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Filter Bank Multi-Carrier modulation based on Offset Quadrature Amplitude Modulation (FBMC-OQAM)
provides superior spectral properties than Orthogonal Frequency Division Multiplexing (OFDM). However, the
compatibility of FBMC-OQAM with OFDM in many techniques faces great challenges. In this paper, we present
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OQyXM-FBMC a Pruned Discrete Cosine Transform (DCT) Precoding based FBMC (Pruned DCT-p-FBMC) modulation, which
Pruned DCT-p-FBMC inherits the advantages of FBMC-OQAM as well as Single Carrier Frequency Division Multiple Access and real-
SC-FDMA izes the technical compatibility between FBMC and OFDM. Specifically, considering the anti-interference ability

Channel coding of symbols, we first use pruned DCT to spread them into frequency domain, thus reducing the interference
between adjacent symbols. Secondly, we calculate the signal-to-interference ratio and the signal-to-interference-
to-noise ratio to assess the impact of residual interference on the system. Finally, the Log-Likelihood Ratio is
calculated so that Turbo coding in Pruned DCT-p-FBMC is implemented. Additionally, we provide throughput
calculations for evaluating the performance of channel coding and link adaptation. Simulation results show

that Pruned DCT-p-FBMC exhibits robust MIMO transmission capabilities along with considerable throughput.

1. Introduction

Future new waveforms for wireless systems should fulfill the re-
quirements of high spectral efficiency, high scalability, and flexible
compatibility with other techniques. Specifically, the 5G New Radio
(NR) should support diverse use cases, including Band-Delay Trans-
mission and Machine-Type Communication [1], etc. Filter Bank Multi-
Carrier modulation based on Offset Quadrature Amplitude Modulation
(FBMC-OQAM) is considered as an important candidate for future NR.
The reason is that the Out-of-Band (OOB) emission of FBMC-OQAM is
significantly lower than that of Orthogonal Frequency Division Multi-
plexing (OFDM) [2-4]. FBMC-OQAM (simplified as FBMC) is suitable
for asynchronous transmission and enables flexible allocation of time-
frequency resource for different application situations [5-7]. Although
the 3rd Generation Partnership Project (3GPP) failed to select FBMC as
the new waveform for 5G, the technology is still the key research topic
for future wireless systems [8].

However, restricted by the Balian-Low theorem [9], the orthogonal-
ity of FBMC holds only in the real domain. This leads to systems with
inherent imaginary interference and significant challenges in channel
estimation and Multiple Input Multiple Output (MIMO) implemen-
tation [10-12]. On the other hand, the superior spectral properties

of FBMC are restricted by the limited resolution in Digital-to-Analog
Converter, and by the fact that the power amplifier is nonlinear [6,10].
Therefore, the implementation of FBMC requires strict linearity condi-
tions. M. Payar6 et al. [13] and P. Chevalier et al. [14] both realized
the combination of MIMO and FBMC. However, they have significant
shortcomings. For example, [13] relies heavily on channel information
and [14] features high complexity. H. Wang et al. [15] achieved MIMO-
FBMC channel estimation by exploiting the sparsity of the channel.
Although the complexity of the channel estimation scheme is reduced,
the Bit Error Rate (BER) performance of the system is undesirable,
and the underlying logic for the combination of MIMO and FBMC
is not provided. R. Zakaria et al. [16] used Fast Fourier Transform
(FFT) to spread the symbols into the time (or frequency) domain, thus
eliminating imaginary interference and realizing the combination of
MIMO and FBMC. However, the utilization of FFT not only elevates
system complexity but also leads to residual interference. R. Zakaria
et al. noted in [12] that symbol spreading can also be achieved using
the Discrete Fourier Transform (DFT). However, R. Nissel et al. [17,18]
argue that the Hadamard matrix-based spreading scheme is superior
to the DFT spreading scheme. They assert that the biorthogonality of
the FBMC is perfectly restored within the spread block, with lower

* Corresponding author at: College of Information and Communication Engineering, Harbin Engineering University, Harbin 150001, China.
E-mail addresses: wangyingstu@163.com (Y. Wang), guogiang@hrbeu.edu.cn (Q. Guo), xiangjianhong@hrbeu.edu.cn (J. Xiang), jade.zhong@hotmail.com

(Y. Zhong).

https://doi.org/10.1016/j.sigpro.2025.109897

Received 7 April 2024; Received in revised form 4 January 2025; Accepted 12 January 2025

Available online 20 January 2025

0165-1684/© 2025 Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://www.elsevier.com/locate/sigpro
https://www.elsevier.com/locate/sigpro
https://orcid.org/0000-0002-9051-8609
https://orcid.org/0000-0002-5764-7775
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
https://github.com/WangYeeng/Pruned-DCT-P-FBMC_master
mailto:wangyingstu@163.com
mailto:guoqiang@hrbeu.edu.cn
mailto:xiangjianhong@hrbeu.edu.cn
mailto:jade.zhong@hotmail.com
https://doi.org/10.1016/j.sigpro.2025.109897
https://doi.org/10.1016/j.sigpro.2025.109897

Y. Wang et al.

complexity. For the purpose of reducing the FBMC Peak-to-Average
Power Ratio (PAPR), R. Nissel et al. [19] proposed a Pruned DFT spread
scheme. The scheme not only reduces the PAPR, but also restores the
biorthogonality of FBMC and improves the spectral efficiency. More-
over, Pruned DFT-Spread FBMC is similar to Single Carrier Frequency
Division Multiple Access (SC-FDMA) adopted by Long Term Evolution
(LTE) in the uplink (Note that DFT-OFDM is essentially the same
as SC-FDMA.) [20]. However, Pruned DFT-Spread FBMC has residual
interference. To mitigate the interference, the author uses a truncated
prototype filter, which destroys the real orthogonality of the FBMC,
to directly boost the Signal-to-Interference Ratio (SIR), and then, with
additional frequency CP. On the other hand, the complex-valued oper-
ations required for DFT spread further increase the complexity of the
system. The above schemes share a common feature, i.e., restoring the
biorthogonality of FBMC, which makes it easy to combine MIMO with
FBMC, similar to combining MIMO with OFDM. M. Renfors et al. [21]
realized the block Alamouti scheme (symbols are spread into the time
domain). The same scheme is utilized in [22], only with the symbols
spread into the frequency domain. Both approaches essentially restore
the biorthogonality of FBMC through symbol spreading.

Based on the idea of DFT precoding in SC-FDMA, we consider a pre-
coding scheme based on the pruned Discrete Cosine Transform (DCT).
This scheme can approximately restore the bi-orthogonality of FBMC
and requires only real-valued operations without causing an excessive
complexity increase. A similar precoding scheme is employed in [4].
However, the scheme in [4] is highly sensitive to doubly dispersive
channels and requires the addition of the guard time slots, which leads
to a lower utilization of the time-frequency resources. On the other
hand, the Walsh transform-based precoding scheme provides minimal
assistance in Peak-to-Average Power Ratio (PAPR) reduction. It is worth
noting that, restricted by the Balian-Low theorem, the Pruned DCT-
Precoding FBMC still suffers from residual interference. Therefore, our
scheme can achieve nearly the same performance as OFDM, particularly
in scenarios where interference is not the dominant factor. However,
the power of the residual interference is less than —20 dB and has a
minimal impact on system reliability. Thus, the residual interference
can be ignored, or we can adopt the space-time block coding technique
to address the impact of residual interference on reliability. Our main
contributions are summarized below:

1. The Pruned DCT precoding based FBMC modulation scheme is
presented. Considering the anti-interference capability of QAM
symbols, we adopt pruned DCT to spread them into the fre-
quency domain, thus reducing the interference between adjacent
symbols. This helps to improve the robustness of the system to
multipath and reduces the synchronization requirements. For the
base pulse, the pruned DCT matrix reshapes it to approximately
restore the FBMC orthogonality. This helps to improve the com-
patibility of the system with OFDM and enhance the efficiency
of spatial multiplexing. See Section 3.

2. We analyze the Signal Interference Ratio (SIR) as well as the
Signal-to-Interference-Noise Ratio (SINR) of the Pruned DCT-p-
FBMC. Although we restore the bi-orthogonality of the FBMC,
numerically the Pruned DCT-p-FBMC still has a few residual in-
terferences, and the channel also induces interference. Through
the analysis of the SIR, we can directly evaluate the performance
of the system. Moreover, the influence of noise cannot be disre-
garded; therefore, we utilize the SINR as a pivotal evaluation
metric. See Section 4.1.

3. We offer Log Likelihood Ratio (LLR) calculations, facilitating
Turbo coding within the Pruned DCT-p-FBMC. Concurrently, we
provide throughput calculations to assess the efficacy of channel
coding and link adaptation. See Section 4.2.

Notation: Bold uppercase and lowercase letters denote matrix and
vector, respectively. diag {-} denotes the diagonal elements of a matrix
or generates a diagonal matrix. Tr {-} denotes the trace of a matrix.
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E {-} denotes the expectation. R {-} and J{-} denote the extraction
for real and imaginary part operations, respectively. ® and o denote
the Kronecker and Hadamard products, respectively. (-)*, oL O
and ()" denote conjugate, inverse, transpose, and conjugate transpose
operations respectively. Imaginary unit is denoted as j = \/—_1 I,
denotes the n x n unit matrix. The real domain is denoted by R. The
complex domain is denoted by C.

2. FBMC-OQAM model

In FBMC, the transmitted signal is composed of a set of real-valued
OQAM symbols. Due to the OQAM symbol spacing being smaller than
its duration, we transmit two interleaved OQAM symbols instead of one
QAM symbol, thus guaranteeing the transmitted amount of data. Let us
assume that the multiplexed FBMC signal s (r) consists of L subcarriers

and K time symbols, which can be expressed as
L K

S0 = 2, D x4 pryt = KD)ePAFEKD 00, @
1=1 k=1

81,0

where x; , denotes the real-valued OQAM symbol at the time—frequency
position (/, k). F denotes the frequency spacing and T the time spacing.
¢/7(+h)/2 represents the phase shift factor between adjacent subcarriers
and symbols. g, (t) denotes the base pulse, which is obtained by
combining the time-frequency shifted prototype filter p(r) with the
phase shift factor. Note that we assume the prototype filter p(¢) is zero
outside the time interval —OT <t < OT. In FBMC, the symbol density
TF = 0.5 for OQAM corresponds to the symbol density TF = 1 for
QAM [19]. The received signal r (¢) can be described by convolving s (7)
with the time-varying multipath channel A (¢, 7) [23], denoted by

"(T)=/h(t,r)s(t—r)dr+ﬁ(t)
R

P , 2
st h(t,7) = \/LP Z 1, (1) eJ'Zm(powp)(sT_Tp
p=1

where P denotes the number of paths, and 7, () the attenuation factor
of the pth path. fp, and ¢, denote the Doppler shift and initial phase,
respectively. §, denotes the Dirac delta function. 7, denotes the time
delay of the pth path. fi(r) denotes white noise. At the receiver, by
performing inverse mapping of the received signal to the base pulse,
we can obtain the received symbol y,, at the time—frequency position
(I, k), denoted as

Yik :/IRr(t)gl*’k (ndr. 3

Due to FBMC compressing the time—frequency spacing to half of the
original one, the orthogonality of the system holds only in the real
domain [6], expressed as

R {<gl,k(t), gl/,kr(t)>}
4
=R { /IR gl,k(t)g;,k,(t)dt} =6p,1,-

where D; = [ —!" and D; = k - k'. §;; denotes the Kronecker delta
function. The orthogonality condition of Eq. (4) leads to imaginary
interference. For precise analysis, we define the interference term as

gll,//;k/ =/Rg1,k(t)g]*r‘kr(t)dt, )

where if (1,k) = (I/,K"), then ¢/¥ = 13 1f (LK) # (,K), then ¢* is
purely imaginary. Combining Egs. (1) and (5), we can rewrite Eq. (3)
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as

/</h(l,r)zZXLkg,.k(t—T)dr+ﬁ(t))gzk ) dt
ZZm//h(r ) g (t = 7) g, (1) dedr , )
1

+/r‘1(t)g;"ch () dt
R

=Hjpxp + Z Z Hy yorxp o C,/f,;k, +1y

I kK
where H,, = fth(t, )8k (t—r)g,’ik (t)drdt is the one-tap channel
at time-frequency position (/, k), which is approximately equal to the
time-varying transfer function [19]. Thereby, H, , also can be obtained
by discretizing the transfer function H (¢, f), denoted as

Hy, = H (KT,IF). )

n,, denotes the noise term at the time-frequency position (/, k), ex-
pressed as

n; =/ﬁ(f)gf,k(f)dt- ®
R

The described continuous-time system provides a physical insight into
FBMC. The generation of FBMC signals can rely on Polyphase Networks
(PPN) [24,25]. However, in practice, the signals are time discrete.
Therefore, we discretize time and adopt matrix theory to describe
FBMC. Considering the Inverse Fast Fourier Transform and Fast Fourier
Transform (IFFT/FFT) implementation schemes of the FBMC [26], we
sample the base pulse in Eq. (1) with the rate f; = FNpgr. If the
sampled values are represented by a vector g, € CN*!, then the
elements of g;;, € CV*! can be expressed as

1 n—1
8ikl, = 8Lk ( -(0- 1)T> , )
[ ]" VFNgpr FNppr
where n = 1,..., N, with N denoting the total sample number. O

denotes the overlapping factor, and Ny the FFT size. Note that in
FBMC, the base pulse will span O symbol periods. Therefore, the time
range for the specific symbol is (—w, ©-UT) "To ensure correct
sampling, the center of the base pulse needs to be shifted by (O - 1)T
to align with the reference time point. Then, according to Eq. (9),
we integrate all the base pulse vectors into the transmission matrix
G = [g).....8.x] € CV*LK For a wireless channel, we adopt a
banded convolution matrix H € CV*N for modeling [6,11,27]. The
matrix model for the whole transmission system can be expressed as

y = G"HGx +n, (10)

where x = [X1,1~~-st,1<]T € CLXX! denotes the transmitted sym-
bol and y = [Y1,1s---syL,K]T € CLEX! the received symbol. n ~
CN(0, P,G") denotes the complex Gaussian noise matrix. If the
Doppler spread of the channel is low, the interference induced by the

channel can be neglected [6]. Thus, we can rewrite Eq. (10) as
y ~ diag {GHHG} GHYGx +n. an

Note that Eq. (11) is a simplified version for low-Doppler spread cases
with higher computational efficiency, while Eq. (10) is suitable for a
wider range of channel conditions. Thus, in channels with high Doppler
spread, we still use Eq. (10). To make Egs. (10)-(11) easier to under-
stand, we provide a detailed derivation in Appendix A. The imaginary
interference in FBMC is characterized by the off-diagonal elements
of GG, while the condition for real orthogonality is represented by
R {GH G} = I, . Without loss of generality, we provide an explanation
of the IFFT/FFT realization process for FBMC using the sampled signals
of Eq. (1). The sampled signal of Eq. (1) can be expressed as

K L
s(idt) = p(id) Y Y ePHANErr=k/2 ) x| eir+0/2 (12)
k=11=1
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where i= —-ONgpr/2,...,ONppr/2 =1 and At = 1 /F Nppp . Note that
p (iidr) is an irrelevant term for / and k, which can be placed outside the
dual summation. The summation term in Eq. (12) for the subcarriers
corresponds to the Njpp-point IFFT, with its transformed object is
X, = [O,xl’kej”(”")/z eees X @TEAR/2 0, ]T € CNrrrX1| The symbols
of all time positions are then obtained by time shifting. The receiver
operates similarly to the transmitter, but in reverse order, involving an
Nppr-point FFT.

3. Pruned DCT precoding FBMC

The proposed Pruned DCT precoding based FBMC has two interpre-
tations:

(1) For transmitted symbols, the transmitted complex symbols are
pre-coded to replace the complex-to-real conversion in conven-
tional FBMC. Note that we still compress the time—frequency
spacing to TF = %, thus ensuring the spectral efficiency of the
system.

(2) For the base pulse, the duration of the base pulse is significantly
compressed, thereby enhancing the system’s robustness against
time-varying channels.

Each of the two interpretations contributes to signal generation and
facilitates understanding of orthogonality. The first interpretation offers
flexibility and theoretical insights into efficiently generating signals.
The second interpretation provides the underlying logic for understand-
ing the restoration of bi-orthogonality in Pruned DCT-p-FBMC. Note
that Pruned DCT-p-FBMC can achieve OFDM-like orthogonal transmis-
sion.

3.1. Symbol precoding & decoding

In FBMC, the QAM complex symbol that can be transmitted in the
LxK 2-D plane after compression of the time—frequency spacing is %, ,
where # € [1,...,L/2]. For the k complex symbol of length L/2 , we
pre-code it using DCT [28], denoted by

L2
zk—\/72 S cos(imf—a)(l—l)). a3

Note that instead of utlhzmg the full DCT, we select its odd dimensions
with equal intervals. At the receiver, by applying IDCT to the received
symbols, we can obtain the decoded received QAM complex symbol
J¢.x» denoted by

L
/2 1
= — Vik———
‘ Lgf Vi

For achieving optimal symbol detection, we recommend implementing
equalization techniques prior to decoding. Such operation of precoding
data symbols enables direct signal generation. However, the operation
is not conducive to understanding orthogonality restoration.

Now, we interpret Egs. (13)-(14) by matrix form to understand
orthogonality intuitively. The precoding matrix ¢ € RIXL/2 | which
only contains the DCT coefficients for one symbol, can be obtained
directly by applying the DCT transform to the unit array, that is

@ = [Faee ()] oy = D, L as)
2

cos(ﬁ(l—l)(4f—3)). 14

where F,,, (-) denotes the DCT operation. DL>< 1 denotes the Lx% DCT

. . . . 2
matrix. By mapping the precoding matrix of one symbol to all symbols,
we can directly implement the precoding of the transmitted symbol

K= (% ..... % ’K]T € CLK/2x1 ] denoted as
Xx=pQIgX, (16)
——
¢

where ¢ € REKXLK/2 denotes the precoding matrix for all symbols. At
receiver side, we use decoding matrix ¢! € CLK/2XLK to decode the
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Transmitter | Receiver

= ( \ N N\ Yk \ Vi \ Yk Xk

L Pruned FBMC- Pruned - . N Lk
%, — DCT Di L 0QAM IDCT |22 | Equalizer | Y2t X2 %,

: Matrix . il Matrix | - (ZE. ML . :

. ) ncluding - = .
~ LxL)2 X ) H e P, . tc. Ve XE g n
X peR L.k Ch.) Yk " R Yok etc.) L2k L2k X
i = CL/EXI ;} X, € (C[.xl \__ | yl‘ c (CLXI \—Z L,le;/ A 14/2“

e 5 \ )1 ) Y5 sC , x,€C

Y 1
G,x, |y,=G/HGx+G/n

A §
< _ H
X, =&EQY,

Fig. 1. Pruned DCT-p-FBMC transmission structure at time position k. Different from conventional FBMC, the complex-real conversion of QAM symbols is replaced by a pruned

DCT transform. ¢,, denotes the one-tap equalization operator.

received symbols. Thereby, the received complex symbol § € CLK/2x1
is obtained, denoted as

y=o"y. a7)

Fig. 1 shows the Pruned DCT precoding based FBMC transmission archi-
tecture which incorporates equalization techniques. FBMC has inherent
interference that makes channel estimation and equalization more
challenging. Pruned DCT-p-FBMC can greatly simplify the equalization
due to the restoration of bi-orthogonality, see Section 5, and channel
estimation will also be simplified. For example, the LTE pilot structure
can be used directly. However, we currently investigate only equalizers.
The problem of channel estimation is considered to be completed in
future work. From Eq. (16), we know that ¢ € RLKXLK/2 s 3 sparse
block diagonal matrix. When the number of subcarriers is L = 4, the
specific value of subblock ¢ € RLXL/2 within matrix ¢ € RLKXLK/2
can be expressed as

105 0.6533 05 02706]"

$=los -02706 -05 0.6533 18)

The precoding matrix allows the transmitted symbols to retain the
complexity property. Note that in conventional FBMC, x, € R is
real-valued data symbol.

3.2. Pulse orthogonality approximation

We now discuss the properties of the base pulse. In the matrix form
of modeling, if the Pruned DCT matrix is considered to be combined
with the base pulse (i.e., G = G¢), then the regular base pulse g, , can
be regarded as the new pulse g, ;, see Fig. 2. g, can also be interpreted
as the output waveform of the precoder when the transmitted symbol
%y is 1. On the other hand, our Pruned DCT-p-FBMC can employ the
same prototype filters as conventional FBMC, including PHYDYAS [26],
Hermite [29], and IOTA [30], etc. Throughout this paper, unless oth-
erwise stated, we consistently employ the PHYDYAS prototype filter.
Over an Additive Gaussian White Noise channel (i.e., H = I), the
system orthogonality can be expressed as

G"G=¢"G"Gp 1,y . (19)

Note that orthogonality described by Eq. (19) exists with very small
residual interference. Generally, such residual interference has no im-
pact on system performance. However, in practice, we need to con-
sider issues such as latency, OOB emission and system computational
complexity.

We first analyze the transmission delay of the system. Neglecting
channel delay and processing delay, the transmission time of one
FBMC symbol is determined by the overlapping factor O and is given
by O/F [19]. However, one OFDM symbol carries twice as much
information as one FBMC symbol. Thus, to process the second FBMC
symbol, an additional delay of 0.5/F is required. For a conventional
FBMC subframe containing K time symbols, we can calculate the time

L=4K=3

06

o

_g 04+ B
=

2021 1
g

<

0 ! .
0 1 2 3 4 5
Normalized Time (s)
1 T T T T

]

o

g 0.5

+ . B 7
5 Q\&\Li

S Ry

= 0 V70 A NS -

0 1 2 3 4 5

Normalized Time (s)

Fig. 2. Amplitude for regular pulses and encoder outputs (i.e., new base pulse) when
transmitted symbol is 1. Note that the primary and secondary pulses of the new
base pulse together characterize an original pulse. Thus, g, has no specific properties
(i.e., without a fixed expression) and is difficult to generate directly.

delay of one frame as
Tirame = %+%(K_l)~ (20)
In LTE, the duration of one subframe is 1 ms. The LTE subframe is com-
posed of K = 14 OFDM symbols with CP spacing of Tp = ﬁ and F =
15 kHz. However, the duration for both conventional FBMC and Pruned
DCT-p-FBMC subframes is 1.17 ms (i-e, Tiume|omsrois kzkens ~
1.17 ms). Note that to guarantee the same information volume, the
number of time symbols should be K = 28 and the overlapping factor
O is set to 4. Thus, the Pruned DCT-p-FBMC transmission delay is 17%
lengthier than LTE.

Secondly, we analyze the OOB emission of the system. We normalize
the transmitted power of the FBMC symbols and then calculate the
power spectral density P, € RVX! as

P, =|FFT (Gk(pik)(z, (21)

where FFT {-} denotes the Fourier transform operation. Note that we
similarly normalize the power spectral density and implicitly perform
an infinite simulation in time. Fig. 3 shows the power spectral density
for different systems. Pruned DCT-p-FBMC has almost the same spectral
properties as conventional FBMC and is much better than OFDM as well
as SC-FDMA.

Finally, we consider the computational complexity of the system. If
the system IFFT/FFT implementation is considered, then the complexity
of Pruned DCT-p-FBMC can be expressed as

L
O=L+2 (Llog2 ( 3) + Npprlogy (Nppr) + ONFFT> . (22)

where L +2Llog, (L/2) corresponds to the multiplication numbers for
Pruned DCT precoding (the real and imaginary parts with complex
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Fig. 3. Pruned DCT-p-FBMC retains the superior spectral properties of conventional
FBMC. Although the precoding matrix ¢ reshapes the base pulse, the power and power
spectral density of the transmitted signal remain the same as that of the conventional
FBMC.
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Fig. 4. Relative complexity for Pruned DCT-p-FBMC vs. SC-FDMA with different N,
and L.

numbers are recorded twice). Npprlog, (Nppr) corresponds to the
IFFT required for FBMC. ONy corresponds to the multiplication of
the prototype filter coefficients required for FBMC. Fig. 4 shows the
relative complexity for Pruned DCT-p-FBMC versus SC-FDMA.

The compression of the Pruned DCT-p-FBMC time spacing implies
that the complexity must be twice that of SC-FDMA, which is an
unavoidable drawback. For example, in LTE, Nppr = 1024 and L =
600 [19], which leads to a complexity of about 3.9 x 10* for Pruned
DCT-p-FBMC and 1.6x10* for SC-FDMA. Thus, the complexity of Pruned
DCT-p-FBMC is about 2.44 times higher than SC-FDMA. However, the
superior performance retained by Pruned DCT-p-FBMC allows it to
support a wider range of cases.

4. Residual interference & throughput

We prove that Pruned DCT-p-FBMC approximately restores orthog-
onality by Eq. (19). However, constrained by the Balian-Low theorem,
we find that interference residues exist during numerical computations.
Although the order of magnitude for interference residuals is small, we
still need to analyze its impact on the system. Particularly in complex
channel environments, we need to explore whether Pruned DCT-p-
FBMC can maintain the same transmission performance as conventional
FBMC.
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4.1. SIR & SINR

The inherent imaginary interference of the conventional FBMC is
described as the off-diagonal elements of the G¥G. In Pruned DCT-
p-FBMC, we adopt the Pruned DCT matrix to reduce the off-diagonal
elements of the GG to nearly zero. However, some residuals remain
in the values, which means that interference between the symbols still
exists. We evaluate the interference by SIR. The SIR at time position k
can be calculated as

L/2

|6rG. -1 (G1G)

SIR, = (23)

where ||| denotes the Frobenius paradigm and G}’ = " G/. Eq. (23)
is highly related to the number of subcarriers L. Like LTE, SIR can
reach more than 40 dB when L = 600. Thus, the residual interference
can be ignored. However, in practice, SIR should also include channel-
induced interference. We introduce the channel convolution matrix H €
CN*N and consider an efficient SIR calculation method. Firstly, we can
directly calculate the signal power Ps, &, = E { |}7{’,k|2} including
interference, denoted as
LK/2 N

Pst,yk&lf_k = Z{ Zl H(N}TRo(N}H”M ’ 24)
st. R=(Iy®¢"G")Ry (Iy ® Go)

where Ry = E{vec{H}vec{H}”} denotes the channel correlation
matrix. § € REKX! denotes the 7 + @th column of the matrix
¢ € REKXLK/2 Secondly, we calculate the signal power P, , denoted
as

N
_ ~T ~H
Py, = max ,.ZT “G RoG Hi’n. (25)

Finally, according to Egs. (24)-(25), we can calculate the SIR at time

position k, denoted as
L)2
=1 P S¢ k

SIR, = (26)

;ﬁ (Psf,k&lf.k - Psm)
Now, we consider time-varying channels with different tap delays.
Fig. 5 shows the curves of SIR versus velocity for different delay
spreads. Pruned DCT-p-FBMC is more robust to time-varying channels
than CP-OFDM (Tp = 4.76 ps) and SC-FDMA. This conclusion can be
drawn in two aspects:

(1) In theoretical terms, with DCT precoding, the data symbols are
spread in frequency domain, resulting in the Doppler effect being
dispersed. Moreover, symbols at different frequencies are no
longer strongly correlated, resulting in the fading effect being
smoothed.

(2) In numerical terms, Pruned DCT-p-FBMC shows a better SIR than
CP-OFDM in time-varying channels, see Fig. 5.

So far, we have ignored noise, but now take it into our considera-
tion. The input-output relationship of the whole transmission system
(see Fig. 1, including equalization) can be expressed as

% = diag (¢) ¢ GTHGX + diag (¢) ¢, 27)

where diag (¢) € CLK/2XLK/2 with ¢ € CLK/2%! denotes the equalization
vector and [e]f+ L(k-1) = ¢ Over a doubly flat channel or zero noise

. 2 o
environment, the equalization operator can be the Zero Forced (ZF)
equalizer e?i = 1/H;,; . The Minimum Mean Square Error lsthildl;/éSE)

equalizer becomes practical when we consider noise, ie., =

Hj /(Hy >+ P,) . Over time-varying channels, we need to intro-
duce a scaling factor to ensure that the data symbols are estimated
approximately unbiased (i.e., E {%,, |%,4 } ~ %,,). This indicates that
unbiased estimation needs to ensure that the expectation of %X, is
approximately equal to %, ,, and thus that the bit-inverse mapping is
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Fig. 5. Extra interference induced by time-varying channels. Pruned DCT-p-FBMC is
more robust to time-varying channels. Note that the SIR of CP-OFDM is not impacted
by the channel delay spread because the CP time spacing T¢p > 1,

max*

correct. Thus, the MMSE equalization operator can be expressed as

MMSE
€k

Eok = 1

1 L
L Zisi 1+P, /| Hp |
*
LHf,k

2 L 1
(lHrf,kI + Pn) X TR maE

For uncorrelated data symbols with unit power and uncorrelated noise
with power P,, SINR can be calculated according to Eq. (27) as

SINR,;, (H)

) . ’ (29)
Y ’

e “A]i,i‘ + P Yo “diag ©)¢"GM];,

(28)

i=1

where A = diag(6) " G*HG — 1,5, and [ = # + L(k—1)/2 . Note
that the SINR of Pruned DCT-p-FBMC is slightly lower than that of
the other systems due to the orthogonality error. Eq. (29) incorporates
the channel-induced interference as well as the orthogonality error.
Thus, SINR,, (H) will be an important parameter for calculating the
throughput of the system.

4.2. Throughput

The Pruned DCT-p-FBMC approximately restores the
bi-orthogonality, which means that it can be approximately equivalent
to the conventional OFDM model (without equalization techniques),
expressed as

+
~hGHGx +1i, (30)
=hx+n

where h = diag {GHG} e CLK/>LK2 GHG ~ I.x,, and i ~
CN (0, P,G"). Note that whether the approximation of Eq. (30) holds
or not depends on many factors, including transmission time, channel
coherence time, residual interference level, and noise level, etc. Thus,
it is not very accurate to consider the approximation of Eq. (30) to
be held simply by the transmission time being less than the channel
coherence time. If the noise level in the transmission medium is higher
than the residual interference, then the approximation of Eq. (30)
holds. At this point, the approximation error depends on the noise. If
the noise level in the transmission medium is lower than the residual
interference, then the approximation of Eq. (30) does not hold. At this
point, the system requires a more complex equalizer. In many practical
cases, the SNR is below 20 dB [17]. Thus, based on the conclusions of
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Fig. 5, we always consider that the approximation of Eq. (30) holds.
Once the approximation of Eq. (30) holds, FBMC is compatible with
OFDM. Thereby, many techniques of OFDM can be directly adopted for
FBMC, such as: turbo coding, ML detection and Alamouti’s space-time
block code. Particularly, FBMC can be directly combined with MIMO
technology without additional operations.

For a fair comparison of the different multicarrier modulations’
performance, we employ throughput as a metric. Because throughput
incorporates channel coding and link adaptation. For channel coding,
we consider the Turbo coding scheme based on the LTE standard.
The LLR required for Turbo decoding is calculated with AWGN chan-
nels for each symbol. Thus, the main feature for LLR is the SINR of
Eq. (29). Over an AWGN channel, we can maximally simplify the LLR
calculation, denoted as

)

Zf‘t’,keli exp {_
R
Zf‘f,kelé exp { - }

where b; denotes the ith bit. y! and 4 denote the subsets of symbols
whose ith bit is 1 and 0, respectively. P_** denotes the noise power for
the corresponding symbol. If we consider the channel gain, then the
LLR can be calculated as

LLR(b;)

1
Besert e { -

Ve k—Xek
Pn

LLR (b;) =log (31
Jek—Xek
P,

n

5 2
Co* (o - h/,k;cf,k)) } . (32)

= log

2
I YT
Z;‘c”e;,;) 7% SXP {— G (Fes = h/,kxi,k)) }

where h,, = [hl,, Lk-1)/2 denotes the one-tap channel corresponding
to the data symbol. Pnf *' denotes the noise power corresponding to the
symbol, and G- can be calculated as

Gk = (Pf‘k)_l = diag(svVVU" )
st. R7 = svuf

o (33)

where ¢/ = ¢ + L(k-1)/2 , R, € CLK/2XLK/2 denotes the noise
correlation matrix. The detailed derivation of Eq. (33) is provided in
Appendix B. Note that GG ~ Iy, leads to differences in noise

power corresponding to different symbols. Therefore, cannot be

1
7.k
ignored. Eq. (32) can be applied to the direct calculgtiBn of LLR in
MIMO. However, the singular value decomposition of Eq. (33) leads
to additional calculation complexity. Therefore, our alternative is to
calculate the LLR using Eq. (31). Adopting the calculated LLR, we can
implement Turbo decoding, which enables the complete channel cod-
ing process. For throughput, the well-known AWGN channel capacity
Cawon = E {log, (1 + SNR)} is no longer reasonable. The reason is that
data symbols are typically drawn from a fixed alphabet rather than
following a Gaussian distribution. To derive an information-theoretic
upper bound for throughput, we assume that each data symbol is trans-
mitted over an AWGN channel characterized by SINR, , (H). We then
calculate the upper limit of the throughput using the Bit Interleaved
Coded Modulation (BICM) [31] capacity, denoted as

Cpiem = E (1032 lxl

max
XE(4.16.64....}-QAM

34
logi\)(\ . {1 { S, POFOI } })} (€2))
- 0224 T BDFGI) i
i=1 Z"E*’io.l) FREOT)

where the probability density function PDF (y;|x; ) is expressed as

M 2
PDF (yl,klxl,k) = # exp <——|yl’k_}:i|’]kx"k| > . (35)
n

Note that instead of assuming that the data symbols are Gaussian
distributed, the BICM capacity implements QAM signal constellations
combined with bit interleaving. According to Egs. (34)-(35), the upper
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Table 1
Simulation parameters.

Parameter name Value

Number of subcarriers L=32or L=64

Subcarrier spacing F =15 kHz

Carrier frequency 2.5 GHz

Number of symbols Koppm = 15, Kep_oppm = 145 Kppye = 30
Sampling rate f, =10.08 MHz

Overlapping factor 0=4
Modulation order {4,16,64} — QAM

limit of system throughput can be calculated as
| & L2
Tip. = XT 1; f; Criomawan {SINR  (H)}, (36)

where KT denotes the duration of a subframe. Because FBMC has
higher available bandwidth and requires no CP, FBMC provides a
higher throughput than OFDM. However, the throughput of Pruned
DCT-p-FBMC is slightly lower than conventional FBMC in high SNR.
The reason is that the validity of Eq. (30) is impacted at high SNR.

5. Simulation & numerical analysis

To illustrate more clearly the potential performance of Pruned DCT-
p-FBMC, we perform numerical analysis and evaluation in this section.
We first evaluate the PAPR in Section 5.1. Then, in Section 5.2, we
directly combine Pruned DCT-p-FBMC with MIMO and discuss the
BER performance. Particularly, we also consider the 2 x 1 Alamouti’s
space-time block-coding technique. Finally, we discuss the throughput
of SISO systems on doubly selective channels and the throughput of
MIMO systems on time-varying channels. The simulation parameters
are shown in Table 1.

5.1. PAPR

The FBMC signal length is much longer than T'. Thus, estimating the
PAPR value within one FBMC signal length is not feasible [32]. For a
fair comparison with systems such as OFDM, we perform the calcula-
tion over a time spacing 7 (i.e., symbol period) of one symbol [33].
The detailed formula is

2
i (5OF)
E{lsoP}

On the other hand, for a fair comparison, we normalize the signal power
(i.e., the average power of the signal is 1). Thereby, the PAPR can be
simply calculated as max;|[s];|*. Similarly, the SNR can be simply calcu-
lated as 1/P, . The Complementary Cumulative Distribution Function
(CCDF) is a commonly used metric for evaluating the performance of a
signal’s PAPR, which represents the probability that the signal’s PAPR
exceeds a certain threshold value. The detailed formula is

PAPR k=12,...,K. 37)

CCDF (101g (PAPR)) = Pr (PAPR > PAPR) . (38)

If we take the number of subcarriers as L = 64, then Fig. 6 shows the
CCDF corresponding to the PAPR of the 16-QAM signal constellation.
Both conventional FBMC and OFDM provide poor PAPR. Notably,
Pruned DCT-p-FBMC has a slightly better PAPR than conventional
FBMC. However, the PAPR of Pruned DFT-s-FBMC is slightly better
than that of Pruned DCT-p-FBMC, which is benefited from the reduced
time overlap between pulses [19]. Note that the aim of our scheme is
to restore the biorthogonality of FBMC rather than to reduce the PAPR.
However, Pruned DCT-p-FBMC obtains some advantage, although the
advantage is only a 1 dB improvement.
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Fig. 6. Compared to OFDM, Pruned DCT-p-FBMC obtains about 1 dB improvement
in PAPR and has lower OOB emission. Note that the PAPR performance of Pruned
DCT-p-FBMC is about 1.5 dB worse than SC-FDMA.

5.2. BER performance

We directly combine FBMC with MIMO and then investigate the
BER performance. The 2 x 2 MIMO multiplexing system model can be
directly expressed as

r| _ (Hn Hp (2] i

[rz] B [HZI sz] (61 6] ¢i2] * [ﬁz] ' 9
Yi| _ [ 4H H r

[Y2] = [¢ GIH ¢ G;’] [rz] . (40)

Note that in achieving equalization, we need to calculate the one-
tap channel with the help of Ltz’;/r Pruned DCT-p-FBMC restores
bi-orthogonality and can realize MIMO transmission in FBMC with the
same complexity as in OFDM. Another advantage of Pruned DCT-p-
FBMC is that all known techniques for MIMO in OFDM can be used
directly.

For the 2 x 2MIMO multiplexing system of Egs. (39)-(40), we
assume that the two antennas transmit independent bit streams simul-
taneously. At the receiver side, we complete the detection of received
symbols with ZF equalizer and ML detection. Note that the ZF equalizer
ignores noise effects, and the ML detection has the disadvantage of high
calculation complexity. ML technology cannot be directly applied in
conventional FBMC. The reason is that imaginary interference leads to
many possibilities that need to be considered for the ML technique. On
the other hand, another transmission scheme we consider is 2 x 1 Alam-
outi’s space-time block coding (which requires additional operations to
be added in conventional FBMC). Defining SNR = 101g (%)dB, Fig. 7
shows the BER performance for different multicarrier schemes in a flat
channel. Over a flat channel, channel-induced interference is almost
zero. Thus, the validity of Eq. (30) depends only on interference and
noise. When noise is dominant (i.e., SNR is below 20 dB), the equivalent
of Eq. (30) is valid. Thus, the ML detection performance of Pruned
DCT-p-FBMC is almost the same as that of CP-OFDM. However, the
validity of Eq. (30) decreases when interference dominates (i.e., SNR
is higher than 20 dB). Thus, the ML detection performance of Pruned
DCT-p-FBMC appears to be different from that of CP-OFDM.

To describe the doubly selective channel, we adopt the Tap Delay
Line (TDL)-A [34] power-delay profile with 120 ns delay spread in
3GPP 38.900. The mobility is set to 300 km/h. When considering
frequency-selective fading, we simulate multipath transmission by in-
creasing the number of Wide-sense Stationary Uncorrelated Scattering
(WSSUS) paths. Fig. 8 shows the BER performance for different multi-
carrier schemes in a doubly selective channel. The conclusions in Figs. 7
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Fig. 7. BER performance of MIMO transmission and Alamouti coded transmission in
a flat channel. Flat channels do not induce additional interference, so the validity of
Eq. (30) depends only on the interference and noise.
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Fig. 8. BER performance of MIMO transmission and Alamouti coded transmission in a
doubly selective channel. Doubly selective channels can induce additional interference.
The orthogonality of Pruned DCT-p-FBMC is destroyed when interference dominates.
The validity of Eq. (30) decreases, leading to a deviation in the BER performance of
Pruned DCT-p-FBMC compared to OFDM.

and 8 show that many of the techniques in OFDM can be applied di-
rectly to Pruned DCT-p-FBMC (at least the diversity techniques and ML
detection can be applied directly and without additional operations). It
is worth noting that Pruned DFT-s-FBMC relies on truncated prototype
filters. When the Pruned DFT-s-FBMC is configured with the traditional
prototype filter (PHYDYAS), the interference residue is approximately
9 dB higher than that of the Pruned DCT-p-FBMC. Thus, Pruned DFT-s-
FBMC performs poorly in ML and Alamouti coding techniques. We only
provide its BER performance under the MMSE equalizer in Figs. 7 and
8.

5.3. Throughput

To evaluate the throughput, we adopt the modulation and coding
scheme under the LTE standard. The Channel Quality Indicator (CQI)
and its corresponding code rate are shown in Table 2 [35].

Note that we calculate the throughput corresponding to all con-
stellation orders and code rates in Table 2 and select the maximum
value at the receiver. This operation provides sufficient measurement
for throughput ceilings without constraints on the constellation order.
Since the transmitted symbols are assumed to pass through AWGN
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Table 2
CQI and the corresponding code rates.
CQI Index Modulation order Code rate Efficiency
1 4-QAM 78/1024 0.1523
2 4-QAM 120/1024 0.2344
3 4-QAM 193/1024 0.3770
4 4-QAM 308/1024 0.6016
5 4-QAM 449/1024 0.8770
6 4-QAM 602/1024 1.1758
7 16-QAM 378/1024 1.4766
8 16-QAM 490/1024 1.9141
9 16-QAM 616/1024 2.4063
10 64-QAM 466/1024 2.7305
11 64-QAM 567/1024 3.3223
12 64-QAM 666/1024 3.9023
13 64-QAM 772/1024 4.5234
14 64-QAM 873/1024 5.1152
15 64-QAM 948/1024 5.5547
SISO Throughput with L = 64, Doubly-selective channel
25 T T T T T T
—— OFDM (with CP)
————— OFDM (no CP)
Conventional FBMC
AU — SC-FDMA
s Pruned DCT-p-FBMC| 7~
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g1 ZTem
3
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=
H
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Fig. 9. Throughput for SISO transmissions in doubly selected channels. Pruned DCT-
p-FBMC is superior to OFDM due to more robustness to time-varying channels and
requires no CP.

channels characterized by both noise and interference (i.e., SINR (H)),
we calculate the LLR required for Turbo decoding under AWGN channel
conditions. Thus, the throughput calculation relies only on |7zqu|2 /P, .
If there are infinitely many transmitted blocks in time, then the
throughput can be calculated as Ey {Tup_}, see Eq. (36). However, in
practice, L and K are finite. Thus, in the subsequent simulations, we
adopt T {Tup.(lizfyklz /P, )} to calculate the throughput.

Considering higher delay spread, we set the channel parameter to
TLD-A-300ns and set the mobility to 200 km/h. For the SISO system in
a doubly selective channel, Fig. 9 shows the throughput for different
multicarrier modulation systems. We can observe that the throughput
of Pruned DCT-p-FBMC is about 5% better than SC-FDMA. Additionally,
our scheme requires no CP, which further improves throughput. The
throughput of Pruned DFT-s-FBMC with conventional prototype filter
is lowest at high SNR. The reason is that the power of the residual
interference is higher than noise and the calculation of the LLR does
not consider the interference.

On the other hand, conventional FBMC has higher throughput than
our scheme. The reason is that precoding leads to an averaging effect in
the channel. Note that for throughput values with SNR below 17.5 dB,
OFDM without CP outperforms OFDM with CP. However, at SNR
higher than 17.5 dB, the throughput of OFDM without CP decreases.
The reason for this mismatch is that we employ the very simple LLR
calculation method, see Eq. (31). The calculation implicitly ignores
channel-induced interference.

Considering low delay spreading, we set the channel parameter
to TLD-A-10ns and set the mobility to 400 km/h. For MIMO systems
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MIMO Throughput with L = 64, Time-variant channel
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Fig. 10. Throughput of MIMO transmission in time-varying channels. If the delay
spread is low enough, the throughput of Pruned DCT-p-FBMC will be closer to that
of conventional FBMC.

in time-varying channels, Fig. 10 shows the throughput for different
multicarrier systems. We can observe that the throughput of Pruned
DCT-p-FBMC is approximately the same as that of conventional FBMC.
However, at the SNR of 23 dB, the throughput of Pruned DCT-p-FBMC
shows a deviation of 0.5% from that of conventional FBMC. The reason
is that interference is beginning to dominate. Similarly, the throughput
of Pruned DFT-s-FBMC with conventional prototype filter is lowest at
high SNR due to residual interference.

6. Conclusion

In this paper, we propose the Pruned DCT Precoding based FBMC
Modulation scheme. The scheme outperforms OFDM in many aspects,
e.g., Pruned DCT-p-FBMC is more robust to doubly selective chan-
nels, low OOB emission, etc. In particular, Pruned DCT-p-FBMC can
approximately equate to OFDM orthogonal transmission, achieving
compatibility with OFDM. Therefore, Pruned DCT-p-FBMC can directly
apply many known techniques in OFDM, e.g., ML detection techniques,
Turbo coding, etc. Once we employ Pruned DCT precoding, FBMC can
be directly combined with MIMO technology without additional cal-
culation. The good time-frequency properties of Pruned DCT-p-FBMC
ensure that no strict synchronization authorization is required between
multiple users. However, the underlying system of Pruned DCT-p-FBMC
is still OQAM-FBMC, and thus, its complexity is not reduced compared
to conventional FBMC.
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Appendix A. Detailed derivation of Egs. (10)-(11).

For simplicity of representation, we express Eq. (8) in discrete time
form, that is

81k (n) = [g/.k],,~ (41)

Then, the discrete-time form s(n) of the transmitted signal s (¢) can be
expressed as

L K
HOEDIIE AT AN (42)
1=1 k=1

If the sample values of all the transmitted signals are stacked in the
vector s € CV*¥!, then Eq. (42) can be expressed in matrix form as

X1,1
,gLYK] | =Gx. (43)
XL.K

s=[g1..

Assuming that the channel “TDL-A” has P transmission paths, we can
express the discrete time-varying impulse response  (n, rp) by a banded
convolution matrix H € CV*N [6], that is

[H],; = h(.i-j). 44

Then, the discrete-time model of Eq. (2) can be expressed as
P
r(n) = Z h (n, Tp) s (n — rp) + i(n). (45)
p=1

If the sample values of all received signals are stacked in the vector
r € CV*1| Eq. (45) can be expressed as

r = Hs + i = HGx + i. (46)

For the received symbol y,,, we can express Eq. (3) in discrete-time
form as
N

Yik = 2 r(n) g, (n). 47)

n=1

Eq. (47) can be expressed in matrix form as
Vige = gf,kl (48)

If all the received symbols are stacked in the vector y € CKX1, then
y € CLKX1 can be expressed in matrix form as

y =Gfr = GFHGx +n. (49)

If the Doppler spread and Delay spread of the channel are low enough,
then H can be approximated as a diagonal matrix. At this time, ac-
cording to Egs. (6) and (44), the (/,k)th received symbol y,, can be
expressed as

Yk

N
= < h(n,0) g (n) gl*,k (")> (x/,k +jS{q . }X) +0y,, (50)

n=1
= g,’iHGx +1y
where q;; = [G"G], ;. If the channel-induced interference can be
ignored, then the FBMC has only inherent imaginary interference, that
is
ik =g/ HGX +ny

. : 1)
= Hli,kg/,kGX +ny,

To obtain the matrix representation of H, ,, we express the convolution
sum in Eq. (50) as

N
Hyo= Y [ (efi) oely | . (52)

n=1

= [diag {GHHG}]HkL
Considering all received symbols, Eq. (51) can be expressed as

y = diag {G"HG} G"Gx +n. (53)
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Appendix B. Detailed derivation of Eq. (33)

If channel gain is considered, we need to apply the generalized LLR
expression, that is

Zif,kelf PDF (if,k I’?f,k > ilf,k)

LLR (b;) =log . 54)
‘ Zif,ke;({) PDF (5 s |%z by )
where
PDF (5yx [%4 - e)
- . 2
__1 exp ~|Vex = hesel
" e (55)

2
1 2.k -1 =
= ——exp —‘V(Pn ) (Fox—Per%es)
P

According to Eq. (30), we need to calculate the noise power correspond-
ing to each symbol. The noise correlation matrix (i.e., the covariance
matrix of i) can be calculated as

R, =E {ai"}
= VRGH (vRer)". (56)
=PGHG

It is worth noting that G#G =~ I,x,, leads to differences in the
noise power corresponding to each symbol. Therefore, substituting P,
directly into Eq. (55) is not entirely accurate. Alternatively, we directly
perform a singular value decomposition for R;! and directly calculate

0 required by Eq. (55). That is
(Pf’k)_l = diag(S\/VUH)

st. -1 =svuA

£+L(k-1)/2 . (57)

where S € CLK/2XLK/2 denotes the left singular vector matrix, V &
CLK/2xLK/2 denotes the singular value matrix, and U € CLK/2xLK/2
denotes the right singular vector matrix.

Data availability

Available Code can be downloaded at https://github.com/WangYe
eng/Pruned-DCT-P-FBMC_master.
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