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Abstract—A non-orthogonal waveform, termed Nyquist-
spectrally efficient frequency division multiplexing (Nyquist-
SEFDM), introduces benefits such as compressed bandwidth
and low out-of-band power leakage, which meets two crucial
requirements for future carrier aggregation (CA) or machine-
type communication (MTC) applications. Both simulation and
experimental results are presented in this work. A comparative
simulation study of SEFDM signals is firstly presented to
show the trade-offs between BER performance, bandwidth com-
pression and suppressed out-of-band power leakage. Following
modelling results, an enhanced multiuser diversity scenario was
proposed to show future applications of SEFDM waveforms.
Finally, an experimental testbed was designed to validate the
coexistence of two signals. The impact of the newly proposed
signals on existing 4th generation (4G) signals is evaluated.

Index Terms—Multicarrier, experiment, testbed, software de-
fined radio, pulse shaping, spectral efficiency, carrier aggrega-
tion, OFDM, SEFDM, non-orthogonal.

I. INTRODUCTION

Multicarrier waveforms are widely used in modern com-
munication systems due to their high immunity to multipath
fading. OFDM is the standardized waveform in LTE [1] and
LTE-Advanced [2]. For future 5th generation (5G) networks
[3], data rate is not the only requirement; reliable services
for large number of connected devices are becoming more
important in internet of things (IoT) [4], [5] and MTC [6]
scenarios. Unfortunately, current deployed OFDM waveforms
create large sidelobes and therefore interference to adjacent
signals.

Work in [7] proposed a waveform termed spectrally effi-
cient frequency division multiplexing (SEFDM), which com-
presses bandwidth by packing sub-carriers closer. It was fur-
ther extended to multi-antenna systems in [8] where capacity
was studied. Spectral efficiency is improved leading to an
improved data rate. The experimental work in [9] verified
that more signal bands can be packed without occupying
extra bandwidth resources. It would be beneficial to MTC
scenarios. However, frequency protection gaps are still needed
due to the high out-of-band power leakage. Therefore, work
in [10] proposed an improved waveform termed Nyquist-
SEFDM, which can compress bandwidth and suppress out-
of-band power leakage, simultaneously. This novel waveform
enables non-interfering coexistence between multiple signal
bands via shaping the modulating symbols on each sub-carrier.
It has been shown that 20dB out-of-band power reduction,
compared to typical OFDM waveforms, is achievable.

This work extends the theoretical work in [10] by studying
adjacent and non-adjacent sub-carrier interference and their
effects on bit error rate (BER) performance. Furthermore,
this work designed an experimental testbed for validations
of coexistent signals, which can be used to show the benefits
of Nyquist-SEFDM signals in MTC scenarios in future 5G
systems. In the experiment section, two signals are aggregated.
The first signal is the long term evolution (LTE) OFDM signal
and the second signal can be flexibly modified in order to
study different effects on the first signal. The performance of
the first signal, interfered by the second signal, is evaluated
via considering of constellation diagrams.

II. WAVEFORM DESIGN

The non-orthogonal SEFDM signal has been systematically
studied in previous work [9]. Its discrete signal of N sub-
carriers is expressed as

X[k] =
1√
Q

N−1∑
n=0

sn exp(
j2πnkα

Q
) (1)

where X[k] is the sample with index k ranging from 0 to
Q − 1, Q = ρN and ρ ≥ 1 is the oversampling factor,
sn is the symbol modulated on the nth sub-carrier, α is
the bandwidth compression factor defined as α = ∆fT , T
indicates one SEFDM symbol duration and ∆f represents the
sub-carrier spacing. The concept of bandwidth compression
can be explained by Fig. 1 where two spectra are showing.
The sub-carrier spacing of OFDM is 15kHz while SEFDM
shows a narrower spacing 10.8kHz. Sub-carriers in both cases
have the same basedband modulation bandwidth of 15kHz.
While in OFDM, all sub-carriers have null amplitudes at
each sub-carrier peak frequency, in SEFDM signals, adjacent
sub-carriers do not cross the null amplitude resulting in
interference and due to the sidelobe of the sinc spectrum,
non-adjacent sub-carriers also introduce interference to a sub-
carrier.

One solution to mitigate inter carrier interference (ICI)
is to pulse shape modulating symbols on each sub-carrier
using root raised cosine (RRC) filter [10]. Therefore, sidelobes
can be suppressed. Fig. 2 illustrates three-dimensional plots
of interference patterns for various systems. The left hand
side of the figure shows interference patterns for OFDM and
SEFDM systems with no signal shaping. The right hand side
of the figure shows corresponding interference patterns when
RRC pulse shaping [10] is used. The numbers on the X-axis



Figure 1. Spectra illustration for OFDM and SEFDM (α=0.72).

(indexed by x) and the Y-axis (indexed by y) correspond to
sub-carrier indices. Both x and y scale range from 1 to N .
The X-Y plane indicates the correlation between sub-carriers
where its mathematical explanation can be found in [9]. The
numbers on the Z-axis (indexed by z) indicate absolute values
of the correlation coefficients. It should be noted that the auto
correlation coefficients are denoted by I(x, x) and the cross
correlation coefficients are I(x, y) indicating ICI. For clarity
of the figures the number of sub-carriers is limited to N=16
and the auto correlation elements are removed (i.e. I(x, x)=0),
thereby only the cross correlation values are shown.

Figure 2. Three-dimensional interference comparison. (a) OFDM; (b)
SEFDM α=0.84; (c) SEFDM α=0.72 and (d) OFDM with RRC shaping; (e)
SEFDM α=0.84 with RRC shaping; (f) SEFDM α=0.72 with RRC shaping.

Fig. 2(a) expectedly shows no interference for the case of
OFDM. Fig. 2(b) illustrates a non-shaped SEFDM system
with 16% bandwidth compression (α=0.84). It is apparent
that the interference is no longer zero and its values vary
depending on frequency distance since sub-carriers are no
longer orthogonal. The interference levels clearly vary with
the index (i.e frequency location) of the sub-carriers with

highest levels evident for adjacent sub-carriers (along the
diagonal of the X-Y plane). The interference in a higher
bandwidth compressed SEFDM system with 28% bandwidth
compression (α=0.72) is shown in Fig. 2(c), where higher
levels are noticed (relative to the two figures above) as the sub-
carriers become more tightly packed and therefore interfere
with higher powers across the overall frequency band. Clearly,
further bandwidth compression will result in more interference
both from adjacent and non-adjacent sub-carriers.

When RRC pulse shaping is applied to an OFDM system
in Fig. 2(d), limited levels of interference appear but only at
the two adjacent sub-carriers. This is in contrast to the case
of Fig. 2(a) where zero interference appears when no shaping
is applied. Comparatively, when applying RRC pulse shaping
to SEFDM, interference levels increase in proportion to the
bandwidth compression levels as shown in Fig. 2(e) and Fig.
2(f). However, the interference becomes limited only to the
adjacent sub-carriers, unlike the non-shaped SEFDM cases of
Fig. 2(b) and 2(c), where interference occurs across all the
sub-carriers space. Hence, advantageously moving away from
the adjacent sub-carriers, interference is eliminated, even for
the higher bandwidth compression case of Fig. 2(f).

III. FILTERING AND DETECTION STUDIES

This section extends the previous work in [10] to show
the effect of adjacent and non-adjacent interference. The
simulation parameters follow the same system configurations
in [10]. In Fig. 3, both full and partial signal detection are
evaluated. The full signal detection indicates that interference
is removed from the N − 1 sub-carriers while the partial
signal detection means that only neighbouring interference is
removed. The performance is tested at Eb/No=5dB. In this
work, convolutional coding is used with Turbo equalization
[9], [11], noted as scenario B in [10]. Other coding schemes
such as Turbo coding [12], [13] and low density parity check
(LDPC) coding [14] have also been explored for SEFDM.
The basic working principle of the Turbo equalization is to
iteratively remove interference from the decoded symbols.
After a number of iterations, the performance is fixed with
no further improvement even with extra iterations. In Fig.
3(a), for both SEFDM with α=0.72 and 0.84, two iterations
are sufficient to get converged performance. In Fig. 3(b),
partial signal detection is evaluated for the same systems. One
iteration is required for α=0.72 SEFDM while two iterations
for α=0.84 SEFDM. It is clearly seen that the partial-REC
SEFDM performance is worse than that of the full-REC
SEFDM. Fig. 3(a)(b) indicate that interference to one sub-
carrier comes not only from neighbouring sub-carriers but also
from non-adjacent sub-carriers.

Fig. 3(c)(d) compare different systems in terms of BER
performance. In Fig. 3(c), it is apparent that the full-REC
detection scheme without pulse shaping shows the best result
since all the interference has been removed. When the partial-
REC detection scheme is applied, error performance suffers
several dBs of degradation. However, when RRC shaping is
used, applying the partial detection results in close perfor-
mance to the one achieved using the full detection without



Figure 3. Convergence and BER performance for full-REC (rectangular pulse shaped), partial-REC and RRC (RRC pulse shaped) systems. (a) full-REC;
(b) partial-REC; (c) α=0.72 and (d) α=0.84.

signal shaping. However, more iterations are required for
the RRC signal since the extra interference coming from
pulse shaping filter has to be removed. The same results
are observed for α=0.84 in Fig. 3(d). However, due to the
relaxed bandwidth compression compared to that in Fig. 3(c),
the performance gap is narrowed and the required iteration
number to achieve converged performance is reduced.

To sum up, using RRC pulse shaping results in interference
limited to adjacent sub-carriers, which can be removed easily
at the receiver with minimal performance degradation. It can
be seen from Fig. 3(c)(d) that a narrow performance gap exists
between the RRC result and the full-REC result. This gap is
cased by interference from the uncleared sidelobe due to the
truncation effect [10] of pulse shaping filters. In addition, joint
effects from bandwidth compression factor, roll-off factor,
filter size and the number of detection iterations could affect
the final performance, which needs further investigations.

IV. APPLICATION SCENARIO - ENHANCED USER
MULTIPLEXING

In the previous work [9], CA has been explained and
experimentally showed that multiple legacy radio bands may
be aggregated to support higher data rates. However, typical
rectangular signals (i.e. no signal shaping) are specified in
LTE-Advanced. The high out-of-band power leakage of one
component carriers (CC) poses harmful interference to adja-
cent CCs. Thus, a 10% protection gap is inserted between
adjacent CCs resulting in an inefficient spectrum utilization.
Using the pulse shaping concept in the CA scenario, the out-
of-band power leakage of a CC would be reduced. Thus,
the 10% protection gap could be removed leading to further
improved spectral efficiency.

As different users in the same frequency band may have
different signal-to-noise ratio (SNR) or signal-to-interference-
plus-noise ratio (SINR), it would be more efficient to allow
users to select their own preferred subset of sub-carriers with
better channel conditions, rather than selecting a single user

that occupies all the sub-carriers at the same time. In an
OFDM system with a frequency division multiple access
(FDMA) scenario termed OFDM-FDMA (OFDMA), users
are arranged in both the time and frequency domain. In this
case, all users can share the same bandwidth. By using the
SEFDM technique, we may introduce an enhanced user mul-
tiplexing scheme named SEFDM-FDMA (SEFDMA). Taking
into account the CA-OFDMA in a CA scenario, 5 CCs can be
allocated to 5 different users at one time. However, in order
to provide service to more users, CA-OFDMA has to provide
more available bandwidths. In the CA-SEFDMA scheme, we
compress each CC and integrate two more CCs in a given
bandwidth. In other words, 2 more users can be served at
one time. In terms of the multiuser diversity, since more CCs
are introduced, each CC with a narrower bandwidth could
experience a channel with flatter frequency over the typical
one. Our proposal is flexible in a CA scenario since the
number of CCs in a given bandwidth can be dynamically
configured based on users’ requirements and fading channel
conditions.

Fig. 4 illustrates an example that shows how users are
scheduled according to fading channel conditions. In order to
simplify the demonstration, three users are considered. Their
channel states are shown in the figure represented by different
frequency responses. The benefit of multiuser diversity is
more obvious in a CA-SEFDM scenario since the bandwidth
of each band is narrower than a band in OFDM. Therefore, the
probability of experiencing fading channel for each SEFDM
band is lower than that in OFDM. It is apparent that the radio
resources are shared with different users based on different
fading conditions. More specifically, depending on the channel
SINR, different CCs will be allocated to different users. The
channel user 1 experiences is marked with a black line where
two deep fading points are observed. In terms of CA-OFDM,
only CC(2,4,5) can be allocated due to their high channel
SINR. The CC(1,3) are not used because of the deep fading



Figure 4. Example of user scheduling according to channel conditions.

effect. On the other hand, for CA-SEFDM, considering the
same fading channel condition, CC(2,3,5,6,7) are available
for user 1. It is because that the bandwidth of each CC is
compressed, the effect of deep fading is confined to a small
bandwidth CC. There would be more unaffected frequency
resources that can be allocated to user 1. The allocation
principle is the same for user 2 and user 3. It is noted that in
the CA-OFDM scenario, both user 2 and user 3 are assigned
with CC(2). This indicates only one user (either user 2 or user
3) can be served. However, in the case of CA-SEFDM, user 2
is assigned with CC(3,5) while CC(2,3) are allocated to user 3.
Therefore, in the CA-SEFDM scenario, user 2 can use CC(5)
and user 3 can use CC(2) indicating that both user 2 and user
3 can be served simultaneously with CC(3) allocated to other
users. Based on the above analysis, it is apparent that in the
same fading channel condition, CA-SEFDM can support user
1, user 2 and user 3 while in CA-OFDM only user 1 and user
2 (or user 3) can be served. This indicates that CA-SEFDM
has an enhanced multiuser diversity leading to a more flexible
multiuser scheduling ability.

V. EXPERIMENT SETUP

The coexistence experiment testbed is shown in Fig. 5
where the left inset is a real testbed setup and the right one is
a framework illustration. In order to operate the experiment,
two Aeroflex PXIs are required. The configurations of the
two PXIs are shown in Table I where they have different
carrier frequencies. One PXI is used as the signal transmitter
for existing LTE OFDM signals and the other one is for the
SEFDM. It should be noted that the 5G testbed configuration
is flexible and it is easily reconfigured to another signal
standards. The experiment here is to test the out-of-band
power effect on existing 4G signals. Therefore, two signals
would be aggregated very close with a 10% protection gap,
as defined for LTE. The main benefit of this testbed is that the
entire SEFDM system can be jointly realized in software and
hardware. MATLAB is the software tool that implements part
of the functions aligning with hardware integrated in the PXI

platform. A PC is connected to the PXI and is used to generate
digital signals and process received digital signals. Analogue
signal processing is integrated in the PXI chassis. Two crucial
modules inside the PXI are RF signal generator and RF signal
digitizer. The carrier frequency ranges from 100 kHz to 6 GHz
on both modules. Up to 90 MHz RF modulation bandwidth
and 512 MHz sampling rate are supported. The fixed-point
resolution is 32 bit sample word consisting of 14 bit I data,
14 bit Q data and 4 bit marker data. The detailed information
of the front panel of the PXI chassis is provided below.

Figure 5. Practical 4G and 5G coexistence testbed setup.

Table I
EXPERIMENTAL TESTBED SPECIFICATIONS

Parameters 4G (OFDM) 5G

Sampling rate (MHz) 30.72 30.72
Carrier frequency (GHz) 2 2.018
Bandwidth (MHz) 18 15
FFT size 2048 128
Sub-carrier bandwidth (kHz) 15 240
Symbol rate per sub-carrier (kS/s) 15 240
Sub-carrier spacing (kHz) 15 240×α
Roll-off factor None 0.5

The benefit of Nyquist-SEFDM is experimentally demon-
strated in Fig. 6 where a non-shaped SEFDM signal and an
RRC shaped SEFDM signal are compared. The bandwidth
compression factor is set to α=0.72, which is derived from
previous work [9]. It is apparent that the RRC pulse shaped
SEFDM signal outperforms the non-shaped SEFDM signal in
terms of the out-of-band power leakage by over 20 dB.

Figure 6. Measured spectra of SEFDM systems with two pulse shaping
schemes. The center frequency is 2GHz.



VI. MEASUREMENT RESULTS

Four aggregation scenarios (A, B, C, D) are illustrated in
Fig. 7 and used to study the impact of potential future 5G
signals (SEFDM) on existing 4G signals. The 4G OFDM
signal performance is evaluated via constellation diagram. The
figure shows measurements of coexistent signal spectra and
constellation of the 4G OFDM signal.

Figure 7. Four scenarios for 4G and 5G coexistent signals testing. The
constellation diagrams on the right side are generated based on the 4G OFDM
signal band in each scenario.

• Scenario A:
In this scenario, a potential future 5G signal is assumed
to be OFDM. A 10% protection gap, which is equal
to 1.5 MHz, between the two signal bands, is reserved.
The spectra clearly shows the out-of-band power leakage
of 5G OFDM signal. Constellation is the approach that
judges the interference effect. In this comparison, we
employe a bypass channel, which indicates no AWGN
and no multipath effects. However, the constellation
points are scattered, which is caused by the high out-
of-band power leakage from the 5G signal band.

• Scenario B:
The newly proposed Nyquist-OFDM signal is aggregated
as the 5G candidate. The protection gap is still 1.5
MHz. The out-of-band power leakage of this signal is
significantly reduced. Therefore, the adjacent channel
interference is reduced. The constellation attached on the
right shows the significantly improved performance.

• Scenario C:
This is the case that a typical SEFDM signal is designed
for the 5G system. Due to the compressed bandwidth of
SEFDM, the protection gap is beneficially increased to 3

MHz. It is evident that the out-of-band power is not flat,
which is due to non-ideal analogue filters from the PXI.
The reason to test SEFDM signal in this case is to show
the saved bandwidth benefit. However, since no pulse
shaping is used, the high out-of-band power leakage still
exists resulting in scattered constellation.

• Scenario D:
In the last scenario, testing is for the newly proposed
Nyquist-SEFDM signal, which compresses bandwidth
and reduces out-of-band power leakage simultaneously.
From the illustrated spectra, the protection gap between
two signal bands is extended as expected from scenario
C. In a future system design, due to this extra bandwidth,
the signal band on the right may be shifted closer to the
first signal band. Thus, the overall occupied bandwidth
would be compressed. The reduced out-of-band power
benefit of this scenario is demonstrated in the constella-
tion diagram, which shows almost no interference.

VII. CONCLUSIONS

This work aims to show the benefits of SEFDM waveform
over OFDM via both simulation and experiment. The benefit
has been clearly presented in the application scenario where
more users can be serviced simultaneously with a more flexi-
ble channel allocation scheme. Via simulation, applying RRC
pulse shaping in SEFDM is therefore beneficial in two aspects;
it simplifies signal detection by reducing neighbour inter-
ference and improves spectral efficiency through bandwidth
compression out-of-band power suppression. The coexistence
experiment was carried out to test mutual interference of two
closely packed signals. By using pulse shaping filters, the
SEFDM signal has 20dB leakage power reduction. The four
coexistence experiment showed that SEFDM has compressed
bandwidth than typical OFDM and its pulse shaped waveform
has neglected impact on legacy 4G signals.
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