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Abstract— The explosive emergence of wireless technologies
and standards, covering licensed and unlicensed spectrum bands
has triggered the appearance of a huge amount of wireless
technologies, with many of them coexisting in the same band.
Unfortunately, the wireless spectrum is a scarce resource, and the
available frequency bands will not scale with the foreseen demand
for new capacity. Certain parts of the spectrum, in particular
the license-free ISM bands, are overcrowded, while other parts,
mostly licensed bands, may be significantly underutilized. As
such, there is a need to introduce more advanced techniques
to access and share the wireless medium, either to improve the
coordination within a given band, or to explore the possibilities
of intelligently using unused spectrum in underutilized (licensed)
bands. Therefore, in this paper, we present a SDR based
framework that can be employed to devise disruptive techniques
to optimize the sub-optimal use of radio spectrum that exists
today. Additionally, we describe two use cases for the proposed
framework.

Index Terms— Intelligent Radio Networks; Spectrum Sharing;
Coexistence; Experimental Evaluation.

I. INTRODUCTION

Most of today’s channel allocations separate wireless sys-
tems by splitting the spectrum into fixed and exclusively
licensed bands that are assigned over large and geographically
defined regions. This approach restricts access to the spectrum
in exchange for guaranteed interference-free communications.
These allocations of spectrum are human-driven and not
adaptive to the dynamics of the traffic demand and supply.
At any given time, many allocated spectrum bands are unused
by their licensees while other bands are completely flooded.
For example, a report from the Federal Communications
Commission’s (FCC) Spectrum Policy Task Force (SPTF)
shows that 85% of current allocated radio frequency bands
are either partially or completely unused at different times
across geographical areas [1]. This kind of channel allocation
scheme wastes the tremendous spectrum capacity and creates
unnecessary scarcity [2].

Spectrum sharing, where more than one user shares the
spectrum band, either in time and/or space, is one possible
and highly viable approach to achieve better spectrum uti-
lization (i.e., combat spectrum bandwidth scarcity) and meet
the foreseen increase in traffic demand. Access to shared and
unlicensed spectrum bands will be of huge importance to
next generation wireless networks as they have the potential
to provide significant gains, both in terms of spectrum effi-
ciencies that translate to higher data speeds for the users and
enabling new capabilities such as guaranteed bandwidth and
new deployment scenarios [3].

Technologies such as LTE-Unlicensed (LTE-U), LTE-
Licensed Assisted Access (LTE-LAA) and MulteFire, oper-
ating in unlicensed or licensed shared spectrum bands avoid
interfering with neighbours using simple sense-and-avoid tech-
niques, however, in the foreseen dense and diverse future use
of spectrum, these simple schemes will not survive, because
only local information about the medium availability is insuf-
ficient to maintain end-to-end Quality-of-Services (QoS) of
multiple competing wireless links. In order to reap the full
capacity out of available spectrum bands, technologies for next
generation wireless networks need to forget about these simple
avoidance and isolation techniques. Next generation radios
have to abandon the safety provided by frequency isolation,
i.e., fixed channel allocations, and employ greater intelligence
to avoid interference while maximizing spectrum usage and
capacity. These radios will need to collaborate with their peers
in order to attain stable and adequate communications for all
involved radios [4].

Radios for next generation wireless networks have to be
devised not only to communicate reliably in congested and
contested environments but also to share radio spectrum with-
out direct coordination or spectrum pre-allocation planning
across a wide range of heterogeneous radios. Researchers need
to rethink the strategies for spectrum access and develop new
wireless paradigms where radio networks can autonomously
collaborate, understand the current state of the spectrum, and
reason how to share the spectrum bandwidth, avoid causing
and being interfered with, and jointly exploit opportunities to
attain the optimum usage efficiency of the available spectrum
bandwidth.

Therefore, unlicensed and licensed based spectrum sharing
models will encourage the research and development of novel
concepts, covering a wide range of topics, including the appli-
cation of machine learning (ML) and artificial intelligence (AI)
algorithms and models to the problem, deployment models,
spectrum/regulatory, radio access design, support of standalone
mode, network architectures, ecosystems and business models
to fully and intelligently increase the spectrum usage efficiency
and enhance coexistence [5].

In recent years, prototyping and experimental validation
of innovative wireless technologies has gained an increased
importance due to the ever increasing complexity of the
wireless ecosystem in the emerging next generation wireless
networks scenarios. Testbeds play a major role in developing
and testing new wireless communications technologies and
systems and as with any disruptive technology, prototyping
using realistic testbeds is the best way to truly understand
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the performance trade-offs. Based on that, several research
initiatives are proposing the design of modifiable prototyp-
ing frameworks and platforms for evaluating, comparing and
validating the performance trade-offs of innovative wireless
devices, communication techniques, network models, services,
etc. in realistic testbed environments.

Software Defined Radios (SDRs) [6] are radio communica-
tion systems where transceiver components that are typically
implemented in hardware (e.g., filters, modulators, demodu-
lators, etc.) are instead implemented in software on a per-
sonal computer or embedded system. SDR platforms provide
flexibility in reconfiguration of baseband algorithms, software
and reprogramming of Radio Frequency (RF) parameters.
Moreover, the concept of SDR is very encouraging for the
development of novel wireless communications technologies,
as software programming allows much faster development
cycles and real-life experiments to be conducted for example
at local or remote testbeds.

In order to ensure that the next generation of wireless
networks can get the most out of collaborative and intelligent
spectrum sharing techniques in real-world environments, we
present in this paper an open source and runtime configurable
SDR based framework which is relevant for experimental
research and prototype development of novel spectrum shar-
ing and coexistence mechanisms in realistic environments
[7]. The framework is composed of three main modules,
namely, packet-based physical (PHY) layer, spectrum sensing
and multiple-access channel-sharing modules. The proposed
framework is implemented using USRP Hardware Driver
(UHD) software Application Programming Interface (API) [8]
and runs on commercially available off-the-shelf (COTS) hard-
ware devices such as the Universal Software Radio Peripheral
(USRP) [9], which is a platform for SDR development.

II. PROPOSED FRAMEWORK

In this section the proposed framework is described in
details. It is comprised of three main modules: (i) slot-based
PHY layer (for discontinuous data transmission and reception),
(ii) RF Monitor (for spectrum sensing purposes) and (iii)
Listen Before Talking (LBT) (for Radio Access Technology
(RAT) coexistence). All the main modules are connected
to the ZeroMQ (Data/Control) module, which interconnects
the framework with upper layers through the ZeroMQ bus
[10]. This module manages the exchange of control and
statistics messages between the framework and upper layers.
The framework is used in conjunction with Ettus USRP family
of devices including PXIe platforms [8] and communicates
with it through the UHD driver [9]. The high level architecture
of the proposed framework is summarized in Figure 1.

USRP devices are hardware platforms developed for soft-
ware defined radio (SDR), and are commonly used by research
labs, universities, and hobbyists. USRP devices are controlled
through the UHD driver. The driver provides an Application
Programming Interfaces (API) that enables controlling and
accessing all features provided by USRP devices, while ab-
stracting the low level implementation details of the hardware.

Proposed Framework Architecture
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Fig. 1. Proposed Framework Architecture.

The most important operations provided by the UHD driver
fall into two classes, namely, control and streaming. Control
operations are used to set frequency, sample rate, gain, etc.
of the radios. Streaming operations are carried out through
streamer objects, which allow applications running on the host
to connect to Tx and Rx sample streamers offered by the
USRP device. These samples come from the radios available
in the devices. An Rx streamer object allows applications to
receive samples from the device and a Tx streamer object
allows applications to transmit samples to the device [9].

The slot-based PHY exclusively uses Streamer #0, both Tx
and Rx sample streams, and is fed by Radio #0. The RF
Monitor and LBT modules share Streamer #1 (both of them
only use the Rx sample stream), which is fed by Radio #1.
For performance reasons, each one of the modules, ZeroMQ
Data/Control processing, PHY Tx, PHY Rx Synchronization,
PHY Rx Data Demodulation, RF Monitor and LBT runs on
an exclusive thread.

Communication with the proposed framework is entirely re-
alized through a well-defined interface designed with Google’s
Protocol Buffers (protobuf) [11] for data serialization cou-
pled with the ZeroMQ messaging library [10] for distributed
exchange of control messages and data. Implementing the
ZeroMQ push-pull pattern allows local or remote upper layers’
real-time configuration of several parameters and reading
of several pieces of information/statistics provided by the
framework. Based on the ZeroMQ logic, all modules are
able to exchange control and data messages following an un-
blocked communication paradigm. Additionally, by adopting
protobuf and ZeroMQ, the proposed framework offers other
modules/layers the flexibility to use any kind of programming
language implementation, making it easier to integrate multi-
ple independent modules into a single working system. The
flexible communication interface provided by the framework
makes it ideal for deployment in testbeds and allows different
upper layers to be plugged in, hence, an important enabler
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for intelligent spectrum sharing experimentations towards next
generation of wireless networks.

Through the use of the proposed framework, a myriad
of real-world experiments can be performed, ranging from
research of new physical layer techniques (e.g., higher or-
der modulation schemes, novel waveforms and numerologies,
channel coders, etc.) to RAT coexistence in unlicensed and
licensed shared spectrum bands (e.g., comparison of the
fairness between different contention-based mechanisms such
as Carrier Sense Adaptive Transmission (CSAT) and LBT,
impact of different parameters such as Channel Occupancy
Time (COT), idle time, Tx power, PHY bandwidth, spectrum
overlap, MCS on the performance of Wi-Fi and LTE networks,
etc.) to collaborative and intelligent radio networks (i.e.,
networks where AI and ML components act as the brain of
the system and control various aspects of medium access and
PHY layers to ensure adaptability, while also running some
sort of collaboration protocol [12, 13]).

In the next sections, we describe each one of the main
modules present in the proposed framework.

III. SLOT-BASED PHYSICAL LAYER

In spectrum sharing scenarios, several users might share the
medium at the same time and continuous access to it might
not be possible all the time. With discontinuous transmissions,
it is possible to have a better use of the available spectrum
band and opportunistically/intelligently/collaboratively coordi-
nate its usage with other networks. Additionally, continuous
access is not preferable for the sake of fair medium sharing
as it is more aligned with systems operating in licensed bands
where there is no need for sharing. Moreover, in unlicensed
spectrum, some regulatory authorities do not allow continuous
transmissions and limit the maximum duration of a transmis-
sion burst [14].

A PHY layer presenting a discontinuous transmission fea-
ture would have a great value to spectrum sharing research,
as it could be used to leverage techniques devised to achieve
fairer coexistence and higher spectral efficiency in scenarios
where time-frequency resources are shared. Therefore, as part
of our framework for spectrum sharing research, we decided
to develop a discontinuous transmission-based PHY, which
transmits data bursts in small transport units called slots. A
slot is the container through which data is exchanged in the
network.

The LTE PHY layer standard is the starting point for the
development of the proposed slot-based PHY. We decided
to base the development on LTE PHY standard as it offers
several advanced features including high spectrum efficiency,
multiple bandwidths, high peak data rates, mobility, multi-user
access, flexible time framing and time-frequency structure,
link adaptation with adaptive modulation and coding schemes
and multiple-input and multiple-output (MIMO) [15, 16].
Moreover, the next generation of wireless networks (i.e.,
5G) will initially evolve from LTE standards [15], i.e., they
will be made available through improvements in LTE, LTE-
Advanced and LTE Pro technologies [17]. The proposed slot-

based PHY is built upon the srsLTE open-source library [18],
and therefore, absorbs and evolves on top of the existing LTE
features.

In order to stay aligned with both LTE standards and
5G initiatives [16, 17], we decided to adopt an Orthogonal
Frequency-Division Multiplexing (OFDM) based waveform.
OFDM is a mature technology, which is vastly implemented
in a great number of products due to its several advantages
such as robustness to severe multipath fading, low imple-
mentation complexity, easy integration with MIMO, simple
channel estimation, etc. [16]. Additionally, OFDM allows for
enhancements such as waveform windowing/filtering, which
can effectively minimize out-of-band spurious emissions [19].
It is also worth mentioning, that compared to other popular
OFDM-based technologies like Wi-Fi [20] and Digital Video
Broadcasting-Terrestrial (DVB-T) [21], LTE was devised since
its inception for multi-user communications by assigning sub-
sets of 12 subcarriers (also known as a resource block (RB))
over multiple 1 ms long subframes to individual users. This
flavor of multiple access is known as Orthogonal Frequency-
Division Multiple Access (OFDMA) and gives LTE a very
flexible way of allocating time/frequency resources to multiple
concurrent users.

As mentioned earlier, the proposed slot-based PHY module
is split into three submodules, namely, PHY Tx, PHY Rx
Synchronization and PHY Rx Demodulation where each one
of them runs on an exclusive thread. PHY Tx thread is
responsible for modulation and transmission of data (i.e.,
user and control data). PHY Rx Synchronization thread is
responsible for the Primary and Secondary Synchronization
Signal (PSS/SSS) detection, Carrier Frequency Offset (CFO)
correction and slot alignment tasks. PHY Rx Demodulation
thread takes care of user and control data demodulation. The
slot-based PHY receives data and control messages from the
ZeroMQ Data/Control thread.

Regarding numerology, the proposed PHY supports LTE
numerology with the same subcarrier spacing (15 kHz) and
the cyclic prefix (CP) lengths (normal and extended CPs).
However, the proposed PHY also supports the configuration
of different (larger and smaller) subcarrier spacings and CP
lengths by adopting different sampling rates. Larger subcarrier
spacing is used to mitigate inter-carrier interference (ICI) at
high frequency bands and smaller spacing allows for extended
coverage (due to increased Power Spectral Density (PSD))
and high delay spread scenarios (due to longer CP) at low
frequency bands [16, 17].

Different CP lengths are used to accommodate different lev-
els of inter-symbol interference (ISI) at different frequencies,
coverage and mobility [17]. All LTE predefined bandwidths
(1.4, 3, 5, 10, 15 and 20 MHz) are supported. PHY channel
bandwidth (BW) can be changed through command line at
start up, or in real-time, through one of the control messages,
which are introduced later in this section.

Differently from the LTE PHY downlink, which is con-
tinuously transmitting signals, the proposed slot-based PHY
employs discontinuous (i.e., bursty) transmission of slots. A
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slot is the basic transmission unit of the proposed PHY and
each one is 1 ms long. Depending on its type, a slot might
carry synchronization signals, reference signals, broadcast,
control and user data.

Three different types of slots following the same definition
as the LTE subframes are proposed [15, 16]. The first type,
which is equivalent to subframe #0 in the LTE standard,
carries synchronization signals (PSS/SSS), reference signals,
broadcast, user and control data. The second type is equivalent
to LTE’s subframe #5 and carries synchronization signals
(PSS/SSS), reference signals, user and control data. The third
type, which is equivalent to LTE’s subframes other than 0 and
5 (i.e., 1 to 4 or 6 to 9), only carries reference signals, user and
control data. It is important to notice that the RBs intended to
carry user data can be split into different sections and allocated
to different concurrent users. All slots types carry user data,
signals for channel estimation/equalization, and control data,
which holds information on how to decode each one of the
possible user data sections. The first two slot types are used for

transmission detection once they carry synchronization signals.
The first slot one is used whenever there is a need to transmit
broadcast information. As it does not carry synchronization
signals, the third type can only be used if it is transmitted
after one of the other two types. Similarly to an LTE subframe,
each slot can have 14 or 12 OFDM symbols depending on the
configured CP length, i.e., normal or extended CP [15]. All
the slot types for normal CP are depicted in Figure 2.

The proposed PHY allows bursty transmissions with vari-
able COT, i.e., the number of slots to be transmitted in a row
without any gap (i.e., idle time) between them is variable.
The number of slots in a COT, i.e., frame, is derived based on
Modulation Code Scheme (MCS), number of Resource Blocks
(RB) and data length (i.e., number of bits to be transmitted)
parameters sent by upper layers in the control messages. The
minimum COT is equal to 1 ms and is equivalent to a slot.
Variable COT enables the support of different traffic loads.
Every slot can carry a pre-defined number of bits, which is
based on the MCS and number of RBs used for a transmission
[16].

The proposed slot-based PHY can operate with two dif-
ferent data transmission modes. The first mode can be used
to establish communications with multiple nodes in ad-hoc
or mesh networks, depending on routing capabilities imple-
mented in the upper layers connected to the slot-based PHY
(i.e., routing at layer 3 of the OSI model). This mode is a
simplification of the LTE channel’s structure and only uses
the Physical Downlink Shared Channel (PDSCH) for user data
transmissions in both directions, i.e., downlink and uplink, in
order to take advantage of both multi-user communications and
high performance Forward Error Correction (FEC) provided
by turbo codes [16]. Additionally, this mode also uses Physical
Control Format Indicator Channel (PCFICH) and Physical
Downlink Control Channel (PDCCH) for control purposes and
Cell-specific Reference Signals (CRS) for channel estimation
and equalization. The second mode operates exactly with the
same channel’s structure as adopted in the LTE standard, i.e.,
it has all downlink and uplink physical layer channels as
defined in the standard. This mode can be used to establish
communications in a cellular mobile network. In both modes,
OFDMA can be used to communicate with multiple users at
the same time.

Regarding frame structures, we propose two different types.
In the first one, PSS and SSS sequences are added to all
slots in a COT, allowing for better time-frequency tracking
at the receiver side. This frame structure allows the receiver
to easily perform slot synchronization every 1 ms without
the necessity of complex tracking algorithms. However, as
PSS and SSS signals are added to all slots, it is not pos-
sible to reach MCS values higher than 25 as those signals
occupy several subcarriers that could be used for user data
transmission. Other downside is that PSS and SSS detection
is time-consuming and consequently, decreases the maximum
achievable throughput as the period of time required to detect
and decode slots increases. In the second proposed frame
structure, PSS and SSS signals are added only to the first slot
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Fig. 3. Standard LTE versus Proposed Frame Structures.

of a COT. This structure increases the number of subcarriers
useful for user data transmission (making it possible to reach
the highest MCS value, i.e., 28 [22]) and decreases the
time to receive and decode slots, consequently improving the
throughput. However, this frame structure requires a more
complex tracking/synchronization algorithm and the necessity
to add information about the number of slots in a COT to
the first slot, which means, if the first slot is lost none of the
subsequent slots can be decoded.

The first proposed frame structure is more robust to time
and frequency fluctuations and should be used in cases where
transmitter and receiver nodes are moving as it provides better
synchronization and less slot losses. On the other hand, the
second frame structure should be used for static or quasi-static
nodes. The proposed PHY allows switching between the two
frame structures either through command line at initialization
or during run-time in order to adapt itself to different radio link
conditions. Figure 3 depicts the two types of frame structures
supported by the proposed PHY.

The Payload Data Unit (PDU) adopted by the proposed
PHY is a Transport Block (TB), which is a concept reused
from LTE PHY layer. Therefore, a TB is the payload coming
from upper layers and given to PHY to be transmitted over the
air through the PDSCH. A TB is defined in the LTE standard
and varies according to some parameters [23]. According to
the LTE standard, 1 TB consists of a number of bits that can be
accommodated within a 1 ms long subframe given the selected
number of RBs and MCS [23]. Therefore, given the number
of allocated RBs and the desired MCS, upper layers can find
the number of bits that can be handled by an 1 ms long slot.

The communication between upper layers, e.g., Medium
Access Control (MAC), and the proposed PHY layer is carried
out through the exchange of four messages. The first two,
namely, Tx and Rx Control messages, are used to manage
slot transmission and reception respectively. The parameters
carried by these two messages can be configured and sent
to PHY by upper layers before the transmission of every
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slot, hence allowing runtime configuration. The other two
messages, namely, Tx and Rx statistics messages, are used to
give real-time feedback from PHY to upper layers, providing
vital information necessary for such layers to take actions.

Tx control messages carry the user data (i.e., TB) to be
transmitted and Tx parameters related to that transmission such
as number of RBs, MCS, data length, Tx gain, Tx channel,
Tx PHY BW, transmission timestamp and frame structure
type. The transmission timestamp parameter enables time-
scheduled transmissions, which allows the implementation of
Time Division Duplexing (TDD) or Time Division Multiple
Access (TDMA) technologies with the proposed PHY layer.
Rx control messages are used to configure Rx channel, Rx
gain and Rx PHY BW. The other two messages, namely, Rx
and Tx statistics, are used to inform upper layers of PHY Rx
and Tx processing results respectively. Rx statistics messages
carry the received data and reception statistics related to
the received data such as Channel Quality Indicator (CQI),
Received Signal Strength Indication (RSSI), MCS, slot error
counter, decoding time, etc. Tx statistics messages inform
upper layers of transmission statistics like coding time, total
number of transmitted slots.

IV. RF MONITOR

As mentioned earlier, this module runs on an exclusive
thread and utilizes Radio # 1 of the USRP to act as a spectrum
sensing monitor. It monitors and reports on a defined range
of spectrum band and can be configured to report either the
detected power per subband or subband occupancy (statistical
hypothesis testing [24]), i.e., if a subband is free or already
being occupied by another transmitter. Figure 4 depicts the
architecture of the RF Monitor module.

Subband power reporting is obtained by applying a N -point
FFT to the received IQ samples, summing the squared modulus
of every consecutive B FFT bins (where B must be a power of
two) to form M groups of power samples, i.e., subbands and
then, applying the base-10 logarithm in relation to a reference
power of 1 Watt to each one of the subbands, resulting in
measurements given in dBW. A M -long float array holds the
subband power information.

In order to report subband occupancy, the module imple-
ments a spectrum-sensing algorithm based on a Cell-Average
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Constant False Alarm Rate (CA-CFAR) strategy [24, 25].
The proposed algorithm is composed of three stages: (i)
identification of a set of power samples, I , that can be
considered as containing only the presence of noise in order to
calculate a noise-power reference value, ZREF; (ii) the number
of power sample values considered for the calculation of the
noise-power reference value, and the desired probability of
false alarm, PFA, are used in the second stage to calculate
the detection factor, α; (iii) the third stage employs both, the
threshold factor and the noise power reference value to test
the occupancy of each one of the subbands.

The power samples used in the first stage are also obtained
after applying an N -point FFT to the received IQ samples
and summing the squared modulus of every B FFT bins
into subbands. The procedure used to find the noise-power
reference value, ZREF, in the first stage involves ordering the
subbands in ascending order of power. The detection threshold
is found by multiplying ZREF by the threshold factor, α. In the
end, there are M subbands which will be tested against the
detection threshold, in order to declare whether the subband
is occupied or free. If the subband power is greater than the
detection threshold, then the subband is declared occupied
(true), otherwise it is declared free (false). After testing all
subbands, an M -long boolean array holds the occupancy
information of the monitored spectrum band. In the current
implementation, the probability of false alarm, PFA is set to
10−4. Further information on this algorithm can be found in
[24] and the references therein.

The module allows configuration of the following parame-
ters for both types of reporting (power or occupancy): mon-
itored bandwidth (through the change of the sampling rate),
center frequency, frequency resolution (through the change of
the number of FFT bins), number of FFT bins, M , considered
as a subband (i.e., number of bins considered for the subband
power calculation) and periodicity of the report of statistics.
These parameters can be configured in real-time by upper
layers through the RF monitor control message. The sensing
reporting type, i.e., power or occupancy, is configured during
initialization of the framework. The following information is
sent to upper layers through an RF Monitor statistics message:
timestamp of the moment the IQ samples were received by
the USRP and power or occupancy array depending on the
configured reporting type.

The RF monitor module is of great importance to spectrum
sharing mechanisms as it offers a local insight of the spectrum
band usage. It allows upper layers to access spectrum sensing
measurements, which can be used to train ML and AI modules
to better understand the environment, optimize the spectrum
usage/sharing and cooperatively work with other networks
without any previous knowledge on the other network’s opera-
tion and implementation, i.e., without any co-design [26]. For
instance, this module allows the implementation of adaptive
carrier selection algorithms such as CSAT [27] and can also
be used to train ML or AI modules to perform MF-TDMA
slot allocation [28].

LBT time-based frame structure

Parameter Value

Clear channel assessment (CCA) time Minimum: 16 [us]
Maximum: 190 [us]

Channel ocuppancy time (COT) Minimum: 1 [ms] 
Maximum: dynamically configurable (tested until 
30 [ms])

Clear period Variable. Can be adjusted to comply with 
3GPP’s specifications.

Fixed/Variable frame period COT + clear period.
Differently from LAA we can have variable frame 
periods for different loads and channel usage.

time

CCA CCA

Channel Occupancy 
Time

Clear Period

Variable or Fixed Frame

CCA

Channel Occupancy Time Clear Period

Variable or Fixed Frame

Fig. 5. SW-based LBT frame structure.

V. LISTEN BEFORE TALK

As the other modules in the proposed framework, the
software-based Listen Before Talk (SW-based LBT) module
also runs on an exclusive thread. The module implements
a contention-based mechanism for medium access based on
3GPP’s LAA specifications [29, 30]. However, differently
from 3GPP’s LAA specifications, the proposed implementa-
tion allows the following configurations: minimum and maxi-
mum contention window (CW) sizes (with the option for the
upper limit to be fixed or dynamically adjusted), variable frame
period (with configurable maximum COT and clear periods,
which allows longer than the standardized maximum frame
period [29] and the adaptation to different traffic loads and
channel usage) and threshold. Figure 5 shows the proposed
variable frame structure supported by the implemented LBT
module. The frame period, which is composed of the COT
and clear periods, can be dynamically configured to any value
greater than 1 ms.

Figure 6 depicts the Finite State Machine (FSM) of the
proposed SW-based LBT module, which is explained as
follows. Initially, a radio having data to transmit performs
a Clear Channel Assessment (CCA) in order to determine
if the medium is occupied or clear, i.e., the radio performs
energy detection (ED) in given spectrum band during CCA
observation time, if the measured energy level exceeds the
CCA threshold then the medium is declared as occupied,
otherwise, the medium is clear. If the radio finds the medium
clear, it may transmit immediately and occupy the medium for
the total time of COT.

In case the medium is occupied, the radio must execute
a random backoff procedure, where a backoff counter is set
to a random number, Q, drawn from a specified interval
called the CW [31]. During the random backoff procedure,
Q CCA checks are performed for the duration of a CCA
observation time, where Q defines the total number of clear
periods that need to be observed (i.e., counted) before the radio
can transmit. The backoff counter is decremented every timeSW-based LBT FSM

• Based on 3GPP’s LBT specficiations.
• Implementation keeps track of channels’ occupancy statistics (usage).
• Statistics can be used to find the optimum channel to be used.
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Channel sensing
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Fig. 6. Software-based LBT FSM.
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the medium is observed to be clear. The radio may transmit
when the counter reaches zero. The random backoff procedure
was designed to cope with situations where more than one
radio senses the medium as in clear state at the same time,
and with this, decreasing the collision probability.

The CW size can be configured to be fixed or dynamic, with
adjustable minimum and maximum values. In the fixed mode,
Q is always drawn from the same interval, giving different
radios the same probability of transmission opportunity in
spite of collisions and traffic load. This approach is not fair
when coexisting with RATs that adopt exponentially increasing
CWs (e.g., Wi-Fi) when a collision happens. In the dynamic
mode, a binary exponential backoff mechanism is used in
the way that the CW size is increased exponentially based
upon the occurrence of a collision (which can be based on
feedback reports such as HARQ ACK/NACK or based on
channel utilization sensing [32]) and reset to the minimum
value when the transmission succeeds. The dynamic mode was
devised to improve the overall channel utilization, reduce the
collision probability and fairly coexist with other RATs like
Wi-Fi.

The following parameters can be configured in real-time
by upper layers through an LBT control message: sampling
rate, center frequency, CCA threshold, CCA observation time,
fixed or dynamic CW, CW minimum and maximum values
and idle time. Additionally, the proposed LBT design keeps
track of some channels’ occupancy statistics such as chan-
nel clear/occupied ratios and clear/occupied average energies.
These statistics are reported to upper layers through an LBT
statistics message and can be used, for example, to find the
optimum channel to be used, i.e., the least occupied channel.

VI. USE CASES

In this section we describe two use cases for the proposed
framework. The first one focuses on how the framework may
facilitate slot selection in time and frequency domains in
order to coexist with other technologies, based on intelligent
prediction of the medium usage. The second use case shows
how the framework can allow contention-based parameters at
MAC level to be optimized when an intelligent upper layer is
integrated for specific technologies.

A. Transmission Pattern Prediction

In the unlicensed 5 GHz spectrum band, RATs such as LTE
and Wi-Fi use the same spectrum for communications, which
often results in cross-technology interference, i.e., interference
from spatially close concurrent transmissions that overlap in
time and frequency, an event known as collision.

In order to mitigate cross-technology interference, in this
use case, the proposed framework is used to implement an
intelligent Multi-Frequency Time-Division Multiple Access
(MF-TDMA) like network in a congested unlicensed spectrum.
Here, the slot-based PHY and the RF Monitor modules are
integrated with a MAC layer and a reasoning module featuring
a Neural Network (NN) model.

C
ha

nn
el

s

Time-slots 

Used

Used

Used

Used

Used

Used

Used

Used
Used

Used

Frequency NN learning phase

Used

Used

Time 

Time 

B

Used

Used

Used

Used

Used

Used

Used

Used
Used

Used

A

B B B B B C C

C C C

A A

A A

A A C

B

C C A A

A A A A

NN slot prediction phase

Used

Used

C C 

B B

Frequency

Time/Frequency resource
already being usedUsed A MF-TDMA slot

(node A)

B MF-TDMA slot
(node B) C MF-TDMA slot

(node C)

Reasoning Module 
(Neural Network) 

MAC 

slot-based
PHY 

Intelligent Radio

Radio stack

RF Monitor 

Proposed Framework

Learning algortihm

Reasoning
Module 

(Neural Network) 

MAC 

slot-based
PHY 

Intelligent Radio

Radio stack

RF
Monitor 

Proposed Framework

Learning algortihm

C
ha

nn
el

s

Time-slots 

Used

Used

Used

Used

Used

Used

Used

Used
Used

Used

Frequency NN learning phase

Used

Used

Time 

Time 

B

Used

Used

Used

Used

Used

Used

Used

Used
Used

Used

A

B B B B B C C

C C C

A A

A A

A A C

B

C C A A

A A A A

NN slot prediction phase

Used

Used

C C 

B B

Frequency

Time/Frequency resource
already being usedUsed A MF-TDMA slot

(node A)

B MF-TDMA slot
(node B) C MF-TDMA slot

(node C)

C
ha

nn
el

s

C
ha

nn
el

s

Fig. 7. Use case scenario: MF-TDMA free slot prediction.

The NN is trained to improve slot scheduling (i.e.,
time/frequency allocations) by predicting transmission pat-
terns, and consequently avoiding traffic from other nodes
regardless of the technologies they are using. By observing the
spectrum, through statistics received from both the RF Monitor
and PHY modules, the NN is able to do online learning and
predict the behavior of other nodes, finding free slots some
time in advance. Based on the slot usage predictions provided
by the reasoning module, the MAC layer can select in advance
the best channel and the necessary COT and MCS to deliver
the traffic load while not causing interference (i.e., collisions)
to other radios. Figure 7 shows how the integration of the
proposed framework with a reasoning module can be used to
implement an intelligent spectrum sharing scheme.
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Use Case: Intelligent RAT Coexistence
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Fig. 8. Use case scenario: Intelligent RAT Coexistence.

B. Intelligent LTE-LAA and Wi-Fi Coexistence

LTE-LAA enables the deployment of LTE networks in the
unlicensed 5 GHz spectrum band. However, when coexisting
with LTE-LAA, the performance of Wi-Fi networks primarily
relies on how the LTE-LAA parameters are configured, espe-
cially parameters such as channel, COT, idle time and CW
size that govern the transmission opportunities in LTE-LAA
networks.

In order to provide fairer coexistence, LTE-LAA parameters
must be dynamically configured based on specific statistics
like collision counters, different channel utilizations, i.e., the
traffic load present in a channel, etc. In this use case, the
proposed framework is used to implement an intelligent LTE-
LAA base station (BS). Here, the slot-based PHY and the
LBT modules are integrated with a Reinforcement Learning
(RL) module, which can feature algorithms like Multi-Armed
Bandit or Q-Learning, to maximize the overall capacity per-
formance through an efficient coexistence.

The RL module learns how to estimate the activity of Wi-
Fi users and consequently adjust the LTE-LAA parameters
for several traffic conditions. The main goal is to determine
a policy by which the LTE-LAA BS can intelligently choose
the optimum channel, COT, idle time and CW size based on
collision statistics and measurements taken during the sensing
period. Figure 8 shows how the integration of the proposed
framework with an RL module can be used achieve efficient
RAT coexistence.

VII. CONCLUSIONS

This paper presents a framework that enables experimental
research and prototyping for various next generation wireless
networks spectrum sharing scenarios. Its high configurability,
supported by an interface built upon popular programming
libraries (Google protobuf and ZeroMQ), allows engineers
and researchers to easily modify it or extend its functions
by plugging in new modules implementing novel spectrum
sharing techniques and approaches. Additionally, the proposed
slot-based PHY is of great importance to combat spectrum

scarcity as it has a pivotal role in providing optimum utiliza-
tion of time-frequency resources. These features make it the
perfect candidate for an extensive range of spectrum sharing
experimentations in real-world or realistic environments such
as testbeds aiming at better understanding disruptive spectrum
sharing schemes. Two distinctive cases are presented with
hints on how the proposed framework could be employed in
intelligent spectrum sharing research.
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