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SUMMARY  The non-orthogonal multiple access (NOMA) approach
has been developed in the fifth-generation mobile communication systems
(5G) and beyond, to improve the spectrum efficiency and accommodate a
large number of IoT devices. Although power domain NOMA is a promis-
ing candidate, it is vulnerable to the nonlinearity of RF circuits and can-
not achieve high-throughput transmission using high-level modulations in
nonlinear environments. This study proposes a novel post-reception nonlin-
ear compensation scheme consisting of two blind nonlinear compensators
(BNLCs) and a frequency-domain equalizer (FDE) to reduce the effect of
nonlinear distortion. The improvement possible with the proposed scheme
is evaluated by using the error vector magnitude (EVM) of the received
signal, which is obtained through computer simulations. The simulation
results confirm that the proposed scheme can effectively improve the qual-
ity of the received downlink power-domain NOMA signal and enable high-
throughput transmission under the transmitter (Tx) and receiver (Rx) non-
linearities via a frequency-selective fading channel.
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1. Introduction

In recent years, novel mobile communication systems in-
cluding 5G [1] and its beyond have been developed glob-
ally. These systems primarily aim to accommodate a large
number of Internet of Things (IoT) devices along with the
heavy traffic of broadband users. The non-orthogonal mul-
tiple access (NOMA) approach can improve the spectrum
utilization of future systems by overlaying a large amount
of IoT traffic on the broadband service traffic using the same
radio resource [2].

Power domain NOMA [3] is a promising technique that
exploits the difference of the received signal powers and the
required data rates among the distributed users. The trans-
mitter based on power domain NOMA multiplexes inde-
pendent signal streams to the users via superposition, and
the streams are decomposed at every user by employing a
successive interference canceller (SIC) [4]. Various studies
have demonstrated the effectiveness of NOMA in enhancing
the spectrum utilization in downlink transmission [5].

However, the power domain NOMA systems face a
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major limitation due to the adverse impact of nonlinear dis-
tortions in the radio frequency (RF) circuits on the multi-
plexed signals [6], [7]. The signal for a user near the base
station (BS) is assigned a small power as it differentiates the
transmitting power for users based on their propagation loss
and required SNR. However, the total transmitting power,
including the far users, is still large, due to which the RF
circuits in the BS transmitter or the receiver front-end of the
near user may generate nonlinear distortions. It severely de-
teriorates the near-user signal with small power, which be-
comes evident when the SIC removes the large-power sig-
nal.

In order to mitigate the impact of nonlinear distortion
and bring out full potential of NOMA, introduction of a non-
linear compensation (NLC) scheme is promising. In gen-
eral, there are two approaches in NLC techniques. One is
the transmitter NLC (Tx-NLC), such as digital predistortion
(DPD) technique [8]. The other is the receiver NLC (Rx-
NLC), which compensates nonlinearity after reception [7],
[9]-[14]. Comparing two approaches from the point of sig-
nal transmission quality, Tx-NLC can compensate nonlin-
earity of the transmitter and suppress unnecessary emission
to the adjacent channel. However, it cannot reduce nonlin-
ear distortion generated in the receiver, which is serious in
power domain NOMA environments. Therefore, employing
Tx-NLC only is insufficient for the goal. On the other hand,
although Rx-NLC was originally studied for compensating
receiver nonlinearity, it has potential to compensate nonlin-
earities generated in both transmitter (Tx) and receiver (Rx)
at the same time [14]. This is advantageous for achieving
high-quality signal transmission required for NOMA when
the spurious emission regulation is not strict. Moreover, op-
timized combination of Tx-NLC and Rx-NLC will achieve
super-linear signal quality with low adjacent channel emis-
sion.

In ref. [7], an Rx-NLC method for NOMA system was
proposed. In this method, the receiver demodulates the
strong signal for the far user and this signal is used to es-
timate the nonlinear distortion. The bit error rate (BER)
performance can be improved by subtracting the estimated
distortion from the received signal. However, the estimation
of the nonlinear distortion performed in this method is insuf-
ficient because it does not consider the cross-modulation of
the far-user and near-user signals. This generates another
distortion component that cannot be compensated by this
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method.

More promising solution is the blind nonlinear com-
pensator (BNLC) [9]-[14]. It can compensate for all the
nonlinear distortions, including the cross-modulation com-
ponents, by using a polynomial-based nonlinear compen-
sator. It does not require additional signal information
to determine the compensator coeflicients, apart from the
bandwidth and center frequency. Therefore, BNLC can be
widely applied to many systems because it is independent
from modulations schemes and signal formats. Its perfor-
mance against nonlinearity of Rx circuit has been presented
under the flat Rayleigh fading propagation environments
[12]. A basic study was conducted by applying the BNLC
to NOMA in Ref. [13]. It is also suggested that the nonlin-
earity of both Tx and Rx can be compensated, for example,
by expanding the polynomial model to include the Tx non-
linearity and by considering the propagation channel gain
[14]. Therefore, BNLC-based scheme is considered to be
the most attractive solution for the goal.

However, to achieve the Tx nonlinearity compensation
in actual environments, the frequency selectivity of radio
propagation channel gain must be considered as it causes
waveform distortion, and the waveform of the resultant sig-
nal differs from that of the transmitted signal. When nonlin-
ear compensation is performed in the receiver through such
environment, the compensation performance changes and is
not always successful.

Therefore, this paper proposes a novel solution to mit-
igate the effects of nonlinear distortion on the downlink
power domain NOMA using the BNLC and the frequency-
domain equalizer (FDE). In the solution, the propagation
channel equalization and the nonlinear compensation are
separated in a configuration with two BNLCs and an inter-
BNLC FDE. The improvement presented by the proposed
scheme is evaluated by the error vector magnitude (EVM)
of the received signal. The computer simulation results
confirm that the proposed method can effectively improve
the quality of the received NOMA signal and enable high-
throughput NOMA transmission under the Tx and Rx non-
linearities via a frequency-selective fading channel.

The remainder of this paper is organized as follows.
Section 2 explains the downlink power-domain NOMA sys-
tem and its issues. Section 3 presents the principle of
the BNLC, which is followed by a discussion of the ef-
fect of the frequency-selective channel on nonlinear distor-
tion in Sect.4. In Sect.5, a hybrid scheme consisting of
two BNLCs and an inter-BNLC FDE is proposed. This is
evaluated in Sect. 6 through computer simulations assuming
a downlink NOMA environment. The conclusions of the
study are presented in Sect. 7.

2. Effect of RF Circuit Nonlinearity in NOMA

In [6], the effect caused by nonlinear amplifiers is quanti-
fied as the degradation of the EVM, and the reception per-
formance of the downlink NOMA for two user equipment
(UE) is evaluated. Figure 1 shows the system model of the
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Fig.1  System model for downlink power domain NOMA.

downlink power-domain NOMA when there are two UEs.
UEI1 is close to a base station (BS), whereas UE2 is far from
the BS. The signals transmitted to UE1 and UE2 are x(7)
and x,(f), respectively. The power domain NOMA differen-
tiates the transmitting power for the UEs as the propagation
loss values vary significantly among the users based on their
location. Based on the amplitude weight ratio,propagation
loss values vary significantly among the users based on their
location. Based on the amplitude weight ratio,c, the NOMA
signal, x is expressed as’

x=cxi+(1=-0)x, 0<c<0.5. @))

Here, the peak transmitting power of x; and x; in a sub-
carrier is assumed equal. Considering the propagation loss
difference between the UEs, the weight, ¢, is determined
such that the amplitude weight for UEI is smaller than that
for UE2. If UEI is close to the BS, high throughput can
be obtained by increasing the number of modulation levels,
such as 64 quadrature amplitude modulation (QAM) and
256 QAM even for a small value of c¢. After the UEI re-
ceiver creates a replica of the UE2 signal by demodulating
the larger signal x,, it subtracts the replica from the receiver
output signal, %. If % is affected by nonlinear distortion, the
resultant signal, %, deteriorates significantly due to the dis-
tortion, as shown in the figure. Consider,

X=x+p, 2

where p is the nonlinear distortion with an averaged relative
power level of L.

=

l= 3)

22
After the UE2 signal replica is subtracted, % is given as:
X =cx; +p. 4

The averaged relative distortion power level for x;, [, in-
creases from [ as:

"Nonlinear distortion depends on the amplitude of input signal.
For the NOMA system supposed in this paper, QAM signals are
superpositioned in a subcarrier. Then the maximum amplitude of
NOMA signal in the subcarrier is the sum of maximum amplitudes
for two signals. Therefore, we set the condition that keeps the
amplitude sum constant by using the amplitude weight ratio c.
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To obtain the above equation, we assume the stochastic in-
dependence between x; and x,. Consequently, the EVM
of X increases considerably, and the BER performance is
severely deteriorated. Therefore, reducing the nonlinear dis-
tortion and suppressing the degradation of multiplexed sig-
nals in the downlink power domain NOMA is crucial. This
study introduces the BNLC and FDE to mitigate the effects
of nonlinear distortion.

3. Blind Nonlinear Compensator (BNLC)

Firstly, the basic nonlinear compensation by the BNLC is
considered. Figure 2 shows the block diagram of the BNLC,
which is a post-reception nonlinear compensator. It is as-
sumed that the transmitted signal is unknown and the only
information available is bandwidth and center frequency of
the signal. Nonlinear distortion is assumed to occur either
on the receiver or the transmitter, or both.

Typically, nonlinearity in the input/output characteris-
tic of an RF circuit is expressed as an equivalent baseband
polynomial [15]:

P

y= ahi'x, ©)
=1
[(;dd

where x and y are the nonlinear circuit input/output signals
in the continuous-time domain, P is the maximum order of
nonlinearity, a, is the py, order nonlinear coefficient, and x,
y, and a,, are complex numbers.

Consider the nonlinear output, y, in Eq. (6) as the input
to the BNLC. The polynomial form can also be used for a
nonlinear compensator to realize an inverse characteristic of
the circuit. The input/output characteristics of the compen-
sator are given by:

Q

2= D by, @
=1
?)dd

where y and z are the compensator input/output signals in
the continuous-time domain, Q is the maximum order of
nonlinear compensation, and b, is the g, order compensator
coefficient. Q must be equal to or higher than P to achieve
high-accuracy compensation.

A nonlinearity of RF circuit device creates both in-
band and outband distortion components. Although it is
difficult to measure in-band distortion power from the un-
known input signal, the outband radiation power can be eas-
ily measured if the signal bandwidth is known. Since the
in-band distortion power is highly correlated to the outband
distortion power, we can minimize the total distortion power
by minimizing the outband distortion power. Based on this
property, the BNLC determines the coeflicient, b,, that can
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Fig.2  Block diagram of BNLC.

minimize the outband radiation power [9], [10]. The output
signal, u(t), from the outband rejection low-pass filter (LPF)
in the figure is represented as:

u = hipr * z, ()

where hy pr is the impulse response of the outband-rejection
LPF with the bandwidth of the original signal and * rep-
resents the convolution of two time-domain signals. The
outband nonlinear distortion component is obtained by sub-
tracting u from z. The outband rejection LPF must have flat
response throughout the signal band and sharp cutoff char-
acteristic for the outband.

Consider the BNLC, which processes discrete-time
digital signals in the equivalent baseband. Here, y, z, and
u are replaced by sample vectors, such that:

y:[yl,yz’”-’yls-H,yL]Ts (9)
z=[z1.2. 2] (10)
u:[u]?uz""’ul,"'7uL]T’ (11)

where L is the number of signal samples in a unit processing
block. Equation (7) can then be expressed in the discrete-
time domain as:

z = Ky(y)B, (12)
i yiPy - 2y
2 - 0-1
Ko(y) = y.2 |y2|. Y2 .7 | b2 (13)
yr lylyr lyrl® ' yo
T
B =|[bi.bs.....bg.....bo| (14)

where Ky(y) is the kernel matrix of the inverse characteris-
tic polynomial of L X (Q + 1)/2 and B is the compensator
coefficient vector. From the equations defined above, the
outband signal power can be represented as:

L

2

Poy = ZIZI - uyl
=1

llz - ull?
“KQ(y)B - u”z. (15)

B can be determined to minimize the outband signal power
using the least square (LS) method and can be defined as:
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B = (KJyKoy) Kimu. (16)

4. Effect of Frequency-Selectivity of Radio Propaga-
tion Channel on Post-Reception Nonlinear Compen-
sation

The unit RF signal bandwidth of the mobile communication
systems has increased to enhance the system capacity and
achieve high throughput. The wideband propagation chan-
nels exhibit frequency selectivity due to multipath fading.
Thus, a transmitted signal with nonlinear distortion channels
exhibit frequency selectivity due to multipath fading. Thus,
a transmitted signal with nonlinear distortion is affected by
the frequency-selective channel. This section discusses the
interaction between the post-reception nonlinear compensa-
tion and the equalization of the radio propagation channel.

The wideband propagation channel causes waveform
distortion that is modeled by a linear filter with a transfer
function of the channel. This waveform distortion can be
equalized by FDE using pilot signals inserted into the trans-
mitted signal. For example, both the orthogonal frequency
division multiplexing (OFDM) and single-carrier frequency
division multiple access (SC-FDMA) signals in the LTE-
Advanced and 5G systems periodically insert multiple pi-
lot signals in both the time and frequency domains [16] to
enable channel equalization. They employ low-level modu-
lation for tolerating noise and nonlinearity.

Figure 3 shows the concept of combining post-
reception nonlinear compensation with the FDE. In the fig-
ure, the Rx-NLM and Tx-NLM represent a receiver nonlin-
ear circuit model and a transmitter nonlinear circuit model,
respectively. H is the transfer function of the frequency-
selective radio channel. The transfer function of the FDE
is H™!, which is the inverse of the transfer function of the
radio channel. In (a), the BNLC is placed immediately after
the receiver and can perform the receiver nonlinearity com-
pensation independent of radio channel characteristics. The
FDE can then perform channel equalization after the nonlin-
earity has been removed.

Conversely, when nonlinear distortion is generated at
the transmitter as shown in (b), the receiver input waveform
is modified from the transmitted signal due to the frequency-
selective radio channel. In this case, the post-reception non-
linear compensation is unsuccessful with the receiver con-

C hannel _ Rg:gvgr ______________

—H |—'-| Rx-NLM HBNLCI——lFDE|'

—— e e e e = e e e e e e e e = e =

(a) Compensating for receiver nonlinearity.

Channel Recewer

Tranqmltter

—

(b) Compensating for transmitter nonlinearity.

Fig.3  Nonlinear compensation with radio propagation channel.
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figuration shown in Fig.3(a). To overcome this issue, the
order of the BNLC and FDE must be changed as shown in
Fig. 3(b). The BNLC can compensate for the Tx nonlinear-
ity regardless of the channel characteristics by first perform-
ing channel equalization.

Unfortunately, both configurations are dedicated to the
nonlinear compensation of one side, i.e., either Tx or Rx,
and cannot simultaneously handle the Tx and Rx nonlin-
earities. Therefore, another compensation scheme must be
identified that can simultaneously handle both nonlinearities
via a frequency-selective propagation channel.

5. Hybrid Nonlinear Compensation Scheme with Mul-
tiple BNLCs and FDE

This section proposes a new post-reception nonlinear com-
pensation scheme that comprises two BNLCs and an FDE
connected in series. It can compensate for the nonlinear dis-
tortions generated by the transmitter and receiver connected
via a frequency-selective propagation channel.

Figure 4 shows the signal-processing block diagram of
the proposed scheme. The transmitted signal is affected by
the Tx-NLM, frequency-selective channel, and Rx-NLM in
series. In the figure, the transfer function of the FDE is H -1
which is the inverse characteristic of the frequency-selective
propagation channel.

From the order of processing blocks, it is ideal
that BNLC,; first compensates for Rx-NLM, and BNLC,
compensates for Tx-NLM after equalizing the frequency-
selective channel. However, this is not possible because
the nonlinear coefficients of Tx-NLM and Rx-NLM cannot
be completely separated at the receiver side. In practice,
BNLC, first identifies the coeflicients of Rx-NLM that are
unaffected by the frequency-selective channel and removes
this distortion; the effect of the frequency-selective chan-
nel is then removed by the FDE, and the remaining non-
linear distortion which is mainly obtained from Tx-NLM is
identified by BNLC, and removed. Essentially, the com-
pensation of the combined nonlinearity is conducted in two
stages. Therefore, this approach provides a practical solu-
tion rather than the perfect solution for the tandem nonlin-
earity via frequency-selective channel.

When compared to the scheme in Ref. [14], which em-
ploys a single BNLC with a tandem nonlinear model, the
aim of the proposed scheme is similar in terms of simul-
taneously compensating the nonlinearities of the Tx and
Rx. However, the effectiveness of this scheme has been
confirmed only for the flat fading channels and not for the

AWGN _

Tr_an_sniitt_er_ _ Ch_al']_ntﬂ _ ___Rgcgn?r__
I nam o 7 Do ReniM 1 |
__________ ——o—_ )
~—.r| BNLC, }— FDE }— BNLC, |

Fig.4  Signal processing block diagram of proposed scheme.
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frequency-selective channels. The propagation channel gain
constant, 4, in the tandem nonlinear model must be trans-
formed to an impulse response form to cover the frequency-
selective fading channels with this scheme. This implies that
the tandem nonlinearity model must be extended to a mem-
ory polynomial form. In this case, the number of coeffi-
cients to be determined by the compensator increases based
on the product of the joint nonlinear order for the Tx and
Rx, and the impulse response length. For example, consider
that the maximum nonlinear order is three (the minimum
value) for both the Tx and Rx, and that the number of coeffi-
cients in the tandem nonlinear model is set nine [14]. When
the scheme is extended to the memory polynomial form [8],
the number of polynomial coefficients is multiplied by the
impulse response length in the samples or by its power, re-
sulting in a large number.

The necessary impulse response length depends on the
delay spread of the fading channel and the channel band-
width. For example, the 3GPP extended pedestrian-A (EPA)
model [16] specifies a seven-path model with a maximum
delay spread of 410 ns. Assuming a 20 MHz LTE-Advanced
channel, the required signal sampling frequency in the base-
band is approximately 60 MHz, considering the IM3 distor-
tion. In this example, an impulse response length of 25
stages is required to cover the delay spread. Thus, the re-
quired number of tandem model coefficients is multiplied
by 25 and results in 225 when using the memory polyno-
mial model in Ref. [17].

On the other hand, the proposed scheme separates
nonlinear compensation and channel equalization. Conse-
quently, the number of coefficients to be determined is the
sum of BNLC;, FDE, and BNLC,. For the same delay
spread condition as that of the tandem model, 5+25+5 = 35
coefficients are required for the proposed scheme, which is
less than 1/6th of the tandem nonlinear models. Therefore,
this scheme significantly reduces the amount of calculation,
reduces the convergence time, and enables greater stability
of operation in fast-fading environments.

Even if the large number of coefficients are success-
fully determined in the extended tandem nonlinear model,
another issue is known that nonlinear compensation per-
formance with the memory polynomial model is not better
[18] when the frequency-selectivity is severe. From the au-
thor’s other study results, EVM performance with the mem-
ory polynomial model is not better than single BNLC+FDE
[19].

Other precise memory models, such as the generalized
memory polynomial model [18], may be necessary for the
tandem nonlinear modeling. In this case, the number of co-
efficients increases further, requiring a huge number of sam-
ples to accurately determine the coefficients. However, col-
lecting a large number of samples requires considerable time
and increases the difficulty in tracking the fast-fading chan-
nels and updating the compensation coefficients. Therefore,
compressing the number of coefficients in the generalized
memory polynomial model is an important issue that re-
mains as the future work.
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6. Performance Evaluation by Simulations
6.1 Simulation Model and Settings

Consider the downlink two-user power-domain NOMA sys-
tem in Fig. 1. Figure 5 shows a block diagram of the pro-
posed NOMA receiver for UE1. A UE2 signal replica, x», is
generated from the proposed nonlinear compensator output
signal, z. It is then subtracted from z to regenerate the UE1
signal. The proposed nonlinear compensator consists of an
FDE, and two BNLCs, i.e., BNLC; and BNLC,, connected
before and after the FDE. The two BNLCs compensate for
nonlinearity independent of each other, such that the radi-
ation power of each outband is minimized. A rectangular
frequency response filter is realized by the fast Fourier trans-
form (FFT) method in each processing block as the outband
noise rejection LPF in Fig. 2. Pass bandwidth is set a little
wider to signal bandwidth. The FDE contains the inverse
transfer function of the radio channel.

The performance of the proposed nonlinear compensa-
tion scheme in the downlink NOMA transmission is eval-
vated through computer simulations using MATLAB. Ta-
ble 1 lists the simulation conditions. The transmitting sig-
nals are LTE-A for both UE1 and UE2, and the modulation
schemes used for UE1 and UE2 are 64QAM and quadra-
ture phase shift keying (QPSK), respectively. The NOMA
amplitude weight, c, is changed from 0.1 to 0.35. Both the
flat Rayleigh fading channel model and the 3GPP-defined
frequency-selective fading channel EPA model [16] are em-
ployed for evaluation and comparison. Fig. 6 presents the
frequency response of the EPA channel path loss model at a
center frequency of 2.25 GHz.

The Saleh model [20], which is a commonly used be-
havior model for microwave amplifiers, is used as the non-
linear input-output characteristic model of the RF circuit.
The AM-AM and AM-PM characteristics are given by the
following input/output functions:

XAl
AM/AM = —2— (17)
1+ ﬁ AT
UE2 signal UE2 signal| X2 @
SIC Demodulator| | Modulator »
Phase
Corrector

Receiver front end

i H

‘Proposed compensation
ischeme

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Fig.5  Signal processing block diagram of UEI receiver.
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Table1  System parameters.
UE1 UE2

Transmitted signal LTE-A/ OFDM
RF signal bandwidth 18.1 MHz
Modulation scheme 64QAM QPSK
NOMA amplitude weight 0.1-035 | 09-0.65
RF center frequency 2.25 GHz
Chanel model odel and BPA model
Maximum Doppler frequency 5Hz
Nonlinear model for Tx and Rx Saleh model
Output backoff for NOMA signal 9dB
Sampling frequency 61.44 MHz
Signal processing block size 4096 samples
Max. order of compensation 5
Number of coefficient updates 20 Max.
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Frequency (GHz)
Fig.6  Frequency response of EPA channel model.
2
Xpr
AM/PM = ——, (18)
1 +ﬁpr

where r is the amplitude of input signal and o4 p, B4, are the
parameters that determine the nonlinear characteristics. In
the simulation, a4, 84, ap, and Bp are set to 2, 1, —(7t/3), and
1, respectively, as the typical values. The output back-off
level for the Tx and Rx is set to 9 dB. Since the third-order
nonlinearity is dominant in the Saleh model, the maximum
order of compensators is set to five.

6.2 Performance in Flat Rayleigh Fading Environment

Figure 7 shows the distribution of signal constellation for
the NOMA system with ¢ = 0.35 via the flat fading channel.
Without nonlinear compensation, the NOMA signal constel-
lation in (a) is adversely affected by the device nonlinearity.
This results in the contaminated UE1 signal in (b) after the
UE?2 signal replica is subtracted from the constellation (a).
Nonlinear distortion is removed when the proposed scheme
is added and the NOMA signal becomes clean, as shown in
Fig.7(c). The UE1 signal after the SIC shown in (d) is a
64QAM signal with low distortion.

The EVM for the received signals is calculated to quan-
tify the signal quality. Figure 8 shows the EVM charac-
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teristic of UEI corresponding to the amplitude weight ra-
tio, ¢, under the flat Rayleigh fading environment. With-
out the BNLC, the EVM increases with the decrease in the
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NOMA amplitude weight, c. This is because the EVM for
UE1 depends on ¢, as shown in Eq.(5). In Fig.8(a), the
EVM is remarkably improved by the proposed scheme for
any amplitude weight c. In the detailed view in Fig. 8(b),
the required EVM values defined in the 3GPP standard [16]
are added by broken lines for reference, which are 8% and
3.5% for 64QAM and 256QAM, respectively. The simu-
lated EVM values can satisfy the 64QAM requirement for
all the amplitude ratios and satisfy the 256QAM require-
ment for ¢ = 0.17 or greater.

Figure 8 also indicates “Linear” EVM plots as refer-
ence that shows the EVM measured without nonlinear de-
vice and BNLCs. Although the difference of EVM val-
ues between Linear and the proposed scheme is small when
c is 0.35, it increases as ¢ becomes smaller. It is due to
the residual compensation error of BNLC, which influences
much for smaller c. The same degradation is observed for
the single BNLC with tandem nonlinear model in Ref. [14].
This scheme and the proposed scheme present similar per-
formance in the flat fading environment.

6.3 Performance in Frequency-Selective Fading Environ-
ment

Figure 9 shows the distribution of the signal constellation
for the NOMA system with ¢ = 0.35 under the EPA channel
model. It can be observed from Figs. 9(a) and (b), that the
signals are adversely affected by the device nonlinearity and
frequency-selective fading. With the proposed scheme, the
nonlinearity under the EPA channel is effectively compen-
sated as shown in Figs. 9(c) and (d). When compared to the
results in Fig. 7, the signal constellations are spread more
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Fig.9  Signal constellations via EPA channel.
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in Fig. 9(c) and (d), which indicates that the performance is
degraded from the flat fading case in Fig. 7.

Figure 10 presents the EVM characteristics under the
EPA channel model. It can be observed from Fig. 10(a) that
EVM is severely deteriorated by both the device nonlinear-
ity and frequency-selective fading when the BNLC and FDE
are not used. The EVM is improved with the FDE, but it is
insufficient when performed alone. The EVM is more than
20% for all the ¢ values, which cannot satisfy the required
EVMs. Even if a BNLC is added to the FDE, the EVM
cannot be improved by either BNLC; or BNLC, alone.
The single BNLC with tandem nonlinear model [14] also
showed insufficient performance under frequency-selective
fading environment. However, the proposed configuration
with two BNLCs and the inter-BNLC FDE can effectively
improve the EVM. In the detailed view shown in Fig. 10(b),
it is observed the simulated EVM values for UE1 with the
proposed scheme can satisfy the 64QAM EVM requirement
for the values of ¢ greater than 0.23. Although the required
EVM value for 64QAM is difficult to achieve for values of ¢
smaller than 0.23, it is confirmed that the proposed scheme
enables high-throughput NOMA transmission under the Tx
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(a) UE1 EVM characteristic.
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(b) Closed view of (a) (EVM of 0%—-25%).

Fig.10 UE1 EVM characteristics via EPA channel.
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and Rx nonlinearities via a frequency-selective fading chan-
nel.

7. Conclusions

This study proposes an advanced solution that employs the
BNLC and FDE to mitigate the severe effects of nonlin-
ear distortion on the downlink power domain NOMA. In
the solution, the frequency-selective channel equalization
and nonlinear compensation are separated in a configura-
tion with two BNLCs and an inter-BNLC FDE. The im-
provement presented by the proposed scheme is evaluated
by the EVM of the received signal. Computer simula-
tion results confirmed that the proposed method can ef-
fectively compensate nonlinear distortion and improve the
quality of the received NOMA signal. It enables high-
throughput NOMA transmission by using high-level mod-
ulation schemes such as 64QAM under the Tx and Rx non-
linearities via frequency-selective fading channels.
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