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ABSTRACT In the upcoming fifth-generation (5G) mobile network, the filter bank multi-carrier (FBMC)
technique provides an alternative to cyclic prefix-orthogonal frequency-division multiplexing (CP-OFDM).
The most fascinating features of FBMC are high spectral efficiency and extremely low out-of-band emissions
by removing the CP and using well-localized pulse shapes. FBMC exhibits intrinsic inter-carrier/inter-
symbol interference which can be mitigated by techniques such as offset quadrature amplitude modulation
(OQAM). However, OQAM does not work well in multi-path fading channels. Consequently, conventional
channel estimation methods and MIMO based upon space—time/frequency block coding are not straight-
forward applicable to the FBMC system. This paper presents two new transceiver architectures for the
FBMC/QAM matrix. First of all, the matrix models of the FBMC/QAM scheme are derived. Second,
based on the matrix models, three receiver methods are then described. Then, the scheme of combining
FBMC/QAM with channel estimation and MIMO is proposed. Finally, two simplified receiver algorithms
based on the matrix models are proposed. Simulation results indicate that the proposed transceivers of the
FBMC/QAM matrix scheme can directly combine with the channel estimation and MIMO techniques used
in conventional OFDM systems. Furthermore, the proposed transceivers of the FBMC/QAM matrix scheme

have almost the same BER performance compared with the conventional OFDM systems.

INDEX TERMS Multicarrier, FBMC, QAM, channel estimation, MIMO, complexity.

I. INTRODUCTION
Cyclic prefix-orthogonal frequency division multiplexing
(CP-OFDM) [1] as a physical layer interface has been widely
used in today’s digital communication systems. The CP of
OFDM improves robustness against impairments caused by
multi-path fading [2]. Unfortunately, this is achieved at the
expense of spectral efficiency. Moreover, due to the high out-
of-band (OOB) emissions caused by the rectangular pulse
shape, OFDM cannot support effective asynchronous access.
Among many new multi-carrier technologies, filter bank
multi-carrier (FBMC) [3]-[5] utilizes well-localized pulse
shapes to reduce the OOB emissions. It also has the advantage
of high spectral efficiency by removing the CP. Moreover,
FBMC does not need strict synchronization [6], [7]. The
attractive features of FBMC come at the expense of the intrin-
sic inter-carrier interference (ICI) and inter-symbol interfer-
ence (ISI). In order to mitigate intrinsic interference, FBMC
employs offset quadrature amplitude modulation (OQAM)

to transmit the real and imaginary parts of complex-valued
symbols. Although OFDM transmits QAM symbols directly,
the real or imaginary part of a FBMC/OQAM symbol is
delayed only by half of the symbol duration, so that the
symbol rate is twice as fast as OFDM. Therefore, they can
achieve similar spectral efficiency [8].

However, the complex-valued response of the channel
destroys the real orthogonality of OQAM, resulting in
that FBMC/OQAM cannot accurately estimate the channel.
Therefore, some preamble-based channel estimation methods
are proposed in [9]-[12]. Although these methods can indeed
solve the channel estimation problem of FBMC/OQAM,
the combination of OQAM and MIMO proves a challenging
research problem.

Lin et al. [13] propose a CP-OQAM pseudo-Alamouti
transceiver, but this scheme requires additional CP, which
degrades the spectral efficiency. Moreover, the combi-
nation of OQAM and MIMO [14]-[16] inherently has
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many disadvantages. Thus, some combined QAM and MIMO
solutions have been proposed. Zakaria and Ruyet [17] pro-
pose to transmit complex-valued symbols alternated with
null data, which can transform two-dimensional inter-symbol
interference into one-dimensional inter-symbol interference.
However, the bit error rate (BER) performance of FBMC
in [17] is still worse than that of OFDM. In [18], an iter-
ative interference cancellation MLD receiver was proposed
to perform per-tone MLD without performance degradation.
In [19], a FBMC system that can transmit QAM symbols
is proposed. It utilizes two filters on odd and even num-
bered sub-carriers to eliminate interference. However, the
orthogonality conditions of FBMC/QAM do not hold per-
fectly under multipath fading channels [20], [21]. Moreover,
the FBMC/QAM system mentioned in [19] has larger OOB
emissions compared with the OFDM systems. In [22], FFT-
FBMC is proposed without intrinsic interference in MIMO
system. However, the FFT-FBMC system needs additional
CP and also has the worse BER performance compared to
OFDM. LéI€ et al. [23] propose use Alamouti coding in con-
junction with OFDM/OQAM, but only when it is combined
with code division multiple access (CDMA).

Internet of Things (IoT) and machine-type-communication
(MTC) will play an important role in future wireless com-
munication systems. These application scenarios are mainly
short packet transmission. Therefore, the waveform demands
efficient support of short transmission bursts. Moreover,
in order to achieve efficient bandwidth traffic, the next gener-
ation systems also need to support multi-antenna technology,
i.e., MIMO.

In this paper, a new transceiver model for FBMC/QAM
is proposed. The characteristics of the proposed model
can be summarized as follows. The transmitter directly
transmits the QAM symbol, and the functional blocks,
such as upsample, multi-carrier modulation and pulse shap-
ing, can be described by matrix operations. Based on the
FBMC/QAM scheme, a transmitter architecture that is more
suitable for IoT and MTC communications is also proposed,
i.e., cycle superimposition-FBMC/QAM (CS-FBMC/QAM).
The proposed architecture can directly apply existing channel
estimation and MIMO technology, which makes it easier to
combine FBMC and MIMO. In addition, CS-FBMC/QAM
has shorter transmission bursts than OFDM, which can bene-
fit scenarios such as IoT and low latency. The corresponding
receiver based on the transmitter have three standard means of
detecting the signal, i.e., the matched filter (MF), zero forc-
ing (ZF) and minimum mean square error (MMSE), which
are different operations of the transmitter matrix. What’s
more, the impact on the performance of the receiver is com-
pared in terms of different pulse shaping filters. Meanwhile,
the combination of existing techniques (i.e., channel estima-
tion and MIMO) and the proposed FBMC/QAM and CS-
FBMC/QAM is also analyzed and simulated. Besides, based
on the ZF receiver, a low-complexity implementation of
the FBMC/QAM and CS-FBMC/QAM scheme is designed
finally.
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The remainder of this paper is organized as follows. The
FBMC/OQAM system model is reviewed in Section II
Section III describes the transceiver of the proposed
FBMC/QAM and CS-FBMC/QAM scheme. Channel estima-
tion and MIMO are presented in Sections IV and V, respec-
tively. The low complexity implementation is detailed in
Section VI. Section VII presents the simulation results, fol-
lowed by concluding remarks drawn in Section VIIIL.

Il. FBMC/0QAM SYSTEM MODEL

The system model of FBMC/OQAM is reviewed in this
section. The baseband equivalent of a discrete-time signal at
the output of the FBMC/OQAM transmitter can be written as
follows [24]

M—1N-1
s= )" Y dmngmn (), ey
m=0 n=0
where [ € Z is the sample index, a,, ,(n = 0,1,...,N —

1, n € Z) denotes the symbol transmitted by the sub-carrier
of index n during the m’th symbol time. g, ,(!) represents the
time and frequency shifted version of the prototype function
g(0), which can be expressed as

gma () =V g (l = %) 2)

where % <l< % + KN — 1, K is the upsample factor,
and generally K = 4.

Let r be the vector of time samples r[n] at the receiver. Fur-
ther, denote by w ~ N (0, 0;2) the additive white Gaussian
noise (AWGN). At the receiver side, the received signal can
be expressed as

r=Hs+w, 3)

where s is the vector of s (/), H denotes the channel. In AWGN
channels, we have H = I, hence r = s + w. For Rayleigh
multipath channels, H is a convolution matrix constructed
from a channel response /(n) with an exponential power delay
profile.

Before frequency domain equalization (FDE) and OQAM
demodulation, the desired signal for the n’s sub-carrier at time
m can be described as

3" Hpgtpg @0 AW @)

P.q)eQ
P.q)#(m,n)

Up,q

am,n = Hm,nam,n +J

KN—1

where (g% = > gmn (l)g:q (D), Hp.p is the channel
=0 '

frequency response, Uy 4 and wy, , are the associated inter-

ference and noise components, respectively. The channel fre-
quency response is almost constant over the neighborhood.
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TABLE 1. Intrinsic interference of am,n = 1 conveyed by the FBMC/OQAM transceiver.

m-4 m-3 m-2 m-1 m m+1 m+2 m+3 m+4
n-1 0.0054 0.0429;5 —0.1250 | —0.2058;5 | 0.2393 0.20585 —0.1250 | —0.0429;5 | 0.0054
n 0 —0.0668 0.00025 0.5644 1 0.5644 0.00025 —0.0668 0
n+l | 0.0054 | —0.0429j5 —0.1250 | +0.2058;5 | 0.2393 | —0.2058j —0.1250 0.04295 0.0054
. . . . j2mnl
Hence, equation (4) can be rewritten as where W is a KN x N matrix, w/'" = ﬁe Nog(), 1

&m,n = Hm,n(am,n +J Z

P,q)e
P,q)#(m,n)

Ap.q (gﬂﬂq) + Wi n. 5)

Up,q

Unfortunately, ()% # 8m pdnqg, Which means there is
intrinsic interference in the FBMC/OQAM system. Specif-
ically, the intrinsic interference of a,, , = 1 conveyed by the
transceiver of FBMC/OQAM is illustrated in Table I, where
the prototype filter used is derived from [3]. Fortunately,
when a,,, , is areal symbol, a,—1 5, Am+t1.0> Gm.n—1 and Ay 41
are imaginary symbols. Therefore, the intrinsic interference
can be avoided, which is the so-called OQAM. However, due
to the intrinsic interference, the conventional channel estima-
tion and MIMO schemes used in OFDM systems cannot be
directly applied to FBMC/OQAM.

Ill. FBMC/QAM TRANSCEIVER ARCHITECTURE

In this section, we present a new FBMC/QAM transceiver
architecture. According to this scheme, a model that is more
suitable for short package transmission is also proposed.
Moreover, the impact of different pulse shaping filters on the
BER performance is also compared.

A. FBMC/QAM AND CS-FBMC/QAM TRANSMITTER

The input of FBMC/QAM is a complex-valued QAM matrix
D = {dm,n} MxN® The elements of D correspond to a time-
frequency grid, where d,, , denotes the data transmitted on
the nth sub-carrier during the mth symbol time, N is the total
number of sub-carriers, and M is the number of symbols.
Then, D is reshaped by parallel-to-serial conversion to a
sequence

d = {di}ynxis (6)

where k =0,1,..., MN — 1,k € Z.

Similar to OFDM, the upconversion of the sub-carriers can
be realized through the Inverse Discrete Fourier Transform
(IDFT). This operation corresponds to a multiplication with
the IDFT matrix. However, in order to reduce the large side-
lobe levels resulting from the rectangular pulse of OFDM,
any schemes of FBMC, including FBMC/QAM, utilizes well-
designed pulse shapes. The combination of the IDFT matrix
and the prototype filter can be expressed as

WO,O O,N—1

w

WKN—I,N—I
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represents the sample index (! = 0,1,..., KN — 1,1 € Z).
The sub-carrier spacing is 1 /N. K is the upsample factor, and
generally K = 4. Conventional FBMC uses OQAM to trans-
mit the real and imaginary parts of complex-valued symbols,
and the real or imaginary part is delayed by half the symbol
duration. However, the proposed scheme of FBMC directly
uses QAM, hence contiguous symbols partially overlap one
another with N as shown in Fig. 1. Therefore, the overlap
and sum structure of the matrix can be composed of W as
illustrated in Fig. 2.

OFDM
™ cp
| Symbol 1 | Symbol 2 | Symbol 3 | Symbol 4 | Symbol 5
L T T T H
(] [ | [ [ J
C "
FBMC/OQAM
| Symbol 1 J
— \ —
[ T T | Symbol 2
Symbol 3 [ [ I |
Symbol 4 | [ [ ]
Symbol 5 [ [ [ I |
Symbol 6 | [ [ I |
Symbol 7 | [ [ I |
Symbol 8 | [ [ [ 1
Symbol 9 | [ [ I ]
+ Symbol 10 [ [ [ [ ]
C I
FBMC/QAM
L Symbol 1
K
[ [ I
Symbol 2| |
Symbol 3 [ |
Symbol 4 | |
Symbol 5 | [
C N
CS-FBMC/QAM
Symbol 1
‘F : +
Symbol 2|
[ Symbol 3
| Symbol 4|
[ Symbol 5|

Time
FIGURE 1. The length of symbols in time-domain.

The output of the transmitter in the FBMC/QAM system
can be carried over to the more convenient form as follows

s = Gd, ®)

where G is the transmitter matrix of the FBMC/QAM
scheme. This expression for generating the transmit signal
allows applying standard receive methods. Moreover, with
respect to implementation, the transmitter is just a matrix

63989



IEEE Access

F. Li et al.: QAM Signal Transmission Based on Matrix Model in FBMC Systems

e

{KN +(M -DN}x MN

FIGURE 2. Matrix structure for the transmitter in the FBMC/QAM
transceiver.

multiplication. Hence, a benefit of the new transceiver of
FBMC/QAM is that scaling the matrix or using different
precomputed matrices is an easy way to adapt the transmit
signal to different frequency bands. The transmitter of the
proposed FBMC/QAM scheme also can be expressed as

M—-1N-1

s =" dmngmn (D)
m=0 n=0
M—-1N—-1

=33 e g (1 = mN), ©)

m=0 n=0

where [ € Z is the sample index, a,, , denotes a complex-
valued QAM symbol. This means that FBMC/QAM can
select arbitrary QAM symbols like OFDM rather than only
using the real or imaginary symbol like FBMC/OQAM.
Of particular note is that the symbol rate of the FBMC system
which transmits QAM symbols is the same as CP-OFDM.
However, the time domain symbol length of FBMC/QAM is
much longer than that of OFDM, which is not suitable for
short package transmission.

In order to reduce the time domain symbol length of
FBMC/QAM scheme, a CS-FBMC/QAM scheme is also
proposed, which is a different form of FBMC/QAM. Cycle
superimposition can also be implemented by a matrix, and
the final constructed matrix is shown in Fig. 3.

The output of the transmitter in the CS-FBMC/QAM
matrix scheme is given by [25]

s=Gd, (10)

where G is the transmitter matrix of the CS-FBMC/QAM
scheme. The benefits of the CS-FBMC/QAM matrix scheme
lie that the transmission time domain signal is shorter than
the CP-OFDM systems. Hence, the CS-FBMC/QAM matrix
scheme is more suitable for short package transmission.
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FIGURE 3. Transmitter matrix model for the CS-FBMC/QAM scheme.

B. RECEIVER

1) MATCHED FILTER RECEIVER

One way to receive the FBMC/QAM signal is to apply a
matched filter on each sub-carrier separately. The main dis-
advantage of the MF receiver is that the ISI and ICI resulting
from non-orthogonal pulse shapes can severely deteriorate
the BER performance. As the received signal is arranged into
a vector, the matched-filter receiver is described as follows

d = G"r, (11)

where (-)¥ denotes Hermitian conjugate.

2) ZERO FORCING RECEIVER

Another method is the ZF receiver, which uses the inverse
transmission matrix to mitigate the ISI and ICI. The ZF
receiver can be described as

d=G"r, 12)

—1 . .
where GT = (GH G) G . However, it also gathers noise
from outside the band of interest, which results in noise
enhancement.

3) MINIMUM MEAN SQUARE ERROR RECEIVER

A major drawback of the ZF receiver is that the noise might
be amplified. This weakness is addressed by the minimum
mean square error (MMSE) receiver

d = G'r, (13)
2 —1
O,
Gl = (—gl + GHG) GH. (14)
94

C. CONDITION NUMBER

Thanks to matrix theory, it can be seen from (8) that if the
condition number of matrix G is large, the numerical stability
is poor. That is, a slight change in s may cause a great change
in d. However, if the condition number of matrix G is small,
the numerical stability is good. That is, a slight change in
s only cause a small change in d. Therefore, the condition
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TABLE 2. Condition number.

Filter type PHYDYAS in [3]

6.6966

SRRC (roll-off factor r=0.1)
2.6535

Condition number

number of matrix G can be used as a criterion for selecting
the filter.

After the singular value decomposition of matrix G,
the singular value matrix is obtained. Taking out the max-
imum singular value and the smallest singular value in
matrix G, the ratio of the two value is defined as the condition
number. Actually, the condition number indicates the sensi-
tivity of calculation to errors. As can be seen from Table II,
the condition number of the PHYDYAS filter and the square
root raised cosine (SRRC) filter are 6.6966 and 2.6535,
respectively. Therefore, from the perspective of condition
number, it can be predicted that the receiving performance
of the SRRC filter is better than that of the PHYDYAS filter.

IV. CHANNEL ESTIMATION FOR FBMC/QAM SCHEME

In this section, our purpose is to verify whether the pro-
posed FBMC/QAM matrix scheme can use the same channel
estimation technique used in conventional OFDM systems.
Fig. 4 describes the pilot positions in seven symbols.

t

|:| Data
|:| Pilot

;

FIGURE 4. Pilot positions of per RB in seven symbols.

A. IDEAL CHANNEL ESTIMATION
In OFDM systems, after removing the CP, the output signal
of the channel can be expressed as

r(n)=sm®h@m+wn), (15)

where ® denotes circular convolution. In the frequency
domain, equation (16) can be written as follows

R=SH+W, (16)

where H and W are the DFT of h(n) and w(n) in (16),
respectively.
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For ideal channel estimation, the channel characteristics H
in the frequency domain are well known at the receiver side.
Consequently, after FDE, the OFDM frequency signal can be
expressed as

- R
S=—=S+W, 17
7 + amn
where W = W/H.
In the FBMC/OQAM system, equation (5) can be rewrit-
ten as
&m,n = m,n(am,n +jup,q) + Winn- (18)
The intrinsic interference ju, , is the imaginary part from
the neighboring symbols and sub-carriers. Therefore, we can
select the real field to obtain the accurate demodulated signal
after FDE.
In the FBMC/QAM scheme, after MF detector, the output
signal can be described as

am,n - Hm,ndm,n + Z

P,
@.q@)#(m,n)

Hy qdp g (@)% +Wmn.  (19)

1]“7

It can be seen that the intrinsic interference I, , cannot be
eliminated by the MF receiver. Therefore, the ZF or MMSE
receiver needs to be employed to eliminate the intrinsic inter-
ference.

B. LS CHANNEL ESTIMATION

The optimality criterion of the least squares (LS) method is to
minimize the least square errors to find an optimal estimator
for the unknown parameters. The normalized value can be
written as

Hjs = argmin {([i — Hd)H (21 — Hd) } (20)

The channel coefficient of FBMC/QAM using LS estimation
at pilot positions can be obtained as follows

His, = —, 2D

S

where 57,, and d,, denote the pilot position in dandd, respec-
tively. Thus using interpolation methods can obtain the whole
channel characteristics Hyg. Since the intrinsic interference
can be eliminated by the ZF or MMSE receiver, a nearly
accurate channel coefficient can be obtained.

However, when OQAM demodulation is applied in the
FBMC/OQAM system, the channel coefficient H,,, is
destroyed by selecting the real field. Therefore, it is difficult
to implement real channel estimation in the conventional
FBMC/OQAM system due to OQAM.
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FIGURE 5. Block diagram of the MIMO FBMC system with Alamouti SFBC.

V. SPACE-FREQUENCY BLOCK CODING FOR

FBMC/QAM SCHEME

The simplified block diagram for MIMO FBMC systems with
Alamuoti SFBC is shown in Fig. 5. The transmit data d from
(6) is firstly applied to SFBC encoding. Then, the output
signals d' and d? for the first and second transmit antenna
are defined as follows

d=[ddy-- dunl", (22)
T
dl = [d19_d;7 ) dla_ ;:_1’ IR dMNfl’_d[TlN] s (23)
T

d* = [do.d}, - digr.df, - dun dyy ] (24)

where i = 1,3,---, MN — 1. The two data d! and d? are

modulated with the FBMC/QAM transmitter independently.

Therefore, the receive signal y” at receiver antenna r is writ-
ten as

y =H"Gd! + H" Gd*> + w', (25)

where H”” is the channel convolution matrix from the transmit
antenna ¢ to receive antenna r.

At the receiver side, before SFBC combining, the signal on
each of the R receiver antenna is demodulated by matrix B

ar — Byr — ledl +H2rd2 +Wr’ (26)

where H" denotes the DFT of the channel impulse response

W, B is the receiver matrix, which can be the MF,

ZF or MMSE matrix. For ease of exposition, we regard B =

(GH G)_IGH as the ZF receiver matrix. Equation (28) can
also be described in detail as follows

df = H}"d; + HY diy1 + W], 27)

dfyy = HY\(~dfy) + HY df + Wi, (28)

where Hi” denotes the ith point of the DFT of the channel
impulse response 4™, and fli’ is the ith point of the d’ on the
receiver antenna r. Therefore, the SFBC combining is carried
out separately according to the following rule

XK HY A+ HEEL)

SR (P )

Y HPYd) — HY @l )
SR H )

+wi,  (29)

disy = +iisr. (0)
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VI. LOW COMPLEXITY IMPLEMENTATION OF THE

TWO PROPOSED FBMC/QAM SCHEME

Since intrinsic interference cannot be eliminated by the MF
receiver, and the MMSE receiver has an impractical complex-
ity, this section investigates a low-complexity implementation
of the ZF receiver.

A. FBMC/QAM LOW COMPLEXITY IMPLEMENTATION
As shown in (12), the ZF receiver can be rewritten as

d= (GHG)_lGHr. 31)

We define that B = (G G)‘1 and P = Gr. Then, (31) can
be regard as
d=B.P, (32)

R A n ~ T
whered = |[dijdy---dy | , P = [P{P2---Py]7. Bis an
MN x MN symmetric matrix as follows

C1’1 C1,2 CI,M
G Cop Com
= . . . , (33)
Cui Cun Cu.m
where C;; = C;; i,j=1,---,M,and C;jisan N x N
circulant matrix
C1 Cn e C2
c C1 .. Cc3
Cij=1|. : - N (34)
Cn Cn—1 ce (&)

All circulant matrices can made diagonal through the use
of the DFT. Therefore, C; ; can be expressed as

C= ]'—_OOA,‘J}—, 35)

where 7 ~°° and F represent the IDFT and DFT, respectively.
Ajj = diag (¥; ;) and ; ; is the DFT of the first column of C; .
Then, d; from d can be calculated by the following equation

M M
d; = Z Ci,ij = Z F_lAi’jFPj, (36)
= =1

where i,j = 1,2,---,M. The detailed diagram of the
FBMC/QAM-ZF low complexity receiver is shown in Fig. 6.
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TABLE 3. Simulation parameters for the proposed FBMC/QAM scheme.

d, F'AF | F'ALF o | FTAF P,
d, F'A, F| F'A,,F F'A,,F P,
= X
d, F'Ay F|F'Ay,F| o |F'A,F P,

FIGURE 6. Diagram of the FBMC/QAM-ZF low complexity receiver.

B. CS-FBMC/QAM LOW COMPLEXITY IMPLEMENTATION
In this section, we study on the low complexity implemen-
tation of the CS-FBMC/QAM matrix scheme [26]. Without
loss of generality, the received signal can be simplified as

r=Gd+w. (37)

Then the DFT is applied on both sides of (37). Hence,
the above equation can be expressed as

Funt = FunGFyy Fund + Funw. (38)
Let B = FynGF 1;11 , equation (38) can be rewritten as
f=Bd+w, (39)
where T, d and w denote the frequency signals of r, d and w,
respectively.

It is found that B has the following characteristics:
B= [B(l)B(Z) .. ~B(N)], where

L 0 e 0]
0 bé") 0
0 0 bﬁ
B™ = : (40)
)
bv-1ym+1 " 0 - 0
n
0 b(N—l)M+2 0
: : o
o 0 e b

According to the structure of B, one can obtain a diagonal
block matrix by rearranging rows and columns. The specific
arrangement is as follows. TakE a row in every M rows and
select one in every M column, then pile them together. The
resulting diagonal block matrix B is as follows

B

B;

=<}
Il

) (41)

By v emn

VOLUME 6, 2018

Parameter Value
OFDM FBMC
Modulation QPSK, 64QAM
Samples per symbol N 128 128
Number of active sub-carriers Nonp, 36 36
Block size (symbols) M 7 7
Sub-carrier spacing (kHz) 15 15
CP length (samples) Lcp 9 9
Shaping pulse Rectangular SRRC
Roll-off factor r - 0.1
Channel model h, AWGN, PB
PB delay (ns) [0 200 800 1200 2300 3700]
PB power (dB) [0-0.9-4.9 -8.0 -7.8 -23.9]
Channel coding Turbo code
Pilot spacing (sub-carriers) 6 [ 6
Estimation algorithm Ideal/LS

where By, is an N x N matrix. The structure of B,, is repre-
sented as follows

) @ o ™)
a @ )
~ bM+m bM—i—m T bM—i—m
m — . . .
) @ ™)
biv_vmsm  PN—1M4m by 1w +m

(42)

In order to ensure equality of both sides of the equation, ¥
and w also perform the same row arrangement as B to obtain
r and w. (_l~ also performs the same column arrangement as B,
to obtain d. Thus, the arranged expression can be written as

F=Bd+w. (43)
Since B is a diagonal block matrix, each of the sub-block

can be solved independently. Therefore, equation (43) can be
broken down into

f'm = I~3mam + vNVm‘ (44)

Thus the receiver can divide the data into small pieces to
obtain the signal

d, = QF,, + QW,, (45)

where Q is the receiver matrix. In order to recover the desired
signal, it is necessary to take a column in every M columns
ofd to get d'. Then, the final signal d’ can be obtained after
the IDFT.

VIl. SIMULATION RESULTS

In this section, we compare the BER performance of
the proposed FBMC/QAM and CS-FBMC/QAM matrix
scheme with those of the conventional FBMC/OQAM and
OFDM systems. The detailed simulation parameters are listed
in Table III.

A. POWER SPECTRAL DENSITIES OF OFDM, FBMC/QAM
AND CS-FBMC/QAM

Fig. 7 compares the power spectral density (PSD) of the pro-
posed FBMC/QAM, CS-FBMC/QAM and OFDM systems.
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FIGURE 7. PSD comparison between OFDM, FBMC/QAM and
CS-FBMC/QAM.

It can be seen that the proposed FBMC/QAM scheme has the
lowest OOB emissions. As the time domain symbol of CS-
FBMC/QAM is superposed by cycle, the OOB emissions of
CS-FBMC/QAM is higher than that of FBMC/QAM, but it
is still better than those of OFDM and FBMC/QAM in [19].
OFDM uses the rectangular pulse shape to yield higher OOB
emissions. FBMC/QAM in [19] utilizes two filters on odd
and even numbered sub-carriers. However, due to the abrupt
changes in the odd filter, the OOB emissions becomes very
high.

B. PERFORMANCE COMPARISON IN AWGN CHANNEL

As can be seen from Fig. 8, the BER performance of the
proposed FBMC/QAM and CS-FBMC/QAM matrix scheme
using the PHYAYDS filter is worse than that of OFDM and

10°

—&— OFDM

FBMC/OQAM
—<— FBMC/QAM [19]
—A— FBMC/QAM-MF
—<— FBMC/QAM-ZF (|
—<— FBMC/QAM-MMSE|
—#— CS-FBMC/QAM-ZF
A

[

e |
d::\i/c de rate 1/2 \

—

0 2 4 6 8
E,/N,[dB]

FIGURE 8. BER performance of the proposed FBMC/QAM scheme using
the PHYAYDS filter compared with the FBMC/OQAM and OFDM for
N = 128, M = 7 in the AWGN channel.
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FIGURE 9. BER performance of our proposed FBMC/QAM matrix scheme

using the SRRC filter compared with the FBMC/OQAM and OFDM for
N = 128, M = 7 in the AWGN channel.

FBMC/OQAM system in the AWGN channel [27]. This is
due mainly to the choice of the filter. When a PHYAYDS
filter is applied, serious intrinsic interference is experienced,
which is hard to eliminate by the ZF or MMSE receiver
only. FBMC/QAM in [19] can also achieve the same BER
performance compared with OFDM, since the interference
between adjacent carriers is eliminated. The Turbo coded
BER performance also shows that the FBMC/QAM and CS-
FBMC/QAM matrix scheme cannot demodulate the similar
results as OFDM due to the effect of self-interference.

However, it can be seen from Fig. 9 that the performance
of the proposed FBMC/QAM and CS-FBMC/QAM matrix
scheme is much better than that of Fig. 8. The simulation
results are consistent with the conclusion of the condition
number in Section III. The Turbo coded BER performance of
FBMC/QAM and CS-FBMC/QAM matrix scheme is almost
the same as OFDM systems.

C. PERFORMANCE COMPARISON IN PB CHANNEL

In the previous subsection, It is proved that the performance
of the SRRC filter is better than that of the PHYAYDS
filter in FBMC/QAM and CS-FBMC/QAM matrix scheme.
Therefore, only SRRC filter is used in the following
simulations [28].

1) IDEAL CHANNEL ESTIMATION

Fig. 10 depicts the BER performance of the proposed
FBMC/QAM and CS-FBMC/QAM matrix scheme in the
PB channel with ideal estimation. It can be seen that the
FBMC/OQAM system can achieve the same BER perfor-
mance as the OFDM system, since the channel characteris-
tics are well known at the receiver side [29]. When in the
high SNR region, the performance of FBMC/QAM in [19]
is worse than that of OFDM. The proposed FBMC/QAM
and CS-FBMC/QAM matrix scheme suffer from intrinsic
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FIGURE 10. BER performance of the proposed FBMC/QAM matrix scheme
using the SRRC filter compared with the FBMC/OQAM and OFDM for
N = 128, M = 7 in the PB channel with ideal estimation.
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FIGURE 11. BER performance of the proposed FBMC/QAM matrix scheme

using the SRRC filter compared with the FBMC/OQAM and OFDM for
N = 128, M = 7 in the PB channel with LS estimation.

interference because of the use of the QAM symbol. How-
ever, the intrinsic interference is not the predominant factor
when passing through the multi-path fading channel. There-
fore, the proposed FBMC/QAM and CS-FBMC/QAM matrix
scheme can still achieve almost the same BER performance
when compared with the OFDM systems. When 64QAM
modulation is employed, the BER performances of all the
FBMC scheme slightly deviate from OFDM at high SNRs,
especially the MF receiver. Obviously, this is also due to the
effect of the intrinsic interference.

2) LS CHANNEL ESTIMATION

When ZF or MMSE receiver is used, the proposed
FBMC/QAM CS-FBMC/QAM matrix scheme in Fig. 11 can
almost achieve the same BER performance compared with

VOLUME 6, 2018

OFDM systems. The performance of FBMC/QAM with MF
receiver becomes worse due to the intrinsic interference. The
performance of FBMC/QAM in [19] is still worse in the
high SNR region. The FBMC/OQAM system has the worst
BER performance because FBMC/OQAM cannot estimate
the channel coefficient correctly without the use of other
means.

3) MSE OF LS CHANNEL ESTIMATION

Fig. 12 illustrates the MSE of LS channel estimation for
the proposed FBMC/QAM and CS-FBMC/QAM matrix
scheme over the PB channel. The results show that
the FBMC/OQAM receiver is unable to completely esti-
mate the channel characteristicc. As FBMC/OQAM is a
real orthogonal system, which needs to transmit the real
and imaginary parts of complex-valued symbols. How-
ever, the channel coefficient is destroyed by selecting the
real field. When in the high SNR region, self-interference
becomes the main interference. Therefore, the channel esti-
mation performance of FBMC/QAM-MF receiver is worse
than that of OFDM systems, since the FBMC/QAM-MF
receiver has no counter-measures for self-interference. The
FBMC/QAM-ZF, FBMC/QAM-MMSE, CS-FBMC/QAM-
ZF and FBMC/QAM in [19] can mitigate self-interference.
Thus, the channel estimation of these receivers can almost
achieve the same MSE performance compared with OFDM
systems.

10!

10° &
F o8

r—=— OFDM
FBMC/OQAM

107 H—>— FBMC/QAM [19]
E[—-— FBMC/QAM-MF
F—<— FBMC/QAM-ZF

[ [-<— FBMC/QAM-MMSE
—#— CS-FBMC/QAM-ZF

107
0 5 10 15 20 25

E,/N,[dB]

FIGURE 12. MSE performance comparison of channel estimation in the
PB channel.

D. PERFORMANCE COMPARISON OF SFBC FOR
FBMC/QAM SCHEME

It is possible to observe from Fig. 13 that SFBC-
FBMC/OQAM still cannot get the correct result even
using ideal estimation. As SFBC encoding and combining
requires conjugate operations, which breaks the character-
istics of intrinsic interference in the SFBC-FBMC/OQAM
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FIGURE 13. BER performance of the proposed SFBC-FBMC/QAM scheme
using the SRRC filter compared with the FBMC/OQAM and OFDM for
N = 128, M = 7 in the PB channel with ideal estimation.

TABLE 4. Computational complexity of different FBMC receiver
techniques.

Techniques Number of Complex Multiplications
OFDM 1M Nlog, (N)
FBMC-OQAM 2M (3 Nlog, (N) + KN)
FBMC-MF MN (KN + (M —1)N)
FBMC-ZF MN (KN + (M —1)N)
FBMC-ZF-Low SMNlogy(N) + KN + MN
CS-FBMC/QAM-MF M?N?
CS-FBMC/QAM-ZF MZ2N?

CS-FBMC/QAM-Low
FBMC/QAM [19]

M Nlog, (MN) + MN?
2M (£ KNlog, (KN) + KN)

system. Consequently, SFBC-FBMC/OQAM cannot effec-
tively use OQAM to eliminate the intrinsic interference. The
performance of SFBC-FBMC/QAM in [19] is similar to
that of the proposed SFBC-FBMC/QAM-ZF. As the SNR
increases, the BER performance of the SFBC-FBMC/QAM-
MF scheme decreases relative to the SFBC-OFDM sys-
tem, because the SFBC-FBMC/QAM-MF receiver does not
have any counter-measures to self-interference. The SFBC-
FBMC/QAM-ZF and SFBC-CS-FBMC/QAM-ZF receiver
can mitigate the self-interference. However, in the high
SNR region, the enhanced noise also leads to performance
degradation relative to SFBC-OFDM. The SFBC-FBMC/
QAM-MMSE receiver has the best BER performance in the
proposed FBMC/QAM scheme, since the MMSE receiver is
designed in consideration of both self-interference and noise.

E. COMPLEXITY ANALYSIS

Table 4 describes the computational complexity of different
FBMC receivers. The complexity analysis is based on the
number of complex multiplications (CMs). A total number
of N sub-carriers and M symbols are considered.
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Techniques Number of Complex Multiplications
OFDM I MNlog, (N)
FBMC-OQAM 2M (5 Nlogy (N) + KN)
FBMC-MF MN (KN + (M —1)N)
FBMC-ZF MN (KN + (M —1)N)
FBMC-ZF-Low S MNlogy(N) + KN + MN
CS-FBMC/QAM-MF M?ZN?
CS-FBMC/QAM-ZF MZ2N?

CS-FBMC/QAM-Low
FBMC/QAM [19]

M Nlog, (MN) + MN?
2M (3K Nlog, (KN) + KN)

FIGURE 14. Computational complexity comparison of different FBMC
receiver techniques and N = 1024 with respect to different values of M.

In OFDM, each N-point DFT requires %N log, N
CMs. Accordingly, OFDM needs %MN log,(N) CMs.
In FBMC/OQAM, the receiver requires twice KN -point filter
multiplication and N-point DFT in per symbol. Therefore,
the receiver computational complexity Crgyc/ooam can be
calculated as 2M (%N log, (N) + KN ). In the FBMC/QAM
matrix scheme, due to the fact that the receiving matrices of
MF and ZF can be stored in advance, thus they have the same
computational complexity.

The FBMC/QAM-ZF-Low receiver can be divided into
two parts according to (34). In the first part, the result of
P can be regard as an MF receiver which can be obtained
by the FBMC/QAM non-matrix scheme. The FBMC/QAM
non-matrix scheme needs once KN -point filter multiplication
and N -point DFT per symbol. Hence, the computational com-
plexity of FBMC/QAM is M (%Nlogz (N) + KN). The sec-

ond part is described in (38). In each F_lA,;jFPj the com-
putational complexity is Nlog,(N) 4+ N, there are M x M
times of this operation in total. Therefore, the computational
complexity of FBMC-ZF-Low is 3MNlog,(N) + KN +MN.

The matrix dimension of CS-FBMC/QAM-MF and CS-
FBMC/QAM-ZF receiver is MN x MN. Therefore, they
all need M2N? CMs. In the CS-FBMC/QAM-ZF-Low
receiver, the receiving matrix is divided into M submatrices,
which simplifies computation, and the number of CMs is
MNlog, (MN) + MN?.

The computational complexity discussed above is eval-
uated and plotted in Fig. 14 for N = 1024 with respect
to different values of M. Due to the fact that the complex-
ity of the MMSE receiver with direct matrix inversion and
multiplications is prohibitively high compared with other
techniques, it is not presented in our comparison. As depicted
in Fig. 14, the computational complexity of the proposed
FBMC/QAM-ZF-Low is more than 100 times lower than
those of FBMC/QAM-MF and FBMC/QAM-ZF, when the
number of symbols M is small. Moreover, the computational
complexity of the proposed FBMC/QAM-ZF-Low is also
lower than that of FBMC/QAM in [19], when the number
of symbols is less than 4. When M = 1, the complex-
ity of FBMC/QAM-ZF-Low and FBMC/OQAM is basi-
cally the same. However, as the number of symbols M
increase, the complexity of FBMC/QAM-ZF-Low becomes
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higher than that of FBMC/OQAM, because the complexity of
the second part of FBMC/QAM-ZF-Low is greatly affected
by the number of symbols M. In the CS-FBMC/QAM-
Low, the receiving matrix is divided into M submatrices.
Therefore, the complexity of the CS-FBMC/QAM-Low is
becomes lower and lower than the CS-FBMC/QAM-MF and
CS-FBMC/QAM-ZF as M increases. Therefore, the low-
complexity approach is more suitable for the situations where
the number of symbols is large.

F. STORAGE ANALYSIS

In the proposed FBMC/QAM matrix scheme, The matrix
dimensions of the ZF receiver G depends on the number
of symbols and sub-carriers. With the increase of the number
of symbols and sub-carriers, the matrix dimension becomes
very large. Hence, it is necessary to optimize the storage of
the receiving matrix.

As can be observed from (34), P is the result of the MF
receiver which can be obtained by the FBMC/QAM non-
matrix scheme. Therefore, it only needs to store a KN point
filter at the receiver side. It can be seen from (35) and (36)
that B is an MN x MN symmetric matrix, and C;; is an
N x N circulant matrix. Therefore, it is only necessary to store
the upper or lower triangular matrix of B. Furthermore, each
matrix C;; can be represented by its first column elements.
Finally, the required storage space for matrix B is m
Hence, the total storage space of the low complexity the ZF
receiver is w + KN. Compared with the ZF receive
matrix, the ratio of required storage space is as follows

M+ 1M +2K
" 2M(KN 4+ (M — 1)N)’
For example, when M = 14, N = 1024, K = 4, the storage

space of the low-complexity ZF receiver is 4.47 x 10~* times
lower than that of the ZF receiver.

(46)

VIil. CONCLUSION

In this paper, a FBMC/QAM matrix model was proposed,
which is able to transmit QAM symbols in the FBMC
system. Based on the model, the CS-FBMC/QAM scheme
was also proposed, which is more suitable for short pack-
age transmission. At the receiver, the ZF receiver was
mainly selected to eliminate intrinsic self-interference. The
BER performance of the proposed FBMC/QAM and CS-
FBMC/QAM matrix scheme in conjunction with conven-
tional channel estimation and MIMO techniques was also
evaluated. Moreover, the low-complexity ZF receiver struc-
ture for the FBMC/QAM and CS-FBMC/QAM matrix
scheme was designed, which is capable of effectively reduc-
ing the complexity of the ZF receiver. The simulation
results demonstrated that the proposed FBMC/QAM and
CS-FBMC/QAM matrix scheme works well with the con-
ventional channel estimation and MIMO techniques. What’s
more, the two proposed matrix schemes both had lower OOB
emissions than OFDM systems, which may have more advan-
tages in asynchronous transmission. In the future work on
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FBMC/QAM matrix scheme, the asynchronous transmission
performance will be evaluated. In addition, the combination
of FBMC/QAM matrix scheme with non-orthogonal multiple
access (NOMA) will also be investigated, especially in the
case of asynchronous interference.
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