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Abstract

An interference suppression design scheme based on conjugate weighted butterfly interleaving
mapping ( CWBIM ) is proposed for inter-carrier interference (ICI) and inter-subband interference
(IBI)in the received signals of universal filtered multi-carrier ( UFMC ) systems. It applies an inter-
leaving mapping operation to subtract the interference coefficients of adjacent terms in ICI and IBI
twice, thereby achieving suppression effects similar to the self-cancellation ( SC) algorithm while
maintaining the original data transmission efficiency. Meanwhile, conjugate and complex weighting
operations can effectively suppress the impact of phase rotation errors in high-speed mobile channel
environments, thereby further improving the bit error rate ( BER) performance of the system, Moreo-
ver, butterfly operation can effectively control the computational complexity of the interleaving map-
ping process. Theoretical analysis and simulation results show that, compared with the PSC-UFMC
algorithm, the CWBIM-UFMC scheme proposed in this paper can effectively suppress ICI and IBI in
the received signal without compromising data transmission efficiency and reducing computational
complexity, thereby achieving good BER performance of the system.

Key words: universal filtered multi-carrier (UFMC) , inter-carrier interference (ICI) , inter-

subband interference (IBI), butterfly interleaving mapping

0 Introduction

Orthogonal ~ frequency  division  multiplexing
(OFDM) is widely used in the 4th-generation mobile
communication technology (4G ) because of its high fre-
quency utilization and good anti-frequency selective fa-
ding characteristics. However, OFDM itself also has a
large peak-to-average power ratio (PAPR), high out-
of-band radiation, and is very sensitive to phase noise
and carrier frequency offset ( CFO) and other de-
fects'"). To better support the performance challenges
faced by multiple scenarios in Sth-generation mobile
communication technology (5G) , an effective solution
is to optimize and improve existing technologies'?'. As
a result, filter bank multi-carrier (FBMC) "' | general
frequency division multiplexing ( GFDM ) and uni-
versal filtered multi-carrier ( UFMC) have emerged as
some new multi-carrier modulation techniques.

The UFMC technique was first proposed in Ref. [5].
Unlike FBMC which is filtered on a subcarrier basis,
UFMC uses subband filtering, and the interference be-

tween adjacent subbands is reduced after filtering,

1), Therefore, it can not

making UFMC very robus
only avoid the shortcomings of OFDM such as poor out-
of-band suppression performance and inability to sup-
port asynchronous transmission, but also overcome the
shortcomings of FBMC such as poor compatibility with
multiple-input multiple-output ( MIMO ) technology and
unsuitablility for short burst data transmission. Howev-
er, the filtering characteristics of the UFMC dictate
that the subcarriers within each subband still require
overlapping orthogonal and synchronous transmission,
and a certain amount of inter-subband interference
(IBI) is generated between adjacent subbands'’'.
Therefore, how to effectively perform interference sup-
pression is one of the current research hotspots of
UFMC.

There is a lot of literature on OFDM interference sup-
pression in China and abroad, but there is relatively little
literature on UFMC interference suppression. Ref. [8] used
the carrier frequency bias as well as the joint maximum
likelihood estimation of the channel to predict the ini-
tial CFO and design the frequency domain equalizer u-
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sing the rotation concept, then iterative methods are
used to find the true frequency, and finally the fre-
quency domain equalizer is used to remove multipath
interference. However, this method uses a rotational it-
erative search method to estimate the iterative step fre-
quency when suppressing multipath interference , which
leads to a large computational complexity. A linear
weighting algorithm for inter-carrier interference (ICI)
self-cancellation (SC)linear functions was proposed in
Ref. [9], so that interference self-cancellation and lin-
ear weighting of first-order functions are combined to
weight each subsequence with a linear product, ulti-
mately reducing the ICI of the received signal, but the
method requires a cyclic prefix and is not applicable in
UFMC systems. Ref. [ 10] performed symbol time com-
pression on OFDM symbols by tripling the subcarrier
spacing in half the duration, thus reducing the normal-
ized Doppler frequency by 50% , which enhances the
ability to suppress ICI. In Ref. [ 11], the UFMC-AIC
technique was proposed to obtain a higher transmission
rate as well as better BER performance by inserting a
predefined ICI interference cancellation algorithm be-
tween adjacent subbands and optimizing its weighting
factor, but the complexity of the algorithm is large.
Ref. [12 ] combined the idea of the SC algorithm in
OFDM into UFMC ( abbreviated as SC-UFMC ) and
proposed a partial interference cancellation (PSC) in-
terference suppression algorithm ( abbreviated as PSC-
UFMC) , but using the SC algorithm for the sequences
at both ends of the signal will lead to some loss of data
transmission efficiency, and the use of the windowing
technique to suppress interference will inevitably cause
some distortion and warping to the received signal it-
self'"*) | which in turn affects the system BER perform-
ance.

To solve the problem of high interference in the
UFMC, an interference suppression scheme based on
conjugate weighted butterfly interleaving mapping
(CWBIM ) is proposed. In this paper, the signals trans-
mitted in the UFMC system are derived through a
process of mobile communication channels with time-
varying and multipath effects, next the various interfer-
ence components in the received signal are analyzed.
Then, in response to the issue proposed in Ref. [12]
that SC-UFMC and PSC-UFMC can lead to a decrease
in data transmission efficiency, and the windowing
technique in PSC-UFMC can cause signal distortion,
CWBIM is proposed to address ICI and IBI in the re-
ceived signal, but also overcome the shortcomings of
reduced transmission efficiency and distortion of the re-
ceived signal while improving the computational com-
plexity less.

1 UFMC system model and interference
analysis

The structure diagram of UFMC system is shown

in Fig. 1.
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Fig.1 The structure diagram of a UFMC system

For the sake of analysis, here assume a single-us-
er scenario. First, at the transmitter side of the system,
the IV subcarriers in the UFMC are divided into B sub-
bands, and the number of subcarriers in each subband
is N, = N/B. Suppose the transmitted signal on the %£(0
<k< N, — 1) subcarrier in subband i (1 <i<B)is
S;(k), then it obtains the time domain signal s;(n) (0
<n <N - 1) after N-point inverse discrete Fourier
transform (IDFT) (0<<n<N - 1) can be expressed

5
as[ ]
Np-1

S; (n) = % 2 Si (k )eﬂ‘rr/m/;’V ( 1 )
k=0

Subband filtering is then performed, and the fil-
ters in each subband can be the same or different. In
the same way, it is assumed here that the filters are all
identical. Assuming that the length of f;(n)is L, then
the final transmit signal x(n) (0<n<N+L -1)can
be expressed as the superposition of the filtered time
domain signals in all subbands:

B
x()= Dox ()= X s () *f ()
i i=1

~

Y Y s fitn - D

=1 1=0

1 B L-1 Np-1 )

Wz Z zsl(k)f;(n _ l)eﬂn'ku/;\“ (2)
=1 120 k=0

where, f;(n) denotes the filter in subband i, x;(n)is

the signal obtained from s,( n) after filtering, and * de-

B
=1
B -1
=1

notes the linear convolution operation.
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When the transmitted signal is transmitted in the
channel, considering the multipath effect as well as the
CFO in the actual channel, the received signal y(n)
received at the receiving end can be expressed as

y(n) = x() #h (™™ + w(n)

P-1
= D axtn - ™ + o) (3)
p=0

where, h(n)is the channel impulse response with mul-
tipath effect; a,and p =7, (0<p<sP -1, 7,<S7,<""
<7, _, ) are the strength and arrival time of each sig-
nal, respectively; P is the number of all propagation
paths; &€ (0 <& <1)is normalized frequency offset
(NFO); w(n)N(0,c”)is additive white Gaussian
noise (AWGN).

Then the 2N-point fast Fourier transform ( FFT)is
performed on y(n). Since the length of y(n)is also N
+L -1 like x(n), it is necessary to add N =L + 1 ze-
ros before performing the 2/N-point FFT. The frequency
domain signal Y(m) (0<m<2N - 1) after a 2N-point

FFT can be expressed as
N+L-2 p_1

Y(m) = 2 ( Z apx(n —p)eﬂﬂnsm + a)(n))e_ﬂm”l/m

n=0 D=

B];’\"(;—l
= Y NS, U e = m)+ W)

i=1 k=0

Np-1
=S, (L, + X, S, U, G —m)
k=0,k#m
1CI
B Np-1
+ D XS, UL —m) + W)

i=1,i#bk=0

IBI
(4)
where W(m) is the frequency domain expression for
w(n), 1,(0)is the useful signal coefficient, and I, (k
—m)is the interference coefficient, which can be ex-

pressed as
| V2 et e
Ik —m)= NZ D Yafa-p-D
n=0 [=0 p=0
. eijTrkp/.“'\"efZ‘n‘(k—m/Zﬁ»g n/N (5>

It can be seen that when there is no frequency er-
ror in the system (i.e. £ =0), I, (0) achieves the
maximum value of 1. However, as & increases, 1, (0)
will gradually decrease and I,(k —m) will gradually in-
crease.

According to Eq. (4), it is easy to see that for a
transmit signal S, (k)in a given subband b, the inter-
ference in Y (m) contains IBI terms between different
subbands as well as ICI terms within the same subba-
nd. Owing to N, = N/B < N, the ICI terms of UFMC
are usually much smaller than that in OFDM with the
same N. In addition, considering the good compatibility

between UFMC and OFDM, the adjacent ICI in the
same subband of Y(m)also varies a little. Moreover, it
is easy to find that the interference coefficients of the
IBI terms in Eq. (4) are composed of I, (k —m),
therefore the IBI between adjacent subbands in Y(m)is
also relatively approximate, the SC algorithm in OFDM
can also be adopted in UFMC interference suppression.

2 CWBIM interference suppression scheme
In this section, a CWBIM-based interference sup-

pression scheme is proposed, as shown in Fig. 2. The
whole process can be divided into the following stages.

Fig.2 The structure diagram of conjugate weighted
butterfly interleaving mapping ( CWBIM)

Firstly, L(n) can be obtained by multiplying the
even sequences of s;(n)by a complex weighting factor
J/

¢™* and conjugating them to the odd sequences of s,(n) ,

which can be formulated by

e - even{s, (n)} n is even
L(n) = . .
(odd{s, (p)})" n is odd
/2 .
()
_ {e* s; (n n%s even (6)
s; (o) n is odd

where odd{+! and even{:! denote the odd and even
part of the extracted sequences, respectively, and
(+) " represents finding conjugation for a sequence.

Secondly, s, ,(n)and s, ,(n)can be obtained by
mapping the even and odd sequences of L(n) by the
following butterfly interleaving respectively, which can
be depicted as

L () n is even
S“(n): .
’ - L n is odd
/2 .
()
_ {e *sl n n%s even 1)
-5, (n) n is odd
odd{L(»)} n is even
Siz(n)= .
' —even {L(p)} n is odd
si* (n+1) n is even
{0 " ()
-e"s, (n = 1) n is odd

Finally, the desired sequence signal s;,"(n) can be
given by merging and adding s, , (n)and s, ,(n), that is
S = 5 G F 5, ()

B {ejﬂ/zsi(n)+ si (m+ 1)

e s, (n — 1= s ()

n is even

9
n is odd ®)
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According to the properties of discrete Fourier
transform ( DFT) , it is easy to get:

. . N/2 - DFT
s, )+ s, (n+ 1)

S (= k™M + S (k) (10)
s . N/2 - DFT

e’ s, (n = 1= ()

-8 (= k)= jS, (ke ™™ (11)

Therefore, if s,"(n)is applied as the time domain
signal in subband i, then the frequency domain signal
Y(m)and Y'(m + 1) on the m and m + 1 subcarrier
respectively after 2N-FFT can be expressed as

Y'(m) = 2; Az(,) [jS: (k) (£;(k = m)

—L(k=m=1)) +S7 (k)
(L(k-m+1) =L(k-m))] + W(m) (12)

B Ng2-1

Viim + 1= X 3 LS (k) (1L(k =m = 1)

I (k-m-2)) +8 (-k)

(Li(k=m) = [,(k-m-1))]
+Wimn + 1D (13)
The final received sequence signal Y (m)can be
achieved by subtracting Y'(m)from Y'(m +1) , that is

Y ) =Y (n+ 1D=Y ) =S, Gu) 2, (= 1= 1,00 =1, =2+ S, (= k2L, 0)—1,(= 1)=1,(1))

+
k=0,k%*m

Np/2-1 {]Sb(k)(zlb(k -m - 1)_[b(k —_ m)_lb(k -m —2)) }
" S: (—-k)(zlz(k _ nl)_'[b(k -m - 1)_-Ib(k -m + 1))

IC1

i#=b k=0

i=

+ i Nfﬁl{fsi(mzl,-(k —m = D= LG —m)= LGk —m -2))
1,- ST CRQEG —m) = LG —m = D=L —m +1))

} +Wim + 1= WGn)

IBI

According to Eq. (14), it is not difficult to see
that the proposed CWBIM interference suppression
scheme has the following advantages.

Firstly, similar to the SC algorithm in OFDM,
CWBIM adopts the idea of interleaving mapping, which
significantly eliminates the ICI and IBI terms in Y (m)
by subtracting the difference between two adjacent in-
terference coefficients I, (k —m) twice to achieve a good
interference suppression effect.

Secondly, SC (or PSC) algorithm is self-modula-
ted mapping for all (or part) of the sequences in the re-
ceived signals, which will inevitably reduce the data
transmission efficiency by half. Fortunately, the inter-
weaving mapping operation in CWBIM can inhibit ICI
and IBI while keeping the data transmission efficiency
of original signals unchanged.

Thirdly, according to Eq. (9), CWBIM adopts
operations such as conjugate calculation and multiplica-
tion of complex weighting factors to ensure that each
term in s, (n) contains a complex weighting factor and
a conjugate component, so that the influence of phase
rotation error caused by the received signal in the high-
speed mobile channel environment can be suppressed
effectively to further improve the BER performance of
the system.

Finally, CWBIM draws on the idea of butterfly

operation in FFT'* | therefore, the computation
amount of the entire interleaved mapping process is

limited.

(14)

3 Simulation results and algorithm com-
plexity analysis

In this section, performance simulation and com-
plexity analysis are performed for CWBIM-UFMC inter-
ference suppression scheme with conventional UFMC,
SC-UFMC, and PSC-UFMC mentioned in Ref. [ 12 ].
The simulation parameters are shown in Table 1. Given
that the actual 5G communication channel usually has
both multipath and Doppler effects, ITU-VB is selected

11"} and its power delay

as the simulated channel mode
distribution parameters'" are shown in Table 2. The de-
gree of multipath and Doppler effects in the channel is
adjusted by adjusting the number of propagation paths P
in the channel and the normalized frequency bias £. As-
suming that the effect of & is the same on each path.

Table 1  System simulation parameters
Parameters Values/Explanations
Bandwidth 8 MHz
Modulation QPSK, 16QAM
Number of subcarriers (V) 128
Number of subbands (B) 4,8
Prototype filters Dolph-Chebyshev
Filter lengths (L) 10
Number of propagation paths (P) 3,6
Channel model ITU-VB
Normalized frequency offset (&) 0.1, 0.5
Noise model AWGN
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Table 2 Power delay distribution parameters of ITU-VB

ITU-VB
Nu.mber of Relative Average
propagation paths( P) delay /s power /dB

1 0.0 -2.5
2 0.3 0.0
3 8.9 -12.8
4 12.9 -10.0
5 17.1 -25.2
6 20.0 -16.0

Firstly, the performance of interference suppres-
sion is analyzed. The proportion of interference in the
overall received signal can be measured by carrier in-

terference ratio (CIR) , which can be expressed as''®

AELICG ]

CIR:E[\I(m)\Z] (13)
where E[ |C(m)1?] and E[ |I(m) |*] are the carrier
power and the interference power of the received signal
respectively. According to Eq. (4), Ref. [12], and
Eq. (14), it is not difficult to derive the CIR of con-
ventional UFMC, SC-UFMC, PSC-UFMC, and CW-
BIM-UFMC at m =0 respectively as

L
C[Roriginal = Np-1 ‘ : b" Np-1
S+ Y Y L)
k=1 1=1,i#bk=0

(16)

121,00 -1, (- 1= I,(D|?

(17)

(18)

CIRy. =
Ng-1 B Np-1
Y 2= LG - LG+ D+ X X 2L G- LG -1 =[G+ D]
k=1 i=1,i#bk=0
121,00 -1,(- 1= L,(D |
Np-1 B Np-1
Y L o-LG-D-LG+D+ X X 2L -LG-D-1G+ D]
k=2 i=1,i#bk =0,k =even
CIR,. =
e ke {0,2,N, —4,N, -2}
1,
Np-1 ‘ : 03‘ Np-1 ke (3 7NB -5)
YL+ Y Y L]
k=1 i=1,i#bk=0
CIR ~ 121, (- D=1, -1, (=2 " + |21, (0)- I, (- D=1, (D |
CWBIM —

Np-1

D20, = D=1, Go= 1, G =2 | + |20, GO = 1, G = D=1, + 1 |*]
k=1

B Np-1

2 X2 G- D= LG = LG =2 > + |20, = LG = 1= 1,k + 1D [*]

i=1,i#bk=0

The method of variable control is applied to ana-
lyze the impact of P and & respectively on CIR per-
formance of various interference suppression schemes
with QPSK modulation and B =4. The simulation re-
sults are demonatrated in Fig. 3, from which the follow-
ing conclusions can be made.

(1)Fig. 3 shows the CIR plots of the above four
suppression schemes with £ =0.1 and P =3, 6. From
Fig.3(a) ,it is easy to find that the interference sup-
pression performance of all schemes deteriorates with
the increase of P, which indicates that the multipath
effect indeed affects the interference. It can also be
seen that the CIR of SC is significantly better than that

(19)
of PSC, while the performance of CWBIM is slightly
better than that of SC under the same P. This is be-
cause PSC adopts the windowing operation to reduce
the loss of data transmission efficiency, resulting in
significantly inferior interference suppression effect
compared with SC. On the other hand, CWBIM per-
forms interweaving mapping on the two sequences that
have undergone conjugate and complex weighting oper-
ations respectively, thas futher enhancing its ability to
resist multipath effects compared with SC.

(2)Fig. 3 (b) demonstrates the CIR curve of the
above four suppression schemes with P =3 and & =

0.1, 0.5. According to Fig.3(b), it can be seen that
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(b)P =6, & takes 0. land 0.5 respectively
Fig.3 The CIR performance of different schemes with QPSK modulation and B =4

the performance of CIR also deteriorates by the in-
crease of £ but the effect is not as obvious as that of P.
This is because the effect of P on the interference coef-
ficient I,(k —m)is larger than that of . It is also not
difficult to discover that CWBIM displays the best CIR
performance. lts primary reason lies in the fact that the
conjugate and complex weighting operations weaken the
effect of the phase rotation error caused by & in the
wireless channel to some extent.

Secondly, the performance of BER is simulated
and analyzed. Similarly, the method of variable control
is applied to analyze the impact of modulation modes,
B, P, and & respectively on the BER performance of
various interference suppression schemes, which can
be given in Fig. 4. From the results, it is not difficult to
discover the following conclusions.

(1) Fig. 4 (a) shows the BER plots of the above

four suppression schemes with QPSK and 16(QAM mod-
ulation respectively(B =4, P =6, £ =0.1). Accord-
ing to Fig. 4(a), it is easy to conclude that applying
different modulation modes can have a certain impact
on the performance of the system. Meanwhile, the BER
curves under QPSK are better than that of 16QAM, be-
cause of the superior fault tolerance. Given the complex
characteristics of time-varying multipath fading chan-
nels, QPSK is more applied in most cases.

(2)Fig. 4(b) depicts the BER plots of the above
four suppression schemes with QPSK (P =6, £=0.1,
and B=4, 8). From Fig. 4(b), it is not difficult to
discover that the BER performance of the system im-
proves with the increase of B when all other conditions
are the same. This is due to the fact that an increase in
B can further reduce the orthogonality requirement
between subcarriers in the subband and improves the
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0.1 and 0.5 respectively

Fig.4 The BER performance of different schemes

out-of-band rejection performance of the system. How-
ever, the increase in B also leads to an increase in the
complexity at the transmitter, therefore B =4 is more
appropriate.

(3) Fig. 4 (¢ ) demonstrates the BER plots of the
above four suppression schemes with QPSK modula-
tion, (B=4, £=0.1, and P =3, 6). According to
Fig. 4(c), it is easy to find that the performance of the
system deteriorates with the increase of P due to the
multipath effect, and different SNR would correspond
to different BER values when the rest of conditions are
the same and different P values lead to the change of
Doppler frequency shift. And it can be found that the
proposed scheme in this paper has a better performance
with a relatively small degradation of BER performance
due to the increase of P in the system, mainly because
the dual-path interaction mapping effect is equivalent to
a diversity effect that enhances the ability to combat
multipath effects in the environment.

(4)Fig.4(d)describes the BER plots for the above
four suppression schemes with QPSK modulation, B =
4, p=6, and £ =0.1, 0.5. From Fig.4(d), it can be
seen that the BER performance of the system deterio-
rates as & increases. The change of Doppler shift in the
high mobile channel leads to the change of the signal,
which will eventually lead to the change of & and affect
the BER performance of the system. The effect of & on
CIR has been analyzed before, and again, the larger €
is, the higher the degradation of system performance,
the more interference in the system, and the worse the
BER performance. The proposed scheme in this paper
has better BER performance mainly because the pres-
ence of conjugate and complex weighting factors in the
subcarriers can exhibit better system improvement due
to carrier phase rotation.

Finally, the complexity of different schemes is
compared and analyzed. The improvement of algorithm
complexity is usually measured by the computational
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complexity reduction ratio (CCRR) , which can be de-
fined by’

CCRR A (1 - Complexity of new algorithm )
o Complexity of the original algorithm
% 100% = (1 : Complexit}.f of CWBIM - UFMC)
Complexity of PSC — UFMC

x 100% (20)
The complexity of SC-UFMC is reflected by multi-
plying half of the transmit sequence by — 1, performing
2N-FFT at the receiver, and subtracting all adjacent
subcarriers. From Ref. [ 13 ], it is known that the 2/N-
FFT requires Nlog,2N multiplication operations as well
as 2Nlog,2N addition operations. Therefore, its multi-
plicative complexity Cpy . and additive complexity
Crga sc can be shown as

N
Civsc = 5 + Nlog,2N (21)

Cirsc = 2N +2N log,2N (22)

The computational effort of PSC_UFMC is reflec-
ted by multiplying the two transmit sequences by -1,
multiplying the sequences by the window function at
the receiver side, performing 2N-FFT at the receiver,
and subtracting the four sets of adjacent subcarriers.
Thus its multiplication complexity Cgy s and addition
complexity Cy, pg. can be given as

Civpse = N+L+1+ Nlog,2N (23)

Cinpsc =4 +2Nlog,2N (24)

The computational effort of CWBIM-UFMC is re-
flected by multiplying half of the transmit sequence by
a weighting factor, performing butterfly interleaving
mapping followed by bitwise merge summation, 2/N-
FFT at the receiver, and subtracting all adjacent sub-
carriers. Thus its multiplication complexity Cpy cwpy

and addition complexity Cp, cypy can be formulated

as
3N
Cryv_cwem = o + Nlog,2N (25)
Cia cwpy = 3N + 2N log,2N (26)

When N =128 and L = 10,
complexity and CCRR of the above interference sup-

the computational

pression schemes are shown in Table 3. It is easy to see
that the computational complexity of CWBIM-UFMC
has a small increase compared with PSC-UFMC.

Table 3 The computational complexity and CCRR of different
schemes with N =128 and L =10

Multiplication Additive
SC-UFMC 1088 2 304
PSC-UFMC 1163 2 052
CWBIM-UFMC 1216 2432
CCRR/% -4.55 -18.52

4 Conclusions

In this paper, the received signal of UFMC sys-
tems is analyzed and a CWBIM-UFMC interference
suppression scheme is proposed, which can effectively
suppress ICI and IBI in the received signal by butterfly
interleaving mapping with a small increase in computa-
tional complexity, while the data transmission efficien-
cy is improved. Theoretical analysis and simulation re-
sults indicate that, compared with PSC-UFMC algo-
rithm in the subband ?' ;| CWBIM-UFMC obtains bet-
ter results in the aspects of interference suppression
and BER performance only with a limited increase in
computational complexity, which is promising for prac-
tical applications.
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