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Abstract. A software defined radio (SDR) approach to demonstrate the
coexistence in Machine Type Communication (MTC) scenarios is pre-
sented. MTC in recent years has gained significant attention with its inclu-
sion in the 5G business model. Spectrally efficient asynchronous com-
munication is a key enabler in situations involving MTC. Past research
has shown that some modifications to baseline cyclic prefix orthogonal
frequency division multiplexing (CP-OFDM) can achieve better out-of-
band (OOB) suppression and enable asynchronous coexistence. Inspired
by this research, we provide a real world example of coexistence using
SDR. We demonstrate the ability to asynchronously transmitting wave-
forms in adjacent channels with very narrow guard bands in between, and
still be able to receive and demodulate them with low error vector mag-
nitude (EVM) and low bit error rate (BER) that are comparable to the
baseline CP-OFDM that uses synchronous communication.

Keywords: Machine type communication · Software defined radio ·
FPGA

1 Introduction

The development of 5G has brought new use cases that will support a wide
variety of services in the future. The Internet of Things (IoT) for example devi-
ates from the conventional subscriber oriented internet, and uses devices with
no human interaction for communication. Designing the physical layer to enable
Device to Device (D2D) communication is a challenging task which needs to take
into account a number of conflicting trade-offs such as performance, complexity
and signaling overhead.

LTE and LTE-Advanced (LTE-A) standards in fourth generation systems
have been developed to support increased requirements in capacity and data
rates, with their primary target being broadband customers using the mobile
internet. LTE is based on the Orthogonal Frequency Division Multiple Access
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(OFDMA) technique in which multiple users can simultaneously be supported
by allocating a subset of subcarriers to each user. OFDMA combined with Mul-
tiple Input Multiple Output (MIMO) techniques can provide downlink speeds
on the order of hundreds of Mbps which enables mobile broadband services such
as video streaming with little or no interruptions. The LTE physical layer is
designed in such way that it can dynamically change its modulation type based
on user throughput requirements and changing channel conditions by providing
adaptive modulation and coding [19]. Despite the well known benefits of LTE,
some of its architectural features make it less attractive for MTC applications. In
particular, the rectangular pulse shaping used in OFDM makes the physical layer
waveform non-spectrally localized causing high OOB radiation due to modulated
subcarriers. Although spectrum guardbands can be used to limit such radiation,
a loss in spectral efficiency is unavoidable. In millimeter wave system design,
spectral efficiency is not a major bottleneck because of the abundance of band-
width. However, for sub 6 GHz frequencies which are being heavily used in a wide
variety of applications, and where even the limited available segments are frag-
mented, more attention needs be paid as to how the remaining spectrum slices
can be utilized in the most efficient manner. Some researchers have proposed
alternative waveform design techniques for 5G New Radio (NR) with particular
emphasis on IoT applications which require support for multiple asynchronous
transmissions. However, despite the fact that OFDM has poor frequency local-
ization, it has been adopted for 5G due to its advantages and backward compat-
ibility reasons. LTE based devices typically use spectral shaping filters in order
to meet spectral mask requirements imposed by regulatory agencies. Even so,
the occupied bandwidth (OBW) of LTE is limited to 90% of the total band-
width. Currently, 5G NR has not standardized spectral shaping methods, and
as such they are vendor specific. Such flexibility makes it possible for researchers
to come up with different spectral shaping methods that may not necessarily be
matched between the transmitter and the receiver. During the 5G New Radio
(NR) standardization process, several proposals were submitted with modifica-
tions to CP-OFDM. Universally Filtered MultiCarrier (UFMC) [15], Filtered
OFDM (F-OFDM) [1] and Windowed Overlap and Add (WOLA) OFDM [20]
were the main candidates that were considered for the sub 6 GHz spectrum, while
proposals such as Filter Bank Multi Carrier (FBMC) have not been considered
due to incompatibility with the core OFDM architecture. Extensive studies have
been conducted by several researchers to compare merits and demerits of such
candidate waveforms in the context of waveform coexistence; i.e., providing sup-
port for multiple channels to operate in a time-asynchronous manner without
causing significant interference on each other. Most of these studies are based on
simulations, while some use over-the-air signals with offline baseband processing
using a host PC. To the best of our knowledge there is no platform that sup-
ports performing coexistence experiments with real time baseband processing
using over-the-air waveforms.

SDR technology has developed significantly over the past few decades due to
advancements in analog and digital electronics. Radio frequency integrated cir-
cuit (RFIC) technology has enabled integration of multiple discrete components



Demonstrating Spectrally Efficient Asynchronous Coexistence 71

Fig. 1. Interference measurement experimental setup.

in a single chip, and facilitated manufacturing of efficient SDRs with respect to
cost and power. In addition, development of Field Programmable Gate Arrays
(FPGA), Systems on Chip (SoCs) with associated software tools, and combin-
ing them with commercial SDRs have boosted back-end processing capabilities
of transmitters and receivers to support implementing modern wireless proto-
col stacks on such platforms. Case studies relevant to leading SDRs have been
presented [17]. While FPGAs in SDR platforms provide processing speeds that
are orders of magnitude higher than the maximum data rates of today’s wire-
less standards such as LTE and WiFi, many researchers have not leveraged this
capability, and they typically perform back-end processing on a host computer
connected to the SDR. The novelty of our work is that we not only use an
FPGA for receiver baseband operations, but also provide an interference mea-
surement and quantification setup consisting of three physically distinct SDRs;
a transmitter, an interferer and a receiver as shown in Fig. 1. Our contributions
are:

– supporting real world LTE based coexistence experiments by using fully sep-
arate transmitter/receiver and an interference setup,

– experimentally demonstrating the possibility of coexistence between new and
legacy frequency channels,

– supporting higher order QAM constellations by using an accurate channel
estimation technique implemented on the FPGA, and

– implementing the F-OFDM filter for receiver-side interference suppression.

Our platform can be used to monitor the performance of a radio link affected
by asynchronous interference by using standard performance metrics such as
EVM and BER. We investigate such metrics by changing different parameters
such as guard band size and interference power. We have also provided some use
cases along with experimental results to justify the applicability of our platform
in coexistence research.

The rest of the paper is organized as follows. In Sect. 2, we present background
related to asynchronous communication as well as related work. We describe the
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asynchronous coexistence model with mathematical analysis in Sect. 3. Section 4
describes the experimental setup and Sect. 5 presents results. Section 6 concludes
and presents future work.

2 Background

Fig. 2. (a) Theoretically synchronous (b) practically synchronous (c) asynchronous
coexistence at the receiver side.

In multiple access situations, base stations (BS) work in a synchronous manner
by aligning users’ transmit waveforms using a timing advance [8]. LTE BS uses
Media Access Control (MAC) layer timing advance control signals to inform the
user equipment (UE) when to start transmission in order to maintain orthogonal-
ity between transmit waveforms. Consequently, even if two transmit waveforms
from two devices are not synchronized at the transmit ends, they arrive syn-
chronously at the receiver. Although synchronous communication is appropriate
in a subscriber-based situation, a performance penalty is unavoidable when using
it for D2D communication where orders of magnitude more traffic is present. It
is expected that the number of IoT devices in the world will be 21.5 billion by
2025. In LTE, a significant amount of control signals are exchanged between
the BS and the UE before starting the actual data transfer. This overhead is
acceptable in situations involving human-to-human communication in which the
connected number of subscribers per BS is not high. In contrast, such overhead
in MTC where only sporadic traffic is present, will have detrimental effects on
the network performance.

Figure 2 shows how asynchronous multiple access is different from syn-
chronous counterpart when viewed from the BS side when multiple UEs are
transmitting. Figure 2(a) shows a theoretical and unrealistic situation where
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uplink data frames are fully synchronized in a way that no overlapping occurs
between UEs. Figure 2(b) shows the practical version of the synchronization
where some overlapping is permitted. The amount of overlap may not be
higher than some fraction of the CP in order to avoid inter block interfer-
ence (IBI). Figure 2(c) shows data frames of UEs that are transmitting asyn-
chronously. In OFDM systems, frequency domain equalization is effective only
when the interfering signal is synchronous with the desired signal [14]. In asyn-
chronous situations using OFDMA, the receiver side post-equalized symbol EVM
increases resulting in high bit errors. Accordingly, synchronization has become
a prerequisite to maintain acceptable figures of merit among multiple OFDM
channels. However, recent studies have suggested that strict synchronization
requirements can be relaxed in OFDMA while still achieving performance com-
parable to the baseline OFDM [2,10,13,16].

In the context where analytical aspects and simulations related to waveform
coexistence have already been studied, and claims on the applicability of some of
the waveform candidates have been made, it is important to have a platform to
validate such claims at the system level. In what follows, we discuss some SDR
platforms which can be used to carry out coexistence related experiments.

2.1 Related Work

AD9361/FMComms31 with Xilinx ZC706 is a popular evaluation platform2 and
has been used by several researchers. The authors in [7] have developed a radio
virtualization technique using this hardware, which supports multiple standards
on the same physical platform. We have used it to demonstrate coexistence
of multiple wireless protocols using a single RF front-end [6,11]. In [21], an
experimental testbed using the Universal Software Radio Peripheral (USRP)
has been developed to demonstrate the feasibility of multi-user asynchronous
access. The authors have characterized different waveform candidates based on
their resulting BER and Adjacent Channel Power Ratio (ACPR) taking into
account power amplifier nonlinearities. A hardware testbed has been presented
in [3] which has been used to conduct asynchronous multiple access experiments
using multiple transmitters. It has been shown that OFDM is less robust under
lack of synchronization, and waveform candidates such as UFMC and FBMC
have shown improved performance in terms of BER. In [18], a generalized fast
convolution based filtered OFDM approach for subband filtering in 5G NR has
been proposed. In [9], a transparent waveform processing that uses independent
transmit and receive processing techniques has been presented which shows that
it is possible to have unmatched filtering to improve the BER in asynchronous
communication situations.

The work we present in this paper uses the real time receiver baseband
processing platform developed by us as the support framework for coexistence

1 https://www.analog.com/en/design-center/evaluation-hardware-and-software/
evaluation-boards-kits/eval-ad-fmcomms3-ebz.html.

2 https://www.xilinx.com/products/boards-and-kits/ek-z7-zc706-g.html.

https://www.analog.com/en/design-center/evaluation-hardware-and-software/evaluation-boards-kits/eval-ad-fmcomms3-ebz.html
https://www.analog.com/en/design-center/evaluation-hardware-and-software/evaluation-boards-kits/eval-ad-fmcomms3-ebz.html
https://www.xilinx.com/products/boards-and-kits/ek-z7-zc706-g.html
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Fig. 3. General asynchronous coexistence model. CH1 is the desired channel and CH2

is the interference channel. f , n and P are frequency, discrete time and power, respec-
tively. fc1 and fc2 are the center frequencies of channels.

experiments [5]. This platform supports over-the-air experiments when natural
impairments such as frequency offsets and channel effects are present. In this
platform, we have implemented a robust channel estimation technique which
helps us demodulate higher order modulated symbols in non-ideal channel con-
ditions. We have added extra functionality on the receiver side of this platform
such as filtering in order to improve the BER performance under interference.
This platform supports using multiple frequency channels which have software
configurable transmit parameters such as center frequency, bandwidth, and con-
sists of a receiver with the ability to perform real time baseband processing
on received waveforms. Because of the ability of the receiver to use spectral
enhancement filtering methods, we can still leverage the single tap equalization
capability of the conventional OFDM to accurately demodulate LTE data chan-
nel symbols, and obtain symbols which have satisfactory EVM values even under
asynchronous interference.

3 Asynchronous Coexistence

We model the problem of asynchronous coexistence using LTE signals operat-
ing in two adjacent channels with configurable relative time offset (Δn), inter-
channel separation (Δf) and relative power difference (ΔP ). This is shown in
Fig. 3. In a perfectly time synchronized situation, Δn is equal to 0 which in prac-
tical situations is unlikely to happen because of the differences in the multipath
structure that different UEs undergo. In general Δn can be either positive or
negative. In order to characterize the performance of OFDM for different val-
ues of Δn, we use two OFDM sequences; a desired signal and an interference.
The duration of the CP is l in both signals. At the receiver, demodulation is
performed by extracting the data portion of the desired signal corresponding to
the FFT window which typically includes a portion of the CP known as the CP
fraction (p). Figure 4 shows the desired and some possible offsets of the same
interference signal relative to the desired signal. τmax− and τmax+ are maximum
negative and positive timing offsets that can be tolerated by the receiver with-
out violating the synchronization requirement. Therefore, in order to achieve
synchronous coexistence, it is required that Δn satisfies:
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Fig. 4. Illustration of asynchronous and synchronous interference for different values of
Δn. The letters A–G show different possible time misalignment situations of the same
interference signal with respect to the desired signal. In A and B, Δn < τmax−, and
in F and G, Δn > τmax+ meaning that such situations are asynchronous. C, D and E
satisfy Eq. (1), hence are synchronous.

τmax− ≤ Δn ≤ τmax+ (1)

where
τmax− = −(1 − p)l (2)

and
τmax+ = pl (3)

Figure 5 shows the simulated EV Mrms% vs Δn plot in a situation where
CH1 and CH2 are present in the medium, and the receiver is configured to the
center frequency of CH1. The power received at the receiver front end from both
transmitters are the same. The occupied bandwidth of each channel is 18 MHz
and Δf = 0 kHz. The OFDM blocks that were considered in EVM calculation
have l = 144 and p = 0.55. When Δn < 0, τmax− = −65 and when Δn > 0,
τmax+ = 79. Based on the EVM values, it is clear that asynchronous interfer-
ence channels increase the receiver side EVM of the desired signal, and this is
a bottleneck to coexistence. Filtered OFDM and WOLA OFDM are two main
proposals that have been considered to limit OOB radiation and improve the
EVM. In F-OFDM, a highly spectally localized spectrum can be achieved using
a transmit side low pass filter where the number of coefficients exceed the CP
length. It has been shown that such a long filter does not cause significant IBI
due to the use of soft truncation time domain windowing. WOLA OFDM is a
time domain windowing technique which is used to smooth out discontinuities
between successive OFDM blocks by applying a weighted overlap and add (hence
the name WOLA) operation. Both these techniques have been extensively stud-
ied and their performance in different use cases have been characterized in the
literature [4,22].
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Fig. 5. Plot of percentage EVM vs Δn when Δf = 0kHz at an SNR of 30 dB. τmax−
and τmax+ are 65 and 79, respectively when p = 0.55. Note that the EVM is lowest
when the interference is synchronous to the desired signal.

Fig. 6. Coexistence between (a) new (N) and (b) legacy (L) devices. For a target BER
specification, ΔfNN < ΔfNL < ΔfLL.

By using spectral enhancement, it is expected that new IoT devices will gain
the ability to operate with narrower guardbands than legacy devices do. Figure 6
shows two use cases consisting of (a) new users (devices) and (b) combination
of new and legacy users. Legacy systems based on OFDM do not have improved
frequency localization, thus inter-channel separation, ΔfLL needs to be larger
than ΔfNN to maintain a target BER assuming all other parameters common
in both situations remain the same. In contrast, for new devices, ΔfNN can be
as low as a few subcarriers, but still achieving a comparable BER performance
to legacy devices. Another situation considered is the coexistence between new
and legacy users. Two situations can be studied here; interference caused by new
devices on legacy devices and vice versa. A baseline CP-OFDM pulse is highly
time localized which enables low latency communication. The purpose of employ-
ing a waveform enhancement technique at the transmitter is to limit the OOB
radiation which will affect neighboring channels. In addition, such a technique at
the receiver helps to attenuate interference from neighboring channels. Although
maintaining orthogonality at the receiver requires using a filter that is matched
to the transmitter, in asynchronous communication scenarios, given the fact that
orthogonality is already lost, it is not required to enforce a matched filter at the
receiver. Such relaxation allows the designer to independently enhance trans-
mit and receiver waveforms by using either filtering or windowing. Figure 7(a)
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Fig. 7. (a) Matched (b) unmatched waveform processing. c(n) is the channel filter
response.

shows the transmit receive setup where the transmit side waveform enhancement
technique is matched to that at the receiver. Figure 7(b) shows the unmatched
situation in which such techniques do not match. We present in Sect. 5 results
obtained using matched and unmatched filtering.

4 SDR Approach for Coexistence Studies

Fig. 8. EVM and BER measurement workflow. The received signal goes through analog
and digital signal processing elements of the AD9361, and digital baseband operations
such as synchronization and channel estimation are performed on the FPGA in real
time.

In our experimental setup, we have one transmitter, one interferer and one
receiver as shown in Fig. 1. The receiver front end is an AD9361 FMComms3 SDR
connected to Xilinx ZC706 evaluation board which consists of a Zynq 7000 fam-
ily SoC. The waveforms to be transmitted are generated in MATLAB using LTE
Systems Toolbox, and filtered if required. The channel bandwidth is 20 MHz and
the center frequency is 3.5 GHz. The distance between the transmitter/interferer
and the receiver is 1 m. The transmit power of the interferer relative to the desired
signal is changed by writing to attenuation control registers of both devices.
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4.1 Workflow

Our workflow is shown in Fig. 8. The desired signal with interference is passed
through the analog/digital processing chain of the AD9361. We have imple-
mented baseband processing such as frame detection, synchronization, channel
estimation etc. on the FPGA so that the received signals can be processed in real
time and symbol constellations can be obtained. The receiver baseband chain
has been designed using Simulink and MathWorks HDL Coder. These symbols
are processed in MATLAB to calculate EVM and BER. Calculation of the EVM
is done by comparing transmitted symbols with received symbols. Usually when
symbols are captured at the receiver, they are not aligned with the transmitted
symbols. Because of this, we perform a cross correlation between transmitted and
received symbols in MATLAB to align them in time. In addition, the received
symbols have undergone various levels of scaling due to signal processing taking
place on the FPGA. Before calculating the EVM, we need to scale the received
symbols to coincide with the transmitted symbols in order to minimize calcula-
tion errors.

4.2 F-OFDM Filter Implementation

In this work, we have evaluated both filtering and windowing techniques in sim-
ulations and have selected the filtering approach for hardware implementation.

Time Domain Approach: The most straightforward method to implement an
F-OFDM filter is by using time domain convolution because of the availability of
HDL synthesizable high level blocks such as an HDL optimized discrete FIR filter
in Simulink. It is possible in certain situations that implementing time domain
convolution is impractical due to limitations of hardware resources available on
the chip. In F-OFDM, all filter coefficients are real numbers. Therefore, for a filter
with length (M = 257), a time domain filter will require 257 DSP48 resources.
Allocating this many DSPs could be a challenging task even when modern SoCs
are used because there is a possibility of insufficient resources for some of the
other operations such as correlation. In such situations, the frequency domain
approach may better suit to meet resource constraints of the FPGA.

Frequency Domain Approach: Frequency domain filters take the input sig-
nal, perform FFT to transform it into the frequency domain, multiply the signal
and the impulse response in the frequency domain and transform back to the
time domain using inverse FFT. We use the overlap-save method [12] in which a
finite state machine (FSM) generates two overlapping pulses for two FFTs that
are used to convert the time domain signal into the frequency domain. The first
M − 1 valid samples of each IFFT are discarded, and the two outputs are com-
bined to get the filtered signal. The block level implementation of this method
is shown in Fig. 9.
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Fig. 9. Frequency domain F-OFDM filter implementation (block level).

We have tested both methods in hardware and verified their operation by
achieving comparable EVM performances. The frequency domain method is
advantageous in terms of DSP utilization. However, each FFT layer introduces
processing latency dependent on the size of the FFT. Therefore, the decision of
selecting the most appropriate filtering method needs to be taken after consid-
ering these trade-offs.

4.3 An Automated Test Framework for EVM and BER
Measurements

The software configurability of the RF front end allows researchers to program
AD9361 registers on-the-fly in order to achieve the desired front end behavior.
In our experiments, where multiple channels coexist in the medium, it is impor-
tant to analyze the effect of an interfering signal by changing the attributes of the
test setup such as the guard band size, interfering power, etc. Modifying these
parameters manually for different use cases is inconvenient and time consum-
ing. Some variables may remain unchanged over multiple experiments while some
may change. Such behavior for testing can be achieved in software without much
effort by using program control statements such as for loops. We augment the pro-
grammability of the SDR by including an additional layer of register programming
instructions written for the AD9361 target and run on a host computer that runs
MATLAB. Such level of automation allows us to easily increase or decrease the
number of experiments covering different use cases, without having to run them
manually by configuring parameters for each experiment.

When doing an automated experiment, we preload the waveforms to be trans-
mitted (desired and interference) on the tx side AD9361 targets and control their
transmission parameters. ΔP and Δf can be changed by writing to the regis-
ters corresponding to the attenuation and center frequency control registers in
either the desired or interference transmitter’s AD9361. Practically speaking the
probability of having a synchronous communication scenario in our test setup
is very low. Specifically, this can only happen when the CP of the desired and
interference signals overlap subject to the condition given in Eq. (1). The prob-
ability of this happening is 144/307200 = 0.0005 in our case. Therefore, we do
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not take into account the changes in Δn in our experiments and assume both
transmitters to operate asynchronously in practice.

5 Results

In this section we present both simulation and hardware experimental results. We
have performed simulations to quantify the effect of synchronous/asynchronous
interference in noiseless and noisy situations using different waveform enhance-
ment techniques such as filtering and windowing. We also estimate the proba-
bility of bit errors based on the received signal’s EVM. We have presented EVM
results obtained using over-the-air experiments and real time baseband process-
ing. We show the EVM values obtained with F-OFDM and baseline OFDM, and
when legacy channels coexist with legacy and F-OFDM channels at different val-
ues of Δf .

5.1 Simulations

Fig. 10. EVM vs Δn for (a–c) without (d–f) with white noise of SNR= 30dB. Guard
band sizes are (a, d) 0, (b, e) 4, and (c, f) 133 subcarriers.

Figure 10(a), (b) and (c) show simulated RMS EVM values of CP-OFDM,
F-OFDM and WOLA vs. synchronization error (Δn) obtained for a noiseless
channel when guardbands (Δf) are 0, 4, and 133 subcarriers, respectively.
F-OFDM filter length M is 257, and the tone offset is 10. WOLA has two
overlapping regions with lengths N1 = 111, N2 = 112, with a roll-off factor
α = 0.1. In the Δf = 0 situation, the interference from the adjacent channel
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is expected to be very high because the two channels touch each other in fre-
quency. In LTE with subcarrier spacing equal to 15 kHz, the value 133 translates
to a guardband of 2 MHz which is the typical spacing used in practice. In our
analysis, Δf = 0 and 133 can be considered as two extremes with the highest
and lowest EVM values, and Δf = 4 is a situation that gives us an intermediate
EVM value. Figure 10(d),(e) and (f) show corresponding results obtained when
the SNR is 30 dB. In the noiseless situation, CP-OFDM performs better than
F-OFDM and WOLA as long as the orthogonality is maintained between the
desired and interfering OFDM blocks; i.e., when Δn is less than pLCP where
p = 0.55 and LCP = 144. However, after the orthogonality is lost when Δn
exceeds pLCP , a significant increase in EVM can be noticed. In the case with
added noise, F-OFDM outperforms CP-OFDM even in the region where orthog-
onality is maintained by CP-OFDM. WOLA on the other hand shows high EVM
compared to the other two techniques at higher values of Δf and performs better
when the spacing is decreased. In practice, it is tolerable to have a small guard
band consisting of a few subcarriers; i.e., the spectral efficiency loss incurred is
insignificant. Spectral efficiency is a measure of how many bits can be trans-
mitted per second per hertz of bandwidth, and using a few spare subcarriers as
a guardband helps improve the EVM without compromising the spectral effi-
ciency too much. In such situations, filtering is favored over windowing, and for
hardware experiments using real-time baseband processing, we will only consider
filtering instead of windowing. Besides, windowing requires comparatively more
changes in the baseline OFDM architecture in order to perform overlap and add
operation. In contrast, F-OFDM can be easily integrated as a natural extension
to baseline OFDM. For these reasons, we only implement F-OFDM in hardware.

Figure 11a and Fig. 11b show how bit error probability Pb changes with SNR
when Δf = 75 kHz and ΔP = 0 dB for synchronous and asynchronous coex-
istence scenarios, respectively. These results were obtained using a MATLAB
generated baseband LTE signal, which is first modulated to a carrier frequency,
and added with an interference signal located at an offset of Δf , then demod-
ulating the affected signal in RF and then in baseband. The character order in
the legend represents: transmit side waveform processing technique-interference-
receiver side waveform processing technique, respectively. O and F represent
non-filtered and filtered techniques, respectively. The black curve represents
the baseline BER performance when no interference is present. Note that when
synchronous interference is present, OFDM’s BER performance curve (O-O-O)
closely follows that of the baseline waveform. This is because OFDM maintains
orthogonality when properly synchronized which in this case has been achieved.
However, in the asynchronous scenario shown in (b), due to the loss of orthog-
onality, non-filtered OFDM suffers from high BER which is not improved by a
significant amount despite the increase in the SNR. In contrast, F-F-F and O-F-
F show Pb values on the order of 10−6 at an SNR of 30 dB which is comparable
to the synchronous situation shown in (a). The performance benefit of the F-F-F
situation is obvious; transmit and receive filters are matched and the interference
is filtered at the transmit side, causing less OOB radiation into the desired signal
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Fig. 11. The effect of (a) synchronous, (b) asynchronous interference on BER perfor-
mance when Δf = 75 kHz and ΔP = 0 dB.
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Fig. 12. Pb vs SNR plot for legacy and new channel coexistence scenarios.

band. In O-F-F situation, although the transmit and receive signal processing
are unmatched, the BER performance is comparable to that of F-F-F.

Due to the high OOB radiation of OFDM, legacy devices usually employ
spectral enhancement techniques such as filters to limit the energy that goes
outside their occupied bandwidth. Such filters do not have steeper roll-offs com-
pared to F-OFDM, nevertheless they have improved BER characteristics com-
pared to baseline OFDM with no filtering. We investigate the effect of filtering
in legacy OFDM and monitor the BER performance when such channels coex-
ist with legacy and new (F-OFDM) channels. The results are shown in Fig. 12.
The legend follows a similar notation to what is shown in Fig. 11a and Fig. 11b;
L represents a legacy channel. In the L-L-L situation, Pb at 30 dB of SNR is
approximately 8 × 10−6 which is more than a 10 fold improvement compared
to the O-O-O situation shown in Fig. 11b. In the L-F-L situation, Pb is further
decreased because the radiation of the F-OFDM interferer is further suppressed
due to filtering. L-F-F shows the most promising BER performance and is compa-
rable to the baseline non-interference situation. In the L-F-F situation, filtering
at the transmitter distorts the constellation less compared to the F-F-F case,
hence we notice a slight decrease in Pb compared to that in F-F-F. However
the L-F-F situation does not practically exist in existing systems because legacy
devices usually use matched filtering at both transmit and receive ends. Never-
theless, such behavior gives us an insight that matched filtering is not a strict
requirement to achieve improved BER performance.
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Fig. 13. RMS EVM values obtained after real-time baseband processing: (a) ΔP =
0 dB, (b) ΔP = 10 dB.

5.2 Hardware Experiments

Figure 13(a) and (b) show EVM results for unfiltered and F-OFDM obtained
after real time baseband processing when ΔP is 0 and 10 dB, respectively. The
waveform processing is matched between the transmitter and the receiver; i.e.,
for OFDM, we have no filter either at the transmitter or the receiver, and for
F-OFDM, transmitter and receiver filters are identical. ΔP = 0 dB means that
the received interference power is the same as that of the desired signal, which
can occur when two transmitters are equidistant from the receiver and the multi-
path structure is assumed to be the same for both signals. The ΔP =10 dB
situation can occur when the desired signal path loss is higher than that of the
interferer. The highest EVM in both cases occurs at Δf = 0 kHz because there
is no channel spacing and the adjacent channel power leaking into the desired
band is significant. When filtering is used, we notice a decrease in EVM of about
15% and 37%, respectively compared to OFDM.

When Δf is increased, EVM decreases as expected. In order to achieve the
maximum benefit of F-OFDM, it is required to operate the two channels when
Δf is close to 150 kHz, i.e., the bandwidth of 10 LTE subcarriers. In this sit-
uation, Pb is approximately 3 × 10−4 and 1 × 10−5 for OFDM and F-OFDM,
respectively when ΔP = 0 dB. When Δf is further increased, we get dimin-
ishing returns for the F-OFDM filter compared to the baseline OFDM. This is
expected because when there is a large guard band, OFDM tends to perform
better. Note that selection of Δf is dependent on filter characteristics and BER
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Fig. 14. Receiver side constellations for (a, c) unfiltered (b, d) filtered OFDM when
Δf = 150 kHz. ΔP is 0 dB in (a) and (b), and 10 dB in (c) and (d).

Fig. 15. EVM vs Δf plot for legacy and new channel coexistence scenarios.
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requirements, and there is no guarantee that the same value of Δf provides the
optimum BER performance in situations which involve different variables.

Figure 14 shows the receiver side constellations obtained after performing
FPGA baseband processing on the received signals under different levels of
interference when Δf = 150 kHz. The benefit of filtering is clearly noticeable
in (b) and (d) over (a) and (c) in which no filtering is applied. Figure 15 shows
EVM values obtained using real time baseband processing for L-L-L and L-F-L
situations. According to these results, we notice that because of filtering, new
channels induce less interference on legacy channels meaning that new channels
can coexist with legacy channels better than legacy channels coexist with each
other.

Depending on the nature of the use cases, it is possible to carry out different
types of experiments by changing the variables described. The main advantage
of using SDR for such experiments is that it provides a real world platform
where natural impairments are present, and thus the researcher does not need
to mathematically model them. As the technology matures, more capable SDRs
with powerful back-end processing devices are expected to come to market. This
will provide a great deal of flexibility for wireless communications research.

6 Conclusions and Future Work

We have demonstrated using over-the-air waveforms and real time baseband pro-
cessing with different use cases that are relevant to demonstrate asynchronous
coexistence in the context of machine type communication. The requirement of
strict orthogonality in OFDM has been questioned by researchers in the last
decade, and it has been pointed out that even under asynchronous communica-
tion, it is possible to achieve a target BER performance when appropriate wave-
form processing techniques are implemented at the transmitter and/or receiver.
We have validated such claims by carrying out simulations covering different use
cases and have taken a step further by incorporating an SDR testbed to per-
form experiments involving over-the-air waveforms and real time FPGA based
baseband processing. We have presented a system level demonstration covering
practical asynchronous communication scenarios in which we comprehensively
analyze EVM and BER metrics and shown that it is possible to achieve asyn-
chronous coexistence between different users/devices even when channel separa-
tion is only a few kHz.

The platform we presented can be used to carry out different kinds of coexis-
tence related experiments due to the high flexibility of the RF front end. Possible
future work is to extend the capabilities of the current setup using the Xilinx
RF-SoC3. This platform comes with considerably more resources such as DSP48
blocks than the Zynq 7000 family of devices that we currently use. Therefore,
it is possible to design and implement longer length filters than what we have
already implemented, and achieve even better figures of merit. Another possible

3 https://www.xilinx.com/products/silicon-devices/soc/rfsoc.html.

https://www.xilinx.com/products/silicon-devices/soc/rfsoc.html
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extension to this research is to demonstrate a real application such as video play-
back to more clearly highlight the role of interference. For this, we will need to
implement the physical downlink shared channel (PDSCH) decoder which will
enable playback of the decoded data in real time.
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