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Abstract—This paper proposes a cyclic prefix (CP) free
spectral efficiency frequency division multiplexing (SEFDM)
wireless signal transmission and reception method based on
alignment signal (AS). The method needs the cooperation of
both the transmission and reception sides. At the transmitter,
time-domain AS is designed to prevent inter-symbol interfer-
ence (ISI) caused by multipath propagation in the received
signal. At the receiver, the channel circularity convolution
providing processing is used to enable high accurate frequency
domain one-tap equaliser. The extensive computer simulation
results under the 5G new radio (5G-NR) channel model, TDL-
D, show the that the AS aided SEFDM has similar bit error
rate performance as CP-SEFDM without energy and latency
cost on CP. The AS-SEFDM capability to mitigate the ISI
and to enable the one-tap equaliser in SEFDM systems makes
it a promising technique for future wireless communication
systems.

Index Terms—cyclic prefix free, spectral efficiency frequency
division multiplexing, alignment signal, inter-symbol interfer-
ence, beyond 5G communications

I. INTRODUCTION

Higher spectral efficiency and flexible sub-bands operat-
ing are always key objectives in the wireless communications
research for achieving higher system capacity, adaptable user
accessing, as well as combating the multipath fading. Guard
interval aided orthogonal frequency division multiplexing
(GI-OFDM) [1], including cyclic prefix (CP)-OFDM and
zero-padding (ZP)-OFDM are well-known signalling scheme
for above objectives. Specially, CP-OFDM has used in fifth
generation (5G) [2], long-term evolution (LTE) [3], and
802.11x [4]. The CP-OFDM connects the a duplicated seg-
ment from the OFDM symbol end to head for counteracting
ISI caused by multipath and providing circularity which
makes simple one-tap frequency domain channel equalisa-
tion available.

The concept of using CP part in the transmitted signal
was challenged in a classic paper published in 2005 [5]. In
which, it was demonstrated that the effects of ISI can be
cancelled at the receiver, yet no CP part was needed in the
transmitted signal. This debate of whether using a GI or not
was revisited in 2018 [6], yet this time considering the use
of an alignment signal (AS), which is added on top of the
transmitted symbol in the time-domain. Thus, the received
symbols are ISI-free, also, the channel convolution matrix is
modelled as a circulant matrix.

This widely accepted paradigm of using OFDM signals
for multi-carrier systems, however, has been challenged in
the recent years where non-orthogonal signals (in particular

spectral efficient frequency division multiplexing (SEFDM))
is considered to offer higher spectral efficiency in compari-
son to OFDM ones. SEFDM saves the signal bandwidth by
compressing the frequency spacing between the subcarriers
and hence enhancing the spectral efficiency [7], which makes
it a topic of current interest [8]–[12].

Similar as the OFDM signal, CP can be used for mitigate
the ISI in the SEFDM signal. However, in CP-SEFDM
signals, there is a discontinuity in phase between the CP
portion and the SEFDM symbol leads to interference being
introduced from the CP to the SEFDM symbol [13]. Thus,
after removing the CP portion at the receiver, the SEFDM
symbols are padded with zeros at the input of the discrete
Fourier transform (DFT), which in turn yields a non-contin-
uous signal in the time-domain, hence introducing additional
interference to the subcarriers. As a result, CP-SEFDM often
suffers the inaccurate channel equalisation because of the
non-zero mean square error (MSE) floor in the channel
estimation which has been reported in [13]. In addition
to symbol interference introduced by CP, the CP-SEFDM
also suffers the coarse channel estimation and equalisation
caused by non-orthogonality between the subcarriers, which
is also known as inter-carrier interference (ICI). To address
this issue in CP-SEFDM, researchers have tried time-do-
main channel estimation and equalisation [14], OFDM pilot
symbols for channel estimation [15]–[17]. The solutions
either cause high time-domain processing complexity or
do not bring clear improvement in channel equalisation.
Recently, ZP-SEFDM is proposed in [8], [13] to provide
accurate channel estimation and equalisation performance in
the frequency-domain.

Nevertheless, all the previous SEFDM techniques rely on
the use of either CP or ZP to mitigate the ISI, which reduces
the spectral efficiency of the overall system. Besides the
general overheads, GI duration, which is often assumably
determined by the maximum channel delay spread, blocks
the flexible waveform parameterisation. This fact contradicts
with the future wireless communications trend. For exam-
ple, 5G-NR allows mixed-numerology operation which uses
different subcarrier spacing and CP duration in different
sub-bands [18]. The CP duration in 5G-new radio (5G-
NR) scales directly with the chosen subcarrier spacing. This
fact makes CP duration have limited choice also increases
the system parameterisation in mixed-numerology scenario.
Thus, we propose a CP-free SEFDM based on the use of



AS in this work. The new AS-SEFDM technique has the
advantage of ISI self-cancellation, also, it enables modelling
the channel as a circulant matrix. Thus, enables the use
of one-tap equaliser in the frequency-domain. In addition,
the newly proposed mechanism enjoys the extra savings
in energy and improved spectral efficiency coming from
the CP-free part, simplify the system parameterisation and
reduce the physical layer latency as more SEFDM symbols
can be transmitted within the same period which is in favour
of 6G low-latency use cases.

The rest of the paper is organised as the following: Sec-
tion II introduces the SEFDM signal model, the AS design
and circularity providing processing; the system performance
evaluation of AS-SEFDM is compared with CP-SEFDM and
CP-OFDM schemes in Section III; at last the, the conclusion
is given in Section IV.

II. SIGNAL REPRESENTATION AND MODELLING OF
CP-SEFDM AND AS-SEFDM

In this section, SEFDM signal modelling is given in
Section II-A, and signal representation and modelling of the
CP-SEFDM scheme is provided in Section II-B, while AS-
SEFDM scheme is given in Section II-C.

A. SEFDM Signal Model

SEFDM is a multi-carrier signal, which is generated by
modulating N subcarriers with N complex symbols. The
frequency spacing between the subcarrier is lower than that
of the OFDM signal by a factor α, where α is the bandwidth
compression factor, in comparison to OFDM. Thus, SEFDM
offers bandwidth saving equal to ((1−α) × total bandwidth)
in Hz. An SEFDM symbol, x ∈ CQ×1, is mathematically
given as:

x(k) = 1/
√
Q×

Q−1∑
n=0

sne
((j2παnk)/Q) (1)

where k = [0, 1, ..., Q − 1] denotes the time samples index
in one SEFDM symbol, Q is the size of the inverse discrete
Fourier transform (IDFT)/DFT processes and it is equal to
Q = ρN , where ρ is the oversampling rate and sn is the
complex symbol modulated on the nth subcarrier.

B. CP-SEFDM

The CP-SEFDM signal structure is illustrated in Fig. 1. In
which, steps 1 and 2 depict the output of the IDFT process,
the discarded time samples and the resulting SEFDM symbol
in the time-domain. In the same figure, step 3 depicts the
conventional CP-SEFDM signal generation. The CP part in
CP-SEFDM is generated by copying the last µ ∈ N time
samples of an SEFDM symbol, x̄cp ∈ Cµ×1 and attaching
them to the beginning of the transmitted SEFDM symbol.
After that, the CP-SEFDM symbol is passed through a
wireless multipath channel with channel impulse response
(CIR) h = [h0, h1, . . . , hµ] ∈ C(µ+1)×1. It should be noted
that, unlike CP-OFDM symbols, CP-SEFDM symbols suffer
of phase discontinuity between the CP part and the symbol
[13].

Fig. 1. Signal structure representation for CP-SEFDM.

Each received CP-SEFDM symbol consists of three parts,
ȳcp,y and yisi, as depicted in step 5 in Fig. 1. The first
part, ȳcp ∈ Cµ×1, represents the CP part, which is affected
by the ISI components coming from the previous symbol
and hence it is neglected at the receiver; while the second
part, y ∈ CQ×1, denotes the received SEFDM symbol
that is passed to the detection stage; and finally the third
part, yisi ∈ Cµ×1, is the ISI components, which are added
to the succeeding symbol. Having removed the CP, the
demodulated CP-SEFDM symbol, r̃cp, will be given as [13]:

r̃cp = λ� s̃− r̃cp2 + r̃cp3 + z̃cp (2)

where λ is the subchannel gains vector, s̃ = Cs is
the expected received SEFDM symbol when there is no
multipath channel effects or noise channel, C = ΦHΦ
is the correlation matrix, which models the interference
coefficients of each subcarrier to its neighbouring subcarriers
[19], the element z̃cp is the additive white Gaussian noise
(AWGN) noise vector, and the notation symbol (�) is the
element-wise multiplication. It should be evident that even
in the absence of noise, the demodulated signal would carry
additional interference components from the unwanted and
missing signals, r̃cp2 and r̃cp3, respectively.

Channel Equalisation in CP-SEFDM: The channel equal-
isation analytical expression of CP-SEFDM is found using
one-tap equaliser and it is given as [13]:

r̂cp = r̃cp./λ = (λ� s̃− r̃cp2 + r̃cp3 + z̃cp)./λ

= s̃︸︷︷︸
1

− r̃cp2./λ︸ ︷︷ ︸
2

+ r̃cp3./λ︸ ︷︷ ︸
3

+ z̃cp./λ︸ ︷︷ ︸
4

(3)

where part 1 is the desired signal, parts 2 and 3 are the added
interference, part 4 corresponds to the noise signal [13]. The
full derivations of the analytical expressions for CP-SEFDM
can be found in [13].



Fig. 2. Signal structure representation for AS-SEFDM.

C. AS-SEFDM

Here, we propose a new scheme of SEFDM signals, which
is a CP-less SEFDM with AS. Unlike CP-SEFDM, the new
AS-SEFDM signal has no CP part in its transmitted symbols.
However, to enable the one-tap equalisation process, the
received signal before equalisation must meet the two condi-
tions: (i) being ISI-free and (ii) provide channel circularity.
To achieve this, the AS-SEFDM scheme is obtained by
generating and combining two signals with SEFDM signals.
These two signals are: (i) the ISI-cancelling signal, and (ii)
the circularity-providing signal. The first signal is added on
top of the transmitted signal, as shown in steps 3 and 4
in Fig. 2, thus the received signal is ISI-free, as shown in
steps 5 and 6 in Fig. 2. The second signal is added at the
receiver in the time-domain, as shown in steps 7 in Fig. 2,
to provide channel circularity.

1) The ISI-cancelling signal: is expressed by ai ∈ CQ×1,
and is generated at the transmitter side and added on top
of the ith SEFDM symbol in the time-domain, as shown
in steps 3 and 4 in Fig. 2. Thus, the received AS-SEFDM
signal, after traversing a multipath channel, has no ISI. In
order to find the analytical expression of the ISI-cancelling
signal, we do the following.

At the transmitter, the ith AS-SEFDM symbol is repre-
sented as:

xias = xi + ai (4)

where xi is the ith SEFDM symbol vector and ai is
the ith ISI-cancelling signal vector. The AS-SEFDM sym-
bol, xias ∈ C(Q)×1, after traversing a multipath channel,
with channel impulse response (h = [h0, h1, . . . , hµ] ∈
C(µ+1)×1), is given by:

yi = h ∗ xias = h ∗ xi + h ∗ ai = Hxi + Hai (5)

where H ∈ C(Q+µ)×Q is the convolution channel matrix
and it is given as:

H =

[
Hu

Hl

]
=



h0 0 . . . . . . . . . 0

h1 h0
. . .

...
... h1

. . . . . .
...

hµ
...

. . . h0
. . .

...

0 hµ
. . . h1

. . . 0
...

. . . . . .
...

. . . h0
...

. . . hµ
. . . h1

...
. . . . . .

...
0 . . . . . . . . . 0 hµ



(6)

where Hu ∈ CQ×Q and Hl ∈ Cµ×Q are the upper and
lower parts of the channel matrix, respectively. Therefore,
(5) can be re-written as:

yi =

[
Hu

Hl

]
xi + Hai =

[
Hu

0µ×1

]
xi︸ ︷︷ ︸

1

+

[
0Q×1

Hl

]
xi︸ ︷︷ ︸

2

+Hai︸︷︷︸
3

(7)
where part 1 represents the SEFDM symbol affected by the
multipath and part 2 is the ISI signal stemming from the
ith SEFDM symbol, which is added to the next (i + 1)th

symbol, while part 3 is the ISI-cancelling signal after passing
a multipath channel.

To get a received SEFDM symbol with ISI-free, the values
of the signal given in parts 2 and 3 must be equal, however,
their signs are opposed. This condition is given by:

Hai =

[
0Q×1

−Hl

]
xi

ai =
(
HHH

)−1
HH

[
0Q×1

−Hl

]
xi

(8)

the ISI-free signal, in second line in (8), is obtained by taking
the channel inverse of both sides.

2) The circularity-providing signal: The last µ time sam-
ples of yi in (7), which are added to the succeeding symbol,
are equal to zero due to the self-ISI cancellation mechanism.
This means that the AS-SEFDM, after traversing a multipath
channel, is ISI-free. The received ith AS-SEFDM symbol
(ri ∈ CQ×1) is expressed by:

ri = Huxi + zi (9)

where zi ∈ CQ×1 is the AWGN noise vector.
In conventional CP-SEFDM systems, the received signal

is padded with zeros before being passed to the DFT process,
as shown in step 7 in Fig. 1. This padded SEFDM signal
lacks the circularity providing signal due to zero padding
at the receiver before the DFT. Unlike CP-SEFDM, in AS-
SEFDM systems we estimate the circularity-providing signal
and attach it to the received ISI-free SEFDM signal, as
shown in Fig. 3. The estimation procedures are obtained
using the following steps: (i) pad the received signal,



Fig. 3. A simplified block diagram of AS-SEFDM transceiver.

ri ∈ CQ×1, to length V time sample, (ii) pass the padded
SEFDM signal to V−point DFT (FH ), (iii) perform one-
tap equaliser at each subcarrier and decode the signal, and
then (iv) pass the output to V−point IDFT (F) to obtain the
signal in time-domain without the multipath channel effects.
This can be written as:

r̃i = Fλ−1FH
[

ri
0(V−Q)×1

]
(10)

where r̃i ∈ CV×1 is the resulting signal vector in the time-
domain. Out of the V samples of r̃i, only the first Q samples,
given as a vector x̃i ∈ CQ×1, are passed to next step. The
x̃i vector is convolved with the CIR, h, and given by:

ỹi = h ∗ x̃i = Hx̃i =

[
Hu

Hl

]
x̃i =

[
Hu

0µ×1

]
x̃i︸ ︷︷ ︸

1

+

[
0Q×1

Hl

]
x̃i︸ ︷︷ ︸

2
(11)

Then, the last (V − Q) samples of the resulting signal,
part 2 in (11), are taken and attached to the received signal,
given in (9), in the time-domain. Thus, (9) can be written
as:

r̂i =

[
Hu

0µ×1

]
xi +

[
0Q×1

Hl

]
x̃i + z̃i (12)

where z̃i ∈ CV×1 is the AWGN noise vector. The resulting
signal, r̂i ∈ CV×1 depicted in step 7 in Fig. 2, is passed to
the DFT process as shown in Fig. 3.

III. SYSTEM PARAMETERS AND PERFORMANCE
EVALUATION

In this section, we evaluate the performance of the
proposed AS-SEFDM scheme versus the conventional CP-
SEFDM and CP-OFDM schemes. In Section III-A, we
describe the system specifications and parameters; in Sec-
tion III-B we evaluate the three schemes using error rate
performance; after that we discuss the energy saving in
Section III-C; then the transmission rate enhancement and
the frequency bandwidth improvement are evaluated in Sec-
tion III-D; and finally in Section III-E the peak-to-average
power ratio (PAPR) performance is evaluated.
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Fig. 4. The example spectrums of the transmitted OFDM signal and
SEFDM signals with α = 0.9 and α = 0.7 respectively.

A. Simulation Setting

The system performance evaluation is carried out using
computer simulations and it is based on the narrowband-
internet-of-things (NB-IoT) in the context of the 5G-NR
systems. The system parameters are: the number of the active
subcarriers is N = 12 and the width of each subcarrier in the
frequency-domain is equal to 30 KHz. The number of input
bins to the IDFT/DFT processes is Q = 64. The CP length is
µ = 16 time samples. The message signal is modulated with
quadrature phase shift keying (QPSK) while the pilot signals,
which are used in channel estimation process, is modulated
using binary phase shift keying (BPSK). The bandiwdth
compression factors ranging between α = 0.9 ∼ 0.5. The
example sepctrums of OFDM signal and SEFDM signals
based on the above system parameters are show in Fig. 4.

The error rate comparisons for AS-SEFDM, CP-SEFDM
and CP-OFDM are computed using the 5G-NR tapped
delayed line (TDL) channel model of type (D). In this work,
TDL-D channel model is used with 300 ns delay spread,
70 Hz maximum Doppler shift and 7 dB K-factor.

B. Bit Error Rate

In this section, the BER performance for AS-SEFDM and
CP-SEFDM will be evaluated and compared against our
bench-mark, the conventional CP-OFDM. In this work, the
equalised data is detected using sphere decoder. In order
to examine the proposed AS-SEFDM scheme carefully we
collect the BER for the following scenarios: (i) using perfect
channel estimation and (ii) using realistic channel estima-
tion. The first scenario of using perfect channel estimation
provides the AS-SEFDM system capabilities of generat-
ing accurate ISI-cancelling signal and circularity-providing
signal without taking into consideration the impairments
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coming from the channel estimation. On the other hand,
the second scenario of using the realistic channel estimation
aims to exam the performance of AS-SEFDM when noise is
involved in the generating process of ISI-cancelling signal
and circularity providing signal.

1) BER using perfect channel estimation: The perfect
channel estimation’s BER performance of AS-SEFDM, CP-
SEFDM and CP-OFDM is shown in Fig. 5. The BER per-
formance of AS-SEFDM and CP-SEFDM with compression
factor α = 0.9 and α = 0.7 show that AS-SEFDM scheme
successfully eliminates the usage of CP while provides
ISI-cancelling and circularity functions without introduce
performance degradation compare with CP-SEFDM. From
the same figure, we can report that SEFDM systems, in
general, can offers up to 30% bandwidth saving at the cost
of 1 dB in Eb/No.

Moreover, Fig. 6 shows the power penalty, which is
defined as the power difference, measured in (dB), between
SEFDM and OFDM systems to have BER = 10−5. The
figure also illustrate the performance of AS-SEFDM and
CP-SEFDM for different values of bandwidth compression
factor, α. It is clear that using lower values of the α
factor leads to degrades the error rate performance. This is
expected, where the lower α factor the higher ICI among
the subcarriers.

2) BER using realistic channel estimation: Fig. 7 shows
the error rate performance collected using the realistic chan-
nel estimation. In general, the BER performance is worse
than that of using perfect channel estimation. This is due
to the impairments introduced by the inaccurate channel
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estimation process. Besides that, the SEFDM schemes expe-
rience lower BER performance, i.e. higher BER degradation,
this phenomenon becomes clearer at the higher Eb/No. The
reason for such degradation in AS-SEFDM, comes from
the inaccurate calculation of the AS signals, i.e. the ISI-
cancelling and the circularity-providing signals. This can be
better understood by referring back to equations (8) and (10)
in the previous section, where the two equations depends
totally on the channel estimation for the signals generation.

Nevertheless, although the BER performance of the AS-
SEFDM is degraded in the realistic channel estimation
situation, its BER performance is close to that of the CP-
SEFDM with the same respected α factors. This infer the
successful operation of the newly proposed AS-SEFDM.

C. Energy Saving and Latency Reduction

As can be seen from Figures 5 and 7, the AS-SEFDM
almost achieves same BER performance as the CP-SEFDM
when perfect channel knowledge is known in transmitter and
receiver, and presents slightly BER performance drop when
the channel estimation errors are taken into account. This is a
very economic cost for gaining the benefits of removing the
CP parts between the SEFDM symbols. Using the simulation
setting in this paper, the elimination of the 16 samples CP
saves 23.8% of the power transmission and reduces the same
proportion of latency. Together with the improved spectral
efficiency brought by the spectral compression in SEFDM
systems. Thus, the AS aided CP-free SEFDM system shows
promising merits for the 5G-NR or beyond systems.

D. Spectral Efficiency Enhancement

The use of CP part in the OFDM and SEFDM systems
degrades the spectral efficiency of the systems due to the
transmission of redundant information in the CP part. Unlike
CP-OFDM and CP-SEFDM, AS-SEFDM has the ability to
overcome this spectral efficiency drawback with eliminating
CP, yet maintaining similar BER performance to that of
SEFDM with CP. Table I indicates the frequency bandwidth
required for signal transmission and the time needed for
each symbol transmission for the three tested systems. It is
clear that the two SEFDM schemes outperform the OFDM
scheme, in terms of bandwidth utilisation, by the α factor. In



TABLE I
SPECTRAL EFFICIENCY COMPARISONS

Parameters AS-SEFDM CP-SEFDM CP-OFDM
Frequency
Bandwidth α×N ×∆f α×N ×∆f N ×∆f

Transmission
Time T T + Tcp T + Tcp

Spectral
Efficiency

K/T
α×N×∆f

K/(T+Tcp)

α×N×∆f

K/(T+Tcp)

N×∆f
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addition, AS-SEFDM outperforms the OFDM and SEFDM
with CP, in terms of the transmission rate enhancement, by
a factor of T+Tcp

T , where T is the symbol duration and
Tcp is the time period of the CP part. Finally, the total
spectral efficiency is given in the third row of the same table.
K indicates the number of bits transmitted per symbol.

E. Peak-to-Average Power Ratio

Fig. 8 shows the PAPR performance of the three tested
systems. The evaluation is presented using complemen-
tary cumulative distribution function (CCDF), which is the
probability of having PAPR values, at the transmitter side,
exceeding a certain value of PAPR, denoted by PAPRo. From
the figure, we can observe that lower α factor, in SEFDM,
leads to a lower PAPR and this is due to the introduction of
ICI among the subcarriers. In addition, AS-SEFDM shows
further enhancement in the PAPR performance due to the
ISI-cancelling signal, which is added at the transmitter, acts
as a vector-perturbation and hence reduces the PAPR.

IV. CONCLUSION

SEFDM systems compresses the frequency spacing be-
tween the subcarriers and hence offers bandwidth enhance-
ment compared to the OFDM systems. However, CP-
SEFDM relies on the CP to mitigate the ISI effects at the
receiver and therefore counterparts the spectral compression
benefit. Furthermore, previous studies indicate that the use
of CP with SEFDM breaks the circularity of the channel
matrix and hence degrades the SEFDM system performance.
The AS-SEFDM in this work eliminates the ISI by using

transmitting AS signal and providing circularity on receiver.
The simulation results show that the AS-SEFDM provide
promising potential to save energy, reduce latency, improve
spectral efficiency in future mobile communications. Follow-
ing this work, experimental verification of AS-SEFMD and
AS design for other high spectral efficiency multiple carrier
schemes such as generalised frequency division multiplexing
(GFDM), faster-than-Nyquist (FTN) and Truncated OFDM
(TOFDM) will be exploited.
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