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ABSTRACT Although orthogonal frequency-division multiplexing (OFDM) is a widely accepted waveform
in many standards and is expected to keep its dominance in future 5G systems with various types of
parameterized waveforms, its performance in terms of spectral efficiency as well as transmission latency is
usually degraded due to the excessive usage of cyclic prefix (CP). Particularly, in highly dispersive channels,
CP rate might be very large in order to maintain the low-complex frequency-domain equalization. In this
paper, we propose a novel method that can fit the low latency and high spectral efficiency requirements of
future 5G wireless services by eliminating the need for inserting CP between successive OFDM symbols
while keeping the whole detection process the same at the receiver side. In order to achieve that, we utilize
specially designed alignment signals that can cancel the interference of one symbol on the other and add
an additional signal component that makes the signal circularly convolved with the channel at the receiver
side. Simulation results prove the superiority of the proposed scheme in terms of enhancing spectral and
power efficiency, reducing latency, and improving physical-layer security against eavesdropping while
using a low-complexity one-tap frequency-domain equalizer. These numerous, simultaneous, and desirable
advantages have the potential to make the proposed technique a suitable fit for future 5G wireless services
and applications including Internet of Things-based massive machine-type communication, ultra-reliable
and low-latency communication, and enhanced mobile broadband.

INDEX TERMS OFDM, cyclic prefix (CP), guard period, 5G, spectral efficiency, latency, reliability,

physical layer (PHY) security, [oT, mMTC, URLLC, eMBB, PAPR, OOBE, MIMO, complexity.

I. INTRODUCTION

Due to its numerous advantages, orthogonal frequency devi-
sion multiplexing (OFDM) [1] has been the most dominantly
used transmission waveform in the vast majority of the
currently available standards, such as WiFi, WiMax, DVB,
LTE, and NB-IoT. Moreover, it should not be a surprise that
OFDM waveform (with its new parametrized waveforms to
meet the diverse requirements of different emerging appli-
cations) is expected to maintain its dominance in future
5G systems [2]-[4]. It has been adopted due to its desir-
able features, including higher spectral efficiency, robust-
ness to multipath with simple equalization in the frequency
domain, easy integration with MIMO systems, and multi-user
diversity where time and frequency resources are flexibly

scheduled among users based on their requirements and chan-
nel conditions [2].

Nonetheless, OFDM has several major drawbacks, such
as high peak-to-average power ratio (PAPR), spectral leak-
age, strict synchronization requirements and frequency oft-
set sensitivity. These issues have been heavily studied in
the literature and many solutions were proposed to miti-
gate their side effects [2], [5], [6]. In addition, it should be
mentioned that in 5G new radio, different window based
time-domain filtering schemes have been proposed such as
universal filtered OFDM (UF-OFDM or UFMC) [7], [8],
filtered-OFDM (f-OFDM) [9], [10], time domain windowed
overlap-and-add (WOLA) based CP-OFDM [11], etc. Also,
flexible and effective frequency-domain filtering scheme,

2169-3536 © 2018 IEEE. Translations and content mining are permitted for academic research only.

VOLUME 6, 2018

Personal use is also permitted, but republication/redistribution requires IEEE permission.

63649

See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


https://orcid.org/0000-0003-4435-5500
https://orcid.org/0000-0003-1710-4343
https://orcid.org/0000-0001-9474-7372

IEEE Access

J. M. Hamamreh et al.: CP-Less OFDM With Alignment Signals

based on fast-convolution (FC), was proposed for filtered
OFDM [12], [13].

Besides the aforementioned issues, there are other issues
which have not been studied much in the literature, but have
started gaining the attention of researchers due to their signif-
icant importance for future dynamic, low latency, spectral and
power efficient 5G wireless networks. Among these issues are
the ones related to the non-optimal design of OFDM, which
can be summarized in two aspects: 1) the excessive usage of
cyclic prefix (CP) as guard times between OFDM symbols
to prevent inter-symbol-interference (ISI) while providing
circular convolution; and 2) the inability to optimally collect
and effectively combine the leaked energy (due to channel
dispersion) of the OFDM symbol to the guard time owing to
the fixed waveforms length of OFDM transceiver structure.

For the issue of collecting the energy leakage,
Hamamreh and Arslan [14], [15] designed a new waveform
that can optimally collect the dispersive signal energy that
leaks to the guard time part of the signal instead of just
discarding it as is the case in standard OFDM. The designed
waveform in [14], which is named as orthogonal transform
division multiplexing (OTDM), results in a better reliability
compared to standard OFDM due to accumulating the disper-
sive energy and combining it optimally with the data symbols.
Also, the design yields physical layer secrecy [16] as an extra
advantage that comes for free due to making the waveform
channel-dependent.

On the other hand, the issue of using excessive CPs
between OFDM symbols makes OFDM suffer from a signif-
icant spectral efficiency loss as well as latency increase due
to using a fraction of the available time resources as guard
intervals instead of utilizing them for data transmission. This
motivates designing new novel solutions that can completely
release and free the need for using CPs between OFDM sym-
bols while maintaining good reliability performance as that of
the standard CP-OFDM. This issue is substantially important
and worth to be practically solved as it causes a huge waste
of resources in some specific emerging SG scenarios and ser-
vices such as massive machine type communication (mMTC)
and enhanced mobile broadband (eMBB) [17], resulting in
an inability to enhance the total efficiency and transmission
rate of the wireless systems. Besides, CP also causes extra
unnecessary transmission delay for latency-sensitive appli-
cations such as ultra reliable and low latency communica-
tion (URLLC) services [3], [17].

To realize the significant effect of this issue and how much
important it is to properly address this challenge, we give
the following explanatory example. In mMTC scenarios [18],
massive amount of Internet of Things (IoT) devices often
receive and transmit sporadic short packets of control and
sensed data to 5G base station (BS) whose resources are
usually limited and may become insufficient when the BS
tries to serve all these massive devices simultaneously. Let
us assume we have 10000 of these IoT devices, each requires
on average 100 OFDM symbols of 512 sub-carrier resources.
With current standard OFDM waveform, where the CP length
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can be as large as one fourth (0.25) of the whole OFDM
symbol, the BS would sacrifice around 10000 x 100 x 0.25 x
512 = 128,000, 000 units of time resources. This is an
extremely huge amount of loss in the total spectral efficiency
of just one BS as these resources could be saved and then used
to serve other users and IoT devices in the network.

Moreover, mitigating the CP length (denoted by R) or
totally removing it will certainly help meet the requirements
of enhanced mobile broadband (eMBB) services that not only
require high spectral efficiency but also low transmission
latency (a very desirable feature for URLLC services as well)
to increase peak throughput. Particularly, latency can signifi-
cantly be reduced if the net OFDM symbol duration is made
equal to only the useful data part of the symbol (i.e., data
subcarriers N) instead of being equal to the sum of data and
guard time parts. Consequently, in low latency applications,
the CP becomes a considerable overhead which not only
degrades the system spectral efficiency by N/(N + R), but
also causes latency and energy efficiency loss. Motivated by
these practical facts, it would be extremely very advantageous
if one could develop practical methods that can totally remove
the need for inserting CPs between OFDM symbols while
maintaining the same performance as that of standard OFDM.

In the literature, there are several techniques introduced to
mitigate the spectral efficiency loss and latency due to CP by
either reducing (shorting) or totally removing (eliminating)
the CP guard period while maintaining reasonable perfor-
mance. Among the techniques used to reduce the required
guard time are channel shortening schemes that are capable
of reducing the CP length by either utilizing a time-domain
equalizer to shorten the effective channel impulse response
as in [19], or frequency-domain equalizer as in [20], or by
designing proper precoding matrices as in [21] and [22].
Besides channel shortening, Taheri ef al. [23] proposed an
asymmetric window which provides a significant CP reduc-
tion without increasing out-of-band-emission (OOBE) nor
causing ISI/ICI. Lorca [24] explored a scheme based on the
concept of multiple symbol encapsulation, which was origi-
nally introduced in [25] to reduce CP rate. Lorca [24] showed
that the scheme can noticeably mitigate the CP overhead and
hence increase the throughput by using only a single CP
to a group (block) of adjacent OFDM symbols instead of
inserting many CPs between consecutive OFDM symbols in
each transmission block. At the receiver, a frequency domain
equalization technique that applies FFT and IFFT on the
whole block was proposed for cancelation of any ISI/ICI
resulting from multipath channels.

All the aforementioned techniques can be classified under
the category of CP-short approach. On the other hand, there
are other techniques that can be classified under the category
of CP-free approach. These CP-free OFDM techniques aim
to totally remove the CP guard times, and hence achieving
the maximum gain in terms of higher spectral efficiency
and lower latency. In [26], a Nyquist pulse shaping filter
bank was utilized to OFDM for CP elimination. In [27],
a CP-free OFDM transmission scheme, called overlapping
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based OFDM (Ov-OFDM), was proposed to shorten the total
OFDM symbol length without guard overhead. The scheme
utilizes an overlapping minimum mean square error (MMSE)
frequency domain equalization to eliminate ISI between
OFDM symbols.

In [28], a low-complexity frequency-domain equalizer that
utilizes redundancy in the frequency domain was proposed to
completely suppress ISI and ICI when no guard intervals are
inserted between symbols. In [29], a different equalizer based
on a multi-antenna generalized side-lobe canceler (GSC)
was also proposed to suppress ISI for high-rate SIMO-
OFDM systems without CP. The method basically depends
on the block representation of the OFDM transmission and
exploits the subspace of the ISI structure in the multi-antenna
scenarios. Wang and Li [30] introduced a non-orthogonal
and CP-free scheme based on maximum-likelihood sequence
detection in frequency domain to enhance spectrum and
power efficiency from one side and alleviate synchronization
requirement from another side. The detection algorithm is
termed as frequency-domain maximum-likelihood sequence
detection (MLSD).

In [31], a multi-carrier detection algorithm for OFDM sys-
tems without guard time by utilizing successive interference
cancelation with decision feedback was also introduced. Most
recently, Liu er al. [32] proposed a scheme called symbol
cyclic shift equalization (SCSE) to implement a CP-free
OFDM system. The scheme is based on performing deci-
sion feedback equalization (DFE) before FFT operation for
removing the ISI between the overlapped OFDM symbols.
The scheme also uses CP restoration mechanism at the
receiver to convert linear shift into circular shift, thereby
allowing the use of FFT transform at the receiver. Despite
its effectiveness, this scheme comes with three major demer-
its. First, it results in an excessive, unaffordable complexity
at the receiver,! making it unsuitable for low complexity,
battery-limited devices (such as [oT). Second, it makes the
design incompatible with current and future expected devices,
where minimal or even no changes in the receiver terminal
are required to reduce the cost of making new reception
designs. Third, its bit-error rate performance is worse than
that of OFDM for certain channel types. Due to these issues,
SCSE appears to be not a very good fit for future 5G services
and specifically for mMTC applications with massive IoT
devices, which are expected to be compact in size, light in
processing, and limited in battery power consumption.

As inferred from the literature, most of the proposed
CP-free and CP-short approaches are based on either utilizing
equalization technologies such as MMSE, ZF, DFE, SIC and
so forth; or exploiting some redundancy in the spectral or
spatial domain to mitigate or eliminate CP overhead at the
expense of extra complexity at the receiver or wasting other
resources.

INote that Liu ef al. [33] tried to reduce the complexity of SCSE scheme
by using pulse amplitude modulation (PAM) instead of M-ary quadrature
amplitude modulation (M-QAM). This unfortunately can not be applied to
current and future systems that mainly adopt M-QAM.
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In this paper, we propose a novel power domain’ based-
scheme, called CP-less OFDM (or CP-free OFDM), that
removes the requirement of inserting CP between successive
OFDM symbols, while keeping the whole detection process
the same at the receiver side without the need to use any
complex equalizers. This is achieved by adding an alignment
signal on top (in the power domain) of each transmitted
OFDM symbol to guarantee achieving two goals simulta-
neously: 1) canceling the interference of one symbol on
the other adjacent one, and 2) maintaining the circularity
property of the received signals before the low complexity
frequency domain equalization process. The obtained results
demonstrate the superiority of the proposed CP-less OFDM
scheme in terms of spectral efficiency, reduced latency, power
efficiency, and physical layer secrecy compared to standard
CP-OFDM while maintaining low complexity using sim-
ple one tap frequency domain equalizer, making the design
inherently compatible with current and future systems, and
also highly capable of meeting the needs of 5G and beyond
wireless services.

The main advantages of the proposed scheme can be
emphasized and summarized as follows:

« Enhancing spectral efficiency and throughput due to

removing the time resources required by CP.

« Enhancing power efficiency as a result of saving the
power consumed by CP, where the power of the align-
ment signal in our proposed design is less than that of
CP in OFDM.

« Reducing transmission latency due to decreasing the
net time duration required for the transmission of each
symbol.

« Improving physical layer security [14], [16] as a conse-
quence of making the alignment signal function of the
legitimate user’s channel, which is different from that of
eavesdroppers located at different locations. Thus, extra
interference will be caused to the eavesdroppers.

o The scheme does not require any changes or extra pro-
cessing at the receiver thanks to the proper design of
the added alignment signal, making it compatible with
current and future networks. In particular, all the pro-
cessing is done at the transmitter, making it very suitable
for the downlink transmission scenario (from BS to low
complexity IoT devices).

A highly critical and emerging SG scenario that our pro-
posed CP-less OFDM method is particularly suited for is
URLLC type of services. This is so due to the fact that the
OFDM symbol durations in URLLC services are required to
be much smaller compared to the symbol durations currently
being used in 4G and WiFi systems in order to provide
low latency and much faster communication. However, this

2The use of the term “power domain” is inspired from the power domain
non-orthogonal multiple access (NOMA) concept, where the signals of dif-
ferent users sharing the same time and frequency resources are superimposed
on top of each other in the power domain. Similarly, in our proposed scheme,
since the alignment signal is superimposed on top of the time domain data
signal, the multiplexing domain is termed as power domain.
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FIGURE 1. Transceiver structures of the conventional, regular OFDM and the proposed CP-less OFDM.

increases the CP overhead for a given fixed channel delay
spread if conventional CP-OFDM scheme is used. Therefore,
removing the CP requirement with the proposed method can
result in a highly efficient transmission system. Our scheme
can even become more beneficial for the scenarios of sta-
tionary channels (e.g., access point communicating with a
non-moving wireless terminal in a static environment where
all reflectors are almost fixed and immobile during the period
between two channel estimation) where the receiver in this
case does not require to frequently send pilot signals to the
transmitter to update the channel estimation process at the
transmitter as the channel is almost static (i.e., not varying
much).

These highly desirable merits are achieved at the expense
of a slight increase in the processing complexity at the base
station alongside the need for acquiring channel state infor-
mation (CSI) at the transmitter [14], [34]-[37].

The rest of the paper is organized as follows. The system
preliminaries and assumptions are described in Section II.
The details of the devised CP-less OFDM waveform by using
two different methods are revealed in Section III. Numeri-
cal results including BER, spectral efficiency, transmission
latency, power saving, secrecy performance, robustness to
imperfect channel, PAPR, OOBE, complexity; are all pre-
sented, discussed and explained in Section IV, which is
followed by conclusion and future works in Section V.

Notations: Vectors are denoted by bold-small letters,
whereas matrices are denoted by bold-large letters. The con-
volution operator is indicated by (x). The transpose, hermitian
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(conjugate transpose) and inverse are symbolized by ()T,
(- )and(-)7L, respectively. Iis the N x N identity matrix.

Il. PRELIMINARIES AND ASSUMPTIONS

A regular single-input single-output (SISO) OFDM system as
depicted in the upper part of Fig. 1 is considered as a reference
baseband system model upon which we develop our proposed
scheme. In the regular OFDM system, the M-ary modulated
frequency data symbols are first converted from serial to
parallel and then passed through an IFFT block, resulting in
a time domain signal vector, whose samples are coming from
the contribution of all the frequency data symbols. Then, a CP
of length equal to or greater than the channel spread length is
appended to the time domain signal to avert ISI and provide
channel circularity. The signal is then sent serially from the
transmitter (Tx) to the receiver (Rx) over a multi-path fre-
quency selective and slowly varying fading channel denoted
byh = [ho hi ... hg]" € CIETDXI1 where (R + 1) is the
number of taps. The channel impulse response has R + 1
taps, each experiences Rayleigh fading distribution. At the
Rx side, the received samples are first converted from serial
to parallel, and then the CP is cut and discarded. Afterwards,
the samples are passed through an FFT block, followed by
one tap frequency domain channel equalization to recover the
M-ary modulated frequency data symbols.

Unlike the aforementioned described classical OFDM
design, in the proposed CP-less OFDM scheme as portrayed
in the lower part of Fig. 1, there is neither CP addition at
the Tx nor CP removal at the Rx. Instead, a well-designed
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FIGURE 2. Visualization of the designed CP-less OFDM with alignment signal superposition for two consecutive OFDM symbols.

alignment signal (AS) is added on top of the time domain
CP-free OFDM symbol in order to both cancel the ISI
caused between adjacent OFDM symbols due to channel
dispersion, and convert linear convolution into circular one
so that low complexity frequency domain equalization can
be used instead of the extremely complex time domain
equalization [32].

In this work, the channel reciprocity property is adopted,
where the downlink channel can be estimated from the
uplink one in a time division duplexing (TDD) or hybrid
systems (TDD with FDD) [34]. The channel realizations (i.e.,
the impulse response including its explicit complex taps and
delays) are assumed to be known at the transmitter [34], [38]
so that a special AS can be properly designed to enhance the
spectral efficiency and reduce latency (with low complexity)
of the system by eliminating the need for inserting CPs
between successive OFDM symbols.

For the secrecy performance evaluation, we also consider
an eavesdropper, called Eve, who tries to intercept the com-
munication between the legitimate Tx and Rx parties, called
Alice and Bob, respectively. Eve also experiences a multipath
channel of independent realizations from the one experienced
by the legitimate receiver as the channel de-correlates for dif-
ferent locations that are distant from each other by half-wave
length or more [14], [16], [34].

Ill. PROPOSED CP-LESS OFDM DESIGN

The key concept underlying the transmission mechanism of
the proposed CP-less OFDM with AS, whose transceiver
structure is briefly illustrated in the lower part of Fig. 1,
is clearly visualized in Fig. 2. As exhibited, a specially
designed AS (colored in red) is superimposed with the OFDM
time domain signal (colored in gray) in the power domain at
the Tx side. After passing through the channel and reaching
the Rx side, the AS accumulates itself and aligns over the
interference part of the OFDM signal to cancel ISI and pro-
vide circularity. In this section, we provide the mathematical
and physical meaning details of the proposed scheme at both
the Tx and Rx sides.

At the Tx, the total number of frequency data symbols to be
sent is N, where each transmitted OFDM block is represented
as x = [xo x| ... xN_l]T e CWxU Each OFDM block x is
then passed through an IFFT process FH e CIV*N1 which
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basically maps the frequency data points to orthogonal sub-
carriers, where F is the discrete Fourier transform matrix.
Thus, the time domain samples of each OFDM symbol can
be given as s = FHx. At this point, no CP addition is used,
instead, a specially designed alignment signal (AS) of size
equal to N x 1 and denoted by ¢ = [co cl ... cN_l]T €
CIW > is added on top of each CP-less OFDM signal. In other
words, the AS is superimposed to the power domain of the
time domain signal of the original CP-less OFDM symbol.
Thus, the total resulting i CP-less OFDM signal to be trans-
mitted can be modeled as

ti=Si+Ci=FHXi+Ci€(C[NX1]. €))

Now, the key idea behind the proposed design is based
on the fact that each added AS [35], [36], [39] at the Tx can
be designed to perfectly align to a specific target part of
the OFDM symbol after passing through the channel and
reaching at the receiver side as shown in Fig. 2. Since the
AS can be aligned at any specific part, it would be beneficial
to align the AS to the dispersive part (due to which we
need CP in standard OFDM) of the OFDM signal and try to
design the value of the AS in such away that can cancel the
interference that appears in that specific part of the signal.
Note that the length of the dispersive part (i.e., the region
of ISI) of OFDM symbol is equal to the number of channel
samples, which is denoted by R. Additionally, in order to have
the same functionality as that provided by CP in standard
CP OFDM, an aligned AS at the receiver, ¢; € CIRx1],
should correspond to the summation of both an interference
canceling signal ¢; € CI®*1 to compensate the IST between
successive OFDM symbols and a circularity providing signal
z; € CI®*1l to maintain circularity and have simple one
tap frequency domain equalization without the need to use
complex time domain equalizers. Let us assume a channel
impulse response of R + 1 taps with exponentially decaying
function. These taps are first estimated using channel sound-
ing techniques [37] and then used to construct a Toeplitz
matrix of size N + R by N (to be used for calculating the
value of the alignment signal). Then, the interference term on
i signal can be calculated as

G; = Hpti_y € CIRx1] 2)
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where t;_1 is the previously transmitted CP-less OFDM sym-
bol and H}, € CIR*N1 is the dispersive channel part, which
can be given as

0 --- hg - h
Hy=|: o . . 1l (3
0 --- 0 - hg

Note that Hy, represents the interference part of the Toeplitz
matrix of the channel impulse response with R + 1 taps for a
block-based transmission system. More precisely, Hyp, which
is basically the last R rows of the channel Toeplitz matrix,
causes dispersion and inter-symbol-interference between
OFDM blocks when CP is not used. The Toeplitz matrix is
denoted by H € CIV+R>N1 "and can be given as

Thg O -+« oo 07
©ohy O :
. o
H=[gu}= N
P 0 hR . . hO
0 hg
: : 0 . :
| 0 0 - - hgl|

where Hy, is the interference-free channel convolution matrix
(i.e., H without the dispersion-responsible part represented
by the last R rows).

On the other hand, the circularity providing signal for the
i signal can be obtained as

ZAl' = HpSi (S (C[Rxl]. (5)

Then, ¢; which is the required signal at the receiver for inter-
ference cancelation and circularity assurance can be given as

¢ =17; — 4 = Hps; — Hpti_y € CI11, ©)
which can further be simplified into the below form
¢ =Hp (si —si_1 —¢i1) € CF*, )

In order to design such an AS, we firstly need to find
the null space of the multiplication of the interference-free
channel convolution matrix (i.e., Hy) and an imaginary CP
removal matrix that creates nulls at the beginning of each
OFDM symbol. Now, the real valued, virtual CP removal
matrix is defined as if it removes the first R samples of each
transmission symbol. Let us give that as B € CIV—RxN],
Then the required null space can be calculated as

P = ker (BHy) € CIV*RI, (®)

where ker( ) corresponds to kernel extracting operation,
by which we can find the null space of the effective channel
matrix BH, so that we can use this null space to align the
added AS into the specific part of the OFDM symbol. Note
that any vector w;j € CW*! multiplied by P and passed
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through the channel will give an AS aligning on the first R
samples of the OFDM symbol. Note that this AS also leaks
to the next symbol but we consider that as interference and
will be canceled by the next symbol’s AS. Therefore, the AS
at the transmitter can be calculated as

Ci = PWi (S (C[NXI]. (9)

By doing so, we guarantee the alignment of the added AS
over the desired portion of the OFDM signal at the receiver
side. In the next step, we will calculate the values of wj in
order to obtain the desired signal, ¢;.

The i received baseband signal vector y; € CIV+Rx1]
can be given as

yi =hxti+n
= h*(si + ¢i) + n, (10)
_ T . . o R )
wherey = [yo y1 ... yv+&] . inwhichy; = >/ hiti—y +
nG), and nj € CIVHR*11 jg the zero-mean complex additive

white Gaussian noise (AWGN) at the Rx. The above convo-
lution form can also be rewritten in a matrix form as

yi = Ht; + n; = H(sj + ¢j) + n;. (11

The net received signal including the interference coming
from the previous symbol can be given as
Yi = Hs; + Hc;

Desired signal plus interference  Alignment signal

+  Hytg 4, (12)
N —

Interference signal

where I-ip can be given as
~ H [RXN]
H, = |:01[’NxN] . (13)

In order to achieve a CP free transmission, the second term
of yij, Hej = ¢; should be I-ip (si — ti_1) as mentioned before.
We can interpret ¢; as a column vector whose first R elements
cancel IST and introduce circularity, and the other N elements
are supposed to be perfectly zero. The second term of y; can
be given as

éj = Hci = HPWi. (14)

It can be seen that the last N elements of ¢; will be zero. Then,
we can focus the multiplication of HPw; which should give us
the required values as the first R elements of ¢;. Thus, w;j can
readily be calculated as

wi = (HP)™' & (15)
= ((HP)H (HP))_l HP)H ¢, (16)

By the time the properly designed AS passes through the
channel and reaches the Rx, the ISI will be naturally canceled
by the added AS. Thus, the received N interference-free
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samples of the effective OFDM symbol along with the
circularity-providing signal component, can be given as

H N
yi = Hysi + [ 0"] si +n; e CIV>1, (17)
where 1; has the first N samples of the original vector n;. One
can see that the above effective received OFDM symbol can
be written in terms of a circular channel matrix denoted by
H, € CIVXN1 a5 follows

¥i = Hesi +1i; € VX1, (18)

Afterwards, the Rx applies fast Fourier transform by using the
matrix F to get the frequency data symbols of each OFDM
symbol, which can be given as

yi = FH,s; + Fn;
= FH.Fx; + Fn;
= Hgx; + Fn,. (19)

Lastly, the Rx uses the diagonal channel frequency response
Hy = diag [Ho H ... HN] to perform simple one tap
zero-forcing equalization process on yj to get the final equal-
ized data symbols block X, which can be given as

%i = Hy "Hpx; + H 'Fri;
= x; + H; 'Fni;. (20)

It should be mentioned that the previous proposed design
is based on the concept of CP-OFDM, which is the most
commonly used OFDM scheme in wireless systems. In the
following, we present an alternative design inspired by the
concept of zero padding (ZP)-OFDM with overlap addi-
tion (OLA) receiver structure. This second proposed design
inspired by ZP is equivalent to the first proposed design
inspired by CP in the sense that both of them have the same
system performance. The key difference between the two
designs (methods) is that, in the aforementioned presented
CP-inspired design, the added AS tries to cancel the interfer-
ence coming from its proceeding adjacent symbol; whereas
in the design inspired by ZP-OFDM with OLA, the AS tries
to cancel the interference caused by each symbol onto its later
adjacent symbol. Thus, instead of making the AS function of
both the current and previous symbols as presented before,
in this new alternative design, the AS will be function of only
the current symbol.

Without loss of generality, in this second proposed method,
one can design two signals, namely, an interference-canceling
signal u; to cancel the ISI caused by each i OFDM sym-
bol onto the other right-adjacent symbol given be 4;, and a
circularity-providing signal for the i symbol z; to convert
linear convolution to circular one at the receiver Z;, thereby
enabling the use of simple one tap frequency domain equal-
ization by performing FFT operation. Particularly, the ISI
signal at the end of each OFDM symbol at the receiver can
mathematically be given as

i; = Hps; € CIR>1 1)
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whereas the circularity providing signal at the beginning of
each OFDM symbol at the receiver can be given as

7; = Hps; € CIR*1 (22)

According, the alignment signal that should be added at the
transmitter to cancel ISI can be given as

oIV x1]
Hu; = |:_lii[R><l]] (23)
—1 0[N><1]
u = (HHH> gH [_ﬁ‘[Rxl]}, (24)
1

whereas the alignment signal that should be added at the
transmitter to provide circularity can be calculated as

7 IRx1]
Hz; = [Ol[le]} (25)
—1 ~[Rx1]

4 = (HHH) a" [3'%]]] (26)

Thus, the total resulting i’ signal to be transmitted can be
modeled and calculated as

ti = si +uy +2z € CIVx1

—1 0[N><l]
= FHXi + (HHH> HH [_ﬁ'[Rxl]}
i

RN N XIS
+(H"H) H [OI[NX”]. @7)
It is worth mentioning that the merits of the proposed
design are not limited to just enhancing spectral efficiency
and reducing latency without introducing any extra or com-
plex processing at the Rx side, but also in providing physical
layer security against eavesdropping [40], which is a very
desirable merit of the proposed scheme for future inherently
secure services and [oT applications. Secrecy can be provided
because the AS is designed to be a function of the intended
user channel, which is usually different from that of the
eavesdropper [14]. Thus, investigating and quantifying the
exact secrecy performance of the proposed scheme and its
coexistence with other schemes and layers can be a subject of
future research as it is beyond the main scope of this paper.
Besides, it should be clearly pointed out that our
above-proposed algorithms are significantly different from
the works reported in [41] and [42] in the following perspec-
tives: 1) ours totally removes the CP, while [41] and [42]
do not, but rather reduce it; 2) ours provides physical layer
security against eavesdropping as an extra advantage due to
the utilization of channel knowledge at the transmitter side,
whereas [41] and [42] do not; 3) ours does not impose any
changes on the receiver structure, where all the processing is
put at the base station (transmitter side), making it backward
compatible with the 3GPP wireless standards, in which there
is no need for any modification at the mobile handset side.
Finally, the proposed concept is different from full channel
pre-equalization that can be used for channel shortening and
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FIGURE 3. Different performance aspects and measures that can be investigated for providing thorough and
comprehensive comparison between CP-less OFDM featured by AS and regular OFDM featured by CP.

thus CP-reduction in the following aspects: 1) direct, full
pre-equalization is highly complex and causes significant
PAPR increase due to power distribution changes; 2) our
proposed scheme does not actually perform any kind of direct
pre-equalization for channel shortening (which is usually
performed by multiplication or division processes) to reduce
the effective channel length so that less CP period can be
used. Instead, the scheme generates a superposition signal
that is properly designed to be added (not multiplied) on top
of the time domain signal in such a way that it cancels the
inter-symbol interference caused by the channel while main-
taining circularity so that simple one tap frequency domain
equalization can still be used just like the one used in standard
CP-OFDM design.

IV. PERFORMANCE EVALUATION RESULTS

AND DISCUSSION

In this section, we present the performance results of the pro-
posed CP-less OFDM compared to regular CP OFDM. Partic-
ularly, we use transmission efficiency (bps/Hz), transmission
latency (time samples), and power efficiency as main perfor-
mance metrics to validate and demonstrate the gain that can
be achieved by the proposed CP-less OFDM compared to CP
OFDM. Moreover; BER, PAPR, and OOBE metrics are also
evaluated to investigate the effect of the proposed design on
these performance metrics under various conditions. A com-
prehensive picture of the performance aspects and measures
that can be investigated for providing thorough and compre-
hensive comparison between CP-less OFDM featured by AS
and regular OFDM featured by CP can be seen in Fig. 3.
To achieve this inclusive investigation, we perform computer
simulations for an OFDM signal having N = 64 subcarriers
and modulation is determined as QAM with M = 4 (unless
otherwise stated). The number of OFDM symbols in each
frame is assumed to be 20.

The power delay profile of the adopted Rayleigh multipath
time dispersive channel is defined to be an exponentially
decaying with (R + 1) taps and expressed as

h(DF , n) = ae”PF*",

n=0,1,---,CDS xN. (28)
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where a is the normalization factor, n represents the tap index,
and DF is the decaying factor of the channel which is set to
have the following values: DF = 1, DF = 2, and DF = 3.
Also, CDS is defined as the channel delay spread length of
the channel with respect to the OFDM symbol length (N).
In this setup, CDS is configured to take the following val-
ues’: CDS = 1/8, CDS = 1/4, and CDS = 1/2 (unless
otherwise stated). The channel is assumed to be changing
from one frame to another independently and perfect channel
estimation is assumed [14], [35], [36].

A. BIT ERROR RATE (BER)

The bit-error-rate (BER) comparison of a regular CP OFDM
signal and proposed CP-less OFDM (or CP-free OFDM) sig-
nal is given in Fig. 4. As obviously seen, the proposed CP-less
OFDM technique, which totally removes the redundancy of

3cps =1 /8 means that the length of the channel spread when N = 64 is
equal to 1/8 x 64 = 8 samples.

10°

—3— CP free OFDM - DF=1
—8&— CP free OFDM - DF=2
1071 ¢ —@— CP free OFDM - DF=3 |}
= © = Regular CP OFDM

102 F

BER

103 |
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E,/N, (dB)

FIGURE 4. BER comparison between CP-less OFDM and CP OFDM with

different channel decaying factors when the channel spread length is

equal to one forth of the OFDM symbol period. QPSK modulation and
N = 64 subcarriers are used.
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CP, exhibits BER performance close to that provided by reg-
ular OFDM as the decaying factor of the channel increases,
while a slight degradation, resulting in an error floor occurs
as the decaying factor of the channel decreases.

After deep investigation and exploration of the reason
behind this performance behavior that makes BER affected
by the decaying factor of the channel (although the theory
provided by the mathematical design in Section 3 shows that
we can completely cancel the interference), we found out that
it is generally impossible to accurately find the inverse of

the term ((HP)H (HP))_I, which appears in the equation of
calculating the alignment signal given as

Wi = ((HP)H (HP)) ~mp)e, (29)

Computing the accurate precise inverse is impossible in
some cases where the channel matrix is overdetermined with
low decaying factors (i.e., tall matrix with more rows than
columns and a few eigenvalues approaching zero). Conse-
quently, the added alignment signal will not be effective in
such cases and will not do its assumed job, which is to cancel
the interference and provide circularity. In this case, since the
added alignment signal will not be able to perfectly cancel the
interference, a certain amount of performance degradation is
anticipated. To avoid this degradation, we can measure the
length of the interference in terms of time samples and then
add a CP of length equal to that of the interference. Another
way to avoid this interference is to use decision feedback
equalization (DFE) with CP restoration algorithm as pro-
posed in [32]. Besides the aforementioned reason related to
matrix inverse, it is also observed that the use of MATLAB
pseudo inverse function for overdetermined matrices (which
is the case in our design H) results in a noticeable sensitive
inaccuracy. This happens as the pseudo-inverse function has a
certain level of tolerance that must be used in order to be able
to find an approximate pseudo-inverse that is usually calcu-
lated using a least square estimate* since an accurate result
is impossible. This inherent mathematical difficulty results
in a slight interference when the channel decaying factor is
small, yielding a slight BER degradation as shown in Fig. 4 of
the BER performance. To overcome such a difficultly, more
accurate and advanced mathematical tools for calculating the
inverse with higher accuracy and lower tolerance error are
needed to be investigated in future research studies.

4t should be mentioned that the calculation of approximate
pseudo-inverse using least square estimate yields a certain level of
complexity at the transmitting BS at the benefit of having minimal
equalization complexity at the receiving IoT device. This complexity at
BS can be affordable due to having higher processing power capabilities at
the BS compared to that available at IoT devices, which have constraints
on the power and processing capabilities. For this reason, the proposed
CP-less OFDM scheme is best suitable to be implemented in the downlink
scenarios (transmission from BS to IoT device). Thus, similar to LTE
standard, the frame structure of uplink will use SC-FDMA (SC-FDE),
whereas downlink will adopt CP-less OFDM instead of CP-OFDM.
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B. TRANSMISSION EFFICIENCY

Fig. 5 shows the superiority of the transmission efficiency” of
the proposed CP-free OFDM design compared to CP OFDM
where the CP length is set to be equal to the channel delay
spread (i.e., 16 samples, which is the one fourth of the whole
OFDM symbol length). It is clear from Fig. 5 that around
0.4 bps/Hz transmission efficiency gain as a result of using the
proposed CP-less OFDM compared to regular OFDM. Note
that the maximum spectral efficiency that can be achieved at
high SNR values can be calculated according to the below
formula that takes CP length into account

__log, M x N

N+R) G0

where for the case of CP-less OFDM, R is always equal to
zero as there is no CP overhead, whereas for the case of CP
OFDM, R is equal to the channel delay spread of the channel
at minimal.

= — CP free OFDM
—&— CP free OFDM | DF=2
—— CP free OFDM | DF=3
= © = Regular OFDM
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FIGURE 5. Transmission efficiency comparison between CP-less OFDM
and CP OFDM with different channel decaying factors when the channel
spread length is equal to one forth (1/4) of the OFDM symbol period,
QPSK modulation is used, and N = 64.

Fig. 6 is plotted to compare the transmission efficiency
between CP-less OFDM and regular OFDM when different
channel delay spread (CDS) values are used. It is shown that
the maximum achievable transmission efficiency values of
regular OFDM are 1.35, 1.6, and 1.8 for CDS values of 1/2,
1/4, and 1/8, respectively. On the other hand, the transmission
efficiency of CP-less OFDM is shown to be independent
of the CDS and always reaches its maximum value at high
SNR, which is equal to 2 bps/Hz when QPSK is used. This
clearly demonstrates the fact that the spectral efficiency gain
difference between CP-less OFDM and CP OFDM increases
as the channel delay spread becomes longer. It should be
mentioned that the gain in transmission efficiency is achieved
at the cost of extra processing at the transmitter alongside

S5The transmission efficiency is calculated in the same manner as done in
the literature of CP-less OFDM design [32], [33].
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FIGURE 6. Transmission efficiency comparison between CP-less OFDM
and CP OFDM with different channel delay spread lengths, when QPSK
modulation is used, DF = 1, and N = 64.

the need to use accurate channel estimators with robust cal-
ibration techniques [37]. The validity of the received data is
directly related to the reliability of the received data, which is
measured by average BER metric as shown in Fig. 4.

Furthermore, Fig. 7 sketches the maximum achievable
transmission efficiency versus SNR of the proposed scheme
compared to regular OFDM under the effect of different
modulation orders when the CDS is set to be 1/4. It is evident
that there are gains of 1.2, 1, 0.8, and 0.4 for modulation types
of 64QAM, 32QAM, 16QAM, and 4QAM, respectively. This
states that the gain difference enhances as the modulation
order increases.

C. TRANSMISSION LATENCY

One of key merits of the proposed CP-less OFDM scheme
is that it reduces the latency and delay of data transmission.
Thus, it is of importance to quantify the exact amount of
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FIGURE 7. Transmission efficiency comparison between CP-less OFDM

and CP OFDM with different modulation orders when the channel spread
length is one forth of the OFDM symbol period.
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latency reduction provided by the proposed CP-less OFDM
scheme. Fig. 8 presents the transmission latency caused by
regular OFDM with different CP lengths (which are equal
to the delay spread of the channel) compared to that of the
proposed scheme, where the alignment signal is used instead
of CP, under the effect of different channel delay spreads. It
is evident from the figure that the delay caused by regular
OFDM increases as the CDS gets longer since the CP period
extends more in time to protect against time dispersion, and
thus the whole OFDM transmission time increases. On the
other hand, CP-less OFDM scheme shows fixed transmission
delay at all CDS values (i.e., it is delay spread-independent).
This is due to the fact that the alignment signal does not
occupy any temporal resources as it is just superimposed and
added on top of the OFDM symbol in the power domain.
Thus, the transmission latency of CP-less OFDM is always
equal to the time period of useful data part of the CP-less
OFDM symbol.
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FIGURE 8. Transmission latency comparison between CP-less OFDM and
CP OFDM versus channel delay spread length.

D. POWER EFFICIENCY

Since the proposed CP-free OFDM scheme totally eliminates
the CP guard period, the power consumed by CP in regular
OFDM will be saved. However, the proposed scheme on the
other hand uses AS which also consumes a certain amount of
power to suppress the ISI and provide circularity. Therefore,
it is intuitively expected that there will be a trade-off relation
between the power saved due to not using CP and the power
consumed due to using AS. Accordingly, it would be inter-
esting if we compare the power efficiency of CP-less OFDM
with that of regular CP OFDM.

Fig. 9 plots the complementary cumulative distribution
function (CCDF) of the sum power consumed by the CP
part of regular OFDM, and the sum power distribution of AS
(which is function of the channel) used in CP-less OFDM
versus different CDS values when DF = 1. The figure shows
that the power consumed by AS increases slightly as the
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FIGURE 9. Power efficiency comparison between CP-less OFDM and CP

OFDM for different channel delay spread length. Modulation is QPSK,
N =64,and DF = 1.

CDS increases, whereas the power consumed by CP increases
significantly as CDS goes higher. As shown from the figure,
the total average power consumed by AS is just 0.05 percent
of the time greater than that consumed by CP when CDS =
1/4 and it is about 0.01 percent of the time when CDS = 1/2.
In other words, the probability that the power consumed by
AS greater than that of the CP is 0.01 when CDS = 1/2.
Based on these results, one can conclude that the power
efficiency of the proposed CP-less OFDM is much better that
that of regular CP OFDM scheme. This specific merit makes
the proposed design suitable for green type communication,
which is very crucial requirement for future environmentally
friendly and health-friendly communication systems.

E. SECRECY PERFORMANCE
Besides the aforementioned verified and validated advantages
of the proposed CP-less OFDM scheme in terms of low
equalization complexity at the Rx, enhanced spectral effi-
ciency, reduced latency, and better power efficiency; there is
another extra advantage related to providing physical layer
security against eavesdropping [16], [43], [44]. This addi-
tional merit related to security comes for free as a result
of designing alignment signals dependent on the channel
of the legitimate receiver, which is naturally different from
that of the eavesdropper whose location is normally assumed
distant by at least half wavelength from that of the legitimate
receiver [14], [16]. Consequently, a secrecy gain will occur as
the added AS (which is function of the legitimate receiver’s
channel) at the Tx will not be aligned or canceled at the
eavesdropper side, but rather causing extra interference and
resulting in a tangible degradation in the performance.

To investigate the secrecy performance provided by the
proposed scheme, we use BER-based secrecy gap between
the legitimate receiver and eavesdropper as a security
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FIGURE 10. Secrecy performance of the proposed CP-less OFDM using
BER secrecy gap between the legitimate receiver and eavesdropper
versus SNR at different channel decaying factors (DF). Modulation is
QPSK, N = 64, and CDS = 3/8.

performance measure [14], [16], [45]. Fig. 10 presents the
secrecy performance of the proposed CP-less OFDM using
BER secrecy gap versus SNR at different channel decay-
ing factors (DF). It is clear from the figure that the eaves-
dropper performance is worse than that of the legitimate
receiver. For instance, when DF = 1, there is a gap of around
10 dB between the two receivers (i.e., the legitimate receiver
and eavesdropper) at BER = 1072. Such a large gap in
performance can allow providing quality of service (QoS)-
based security services [46], where the BER of the legitimate
receiver is made less than a target BER (e.g., BER = 1072)
to satisfy the required quality of a certain service (e.g., voice
service), while eavesdropper’s BER is made above this tar-
get BER to prevent eavesdropper from satisfying the QoS
required for that specific service. It should be noted that this
performance gap, which is obtained by considering uncoded
system, may get smaller when advanced channel coding is
used. Thus, it would be interesting to consider studying and
investigating the effect of different coding schemes on the
performance gap between Bob and Eve. This is left for future
research studies on this topic as it is beyond the scope of this

paper.

F. ROBUSTNESS AGAINST CHANNEL ESTIMATION ERRORS
To evaluate the robustness of the proposed CP-less OFDM
scheme against imperfect channel estimation, we add inten-
tional errors denoted by (Ah) to the true channel (h) in order
to obtain new erroneous channels given by h = h+ Ah [14].
Ah is modeled as an independent complex Gaussian noise
with zero mean and variance o2 = mse x 10% , where mse
is a variable related to the mean square error of the estimator’s
quality. Then, the alignment signal is designed based on this
erroneously estimated channel h, which is different from the
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FIGURE 11. BER comparison between CP-less OFDM and CP OFDM with
imperfect channel estimation factors when the channel delay spread
(CDS) length is equal to one forth of the OFDM symbol period and
decaying factor (DF) is 1. Modulation is 16-QAM and the number of
subcarriers is N = 64.

true channel Ah. Fig. 11 presents the performance under dif-
ferent estimation qualities with mse = O (perfect estimation),
mse = 0.01 and mse = 0.05. It is shown that imperfect
channel estimation leads to a small degradation due to having
error mismatch between the alignment signal generated from
the estimated channel and its actual value coming from the
true channel. This results in a small performance degradation
in the BER as the added alignment signal in this case will not
perfectly cancel the actual interference coming from the true
channel. However, this degradation can be further mitigated
by increasing the length or power of the training sequence.

G. PAPR AND OOBE

In order to check how AS affects the other critical waveform
characteristics in terms of out-of-band emission (OOBE)
and peak-to-average-power ratio (PAPR), we also plot
the CCDF of PAPR and power spectral density (PSD)
in Fig. 12 and Fig. 13, respectively. Due to the usage of an
additional signal, a very small increase in PAPR and OOBE
(< 0.2 dB) is observed which is not considerably effective in
system performance.

H. COMPLEXITY

It should be stated that the proposed CP-less OFDM scheme
costs extra number of multiplications compared to conven-
tional CP-OFDM. The extra processing cost at the transmitter
is resulted from the need to calculate: 1) the aligning matrix P
that consists of the null space vectors of BH, with complexity
of O(N%(N —R)), and 2) the added signal w, which is function
of the inverse term given by (HP)~! with complexity of
O(N(N + R)R). However, due to the sparsity nature of the
channel Toeplitz matrix H where there are many zero ele-
ments, the computational complexity of the proposed scheme
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FIGURE 12. PAPR comparison between CP-less OFDM and CP OFDM.
Modulation is 16QAM, N = 64, CDS = 1/8, and DF = 2.

can be significantly reduced by using advanced computing
algorithms that take sparsity into account [47]. In particular,
a sparse matrix can be solved with efficient algorithms that
are capable of reducing complexity from O(N?) to O(N),
which represents linear complexity with sparse representa-
tion. Thus, the net complexity of the proposed scheme can at

least be reduced to O(v/(N — RIN2) + O(/N(N + R)R).

I. COMPATIBILITY WITH MIMO

Since multiple-input multiple-output (MIMO) is an essential
technology that has been adopted in 4G and 5G systems to
enhance their performances in terms of data rates and relia-
bility. The applicability of the proposed scheme for MIMO is
highly desirable. It should be stated that although the structure
of the proposed scheme is based on OFDM waveform, which
is known for its easy integration with MIMO [2] due to its
orthogonality where simple equalization can be performed
for each subcarrier and antenna separately; CP-less OFDM
scheme, which is proposed for SISO systems in this work,
may require some modifications to make it fully compatible
with MIMO due to having multiple channels interaction that
may impact the orthogonality among subcarriers when CP is
not used. Therefore, the compatibility of the proposed scheme
with different modes of MIMO (such as transmit diversity,
spatial multiplexing, and spatial modulation) will be a subject
of future research studies as this is beyond the scope of this

paper.

J. CHANNEL CODING

It should be mentioned that for the sake of concentration, sim-
plicity and avoiding distraction in the presentation, we have
considered an uncoded system as is the case in many research
studies available in the literature, especially the recent ones
related to CP-free/CP-short OFDM design as in [19]-[33].
In addition, this is assumed as so due to the fact that the
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FIGURE 13. OOBE comparison between CP-less OFDM (with CP
Canceling (CC) signal) and CP OFDM. Modulation is 16QAM, N = 64,
CDS = 1/8, and DF = 2.
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FIGURE 14. BER comparison between CP-less OFDM and CP OFDM with
convolutional channel coding of rate equals to 0.5. The channel spread
length is equal to one forth of the OFDM symbol period and decaying
factor (DF) is 1. Modulation is 4QAM and the number of subcarriers is
N = 64.

proposed design does not rely on coding to compensate the
effect of inter-symbol interference (ISI) caused by not using
a cyclic prefix in a time dispersive channel, but rather it
utilizes a novel, special alignment signal design to remove ISI
from one side and to achieve circularity from another side.
However, when considering a coded system, which is typi-
cally the case in practical systems, then further improvement
in the BER performance is expected to occur according to
the coding rate and decoding algorithm adopted. To evaluate
the impact of channel coding on the performance of the
proposed scheme, we have performed additional computer
simulations with channel coding. Fig. 14 shows the BER of
the proposed technique under the effect of channel coding.
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Particularly, a convolutional encoding scheme and Viterbi
decoding algorithm are adopted at the transmitter and receiver
sides, respectively. The convolutional encoder has rate = 1/2,
constraint length = 3, and generator polynomials given in
binary domain as [111; 101],. It is clear from Fig. 14 that
channel coding results in further improvement in the BER
performance as expected.

K. SYNCHRONIZATION

Synchronization is an important aspect for the successful
operation of the proposed design. It is very essential to iden-
tify the beginning of the frame so that exact alignment of
the superimposed signal and thus zero interference can be
guaranteed. In general, synchronization in OFDM is achieved
by either transmitting a known preamble (training sequence)
or by utilizing the CP structure [35]. Preamble-based syn-
chronization techniques can be conveniently used with our
proposed design, where the alignment signal is not generated
during the synchronization phase. However, to substitute the
absence of the alignment signal during the synchronization
phase, suitable guard period has to be used to avoid interfer-
ence.

CP-based synchronization is based on the fact that the CP
samples are equal to the data samples situated at the end of
the OFDM symbol. These similar samples in the CP and the
data portion of the OFDM symbol are spaced by N samples
apart. Using a sliding window correlator, this information
can be used to determine the start of the OFDM symbol.
However, after applying the proposed scheme with alignment
signal, there will be no CP. As such, the CP may no longer be
utilized for synchronization purposes. To overcome this issue,
the alignment signal can be designed so that it leaves part of
the CP and the corresponding samples in the data duration
of the OFDM symbol unaffected. Accordingly, part of the
CP samples are used by the alignment signal for interference
suppression while the rest are used for synchronization as
well as guard protection. This partial CP usage is only used
during the synchronization phase; once synchronization is
achieved, the full CP length can be utilized by the proposed
design.

V. CONCLUSION AND FUTURE WORK

This work has proposed a CP-free OFDM design that elimi-
nates the need of using excessive CPs between OFDM sym-
bols. The design is shown to increase the spectral efficiency,
enhance power efficiency, reduce latency, and improve physi-
cal layer security while maintaining low receiver complexity,
making it a strong candidate for meeting the requirements
of future 5G and beyond services and applications. Particu-
larly, a novel power domain-based method that removes the
requirement of CP while keeping the whole detection process
the same at the receiver side is achieved by using a special
design of alignment signals. These signals are added in the
power domain of the transmitted OFDM symbols in order
to achieve two goals simultaneously: 1) removing the inter-
symbol-interference between symbols and 2) making the
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signal circular at the receiver side. Simulation results showed
that spectral and power efficiency got enhanced, latency got
reduced, and secrecy got improved while maintaining low
complexity equalization at the Rx side.

Future work: Most of the performance aspects shown
in Fig. 3 have been investigated in this paper. However, still
there are other important aspects related to CP-less OFDM
with AS which need to be studied and deeply investigated
such as the effect of timing and carrier synchronization
issues and how it should be performed in the proposed
CP-free scheme. Moreover, channel estimation and how to
handle error mismatch are also important issues to deal with.
Besides, quantifying and checking the suitability of using the
proposed scheme as a physical layer security technique for
providing secrecy is as significant as the other performance
measures. In addition, measurements and practical test bed
implementations are also needed in order to validate the
advantages of the proposed scheme and compare simulations
with real conditions. All these factors and aspects are promis-
ing future research directions to be conducted in upcoming
studies so that a complete picture of the proposed design
including its merits and demerits can be carefully drawn and
fully understood. As a final challenge, it is very substantial
to come up with mathematical tools and techniques that can
enable finding an accurate (or very close to accurate) inverse
of the channel tall overdetermined matrix that appears in the
calculation of the AS signal. This will help guarantee having
precise, accurate AS that ensures causing no interference and
thus having intact BER performance.

ACKNOWLEDGMENT

J. M. Hamamreh was with the Department of Electrical
and Electronics Engineering, Istanbul Medipol University,
34810 Istanbul, Turkey. Z. E. Ankarali was with the Depart-
ment of Electrical Engineering, University of South Florida,
Tampa, FL 33620, USA. This paper has been invited for
presentation in part at the Asilomar Conference on Signals,
Systems and Computers, Oct. 28-31, 2018.

REFERENCES

[1] S. Weinstein and P. Ebert, “Data transmission by frequency-division mul-
tiplexing using the discrete Fourier transform,” IEEE Trans. Commun.
Technol., vol. COM-19, no. 5, pp. 628-634, Oct. 1971.

[2]1 A. A. Zaidi et al., “Waveform and numerology to support 5G services
and requirements,” [EEE Commun. Mag., vol. 54, no. 11, pp. 90-98,
Nov. 2016.

[3] Z. Ankarali, B. Pekoz, and H. Arslan, “Flexible radio access beyond
5G: A future projection on waveform, numerology, and frame design
principles,” IEEE Access, vol. 5, pp. 18295-18309, 2017.

[4] A. Gupta and E. R. K. Jha, “A survey of 5G network: Architecture and
emerging technologies,” IEEE Access, vol. 3, pp. 1206-1232, 2015.

[5] S. K. Chronopoulos, G. Tatsis, V. Raptis, and P. Kostarakis, “Enhanced
PAPR in OFDM without deteriorating BER performance,” Int. J. Com-
mun., Netw. Syst. Sci., vol. 4, no. 3, pp. 164-169, Mar. 2011.

[6] S. K. Chronopoulos, V. Christofilakis, G. Tatsis, and P. Kostarakis,
“Reducing peak-to-average power ratio of a turbo coded OFDM,” Wireless
Eng. Technol., vol. 3, no. 4, pp. 195-202, Oct. 2012.

[7] V. Vakilian, T. Wild, F. Schaich, S. ten Brink, and J.-F. Frigon, “Universal-
filtered multi-carrier technique for wireless systems beyond LTE,” in Proc.
IEEE Globecom Workshops (GC Wkshps), Dec. 2013, pp. 223-228.

63662

[8]

[9]

(10]

(11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

(20]

(21]

(22]

(23]

(24]

(25]

[26]

[27]

(28]

(29]

(30]

(31]

T. Wild, F. Schaich, and Y. Chen, “5G air interface design based on
universal filtered (UF-)OFDM,” in Proc. IEEE 19th Int. Conf. Digit. Signal
Process. (DSP), Aug. 2014, pp. 699-704.

J. Abdoli, M. Jia, and J. Ma, “‘Filtered OFDM: A new waveform for future
wireless systems,” in Proc. IEEE 16th Int. Workshop Signal Process. Adv.
Wireless Commun. (SPAWC), Jun./Jul. 2015, pp. 66-70.

X. Zhang, M. Jia, L. Chen, J. Ma, and J. Qiu, “Filtered-OFDM—Enabler
for flexible waveform in the 5th generation cellular networks,” in Proc.
IEEE Global Commun. Conf. (GLOBECOM), Dec. 2015, pp. 1-6.
RI1-162199, Waveform Candidates, document 3GPP TSGRAN WGl
Meeting 84b, Qualcomm, 2016.

M. Renfors, J. Yli-Kaakinen, T. Levanen, M. Valkama, T. Thalainen, and
J. Vihriala, “Efficient fast-convolution implementation of filtered CP-
OFDM waveform processing for 5G,” in Proc. IEEE Globecom Workshops
(GC Wkshps), Dec. 2015, pp. 1-7.

J. Yli-Kaakinen et al., “Efficient fast-convolution-based waveform pro-
cessing for 5G physical layer,” IEEE J. Sel. Areas Commun., vol. 35, no. 6,
pp. 1309-1326, Jun. 2017.

J. M. Hamamreh and H. Arslan, “Secure orthogonal transform division
multiplexing (OTDM) waveform for 5G and beyond,” IEEE Commun.
Lett., vol. 21, no. 5, pp. 1191-1194, May 2017.

J. M. Hamamreh and H. Arslan, “Time-frequency characteristics and
PAPR reduction of OTDM waveform for 5G and beyond,” in Proc. 10th
Int. Conf. Elect. Electron. Eng. (ELECO), Nov./Dec. 2017, pp. 681-685.
E. Giivenkaya, J. M. Hamamreh, and H. Arslan, “On physical-layer con-
cepts and metrics in secure signal transmission,” Phys. Commun., vol. 25,
pp. 14-25, Dec. 2017.

H. Yu, H. Lee, and H. Jeon, “What is 5G? Emerging 5G mobile services
and network requirements,” Sustainability, vol. 9, no. 10, p. 1848, 2017.
C. Bockelmann et al.,, “Massive machine-type communications in 5g:
Physical and MAC-layer solutions,” IEEE Commun. Mag., vol. 54, no. 9,
pp. 59-65, Sep. 2016.

P. J. W. Melsa, R. C. Younce, and C. E. Rohrs, “Impulse response short-
ening for discrete multitone transceivers,” IEEE Trans. Commun., vol. 44,
no. 12, pp. 1662-1672, Dec. 1996.

T. Karp, M. J. Wolf, S. Trautmann, and N. J. Fliege, ‘“Zero-forcing
frequency domain equalization for DMT systems with insufficient
guard interval,” in Proc. IEEE Int. Conf. Acoust., Speech, Signal Pro-
cess. (ICASSP), vol. 4, Apr. 2003, p. IV-221.

X.-G. Xia, “Precoded and vector OFDM robust to channel spectral nulls
and with reduced cyclic prefix length in single transmit antenna systems,”
IEEE Trans. Commun., vol. 49, no. 8, pp. 1363-1374, Aug. 2001.

N. Kim, J. Ahn, O.-S. Shin, and K. B. Lee, “Precoding design for cyclic
prefix overhead reduction in a MISO-OFDM system,” IEEE Wireless
Commun. Lett., vol. 6, no. 5, pp. 578-581, Oct. 2017.

T. Taheri, R. Nilsson, and J. van de Beek, “Asymmetric transmit-
windowing for low-latency and robust OFDM,” in Proc. IEEE GC Wkshps,
Dec. 2016, pp. 1-6.

J. Lorca, “Cyclic prefix overhead reduction for low-latency wireless com-
munications in OFDM,” in Proc. IEEE 81st Veh. Technol. Conf. (VIC
Spring), May 2015, pp. 1-5.

X. Wang, Y. Wu, J. Y. Chouinard, and H.-C. Wu, “On the design and
performance analysis of multisymbol encapsulated OFDM systems,” [EEE
Trans. Veh. Technol., vol. 55, no. 3, pp. 990-1002, May 2006.

K. Arya and C. Vijaykumar, “Elimination of cyclic prefix of OFDM sys-
tems using filter bank based multicarrier systems,” in Proc. IEEE Region
10 Conf. TENCON, Nov. 2008, pp. 1-5.

K. Hueske and J. Gotze, “Ov-OFDM: A reduced PAPR and cyclic prefix
free multicarrier transmission system,” in Proc. 6th Int. Symp. Wireless
Commun. Syst., Sep. 2009, pp. 206-210.

S. Trautmann and N. J. Fliege, “A new equalizer for multitone systems
without guard time,” I[EEE Commun. Lett., vol. 6, no. 1, pp. 34-36,
Jan. 2002.

C.-Y. Lin, J.-Y. Wu, and T.-S. Lee, “GSC-based frequency-domain
equalizer for CP-free OFDM systems,” in Proc. IEEE Int. Conf. Com-
mun. (ICC), vol. 2, May 2005, pp. 1132-1136.

J. Wang and D. Li, “A novel multi-carrier system based on maximum-
likelihood sequence detection in frequency domain,” in Proc. 2nd Int.
Conf. Commun. Netw. China, Aug. 2007, pp. 524-528.

B. Xu, C. Yang, and S. Mao, “A multi-carrier detection algorithm for
OFDM systems without guard time,” in Proc. IEEE Int. Conf. Com-
mun. (ICC), vol. 5, May 2003, pp. 3377-3381.

VOLUME 6, 2018



J. M. Hamamreh et al.: CP-Less OFDM With Alignment Signals

IEEE Access

[32] X.Liu, H.-H. Chen, S. Chen, and W. Meng, *‘Symbol cyclic-shift equaliza-
tion algorithm—A CP-free OFDM/OFDMA system design,” IEEE Trans.
Veh. Technol., vol. 66, no. 1, pp. 282-294, Jan. 2017.

[33] X.-Q. Liu, H.-H. Chen, B.-Y. Lyu, and W.-X. Meng, “Symbol cyclic shift
equalization PAM-OFDM—A low complexity CP-free OFDM scheme,”
IEEE Trans. Veh. Tech., vol. 66, no. 7, pp. 5933-5946, Jul. 2017.

[34] J. M. Hamamreh, E. Basar, and H. Arslan, “OFDM-subcarrier index
selection for enhancing security and reliability of 5G URLLC services,”
IEEE Access, vol. 5, pp. 25863-25875, 2017.

[35] A.Tom, A. Sahin, and H. Arslan, “Suppressing alignment: Joint PAPR and
out-of-band power leakage reduction for OFDM-based systems,” IEEE
Trans. Commun., vol. 64, no. 3, pp. 1100-1109, Mar. 2016.

[36] Z.E. Ankarali, A. Sahin, and H. Arslan, “Joint time-frequency alignment
for PAPR and OOBE suppression of OFDM-based waveforms,” IEEE
Commun. Lett., vol. 21, no. 12, pp. 25862589, Dec. 2017.

[37] M. K. Ozdemir and H. Arslan, ‘“Channel estimation for wireless OFDM
systems,” IEEE Commun. Surveys Tuts., vol. 9, no. 2, pp. 1848,
2nd Quart., 2007.

[38] J. M. Hamamreh, H. M. Furgan, and H. Arslan, “Secure pre-coding and
post-coding for OFDM systems along with hardware implementation,”
in Proc. 13th Int. Wireless Commun. Mobile Comput. Conf. (IWCMC),
Jun. 2017, pp. 1338-1343.

[39] Z. E. Ankarali, A. Sahin, and H. Arslan, “Static cyclic prefix alignment
for OFDM-based waveforms,” in Proc. IEEE Globecom Workshops (GC
Wkshps), Dec. 2016, pp. 1-6.

[40] J. M. Hamamreh, E. Guvenkaya, T. Baykas, and H. Arslan, “A practical
physical-layer security method for precoded OSTBC-based systems,” in
Proc. IEEE Wireless Commun. Netw. Conf. (WCNC), Apr. 2016, pp. 1-6.

[41] A. Gusmao, P. Torres, R. Dinis, and N. Esteves, “A reduced-CP approach
to SC/FDE block transmission for broadband wireless communications,”
IEEE Trans. Commun., vol. 55, no. 4, pp. 801-809, Apr. 2007.

[42] A. Gusmao, P. Torres, R. Dinis, and N. Esteves, “A turbo FDE technique
for reduced-CP SC-based block transmission systems,” IEEE Trans. Com-
mun., vol. 55, no. 1, pp. 1620, Jan. 2007.

[43] Z. E. Ankarali and H. Arslan, “Cyclic feature suppression for physical
layer security,” Phys. Commun., vol. 25, pp. 588-597, Dec. 2017.

[44] J. M. Hamamreh and H. Arslan, “Joint PHY/MAC layer security design
using ARQ with MRC and null-space independent PAPR-aware artificial
noise in SISO systems,” IEEE Trans. Wireless Commun., vol. 17, no. 9,
pp. 6190-6204, Sep. 2018.

[45] H. M. Furgan, J. M. Hamamreh, and H. Arslan, “Enhancing physical layer
security of OFDM systems using channel shortening,” in Proc. IEEE Int.
Symp. Pers., Indoor, Mobile Radio Commun. (PIMRC), Oct. 2017, pp. 1-5.

[46] J. M. Hamamreh, M. Yusuf, T. Baykas, and H. Arslan, “Cross MAC/PHY
layer security design using ARQ with MRC and adaptive modulation,” in
Proc. IEEE Wireless Commun. Netw. Conf. (WCNC), Apr. 2016, pp. 1-7.

[47] G. Carlsson and V. de Silva, “A geometric framework for sparse matrix
problems,” Adv. Appl. Math., vol. 33, no. 1, pp. 1-25, 2004.

JEHAD M. HAMAMREH received the B.Sc.
degree in electrical and telecommunication engi-
neering from An-Najah University, Nablus,
in 2013, and the Ph.D. degree in electrical-
communication engineering and cypher systems
from Istanbul Medipol University, Turkey, in 2018.
He was a Researcher with the Department of
Electrical and Computer Engineering, Texas A&M
University at Qatar. He is currently an Assistant
Professor with the Electrical-Electronics Engi-
neering Department, Antalya International (Bilim) University, Turkey. His
current research interests are in wireless physical and MAC layers security,
orthogonal frequency-division multiplexing multiple-input multiple-output
systems, advanced waveforms design, multi-dimensional modulation tech-
niques, and orthogonal/non-orthogonal multiple access schemes for future
wireless systems. He is a regular reviewer for various IEEE/Elsevier journals
and served as a TPC member for several international conferences.

VOLUME 6, 2018

ZEKERIYYA ESAT ANKARALI received the
B.Sc. degree (Hons.) in control engineering from
Istanbul Technical University, Istanbul, Turkey,
in 2011, and the M.Sc. and Ph.D. degrees in elec-
trical engineering from the University of South
Florida, Tampa, FL, USA, in 2013 and 2017,
respectively. Since 2018, he has been a Staff Com-
munications Systems Design Engineer with Max-
Linear Inc., Carlsbad, CA, USA. His research
interests are waveform design, multicarrier sys-
tems, physical-layer security, and in vivo communications.

HUSEYIN ARSLAN (5’95-M’98-SM’04-F’15)
received the B.S. degree from Middle East Tech-
nical University, Ankara, Turkey, in 1992, and the
M.S. and Ph.D. degrees from Southern Methodist
University, Dallas, TX, USA, in 1994 and 1998,
respectively. From 1998 to 2002, he was with the
Research Group, Ericsson Inc., NC, USA, where
he was involved with several projects related to 2G
and 3G wireless communication systems. He was
a part-time consultant for various companies and
institutions, including Anritsu Company, Morgan Hill, CA, USA, and the
Scientific and Technological Research Council of Turkey. Since 2002,
he has been with the Electrical Engineering Department, University of South
Florida, Tampa, FL, USA. He has also been the Dean of the College of
Engineering and Natural Sciences, Istanbul Medipol University, since 2014.
His research interests are in physical-layer security, millimeter-wave com-
munications, small cells, multicarrier wireless technologies, co-existence
issues on heterogeneous networks, aeronautical (high-altitude platform)
communications, in vivo channel modeling, and system design.

He is currently a member of the Editorial Board of the IEEE SURVEYS AND
TUTORIALS and the Sensors Journal. He also served as a member for the
Editorial Board of the IEEE TRANSACTIONS ON COMMUNICATIONS, the IEEE TRANS-
ACTIONS ON COGNITIVE COMMUNICATIONS AND NETWORKING, the Elsevier Physical
Communication Journal, the Hindawi Journal of Electrical and Computer
Engineering, and the Wiley Wireless Communication and Mobile Computing
Journal. He served as the technical program committee chair, a technical
program committee member, a session and symposium organizer, and the
workshop chair for several IEEE conferences.

63663



	INTRODUCTION
	PRELIMINARIES AND ASSUMPTIONS
	PROPOSED CP-LESS OFDM DESIGN
	PERFORMANCE EVALUATION RESULTS AND DISCUSSION
	BIT ERROR RATE (BER)
	TRANSMISSION EFFICIENCY
	TRANSMISSION LATENCY
	POWER EFFICIENCY
	SECRECY PERFORMANCE
	ROBUSTNESS AGAINST CHANNEL ESTIMATION ERRORS
	PAPR AND OOBE
	COMPLEXITY
	COMPATIBILITY WITH MIMO
	CHANNEL CODING
	SYNCHRONIZATION

	CONCLUSION AND FUTURE WORK
	REFERENCES
	Biographies
	JEHAD M. HAMAMREH
	ZEKERIYYA ESAT ANKARALI
	HUSEYIN ARSLAN


