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A B S T R A C T

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
a Pruned Discrete Cosine Transform (DCT) Precoding based FBMC (Pruned DCT-p-FBMC) modulation, which
inherits the advantages of FBMC-OQAM as well as Single Carrier Frequency Division Multiple Access and real-
izes the technical compatibility between FBMC and OFDM. Specifically, considering the anti-interference ability
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
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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. Payaró 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
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Signal Processing 231 (2025) 109897 
complexity. For the purpose of reducing the FBMC Peak-to-Average
Power Ratio (PAPR), R. Nissel et al. [19] proposed a Pruned DFT spread
cheme. The scheme not only reduces the PAPR, but also restores the
iorthogonality of FBMC and improves the spectral efficiency. More-
ver, Pruned DFT-Spread FBMC is similar to Single Carrier Frequency
ivision Multiple Access (SC-FDMA) adopted by Long Term Evolution

LTE) in the uplink (Note that DFT-OFDM is essentially the same
s SC-FDMA.) [20]. However, Pruned DFT-Spread FBMC has residual

interference. To mitigate the interference, the author uses a truncated
rototype filter, which destroys the real orthogonality of the FBMC,
o directly boost the Signal-to-Interference Ratio (SIR), and then, with
dditional 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
iorthogonality of FBMC, which makes it easy to combine MIMO with
BMC, similar to combining MIMO with OFDM. M. Renfors et al. [21]
ealized the block Alamouti scheme (symbols are spread into the time
omain). The same scheme is utilized in [22], only with the symbols
pread into the frequency domain. Both approaches essentially restore
he biorthogonality of FBMC through symbol spreading.

Based on the idea of DFT precoding in SC-FDMA, we consider a pre-
oding scheme based on the pruned Discrete Cosine Transform (DCT).
his scheme can approximately restore the bi-orthogonality of FBMC
nd requires only real-valued operations without causing an excessive
omplexity 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
ssistance in Peak-to-Average Power Ratio (PAPR) reduction. It is worth
oting that, restricted by the Balian-Low theorem, the Pruned DCT-
recoding FBMC still suffers from residual interference. Therefore, our
cheme can achieve nearly the same performance as OFDM, particularly
n scenarios where interference is not the dominant factor. However,
he 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
ector, respectively. diag {·} denotes the diagonal elements of a matrix
r generates a diagonal matrix. Tr · denotes the trace of a matrix.
{ }

2 
E {·} denotes the expectation. ℜ {·} and ℑ {·} denote the extraction
for real and imaginary part operations, respectively. ⊗ and ◦ denote
the Kronecker and Hadamard products, respectively. (·)∗, (·)−1, (·)𝑇

and (·)𝐻 denote conjugate, inverse, transpose, and conjugate transpose
operations respectively. Imaginary unit is denoted as j =

√

−1. 𝐈𝑛
denotes the 𝑛 × 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

AM symbol, thus guaranteeing the transmitted amount of data. Let us
ssume that the multiplexed FBMC signal 𝑠 (𝑡) consists of 𝐿 subcarriers
nd 𝐾 time symbols, which can be expressed as

𝑠(𝑡) =
𝐿
∑

𝑙=1

𝐾
∑

𝑘=1
𝑥𝑙 ,𝑘 𝑝𝑇 𝑋 (𝑡 − 𝑘𝑇 )ej2𝜋 𝑙 𝐹 (𝑡−𝑘𝑇 )ej

𝜋
2 (𝑙+𝑘)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝑔𝑙 ,𝑘(𝑡)

, (1)

where 𝑥𝑙 ,𝑘 denotes the real-valued OQAM symbol at the time–frequency
position (𝑙 , 𝑘). 𝐹 denotes the frequency spacing and 𝑇 the time spacing.
ej𝜋(𝑙+𝑘)∕2 represents the phase shift factor between adjacent subcarriers
and symbols. 𝑔𝑙 ,𝑘 (𝑡) denotes the base pulse, which is obtained by
combining the time–frequency shifted prototype filter 𝑝 (𝑡) with the
phase shift factor. Note that we assume the prototype filter 𝑝 (𝑡) is zero
utside the time interval −𝑂 𝑇 ≤ 𝑡 ≤ 𝑂 𝑇 . In FBMC, the symbol density
 𝐹 = 0.5 for OQAM corresponds to the symbol density 𝑇 𝐹 = 1 for
AM [19]. The received signal 𝑟 (𝑡) can be described by convolving 𝑠 (𝑡)
ith the time-varying multipath channel ℎ (𝑡, 𝜏) [23], denoted by

𝑟 (𝑡) = ∫R
ℎ (𝑡, 𝜏) 𝑠 (𝑡 − 𝜏) d𝜏 + n̄ (𝑡)

𝑡. ℎ (𝑡, 𝜏) = 1
√

𝑃

𝑃
∑

𝑝=1
𝜂𝑝 (𝑡) 𝑒j2𝜋 𝑡(𝑓𝐷 𝑃 +𝜑𝑃 )𝛿𝜏−𝜏𝑝

, (2)

where 𝑃 denotes the number of paths, and 𝜂𝑝 (𝑡) the attenuation factor
of the 𝑝th path. 𝑓𝐷 𝑝 and 𝜑𝑝 denote the Doppler shift and initial phase,
respectively. 𝛿𝑡 denotes the Dirac delta function. 𝜏𝑝 denotes the time
delay of the 𝑝th path. n̄ (𝑡) denotes white noise. At the receiver, by
performing inverse mapping of the received signal to the base pulse,
we can obtain the received symbol 𝑦𝑙 ,𝑘 at the time–frequency position
(𝑙 , 𝑘), denoted as

𝑦𝑙 ,𝑘 = ∫R
𝑟 (𝑡) 𝑔∗𝑙 ,𝑘 (𝑡) d𝑡. (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
omain [6], expressed as

ℜ
{⟨

𝑔𝑙 ,𝑘(𝑡), 𝑔𝑙′ ,𝑘′ (𝑡)
⟩}

= ℜ
{

∫R
𝑔𝑙 ,𝑘(𝑡)𝑔∗𝑙′ ,𝑘′ (𝑡)d𝑡

}

= 𝛿𝑙 ,𝑘
,

(4)

where 𝑙 = 𝑙 − 𝑙′ and 𝑘 = 𝑘 − 𝑘′. 𝛿𝑖,𝑗 denotes the Kronecker delta
unction. The orthogonality condition of Eq. (4) leads to imaginary

interference. For precise analysis, we define the interference term as

𝜁 𝑙
′ ,𝑘′
𝑙 ,𝑘 = ∫R

𝑔𝑙 ,𝑘(𝑡)𝑔∗𝑙′ ,𝑘′ (𝑡)d𝑡, (5)

where if (𝑙 , 𝑘) = (𝑙′, 𝑘′), then 𝜁 𝑙
′ ,𝑘′
𝑙 ,𝑘 = 1; If (𝑙 , 𝑘) ≠ (𝑙′, 𝑘′), then 𝜁 𝑙

′ ,𝑘′
𝑙 ,𝑘 is

purely imaginary. Combining Eqs. (1) and (5), we can rewrite Eq. (3)



Y. Wang et al.

b

F

s

w
w

s
i
o
ℜ
o
o

𝑝
d

𝐱
o
o
𝑁

t

f
T
i
t
s

𝐿
w

o
o
d

m

Signal Processing 231 (2025) 109897 
as
𝑦𝑙 ,𝑘

= ∫R

(

∫R
ℎ (𝑡, 𝜏)

∑

𝑙

∑

𝑘
𝑥𝑙 ,𝑘𝑔𝑙 ,𝑘 (𝑡 − 𝜏) d𝜏 + n̄ (𝑡)

)

𝑔∗𝑙 ,𝑘 (𝑡) d𝑡

=
∑

𝑙

∑

𝑘
𝑥𝑙 ,𝑘 ∬R

ℎ (𝑡, 𝜏) 𝑔𝑙 ,𝑘 (𝑡 − 𝜏) 𝑔∗𝑙 ,𝑘 (𝑡) d𝜏d𝑡

+ ∫R
n̄ (𝑡) 𝑔∗𝑙 ,𝑘 (𝑡) d𝑡

= 𝐻𝑙 ,𝑘𝑥𝑙 ,𝑘 +
∑

𝑙≠𝑙′

∑

𝑘≠𝑘′
𝐻𝑙′ ,𝑘′𝑥𝑙′ ,𝑘′𝜁

𝑙′ ,𝑘′
𝑙 ,𝑘 + n𝑙 ,𝑘

, (6)

where 𝐻𝑙 ,𝑘 = ∬R ℎ (𝑡, 𝜏) 𝑔𝑙 ,𝑘 (𝑡 − 𝜏) 𝑔∗𝑙 ,𝑘 (𝑡) d𝜏d𝑡 is the one-tap channel
at time–frequency position (𝑙 , 𝑘), which is approximately equal to the
time-varying transfer function [19]. Thereby, 𝐻𝑙 ,𝑘 also can be obtained
y discretizing the transfer function 𝐻 (𝑡, 𝑓 ), denoted as

𝐻𝑙 ,𝑘 = 𝐻 (𝑘𝑇 , 𝑙 𝐹 ) . (7)

n𝑙 ,𝑘 denotes the noise term at the time–frequency position (𝑙 , 𝑘), ex-
pressed as

n𝑙 ,𝑘 = ∫R
n̄(𝑡)𝑔∗𝑙 ,𝑘(𝑡)d𝑡. (8)

The described continuous-time system provides a physical insight into
BMC. 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
ample the base pulse in Eq. (1) with the rate 𝑓𝑠 = 𝐹 𝑁𝐹 𝐹 𝑇 . If the

sampled values are represented by a vector 𝐠𝑙 ,𝑘 ∈ C𝑁×1, then the
elements of 𝐠𝑙 ,𝑘 ∈ C𝑁×1 can be expressed as
[

𝐠𝑙 ,𝑘
]

𝑛 =
1

√

𝐹 𝑁𝐹 𝐹 𝑇
𝑔𝑙 ,𝑘

(

𝑛 − 1
𝐹 𝑁𝐹 𝐹 𝑇

− (𝑂 − 1) 𝑇
)

, (9)

where 𝑛 = 1,… , 𝑁 , with 𝑁 denoting the total sample number. 𝑂
denotes the overlapping factor, and 𝑁𝐹 𝐹 𝑇 the FFT size. Note that in
FBMC, the base pulse will span 𝑂 symbol periods. Therefore, the time
range for the specific symbol is

(

− (𝑂−1)𝑇
2 , (𝑂−1)𝑇

2

)

. 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 =

[

𝐠1,1,… , 𝐠𝐿,𝐾
]

∈ C𝑁×𝐿𝐾 . For a wireless channel, we adopt a
banded convolution matrix 𝐇 ∈ C𝑁×𝑁 for modeling [6,11,27]. The
matrix model for the whole transmission system can be expressed as

𝐲 = 𝐆𝐻𝐇𝐆𝐱 + 𝐧, (10)

where 𝐱 =
[

𝑥1,1,… , 𝑥𝐿,𝐾
]𝑇 ∈ C𝐿𝐾×1 denotes the transmitted sym-

bol and 𝐲 =
[

𝑦1,1,… , 𝑦𝐿,𝐾
]𝑇 ∈ C𝐿𝐾×1 the received symbol. 𝐧 ∼

  (𝟎, 𝑃n𝐆𝐻 ) 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
}

𝐆𝐻𝐆𝐱 + 𝐧. (11)

Note that Eq. (11) is a simplified version for low-Doppler spread cases
ith higher computational efficiency, while Eq. (10) is suitable for a
ider range of channel conditions. Thus, in channels with high Doppler

spread, we still use Eq. (10). To make Eqs. (10)–(11) easier to under-
tand, we provide a detailed derivation in Appendix A. The imaginary
nterference in FBMC is characterized by the off-diagonal elements
f 𝐆𝐻𝐆, while the condition for real orthogonality is represented by
{

𝐆𝐻𝐆
}

= 𝐈𝐿𝐾 . Without loss of generality, we provide an explanation
f the IFFT/FFT realization process for FBMC using the sampled signals
f Eq. (1). The sampled signal of Eq. (1) can be expressed as

𝑠(𝑛̃𝛥𝑡) = 𝑝 (𝑛̃𝛥𝑡)
𝐾
∑

𝐿
∑

ej2𝜋 𝑙(𝑛̃∕𝑁𝐹 𝐹 𝑇 −𝑘∕2 )𝑥𝑙 ,𝑘ej𝜋(𝑙+𝑘)∕2 , (12)

𝑘=1 𝑙=1

r

3 
where 𝑛̃ = −𝑂 𝑁𝐹 𝐹 𝑇 ∕2 ,… , 𝑂 𝑁𝐹 𝐹 𝑇 ∕2 − 1 and 𝛥𝑡 = 1∕𝐹 𝑁𝐹 𝐹 𝑇 . Note that
(𝑛̃𝛥𝑡) is an irrelevant term for 𝑙 and 𝑘, which can be placed outside the
ual summation. The summation term in Eq. (12) for the subcarriers

corresponds to the 𝑁𝐹 𝐹 𝑇 -point IFFT, with its transformed object is
⃗𝑘 =

[

0, 𝑥1,𝑘ej𝜋(1+𝑘)∕2 ,… , 𝑥𝐿,𝑘ej𝜋(𝐿+𝑘)∕2 , 0,…
]𝑇 ∈ C𝑁𝐹 𝐹 𝑇 ×1. The symbols

f all time positions are then obtained by time shifting. The receiver
perates similarly to the transmitter, but in reverse order, involving an
𝐹 𝐹 𝑇 -point FFT.

3. Pruned DCT precoding FBMC

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

(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 𝑇 𝐹 = 1

2 , 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
lexibility and theoretical insights into efficiently generating signals.
he second interpretation provides the underlying logic for understand-

ng the restoration of bi-orthogonality in Pruned DCT-p-FBMC. Note
hat Pruned DCT-p-FBMC can achieve OFDM-like orthogonal transmis-
ion.

3.1. Symbol precoding & decoding

In FBMC, the QAM complex symbol that can be transmitted in the
×𝐾 2-D plane after compression of the time–frequency spacing is 𝑥̃𝓁,𝑘,
here 𝓁 ∈

[

1,… , 𝐿∕2 ]

. For the 𝑘 complex symbol of length 𝐿∕2 , we
pre-code it using DCT [28], denoted by

𝑥𝑙 ,𝑘 =
√

2
𝐿

𝐿∕2
∑

𝓁=1
𝑥̃𝓁,𝑘

1
√

1 + 𝛿𝑙−1
cos

(

𝜋
2𝐿 (4𝓁 − 3) (𝑙 − 1)

)

. (13)

Note that instead of utilizing 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
𝑦̃𝓁,𝑘, denoted by

𝑦̃𝓁,𝑘 =
√

2
𝐿

𝐿
∑

𝑙=1
𝑦𝑙 ,𝑘 1

√

1 + 𝛿𝓁−1
cos

(

𝜋
2𝐿 (𝑙 − 1) (4𝓁 − 3)

)

. (14)

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 Eqs. (13)–(14) by matrix form to understand
rthogonality intuitively. The precoding matrix 𝝋 ∈ R𝐿×𝐿∕2 , which
nly contains the DCT coefficients for one symbol, can be obtained
irectly by applying the DCT transform to the unit array, that is

𝝋 =
[

𝑑 𝑐 𝑡
(

𝐈𝐿
)]

∶,2𝑙−1 = 
𝐿×𝐿

2
, (15)

where 𝑑 𝑐 𝑡 (·) denotes the DCT operation. 
𝐿×𝐿

2
denotes the 𝐿× 𝐿

2 DCT

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

[

𝑥̃1,1,… , ̃𝑥𝐿∕2 ,𝐾
]𝑇 ∈ C𝐿𝐾∕2 ×1, denoted as

𝐱 = 𝝋⊗ 𝐈𝐾
⏟⏟⏟

𝝓

𝐱̃, (16)

where 𝝓 ∈ R𝐿𝐾×𝐿𝐾∕2 denotes the precoding matrix for all symbols. At
eceiver side, we use decoding matrix 𝝓𝐻 ∈ C𝐿𝐾∕2 ×𝐿𝐾 to decode the
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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. 𝜀𝓁,𝑘 denotes the one-tap equalization operator.
received symbols. Thereby, the received complex symbol 𝐲̃ ∈ C𝐿𝐾∕2 ×1
is obtained, denoted as

𝐲̃ = 𝝓𝐻𝐲. (17)

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 𝝓 ∈ R𝐿𝐾×𝐿𝐾∕2 is a sparse
block diagonal matrix. When the number of subcarriers is 𝐿 = 4, the
specific value of subblock 𝝋 ∈ R𝐿×𝐿∕2 within matrix 𝝓 ∈ R𝐿𝐾×𝐿𝐾∕2

can be expressed as

𝝋 =
[

0.5 0.6533 0.5 0.2706
0.5 −0.2706 −0.5 0.6533

]𝑇

. (18)

The precoding matrix allows the transmitted symbols to retain the
complexity property. Note that in conventional FBMC, 𝐱𝑘 ∈ R𝐿×1 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., 𝐆̃ = 𝐆𝝓), then the regular base pulse 𝐠𝑙 ,𝑘 can
be regarded as the new pulse 𝐠̃𝑙 ,𝑘, see Fig. 2. 𝐠̃𝑙 ,𝑘 can also be interpreted
as the output waveform of the precoder when the transmitted symbol
𝑥̃𝓁,𝑘 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 = 𝐈𝑁 ), the
system orthogonality can be expressed as

𝐆̃𝐻 𝐆̃ = 𝝓𝐻𝐆𝐻𝐆𝝓 ≈ 𝐈𝐿𝐾∕2 . (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
4 
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, 𝐠̃𝑙 ,𝑘 has no specific properties
(i.e., without a fixed expression) and is difficult to generate directly.

delay of one frame as

𝑇f r ame =
𝑂
𝐹

+ 0.5
𝐹

(𝐾 − 1) . (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 𝑇𝐶 𝑃 = 1

14𝐹 and 𝐹 =
15 kHz. However, the duration for both conventional FBMC and Pruned
DCT-p-FBMC subframes is 1.17 ms (i.e., 𝑇f r ame

|

|𝑂=4,𝐹=15 k Hz,𝐾=28 ≈
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 𝐏𝑓 ∈ R𝑁×1 as

𝐏𝑓 = |

|

|

𝐹 𝐹 𝑇 (

𝐆𝑘𝝋𝐱̃𝑘
)

|

|

|

2
, (21)

where 𝐹 𝐹 𝑇 {·} 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 + 2
(

𝐿log2
(𝐿
2

)

+𝑁𝐹 𝐹 𝑇 log2
(

𝑁𝐹 𝐹 𝑇
)

+ 𝑂 𝑁𝐹 𝐹 𝑇
)

, (22)

where 𝐿+ 2𝐿log2 (𝐿∕2 ) corresponds to the multiplication numbers for
Pruned DCT precoding (the real and imaginary parts with complex



Y. Wang et al.

a

t
u

o

d
p

𝑠

p

t
(

d
a

Signal Processing 231 (2025) 109897 
Fig. 3. Pruned DCT-p-FBMC retains the superior spectral properties of conventional
FBMC. Although the precoding matrix 𝝋 reshapes the base pulse, the power and power
spectral density of the transmitted signal remain the same as that of the conventional
FBMC.

Fig. 4. Relative complexity for Pruned DCT-p-FBMC vs. SC-FDMA with different 𝑁𝐹 𝐹 𝑇
nd 𝐿.

numbers are recorded twice). 𝑁𝐹 𝐹 𝑇 log2
(

𝑁𝐹 𝐹 𝑇
)

corresponds to the
IFFT required for FBMC. 𝑂 𝑁𝐹 𝐹 𝑇 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
hat the complexity must be twice that of SC-FDMA, which is an
navoidable drawback. For example, in LTE, 𝑁𝐹 𝐹 𝑇 = 1024 and 𝐿 =

600 [19], which leads to a complexity of about 3.9 × 104 for Pruned
DCT-p-FBMC and 1.6 × 104 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-
nality 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.
5 
4.1. SIR & SINR

The inherent imaginary interference of the conventional FBMC is
escribed as the off-diagonal elements of the 𝐆𝐻𝐆. In Pruned DCT-
-FBMC, we adopt the Pruned DCT matrix to reduce the off-diagonal

elements of the 𝐆𝐻𝐆 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

SIR𝑘 =
𝐿∕2

‖

‖

‖

𝐆̃𝐻
𝑘 𝐆̃‖

‖

‖

2

𝐹
− Tr {𝐆̃𝐻

𝑘 𝐆̃
}

, (23)

where ‖·‖𝐹 denotes the Frobenius paradigm and 𝐆̃𝐻
𝑘 = 𝝋𝐻𝐆𝐻

𝑘 . 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 𝑃𝑆𝓁,𝑘&𝐼𝓁,𝑘 = E

{

|

|

𝑦̃𝓁,𝑘||
2
}

including
interference, denoted as

𝑃𝑆𝓁,𝑘&𝐼𝓁,𝑘 =
𝐿𝐾∕2
∑

𝑖=1

𝑁
∑

𝑛=1

[

|

|

|

𝐆̃𝑇◦𝐆̃𝐻 |

|

|

]

𝑖,𝑛

𝑡.  =
(

𝐈𝑁 ⊗ 𝝋̃𝐻𝐆𝐻)

𝐑H
(

𝐈𝑁 ⊗𝐆𝝋̃
)

, (24)

where 𝐑H = E
{

vec {𝐇} vec{𝐇}𝐻
}

denotes the channel correlation
matrix. 𝝋̃ ∈ R𝐿𝐾×1 denotes the 𝓁 + 𝐿(𝑘−1)

2 th column of the matrix
𝝓 ∈ R𝐿𝐾×𝐿𝐾∕2 . Secondly, we calculate the signal power 𝑃𝑆𝓁,𝑘

, denoted
as

𝑃𝑆𝓁,𝑘
= max

1≤𝑖≤𝐿𝐾∕2

𝑁
∑

𝑛=1

[

|

|

|

𝐆̃𝑇◦𝐆̃𝐻 |

|

|

]

𝑖,𝑛
. (25)

Finally, according to Eqs. (24)–(25), we can calculate the SIR at time
osition 𝑘, denoted as

SIR𝑘 =

∑𝐿∕2
𝓁=1 𝑃𝑆𝓁,𝑘

∑𝐿∕2
𝓁=1

(

𝑃𝑆𝓁,𝑘&𝐼𝓁,𝑘 − 𝑃𝑆𝓁,𝑘

) . (26)

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 (𝑇𝐶 𝑃 = 4.76 μs) 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-
ion. The input–output relationship of the whole transmission system
see Fig. 1, including equalization) can be expressed as

𝐱̂ = diag (𝜺)𝝓𝐻𝐆𝐻𝐇𝐆̃𝐱̃ + diag (𝜺)𝝓𝐻𝐧, (27)

where diag (𝜺) ∈ C𝐿𝐾∕2×𝐿𝐾∕2 with 𝜺 ∈ C𝐿𝐾∕2×1 denotes the equalization
vector and [𝜺]

𝓁+𝐿(𝑘−1)
2

= 𝜀𝓁,𝑘. Over a doubly flat channel or zero noise

environment, the equalization operator can be the Zero Forced (ZF)
equalizer 𝜀ZF𝓁,𝑘 = 1∕𝐻𝓁,𝑘 . The Minimum Mean Square Error (MMSE)
equalizer becomes practical when we consider noise, i.e., 𝜀MMSE

𝓁,𝑘 =
𝐻∗

𝓁,𝑘∕(|𝐻𝓁,𝑘|
2 + 𝑃n) . Over time-varying channels, we need to intro-

uce a scaling factor to ensure that the data symbols are estimated
pproximately unbiased (i.e., E

{

𝑥̂𝓁,𝑘 ||𝑥̃𝓁,𝑘
}

≈ 𝑥̃𝓁,𝑘). This indicates that
unbiased estimation needs to ensure that the expectation of 𝑥̂𝓁,𝑘 is
approximately equal to 𝑥̃ , and thus that the bit-inverse mapping is
𝓁,𝑘
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Fig. 5. Extra interference induced by time-varying channels. Pruned DCT-p-FBMC is
ore robust to time-varying channels. Note that the SIR of CP-OFDM is not impacted

y the channel delay spread because the CP time spacing 𝑇𝐶 𝑃 ≥ 𝜏max.

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

𝜀𝓁,𝑘 =
𝜀𝑀 𝑀 𝑆 𝐸
𝓁,𝑘

1
𝐿
∑𝐿

𝑙=1
1

1+𝑃n∕|𝐻𝓁,𝑘|
2

=
𝐿𝐻∗

𝓁,𝑘
(

|

|

𝐻𝓁,𝑘
|

|

2 + 𝑃n

)

∑𝐿
𝑙=1

1
1+𝑃n∕|𝐻𝓁,𝑘|

2

. (28)

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

SINR𝓁,𝑘 (𝐇)

= 1
∑𝐿𝐾∕2

𝑖=1
|

|

|

[

𝜦̄
]

𝑙 ,𝑖
|

|

|

2
+ 𝑃n

∑𝑁
𝑛=1

|

|

|

[

diag (𝜺)𝝓𝐻𝐆𝐻
]

𝑙 ,𝑛
|

|

|

2
, (29)

where 𝜦̄ = diag (𝜺)𝝓𝐻𝐆𝐻𝐇𝐆̃ − 𝐈𝐿𝐾∕2 and 𝑙 = 𝓁 + 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.

hus, SINR𝓁,𝑘 (𝐇) will be an important parameter for calculating the
throughput of the system.

4.2. Throughput

The Pruned DCT-p-FBMC approximately restores the
i-orthogonality, which means that it can be approximately equivalent
o the conventional OFDM model (without equalization techniques),
xpressed as
̃ = 𝐆̃𝐻𝐇𝐆̃𝐱̃ + 𝐧̃

≈ 𝐡̃𝐆̃𝐻 𝐆̃𝐱̃ + 𝐧̃
= 𝐡̃𝐱̃ + 𝐧̃

, (30)

where 𝐡̃ = diag
{

𝐆̃𝐇𝐆̃
}

∈ C𝐿𝐾∕2×𝐿𝐾∕2 , 𝐆̃𝐻 𝐆̃ ≈ 𝐈𝐿𝐾∕2 and 𝐧̃ ∼
  (

0, 𝑃n𝐆̃𝐻)

. 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
han the residual interference, then the approximation of Eq. (30)
olds. At this point, the approximation error depends on the noise. If
he noise level in the transmission medium is lower than the residual
nterference, 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
6 
Fig. 5, we always consider that the approximation of Eq. (30) holds.
nce 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

𝐿𝐿𝑅
(

𝑏𝑖
)

= log
∑

𝑥̃𝓁,𝑘∈𝜒 𝑖
1
exp

{

−
|

|

|

|

𝑦̃𝓁,𝑘−𝑥̃𝓁,𝑘
𝑃n

|

|

|

|

2}

∑

𝑥̃𝓁,𝑘∈𝜒 𝑖
0
exp

{

−
|

|

|

|

𝑦̃𝓁,𝑘−𝑥̃𝓁,𝑘
𝑃n

|

|

|

|

2}
, (31)

where 𝑏𝑖 denotes the 𝑖th bit. 𝜒 𝑖
1 and 𝜒 𝑖

0 denote the subsets of symbols
whose 𝑖th bit is 1 and 0, respectively. 𝑃 𝓁,𝑘

n denotes the noise power for
the corresponding symbol. If we consider the channel gain, then the
LLR can be calculated as
𝐿𝐿𝑅

(

𝑏𝑖
)

= log
∑

𝑥̃𝓁,𝑘∈𝜒 𝑖
1

1
𝜋 𝑃 𝓁,𝑘

n
exp

{

−||
|

𝓁,𝑘n
(

𝑦̃𝓁,𝑘 − ℎ̃𝓁,𝑘𝑥̃𝓁,𝑘
)

|

|

|

2
}

∑

𝑥̃𝓁,𝑘∈𝜒 𝑖
0

1
𝜋 𝑃 𝓁,𝑘

n
exp

{

−||
|

𝓁,𝑘n
(

𝑦̃𝓁,𝑘 − ℎ̃𝓁,𝑘𝑥̃𝓁,𝑘
)

|

|

|

2
}

, (32)

where ℎ̃𝓁,𝑘 = [𝐡̃]𝓁+𝐿(𝑘−1)∕2 denotes the one-tap channel corresponding
to the data symbol. 𝑃 𝓁,𝑘

n denotes the noise power corresponding to the
symbol, and 𝓁,𝑘n can be calculated as

𝓁,𝑘n =

√

(

𝑃 𝓁,𝑘
n

)−1
= diag

(

𝐒
√

𝐕𝐔𝐻
)

𝓁′

𝑠𝑡. 𝐑−1
n = 𝐒𝐕𝐔𝐻

, (33)

where 𝓁′ = 𝓁 + 𝐿 (𝑘 − 1)∕2 , 𝐑n ∈ C𝐿𝐾∕2×𝐿𝐾∕2 denotes the noise
correlation matrix. The detailed derivation of Eq. (33) is provided in
Appendix B. Note that 𝐆̃𝐻 𝐆̃ ≈ 𝐼𝐿𝐾∕2 leads to differences in noise
power corresponding to different symbols. Therefore, 1

𝜋 𝑃 𝓁,𝑘
n

cannot be
gnored. Eq. (32) can be applied to the direct calculation 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
mplement Turbo decoding, which enables the complete channel cod-

ing process. For throughput, the well-known AWGN channel capacity
𝐶AWGN = E

{

log2 (1 + SNR)} is no longer reasonable. The reason is that
ata symbols are typically drawn from a fixed alphabet rather than
ollowing a Gaussian distribution. To derive an information-theoretic
pper bound for throughput, we assume that each data symbol is trans-
itted over an AWGN channel characterized by SINR𝓁,𝑘 (𝐇). We then

alculate the upper limit of the throughput using the Bit Interleaved
oded Modulation (BICM) [31] capacity, denoted as

𝐶BICM = E
{

max
𝝌∈{4,16,64,…}−QAM

(

log2 |𝝌|

−
log2|𝝌|
∑

𝑖=1
E

{

log2

{

∑

𝑥∈𝝌 PDF(𝑦|𝑥)
∑

𝑥∈𝜒𝑖{0,1}
PDF(𝑦|𝑥)

}})}

,
(34)

where the probability density function PDF
(

𝑦𝑙 ,𝑘|𝑥𝑙 ,𝑘
)

is expressed as

PDF
(

𝑦𝑙 ,𝑘|𝑥𝑙 ,𝑘
)

= 1
𝜋 𝑃n

exp
(

− |𝑦𝑙 ,𝑘−ℎ̃𝑙 ,𝑘𝑥𝑙 ,𝑘|2
𝑃n

)

. (35)

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 Eqs. (34)–(35), the upper
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Table 1
Simulation parameters.

Parameter name Value

Number of subcarriers 𝐿 = 32 or 𝐿 = 64
Subcarrier spacing 𝐹 = 15 kHz
Carrier frequency 2.5 GHz
Number of symbols 𝐾OFDM = 15, 𝐾CP−OFDM = 14, 𝐾FBMC = 30
Sampling rate 𝑓𝑠 = 10.08 MHz
Overlapping factor 𝑂 = 4
Modulation order {4, 16, 64} − QAM

limit of system throughput can be calculated as

up. =
1

𝐾 𝑇
𝐾
∑

𝑘=1

𝐿∕2
∑

𝓁=1
𝐶BICM,AWGN

{

SINR𝓁,𝑘 (𝐇)
}

, (36)

where 𝐾 𝑇 denotes the duration of a subframe. Because FBMC has
higher available bandwidth and requires no CP, FBMC provides a
igher throughput than OFDM. However, the throughput of Pruned
CT-p-FBMC is slightly lower than conventional FBMC in high SNR.
he 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

ER performance. Particularly, we also consider the 2 × 1 Alamouti’s
pace–time block-coding technique. Finally, we discuss the throughput
f SISO systems on doubly selective channels and the throughput of
IMO systems on time-varying channels. The simulation parameters

re shown in Table 1.

5.1. PAPR

The FBMC signal length is much longer than 𝑇 . Thus, estimating the
APR 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 𝑇 (i.e., symbol period) of one symbol [33].
The detailed formula is

PAPR =
max

𝑘𝑇 <𝑡<(𝑘+1)𝑇
(

|𝑠(𝑡)|2
)

E
{

|𝑠(𝑡)|2
}

, 𝑘 = 1, 2,… , 𝐾 . (37)

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 max𝑖|[𝐬]𝑖|2. Similarly, the SNR can be simply calcu-
lated as 1∕𝑃n . The Complementary Cumulative Distribution Function
CCDF) is a commonly used metric for evaluating the performance of a
ignal’s PAPR, which represents the probability that the signal’s PAPR
xceeds a certain threshold value. The detailed formula is
CCDF (10 lg (PAPR)) = Pr (PAPR > PAPR0

)

. (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.

oth conventional FBMC and OFDM provide poor PAPR. Notably,
runed 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
ime 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.
7 
Fig. 6. Compared to OFDM, Pruned DCT-p-FBMC obtains about 1 dB improvement
n 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 × 2 MIMO multiplexing system model can be
directly expressed as
[

𝐫1
𝐫2

]

=
[

𝐇11 𝐇12
𝐇21 𝐇22

]

[

𝐆1 𝐆2
]

[

𝝓𝐱̃1
𝝓𝐱̃2

]

+
[

𝐧̃1
𝐧̃2

]

, (39)
[

𝐲1
𝐲2

]

=
[

𝝓𝐻𝐆𝐻
1 𝝓𝐻𝐆𝐻

2
]

[

𝐫1
𝐫2

]

. (40)

Note that in achieving equalization, we need to calculate the one-
tap channel with the help of |

|

|

𝝓𝐻 |

|

|

2
. 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-
BMC is that all known techniques for MIMO in OFDM can be used
irectly.

For the 2 × 2MIMO multiplexing system of Eqs. (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 × 1 Alam-
outi’s space–time block coding (which requires additional operations to
be added in conventional FBMC). Defining SNR = 10 lg

(

𝑃𝑠
𝑃𝑛

)

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

CT-p-FBMC is almost the same as that of CP-OFDM. However, the
alidity 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
 flat channel. Flat channels do not induce additional interference, so the validity of

Eq. (30) depends only on the interference and noise.

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
etection can be applied directly and without additional operations). It
s worth noting that Pruned DFT-s-FBMC relies on truncated prototype
ilters. When the Pruned DFT-s-FBMC is configured with the traditional
rototype filter (PHYDYAS), the interference residue is approximately
 dB higher than that of the Pruned DCT-p-FBMC. Thus, Pruned DFT-s-
BMC performs poorly in ML and Alamouti coding techniques. We only
rovide 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
cheme under the LTE standard. The Channel Quality Indicator (CQI)
nd 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
8 
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

Fig. 9. Throughput for SISO transmissions in doubly selected channels. Pruned DCT-
-FBMC is superior to OFDM due to more robustness to time-varying channels and
equires no CP.

channels characterized by both noise and interference (i.e., SINR (𝐇)),
e calculate the LLR required for Turbo decoding under AWGN channel

onditions. Thus, the throughput calculation relies only on |ℎ̃𝓁,𝑘|
2∕𝑃n .

f there are infinitely many transmitted blocks in time, then the
hroughput can be calculated as E𝐇

{

up.
}

, see Eq. (36). However, in
practice, 𝐿 and 𝐾 are finite. Thus, in the subsequent simulations, we
adopt E

|ℎ̃𝓁,𝑘|

{

up.(|ℎ̃𝓁,𝑘|
2∕𝑃n )

}

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
ur scheme. The reason is that precoding leads to an averaging effect in
he channel. Note that for throughput values with SNR below 17.5 dB,
FDM without CP outperforms OFDM with CP. However, at SNR
igher than 17.5 dB, the throughput of OFDM without CP decreases.
he reason for this mismatch is that we employ the very simple LLR
alculation 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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Fig. 10. Throughput of MIMO transmission in time-varying channels. If the delay
pread 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 Eqs. (10)–(11).

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

[

𝐠𝑙 ,𝑘
]

𝑛. (41)

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

𝑠 (𝑛) =
𝐿
∑

𝑙=1

𝐾
∑

𝑘=1
𝑥𝑙 ,𝑘𝑔𝑙 ,𝑘 (𝑛). (42)

If the sample values of all the transmitted signals are stacked in the
vector 𝐬 ∈ C𝑁×1, then Eq. (42) can be expressed in matrix form as

𝐬 =
[

𝐠1,1,… , 𝐠𝐿,𝐾
]

⎡

⎢

⎢

⎣

𝑥1,1
⋮

𝑥𝐿,𝐾

⎤

⎥

⎥

⎦

= 𝐆𝐱. (43)

Assuming that the channel ‘‘TDL-A’’ has 𝑃 transmission paths, we can
express the discrete time-varying impulse response ℎ

(

𝑛, 𝜏𝑝
)

by a banded
convolution matrix 𝐇 ∈ C𝑁×𝑁 [6], that is
[𝐇]𝑖,𝑗 = ℎ (𝑖, 𝑖 − 𝑗) . (44)

Then, the discrete-time model of Eq. (2) can be expressed as

𝑟 (𝑛) =
𝑃
∑

𝑝=1
ℎ
(

𝑛, 𝜏𝑝
)

𝑠
(

𝑛 − 𝜏𝑝
)

+ n̄(𝑛). (45)

If the sample values of all received signals are stacked in the vector
𝐫 ∈ C𝑁×1, Eq. (45) can be expressed as

𝐫 = 𝐇𝐬 + 𝐧̄ = 𝐇𝐆𝐱 + 𝐧̄. (46)

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

𝑦𝑙 ,𝑘 =
𝑁
∑

𝑛=1
𝑟 (𝑛) 𝑔∗𝑙 ,𝑘 (𝑛). (47)

Eq. (47) can be expressed in matrix form as

𝑦𝑙 ,𝑘 = 𝐠∗𝑙 ,𝑘𝐫. (48)

If all the received symbols are stacked in the vector 𝐲 ∈ C𝐿𝐾×1, then
𝐲 ∈ C𝐿𝐾×1 can be expressed in matrix form as

𝐲 = 𝐆𝐻𝐫 = 𝐆𝐻𝐇𝐆𝐱 + 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-
ording to Eqs. (6) and (44), the (𝑙 , 𝑘)th received symbol 𝑦𝑙 ,𝑘 can be

expressed as
𝑦𝑙 ,𝑘

=

( 𝑁
∑

𝑛=1
ℎ (𝑛, 0) 𝑔𝑙 ,𝑘 (𝑛) 𝑔∗𝑙 ,𝑘 (𝑛)

)

(

𝑥𝑙 ,𝑘 + jℑ{𝐪𝑙 ,𝑘}𝐱
)

+ n𝑙 ,𝑘

= 𝐠𝐻𝑙 ,𝑘𝐇𝐆𝐱 + 𝐧𝑙 ,𝑘

, (50)

where 𝐪𝑙 ,𝑘 = [𝐆𝐻𝐆]𝑙+𝑘𝐿. If the channel-induced interference can be
ignored, then the FBMC has only inherent imaginary interference, that
is
𝑦𝑙 ,𝑘 = 𝐠𝐻𝑙 ,𝑘𝐇𝐆𝐱 + 𝐧𝑙 ,𝑘

= 𝐻𝑙 ,𝑘𝐠𝐻𝑙 ,𝑘𝐆𝐱 + 𝐧𝑙 ,𝑘
. (51)

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

𝐻𝑙 ,𝑘 =
𝑁
∑

𝑛=1

[(

𝐠𝐻𝑙 ,𝑘𝐇
)

◦𝐠𝑇𝑙 ,𝑘
]

𝑛

=
[

diag
{

𝐆𝐻𝐇𝐆
}]

𝑙+𝑘𝐿

. (52)

Considering all received symbols, Eq. (51) can be expressed as

𝐲 = diag{𝐆𝐻𝐇𝐆
}

𝐆𝐻𝐆𝐱 + 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

𝐿𝐿𝑅
(

𝑏𝑖
)

= log
∑

𝑥̃𝓁,𝑘∈𝜒 𝑖
1
PDF

(

𝑦̃𝓁,𝑘 ||𝑥̃𝓁,𝑘 , ℎ̃𝓁,𝑘
)

∑

𝑥̃𝓁,𝑘∈𝜒 𝑖
0
PDF

(

𝑦̃𝓁,𝑘 ||𝑥̃𝓁,𝑘 , ℎ̃𝓁,𝑘
) . (54)

where
PDF

(

𝑦̃𝓁,𝑘 ||𝑥̃𝓁,𝑘 , ℎ̃𝓁,𝑘
)

= 1
𝜋 𝑃 𝓁,𝑘

n
exp

{

−|
|

𝑦̃𝓁,𝑘 − ℎ̃𝓁,𝑘𝑥̃𝓁,𝑘||
2

𝑃 𝓁,𝑘
n

}

= 1
𝜋 𝑃 𝓁,𝑘

n
exp

⎧

⎪

⎨

⎪

⎩

−
|

|

|

|

|

|

√

(

𝑃 𝓁,𝑘
n

)−1
(

𝑦̃𝓁,𝑘 − ℎ̃𝓁,𝑘𝑥̃𝓁,𝑘
)

|

|

|

|

|

|

2⎫
⎪

⎬

⎪

⎭

. (55)

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 𝐧̃) can be calculated as
𝐑n = E

{

𝐧̃𝐧̃𝐻
}

=
√

𝑃n𝐆̃𝐻
(

√

𝑃n𝐆̃𝐻
)𝐻

= 𝑃n𝐆̃𝐻 𝐆̃

. (56)

It is worth noting that 𝐆̃𝐻 𝐆̃ ≈ 𝐈𝐿𝐾∕2 leads to differences in the
noise power corresponding to each symbol. Therefore, substituting 𝑃𝑛
irectly into Eq. (55) is not entirely accurate. Alternatively, we directly

perform a singular value decomposition for 𝐑−1
n and directly calculate

he
√

(

𝑃 𝓁,𝑘
n

)−1
required by Eq. (55). That is

𝓁,𝑘n =

√

(

𝑃 𝓁,𝑘
n

)−1
= diag

(

𝐒
√

𝐕𝐔𝐻
)

𝓁+𝐿(𝑘−1)∕2

𝑡. 𝐑−1
n = 𝐒𝐕𝐔𝐻

. (57)

where 𝐒 ∈ C𝐿𝐾∕2 ×𝐿𝐾∕2 denotes the left singular vector matrix, 𝐕 ∈
C𝐿𝐾∕2 ×𝐿𝐾∕2 denotes the singular value matrix, and 𝐔 ∈ C𝐿𝐾∕2 ×𝐿𝐾∕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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