR resilience of the
proposed PA is assessed by measuring its AM-PM charac-
teristics and large-signal performance under various VSWR
conditions. The PA’s VSWR variation shown in Fig. 21(a)
comprises Gain/P; 4g/P3 ¢ (output power at 3-dB compres-
sion point)/Pg, variations at 28 GHz, demonstrating less than
a 1.1 dB maximum variation over different VSWR angles. Its
maximum AM-AM and AM-PM variations are less than 0.3 V
and —18°, thus showing the VSWR resiliency of the proposed
PA.

Fig. 21(e) exhibits measured constellations and spectrum of
1-CC 64-QAM OFDM signals with a 50 MHz modulation
bandwidth at 28 GHz with and without the AI-DPD of the PA
under VSWR = 2°. Notably, the AI-DPD model trained for
VSWR =1 or 50 Q improves the EVM by more than 12 dB,
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Fig. 21. (a) Gain/Pj 4g/P3 dB/Psat variation across VSWR, (b) maximum AM-
AM error, (c) maximum AM-PM error across angles for different VSWR,
(d) EVM versus VSWR angles for 50 MHz 64-QAM OFDM signal with
and without AI-DPD trained at 50 Q, and (e) spectrum and constellation for
VSWR = 2° with and without AI-DPD trained at 50 Q.

achieving —29 dB with 15.1 dBm average power. The related
ACLR is also improved. Fig. 21(d) exhibits EVM of 1-CC
64-QAM OFDM signals with 50 MHz modulation bandwidth
at 28 GHz with and without the AI-DPD (trained at 50 Q)
under VSWR = 2/3, including eight different angles for 15
dBm average power. For VSWR = 3, the proposed PA achieves
the lowest EVM of —21 dB, thanks to the VSWR resilient
output network.

E. Comparison With State of the Art

The performance evaluation of the proposed 4 x 2-way
Doherty PA is summarized in Table II and compared to that
of previous designs with Py > 23 dBm. The results highlight
that even with a supply voltage of 2 V, our compact mm-wave
front-end achieves Pg, of 25.2 dBm with a power gain of
25.5 dB. Furthermore, its core area (1.54 mm?) is the second
best among the PAs, achieving 25 dBm. The ITRS FoM is
included to compare the overall performance [52], and the
proposed PA has an FoM of 91.5 dB, which is the second
best among efficiency-enhanced PAs. It also supports a 2 GHz
64-QAM OFDM signal with an average power of 11.3 dBm
while meeting the EVM requirement of —25 dB. Notably, at
6/0 dB PBO, the DE maintains superiority over 10/17.5%
across the same frequency spectrum of 26-32 GHz. The DE
primarily drops at 6 dB PBO due to the lossy Cg4s of the main
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TABLE I
PERFORMANCE SUMMARY AND COMPARISON TO PRIOR ART

Efficiency-Enhanced PAs Mm-Wave 5G PAs
Specifications This Work X.Zhang X.Zhang W.Zhu Z.Ma C.Chappidi M.Pashaeifar S.Daneshgar H.Ahn
TMTT’24 [50] | ISSCC’24 [29] | ISSCC’24 [51] | ISSCC’22 [26] JSSC’18 [14] ISSCC’24 [8] TMTT’ 20 [11] RFIC’20 [10]
4x2-way Rat-race coupler 4-way 7-Way 3-way Dual frequency- Chain-Weaver | 2-stacked 4-way 8-way
Architecture Parallel Doherty based 4x2-way Doherty LMBA Parallel Series PBO 8-way power combined Power
PA Doherty PA PA PA Doherty PA reconfigurable PA Balanced PA PA Combiner
40 nm 45 nm 45 nm 65nm 55 nm 130 nm SiGe 40 nm 28nm 65 nm
Technology i
CMOS SOI SOI CMOS CMOS BiCMOS CMOS CMOS CMOS
2(PA)
Supply (V) |(DRV/PDRY) 22 2,1 1 2.4, 1.2*% 4,1.6 2,1 22 NA
Oper. Freq. (GHz) 26-32 34.5-40 42.5-50 27.8-38.7 26-30 30-55 35-43 36.5-42 27-28
Freq. (GHz) 28 37 47 28 28 40 37 39 28
Core Area (mm?) 1.54 1.84 0.81 22 0.54 0.96 2.08 0.95 0.25
Gain (dB) 255 18.5 17.1 17 16.1 23.4%F 29.9 38 15.9
Pgy¢ (dBm) 252 275 24 26.2 255 23.7 252 26 232
DEg,/PAEgy (%) 20.5/15.3 NA/18 307/26.8 307254 32.5/25.2 35726 NA/16.2 NA/26.6 NA/33.5
DE¢ap/PAEgqp (%) 13.3/8.6 NA/15 24°21.7 22°/19.7 25.4/20.4 22.5716.5" NA NA/10.4" NA/15"
ITRS FoM (dB) 91.5 89.6 88.8 86.2 84.6 933 98.6 110.1 833
Modulation 64-QAM 64 64 QAM 64 64 16 64 QAM 64 QAM 256
Scheme OFDM QAM OFDM QAM QAM QAM OFDM OFDM QAM
Data rate (Gb/s) 12/6/2.4 2.4 12 4.5 1.5% 4 12 0.6 0.8
Modulation BW (MHz) 2000/1000/400 400 2000 750 250 1000 2000 100 100
EVM;s (dB) -25/-24.6/-25.5 -25.1 -25 -26.8 -25.2 -19.2 -25 -28.5° -31.2
ACLR (dBc) -33/-32/-35.3 -26.2 -30.5 -32.7 -27 -30 -30.7 33" -30
Payg (dBm) 11.3/15.5/15.3 18.5 14.1 17.3 17.7 16.9 16 19.5 18.2
PAEayg (%) 4/6/7.2 (DE,uy,) 10.9 13.7 13.9 17.5 24.6 4.1 8.3 17.6
DPD No'/yes/es No No No No Yes No Yes No
(AI-DPD)
Output Config. SE DE DE SE SE SE SE SE SE

NA - Not Available. SE - Single-ended. DE - Differential-ended. #limited by equipment. “Graphically estimated. *Nominal voltage of the technology. **Gain at Pgy.

ITRS FoM = Py, (dBm) + Gain(dB) + 10l0g;(PAEnuy[%]) + 20log o (f.[GHZ]) [52].

PA [31], [32]. The proposed 4 x 2-way Doherty PA is resilient
to VSWR, thanks to QHC included in the compact output
network.

With assistance from DPD, the proposed PA can meet the
linearity requirement for a 1 GHz 64-QAM OFDM signal at
an average power of 15.5 dBm. The proposed PA preserves
its required linearity and improves its average power while
achieving the required EVM of —21.9 dB across VSWR of 2.
Meanwhile, the DPD needs to be trained only at 50 Q, thus
reducing training time, thanks to the VSWR resilience of the
proposed PA.

VI. CONCLUSION

A mm-wave 4 x 2-way Doherty PA has been implemented
that features a high Poy and gain. The design procedure
for implementing the output network has been thoroughly
explained. The proposed PA is fabricated using 40 nm CMOS
technology, occupying a core area of 1.54 mm?. The realized
front-end operating at 28 GHz demonstrates a power gain of
25.5 dB, a peak power of 25.2 dBm, and a DE of 20.5 %/15.3
% at PBO levels of 0/6 dB. It attains an EVM and ACLR of
—25 dB/-32 dBc for a 1000 MHz 64-OFDM signal with a Py,
of 11.5 dBm and a 4 % DE,,,. For an 800 MHz 256-QAM
OFDM signal, the proposed PA achieves EVM/ACLR of
-30 dB/-39 dBc with a P,,/DE,, of 8.3 dBm/2 %. It is
also resilient to VSWR variations, keeping gain and P; 4p
deviation less than 1 and 0.8 dB, respectively. With the help
of AI-DPD, the proposed PA can achieve a P, of 15.3 dBm
for 400 MHz 64-QAM OFDM signal, thus improving DE,y,.
These results make it a promising choice for adoption in 5G
mm-wave TXs or phased arrays.

(a) (b)
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Fig. 22. (a) Basic concept of DPD. (b) Step 1 of OpenDPD training process:
PA modeling. (c) Step 2 of OpenDPD training process: DPD learning.

APPENDIX

The linearization of Doherty PAs typically relies on DPD
to approximate the inverse function of the PA. This study
introduces an off-chip, deep RNN-based AI-DPD framework
utilizing a GRU regressor for PA modeling and DPD learning
[53] to address the challenges conventional DPD methods face
with increasing modulation bandwidth due to growing memory
effects [54]. Implementation occurs in three phases: data
acquisition, algorithm training, and deployment. The process
generates ideal baseband input in MATLAB, passes through
the mm-wave 4 x 2-way Doherty PA setup, and then downcon-
verts and digitizes via a spectrum analyzer (R&S FSW43). To
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effectively mitigate spurious leakage, the sampling rate must
be at least 3—4 times the baseband bandwidth.

Algorithm training uses the open-source OpenDPD platform
[53] in two steps, as illustrated in Fig. 22. First, a GRU-
based PA model (7p4) is trained using acquired baseband
signals, minimizing discrepancies between mps outputs and the
physical PA. Once complete, mps coeflicients are copied and
frozen. Then, another GRU-based DPD model (mppp) with
identical architecture is cascaded with the frozen mp4. This
cascaded model trains via gradient descent to emulate a linear
PA with gain G, enabling mppp to learn the inverse function
while addressing memory effects through the RNN’s time-
sequential modeling capability.

After achieving satisfactory linearization performance, the
algorithm generates the predistorted signal u[f] as shown in
Fig. 22, which serves as Doherty PA input for experimental
linearization testing.
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