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Abstract. This paper conducts a validation of two lineari-
zation approaches that utilize baseband nonlinear lineari-
zation signals of the 2nd order, through practical experi-
ments on an asymmetrical two-way microstrip Doherty
amplifier (ADA), and simulations on a symmetrical two-
way Doherty amplifier (DA) as well as the single stage
power amplifier (PA) for the post-OFDM 5G modulation
formats. In the first approach, linearization signals are led
at the input and output of the carrier transistor in the DA,
while in the second approach, they are injected at the out-
puts of both the carrier and peaking amplifiers. The DA
was tested in simulation for the FBMC signal of 20 MHz
bandwidth, while the experimental measurements were
performed for the FBMC signal on the ADA for different
useful signal frequency bandwidths, 5 MHz, 7.5 MHz, and
10 MHz. The maximal improvement of DA linearity ob-
tained in simulation is 10 dB for lower power and 5 dB for
maximum amplifier output power, while the second ap-
proach gives around 2 dB better results for higher power
levels. The experimental test for ADA performed for con-
sidered signal bandwidths indicates 3 dB to 5 dB linearity
improvement for the implemented approaches and more
symmetrical results achieved by the second approach.
Additionally, the simulation tests for the PA were carried
out for the FBMC, UFMC, and FOFDM signals of
100 MHz bandwidth, with the application of the first line-
arization approach. The minimal achieved linearization
improvement is 13 dB for the FOFDM signal and a maxi-
mal of 18 dB for the FBMC signal.
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1. Introduction

The Fifth Generation network standard (5G) charac-
terized by increased data speeds, low latency, a massive
connection of devices, reliability, increased battery life,
and very high bandwidth is of great challenge for the 5G
wireless system design [1], [2]. The promising 5G frequen-
cy band below 6 GHz is at 3.5 GHz (3.4-3.8 GHz) which
enables satisfactory coverage despite the limitation due to
band congestion. Band above 6 GHz at the mm-wave
bands, e.g. at the 26 GHz (24.25-27.5 GHz), offers spec-
trum availability with high bandwidth that provides in-
creased data rates and low latency, but high free space
attenuation leads to coverage restriction. Wider areas cov-
erage can be enabled in lower frequency bands of interest
such as 0.7 GHz, 0.95 GHz and 1.5 GHz. Therefore, this
combination of low, mid and high frequency bands is sug-
gested for the fulfilment of the 5G network requirements.
With the aim to improve the energy efficiency and linearity
of the 5G system new waveforms are suggested that
achieve better spectral efficiency for different scenarios.
Leading candidates of the modulation formats to overcome
limitations and provide adequate 5G system quality are:
Filter Bank Multi-Carrier (FBMC), Universal Filtered
Multi-Carrier (UFMC), and Filtered Orthogonal Frequency
Division Multiplexing (FOFDM).

A variety of techniques for amplifier linearization
such as feedforward, feedback, predistortion [3] and differ-
ent approaches of digital predistortion [3], [4] can be found
in the literature. The authors of this paper anteriorly devel-
oped the digital linearization approach (DEB_LIN) [5-8]
that uses the 2nd order digital signals adequately processed
in magnitude and phase angles in the baseband, which then
modulate the 2nd harmonic of the fundamental carrier. The
generated linearization signals are injected at the gate and
drain (input and output) of the PA transistor. The results of
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the linearization obtained by this linearization approach in
the simulation were already published for the single stage
PA [5], [6] and the two-way DA [8], and tested for QAM,
WCDMA, OFDM and LTE modulation schemes. Also, the
linearization results were published for the single stage PA
that operates in frequency around 3.5 GHz for UFMC,
FBMC, and FOFDM modulation schemes with 50 MHz
useful signal bandwidth [7]. The DEB_LIN approach was
validated in experiments using the asymmetrical two-way
microstrip Doherty amplifier for both the 16QAM signal
with a 1 MHz frequency bandwidth and the 64QAM signal
with a 2 MHz frequency bandwidth [6], [8]. The lineariza-
tion of the DA in simulation and the ADA in experiments
was performed in [8] by injecting the formed signals for
the linearization at the input and output of the carrier am-
plifier stage (approach-1), or at the outputs of both carrier
and peaking amplifiers (approach-2) at the Doherty ampli-
fier configuration.

To extend our research, in this paper, we tested, in
simulation and experiments, the single stage PA and
Doherty amplifiers in symmetrical and asymmetrical con-
figuration for 5G modulation formats of wider frequency
bandwidths than in previously presented results. We ana-
lyzed the behavior:

a) in the simulation of the single stage PA when source
signals are post-OFDM 5G signals FBMC, UFMC,
and FOFDM at carrier frequency 3.5 GHz with
100 MHz bandwidth;

b) in the simulation of the symmetrical DA when the
digital linearization approaches (approach-1 and ap-
proach-2) were applied for the FBMC modulation at
carrier frequency 0.95 GHz with 20 MHz bandwidth
in the range of the useful signal power;

¢) in the experiment of approach-1 and approach-2, ap-
plied on the fabricated asymmetrical DA for the 5G
FBMC signal at carrier frequency 0.9 GHz for differ-
ent useful signal frequency bandwidths (5 MHz,
7.5 MHz, and 10 MHz).

Compared to the results attained in our previous re-
search [5-8] it can be observed that the linearization
achieved in simulation for QAM, OFDM, LTE and FBMC
signals of the same bandwidth is of similar order depend-
ing on useful signal power level, i.e. when the power in-
creases, the linearization effect of the applied technique
deteriorates. Additionally, as it can be expected, experi-
mental results indicate better linearization improvement for
less signal bandwidths of 1 MHz and 2 MHz achieved
earlier in [6], [8] by around 2 dB than for wider (5 MHz,
7.5 MHz, and 10 MHz) bandwidths considered in this
paper and the same behavior of the approach-1 and ap-
proach-2 as in previous results, that is a small improvement
by applying 2nd approach.

The paper is organized in the following manner: After
the introduction, Section 2 is devoted to the 5G modulation
schemes; Section 3 explains the theory that describes the

behavior of the applied DEB_LIN approaches; Sections 4
and 5 include description and characterization of the single
stage PA and symmetrical DA with the linearization cir-
cuit, respectively, and the illustration of the simulated line-
arization results; Section 6 describes the measurement set-
up; Section 7 represents linearization results gained
through experimental measurements for the asymmetrical
DA; conclusion and list of used literature are given at the
end of the paper.

2. The 5G Modulation Formats

Filter Bank Multi-Carrier modulation uses filtering of
each sub-carrier individually rather than the whole sub-
band to transmit data. Respecting the Nyquist rate, the
post-OFDM signal such as FBMC can accomplish better
spectral efficiency and flexibility to imperfect synchroniza-
tion compared to CP-OFDM since it does not use the cyclic
prefix (CP) [9], [10]. FBMC has low side lobe levels and
a steep slope at the edges of the signal band as it is con-
trolled in the frequency and time domain by using proto-
type filters that provide spectrum confinement and orthog-
onality among adjacent sub-carriers. Moreover, FBMC
uses a larger number of subcarriers in contrast to CP-
OFDM, which leads to more spectral efficiency at the out-
put of the wireless transmitter. FBMC is a vital post-
OFDM candidate for the 5G wireless transmitters whose
features are kept acceptable over a wide bandwidth since
this modulation scheme possesses lower out-of-band emis-
sions in comparison with CP-OFDM. The low complexity
of FBMC signal processing is an essential advantage over
the other post-OFDM 5G modulation candidates.

Universal Filtered Multi-Carrier (UFMC) as another
post-OFDM 5G signal possesses some characteristics of
CP-OFDM, such as high PAPR (peak to average power
ratio), flexibility and MIMO properties, but also overcomes
the disadvantages of CP-OFDM. UFMC provides a shorter
impulse response in the time domain by filtering a group of
consecutive sub-carriers. As a consequence, out-of-band
emissions and inter-symbol interference between the adja-
cent channels are reduced [9]. UFMC has smaller guard
bands in adjacent channels which make it more spectrally
efficient in reference to CP-OFDM. However, UFMC is
a complex system due to the block filtering that defines the
number of DFT (Discrete Fourier Transform) operations.
The energy efficiency, which is very important in a practi-
cal system application, is reduced by increasing system
complexity tightly influenced by the DFT number.

Filtered Orthogonal Frequency Division Multiplexing
even though has a similar transmitter structure as UFMC
utilizes a CP, [9]. Additionally, residual inter-symbol inter-
ference (ISI) usually appears. However, ISI that has the
power at the order of noise can be neglected, since the
filter in FOFDM can have better attenuation outside the
band than that in UFMC. Also, effective channel coding
can additionally prevent performance degradation. The
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subcarrier spacing and the CP length in FOFDM may be
different between the users, which is not the case in UFMC
systems. The soft-truncated sinc filter, appropriate for
various applications, which is usually used in FOFDM,
enables FOFDM to be flexible in the frequency multi-
plexing.

3. Theoretical Background of the
Linearization Approach

A Taylor-series polynomial without memory effect
that models a nonlinearity of the amplifier transistor [11] is
adequate for the theoretical explanation of the operational
mechanism of the used linearization approaches. Amplifier
transistors utilized in simulations were modeled by the
nonlinear models available in the manufacturers’ catalog.

Equation (1) provides the relationship between the
FET output current, ioy, and the transistor input voltage
(Vicnip) and transistor output voltage (Viocrtop), [5, 6, 8]. In
this context, gm: represents the transconductance terms, gay
denotes the drain-conductance term, while gm.qy, represents
the mixed terms (where the order of each coefficient is
determined as x + y). The prefixes ic and oc correlate to the
input and output of the carrier PA transistor respectively,
while the prefixes ip and op relate to the input and output
of the peaking PA transistor in the Doherty topology.

2 3
lowt = gmlvtic/tip + Em2 (Vtic/lip) + Em3 (Vtic/tip) +

2 3
+gd1vtoc/top + a2 (Vloc/top ) + gd3 (Vtoc/top ) +
2 2
+gm1dlvlic/tip Vtoc/top + Em2d1 (Vlicltip ) Vtoc/top + Emid2 Vtic/tip (Vtoc/top )

Q)

The previously performed analysis [5, 6, 8, 11]
showed us that some nonlinear terms can be neglected (gai
to ga3) because they have a negligible influence on the
intermodulation products, while certain terms create a drain
current at the IM3 (the 3rd order intermodulation products)
frequencies of opposite phases, so they cancel out each
other to a certain degree (gmisz and gmeai) and they are
excluded from the final equations that relate to the IM3 of
the DA output current. However, they are incorporated into
the equations that describe the DA output current related to
the IM5 products (the 5th order intermodulation products)
for an easier explanation of how injected linearization
signals influence those nonlinear products.

The baseband signals used for the linearization are
created through suitable processing of the in-phase (/) and
quadrature-phase (Q) components of the digital signal.
This processing results in two components which are the
products of the nonlinearity of the 2nd order: the in-phase
linearization component, Iimo= (>~ 0?), and the quadra-
ture-phase linearization component, Onn=2/0. These
components are adequately modified in magnitude by
Mic/oc/op and phaSC by Pic/loc/op-

In these approaches, the baseband signals, prepared as
described, modulate the second harmonic of the fundamen-
tal carrier. In the first linearization approach (approach-1),
used for the DA linearization, the linearization signals are
injected at the input (along with the fundamental signal) as
defined by (2), and at the output of the carrier amplifier
transistor in the Doherty circuit, as shown in (3). In the
second approach (approach-2), the linearization signals are
inserted at the transistor output of both the carrier (3) and
peaking stages (4) in the DA.

Vie = Vi [lcos(a)ot)—Qsm(a)Ot)}+ @

+y, ¢ 1% %[([2 _Qz)cos(Za)O)—ZIQsin(2a)0 )},

Vioe = Voc [1 cos(apt)—Osin (a)ot)J + 3
—Mge efj(poc %|:( ) S(za)o) ZIQSIH(ZCOO ):l,
4)

Viop = Vop [1 cos(apt)—Osin (a)ot)} +
- 1 .
—mgy € 1%0p S[(IZ_Qz)cos(Za)O) 2[Qsm(2a)0)}

where vi,, and v, correspond to the magnitudes of the
input and output signals of the carrier amplifier transistor at
the fundamental frequency, whereas vi, and v, signifies the
magnitude of the input and output signal of the peaking
amplifier transistor at the fundamental frequency.

The distorted DA output current (ioy) analyzed for the
IM3 products is represented by (5) when approach-1 is
used, and by (6) for the application of approach-2. Equa-
tions (7) and (8) encompass the IM5 products for lineariza-
tion approaches, 1st and 2nd, respectively.

The 1st and 2nd terms in (5) and (6) represent the DA
linearity deterioration produced by the 3rd order nonlinear-
ity of the DA carrier and peaking stages. The other terms
of the 2nd order in (5) and (6) are the mixing products
between the fundamental signals and the linearization sig-
nals inserted at the input and the output of the carrier PA
transistor or at the outputs of both carrier and peaking PA
transistor in the DA. The 2nd order nonlinear terms pro-
duced due to linearization signal injection can diminish the
initially created IM3 distortion by proper adjustment of the
magnitude and phase of the linearization signals based on
the analysis [5, 6, 8].

The 1st and 2nd terms in (7) and (8) define the DA
output current generated by the 5th order nonlinearity of
the amplifier stages. The other terms of the 3rd order are
the mixing products between the fundamental signals and
the linearization signals from the first or the second
approach and they can reduce the original IM5 products if
their magnitudes as well as phases are correlated properly,

(51, [8].

In the case of the single stage amplifier, the theoreti-
cal background is relayed on the 1st approach explanation.
More details relating to the generation of signal for the
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linearization, terms in given equations and their influence
on the linearization process were explained in our previous
work in [5], [8].

. lst 3 3 3 3 1 —ips

lout‘IM3: Z(Vic) gm3+z(vip) gm3+5mice “Vic&m2 t
o L iy y 5

T4 Moc® 10 Vie&m1d1 7 Mic © 1 Vocgm1d1:|(1 +0 ) ©)

([ cos(wgt) - Qsin(mot)),

o opnd |30 3(\ 1 j
loutIM3_|:4(Vic) gm3+z(vip) gmB_Zmoce %o vicgmidr +

(6)
1 o .
4 ope 1Pop Vipgmldl}(lz +QZ)([cos(wot)stm(wot)),
. lst 5 5 5 5 3 2 _i2p
lout‘usvw :|:§(Vic) &mS5 +§(Vip) &m5 +E(mic) e e viogms +
1 2 -2 =i\ pcte
Jr_(moc) e 7P Vic€m1d2 ~ MicMoc © ( * OC)Vocgmld2+
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1 2 —jz(/;ic _j((pich(poc)
+E(’"ic) e Voc&m2d1 ~ MicMoc © Vic&€m2d1
2, 2\ .
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1 2 i 1 2 _in
+E(moc) e 1P vicgmian +E(mop) e 1 Vip&€ml1d2 ®)

(12 + Q2)2 (Icos(a)ot) —Qsin(a}ot)).

4. Linearization of a Single Stage
Amplifier

The broadband single stage PA that operates from
2 GHz to 6 GHz frequency was designed according to the
instructions given in [12]. Figure 1 illustrates the schematic
of the amplifier with the applied linearization circuit, while
Table 1 gives the values of the characteristic impedances
and electrical lengths of the designed single stage PA ele-
ments, as well as the capacitance values. The schematic
was drawn by using Keysight Advance Design System
(ADS) software [13]. The applied linearization approach
utilizes the 2nd order nonlinear signals adequately formed
and processed in magnitude and phase angle in the base-
band. Those signals modulate the fundamental carrier 2nd
harmonic and are inserted at the input and output of the
amplifier transistor. The broadband PA was designed by
using CGH40010F transistor [14], and its characteristics
obtained in simulation for carrier frequency 3.5 GHz at
1-dB compression point where the output power is 33 dBm
are: Transducer power gain is 12.34 dB, power added effi-
ciency PAE is 16.2%, DC power consumption is 12.2 W.

The broadband PA was tested in the ADS simulation
for the 5G FBMC, UFMC, and FOFDM signals at carrier

Characteristic Electrical
Elements impedance [Q)] length [°]
TL1 13.92 7.504
TL2 4.274 6.758
TL3 62.85 36.91
TL4 58.29 34.41
TL5 18.49 16.23
TL6 57.18 145.9
TL7 51.39 131.4
Capacitance [pF]
Cl 4.723
C2 3.147

Tab. 1. Characteristic impedances, electrical lengths and
capacitances of single stage PA elements.

frequency 3.5 GHz, useful signal frequency bandwidth of
100 MHz and output power around 24 dBm that is approx-
imately 9 dB below 1-dB compression point. The 5G sig-
nals (FBMC, UFMC, FOFDM) were formed by using
Keysight SystemVue [15] and MATLAB software.

The results of output signal power before and after
the linearization are compared in Tab. 2 for useful signal
channels, for the adjacent channels at £100 MHz offset
from the carrier frequency over 2 MHz bandwidth. Also,
power improvement at these offsets is given in Tab. 2.
Figure 2 shows the output spectrum before and after the
application of the proposed linearization approach-1 for the
mentioned output power and frequency bandwidth of the
useful signal.

It can be observed from Tab. 2 and also from the fig-
ures that the FOFDM signals have the highest spectrum
power at £100 MHz offsets (where the dominant nonlinear
intermodulation products are of the 3rd order), then slightly
lower power shows UFMC and the lowest intermodulation
signal power is related to FBMC modulation format. The
applied approach-1 achieves the best improvement at
+100 MHz offset over the 2 MHz band for the UFMC
signals, then for the FBMC and slightly lower for the
FOFDM, which can be seen in the exact number from
Tab. 2.

5. Linearization of a Broadband
Doherty Amplifier

The microstrip two-way Doherty amplifier for the
broadband application in the frequency range of
0.9—-1 GHz was designed by the ADS software in [16] in
standard configuration with the quarter-wave impedance
inverter and transformer in the output combining circuits
with the characteristic impedance Ro= 50 Q and R,= Ro/\2,
respectively, the 3dB quadrature branch-line coupler at the
input to compensate for the phase difference of 90° caused
by the 50 Q quarter-wave impedance inverter at the output
and two offset lines.

Based on the nonlinear MET model inserted into the
ADS library for Freescale’s MRF281S LDMOSFET [17], the
broadband input (IMC) and output matching circuits (OMC)
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Modulation Output signal Power at -100 MHz offset Power at +100 MHz offset Improvement at +100 MHz
power [dBm] over 2 MHz band [dB] over 2 MHz band [dB] offset over 2 MHz band [dB]
before after before after before after - +
FBMC 23.83 23.93 —41.50 —58.25 —41.99 —56.65 16.75 14.66
UFMC 24.16 24.26 -39.96 —57.64 —40.94 —59.06 17.68 18.12
FOFDM 23.81 23.95 —34.99 -51.90 -37.02 —49.96 16.91 12.94

Signal Source FloatToTimed

Fig. 1.

Tab. 2. Results of linearization for three 5G modulation formats at 24 dBm fundamental signals output power.
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power and

modulation forms:

¢) FOFDM.

100 MHz

and

of the transistors in the carrier and peaking DA cells were
designed using the filter structures. The design process of
the broadband IMC and OMC of the amplifier includes
a few steps starting from the configuration with the ideal
lumped elements over the application of all necessary
transformations until the realization of the microstrip cir-
cuit adequate for practical applications. The matching cir-
cuits were designed by using appropriate source and load
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impedances determined by the source-pull and load-pull
analysis for the operation of the carrier amplifier in class-
AB (Vp=26V, Vgc=5.1 V) and the peaking amplifier in
class-C ('b=26V, Vgp=3.6 V). The DA maximum gain
at 0.95 GHz obtained in simulation for a single-tone excita-
tion is around 21 dB, the drain efficiency is maximally
58% at 30 dBm and 36% at 15 dBm input power levels.
The Doherty amplifier layout including the hairpin band-
pass filters, which are part of the linearization circuit, is
illustrated in Fig. 3. The signals for linearization are in-
jected into the input and output of the transistor in the
amplifier stages over the hairpin filters.

The Doherty amplifier designed in microstrip tech-
nology was analyzed in simulation to evaluate two lineari-
zation approaches for the 5G FBMC modulation scheme.
The tests were realized at 0.95 GHz carrier frequency (cen-
tral frequency of 5G downlink standardization range) with
useful channel spectrum bandwidth of 20 MHz for a range
of output power levels up to 1-dB compression point. Sim-
ulated results, Fig. 4, compare the lower and upper adja-
cent channel power-ACP at dominant third-order inter-
modulation products at +20 MHz offset from the carrier
over 2 MHz bandwidth for two applied linearization ap-
proaches. After the DA linearization, the ACP was im-
proved by approximately 10 dB for output power level up
to 31 dBm, whereas the linearization grade decreased to
5dB for maximal considered output power of around
34 dBm. It should be noticed that the output power of the
useful signal increases when the linearization approaches
are applied, especially in the case of approach-2. The de-
noted points in the figures correspond to the input power
level of the useful signal 8 dBm to 12 dBm with the 2 dBm
step. The linearization results achieved by approach-2 are
slightly worse than in approach-1 for the lower output power
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until 31 dBm and become better for approximately 2 dB for
higher output power levels.

6. Measurement Set-Up

The setup depicted in Fig. 5 was established for the
experimental validation of the linearization approaches
developed by our research team. The measurement system
was devised to facilitate the validation of these lineariza-
tion approaches, which typically employ two linearization
signals that, following digital processing in the baseband,
modulate the second harmonic of the fundamental signal.
This measuring system can generate three distinct and
synchronized signals: the fundamental signal and two line-
arization signals at the frequency of the second harmonic
of the fundamental signal.

The Analog Devices AD-FMCOMMSS5-EBZ evalua-
tion board, [18], was used as a signal generator unit. The
AD-FMCOMMSS-EBZ is a high-speed analog module
designed with two AD9361 chips enabling the construction
of a 4x4 MIMO system, [19]. The AD9361 is a high-
performance, highly integrated RF transceiver that operates
within the frequency range of 70 MHz to 6 GHz and offers
support for bandwidths ranging from less than 200 kHz to
56 MHz. Power is supplied to the board through two FMC
connectors, allowing for seamless integration with the
Zynq ZC706 FPGA platform, [20]. To manage communi-
cation and control of the FPGA platform featuring the
FMCOMMSS RF board, we leveraged the MATLAB envi-
ronment in conjunction with the Communications Toolbox
Support Package for Xilinx Zynq-Based Radio and Analog
Devices Transceiver Toolbox Add-Ons. The fundamental
signals and linearization signals originating from
MATLAB were transmitted through the FPGA platform to
the RF board. In this setup, one of the AD9361 transceivers
had its central frequency set at the fundamental signal
frequency using MATLAB, while the central frequency for
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Fig. 5. Experimental verification of linearization approaches: (a) Lab photo; (b) schematic diagram.
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the other ADO9361 transceiver was set to the second
harmonic of the fundamental signal. The first transceiver
was employed for generating fundamental signals, while
the second transceiver was dedicated to generating
linearization signals at the frequency of the second
harmonic of the fundamental signal.

To illustrate the outcomes of the linearization ap-
proaches, we utilized the Zynq ZC706 FPGA + AD-
FMCOMMSS-EBZ platforms to generate the 5G FBMC
signals, and to generate signals used for the linearization,
which were controlled in the magnitude and phase in
MATLAB. The impact of the linearization was assessed on
a fabricated two-way asymmetric Doherty amplifier-ADA,
operating at a central frequency of 0.9 GHz. We conducted
measurements of the output spectra and adjacent channel
power ratios (ACPRs) for both pre- and post-linearization
states, considering the 5G FBMC modulation format and
varying useful signal bandwidth. Measurement results were
observed using the EXA Signal Analyzer N9010A.

The ADA achieves a maximum transducer gain of
9 dB during measurement [8]. This was attained by biasing
the carrier amplifier in class-AB (Jp=5V, Vgc=-3V),
while the peaking amplifier operates in the class-C
(V'ob=5V, Vep=—5V) using the AP602A-2 GaAs
MESFET transistor in the amplifying cells. The asymmet-
rical DA carrier and peaking PAs were designed with
a Rogers 3010 substrate, which is 1.6 mm thick with
a 17 um metallization layer. Additionally, the measured
1-dB compression point of the amplifier occurs at
an output power of 15dBm, while ADA reaches
a maximum output power of 18 dBm.

7. Experimental Results

The ADA was tested using the 5G FBMC signal at
a 0.9 GHz carrier frequency with useful signal frequency
bandwidths of 5 MHz, 7.5 MHz, and 10 MHz. The meas-
urements were performed for the FBMC signal output
power level 0 dBm for both described linearization ap-
proaches. It should be mentioned that the maximal power
level is defined by the measured set-up equipment perfor-
mances that is FMCOMMSS5 RF board.

Figure 6 displays the output spectrum of the FBMC
signal before and after the application of the two lineariza-
tion approaches for the three considered frequency band-
widths. The figures demonstrate that the measurements
provide highly comparable results for the FBMC signal for
both applied linearization approaches for all inspected
frequency bandwidths. The measured FBMC output spec-
trum for the in-band signal part retains the same shape for
both implemented approaches, while out-of-band signal
parts have resembling shapes but little diverse values. The
results obtained from the measurements indicate that both
approach-1 and approach-2 show similar results. However,
the approach-2 resulted in a more symmetrical FBMC
spectrum compared to approach-1.

Table 3 presents the ACPR improvement by
linearization for the 5G FBMC signal of the considered
frequency bandwidths observed at the corresponding
offsets (x5 MHz, +7.5 MHz, £10 MHz) from the carrier
frequency.
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Fig. 6. Output spectrum for 5G FBMC signal for output signal
power 0 dBm before (blue line) and after linearization
by approach-1 (red line) and approach-2 (black line)
for: (a) 5 MHz, (b) 7.5 MHz and (c) 10 MHz useful
signal frequency bandwidth.
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FBMC
signal Improvement [dB] Improvement [dB]
bandwidth approach-1 approach-2
[MHz]
i - [~
at +5 MHz offset
> 434 | 48 | 431 | 486
at £7.5 MHz offset
73 3.2 | s18 | 53 | sa7
at £10 MHz offset
10 387 | 59 | 481 | 5.9

Tab. 3. Measured ACPR improvement for 5G FBMC
modulation for three different useful signal frequency
bandwidths.

8. Conclusion

Experimental linearization results acquired by two
digital linearization approaches applied to the asymmetrical
Doherty amplifier created in microstrip technology are
presented in this paper, as well as simulation linearization
results for the single stage power amplifier and the sym-
metrical microstrip Doherty amplifier. We analyzed the
effect of the linearization approach that uses baseband
signals of the 2nd order nonlinearity adequately shaped and
processed in magnitude and phase in baseband and then
modulates the 2nd harmonic of the fundamental useful
signal carrier. The linearization signals formed in this way
are then inserted at the input and output of the single stage
PA transistor. The linearization was performed in simula-
tion for the three most promising post-OFDM 5G modula-
tion formats: FBMC, UFMC, and FOFDM when the useful
signal bandwidth is 100 MHz. It can be inferred that a very
satisfactory improvement in adjacent channels, where the
3rd order intermodulation products are dominant, was
attained by applying the proposed linearization approach. It
should be mentioned that the FOFDM modulation scheme
has the worst linearity without linearization. Moreover, the
UFMC signals were linearized by the most level but similar
to the other 5G candidates. Moreover, a symmetrical
Doherty amplifier designed in microstrip technology was
tested in simulation for the 5G FBMC signal at 5G fre-
quency range of around 0.95 GHz and 20 MHz useful
signal bandwidth for the range of power. It can be spotted
that the satisfactory results of linearization were achieved
for two different approaches: when signals for linearization
are inserted at the input and output of the transistor of the
carrier amplifying stage (approach-1) and when they are
run at the outputs of the two amplifier stages in the
Dobherty topology (approach-2) indicating that better line-
arization impact has latter linearization approach for the
higher power up to 1-dB compression point. Furthermore,
the fabricated asymmetrical microstrip Doherty amplifier
was experimentally tested for the 5G FBMC signal at 5G
frequency range of around 0.9 GHz and 5 MHz, 7.5 MHz,
and 10 MHz useful signal bandwidths by the two men-
tioned linearization approaches. The measured results
demonstrated that approach-1 and approach-2 give very
similar linearization improvement for all analyzed signal

bandwidths pointing that the linearization by approach-2
achieves a more symmetrical signal spectrum than by
approach-1.
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