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Abstract: This paper proposes a power amplifier (PA) linearization architecture with complementary filtering to realize
high-linearity broadband signal transmission. The architecture fully leverages the advantages of analog and digital filtering
techniques, ensuring high harmonic suppression within a compact size and reducing the demand for digital resources. A
miniaturized triple-mode bandpass filter (BPF) with a wide stopband is integrated, which effectively suppresses the harmonic
components of the PA output. Meanwhile, digital filtering is employed to mitigate intermodulation distortion (IMD) that
cannot be effectively suppressed by the integrated analog filter, thus forming a complementary filtering digital predistortion
(CF-DPD). As the CF-DPD herein focuses only on addressing the residual distortion left by analog filtering, it naturally reduces
the system’s sampling rate requirements. Experimental results demonstrate that the proposed filtering power amplifier with
integrated feedback port (FPA-FB) delivers 38.7-40.5 dBm output power, 8.4-11.9 dB gain, and a peak power-added efficiency
(PAE) of 42.6%—52.1%. The prototype occupies an overall size of 67 mmx32 mm, corresponding to 1.1A; 0.5\, indicating a
compact implementation. Moreover, when transmitting a 400-MHz 5G new radio (NR) signal, the system achieves a normalized
mean square error (NMSE) of —32.2 dB and an adjacent channel leakage ratio (ACLR) of —45.1/—47.2 dBc at a reduced
sampling rate of 850 mega samples per second (MSPS).

Key words: Broadband linearization; Digital predistortion; Multimode filter; Power amplifier (PA)

1 Introduction

With the rapid advancement of wireless communication
technologies, signal transmission rates and bandwidths have
significantly increased in recent years. For instance, 5G new
radio (NR) enables the support of channel bandwidths ranging
from 100 MHz to 400 MHz by leveraging advanced carrier ag-
gregation techniques (3GPP, 2024a, 2024b). This increase in
broadband transmission demands, driven by higher data rates
and the need for more efficient spectrum utilization, has in-
troduced significant challenges in maintaining the linearity of
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power amplifiers (PAs) within communication systems (Chen
SZ and Kang, 2018). The transmission of broadband signals,
which contain multiple frequency components, inevitably leads
to the generation of intermodulation distortion (IMD). These
intermodulation products cause spectral spreading, which re-
sults in a degradation of crucial performance metrics such as
the adjacent channel leakage ratio (ACLR) and the error vector
magnitude (EVM), both of which are essential for evaluating
the quality of the transmitted signal. Furthermore, PAs typi-
cally operate at high output power levels to sustain efficiency,
which intensifies nonlinearities and results in more severe har-
monic distortion.

Therefore, the nonlinearity of PA is categorized into two
main types here: IMD occurring near the transmission pass-
band and harmonic distortion appearing away from the pass-
band (Fig. 1). To address PA distortion, both analog methods
(e.g., filters or feedback circuits) and digital methods (e.g.,
digital predistortion) are commonly employed. However, nei-
ther approach alone is sufficient for comprehensive correction.
For both narrowband and broadband PAs, it is necessary to
cascade a bandpass or lowpass filter after the PA to suppress
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Fig. 1 Distortion mitigation solutions for narrowband (a)

and broadband (b) power amplifiers. IMD: intermodula-
tion distortion; DPD: digital predistortion
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harmonic distortion. However, as the signal bandwidth in-
creases, the digital predistortion (DPD) solution for suppress-
ing IMD becomes increasingly impractical due to the contin-
uously growing demands on the sampling rate and computa-
tional resources. Therefore, for broadband signal transmission
scenarios, it is essential to better leverage digital and analog
filtering techniques and propose a more effective architecture.

As a representative analog technique, filters are com-
monly used to suppress unwanted frequency components and
improve signal purity. Filters come in a wide variety of types,
each with distinct spectral characteristics. For example, wide-
stopband filters can attenuate harmonic components, while
narrowband bandpass filters (BPFs), such as film bulk acous-
tic resonator (FBAR) filters (Menendez et al., 2006; Zhu XE
et al., 2009; Nam et al., 2021; Liang et al., 2025), surface acous-
tic wave (SAW) filters (Ruppel et al., 2002; Ruppel, 2017), and
evanescent-mode filters (Joshi et al., 2007; Park et al., 2009),
can be used to address IMD. However, analog filters often face
challenges in achieving precise frequency control. Specifically,
attaining sharp roll-off characteristics typically requires high
Q-factors (quality factors) or higher-order filter designs. High
Q-factors usually lead to increased insertion loss, which can
significantly reduce PA efficiency, and higher-order filters of-
ten involve multiple resonators, making filters too bulky for
effective integration into compact communication systems.

As a representative digital technique for addressing non-
linearity, DPD has been widely adopted due to its precise con-
trol and effective mitigation of distortion (Zhu AD, 2015; Katz
et al., 2016; Wood, 2017; Liu et al., 2020; Othmani et al., 2023).
On one hand, DPD provides an effective method for correct-
ing PA nonlinearity without compromising system efficiency.
On the other hand, DPD can mitigate IMD within the main
channel, a task that analog filters are incapable of performing.
Despite its advantages, DPD becomes increasingly demanding
in terms of the sampling rate as the signal bandwidth expands.
To overcome this limitation, band-limited DPD (BL-DPD)
was proposed by Yu et al. (2012), which alleviates the high
sampling rate requirements while maintaining the accuracy
of nonlinear distortion correction. This suggests a direction
for high-linearity broadband signal transmission but remains a
preliminary solution because it is based on a symmetrical fil-
tering function, while filters in practical applications may not

exhibit symmetrical frequency distributions, as demonstrated
in Yu et al. (2012).

In this paper, we propose a PA linearization architecture
with complementary filtering that achieves full-band distor-
tion suppression by efficiently allocating analog and digital
resources. This architecture first uses the analog filtering tech-
nique to suppress distortion to the greatest extent possible.
Then, it employs a digital filtering technique to suppress fre-
quency bands outside the stopband of the analog filters, ef-
fectively eliminating any residual distortion. To demonstrate
this concept, this paper integrates analog filtering resources
into PA design, thus forming a filtering PA. Compared with
conventional architectures using separate PA, filter, and feed-
back coupler blocks, this implementation reduces the number
of discrete radio frequency (RF) components and lowers inter-
connection loss. Digital filtering resources are then allocated
to DPD, forming a complementary filtering DPD (CF-DPD)
with an asymmetrical filtering function. Since CF-DPD is
configured according to the residual distortion spectrum after
analog filtering, it avoids unnecessary processing of frequency
components that have already been sufficiently suppressed,
thereby reducing the required sampling rate and digital pro-
cessing burden.

2 Proposed linearization architecture with
complementary filtering

In this part, we present a detailed explanation of the pro-
posed linearization architecture with a complementary filtering
function, focusing on how analog and digital filtering resources
are effectively distributed to address nonlinear distortions in
PA systems. Fig. 2a illustrates the framework of the traditional
linearization architecture. The system consists of multiple dis-
crete RF components, including a PA for signal amplification,
a filter to suppress unwanted frequency components, and a
coupler to extract feedback signals for the DPD block. Al-
though this structure is straightforward, the interconnections
among these components introduce additional insertion loss,
degrading system efficiency, and the use of discrete compo-
nents increases the system’s overall circuit size, posing chal-

lenges for integration. Besides, the traditional DPD block
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Fig. 2 Linearization architectures for filtering PAs (FPAs):
(a) traditional linearization architecture; (b) proposed
linearization architecture with complementary filtering.
ADC: analog-to-digital converter; DAC: digital-to-analog
converter



typically requires a sampling rate five times the signal band-
width, imposing stringent demands on the analog-to-digital
converter (ADC) and digital-to-analog converter (DAC).

To reduce interconnection loss and enhance system in-
tegration, our design replaces the traditional PA, filter, and
coupler with a filtering power amplifier with integrated feed-
back port (FPA-FB), as shown in Fig. 2b. From the hardware
implementation perspective, by integrating amplification, fil-
tering, and feedback extraction into a single component, the
proposed FPA-FB reduces the number of discrete RF com-
ponents and lowers interconnection loss. More importantly,
the integrated filtering response not only suppresses harmonic
components but also attenuates part of the IMD before dig-
ital correction, thereby providing the hardware basis for the
subsequent CF-DPD.

Assuming that FPA-FB suppresses most of the PA distor-
tions, the remaining distortions are confined within the resid-
ual bandwidth BW,es, as shown in Fig. 3. The proposed DPD
block incorporates a complementary filtering function, which
is specifically designed to suppress the residual distortion of
FPA-FB. From the model perspective, the passband of this
complementary filtering function is determined by the resid-
ual distortion components after analog filtering, rather than
being fixed. By setting the sampling rate to match BWs,
the proposed linearization architecture focuses digital correc-
tion on the residual distortion requiring further suppression,
thereby relaxing the constraints on ADC/DAC sampling rates.
This analog—digital coordination allows FPA-FB to define the
residual distortion bandwidth through analog filtering, while
CF-DPD is configured accordingly for the remaining digital
correction.

It is worth noting that the residual bandwidth may not
always be perfectly symmetric around the signal center fre-
quency in practical scenarios. Such asymmetry can result from
factors like uneven roll-off at the filter edges or frequency shifts
introduced during fabrication. Therefore, the complementary
filtering function in CF-DPD should be configured according
to the spectral allocation of the residual distortion after analog
filtering. As illustrated in Fig. 3, the proposed CF-DPD can be
regarded as a residual-bandwidth-oriented framework, where
the digital correction bandwidth is determined by the residual
distortion left after analog filtering rather than being prede-
fined independently in the digital domain. When the residual
bandwidth exceeds the bandwidth required by conventional
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[] Residual band unhandled by analog BPF
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Fig. 3 Proposed CF-DPD solution with arbitrary residual bandwidth and its two special cases.
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full-band DPD, the proposed CF-DPD degenerates into a con-
ventional DPD solution. Similarly, when the residual distor-
tion bandwidth is symmetrically distributed around the carrier
and can be covered by a symmetric band-limited model, the
proposed CF-DPD becomes equivalent to traditional BL-DPD.

3 Analog filtering based on FPA-FB

3.1 Structure of the proposed FPA-FB

As previously mentioned, FPA-FB is a multifunctional
component that integrates filtering, amplification, and a feed-
back port. To achieve these functionalities within a mini-
mized footprint, we propose the structure as shown in Fig. 4,
which is designed to efficiently combine these functions while
maintaining performance. The output circuit of the proposed
FPA-FB consists of two components: a multimode BPF and
an output matching network (OMN) with an integrated feed-
back port. Placing the filter before OMN allows it to attenuate
most unwanted frequencies in advance, enabling OMN to focus
exclusively on the fundamental frequency impedance transfor-
mation. This simplification not only reduces the size of OMN
but also facilitates the integration of the feedback port, which
will be discussed in detail later.

Vo
Z; Z;,
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— M“g‘g‘,:ode OMN withf— Out
feedback
Zop port
: Fo [y

Feedback =

Fig. 4 Overview of the proposed FPA-FB. Vg and Vp
denote the gate bias voltage and drain bias voltage, respec-
tively, and Zypt denotes the optimum load impedance of
the transistor. IMN: input matching network; BPF: band-
pass filter; OMN: output matching network

Herein, analog filtering is realized based on an integrated
multimode filter, unlike most filtering PAs (FPAs) in the liter-
ature (Joshi et al., 2007; Chen KL et al., 2011, 2013a, 2013b; Li
et al., 2013, 2019; Estrada et al., 2021; Gao et al., 2021). Based
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on coupling matrix theory, the output circuits of these FPAs
simultaneously achieve impedance transformation and filter-
ing functions. By adjusting two parameters in the coupling
matrix, the desired impedance characteristics can be achieved.
However, the miniaturization of the overall system using these
FPAs may not meet expectations in practice. Two primary fac-
tors cause this limitation. First, most FPAs employ cascaded
resonators, resulting in a significant increase in circuit size.
Second, higher-order modes of these resonators can introduce
parasitic passbands and thus lead to inadequate harmonic sup-
pression. Therefore, it may still be necessary to cascade low-
pass filters after these FPAs to attenuate harmonics, which
contradicts the original intention of reducing size.

Therefore, a multimode BPF with a wide stopband is
adopted in this paper. The selection of a multimode filter
is driven by its inherent advantage in size reduction over an
N-stage cascaded filter, as each multimode resonator effec-
Another
reason for selecting a multimode BPF is its ability to offer

tively functions as multiple individual resonators.

flexible control over resonant frequencies of different modes
through various perturbation techniques. With an integrated
multimode BPF for suppressing unwanted frequency compo-
nents and an OMN for impedance transformation and feed-
back, the proposed FPA-FB achieves a compact size and low
insertion loss.

3.2 Filtering realization based on multimode BPF

A semicircular patch resonator is utilized in this paper to
design the BPF. Patch resonators offer higher power handling
capabilities than microstrip designs and provide easier con-
nectivity than substrate integrated waveguide (SIW) or cavity
resonators (Hong and Li, 2004), making them well-suited for
this application.

As depicted in Fig. 5, the semicircular patch is grounded
by a metallic via, introducing a new resonant mode compared
to the conventional patch resonators. The newly introduced
mode is referred to as the LC mode; the semicircular patch
works as a capacitor, and the metallic via works as an inductor,
thus forming an LC resonant unit (Fei et al., 2021). The
resonant frequency of the LC mode is lower than that of the
fundamental mode in unperturbed patch resonators, resulting
in a more compact structure. Modes TMipo and TM;i19 are the
second and third resonant modes of the grounded semicircular
patch, respectively, identical to those in conventional patch
resonators. It is worth noting that the introduced metallic via
is placed where the electric field distribution of modes 2 and 3
is zero, ensuring that it does not influence the frequencies of
these two modes.

In typical filter designs, the impedance at both ends is set
to 50 ) to ensure compatibility with other devices. However,
the filter described herein does not perform impedance trans-
formation, so the load impedance at both ends is set to the
conjugate of the optimal impedance. Based on the simulated
load-pull results, Zopt is selected as (9.8—-2) Q taking into ac-
count both power-added efficiency (PAE) and output power.
Fig. 6 demonstrates the response variations of the patch res-
onator when the impedance at both ends is set to 50 2 and
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Fig. 5 Grounded patch resonator: (a) structure; (b) electric
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Fig. 6 Response characteristic comparison of a grounded
semicircular patch resonator with different impedances

to higher frequencies and exhibit a higher Q-factor. These
changes do not introduce new challenges for multimode BPF
design. As mentioned earlier, one advantage of a multimode
BPF is its ability to flexibly control each resonant frequency
through perturbations, making frequency variations less of a
concern. For a higher Q-factor, the external Q-value of the
resonator can be adjusted by modifying the position and size
of the feeder. While a high Q-factor results in increased inser-
tion losses, it also improves the filter’s selectivity, making it
more effective in suppressing undesired frequencies.

To generate a passband, symmetric slots are introduced
to the semicircular patch, as shown in Fig. 7. Based on the
current distribution, radially oriented slots have no impact on
the current path of mode 1, so the frequency of mode 1 (f1)
remains unchanged. For modes 2 and 3, however, the presence
of radial slots extends the current paths, resulting in a decrease
in their resonant frequencies. Detailed simulation results under
different Lp (length of the slot) and 6 (angle between the slots)
are given in Fig. 8. An increase in Lp results in longer current
paths for modes 2 and 3, which in turn decreases f» and
f3. In addition, when 6 is zero, the direction of the slots is
perpendicular to the current path of mode 2 and parallel to
that of mode 3,
the current path of mode 2

so the slots have the maximum influence on
and the minimum influence on
the current path of mode 3. As 0 increases, the effect on the
current path of mode 2 decreases, whereas the effect on the
current path of mode 3 increases. As a result, f2 and f3 exhibit
opposite trends as 0 changes, allowing for better control of the



passband response. Therefore, by carefully adjusting Lp and
0, the bandwidth of BPF can be controlled.

Fig. 7 Etched slots and current distributions of the first
three resonant modes

:EJ 10 —s— f, - f, = f
I S
g .
~a,

| —
= Rt
< b
S 4t
o
3
14

2 3 4 5 6 7 8

Lp (mm)
(a)

:El —!—f1 . fz e f3
O] S
5 e
% .
55 -
g -l -
“l= ----- -
€4
©
c
?
© 3
o

5 10 15 20 25 30
6(%)
(b)

Fig. 8 Simulated frequency variations under changes of Lp
(a) and 6 (b)

In this paper, the filter bandwidth is designed to slightly
exceed 400 MHz, facilitating the transmission of 5G NR broad-
band signals with bandwidths up to 400 MHz. The simulated
response is depicted in Fig. 9, where the filter has a center
frequency (fo) of 3.5 GHz with in-band return losses exceed-
ing 17 dB and insertion losses less than 1.35 dB. Furthermore,
the filter exhibits wide stopband suppression, achieving over
15 dBc attenuation from 1.1fy up to 5.7 fo, thereby effectively
suppressing harmonic components of the PA output.

3.3 Feedback realization based on an asymmetrical
coupler

With almost all harmonic components blocked from en-
tering OMN; as shown in Fig. 9, the OMN design can focus on
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transforming impedance at the fundamental frequency, thereby
facilitating the simultaneous feedback function.

When the goal is to achieve impedance transformation
alongside power coupling, the use of an asymmetric coupler, as
shown in Fig. 10, becomes an intuitive option (Tripathi, 1975;
Tripathi and Chin, 1982). For DPD, a coupling factor of 30 dB
is sufficient in this case, as only minimal power is needed to
correct distortion. Since nearly all of the PA output power
is delivered to the load through the main line, the effects of
the coupled line are negligible. As a result, the characteris-
tic impedance and length of the main line I; can be directly
determined using Zopt and Zy as follows:

ZoX2,
Z1 = 1| ZoRopy — —220Rt_ 1
! \/ 0 Pt ZO - Ropt ( )
A Zo — Ropt Zo X0
1 = — t e P Z, Ro - L ) 2
1= arctan ZoXop \/ 0Ropt Zo — Rop: (2)

where A denotes the guided wavelength at the operating fre-
quency, Ropt and Xopt are the real and imaginary parts of Zpt,
respectively, and Zy denotes the system reference impedance.
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Fig. 9 Simulated filter response with high stopband
rejection
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Fig. 10 Owutput matching circuit with feedback port

based on an asymmetrical coupler. Z;, denotes the in-

put impedance at port 1

For the coupled microstrip line, port 4 is grounded with
a 50  resistor, and port 3 is designated as the feedback port.
The coupling factor can be easily determined through elec-
tromagnetic simulation by analyzing the distance between the
main line and the coupled line. In this paper, the simulated
coupling level is approximately 35 dB across 3.3-3.7 GHz,
with a variation of less than 0.25 dB. The simulated group
delay variation of the feedback path is less than 0.01 ns across
the same frequency range. Since only a small fraction of the
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output power is extracted for feedback observation, the inte-
grated feedback extraction has limited influence on the main-
line matching and transmission response.

3.4 Final configuration of the proposed FPA-FB

Fig. 11 presents the final configuration of the pro-
posed FPA-FB. The
strate with a dielectric constant of 2.2 and a thickness of

design employs a TLY-5 sub-

0.508 mm. The specified dimensions of the patch filter are
0=7.5°, L,=2.9 mm, Ls=2.9 mm, L,=22 mm, Rp,=11 mm,
W:=0.2 mm, Ws=0.2 mm, and W,=0.64 mm. The bypass ca-
pacitors for the source and gate are selected as 10 pF, 39 pF,
100 pF, and 1 puF. Besides, serpentine slots are employed
in the multimode filter to further increase the current path.
FPA-FB has an overall size of 67 mmx32 mm, equivalent
to 1.1Agx0.5Ag. Within such a reduced size, FPA-FB effec-
tively integrates amplification, filtering, and feedback func-
tions, demonstrating its capability for miniaturization.

Ve==2.7V V=28V

220
15.5 mm Out

p BPF
50 Q 50 Q

Feedback 155mm =

CG2H40010

Fig. 11 Final configuration and dimensions of the proposed
multifunctional FPA-FB for analog filtering

4 Digital filtering based on CF-DPD
4.1 CF-DPD architecture

To effectively address nonlinearities in PAs, DPD has
become a vital digital filtering technique for reducing IMD.
Various behavioral models and their corresponding accuracies
have been analyzed in Pedro and Maas (2005) and Tehrani
et al. (2010), typically requiring data five times the signal
bandwidth. Covering a wider band enables the capture of
higher-order nonlinear terms, thereby improving modeling ac-
curacy and enhancing overall system performance.

However, for amplifiers combined with BPFs, the accuracy
of DPD modeling is notably influenced by the characteristics
of the filters. These filters alter the spectral distribution of
the output signals, leading to the attenuation of certain IMD
components. For example, Volterra series models typically
include third-order and fifth-order distortion terms, assuming
that these higher-order components are not suppressed. The
assumption holds when the filter or system does not attenuate
distortion products, enabling an accurate representation of sys-
tem behavior. However, when a filter attenuates higher-order
IMD components, employing a digital filter that matches the
actual filter response becomes essential for more realistic com-
pensation of the nonlinearities of the output signal.

In this paper, due to the asymmetric spectrum allocation
of our filter, the IMD of FPA-FB will also exhibit an uneven
distribution with differing coverage ranges. As shown in Fig. 9,
the filter exhibits a transmission zero on the right side of the
passband, resulting in steeper roll-off compared to that on the
left side. Therefore, in Fig. 12, the residual distortion on the
left side of the proposed FPA-FB spans a wider range compared
to the right side. This means that the CF-DPD here should
employ a filtering function with complementary asymmetrical
spectrum allocation. Specifically, the analog filter in FPA-
FB and the digital filter in CF-DPD should exhibit the same
passband to achieve complementary filtering.

Inspired by the classic band-limited Volterra series model,
an asymmetric filtering function with complementary spec-
trum allocation is introduced to the model. According to
previous simulation results, the center frequency of the filter
is 3.5 GHz, and the frequencies at which the suppression level
reaches 15 dB are 2.70 GHz and 3.85 GHz. In other words,
the filter effectively attenuates distortions outside the 2.70—
3.85 GHz range, allowing the CF-DPD system to focus solely
on distortions within this range. Therefore, employing an
asymmetrical baseband filter with a passband from —800 MHz
to 350 MHz is sufficient in this paper.

4.2 CF-DPD model

As mentioned earlier, FPA-FB can capture the PA output
in real time. Likewise, the DPD algorithm must be capable of
swiftly performing nonlinear system modeling and compensa-
tion. A widely used model is the generalized memory polyno-
mial (GMP), preferred over the Volterra series for its efficiency
in capturing the memory effects of PA systems. With a finite
memory depth and polynomial order, the GMP model offers
better computational efficiency and is more suitable for real-
time applications. The GMP model can be expressed as follows
(Morgan et al., 2006):

Kao—1Ly—1
y(n) =Y > awz(n—1)lz(n-1)*
k=0 [=0
Ky, Ly,—1 My
YD T bamz(n =Dz —1-m)*  (3)
k=1 =0 m=1
K¢ Le—1 M

+Z Z Zcmmar:(n—l)|$(n_l_|_m)‘k7

k=1 1=0 m=1

where z(n) and y(n) represent the input and output signals,

respectively. K,, Kp, and K. represent nonlinearity orders,
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(b) asymmetrical filtering function with complementary spectrum allocation in the modified band-limited Volterra series
model. D,, denotes the ntP-order Volterra operator and h, BL denotes the corresponding ntP-order band-limited Volterra

kernel for odd-order nonlinear terms

Lo, Ly, and L. represent memory depths, and My, and M. are
the longest lagging and leading delay tap lengths, respectively.
The coefficients ax1, bxim, and cxm correspond to the GMP
model applied to the aligned terms, lagging cross-terms, and
leading cross-terms, respectively.

Finite impulse response (FIR) filters exhibit symmetry
around the zero-frequency point. This is due to the filter’s real-
valued coefficients. In other words, for a real-valued sequence
h[n], the Fourier transform exhibits conjugate symmetry be-
tween positive and negative frequencies, i.e., H(f) = H*(—f).
Therefore, introducing complex coefficients can disrupt this
symmetry, allowing for the design of a complementary filtering
function that effectively suppresses the residual distortion.

Specifically, the inclusion of a complex exponential term
el?fan/fs in the complementary filter design shifts the fre-
quency response of the prototype FIR filter. This operation
enables an asymmetric spectral allocation and provides flexibil-
ity for matching the residual distortion bandwidth after analog
filtering. For clarity, the complementary filtering function is
uniformly denoted as hcr[n]. Starting from a prototype FIR
low-pass filter h[n], the complementary filtering function can
be obtained as

her([n] = hln] - &> am/fs, (4)

where fs denotes the sampling rate and fa denotes the fre-
quency shift applied to the prototype FIR filter. In this paper,
a 100-tap prototype FIR filter is used. The frequency shift can
be selected according to the center of the residual distortion
band after FPA-FB.

By introducing the complementary filtering function
hcr[n] to limit the bandwidth of each item of the GMP model,
the output of the proposed CF-DPD based on the GMP model,

ycr(n), can be derived as follows:

yer(m) = > > awherlnl[s(n-Dlz(n—1)]
k=0 [=0
+Z Z Z bkimhcr(n] [m(n—l)|w(n—l—m)|k]
k=1 1=0 m=1
Ke Lc—1 M

3033 camhor[n] [z(n—1)]z(n—1+m)[*].

k=1 1=0 m=1
(5)

Based on the analysis above, employing an asymmetrical
baseband filter with a passband from —800 MHz to 350 MHz
is sufficient in this case, resulting in a system sampling rate
of 1.15 giga samples per second (GSPS). In contrast, if a
traditional FIR filter with symmetric frequency allocation is
utilized, the frequency range will be extended to —800 MHz
to 800 MHz, thereby increasing the system sampling rate to
1.6 GSPS. As a result, the complementary filtering function
should be designed based on the frequency distribution of the
residual bandwidth after the integrated analog filter. This en-
sures modeling accuracy and linearization performance while
keeping the sampling rate at a minimum. It should be noted
that the 1.15-GSPS value derived above represents a conserva-
tive design estimate based on the simulated 15-dBc suppression
boundary of FPA-FB. This value illustrates the sampling rate
reduction enabled by the asymmetric complementary filter-
ing function compared with BL-DPD. In a practical imple-
mentation, the final sampling rate is determined according to
the measured residual distortion bandwidth that remains after
analog filtering.
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5 Experimental results

5.1 Continuous wave measurement results of the
FPA-FB

The proposed FPA-FB is fabricated and measured to ver-
ify the design concept. Fig. 13a shows a photograph of the
fabricated FPA-FB along with its frequency response under
28 V drain voltage and —2.7 V gate voltage. The results in-
dicate good agreement between simulation and measurement.
FPA-FB delivers a small-signal gain of approximately 14.5 dB
in the passband, which is commendable considering that our
design integrates amplification, filtering, and feedback func-
tionalities. This further demonstrates its effectiveness in re-
ducing interconnect losses. The transmission coefficient across
the entire frequency band is further presented in Fig. 13b. The
measured transmission coefficient Sa; achieves suppression lev-
els exceeding 43 dBc for the 2"¢ to 5" harmonic components.
These results demonstrate that the proposed FPA-FB not only
performs well within the target bandwidth but also effectively
mitigates higher-order harmonic interference, thereby enhanc-
ing the overall linearity of the system.

The frequency characteristics of FPA-FB under large sig-
nal excitation are given in Fig. 14a, where the input signal is
28.5 dBm. The measured output power ranges from 38.7 dBm
to 40.5 dBm, the gain is between 8.4 dB and 11.9 dB, and
the saturated PAE is in the range of 42.6%—52.1% across the

I

~ Measured
9 ====Simulated

L}

"

10

Magnitude (dB)

1 1
2.0 25 3.0 3.5 4.0 4.5
Frequency (GHz)

(a)
N"-order harmonic 2nd 3 4t 5t
Suppression level (dBc) 53 48 43 44

Magnitude (dB)

17.5

10.5 14.0
Frequency (GHz)

(b)

Fig. 13 Frequency-response characterization of the fabri-
cated FPA-FB: (a) simulated and measured S-parameters;
(b) broadband transmission characteristics and harmonic
suppression

frequency range of 3.3-3.7 GHz. The responses of FPA-FB un-
der different output power levels are shown in Fig. 14b, which
further supports PA’s ability to achieve good performance at
both the center and edges of the passband.

Table 1 provides a comparison with other reported FPAs.
The proposed design offers balanced performance in terms
of efficiency, harmonic suppression, and size reduction while
uniquely incorporating a feedback port, which has seldom
been realized together in earlier reports. Such an integra-
tion not only benefits compact hardware and enhanced lin-
earization capability but also provides direct support for DPD
implementation.

5.2 DPD test of 400-MHz wideband modulated
signal

The above test results are based on continuous wave mea-
surements, demonstrating that the proposed FPA-FB achieves
high efficiency and multi-functionality with a miniaturized cir-
cuit size. To further validate the effectiveness of CF-DPD with
a complementary filtering function for enhanced broadband
linearity, a DPD test platform is established, as illustrated in
Fig. 15. The test platform employs an SMW200A vector sig-
nal generator, which is synchronized with the signal analyzer
using a shared reference clock during the measurement. A 5G

- OL:tpul power
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Fig. 14 Large-signal performance of the fabricated

FPA-FB: (a) simulated and measured PAE, gain, and out-
put power at saturation; (b) PA performance versus output
power at the center and edges of the passband
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Table 1 Comparison with other FPAs in the literature

Work Technology BW (GHz) PAE (%) Harmonic rejection Size (AgXAg) Feedback port
Chen KL et al. (2013a) GaN 2.98-3.07 50-71 NM 0.9%x0.5 No
Chen KL et al. (2011) GaN 1.24-1.28 63-76 60 dBc up to 3™ 0.35x0.16 No
Estrada et al. (2021) GaN 4.5-4.9 38-55 NM 2.3%x1.7 No
Li et al. (2019) GaN 1.6-2.1 63-73 51 dBc up to 4" 0.5x0.4 No
Li et al. (2013) LDMOS 2.57-2.67 41-46 20 dBc up to 279 1.5x1.1 No
This work GaN 3.3-3.7 43-52 43 dBc up to 5th 1.1x0.5 Yes
NM: not mentioned
Pre-amplifier .
— Attenuator Table 2 Performance and complexity for the 400-MHz 5G

T ———————

CEg = o

Vector signal generator PC with MATLAB

Signal analyzer

Fig. 15 Overview of the experimental DPD test bench
setup

NR signal with a 400-MHz bandwidth and a peak to average
power ratio (PAPR) of 8 dB is used in this test. The average
power delivered to the PA is 22 dBm, and the corresponding
average output power is 34.2 dBm. In this setup, the feed-
back signal for DPD is directly extracted from the integrated
feedback port of FPA-FB and sent to the signal analyzer.

As discussed in Section 4, the implementation of com-
plementary filtering helps reduce the system’s sampling rate.
Therefore, the PA is linearized using three approaches for
comparison: traditional DPD, BL-DPD, and the proposed
CF-DPD with an asymmetric filtering function. For all three
DPD tests, the signal analyzer is configured with sufficient
acquisition bandwidth to ensure consistent waveform acqui-
sition. The DPD coefficients are extracted offline using an
iterative indirect learning architecture with seven adaptation
iterations. For each DPD case, 40 000 samples are used for
coefficient extraction, and approximately 10 000 additional
samples are used for validation. All the three tests are based
on the GMP model, with the same model parameters for each.
The nonlinearity order and memory depth for the aligned sig-
nal are K,=6 and L,=10. For the lagging and leading signal
terms, the nonlinearity orders are Ky=K.=5, memory depths
are Ly=L.=4, and the longest lagging and leading delay tap
lengths are My,=M.=4.

The performance comparison of the three DPD models
is presented in Table 2. It can be observed that the ACLR
reaches —34.7/—39.0 dBc even without applying DPD, high-
lighting the contribution of the integrated analog filter in en-
hancing linearity. The proposed CF-DPD achieves optimal
normalized mean square error (NMSE) and ACLR while main-
taining the minimal oversampling ratio (OSR). Since the same
GMP model parameters are used for all three DPD methods,
the computational cost per sample is kept comparable for a
fair comparison. Therefore, the reduction in OSR corresponds
to a reduction in the sampling-rate-related digital processing
burden. For the 400-MHz signal, the proposed CF-DPD re-
duces the equivalent sampling rate from 2.0 GSPS for tradi-

NR signal

Method Coefficient NMSE (dB) ACLR (dBc) OSR
Without DPD NA —15.2 —34.7/-39.0 NA
Traditional DPD 220 —30.5 —40.6/—45.0 5
BL-DPD 220 —32.1 —44.9/—46.7 2.5
Proposed CF-DPD 220 —32.2 —45.1/—-47.2 2.125

NA: not available

tional DPD and 1.0 GSPS for BL-DPD to 850 mega samples
per second (MSPS), corresponding to a 57.5% reduction in the
processing rate compared with traditional DPD and a 15%
reduction compared with BL-DPD.

Fig. 16 presents the output power spectrum for different
DPD methods. The black curve represents the measured resid-
ual distortion spectrum after the analog filtering response of
FPA-FB and before digital correction. Owing to the asymmet-
ric roll-off of the integrated filter, the residual distortion is not
symmetrically distributed around the carrier. The red curve
further indicates that using the traditional DPD to model the
PA with filtering characteristics leads to inaccuracies. As men-
tioned before, this is due to the fact that the filter integrated
within the amplifier modifies the spectral distribution of the
output signal, resulting in truncation of the IMD components.
Thus, the traditional DPD model fails to properly capture this
incomplete IMD effect, leading to an inaccurate representa-
tion of the system. BL-DPD exhibits enhanced performance
compared to traditional DPD, accompanied by a reduction in
sampling rate requirements. This improvement arises from the
better alignment of the models with FPA-FB’s response char-
acteristics, enabling more precise correction of nonlinear distor-
tions. The proposed CF-DPD with a complementary filtering
function delivers the best performance because it achieves the

Traditional DPD Without DPD
OSR=5

BL-DPD

___ Proposed CF-DPD
OSR=2.125

-701 i BL-DPD: —500 MHz—500 MHz

Normalized power spectrum density (dB)
IS
o

—200 0 200 400 . 600
Frequency offset (MHz)

—-600 —400

Fig. 16 Output power spectrum for different DPD models
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highest alignment with the spectrum allocation of FPA-FB.
The passband of the complementary filtering function is set
from —500 MHz to 350 MHz according to the measured resid-
ual distortion spectrum after analog filtering. Therefore, the
proposed CF-DPD operates at the lowest implemented equiv-
alent complex-baseband sampling rate of 850 MSPS, corre-
sponding to an OSR of 2.125 with respect to the 400-MHz sig-
nal bandwidth. The amplitude-to-amplitude (AM/AM) and
amplitude-to-phase (AM/PM) characteristics before and after
the proposed CF-DPD are shown in Fig. 17. These measure-
ment results highlight the potential of co-designed CF-DPD
and FPA-FB for broadband linearization.

1.0 - 200
AM/AM with DPD 1150
0.8 )
3 AM/PM with DPD 4100
=]
< o
o6 1%° ¢
-— f=
=} ®
£ 0 o
o * 8
he) ©
S04p i / -50 &
g AM/PM without DPD
2 4100
0.2¢ AM/AM without DPD
4{-150
00E s L . —200
0.0 0.2 0.4 0.6 0.8 1.0

Normalized intput magnitude

Fig. 17 AM/AM and AM/PM characteristics for the 400-
MHz 5G NR signal before and after the proposed CF-DPD

6 Conclusions

This paper proposes a linearization architecture aimed at
enhancing broadband linearity based on the complementary
filtering concept. A FPA-FB is co-designed with a CF-DPD
to realize the architecture. The integration of a multimode
BPF and a feedback-enabled output matching network facili-
tates efficient harmonic suppression, size reduction, and multi-
functionality, providing a compact and versatile solution. Ex-
perimental results validate that FPA-FB effectively suppresses
harmonic distortion, and that the proposed CF-DPD model
not only reduces IMD but also minimizes the sampling rate
requirements of the DPD system, making the proposed archi-
tecture efficient for high-linearity broadband signal processing.
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