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Abstract: For well-known orthogonal frequency division multiplexing (OFDM), the cyclic prefix
(CP) is essential for coping with multipath channels. Nevertheless, CP is a pure redundant signal,
which wastes valuable time–frequency resources. We propose a novel waveform based on symbol
repetition, which is presented to cut down the CP overhead in OFDM. In the presented OFDM with
symbol repetition (SR-OFDM), one CP is inserted in the front of several transmitted symbols, instead
of only one symbol, as in the conventional way. As a result, it can save the overhead created by CP.
Furthermore, due to the existence of the remaining CP, the multipath channel can still be converted
into the frequency domain, and single-tap equalization can still be used to equalize information free
from interference. In addition, we also extend the proposed SR-OFDM into multiple input–multiple
output (MIMO) systems. Finally, the proposed schemes are validated by computer simulations under
the various channels.

Keywords: cyclic prefix (CP); orthogonal frequency division multiplexing (OFDM); multipath
channel; single-tap equalization; multiple input–multiple output (MIMO)

1. Introduction

The cyclic prefix (CP) technique has become well known for its remarkable resistance
to the multipath effect, and has been employed in various modulations [1,2], especially or-
thogonal frequency division multiplexing (OFDM). OFDM divides the available spectrum
into multiple orthogonal subcarriers, each carrying a portion of the data. This parallel trans-
mission scheme enables efficient spectrum utilization and high data rates. Furthermore,
OFDM employs a cyclic prefix (CP) to guard against channel delay spread, simplifying
equalization at the receiver. In essence, CP involves the insertion of a known segment of
data at the beginning of each OFDM symbol, which is identical to the symbol’s ending
segment. This technique effectively extends the time domain of the transmitted signal,
allowing for better resistance against multipath interference at the receiver. The receiver
will demodulate and equalize the samples in the data symbol interval to recover the in-
formation affected by the channel, while the samples in the CP interval will be discarded.
By removing the cyclic prefix at the receiver, the overlapping signals caused by multipath
propagation can be effectively mitigated, thereby improving the overall reliability and
performance of the communication system. However, CP is also considered to be a purely
redundant signal that wastes a lot of valuable time–frequency resources [3]. For example,
the CP overheads in 4G are 7% and 25% for normal-CP frame and extended-CP frame,
respectively. Moreover, in scenarios where the channel conditions are relatively stable,
the use of CP may be perceived as unnecessary, as the benefits of combating multipath
interference are not fully realized. As a consequence, the reduction of CP without causing
interference or distortion plays a vital role in improving spectral efficiency and has attracted
much attention.
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Currently, many attempts have been made to successfully reduce CP in OFDM. Since
the CP is related to the channel impulse response (CIR), reducing the CP overhead can
be achieved by shortening the CIR. In [4], a scheme to shorten the CIR utilizing a time
domain equalizer (TEQ) is proposed. The TEQ is cascaded with the channel to maximize
the CIR energy within a given window, thereby reducing the effective CIR and minimizing
the CP. In [5], the authors attempted to directly shorten the CP of the transmitted signal,
and to cope with the accompanying interference, a sum-rate optimization was applied,
and then a precoding matrix was acquired. This precoding matrix performs interference
suppression by eliminating frequency-valued zeros within the frequency-selective channel
band without knowledge of channel state information (CSI). In [6], the authors proposed a
joint optimization algorithm based on the Peak-to-Mean Envelope Power Ratio (PMEPR)
and Peak-to-Sidelobe Level Ratio (PSLR) to address interference issues during clipping and
frequency domain filtering processes. This approach aims to reduce CP while maintaining
high-speed transmission. In [7], the Residual Intercoder Interference Cancellation (RISIC)
algorithm is proposed, which cancels inter-symbol interference (ISI) by performing CP
reconfiguration and tail cancellation at the receiver. Ref. [8] proposes a simple strategy
for serial interference cancellation and parallel interference cancellation to address the
insufficient CP-induced inter-carrier interference and ISI. However, parallel interference
cancellation entails higher hardware complexity, while serial interference cancellation
requires larger detection delays. Since interference cancellation considers interference
from all subcarriers, the computational burden becomes significant when the subcarrier
number is large. In addition, scholars have proposed CP-free OFDM systems. In [9], a
symbol cyclic shift equalization (SCSE) algorithm is introduced to reduce the CP overhead
in OFDM systems by utilizing a stored feedback equalizer. SCSE utilizes decision feedback
equalization (DFE) before demodulation to eliminate any interference between overlapping
OFDM symbols, effectively transforming linear convolution into circular convolution and
enabling FFT-based demodulation of the received signal at the receiver. SCSE requires
repeated FFT/IFFT operations, leading to a high level of computational complexity. In [10],
a successive multipath interference cancellation (SMIC) algorithm is proposed for CP-free
OFDM systems, leveraging stored feedback equalization (SFE) to mitigate ISI. The SMIC
algorithm offers lower computational complexity and a considerably shorter feedback loop
compared to DFE methods. Ref. [11] proposes a hybrid prefix (HP) OFDM, which reduces
the average length of the prefix by employing a low-complexity detector to recover the
effective signal. However, HP-OFDM achieves short prefixes at the expense of performance
loss and increased complexity. Despite attempts to reduce the CP, interference arises directly
from the shortened CP of the OFDM signal [12]. Dealing with this interference typically
requires algorithms of high complexity. Nevertheless, residual interference persists and
significantly affects symbol demodulation, particularly under high signal-to-noise ratio
(SNR) conditions.

We propose a novel waveform based on symbol repetition to cut down the CP over-
head in OFDM. In the presented OFDM with symbol repetition (SR-OFDM), one CP is
inserted in the front of several transmitted symbols, rather than inserting CP in front of each
symbol, as is the case in classic OFDM. As a result, the number of CPs in SR-OFDM can be
greatly reduced. To maintain the data rate, multiple symbols can be designed and transmit-
ted simultaneously in an orthogonal manner through multiple branches. Furthermore, due
to the existence of the one remaining CP, the multipath channel can still be converted into
the frequency domain, and single-tap equalization can still be used to equalize information
free from the multipath effect.

The remainder of this paper is composed as follows. In Section 2, we provide a
detailed description of the proposed SR-OFDM system, including how to design the signal,
single-tap equalization, and demodulation of the received signal. In addition, we extend
the proposed SR-OFDM into multiple input–multiple output (MIMO) systems to improve
the spectral efficiency in Section 3. Finally, in Section 4, the proposed schemes are validated
by simulations.



Electronics 2024, 13, 1968 3 of 15

2. Proposed Low CP Waveform

In this section, a novel waveform based on symbol repetition is presented to reduce
the CP overhead. While it is indispensable for preserving signal integrity amidst channel
distortions, the inclusion of CP preceding each symbol introduces a considerable overhead,
depleting precious bandwidth and diminishing the spectral efficiency. In the proposed
scheme, one symbol occupies Υ symbol durations, i.e., the symbol is repeated Υ times.
During the Υ symbol durations, no CP is inserted, which is different from the classical
OFDM. Meanwhile, Υ − 1 other symbols are designed and transmitted simultaneously by
Υ − 1 branches in an orthogonal manner, which guarantees that the data rate will not be
reduced compared to classical OFDM. Finally, one CP is inserted in front of the Υ symbol
durations. It will be shown that, due to the existence of this one CP, the multipath channel
can still be converted into the frequency domain, and single-tap equalization can still be
used to equalize information that is free from multipath effects.

2.1. SR-OFDM Transmitter

Figure 1a shows the flowchart of the SR-OFDM transmitter, in which Υ symbols are
transmitted by Υ branches simultaneously during Υ symbol intervals. Suppose the number
of subcarriers is N. For the υ-th branch, transmitted symbols dn,υ with subcarrier index
n ∈ [0, N − 1] and branch index υ ∈ [0, Υ − 1], pass through a N-point inverse discrete
Fourier transform (IDFT), and it is written as

sυ(k) =
1√
N

N−1

∑
n=0

dn,υe
j2πnk

N , k ∈ [0, N − 1]. (1)

,nd

( 1) sNT

N-point

IDFT

2 ( 1) /je

sNT

2 /je

insert

CP

ˆ
nx ( )

-point

IDFT

-point

DFT
( ),

ˆ
nd

(a) The transmitter

(b) The receiver

N

equalization
-point

DFT
N remove

CP

,0
ˆ
nd

N

Figure 1. The system diagram of SR-OFDM.

Subsequently, sv(k) is transmitted repeatedly for Υ times, and the signal can be written as

s̄υ(k) = sυ(k)e
j2πυα

Υ , k = αN + k̃,

α ∈ [0, Υ − 1] k̃ ∈ [0, N − 1]. (2)



Electronics 2024, 13, 1968 4 of 15

The CP resists multi-path interference by replicating samples from the tail of the signal.
Therefore, SR-OFDM replicates the tail samples of s̄υ(k) as the CP. When the signal is
inserted into the CP, the signal is obtained

s̃υ(k) =


s̄υ(ΥN + k), k ∈ [−Lcp,−1],

s̄υ(k), k ∈ [0, ΥN − 1].

(3)

where Lcp represents the CP length. When k ∈ [−Lcp,−1], s̄υ(k) is considered to be the CP,
ΥN + k serves as an index for the tail sample.

Finally, the transmitted signal can be obtained as

s̃(k) =
Υ−1

∑
υ=0

s̃υ(k). (4)

The signal s̄υ(k) is inserted into the CP, and the signal is obtained s̃υ(k). The transmit-
ted signal consists of different branches, s̃υ(k), denoted as s̃(k). When υ = 2, the structure
of transmitted SR-OFDM with CP is shown in Figure 2.

( )s k

( )s k

( )s k

CP

Figure 2. The transmitted SR-OFDM with CP, when υ = 2.

The transmitted signal can be conveyed through various means, such as a single an-
tenna or multiple antennas, laying the groundwork for integration with MIMO technology.

2.2. SR-OFDM Receiver

Denote the channel as h(k) with the maximum path delay Lh [13–15].The received
signal can be obtained via the convolution between the transmitted signal s̃(k) and the
channel h(k). Thus, it is written as

r(k) =
Lh−1

∑
l=0

h(k − l)s̃(k) + η(k),

k ∈ [−Lcp, ΥN + Lh − 2]. (5)

where η(k) is additive white Gaussian noise (AWGN).
At the receiver in Figure 1b, after removing CP, the signal is expressed as

r̃(k) =
Lh−1

∑
l=0

h(k − l)s̃(k) + η(k),

k ∈ [0, ΥN − 1]. (6)
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By performing a ΥN-point discrete Fourier transform (DFT) on r̃(k), the signals for
different υ in dn,υ can be separated, significantly reducing the complexity. Then, we
can obtain

yñ =
1√
ΥN

ΥN−1

∑
k=0

r̃(k)e
−j2πñk

ΥN . (7)

According to Equations (4) and (6), we have

yñ =
1√
ΥN

ΥN−1

∑
k=0

Lh−1

∑
l=0

h(l)s̃(k − l)e
−j2πñk

ΥN + ηñ

=
1√
ΥN

Υ−1

∑
r=0

[
Lh−1

∑
l=0

h(l)e
−j2πñl

ΥN

]
ΥN−1−l

∑
k=−l

s̃υ(k)e
−j2πñk

ΥN + ηñ, (8)

where ñ ∈ [0, ΥN − 1]. In addition, ηñ is written as

ηñ =
1√
ΥN

ΥN−1

∑
k=0

η(k)e
−j2πñk

ΥN . (9)

Note that the signal s̃υ(k) has a circular structure; (8) is rewritten as

yñ =
1√
ΥN

Υ−1

∑
υ=0

[
Lh−1

∑
l=0

h(l)e
−j2πñl

ΥN

]

×
ΥN−1

∑
k=0

s̃υ(k)e
−j2πñk

ΥN + ηñ, (10)

For simplicity, denote ∑Lh−1
l=0 h(l)e−j2πñl/ΥN as Hñ. Next, according to (2), yñ can be

rewritten as

yñ =
Hñ√
ΥN

Υ−1

∑
υ=0

ΥN−1

∑
k=0

s̃υ(k)e
−j2πñk

ΥN + ηñ

=
Hñ√
ΥN

Υ−1

∑
υ=0

ΥN−1

∑
k=0

sυ

(
k̃
)
e

j2πυα
Υ e

−j2πñk
ΥN + ηñ, (11)

where k = αN + k̃, k̃ ∈ [0, N − 1], and α ∈ [0, Υ − 1]. From Equation (1), it holds that

sυ(k) = sυ

(
k̃
)
, (12)

where k = αN + k̃. As a result, we obtain

yñ =
Hñ

N
√

Υ

Υ−1

∑
υ=0

ΥN−1

∑
k=0

N−1

∑
n0=0

dn0,υe
j2πk(n0Υ−ñ+υ)

ΥN e
−j2πυk̃

ΥN + ηñ. (13)

Define ñ = nΥ + α, with n ∈ [0, N − 1] and α ∈ [0, Υ − 1]. Next, (13) is expressed as

ynΥ+α =
HnΥ+α

N
√

Y

Υ−1

∑
υ=0

ΥN−1

∑
k=0

N−1

∑
n0=0

dn0,υe
j2πk(n0Υ+υ−nΥ−α)

ΥN e
−j2πrk̃

ΥN + ηnΥ+α. (14)
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Kindly observe that the ensuing equations remain valid at all times,

ΥN−1

∑
k=0

e
j2πk(n0Υ+υ−nΥ−α)

ΥN e
−j2πυk̃

ΥN =


ε, if α = υ,

0, otherwise.

(15)

Then, we can obtain

ynΥ+υ =
HnΥ+υ

N
√

Υ

N−1

∑
n0=0

dn0,υ

ΥN−1

∑
k=0

e
j2πk(n0−n)

N e
−j2πυk̃

ΥN + ηnΥ+υ. (16)

According to (16), it can be easily observed that yñ, ñ = nΥ + υ hinges on the index υ in
dn0,υ. That is to say, ynΥ+υ1 is only determined by dn0,υ1 and ynΥ+υ2 is only determined by
dn0,υ2 . Therefore, dn0,υ1 and dn0,υ2 can be recovered independently due to the lack of overlap
of the signal.

2.2.1. Symbol Recovery of dn,0

For υ = 0, ynΥ+υ is obtained

ynΥ =
HnΥ

N
√

Υ

N−1

∑
n0=0

dn0,0

ΥN−1

∑
k=0

e
j2πk(n0−n)

N + ηnΥ. (17)

Due to the orthogonality of OFDM, i.e.,

ΥN−1

∑
k=0

ej2πk(n0−n)/N =


ΥN, if n0 = n,

0, otherwise.

(18)

The signal ynΥ becomes

ynΥ =
√

ΥHnΥdn,0 + ηnΥ, n = 0, 1, . . . , N − 1. (19)

Then, a single-tap equalizer is performed to obtain d̂n,0, i.e.,

d̂n,0 =
ynΥ√
ΥHnΥ

, n = 0, 1, . . . , N − 1. (20)

The transmitted symbols dn,υ(k) are demodulated at the receiver as d̂n,υ(k). From (20), the
transmitted symbols dn,0 are free from multipath effects.

2.2.2. Symbol Recovery of dn,υ, υ ∈ [1, Υ − 1]

For υ ̸= 0, the signal is

ynΥ+υ =
HnΥ+υ

N
√

Υ

N−1

∑
n0=0

dn0,υ

ΥN−1

∑
k=0

e
j2πk(n0−n)

N e
−j2πυk̃

ΥN + ηnΥ+υ. (21)

When HnΥ has been identified, the single-tap equalization can be conducted on
ynΥ+υ, i.e.,

ỹnΥ+υ =
ynΥ+υ

HnΥ+υ

=
1

N
√

Υ

N−1

∑
n0=0

dn0,υ

ΥN−1

∑
k=0

e
j2πk(n0−n)

N e
−j2πυk̃

ΥN + η̃nΥ+υ, (22)
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where η̃nΥ+υ = ηnΥ+υ/HnΥ+υ. Equation (22) shows that ỹñΥ+υ only hinges on the dn0,υ
with respect to the index υ. Therefore, to recover the symbol dn0,υ, the signal is obtained

Γñ,υ = Φ(υ) =


ỹnΥ+υ, if ñ = nΥ + υ,

0, otherwise.

(23)

Then, after the IDFT operator, the signal is obtained

Γ̃m,v =
1√
ΥN

ΥN−1

∑̃
n=0

Γñ,υe
j2πñm

ΥN

=
1√

Υ2N3

ΥN−1

∑̃
n=0

N−1

∑
n1=0

dn1,υ

ΥN−1

∑
k=0

e
j2πk(n1−n)

N e
−j2πυk̃

ΥN e
j2πñm

ΥN +η̄m,υ. (24)

Note that η̄m,υ is

η̄m,υ =
1√
ΥN

N−1

∑
n=0

η̃nΥ+υe
−j2π(nΥ+υ)m

ΥN . (25)

Define a phase coefficient, i.e.,

Ω(υ) = e
−j2πυp

Υ = e
−j2πυ(m−m̃)

ΥN , (26)

Θm,υ =
1√

Υ2N3

ΥN−1

∑̃
n=0

N−1

∑
n1=0

dn1,υ

ΥN−1

∑
k=0

e
j2πk(n1−n)

N e
−j2πυk̃

ΥN e
j2πñm

ΥN e
−j2πυp

Υ + η̂m,υ

=
1√

Υ2N3

ΥN−1

∑̃
n=0

N−1

∑
n1=0

dn1,υ

ΥN−1

∑
k=0

e
j2πk(n1−n)

N e
−j2πυk̃

ΥN e
j2πñm

ΥN e
−j2πυpN

ΥN + η̂m,υ. (27)

Θm,υ =
1√

Υ2N3

N−1

∑
n1=0

dn1,υ

ΥN−1

∑
k=0

ΥN−1

∑̃
n=0

e
−j2π(k−m)ñ

ΥN e
j2πkn1Υ

ΥN e
j2πυK

ΥN e
−j2πυk̃

ΥN e
−j2πυm

ΥN e
j2πυm̃

ΥN + η̂m,υ. (28)

where m = pN + m̃, m̃ = 0, 1, . . . , N − 1, and p ∈ [0, Υ − 1]. Then, we can obtain Θm,υ =
Γ̃m,υΩ(υ), which is depicted in (27). Also, let pN = m − m̃ with m ∈ [0, ΥN − 1] and
m̃ ∈ [0, N − 1], and (27) can be rewritten as (28). Subsequently, Θm,υ is written as

Θm,υ
1√
N

N−1

∑
n1=0

dn1,υe
j2πmn1

N + η̂m,υ, (29)

where ñ = nR + υ, υ ∈ [1, Υ − 1], m = αN + m̃, k = αN + k̃, and k̃ = 0, 1, . . . , N − 1. In
addition, η̂m,υ = η̄m,υe−j2πυ(m−m̃)/ΥN . Equation (29) shows that, for the index υ, there exists
a repetition structure for Θm,υ.
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After the DFT operator, symbol demodulation is obtained, i.e.,

Θ̂ñ,υ =
1√
ΥN

ΥN−1

∑
m=0

Θm,υe
−j2πmñ

ΥN

=
1√

ΥN2

ΥN−1

∑
m=0

N−1

∑̃
n=0

dn,υe
j2πm(nΥ−ñ)

ΥN + ήñ,υ

=


√

Υdn,υ + ήñ,υ, if ñ = nΥ,

ήñ,υ, otherwise,

(30)

where

ήñ,υ =
1√
ΥN

ΥN−1

∑
m=0

η̂m,υe
−j2πmñ

ΥN . (31)

Finally, symbol recovery is achieved,

d̂n,υ =
Θ̂nΥ,υ√

Υ
= dn,υ +

ήnΥ,υ√
Υ

, (32)

where υ ∈ [1, Υ − 1].
The proposed scheme demonstrates that it can resist interference from multipath

effects using only one CP, and can utilize a single-tap equalizer for equalization. This
approach greatly saves on CP overhead and spectrum resources.

3. Combination of SR-OFDM and MIMO

The OFDM is known for its ability to combat frequency-selective fading and mitigate
inter-symbol interference, and it pairs seamlessly with MIMO’s spatial diversity and
multiplexing capabilities. By leveraging multiple antennas at both the transmitter and
the receiver, MIMO enhances spectral efficiency, improves link reliability, and increases
data throughput rates [16]. Moreover, the combination of OFDM and MIMO enables
robust performance in challenging environments, such as urban areas with high levels of
multipath propagation. This synergy not only boosts the system capacity and coverage but
also enhances the overall network performance, making it a compelling choice for next-
generation wireless communication systems. Therefore, we extend the proposed SR-OFDM
into MIMO in this section, with Nr receiving antennas and Nt transmitting antennas, as
shown in Figure 3. Nt = 2 and Np = 2 are taken in this paper for the sake of simplicity, and
they can be easily extended into larger values.

SR-OFDM 

receiver

SR-OFDM 

transmitter

1

,nd

SR-OFDM 

transmitter,
tN

nd

SR-OFDM 

receiver

Transmit antenna Receive antenna

1 1

tN pN

1,1

nH

,1pN

nH

1, tN

nH

,p tN N

nH

1

,
ˆ
nd

,
ˆ pN

nd

Figure 3. The diagram of the proposed combination of MIMO and SR-OFDM.
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We denote that dt
n,υ is transmitted via the t-th antenna at the transmitter. After passing

through an IDFT transform, the signal is

st
υ(k) =

1√
N

N−1

∑
n=0

dt
n,υe

j2πnk
N , k = 0, 1, . . . , N − 1. (33)

Subsequently, the signal is constructed by Υ rounds of repetition of st
υ(k), and for the

p-th repetition, we multiply st
υ(k) by a phase coefficient ej2πυp/Υ, i.e.,

s̄t
υ(k) = st

υ(k)e
j2πυp

Υ . (34)

Also, we note that k = pN + k̃, p ∈ [0, Υ − 1] and k̃ ∈ [0, N − 1].
After inserting the CP, the signal becomes

s̃t
υ(k) =


s̄t

υ(ΥN + k), k = −Lcp,−Lcp + 1, . . . ,−1,

s̄t
υ(k), k = 0, 1, . . . , ΥN − 1.

(35)

Finally, we can obtain the transmitted signal, i.e.,

s̃t(k) =
Υ−1

∑
r=0

s̃t
υ(k), t ∈ [1, Nt]. (36)

Let hp,t(k) be an MIMO channel, with the transmitting antenna index of t and receiving
antenna index of p. After s̃t(k) passes through the channel, the signal of the p-th receiving
antenna is

rp(k) =
Nt

∑
t=1

s̃t(k) ∗ hp,t(k) + ηp(k), (37)

where ηp(k) is the AWGN noise at the p receiving antenna.
According to Equation (37), the received signal rp(k) is a linear combination of signals

at different transmitting antennas, plus an AWGN noise. It is obvious that the demodulation
of one receiving antenna will be the linear combination of demodulation of each transmitted
signal. As a result, according to Equation (16), the demodulation is written as

yp
nΥ+υ =

Nt

∑
t=1

Hp,t
nΥ+υ

N
√

Υ

N−1

∑
n0=0

dt
n0,υ

ΥN−1

∑
k=0

e
j2πk(n0−n)

N e
−j2πυk̃

ΥN + η
p
nΥ+υ, (38)

where Hp,t
n represents the frequency response of hp,t(k) with respect to the frequency index

of n. η
p
mR+r is the noise, which is written as

η
p
nΥ+υ =

1√
ΥN

ΥN−1

∑
k=0

ηp(k)e
−j2π(nΥ+υ)k

ΥN . (39)

For simplicity, we denote

xt
nΥ+υ =

1
N
√

Υ

N−1

∑
n0=0

dt
n0,υ

ΥN−1

∑
k=0

e
j2πk(n0−n)

N e
−j2πυk̃

ΥN . (40)

Next, (38) is rewritten as

yp
nΥ+υ =

Nt

∑
t=1

Hp,t
nΥ+υxt

nΥ+υ + η
p
nΥ+υ. (41)
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Subsequently, the matrix form of Equation (41) is obtained as
y1

nΥ+υ
y2

nΥ+υ
...

y
Np
nΥ+υ

 =


H1,1

nΥ+υ H1,2
nΥ+υ · · · H1,Nt

nΥ+υ

H2,1
nΥ+υ H2,2

nΥ+υ · · · H2,Nt
nΥ+υ

...
...

. . .
...

H
Np ,1
nΥ+υ H

Np ,2
nΥ+υ · · · H

Np ,Nt
nΥ+υ



·


x1

nΥ+υ
x2

nΥ+υ
...

xNt
nΥ+υ

+


η1

nΥ+υ
η2

nΥ+υ
...

η
Np
nΥ+υ

. (42)

When the receiving antenna number is larger than the transmitting antenna number, based
on Equation (42), xt

nΥ+υ can be estimated as


x̂1

nΥ+υ
x̂2

nΥ+υ
...

x̂Nt
nΥ+υ

 =


H1,1

nΥ+υ H1,2
nΥ+υ · · · H1,Nt

nΥ+υ

H2,1
nΥ+υ H2,2

nΥ+υ · · · H2,Nt
nΥ+υ

...
...

. . .
...

H
Np ,1
nΥ+υ H

Np ,2
nΥ+υ · · · H

Np ,Nt
nΥ+υ


−1

·


y1

nΥ+υ
y2

nΥ+υ
...

y
Np
nΥ+υ

. (43)

Note that the channel matrix is supposed to be available to the receiver. According
to Equation (43), the estimation of xt

nΥ+υ can be obtained. Furthermore, according to
Equation (40), the transmitted symbol dt

n,υ at the t-th transmitter antenna can be recovered.
Then, as mentioned above, according to Equations (17)–(32), the transmitted symbol dt

n,υ
can be obtained for each υ ∈ [1, Υ − 1], respectively.

4. Simulation Results

This section will verify the performance of the proposed system scheme using sim-
ulations. Simulations were conducted based on a proposed scheme system employing
quadrature phase shift keying (QPSK) modulation in a multipath channel. The multipath
channel model adopted the Stanford university interim (SUI) [17], with parameters shown
in Table 1. According to the proposed scheme system, there are υ = 2 symbol repeti-
tions, the number of subcarriers is 2048, and the subcarrier spacing is 15,000 Hz. This is
the same subcarrier spacing as the long-term evolution (LTE) standard, which is set at
15,000 Hz, resulting in one symbol duration of T = 1

15000 s = 66.7 µs. Furthermore, to match
the extended CP length used in LTE, the CP is set to 0.25 T, i.e., the CP length is 512 samples.
Since υ = 2, the proposed program will repeat the symbol two times. In the interest of
fairness, for each SR-OFDM symbol transmitted, the classical OFDM scheme transmits two
symbols and inserts two CPs.

Table 1. Profiles of SUI channel models.

Channel SUI-3 SUI-5

Sampling Frequency (MHz) 30.72 30.72
Number of Paths 3 3

Power Profile (in dB) 0, −5.0, −10.0 0, −5.0, −10.0
Delay Profile (µs) 0, 0.4, 0.9 0, 4, 10

Figure 4 shows the bit error rate(BER) comparison in the AWGN Channel. The BER
represents the probability of one bit being demodulated incorrectly, while Eb/N0 (dB)
represents the power ratio of one bit to the noise it carries. By observing the curves of BER,
we can determine the probability of bit errors occurring under different noise energy ratios.
Thus, the performance of the scheme against noise and channel effects is investigated. In
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the case of the same transmission power, the proposed SR-OFDM achieves a 3 dB gain
due to symbol repetition transmission on two occasions, as expected. Since the proposed
scheme transmits twice as many symbols as OFDM, the total transmission power of OFDM
is only half of that stated in the proposed scheme. It can be observed that as the number of
symbol repetitions increases, the performance gain in terms of error rate also increases. If
the transmission power of OFDM is doubled, the performance will be the same as that of
the proposed scheme.
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OFDM

OFDM, 2 times of transmission power

Figure 4. BER comparison in AWGN channel.

Figure 5 depicts the spectral efficiency comparison in the AWGM channel. The results
indicate that the proposed scheme has better spectral efficiency. And the spectral efficiency
of SR-OFDM will be better when the value of R is larger and the overhead of the CP is lower.
As explained in Section 2.1, in the absence of CP overhead, one symbol dm,r is repeated
R times, resulting in a time cost of RT. With the design of R branches, the SR-OFDM can
deliver a total of RM data symbols within the time duration of RT (excluding CP overhead).
Similarly, the classical OFDM can also deliver the same data symbols within RT (excluding
CP overhead). Furthermore, there will be no difference in the transmission power for both
schemes. However, when considering CP, the overhead for classical OFDM is Tcp

(T+Tcp)
, while

the overhead for the proposed scheme is Tcp
(RT+Tcp)

, where Tcp represents the duration of
the CP.

A comparison of the BER between SR-OFDM and OFDM in SUI-3 and SUI-5 chan-
nels is shown in Figures 6 and 7, respectively . The transmission power of classical
OFDM is twice that of the proposed scheme. Compared to classical OFDM, the proposed
SR-OFDM reduces CP overhead and saves time–frequency resources. To facilitate the
comparison, we neglect the CP overhead to ensure that the total transmission power
remains the same. Additionally, we assume that the channel estimation and timing syn-
chronization will be perfect. In the AWGN channel, the error rate performance of both
schemes is consistent. However, the delay of SUI-5 is greater than that of SUI-3. Both
schemes perform similarly in both SUI-3 and SUI-5 channels. This implies that the pro-
posed scheme can mitigate multipath effects without suffering from ISI. As shown in
Equations (20) and (22), the proposed scheme can also be equalized by single-tap equal-
ization, similar to the classical OFDM. Furthermore, the simulation results indicate that
the receiver can separate the received signals corresponding to different dm,r relative to r,
thereby reducing the demodulation complexity of SR-OFDM, as shown in Equation (16).
Therefore, the proposed SR-OFDM significantly reduces the CP overhead and serves as an
efficient multi-carrier waveform.
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Figure 5. Spectral efficiency comparison in AWGN channel.
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Figure 6. BER comparison for perfect channel estimation in SUI-3 and AWGN channels.
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Figure 7. BER comparison for perfect channel estimation in SUI-5 and AWGN channels.

A comparison of BER based on MIMO is shown in Figure 8. Channel modeled as
the SUI-5 channel. The antenna matrix for MIMO is 2 × 2. The results indicate that both
schemes have the same BER based on the MIMO technique.
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10
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10
0

B
E

R

OFDM-MIMO, 2 2

SR-OFDM-MIMO, 2 2

Figure 8. BER comparison based on 2 × 2 MIMO in SUI-5 channel.

To obtain a more general perspective of the proposed scheme for MIMO applications,
we added a comparison of the BER in a 4 × 4 MIMO system in Figure 9. The channel was
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modeled as the SUI-5 channel. The results show that both schemes have the same BER in
4 × 4 MIMO systems. Consequently, we conclude that combining SR-OFDM and MIMO
does not introduce interference. It should be noted that the CSI is assumed to be a known en-
tity and is typically obtained through channel estimation in practical applications. However,
the channel estimation in SR-OFDM-MIMO is more challenging compared to conventional
MIMO due to symbol overlap across multiple antennas. Therefore, the channel estimation
in SR-OFDM-MIMO would be a meaningful research topic to investigate in the future.
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Figure 9. BER comparison based on 4 × 4 MIMO in SUI-5 channel.

5. Conclusions

In this paper, a low CP waveform SR-OFDM with symbol repetition is proposed.
SR-OFDM significantly reduces the CP overhead but increases the complexity compared to
classical OFDM. It is shown that a simple single-tap equalizer can effectively counteract the
effects caused by multipath channels. In addition, we extend the proposed SR-OFDM to
MIMO systems, and the results show that the proposed SR-OFDM combined with MIMO
does not generate interference.
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