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Abstract

To further improve the spectral efficiency of the cooperative non-orthogonal multiple access (NOMA ) network
with half-duplex (HD) relaying and avoid the zero diversity gain due to the imperfect self interference

estimation at high signa-to-noise ratio (SNR) value with full-duplex (FD) relaying, this paper developed a
novel two-stage relay selection for a two-user multi-relay cooperative NOMA systems with adaptive-duplex
(AD) relaying which can switch opportunistically between HD and FD relaying modes. An adaptive duplex
based on fixed power allocation factor relay selection (AD-FPA-RS) scheme for cooperative NOMA networks

is proposed in this paper, the relay can switch the work mode to the FD or HD state adaptively according
to the current channel state information and the result of decode at the relay. Futhermore, the exact outage
probability for the proposed AD-FPA-RS scheme is obtained in closed-form expression. The simulation and
numerical results show that the proposed AD-FPA-RS scheme not only outperforms the existing HD-FPA-
RS and FD-FPA-RS schemes in terms of outage behavior significantly, but also can obtain full diversity gain
without the floor outage performance at high SNR region.
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1. Introduction technology can further improve system outage perfor-

d obtai tial diversity gain.
SPECTRAL efficiency, services with high data rates, mance ang obtain spatial civersity gam

and massive connectivity are the main factors to be In [4], a two-stage single relay selection (SRS) scheme
satisfied in the next generation wireless communica- ~ Was proposed for a two-user multi-relay cooperative
tion systems. Non-orthogonal multiple access (NOMA) NOMA system, and the closed-form expression for the
technique has recently received enormous interests €Xact outage probability is derived. The results illus-
due to the improvement on system spectral efficiency ~ trate that the outage performance of the proposed two-
significantly[1-3]. Cooperative NOMA as an important ~ Stage RS scheme is superior to the conventional max-
application is emerging from various research direc- ~ Min RS scheme and can obtain a better performance
tions, where users or dedicated relays cooperate to than orthogonal multiple access (OMA) significantly.
improve the transmission reliability. Specifically, in While in [4], the power allocation factor is fixed, to
cooperative NOMA systems, two or more user signals further improve the syetem performance, the two-stage
can be multiplexed in the power domain at the source =~ RS schemes based on half-dynamic power allocation
side and successive interference cancellation (SIC) is and dynamic power allocation (DPA) are proposed in
implemented at the strong user or decicated relay to [5] and [6], respectively. The proposed schemes can
assist the other users if using decode-and-forward (DF) ~ adjust the power alloction value of the transmission
relaying scheme. Moreover, in cooperative NOMA net- link adaptively to guarantee the maximum user data

works with multi-relay scenario, relay selection (RS)  Tate according to a corresponding criterion. In addi-
tion, in [6], two dual-relay selection strategies with

distributed space-time coding are discussed to achieve
*Corresponding author. Email: zjing4@cdtu.edu.cn a better outage performance without sacrificing spectral
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efficiency. One is namely two-stage dual relay selection
with fixed power allocation (DRS-FPA) and the other
is two-stage dual relay selection with dynamic power
allocation (DRS-DPA). It is to be noted that all the above
cited works adopted half-duplex (HD) relaying cooper-
ation mechanism for their study, where two orthogonal
resources (time slots or frequency bands) are allocated
for the respective reception and transmission at the
relay to complete the communication process. It is
straightforward to achieve full diversity gain with the
HD mode but the allocation of two orthogonal resources
imposes severe degradation in the multiplexing gain.

Full-duplex (FD) relay can transmit and receive
signals simultaneously in the same frequency band,
which can further improve the bandwidth wusage
efficiency of cooperative NOMA networks. Besides,
the development of self-interference (SI) cancellation
technology makes the application of FD technology in
practical communication possible. In [7], a pair of RS
schemes for FD/HD NOMA networks was investigated
insightfully, the simulation and analytical results reveal
that, the FD-based RS schemes outperform the HD-
bases RS schemes in the low signal-to-noise ratio (SNR)
region, while due to the impact of SI at the relay, the
FD-based RS schemes olny obtain a zero diversity order.
Ref. [8] and [9] studied the performances of FD relaying
system with other channel model. In [8], two stage
relay selection for cooperative NOMA system based
transmission between a source and two end users over
ii.d. slow fading generalized-K distributed channels
was introduced for HD/FD transmission with imperfect
SI cancellation And Nakagami-m fading channel along
with three specific relay selection schemes were studied
in [9], the impact of the number of intermediate
relays, the NOMA power allocation factor, and the
Nakagami-m fading severity parameter on the outage
performance of the NOMA users were evaluated. It
was demonstrated that the FD relay used instead of
HD relay in cooperative NOMA can, no doubt, yield
better performance under perfect SI cancellation, but
that performance gain depends very much on residual
SI under imperfect self-interference cancellation. At
high SNR region, the outage performance of FD NOMA
converges to an error floor and results in a zero
diversity order. Therefore, the superiority of FD NOMA
is no longer apparent with the values of residual SI
increasing.

To overcome the spectral efficiency loss and achieve
a full diversity gain, a two-stage relay selection
with adaptive-duplex (AD) protocol relaying for a
cooperative NOMA network is investigated in this
paper. The operation mode of the relays can switch
between FD and HD mode adaptively according to the
current channel conditions and the decoding results.
The motivation for opportunistic mode selection
stems from the fundamental trade-off between the

spectral efficiency and diversity gian: The half-duplex
mode avoids inherently the self-interference at the
cost of halving the end-to-end symbol rate while
the full-duplex mode achieves full symbol rate but,
in practice, suffers from residual interference even
after cancellation. Consequently, either mode can be
favorable depending on the channel states (the status
of relay set for decoding correctly). And then a
closed-form expression of the outage probability of
the proposed scheme is obtained. The simulation and
numerical results show that the proposed AD-FPA-RS
scheme not only yield better outage performance than
both the existing FD and HD relay selection schemes,
but also can achieve full diversity gain.

The rest of this paper is organized as follows. Section
II introduces the system model of cooperative NOMA.
The outage performance for the proposed AD-FPA-
RS scheme are developed in Section III. Simulations
and Numerical results are presented in Section IV to
illustrate the performance of the proposed scheme.
Finally, the conclusion is drawn in Section V.

2. System Model

Consider a two-user cooperative NOMA system consist-
ing of a source S considered as a base station (BS), N
full-duplex relays R, and two users U; and U,. Assume
that the BS and all the users are equipped with a single
antenna, and each relay is equipped with two antennas,
one for transmission and the other one for reception,
and note that the relays can switch operation between
FD and HD mode!. Besides, no direct link between the
BS and users exists due to obstacles or heavy shadow-
ing, therefore, the relays assist the users to communi-
cate with the BS. Suppose all the relay utilize decode-
and-forward (DF) scheme in this paper. Furthermore,
assume that all links undergo quasi-static Rayleigh
fading, and the instantaneous channel state information
(CSI) can be perfectly estimated at the related receivers
and fed back to the corresponding transmitter reli-
ably without delay”. Therefore, the system comprises
three wireless links, namely source-relay (SR), residual
self-interference (SI), and relay-destination (SD) link,
respectively.

During the time slot ¢, the BS broadcasts to all the
relays a superimposed mixture of s; and s, intended for
two users U; and U, respectively as:

x(t) = VBays (1) + VPazs,(t), (1)

where P; is the transmit power of the source, s; is
the desired signal for U; and «; denotes the power

IHere, we assume all the relays operate in the same mode at the same
time.

21t is assumed that perfect CSI can be obtained, our future work will
relax this idealized assumption.
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allocation coefficient, i € {1, 2}. Note that a; + a, =1
and a; > a; according to the NOMA protocol, more
power is assigned for the worse channel condition or
low data rate QoS requirement[3][4].

2.1. Full Duplex (FD) Relay Model

Consider the relays work in FD mode, due to signal
leakage, the self-interference exists, which can be
weakened by adjusting the antenna, analog circuit and
digital circuit. However, it is difficult to completely
cancel SI. Therefore, we assume imperfect interference
cancellation, i.e., residual interference exists, which is
modeled as Rayleigh fading channel, similiar to [10].
The signal received by the relay R, , n € {1,---,N}, at
time slot ¢ can be observed as

+ \/_gr t)x,(t

Self-interference

Valt) = gult +nR,,(t)l (2)

\_\/_.__/
Desired signal

where g, ~CN (0,1,) and g ~CN (0, A,) denote the
channel coefficient between BS and relay n and the self-
interference channel coefficient of relay n, respectively.
And 0<x <1 is the self-interference cancellation
factor, defining the level of residual interference.
In particular, ¥ = 0 implies perfect self-interference
cancellation, while ¥ =1 means no self-interference
cancellation technique implemented. The noise ng  is
the additive white Gaussian noise with zero mean and
variance of Nj. SIC is performed at the relays to decode
the signals for user 1 and user 2, respectively. Assume
the relay node R(y) is selected to transmit the decoded
signals for U; and U, among the available relay set,
meanwhile R(N) recodes the signals at time slot t, which
is shown as:

x,(t) = VPays (t = 1) + yPazsy(f - 1) (3)
where 7 denotes the processing delay at the relay?, and
P, is the relay transmit power, it is assumed P, = P;.
According to the decoding principle of SIC detection,
the conditions for a relay to decode the two signals, s;
and s,, are given by

=log, |1+ @118, >R (4)
RS =loea | o ig P i7p) = F
a |gn|2
RED 1 1 __eleml ) R, 5
2-r ng( +Kb|gr|2+1/p)_ 2 ( )

where p = P,/N, denotes the transmit signal-to-noise
ratio (SNR), and RFDr, i = 1,2 is the user data rate at the
relay. Then the selected relay R(y) forwards the signals
to the users. Hence, the received signal at user i is given

3 Assume that there is no the processing delay in this paper.

by
Vi(t) = hnyi(B)x,(t) + n;(t), (6)

where h(y); ~CN (0,1) is the channel coefficient
between the selected best relay R(y) and user U;, n; is
the additive white Gaussian noise with zero mean and
variance of Ny. Therefore, the achievable instantaneous
data rates for user 1 and user 2 in FD relay mode can be
obtained as follows:

aylhnl?
RPP =1log, |1+ ———— |, (7
! gz( 0(2|h(N)1|2 + 1/p )
aylhnl
REP =1 1+ ———|, 8
1-2 ng[ + 052|hN2|2+1/P ( )
REP = log2(1 +pazlhn) |2) (9)

where RFD is the instantaneous rate for user U; to detect
its own signals in FD relay mode, the SIC is carried out
at user 2 to remove the signal for user 1, and R 2, is
the instantaneous rate for user 2 to detect the 51gna1 for
user 1 in FD relay mode.

2.2. Half Duplex (HD) Relay Model

Different from FD relay mode, when the relays work
in HD mode, two continuous slots are required to
finish the information transmission, one slot is used for
receiving of S-R link, and the other is used for sending
signals of R-D link. Therefore, the signal received by
the nth relay R,, ne{l,---,N} at time slot t can be
observed as

YiP(t) = g, (t)x(t) + ng, (1), (10)

Similarly, the best relay is selected among the
available set, SIC detection is used at the selected relay
and all the users. Then the achievable instantaneous
data rates for user 1 and user 2 at the relay can be given
respectively as follows:

1 aylg,l® )
RAD — — oo (1 4+ —Lm | 11
1-r 2 ng( a2|gn|2 + 1/p ( )
1
RYE, = S log, (1+ azplgl?), (12)

The received signal at users U; can be presented as

yP(t+1) = hyi(t + 1) (VParsi(t+1)  (13)

+/Paysy(t + 1)) +n;(t+1),
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The achievable instantaneous data rate of user U; and
U, can be written respectively:

aylhgl?
RHD = 10 R U (14)
gz[ azlh(n)1|2 + 1/p
ayh(ul?
RHD =~ 1+ —1, 15
1-2 ng[ +a2|h 2|2+1/p ( )
RYP = logz (1+ paalhipl?). (16)

where RI.HD denotes the instantaneous rate for user U;
in HD relay mode, and RII{EZ denotes the instantaneous
rate for user 2 to detect the signal for user 1 in HD relay
mode.

2.3. Adaptive Duplex (AD) Relay Model

Compare the equations (7), (8), (9) at FD relay mode
and the equations (14), (15), (16) at HD relay mode,
it is easy to see that, if the channel conditions and the
transmission power are the same for FD and HD relay
modes, the instantaneous rates of the users under the
FD relay mode are twice as high as that under the HD
relay mode. In other words, as long as there is a relay
that can successfully decode the NOMA signals from
the BS, the FD relay mode can greatly improve the
spectrum efficiency of the system. However, in fact, the
existence of SI for FD relay mode limits the decoding
accuracy and affect the system performance. In order
to achieve a balance between the system reliability and
the spectral efficiency, an adaptive duplex relay model
is proposed in this paper. In the proposed model, the
relay can adjust its work mode switching between the
FD and HD state adaptively according to the decoding
results of the relay. For the proposed adaptive duplex
relay model, the signal received by the nst relay R,,, n €
{1,---, N} can be expressed as follows:

) + CD\/—gr

Define @ as the relay work mode factor, where @ =
1 and @ =0 denote the relay work in FD and HD
mode, respectively. Therefore, the instantaneous user
data rates at AD relay mode can be obtained as:

Yn(t) = gn(t t) + ng,(t), (17)

D
=1
RAD { iz @ i=1,2 (18)
T Ri~>r’ @=0
RfP, o=1
RAP :{RﬁD o_p i=L2 (19)
i 7 -
RP . o=1
AD _ 1—-2’
RS, = { RED o =0 (20)

3. Adaptive Relay Selection Strateqy

For the AD relay, its work mode can switch from FD
to HD or in reverse adaptively. Due to the imperfect

interference cancellation of FD relay mode, with the
system SNR increasing, the impact of residual SI is
dominant, then there will be an error floor. While HD
relay is free from self-interference, which can improve
the performance at high SNR. In order to exploit the
tradeoff between the spectral efficiency loss of HD and
the inherent SI of FD, we proposed an adaptive duplex
based on fixed power allocation factor relay selection
(AD-FPA-RS) scheme for cooperative NOMA networks.
A two-stage AD relay selection scheme is studied in this
section, in the proposed AD relay selection scheme, set
the initial operating mode of all the relays at FD mode,
the first stage is to find a subset of the relays which
can successfully decode the messages of the two users
U; and U, strictly, if the available relay set is not null
set, then the relays work in FD mode, otherwise, switch
all the relays to HD operation mode. In conclusion, the
available subset S, for the AD relay selection scheme
can be expressed by:

Sy :{n: logz(l +

a2|gn|2
1 1+ —=>—|>R,,
ng( +1<|grlz+1/10 -

h 2
all 2nl| )Z Rl
aslh >+ 1/p

allgn|2 )>
>Ry,
aslgul? + xlg? + 1/p !

log, (l +

allhn2|2 )
lo 1+ ———| >Ry,
52 ( arlh? + 1/p !

log2(1+pa2|hn2|2)2Rz,1 SnsN} (21)
={f1,20, f2,>0, 3,20, f4,20, f5, >0},
(22)

where

flu=lgl - & (pxlg+1), 2, =gl

& (PK|gr|2 + 1)! f3n= |hn1|2 -&, f4n= |hnz| &1

£5, = |hyl? = &. In addition, &; = aﬁa@a’ &2 = %
At the sencond stage, the max-min scheme is applied

to select the best relay from the available subset in the

first stage to assist the transmission. The details are as

follows:

ch.. = max, min{f1,, f2,, 3, f4. f5.}, |S/|=2

n max, min {hl,, h2,, h3,, h4,, h5,}, |S,|=
(23)
nyp = argchy.. (24)
Similar to  fj,, j=1,...,5 hl,=|g.|* - u1,
n= |gn|2 — K2, n= |hnl|2 e h4, = |hn2|2 et
h5, = |hl> = po. Where ¢ =2°Ri -1, i=1,2, p =
alg_léggl , Mo = % The available set B, for the
HD relay mode should meet the condition

B, ={h1,>0, h2, >0, h3, >0, h4, >0, h5, > 0}
to guarantee the system reliability. Compare the
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expressions of fj, and hj,, when the requirements of
the power alloction factors, the target data rate and
the channel fading condition are the same, it always
satisfyies f3, > h3,, f4,>h4,, f5,>h5,, in other
words, the main reason for the case that make the
available FD relay set be null set while the HD relay set
not depends on the value of residual SI. As the value of
residual SI increases, at least one of the terms between
f1,nand f2,nis less than 0, then the relay will switch
its operation mode from FD to HD adaptively.

4. Outage Performance Analysis

In this section, the outage probability of the considered
AD-FPA-RS scheme is analyzed. As we know, the
performance of FD-RS scheme is limited by self-
interference([7]. In the proposed scheme, when the FD-
RS scheme is not available, that is, the system is in
outage if using FD relay mode, then switch the relay
to HD-RS scheme. Therefore, the AD-FPA-RS scheme is
in outage if and only if both FD-RS and HD-RS are in
outage, then the overall outage probability of AD-FPA-
RS scheme can be expressed by

out —

PAD = pr {max min (fj,) < 0, maxmin (hj,) < O}
n

max (maxmm (fin) maxmin(hjn))< 0}
n

,min (hj,)) < o}
= Pr{min(fj,) <0, mm(h]n)<0} (25)

r{maxmax min (fj,)

where j=1,...,5. Theorem 1. provides an exact
expression for the overall outage probability achieved
by the AD-FPA-RS scheme in cooperative NOMA, as
well as its diversity gain.

Theorem 1. The overall outage probability in cooperative
NOMA with the proposed AD-FPA-RS scheme is given
by:

_ 7( L)g
P+v+ YK+ r
PAD _ | _ e " Her+d) Lo Arle
yrA +1 yEA +1
(26)

Proof. According to the complementary principle of the
probability,

Pr {min (f},) < 0, min (kj,) <0} = 1-Q; - Q5 (27)
where

Q=P in f]n ) > 0},
QZ—Pr n(fj,) <0, min (hj,) > 0},

According to the proposed AD-FPA-RS scheme, the
value Q; and Q; can be calculated as respectively:

C
Ql = Pr{lgn|2 = %(PKL?AZ + 1); |hnl|2 > 5; |h712|2 > %}

_r ot
e Pe?
=) 28
yrA +1 (28)
v d
QZ = PI‘{ < |gn|2 <= (pK|gr|2 ) |gr| > 5;
@ %
|y |* > E o > E}
oo n 4 oy _ye )R
—e Pe Pe p/\r_epe Pe (17’ (29)
yrA +1
where, C= —a1 e y = max(a 601(261, Z—i),

_ €1 _ €1 —7)
Y= a1*a281’v_max(a1 —arer’ az) d= max( ye )

Plug the equations (28) and (29) into the equations
(27) and (25), the equation (26) can be obtained. O

-3
When p — oo, % — 0, the function e ¢ can be approx-

imated as 1 — % Therefore, the outage performance PAP

for AD-FPA-RS scheme at high SNR can be expressed
approximately as follows:

y+i-p-v\"
yrA +1

AD

1
P = p_N Q+2v+ (30)

The equation (30) shows that the AD-FPA-RS scheme
can achieve full diversity.

5. Numerical and Simulation Results

In this section, the outage performance of the proposed
AD-FPA-RS scheme for cooperative NOMA systems is
evaluated by using computer simulation to vertify the
accuracy of theoretical analysis. Suppose that all the
channels are independent and identically distributed,
i.e., CN (0,1). The self-interference channel coefficient
of FD relay, g, ~CN (0,0.3) [11]. The proposed AD-
FPA-RS scheme as AD-FPA for short in the figures.
For the comparison with HD-FPA in [4] and FD-FPA
in [7], the parameters are set as the target data rate
Ry = 0.5bits/s/Hz, Ry = 2bits/s/Hz , a1 = %.

Figs. 1-3 show the outage probability for the
proposed AD-FPA-RS scheme with different relay
number N and self-interference cancellation factor
x =0,0.1,1, respectively. We can see that for all the
cases, the AD-FPA relay selection scheme not only
yield better outage performance than the FD-FPA and
HD-FPA relay selection schemes, but can also achieve
full diversity gain. That’s because the AD-FPA relay
selection scheme adaptively adjusts the operation mode
of the relay. When the residual SI is small, the relay
works in FD mode for most of the time, then the spectral
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Table 1. Numerical example for the case HD>FD

SI cancellation factor k | SNR p critical point
x=0.1 | p =25dB
p=167dB

k=1 |

efficiency of the system can be improved, otherwise, as
the residual SI increases, HD mode is perfered to avoid
error floor. Therefore, AD-FPA relay selection scheme
can achieve a tradeoff between the reliability and the
effectiveness.

Fig. 1 shows different outage probabilities of various
relay selection schemes, i.e., AD-FPA, FD-FPA and HD-
FPA, under the ideal self-interference cancellation state
x = 0. It can be seen that when the relay can completely
eliminate the impact of self-interference, the outage
performances of AD-FPA and FD-FPA are the same,
and the available rate of FD mode is twice that of
HD mode under the same channel condition, therefore,
FD mode will always be selected in the proposed AD
relay selection scheme. Fig. 2 and Fig. 3 give the outage
case for ¥ =0.1 and x =1 respectively. The smaller
the value of x, the better SI cancellation technology.
When the residual SI is large, the system is limited by
self-interference, if the relay still work at FD mode,
the system may be always in outage state. At the
moment, the transmission reliability is more important,
the proposed AD-FPA scheme will automatically switch
to HD mode, and the gain is smaller. As shown in Fig. 2
and Fig. 3, fix the number of relay, the gain of AD-FPA
relative to HD-FPA with x =1 is obviously less than
that of ¥ = 0.1, for example, the relay number N =8,
P,y = 1073, the proposed AD-FPA scheme outperforms
the HD-FPA scheme with « =1 at a gain 1dB, while
x = 0.1, the gain is up to 4dB.

In addition, we also give a numerical example as
shown in Table I, for a certain value of self-interference
cancelation factor x, when the value of SNR is greater
than a critical point, the outage performance of HD
mode is better than that of FD mode, it can be noticed
that the SNR critical point is only related to the value of
x and independent of the relay number. For example,
x = 0.1 and the SNR threshold p = 25dB, however, k =
1 the SNR threshold only p = 16.7dB. In conclusions,
the proposed AD-FPA scheme has taken vadvantage
of FD and HD relay mode, and improve the system
performance significantly.

6. Conclusions

The adaptive duplex cooperative NOMA network with
two users and multiple relays is considered, the relays
can switch freely between FD and HD operation modes.
An AD-FPA relay selection scheme is proposed to
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Figure 1. The outage performance of proposed schemes
for cooperative  NOMA, where Ry = 0.5bits/s/Hz, R, =
2bits/s/Hz, the power allocation factor a; :% and the
self-interference cancellation factor k¥ = 0 (perfect cancellation

technique) with relay numbers N =2, N =4, N =3§,
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Figure 2. The outage performance of proposed schemes
for cooperative  NOMA, where Ry = 0.5bits/s/Hz, R, =
2bits/s/Hz, the power allocation factor ay = % and the self-
interference cancellation factor x = 0.1 with relay numbers N =
2, N =4, N =8, respectively.

solve the zero diversity gain problem of FD relay
selection scheme. The relay can flexibly switch to
FD or HD operation mode according to the current
channel state and decoding results, and the accurate
closed expression of the system outage probability of
the proposed scheme is obtained. The numerical and
simulation results show that AD-FPA scheme is not only
better than FD-FPA and HD-FPA schemes in outage
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Figure 3. The outage performance of proposed schemes
for cooperative  NOMA, where R; = 0.5bits/s/Hz, R, =
2bits/s/Hz, the power allocation factor a = % and the self-
interference cancellation factor k = 1 (no cancellation technique)
with relay numbers N =2, N =4, N = 8, respectively.

performance, but also can obtain full diversity gain. The
proposed AD-FPA scheme adaptively adjusts the relay
between FD and HD mode to achieve a compromise
between the system reliability and effectiveness with
the maximum gain.
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