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Abstract—In this paper, we propose a time precoding scheme
for cancelling inter-carrier interference in non-orthogonal fre-
quency division multiplexing for the first time. Achieving high
spectral efficiencies is a recurring and key challenge in wireless
communications systems and researchers generally use high order
and advanced modulation formats to approach this problem,
in particular, non-orthogonal modulation formats are a topic of
particular interest. Fast orthogonal frequency division multiplex-
ing (F-OFDM) doubles the throughput of conventional OFDM
by violating orthogonality of the quadrature carrier, causing
interference in the real and imaginary domains. Here, we propose
a precoding scheme that enables self-interference cancellation
without the need of the interference level calculation. The pro-
posed scheme is implemented in the context of a narrowband
internet-of-things (NB-IoT) system and verified on a software
define radio (SDR) testbed with realistic AWGN and multiple
path channels from channel emulator for concept proving. By
comparing with the standard OFDM transmission, the time
precoded F-OFDM outperforms around 3dB by BER with same
signal-to-ratio (SNR) level.

Index Terms—Time precoding, non-orthogonal, Fast OFDM,
spectrally efficient, NB-IoT waveform.

I. INTRODUCTION

Spectrum is one of most essential resources in any com-
munications system, but even more so in wireless networks.
Orthogonal frequency-division multiplexing (OFDM) [1] is
one of the classic FDM technologies and has been widely
used in 4G/5G and several of 802.11x standards due to its
ability to manage spectral nulls and maintain high throughput.
Taking advantage of orthogonality between subcarriers (i.e.
subcarrier separation of 1/7, where T is the symbol period),
OFDM successfully controls the inter-carrier interference (ICI).
However, should this condition be violated, i.e. subcarrier
separation <1 /T, orthogonality is violated and ICI is introduced.

Driven by increasing user density and high data rate ap-
plications, such as real time video and audio streaming, re-
searchers have been exploring new solutions for compressing
the spectrum. Fast orthogonal frequency-division multiplexing
(F-OFDM) [2, 3] is a subset of spectrally efficient frequency di-
vision multiplexing (SEFDM) [4, 5]. F-OFDM is one important
and widely discussed approach in which the spacing between
subcarriers is compressed below the Nyquist limit to 1/27.
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Unlike OFDM, F-OFDM is a non-orthogonal scheme, which
packs twice as many subcarriers into the same spectrum as
OFDM, thereby doubling the spectral efficiency [2]. F-OFDM’s
ability to save spectrum makes it a topic of increased research
interest, as exemplified by the wide-ranging work that is being
carried out [6-14]. However, the compression in the frequency
domain causes interference exclusively in the real portion of
the signal to the imaginary portion and vice versa, thus limiting
the modulation to one dimension formats, such as binary phase
shift keying (BPSK). Though a spectrally efficient system has
been demonstrated to use a zero-forcing strategy [9] to estimate
the channel, there is still strong ICI components remaining in
the received signal. Thus, an effective ICI cancellation method
is key to utilise fully the bandwidth saving at the same time
for both the real and quadrature components of the signal. In
[9], zero-forcing based waveform precoding for ICI suppression
and orthogonal space precoding was used to avoid interference
between antennas. Zero-forcing is a well established method
to cancel out the interference, however, it results in noise-
enhancement. In addition, the work in [15] implements self
interference cancellation by sending a complex symbol with
its precoded copy onto two neighbouring subcarriers, however,
the data rate is halved.

In this paper, we propose a precoding scheme that tackles
the ICI problem in the quadrature part of the signal. Inspired
by Alamouti space-time block code [16] in multiple-input
and multiple-output (MIMO), we leverage on the fact that
F-OFDM utilises half the bandwidth of OFDM signals to
counterpart the ICI in frequency domain, by generation of the
image of the interference matrix. The detailed coding scheme
is described in Section IV. By application of our precoding
method, we demonstrate that quadrature amplitude modulation
(QAM) constellations can be supported using F-OFDM whilst
maintaining equivalent data rate to that of OFDM with the same
order QAM. The contributions of the paper are:

« A new precoding scheme is proposed to cancel the ICI in
F-OFDM without noise-enhancement.

o The ICI cancellation level is derived in analytic form.

o The time precoding non-orthogonal FDM is implemented
and verified on software define radio (SDR) test-bed with
realistic signal propagation environment.

o The new design demonstrates ICI cancellation in F-OFDM



enabling QAM constellation transmission for the first time.

The rest of the paper is organised by following order: Section
IT introduces the signal model of traditional F-OFDM; ICI
of F-OFDM is modelled in Section III; We described the
time precoding in detail in Section IV; In Section V, the ICI
cancelling performance of time precoding F-OFDM and final
BER performance are shown with comparison with OFDM; At
last the conclusion and future work are given in Section VI.

II. FAST-OFDM SIGNAL MODEL

In F-OFDM, thus far, symbols have been parallelised into
N real-valued data streams for modulation onto N subcarriers
spaced at 1/2T. For the same value of N, F-OFDM offers 50%
bandwidth saving compared to OFDM at the same transmission
speed and for the same number of bits/symbol. The discrete
time-sampled F-OFDM symbol is, in general, expressed as [2,

3,11]:
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where k£ = {0, 1,2,...,Q—1} is the index of the time samples in
an F-OFDM symbol, p is the oversampling rate, Q = pN and
S, is the input symbol modulated on the n'" subcarrier. Note,
we include the factor of two on the numerator and denominator
to highlight the factor-of-two difference with conventional
OFDM [2,3].

One of the issues with this transformation is that it neglects
the quadrature portion of the Fourier transform and hence
imposes the limitation for one dimensional, normally real-
valued modulation formats. If one considers the quadrature
part, and modulates a complex-valued signal, the transform
becomes [11, 12]:

x(k) = (1)
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Note, it is expected at this stage that the signal will contain
significant inter-carrier interference due to the obvious loss of
orthogonality.
An equivalent method for representing the discrete F-OFDM
symbol is the matrix form:

X =FS 3)

where X represents a Q-dimensional vector of a sampled F-

OFDM symbol in the time-domain, S is an Q-dimensional vec-

tor of a complex-valued sampled input signal in the frequency-

domain and F is a Q X Q matrix representing the sampled

carrier matrix. The matrix elements of F are given by Fy ,, =
e(lﬂ"k/Q)

Consrder that the transmitted F-OFDM symbols pass through
an additive white Gaussian noise channel (AWGN), which
leads to a signal contaminated by noise Z, and hence, the
received signal is expressed as follows:

R=FIX+F'7z =FHFS +Fl 7
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where R is the demodulated signal vector that consists of sym-
bols and has length Q, C is the correlation matrix [17], Zpu
is a vector of AWGN samples correlated with the conjugate
subcarriers, and (.)¥ is the transpose conjugate operation.

III. CHARACTERISING ICI IN F-OFDM SYSTEMS

The correlation matrix C quantifies the interference contribu-
tion on each subcarrier from its neighbouring subcarriers [17].
Its components can be found as:
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The final derivation in (5) is based on the sum of geometric
. _0
series: kQ 01 ko = 11+r From (5), we can represent the

correlation matrix in summation form of two matrices as:
C=I1+A (6)

where the matrix I is a Q X Q identity matrix and the matrix
A carries the interference contribution on each subcarrier and
is given as:
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After substituting (6) in (4),
represented as:

R=CS+Zpu =(1+A)S+Zpu
=IS+AS+Zru =S+AS+Zpnu

where the term AS indicates the additional ICI components that
are added to each subcarrier.

the demodulated signal is

®)

IV. TIME PRECODING SELF-INTERFERENCE
CANCELLATION

The concept of self-ICI cancellation is based on transmitting
a precoded image of an original F-OFDM signal; where com-
bining the F-OFDM signal and its image at the receiver results
in self-ICI cancellation. This is the methodology that allows us
to extend the modulation format to complex-valued signals for
the first time.



A. Generating a precoded image

The precoded image of the signal is generated by multipli-
cation of the complex data symbols (S) with the column vector
I' before F-OFDM modulation using (2). At the receiver, the
signal is once again multiplied with the same vector I', which

is given as:
1, |n| is even
T = 9
(1) {—1, |n| is odd ©)

The received image signal of the original signal that is given
in (4) is re-written and represented as:
R =TFX' +F?7Z =TF'Frs +F"'z 10)
= C,S + ZFH
B. Characterizing the ICI of the precoded F-OFDM image

In this design, we derive the F-OFDM image and its corre-
lation matrix as follows:
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Thus, (10) is formulated as:
R =CS+Z.y =(1-MNS+Zpn (12)
=IS-AS+Z,y =S-AS+Z}.4

C. Self-interference mechanism

After obtaining the original F-OFDM symbol and its pre-
coded image, we add the two symbols together. The resulting
signal is therefore given as:

A=R+R =S+AS+Zpn +S—-AS+Z4

, (13)
=2S+Zpn +Zpn

It should be noted that the proposed precoding ICI scheme
stands based on the assumption that the channel remains
invariant during one pair of original F-OFDM and its precoding
image transmission period.

V. TESTBED DESCRIPTIONS

In this section we present the software and hardware designs
of the real-time experiment of the proposed F-OFDM with
the self-ICI cancellation mechanism. The experimental testbed
contains a universal software radio peripheral (USRP) recon-
figurable input-output (RIO) transceiver (National Instruments
USRP-RIO 2953) programmed using LabVIEW, an Anritsu
MS2830A signal analyser and a Spirent VR5 channel emulator
for realistic frequency selective channels and noise generation
within the analogue radio frequency (RF) domain. All of the
digital signal processing blocks including the generation and
detection of the signals as well as the proposed self-ISI can-
cellation methods are implemented in real-time. A photograph
of the experimental testbed is shown in Fig. 1.

Software Defined Radio Controller

Fig. 1. Time precoding F-OFDM testbed.

A. Signal generation and transmission

At the transmitter, a pseudorandom binary sequence is gen-
erated and mapped onto the QAM constellation, with order M.
In this experiment, we test both 4- and 16-QAM without loss
of generality. Afterwards, the symbols are converted to an N-
width parallel stream via a serial-to-parallel (S/P) converter
which feeds an inverse fast Fourier transform (IFFT), thus
generating the F-OFDM signal as depicted in Fig. 2 (the
blocks at the top surrounded by the dotted green line). The
frequency spacing between the subcarriers in the generated F-
OFDM signal is halved in comparison to that of conventional
OFDM. A precoding image of the same signal is generated
following the method described in section IV as shown in
Fig. 2 (the blocks in the middle surrounded by dashed red
line), and then the F-OFDM and its precoding image are sent
using time-division multiplexing. Next, following parallel-to-
serial conversion (P/S), and to limit the effect of inter-symbol
interference (ISI) between adjacent symbols in the wireless
frequency selective channel, a cyclic prefix is added at the
beginning of the transmitted F-OFDM symbol. In the final
transmission stage, the complex F-OFDM signal is fed into the
field-programmable gate array (FPGA) that drives the USRP-
RIO device, to perform digital-to-analogue conversion (DAC)
and up-conversion to a 2 GHz RF carrier via a local oscillator.
The signal generation processes are in Fig. 2, and system
parameters, which follow the narrowband internet-of-things
(NB-IoT) specifications [18], are in Table L.
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Fig. 2. Schematic block diagram of time precoding F-OFDM system.
TABLE I One (Lms)

EXPERIMENTAL SYSTEM SPECIFICATIONS m
Parameters OFDM F - OFDM sooel
Central carrier frequency (GHz) 2 2
Sampling frequency (MHz) 1.92 1.92 m
Signal bandwidth (KHz) 180 90 oot
Subcarrier baseband bandwidth (KHz) 15 15 Symbol
Subcarrier spacing (KHz) 15 7.5 BE 3| ¢][s]|e][7] |&][ol20][2a][22] 23] {28
IFFT/FFT size 128 256 One thme slot symbol m'dex
Number of cyclic prefix samples 10 10
Number of data samples 128 128 . .

Number of data subcarriers 12 12 Fig. 3. Radio frame structure.
Modulation scheme 4-QAM 4-QAM
16-QAM 16-QAM

B. Frame structure

We use a system with frame similar to those of Long-Term
Evolution (LTE) [18] where every radio frame of length 10 ms
consists of ten equally sized subframes, each of which contains
2 x 0.5 ms time slots. In every time slot, there are seven F-
OFDM symbols; thus, every subframe contains 14 symbols.
Of these 14 symbols, two carry a pilot that is used for channel
estimation and the other 12 symbols carry data signals. Fig. 3
depicts the frame structure of the transmitted signal.

C. Frequency selective channel and signal synchronisation

The RF frames are transmitted over a mobile environment
implemented using the VRS channel emulator. We used the
LTE EPAS wireless channel model in this work [19] (although
others are applicable and have been tested but not shown here).
The output of the channel emulator is fed into the USRP-RIO

device, which down-converts the RF signal to baseband before
analogue-to-digital conversion (ADC). For frame synchronisa-
tion, the popular and effective Schmidl & Cox technique [20]
is applied where two identical time sequences are attached to
each radio frame.

D. Channel estimation/equalisation and signal detection

After CP removal, the even indexed symbols are processed
as in Eq. 10 as depicted in Fig. 2 (the blocks at the bottom
surrounded by the solid blue line) and then every two data
symbols (i.e. the odd and the following even indexed symbol
pairs) are summed to cancel the ICI between subcarriers. This
summation process of the odd and even indexed symbols is
given in Eq. 13. Then, channel estimation (using zero-forcing
estimator in frequency domain [21]) and signal equalisation
(using a one-tap equaliser in the frequency domain [21]) are
applied to mitigate the channel effects. The resulting signal is
free of ICI and channel effects, however, it is contaminated with



-50

_55 -

-60F

-65F

=70t

Magnitude (dBm)

<751

8oy —OFDM Signal

— F-OFDM Signal
-85 : .
19996  1.9998 2 2.0002
Frequency (GHz)

2.0004

Fig. 4. Measured spectra for OFDM and F-OFDM.

the noise generated at the receiver. Therefore, a hard decision
decoder is applied to recover the transmitted data.

VI. SYSTEM PERFORMANCE

The frequency spectra of the two received signals, F-OFDM
and OFDM, are shown in Fig. 4. In the case of using F-OFDM,
only 50% of the bandwidth is required to transmit data with the
same bit rate as OFDM. However, in this self-ICI cancellation
F-OFDM method, we transmit the signal twice, which leads to
loss of the standard F-OFDM 50% bandwidth saving.

In Fig. 5, constellations for 4- and 16-QAM using the
proposed self-ICI cancellation system are shown. From left to
right, the first two constellations show the received F-OFDM
signal and its precoded image, respectively. It is clear that
the two signals in the constellations are highly distorted by
the ICI generated between the subcarriers due to the 50%
reduction in the frequency spacing between subcarriers. The
third constellations indicate the results of the summation of
the two constellations (i.e. the summation of F-OFDM and its
precoded signal). It is evident that the ICI generated among
subcarriers is cancelled in the summation process, which leads
to self-ICI cancellation. Clearly, at this stage the data cannot be
recovered successfully because of the channel effects and sys-
tem hardware impairments, therefore, an equalisation process
is required to cancel these effects. The signal after equalisation
(right-most constellations) can then simply be detected using a
hard decision decoder.

Finally, we measure bit error rate (BER) for a range of
signal-to-noise ratios (SNRs) as a metric to evaluate the per-
formance of the proposed self-ICI cancellation scheme and use
the BER performance of conventional OFDM as a benchmark.
First, we evaluate the performance in an AWGN channel. In the
experimental system noise is accurately generated and added
to the RF signal by the channel emulator. The 4- and 16-
QAM BER comparisons of OFDM and self-ICI cancellation
F-OFDM are shown in Fig. 6. Second, we test the system
performance across the (frequency selective, multi-path) LTE
EPAS5 channel contaminated with AWGN noise. The 4- and
16-QAM BER performances of both OFDM and F-OFDM
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Fig. 5. Received constellations for 4-QAM and 16-QAM signals. For both row
(a) and (b), from left to right, the first two constellations show the received
F-OFDM and precoded signals; the third shows the summation of the two
signals; and the most right constellation shows the signal after equalisation
process.

with self-ICI cancellation are shown in Fig. 7. The results in
Fig. 6, prove that the simple addition process of the original
F-OFDM signal and its precoding image at the receiver is
sufficient to cancel the ICI between the subcarriers caused by
the compression in signal bandwidth, and hence enable data
recovery when using complex modulation formats for the first
time. The BER performance shown in Fig. 7 indicates that the
multi-path effects degrade the performance of both systems
under test, where the ~3 dB performance gap (i.e. in SNR) is
maintained for either the AWGN or noisy multi-path channel.
The reason for this SNR gap is simply that the time precoding
F-OFDM transmits the signal twice. The first transmission is
the original F-OFDM signal and the second is the precoding
copy of the same signal. Therefore, the signal power at the
receiver adds up, while the ICI of the two signals is mutually
cancelled. Hence, the proposed F-OFDM method demonstrates
a 3 dB SNR advantage over OFDM.

VII. CONCLUSION

In this work, we proposed a time precoding method for
cancelling out the ICI in F-OFDM transmission. The analytic
ICI cancelling process of the proposed method is provided and
the performance is assessed with experimental SDR system and
BER measurements. The proposed time precoding and self ICI
cancelling method is experimentally shown to be effective in
both AWGN and frequency selective multi-path channels, thus
paving the way for the practical use of F-OFDM in wireless
data transmission. Furthermore, this work will hopefully inspire
future exploration of spatial and joint time-space precoding
for non-orthogonal multicarrier system, which may improve
the spectral and energy efficiency of wireless communication
standards.
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