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Abstract—We comprehensively summarize experimental vali-
dations 1 of bandwidth compressed multicarrier waveforms for
future 5𝑡ℎ generation (5G) applications. The proposed waveforms
are derived from an existing non-orthogonal multicarrier con-
cept termed spectrally efficient frequency division multiplexing
(SEFDM) where sub-carriers are non-orthogonally packed at
frequencies below the symbol rate. This improves the spectral
efficiency at the cost of self-created inter carrier interference
(ICI).

In this work, experiments are reported and testing is carried
out in three scenarios including long term evolution (LTE)-
like wireless link; millimeter wave radio-over-fiber (RoF) link
and optical fiber link. In the first scenario, for a given 25
MHz bandwidth, the SEFDM testbed can provide 70 Mbit/s
gross data rate while only 50 Mbit/s can be achieved for an
OFDM system occupying the same bandwidth. For the millimeter
wave experiment, occupying a 1.125 GHz bandwidth, the gross
bit rate for OFDM is 2.25 Gbit/s and with 40% bandwidth
compression, 3.75 Gbit/s can be achieved for SEFDM. Two
experimental optical fiber links are described in this work;
a 10 Gbit/s direct detection optical SEFDM system and a 24
Gbit/s coherent detection SEFDM system. The LTE-like signals
and millimeter wave technologies are well suited to provide last
mile communications to end users as both can support mobility
in wireless environments. The lightwave signals delivered by
optical fibers would offer higher data rates and support long-
haul communications. The reported techniques, used individually
or combined, would be of interest to future wireless system
designers, where bandwidth saving is of importance, such as in
5G networks, aiming to provide high capacity and high mobility,
simultaneously while saving spectrum.

Index Terms—Multicarrier, 5G, LTE, spectral efficiency,
OFDM, SEFDM, non-orthogonal, waveform, carrier aggregation,
millimeter wave, radio over fiber, fiber wireless, optical fiber.

I. INTRODUCTION

The exponentially increased demand for higher data rates in
future 5G [6] networks is challenged by the limitations of ex-
isting technologies. Today’s wireless communication systems
mostly employ multicarrier transmission techniques due to
their efficient spectrum utilization and resistance to multipath
fading. The most featured multicarrier technique is orthogonal
frequency division multiplexing (OFDM), which is currently
the system of choice for many wired and wireless transmis-
sion systems [7]. Signals are carried on parallel orthogonally

1The work in this paper gathers recent experimental work reported by the
authors in [1][2][3][4][5].

overlapped sub-carriers with frequency separation equal to the
symbol rate. As a prominent physical layer technique, OFDM
is currently used in the downlink transmission system for the
4𝑡ℎ generation (4G) cellular system LTE [8].

In order to maintain the orthogonality property, the spectral
efficiency of OFDM can not be improved further without
changing modulation formats. To overcome the challenge,
some emerging techniques such as massive multiple input
multiple output (MIMO) (space domain) [9], millimeter wave
(frequency domain) [10] and beamforming (power domain)
[11] are combined with OFDM to address this challenge.
In addition, some novel waveforms such as filterbank based
multicarrier (FBMC) [12] and generalized frequency division
multiplexing (GFDM) [13] have been investigated as such
techniques offer low out-of-band power leakage. Thus, they
are notably used in cognitive radio scenarios.

A new direction for waveform design is to compress signal
bandwidth whilst maintaining the same transmission rate per
sub-carrier. Conceptually, this is a non-orthogonal waveform
technique termed SEFDM, which provides improved spectral
efficiency by packing sub-carriers at frequency spacing below
the symbol rate. The principle of SEFDM was derived based
on Fast OFDM [14] and was proposed in 2003 [15]. An
alternative technique that results in a similar non-orthogonal
multicarrier signal is termed multistream faster than Nyquist
(FTN) and this has been studied extensively since 2006 [16].
Detailed studies of these techniques and a related technique
termed time frequency packing (TFP) [17] have been done and
summarized recently in an IEEE Proceedings paper [18]. In-
terestingly, these techniques found their fundamental origin in
a 1975 paper by Mazo [19], where the work argued that higher
spectral efficiencies may be achieved by sampling at rates
below the Nyquist rate. The information theoretic capacity of
the above techniques has been addressed by several research
groups [20][21][22]. Specifically, for SEFDM, since 2003 a
number of researchers have worked on different aspects of
SEFDM signals ranging from signal generation and reception
through their practical implementations using state-of-the-art
hardware devices.

4G networks have been commercially set up and they
pave the way to the deployment of future 5G networks. A
standalone technique may not be able to support future 5G
networks. It is expected that future 5G wireless networks978-1-5090-2185-7/16/$31.00 c⃝2016 IEEE
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will be a mixture of different backhaul and radio access
technologies. In terms of future 5G systems, SEFDM would
offer significant bandwidth saving advantage if used either
as an air interface technique or for backhauling signals over
wireless and/or wired and fibre communication channels.

In this paper we summarize experimental work that demon-
strates the benefits of SEFDM in radio access domain and
backhaul domain. Specially we describe:

∙ An enhanced LTE-like SEFDM signal is experimentally
evaluated in a carrier aggregation (CA) scenario [1] in a
real world wireless testbed together with a realistic LTE
multipath fading channel.

∙ A bandwidth compressed 60 GHz millimeter wave signal
[2][3] is designed and tested in a point-to-point indoor
fiber wireless RoF experiment.

∙ Optical fiber signal transmission is operated in both direct
[4] and coherent [5] detection testbeds for the validations
of future backhaul connections.

The rest of the paper is organized as follows. Section II
gives a description of the fundamentals of SEFDM including
signal model, signal generation, channel estimation and signal
detection. Section III describes the applications for future
5G radio access technologies including the compressed CA
experiment utilizing an LTE-like SEFDM signal and the 60
GHz millimeter wave SEFDM experiment in an integrated
fiber and wireless link. Section IV shows the experimental
setup and measured results of the direct and coherent optical
testbeds. Finally, Section V concludes the paper.

II. FUNDAMENTALS OF SEFDM

The deliberate violation of the orthogonality principle leads
to the new SEFDM waveform as shown in Fig. 1. Both OFDM
and SEFDM sub-carriers packing schemes are demonstrated
for the purpose of comparison. On one hand, through orthogo-
nal multiplexing, OFDM waveform is obtained by aggregating
several sub-carriers; for example in LTE downlink each sub-
carrier is effectively loaded with a 15 ksymbol/s data and
sub-carriers are arranged to have 15 kHz frequency spacing
[23]. On the other hand, SEFDM waveform is generated after
non-orthogonally multiplexing sub-carriers with compressed
frequency spacing smaller than 15 kHz, yet maintaining the
data rate and thereby allowing a higher number of equally
loaded sub-carriers within the same overall signal band. It
should be noted that in the time-domain, both OFDM and
SEFDM symbols are transmitted satisfying the Nyquist ISI-
free criterion. Therefore, it is inferred that transmitting the
same amount of data, SEFDM occupies smaller bandwidth
than OFDM.

However, the bandwidth compressed signal improvement of
spectral efficiency comes at the cost of increased complexity
[24] at transmitting and receiving ends. This section firstly
describes the basic SEFDM signal model and then presents
specially designed algorithms for signal generation, channel
estimation and signal detection.

Figure 1. Fundamentals of SEFDM. The sub-carrier spacing is set to be
Δ𝑓 = 15 𝑘𝐻𝑧, which is based on the LTE standard.

A. Signal Model

A discrete version of the SEFDM signal is mathematically
expressed as

𝑋[𝑘] =
1√
𝑄

𝑁−1∑

𝑛=0

𝑠𝑛 exp(
𝑗2𝜋𝑛𝑘𝛼

𝑄
) (1)

where 𝛼 = Δ𝑓𝑇 is the bandwidth compression factor, Δ𝑓
is the sub-carrier spacing, 𝑇 is the period of one SEFDM
symbol, 𝑁 is the number of sub-carriers, 𝑄 = 𝜌𝑁 and 𝜌 ≥ 1
is the oversampling factor, 𝑋[𝑘] is the 𝑘𝑡ℎ time sample with
𝑘 = [0, 1, ..., 𝑄 − 1], 1√

𝑄
is a normalization scaling factor

and 𝑠𝑛 is a QAM symbol modulated on the 𝑛𝑡ℎ sub-carrier.
Occupying the same number of sub-carriers, SEFDM can save
(1− 𝛼)× 100% of bandwidth compared to OFDM.

Due to the introduction of 𝛼, adjacent sub-carriers are no
longer orthogonal. Thus, SEFDM poses a great challenge
in signal generation, channel estimation and signal detection
since self-created ICI is introduced.

B. Signal Generation

According to (1), the SEFDM signal can not be directly
generated using the typical IFFT algorithm, due to the non-
orthogonal packed sub-carriers. Direct use of (1) results in
high computational complexity. In order to use the highly
efficient IFFT algorithm, some techniques have been studied
and practically implemented in [25][26].

One approach is to pad zeros after each input vector (i.e.
a vector of QAM symbols) to neutralize the effect of 𝛼. The
length of the new vector becomes 𝑀 = 𝑄/𝛼. Therefore, a
single IFFT with extended length is feasible for SEFDM signal
generation. However, one strict requirement is that 𝑄/𝛼 has
to be an integer and simultaneously a power of two, in other
words 𝑄/𝛼 ∈ 2ℕ

+

, allowing for the IDFT to be implemented
by means of the computationally efficient radix-2 IFFT.

Alternatively, a multiple IFFTs algorithm was designed that
can effectively relax the requirement of 𝑄/𝛼. The general idea
is to interpolate zeros in each input vector instead of padding
zeros. By setting 𝛼 = 𝑏/𝑐 where 𝑏, 𝑐 ∈ 2ℕ

+

, the length of
the new input vector is extended to be 𝑐𝑄. The single long
vector can be rearranged to 𝑐 parallel shorter vectors where an
IFFT of length 𝑄 is applied to each vector. It is inferred that
an SEFDM signal can be generated using 𝑐 parallel shorter



IFFTs. In other words, an SEFDM signal is composed of 𝑐
overlapped OFDM signals.

C. Channel Estimation

In a practical wireless system, due to the effect of multipath
fading channel, imperfect timing synchronization and phase
offset, channel estimation and compensation algorithms are
required. For a typical OFDM system, a single-tap frequency-
domain equalizer is applied. However, the compensation for
SEFDM signals is challenged by the non-orthogonal over-
lapped sub-carriers. The loss of orthogonality in SEFDM
greatly affects the accuracy of channel estimation. Thus the
typical OFDM compensation approach is not directly ap-
plicable. Therefore, a time-domain compensation algorithm
was designed to overcome the above challenge. The concept
of SEFDM channel estimation and equalization was initially
addressed in [27] and SEFDM time-domain channel compen-
sation was comprehensively discussed in [28] where partial
channel estimation (PCE) and full channel estimation (FCE)
schemes are compared.

The basic concept of PCE is to modulate a subset of sub-
carriers, which are mutually orthogonal. Thus, the ICI effect
can be removed leading to more accurate channel estimation.
On the other hand, FCE is a general scheme in which pilot
symbols are modulated on the entire sub-carriers.

D. Signal Detection

Signal detection is also challenged by the loss of or-
thogonality. The main purpose of the signal detection is to
recover signals from the ICI. Several methods have been
studied since the inception of SEFDM, utilizing optimum and
sub-optimum techniques such as orthonormalization [29] and
sphere decoding (SD) [30]. The SD was then used in a multi-
band system [31] to efficiently recover distorted signals in
each band. Iterative detection was proposed in [32] and shown
to enable the reduction of ICI using a combined feedforward
and feedback structure. The feedforward loop aims to estimate
symbols while the feedback loop is to remodel the ICI infor-
mation on each symbol. After removing the interference, more
reliable received symbols are fed to the loop until reaching
a converged symbol estimation. It can be inferred that the
remodelled inference information is crucial and it determines
the accuracy of the interference cancellation and further affects
the iteration performance.

The uncoded iterative detection scheme was studied in work
[32] with limitations such as the bandwidth compression factor
and the number of sub-carriers. An improved interference can-
cellation scheme termed Turbo equalization [33] can improve
the reliability of interference modelling using error correc-
tion codes. In the Turbo-SEFDM system, soft information
is exchanged between an inner and an outer decoder several
times until a converged performance is obtained. By using this
scheme, LTE-like signals with high bandwidth compression
can be transmitted and recovered at the receiver side.

III. APPLICATIONS FOR PROMISING 5G

At low frequencies, CA is a featured technique standardized
in LTE-Advanced [34]. It offers a method to support a wider
bandwidth by aggregating legacy fragmented frequency bands.
Up to 5 component carriers (CCs) of 20 MHz can be com-
bined leading to a maximum 100 MHz aggregated bandwidth.
However, such a wide spectrum is not always available. Our
proposal is to compress the bandwidth of each CC using
SEFDM signals. This provides benefits such as bandwidth
saving for a given number of CCs or more aggregated CCs
in a given bandwidth. Spectral efficiency will be improved in
both cases.

The congestion of existing spectrum makes it difficult to
accommodate new wireless services requiring support for
ultra wideband signals. An alternative way is to use higher
frequencies such as 60 GHz millimeter wave frequency since
the available spectrum is substantially rich. The 7 GHz [35]
wide contiguous spectrum ranging from 57 GHz to 64 GHz
can be utilized for applications requiring high transmission
bandwidth. It should be mentioned that the 7 GHz bandwidth
limit can be advantageously utilized by using SEFDM signals.
The millimeter wave experiment is based on fiber supported
signal delivery to antenna units; i.e a RoF system. A low
frequency RoF system (not discussed here) was reported by the
authors and operated in the 2 GHz band. Readers are referred
to [36] for further details.

Henceforth, this section reports measurements of carrier
aggregated SEFDM signal transmission in an existing LTE
spectrum in the 2 GHz band as well as measurements of single
band SEFDM signal transmission in the 60 GHz millimeter
wave band for future spectrally efficient communications.

A. Carrier Aggregation

Figure 2. Carrier aggregation scenarios for both OFDM and SEFDM.

The basic principle of CA-SEFDM is shown in Fig. 2. An
LTE standard signal is adopted for the OFDM scenario. At
the first stage, the single band spectra for OFDM and SEFDM
are illustrated. It is evident that the SEFDM signal bandwidth
is compressed. This bandwidth saving benefit provides an
approach to enhance the CA scenario and the way for the
enhancement is shown at the second stage. It is apparent
that the spectral efficiency of CA-SEFDM is increased by
aggregating more CCs while maintaining the same data rate
per sub-carrier. Therefore, for the same bandwidth occupation,
CA-SEFDM offers a higher throughput than CA-OFDM.



Figure 3. Experimental setup for CA-SEFDM transmission in the LTE EPA5 fading channel. Spectra shown at three randomly chosen time instants obtained
to illustrate the time-variant fading channel characteristics.

1) Experimental Setup: The CA-SEFDM experimental
testbed, including software and hardware, is shown in Fig. 3.
The software consists of two digital signal processing (DSP)
blocks for signal generation and detection, at the transmitter
and the receiver, respectively. The hardware consists of an
Aeroflex 3026C RF signal generator, an Aeroflex 3035C RF
digitizer and a Spirent VR5 channel emulator (emulating a
standard LTE wireless fading channel). Signal transmission,
wireless channel and signal reception are all implemented in
a realistic RF environment. The real experimental testbed is
shown in the middle of Fig. 3. Sample spectra are measured
and included to show the effect of multipath fading channel.
Detailed testbed specifications are shown in Table I.

Table I
EXPERIMENTAL SYSTEM SPECIFICATIONS FOR CA-SEFDM

Parameters Values

Central carrier frequency 2 GHz
Sampling frequency 61.44 MHz
CA channel bandwidth 25 MHz
Number of CCs 5, 6, 7
Bandwidth of one CC 𝛼×5 MHz
Sub-carrier baseband bandwidth 15 KHz
Sub-carrier spacing 𝛼×15 KHz
IFFT/FFT size 4096
Occupied sub-carriers in one CC 301
Cyclic prefix 288
Modulation scheme 4QAM
Channel model EPA fading channel (2.698 km/h)
Doppler frequency shift 5 Hz
Channel coding (7,5) convolutional code
Coding rate 𝑅𝑐𝑜𝑑𝑒=1/2

At the transmitter side, input binary bits are first encoded
in the encoder. Then, a random interleaver Π is employed to
permute the coded bits. The encoder and interleaver parame-
ters are detailed to [1]. After symbol mapping, one uncoded
pilot symbol is inserted at the beginning of each subframe (i.e.

1 pilot symbol and 13 complex coded symbols) and is used
to estimate channel state information (CSI) and compensate
for imperfect timing synchronization and local oscillator (LO)
phase offset. It should be noted that pilot tones are modulated
on all sub-carriers. An LTE required protection gap is inserted
between each CC after the serial-to-parallel (S/P) conversion.
Then, the guard band is inserted for oversampling, IFFT is
used to effect modulation and CP addition is used to combat
multipath delay spread. Finally, a serial IQ data stream is
uploaded into the RF environment. In the RF domain, the
3026C module converts the incoming baseband digital signal
to an analogue one and up-converts the analogue signal to the
2 GHz radio frequency. The Extended Pedestrian A (EPA) LTE
defined multipath fading channel model [37] is configured in
the VR5 channel emulator to evaluate the system performance
in a real wireless condition.

At the receiver side, the distorted analogue signal is down-
converted to baseband and transformed back to digital I and
Q signals within the 3035C module. The captured signal is
then transferred to the receiver side DSP block for offline
processing. After the S/P block, the CP is removed from each
SEFDM symbol vector. A time domain channel estimation
algorithm termed FCE is employed to estimate the phase and
amplitude distortions of the signal. With the estimated CSI,
distorted signals are compensated. The following processing
is the reverse operations of those at the transmitter side. In
particular, the soft detector is designed according to section
II-D and is used to recover signals from the self-created ICI.

2) Measured Results: The experiment is operated based
on the system specifications presented in Table I. The total
occupied bandwidth is 25 MHz due to the limitations of
available equipments. A single long IFFT is used for multiple
CCs signal generation following the same principle in [38]. A
real-time LTE EPA5 fading channel is configured in the VR5



channel emulator based on the channel specifications in [37].
In the time-variant channel, SEFDM symbols could experience
different phase and amplitude distortions. Therefore, a total of
6,500 SEFDM symbols are tested and average performance is
calculated.
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Figure 4. Effective spectral efficiency (bit/s/Hz) of different CA-SEFDM
systems.

The benefit of the spectral efficiency improvement of CA-
SEFDM signals is examined in Fig. 4 where the effective
spectral efficiency is defined as the non-error bits per second
per Hertz that can be achieved. The effective spectral efficiency
computed in the figure is expressed as

𝑆𝐸 =
1

𝐵
× (1−𝐵𝐸𝑅)×𝑅𝑐𝑜𝑑𝑒× 𝑙𝑜𝑔2𝑂×𝑁𝐶𝐶 ×𝑅𝐶𝐶 (2)

where 𝐵 is the entire occupied bandwidth, 𝐵𝐸𝑅 is the bit
error rate at a specific 𝐸𝑏/𝑁𝑜 value, (1 − 𝐵𝐸𝑅) indicates
the probability of no errors, 𝑂 is the constellation cardinality,
𝑁𝐶𝐶 is the number of CCs ranging from 5 to 7 in the given
bandwidth 𝐵 and 𝑅𝐶𝐶 is the data rate per CC.

Clearly, the CA-SEFDM signal provides higher spectral
efficiency than the CA-OFDM signal at sufficiently high
𝐸𝑏/𝑁𝑜 values. As explained above, this is because extra CCs
are packed in the CA-SEFDM system in a given bandwidth. It
can be observed that with the increase of 𝐸𝑏/𝑁𝑜, a saturation
of achievable spectral efficiency is reached. As expected, the
ceiling of achievable spectral efficiency for each system is
variable. Generally, the relation is 𝑆𝐸 = 1

𝛼 ×𝑆𝐸
𝑂𝐹𝐷𝑀

where
𝑆𝐸

𝑂𝐹𝐷𝑀
is the spectral efficiency of the OFDM based CA

signal.
This dense CC packing scheme provides benefits particu-

larly in multiuser diversity scenarios. In a wireless channel,
different users have different moving speeds, hence, they
experience different fading channels. Using the compressed
SEFDM signal, more CCs are aggregated, each CC with a nar-
rower bandwidth could experience a flatter channel frequency

response relative to the OFDM case. In other words, the new
scheme shows more flexibility in that each user may select its
own preferred CCs based on their fading channel conditions.

B. Millimeter Wave RoF

Figure 5. An application scenario of SEFDM waveform in fiber wireless
networks where CS indicates central station, BS indicates base station and
MS indicates mobile station.

The millimeter wave RoF scenarios for OFDM and SEFDM
are illustrated and compared in Fig. 5. Spectrum (band) aggre-
gation is considered as a way to demonstrate the difference.
Signal bands are shown as blocks next to the optical fibers. For
each signal band, the same number of sub-carriers is packed
in the OFDM and SEFDM scenarios. It is evident that the
bandwidth of each band in the SEFDM scenario is narrower
than that of the OFDM scenario. The benefit is that more
mobile station (MS) can be supported in a given bandwidth.
In this experimental demonstration, throughput is measured
and compared. Thus, one MS is assumed to occupy the entire
bandwidth.

Table II
EXPERIMENTAL SYSTEM SPECIFICATIONS FOR MILLIMETER WAVE

SEFDM

Parameters Values

Millimeter wave frequency 60 GHz
Intermediate frequency 1.8 GHz
Baseband signal sampling frequency 3 GHz
Bandwidth of baseband signal 1.125 GHz
AWG sampling frequency 12 GHz
Oscilloscope sampling frequency 50 GHz
Length of MMF fiber 250 meters
Distance of wireless link 3 meters
Modulation scheme 4QAM
IFFT/FFT size 128
Data sub-carriers 48, 60, 80
Sub-carrier baseband bandwidth 23.4 MHz
Sub-carrier spacing 𝛼×23.4 MHz
Cyclic prefix 10
Channel coding (7,5) convolutional code
Coding rate 𝑅𝑐𝑜𝑑𝑒=1/2



Figure 6. Experimental setup for SEFDM signal transmission over a 60 GHz millimeter wave radio over fiber transmission link. CS indicates central station,
BS indicates base station and MS indicates mobile station

Figure 7. Optical and electrical spectra illustration. (a) indicates Spec-A in Fig.6. (b) indicates Spec-B in Fig. 6.

1) Experimental Setup: The block diagram of the millime-
ter wave experimental testbed is shown in Fig. 6 where both
hardware and software are included. A downlink scenario is
considered in this work. The software part consists of a DSP-
Tx and a DSP-Rx. The general functions of the two blocks
are similar to those in the CA experimental setup with minor
modifications. One signal band is used in this experiment.
Thus, the zero insertion module is removed. Moreover, in
order to simplify the hardware complexity, functions such as
up sampling and up conversion are moved to the DSP-Tx.
Correspondingly, the down sampling and down conversion are
included at the DSP-Rx.

At the central station (CS), a digital upsampled and upcon-
verted signal from the DSP-Tx block is uploaded to a 12 GS/s
Tektronix 7122B arbitrary waveform generator (AWG) for
digital-to-analog (D/A) purpose. After a 20 dB gain amplifier
and a band pass filter, the electrical signal is fed to a 3 GHz
bandwidth Mach-Zehnder modulator (MZM) and up converted
to an optical frequency determined by a distributed feedback
(DFB) laser at 𝜆 =1554 nm. The optical signal is delivered to
the BS through a 250 meter OM-1 multi-mode fiber (MMF),
coupled using single mode fiber (SMF) connectors at both
ends.

The purpose of the base station (BS) is to down convert
the optical signal to a millimeter wave signal. A 3 dB coupler

is used to combine two DFB lasers. The measured optical
spectrum termed Spec-A is shown in Fig. 7 (a) where signals
at two wavelengths, with a 60 GHz frequency separation, are
linearly added. After a 70 GHz bandwidth photodiode, a 60
GHz millimeter wave signal is generated based on the concept
described in [39]. Then the amplified signal is radiated to
the MS through a 3 meter point-to-point wireless channel.
It should be noted that the two laser scheme is flexible in
that different required carrier frequencies may be generated
by adjusting the laser separation. One design principle of the
BS is to make it as simple as possible since a number of these
would be deployed in an RoF system. Considering the instal-
lation cost, the second laser can be moved from the BS to the
CS. In this case, the 3 dB coupler, the polarization controller
and the DFB laser can be removed from the BS, which makes
the system more cost effective. However, the delivered optical
signal in the fiber will have a similar spectrum to Fig. 7 (a)
where extra bandwidth is required.

At the MS, a waveguide coupled envelope detector is
applied to down convert the 60 GHz millimeter wave signal
to 1.8 GHz intermediate frequency (IF) due to its tolerance to
phase noise impairment. Then a real time digital oscilloscope
captures the IF signal shown in Fig. 7 (b) and outputs the IQ
data to the DSP-Rx for offline signal processing.
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Figure 8. Effective gross bit rate of SEFDM signals at 60 GHz millimeter
wave through 3 meters wireless and 250 meters MMF fiber transmission with
4QAM symbols.

2) Measured Results: Unlike the measurement in section
III-A, this experiment tests a single band, which occupies the
same bandwidth for both OFDM and SEFDM. The effective
gross bit rate, which is linked to BER values, is defined as the
non-error bits per second that can be achieved without consid-
ering overhead, CP and forward error correction (FEC). Three
different systems at different 𝐸𝑏/𝑁𝑜 values are compared and
plotted in Fig. 8 following the calculation as

𝑅𝑑 =
1

𝛼
× (1−𝐵𝐸𝑅)×𝐵 × 𝑙𝑜𝑔2𝑂 (3)

It is apparent that the gross bit rates of SEFDM with
different bandwidth compression factors are higher than those
of OFDM. This is because in a given bandwidth, fixing the
transmission rate per sub-carrier, more sub-carriers are packed
in the SEFDM systems with smaller sub-carrier spacing. The
SEFDM system with 𝛼=0.8 can offer 25% = (1/0.8 − 1) ×
100% throughput improvement while for an SEFDM system
with higher bandwidth compression and therefore higher in-
terference, 67% = (1/0.6−1)×100% throughput is achieved.

IV. APPLICATIONS FOR FIBER OPTIC COMMUNICATIONS

The LTE-like and millimeter wave SEFDM signals have
been practically tested and verified through transmission over
realistic wireless channels. These applications can provide the
last mile communications to end users due to their supports
of mobility in wireless environments. In order to deliver the
broadband data service to several base stations or distribution
points, optical fibers are used instead of copper cables. Hence-
forth, this section tests lightwave SEFDM signals to show that
SEFDM signals are compatible with fiber-optic systems.

Optical systems can be categorized either as coherent or
non-coherent (direct detection) systems. A coherent system
leads to better performance in terms of spectral efficiency.

However, a coherent system requires the use of a receiver local
oscillator and accurate phase/frequency offset estimation at the
receiver, thus increasing the complexity of both the transmitter
and the receiver [40]. A direct detection system may operate
with a single photo-detector (PD) at the receiver, and does not
require carrier frequency and phase offset estimation, due to
the elimination of the local oscillator, making it well suited
to cost efficient applications. However, in the direct detection
scenario, a frequency gap [41] of the same bandwidth as a
signal band is needed between the optical carrier and the signal
band in order to combat the second-order intermodulation
distortion (IMD) close to the optical carrier due to the square-
law distortion introduced by a photodiode (PD). The drawback
is that the excess bandwidth occupied by this spectrally
inefficient gap cannot be used for data transmission.

In this section, two different optical system schemes are
tested. An uncoded non-orthogonal 10 Gbit/s direct detection
optical multicarrier system termed DDO-SEFDM [4] is ex-
perimentally demonstrated followed by a 24 Gbit/s coherent
detection CO-SEFDM [5] system.

A. Direct Detection

Figure 9. Experimental setup of 10 Gbit/s DOO-SEFDM system.

As shown in Fig. 9, the optical spectra of three systems are
compared. The narrow high peak line in each spectrum is an
optical carrier. Due to the second-order IMD introduced by a
photodiode (PD), a protection gap should be reserved between
an optical carrier and a signal band. The gap should be at least
equal to the width of the signal band. The figure clearly shows
that the frequency gap is also determined by the bandwidth
compression factor. With high bandwidth compression (i.e.
small 𝛼), the gap can be narrowed.

In general, there are three different DDO-OFDM transmitter
architectures which have been studied in [42]. The testbed
complexity and signal spectral efficiency vary among these
architectures. For the first architecture and the third archi-
tecture, the guard band is introduced by setting several sub-
carriers to zero, which is not spectrally efficient. The second
transmitter architecture is preferred for the DDO-SEFDM
experiment since all sub-carriers are used to transmit data.
Two digital-to-analogue converters are employed with an RF



Figure 10. Block diagram of the 10 Gbit/s single sideband DDO-SEFDM
experimental system.

up conversion stage. Therefore, the guard band is introduced
in the RF domain by mixing complex SEFDM symbols with
the RF carrier. The gap (noted as 𝑓𝐼𝐹 in Fig. 10) between an
optical carrier and a signal band is set to be at least equal to
the bandwidth of the signal.

A baseband IQ data stream is generated in the SEFDM gen-
erator via 4QAM mapping, modulation, CP addition, upsam-
pling and digital-to-analogue conversion (DAC) operations. An
RF signal is obtained after the IQ-Mixer, which is used to up
convert the baseband signal to the desired carrier frequency. A
double sideband (DSB) optical signal is created after the MZM
module. The optical frequency is determined by a DFB laser.
An optical single sideband (OSSB) filter removes the left side
band obtaining a single-sideband (SSB) optical signal. After a
80 km SSMF transmission link, EDFA amplification, amplified
spontaneous emission (ASE) filtering and PD detection, the
spectrum of the electrical signal is illustrated in the last inset
of Fig. 10 together with the signal-signal beat interference
(SSBI) effect. In the SEFDM receiver, a sampled data stream
is obtained from a 50 GS/s Tektronix real-time oscilloscope.
Then, after proper digital signal processing as shown in [4],
SEFDM symbols are recovered and compared with the original
transmitted ones.

The BER performance of a 80 km optical fiber experiment
is shown in Fig. 11 where different systems are compared.
The receiver employs the iterative detection-FSD (ID-FSD)
[32] to cancel out the self-created interference and determine
the received symbols with close to optimal error performance.
The signal is formatted with 16 data sub-carriers. Channel
estimation is operated by sending training symbols once at
the beginning of the data stream.

There is a balance between the bandwidth compression and
optical signal-to-noise ratio (OSNR) values required for a
given bit error rate. In the figure, 20% bandwidth saving is
achieved with around 0.7 dB performance degradation while
for further bandwidth compression of 30%, higher OSNR
penalties are observed. It should be noted that the 4QAM

Figure 11. BER versus OSNR for 80 km optical fiber direct detection
experiment.

SEFDM with 𝛼=0.7 has spectral efficiency equals to SE=2.86
bit/s/Hz, which is close to that of an 8QAM OFDM whose
spectral efficiency is 3 bit/s/Hz. At BER=3.8 × 10−3, the
4QAM SEFDM with 𝛼=0.7 outperforms the spectral efficiency
equivalent 8QAM OFDM by around 1.5 dB. Thus, it is
experimentally demonstrated that the lower modulation format,
4QAM can replace the higher one, 8QAM of similar spectral
efficiency and achieve better performance.

B. Coherent Detection

The benefit of a coherent system is its high spectral effi-
ciency since no protection gap is reserved between the optical
carrier and the signal band. Moreover, to improve further the
spectral efficiency, a dual polarization transmission scheme is
applied to the coherent optical-SEFDM (CO-SEFDM) exper-
imental testbed, as shown in Fig. 12.

Figure 12. Experimental setup of DP-CO-SEFDM transmission system.

The benefit comes at the cost of additional digital signal
processing efforts. Two external-cavity laser (ECL) diodes
are used at the transmitter and receiver sides, resulting in
introducing frequency offset and phase noise. In addition,
due to the use of both polarizations, the polarization rotation
and polarization mode dispersion (PMD) during transmission



Figure 13. BER performance of 80 km optical fiber transmission using
coherent detection testbed at various 𝛼.

through the fiber must be solved. Therefore, the transmitted
signal has to be judiciously designed and formatted. At the
beginning of a data stream, a timing sequence is added for
frame synchronization, followed by a training sequence for
polarization corrections. Then in the RF domain, a DC pilot
tone is inserted at the transmitter side, effectively translating
to a fixed frequency optical carrier signal for receiver side
frequency and phase offset corrections.

For each experiment two independent data signals, each
occupying a predefined bandwidth ranging from 6 GHz (𝛼=1)
to 4.02 GHz (𝛼=0.67), are generated from the two AWGs of
Fig. 12. A protection guard band of 1.85 GHz is reserved
for the DC pilot insertion. The gap separates the positive and
negative frequency sub-carriers leading to a simplified signal
detection for each band. The formated signal is fed to an
integrated dual polarization IQ modulator and up converted
to an optical frequency using an ECL with a linewidth of
100 kHz. Transmitting through a 80 km standard single mode
fiber (SSMF) link, an ASE noise source is used to vary the
OSNR. The received signal is coherently detected using a
polarization diverse coherent receiver, which utilized a second
100 kHz ECL as an LO. The electrical signal is captured
using a 50 GS/s real-time digital oscilloscope with a 16 GHz
analogue electrical bandwidth. Then, the DSP implementation
is performed offline in MATLAB to get final recovered signals.
More details about the DSP operation may be found in [5].

The experimental results for a 80 km optical fiber signal
transmission are shown in Fig. 13. Both QPSK with 𝛼 ranging
from 1 down to 0.67 and 8QAM modulation formats are
studied. It should be noted that the QPSK symbol modulated
DP-CO-SEFDM with 𝛼=1 is equivalent to a DP-CO-OFDM
system. In addition, a conventional QPSK modulated OP-CO-
OFDM system, which is assisted by periodic pilot symbols, is
also tested in this work as a reference. The DP-CO-SEFDM
was configured to a transmission rate of 24 Gbit/s using
16 sub-carriers. Using the same transmission bit rate, the

conventional QPSK based DP-CO-OFDM is designed with
256 sub-carriers, 16 of which are reserved for pilot sub-
carriers.

The spectral efficiency of QPSK with 𝛼=0.67 is equivalent
to that of 8QAM. Thus, the performance comparison between
them is of interest. The performance gap is around 2 dB, which
indicates that in a dual polarization coherent optical system,
considering the same spectral efficiency, an SEFDM system
with a low order modulation format outperforms an OFDM
system with a higher order one.

V. CONCLUSIONS

A non-orthogonal multicarrier technique termed spectrally
efficient frequency division multiplexing (SEFDM) has been
practically investigated in this paper. Relative to OFDM
systems, SEFDM improves spectral efficiency by reducing
the sub-carrier spacing. Three experimental scenarios are de-
scribed and evaluated for promising 5G network radio access
and backhaul connections. We first demonstrate an enhanced
carrier aggregation (CA) testbed in a realistic wireless envi-
ronment. Results show that more component carriers (CCs)
can be aggregated in a given bandwidth. On one hand, higher
data rates are achieved. On the other hand, each user has
more options to select its own preferred component carriers
according to fading channel conditions within a given band-
width indicating enhanced multiuser diversity. Then, a 60 GHz
millimeter wave SEFDM signal is investigated and practically
tested in a fiber wireless environment since this frequency
can support the increasing bandwidth requirement of future
5G networks. Finally, we show direct and coherent detection
optical fiber experiments, which are targeted to offer higher
data rates to backhaul connections. Our provided experimental
scenarios are closely related and the combination of them may
offer potential solutions for future 5G networks.
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