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I. I NTRODUCTION
The substantial amount of unlicensed spectrum (part of
UNII 5 GHz band, TV White Space and 3.5 GHz shared
band) [1] can bring opportunities for the next-generation of
cellular systems to improve spectrum efficiency and utilization.
[2]–[4]. Effective use of these shared spectrum bands requires
dynamic spectrum management for coordination between multiple service operators potentially using incompatible radio
technologies such as LTE and Wi-Fi.
Earlier spectrum coordination techniques have relied heavily
on the existence of a centralized spectrum controller [5] to
resolve network access conflicts. Although the centralized
system is an important step towards the dynamic spectrum
management, it is not a practical solution due to its scalability and programmability limitations. For example, a single
national server might require 109 ∼ 1010 database entries with
108 ∼ 109 updates/queries per second. The server can become
a single point of failure. In addition, a centralized approach
can lead to insufficient local autonomy to negotiate flexible
local policy and enforcement. Many approaches [6] propose
to deploy multiple geographical distributed servers, but exact
details of scalability of inter-operable models for these servers
and the scope of their management responsibilities remain
unspecified. These limitations motivate us to introduce a
practical decentralized architecture which provides scalibility
and open programmable platform for improved control of the
wireless networks.
In the project, we propose a distributed spectrum
management architecture (SMART) which is a fully decentralized architecture based on a software-defined spectrum control
plane. It avoids a central point of control and allows for a
degree of autonomy on local policies. SMART is hierarchically
structured with support for mobile devices, base stations or
access points, wireless network controllers and cloud-based
aggregate spectrum management entities. A set of standardized APIs and protocol interfaces between these entities are
defined to exchange radio usage and control parameters over
the common control plane. Thus, SMART provides a local
spectrum visibility at wireless networks and enables a range
of distributed algorithms for mitigating interference.
II. BACKGROUND AND R ELATED W ORK
Considerable research has been reported on the topic of
dynamic spectrum management over the past few years. In
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Fig. 1. Overview of proposed decentralized spectrum management architecture (SMART)

general, two distinct approaches have been explored for spectrum management - centralized and distributed:
Centralized management: Several variants of the centralized
spectrum server approach have been proposed in the research
literature [7], [8]. More recently, a centralized spectrum access
system (SAS) [9] has been proposed for the 3.5-3.7 GHz band
being considered for unlicensed shared use. Despite benefits
of centralized approach, there are several shortcomings due
to the centralized architecture for a large-scale service. Thus,
a flexible and scalable solution for dynamic spectrum assignment will ultimately require a decentralized architecture which
is scalable, robust and practical.
Distributed management CSCC (Common Spectrum Coordination Channel) was proposed in [10] for dynamic spectrum use via distributed information exchange in a separate
control radio channel. Authors in [11] introduce separation
of network services from underlying physical infrastructure
through a software defined control plane for heterogeneous
networks. However, the main network services considered in
that work are security and mobility management rather than
spectrum. One recent project, which has addressed the need
for technology-agnostic programming abstractions considering
both control and management of wireless networks attributes
and functionalities is described in [6]. Our project takes a
step further by proposing a distributed architecture to facilitate
management of wireless networks at large scale and also incorporate both Wi-Fi and LTE technologies in our deployment
and simulation.

III. A PPROACH AND U NIQUENESS
The main design challenges in architecting SMART is as
follows: 1) Instrumenting a control plane to enable information exchange among wireless networks, 2) Identification
of a set of distributed protocols and algorithms that enables
a decentralized yet consistent allocation of radio resources
across networks within a geographic region, 3) Collaborative
or competitive market mechanisms enabled by cloud-based
spectrum aggregators on the control plane. In order to address
these challenges, we consider a hierarchical architecture for
SMART, with control logic at the radio device level, the
wireless network domain level and the cloud-based regional
aggregator level as described in Fig. 1.
A. Radio device level
We envision the functionality on radio devices to be minimal
with primary responsibilities of collecting spectrum usage
statistics, negotiating and setting radio parameters based on
information exchange with neighboring radio devices or the
wireless domain (WD) controller.
B. Wireless network domain level
The wireless network domain level is represented by the
Access Point (AP) or Base Stations (BS) management module
in case of a single radio access network, or a softwaredefined WD controller in the case of a wireless domain with
multiple radio access networks (including multiple radio access technologies). The WD controller aggregates radio MAPs
from radio devices belonging to its wireless network domain,
computes radio parameters based on spectrum coordination
algorithms and pushes optimized radio parameters to the lower
radio device level for the coordinated operation.
C. Cloud-based regional aggregator level
Policy and constraints can be specific to radio access
technology, spectrum band, network, user/group of users, such
as preventing throughput starvation, minimizing time delays,
accommodating paid service tiers at users, etc. In addition to
taking these into account, the cloud-service level needs to a)
control information dissemination to the WD controller and
among WD controllers, b) define wireless network domain
boundaries at the WD controller, and, c) in special cases,
assign master/slave modes to WD controllers.
D. System Deployment
In this section, an overview of the system deployment which
enables the control of heterogeneous wireless networks is
described. There have been multiple recent research/industry
efforts to shift the control of the radio access networks towards
open and programmable platforms [12]–[14]. We adopt principles of software-defined wireless networking in this paper to
facilitate coordinated resource management and sharing among
multiple autonomous wireless networks.
In order to develop a fully technology agnostic framework
for inter-technology cooperation, the separation of desired
functionalities from the underlying infrastructure is necessary.

Fig. 2. SDN-based architecture to facilitate cooperative optimization of radio
resources

This can be realized through a uniform IP-based control
plane for networks to exchange spectrum information and for
control entities to set key radio parameters. Additionally the
control API can be implemented by incorporating SDN syntax
extensions for radio specific parameters [15]. The API serves
the function of providing the necessary abstractions for the
logical distribution of functionalities (abstraction of parameters
like frequency, etc.)
On the lowest control level, we assume a regional SDWN
controller which is in charge of acquiring radio-resource information from edge wireless access networks using technologyagnostic API. The controller then computes radio parameters
based on a cooperative algorithm and pushes optimized radio
parameters to the lower wireless access level for coordinated
operation. An overview of the lowest level of the SDWN-based
control plane architecture is shown in Fig.2.
IV. R ESULTS AND C ONTRIBUTIONS
Considering the problem of LTE and Wi-Fi coexistence,
we show through experiments and simulation how SMART
architecture can enable fair coexistence between LTE and WiFi. For analytical evaluation, we firstly model the effect of
LTE and Wi-Fi interference on each other using experiments.
Then we show how cooperative optimization of operating
parameters for these networks will result in higher efficiency
and fairness. Secondly, we investigate a simple scenario with
two WDs deployed on USRP radio platforms [16] in the
ORBIT testbed [17] and demonstrate gains achieved due to
inter-network coordination between WD controllers.
A. Experimental Interference Characterization
In this section we focus on investigating interference characterization in a single LTE-single Wi-Fi scenario, in order to
understand the mutual interference between these two systems
and provide a simple baseline. There have been few efforts
to experimentally characterize how downlink throughput of
each technology will be affected by varying interference
from the other. The study in [18] shows the effect of LTE
transmission on Wi-Fi throughput with only control traffic on
LTE downlink, and confirms the piece-wise linear relationship between Wi-Fi’s throughput and Signal-to-Noise-Ratio
I
(RW
∝ log(SIN R)). Here we extend this result by having
full-buffer downlink data transmission for LTE in a controlled
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Fig. 4. Effect of LTE transmission on Wi-Fi throughput (a) Node topology,
red dashed lines: varying attenuation, grey lines: maximum attenuation and
solid black lines: no attenuation. (b) Wi-Fi throughput. (c) LTE throughput
Fig. 3. Baseline experimental setup on Sandbox 4 of ORBIT testbed.

RF test system to also examine the effect of Wi-Fi transmission
on LTE’s throughput. The ultimate goal of this characterization
is to obtain interference to Rate-Reduction Factor (RRF)
mapping, by relying on the analytically-expected piecewiselinear relationship between Wi-Fi or LTE throughput with
I
SINR (RW,L
∝ log(SIN R)):
I
0
RW,L
7−→ RRF × RW,L

(1)

RRF is here defined as the percentage of nominal achievable
throughput in presence of various levels of interference. In our
baseline experiment we used the setup shown in Fig.3. Each
of the nodes is located inside RF enclosure providing 80 dB
of RF isolation. The tight control of attenuation between each
pair of nodes is enabled by the RF Transceiver Test System
[19], which allows for -33 to -96 dB of attenuation between
each pair of nodes. This will grant detailed characterization
of two important scenarios: 1) effect of LTE transmission on
Wi-Fi throughput and 2) effect of Wi-Fi transmission on LTE
throughput.
The experimental setup in this section is deployed on USRP
radio platforms [16] on Sandbox 4 (SB4) in the ORBIT
testbed [17], [20]. The eNB-UE pair are equipped with RF
front-ends based on Ettus USRP B205mini [16], which is
a highly programmable and low-cost software-defined radio
(SDR) platform capable of operating in the 70MHz-6GHz
frequency range. Hostapd daemon [21] is used for Wi-Fi AP
implementation and management. For LTE, OpenAirInterface
(OAI) [22] is used. For traffic generation in all the experiments, iperf has been used to measure the downlink UDP
application level performance for both Wi-Fi and LTE. The
two scenarios are studied in the following.
1) Effect of LTE transmission on Wi-Fi throughput: In order
to investigate the effect of the LTE transmission on Wi-Fi
throughput, we set the attenuation between nodes as depicted
in Fig. 4(a). By varying AW W (attenuation between Wi-Fi
AP and client) and ALW (attenuation between LTE eNB and
Wi-Fi client), while keeping the attenuation between LTE eNB
and UE at minimum and other attenuations at maximum level,
we run full-buffer downlink UDP traffic for 30 seconds at each
attenuation level simultaneously on the Wi-Fi and LTE links.
The LTE and Wi-Fi throughput results are shown in Fig.4(b-c).
In this scenario, LTE throughput is constantly at its maximum
and remains intact at any attenuation level (Fig.4(c)) due to
lack of interference and maximum attenuation from Wi-Fi to
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Fig. 5. Effect of Wi-Fi transmission on LTE throughput (a) Node topology,
red dashed lines: varying attenuation, grey lines: maximum attenuation and
solid black lines: no attenuation. (b) LTE throughput. (c) Wi-Fi throughput

LTE. However, as can be seen from Fig.4(b) by increasing
ALW at steps of 2 dB, and/or decreasing AW W at steps of 5
dB we see an incremental trend for Wi-Fi throughput.
2) Effect of Wi-Fi transmission on LTE throughput: In order
to obtain similar results as previous section for the effect of
Wi-Fi on LTE, we run the complementary setup as shown
in Fig.5(a). By increasing AW L (the attenuation between the
Wi-Fi AP and UE) and/or decreasing ALL (the attenuation
between the LTE eNB and UE), LTE throughput also experiences an increase, although less sensitive to interference. The
results of throughput as a function of log(SIN R) is shown in
Fig.6. Fig.6(a) confirms the study in [18] holds with full-buffer
downlink LTE data transmission and Fig.6(b) shows similar
linear relationship between LTE throughput and log(SIN R).
Based on this baseline experimental validation, Wi-Fi-toLTE or LTE-to-Wi-Fi interference will be characterized using
an interference-to-RRF mapping function in the rest of our
analysis.
B. Simulation
Using the experimental results from the previous section,
we formulated a cooperative optimization between Wi-Fi and
LTE networks (details of which are not discussed in this
paper due to space limitation), and present the performance
evaluation of our proposed cooperative algorithm compared
with non-cooperative scenario for co-located LTE and WiFi deployments through simulation. The goal is to assign
channels to both networks and duty-cycle to access the channel
for LTE network. In the non-cooperative case we assume a
centrally controlled Wi-Fi network, at which channel selection
is optimized to maximize aggregate throughput at the WiFi network. For LTE eNBs in unlicensed band we assume
dynamic channel selection based on the energy detection
threshold, and in case of all-busy channels adaptive time
sharing for eNBs proportional to per-eNB interference sensing.
In our simulation, we consider fixed AP-client association with

Fi nodes compared to local adaptation of LTE nodes to adjust
their duty-cycles.
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Fig. 6. Piecewise-linear relationship between (a) LTE and (b) Wi-Fi throughput with log(SINR)
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each Wi-Fi AP or LTE BS having a single client associated.
We consider only 3 orthogonal channels (each of bandwidth
20 MHz) out of 7 available at 5GHz for simplicity. We run
the simulation by varying N (number of Wi-Fi AP or LTE BS)
from 3 to 8, corresponding to low to high deployment density.
The results for the average throughput of LTE and Wi-Fi for
20 different random topologies for each density are shown
in Fig.7. As can be seen, cooperative optimization will result
in higher average throughput for both LTE and Wi-Fi (max
∼ 1.5× for both). However, by increasing the deployment
density, the significance of cooperative optimization becomes
more evident for Wi-Fi networks. This shows local duty-cycle
adaptations at LTE nodes are not sufficient to address Wi-Fi’s
vulnerability to undue interference.
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Fig. 7. Throughput results for (a) LTE and (b) Wi-Fi averaged over 20 runs

Fairness: In Fig.8 we plot the CDF of air-time access ratio
(βl and βw ) for 20 random low and high density deployments
studied (N = 3 and N = 8), to investigate the distribution of
channel access opportunity for LTE and Wi-Fi. From Fig.8(a)
it can be seen that even for low density scenarios without
cooperation 10% of Wi-Fi nodes get starved (no channel
access time) and only around 55% of LTE nodes can get fullchannel access, while with cooperation full-channel access is
guaranteed for almost all of the Wi-Fi and LTE nodes. For
high density cases the starvation of Wi-Fi nodes get worse
(∼ 20%), and it can be seen that with cooperation full-channel
access is granted for more than half of nodes (∼ 50% for WiFi and ∼ 75% for LTE) while it is less (∼ 65% for Wi-Fi
and ∼ 25% for LTE) without cooperation. This shows that the
cooperative scheme proposed is more tailored to grant channel
access time to LTE, while guaranteeing no starvation for Wi-
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Fig. 8. Air-time access ratio for (a) low-density (N = 3) and (b) high-density
(N = 8) scenarios

C. Inter-Network Cooperation
A simple scenario is shown in Fig. 10 to illustrate our
experimental evaluation. The experiment setup consists of 5
Wi-Fi Access Points (APs) and 5 Wi-Fi client stations (STAs),
each connected to one of the APs, one LTE eNodeB and
one LTE user equipment (UE), as shown in Fig.9. All the
nodes are in grid in ORBIT testbed. All the Wi-Fi links are
using 802.11g technology and the LTE BS and UE use Ettus
USRP B210 [16]. We have used srsLTE [23], an LTE Release
8 compliant stack, which currently supports up to 20 MHz
bandwidth, cell search and synchronization procedure for the
UE and FDD configuration. The experiment was conducted in
the 2.4 GHz unlicensed band, with 20 MHz bandwidth for both
Wi-Fi bandwidth and LTE. We have used the iw tool to reduce
the power of Wi-Fi APs to the minimum allowed by the tool,
to mimic a real-world setup where APs will not be placed in
such close proximity to each other. For traffic generation in all
the experiments, iperf has been used to measure the downlink
TCP application level performance for both Wi-Fi and LTE.
In this benchmark scenario, there are 2 WDs, WD-1 consists
of one eNB-UE pair and 2 AP-STA pairs and WD-2 consists
of 3 AP-STA pairs. In the first step, each WD controller runs
a simple frequency allocation algorithm to assign channels to
its Air Interfaces (AIF) (we use the term ”Air Interface” to
refer to both APs and eNBs.). Since there are 3 orthogonal
channels available for 802.11g (1, 6, and 11), and there are
3 AIFs in each WD, the channel assignment problem will be
straight-forward. Each AIF in the WD will be assigned one of
the 3 channels. Since the WD controllers are not exchanging
information, they do not take into account the AIFs in the edge
regions. As a result the channel assignment might be similar
to the scenario shown in Fig. 10(a).
The scenario depicted in Fig. 10(a) will cause significant
performance degradation due to AP3 and BS1 operating on
the same channel. This is a result of Wi-Fi and LTE’s operation in unlicensed band, which poses significant coexistence
challenges for both radio access technologies [18], [24], [25].
This predicted performance degradation for the scenario in
Fig 10(a) is a result of WD controllers’ lack of information
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Fig. 11. Throughput of each AIF averaged over 5 runs shows fairness gains
achieved by inter-network cooperation.

Fig. 9. Experimental Setup in ORBIT testbed.
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not able to transmit any traffic. After cooperation, although
LTE’s throughput will drop (due to interference from AP4 now
operating on channel 1), but we achieve non-zero throughput
for all the AIFs.
The throughput averaged over all AIFs is 9 Mbps before
cooperation and 8.13 Mbps after cooperation. Also we have
calculated the Jain’s fairness index for both of the cases to
measure the fairness in the allocation of resources. The value
of this index for before and after the cooperation is equal
to 0.47 and 0.89 respectively, thus confirming that fairness
improves significantly when inter-network cooperation enabled
by SMART is used. As a result, although our experiments
show that the average throughput becomes slightly less after inter-network cooperation, it should be noted that internetwork cooperation provides fair and proportionate medium
levels of throughput by both Wi-Fi and LTE networks and
avoids the starvation of certain nodes in the network.
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