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1. Introduction
This report describes the work carried out within T5.1 "Advantages of filter bank-based multi-
carrier (FBMC) for Radio resource management (RRM)" of the EMPhAtiC (Enhanced Multi-
carrier Techniques for Professional Ad-Hoc and Cell-Based Communications) project. The focus
of the work is therefore on the use of FBMC and its benefits in radio resource management
(RRM) in the context of Professional Mobile Radio (PMR) communications with cell-based and
Ad hoc based infrastructure.

This report first represents an overview of the proposed PMR concept, including the mo-
tivation and the reason why FBMC is a more favorable scheme against OFDM multi-carrier
technology. A qualitative analysis of the benefits of FBMC RRM is then conducted. In the
literature review, the theoretical analysis and numerical results in the evaluation of the perfor-
mance of FBMC/OQAM in asynchronous uplink MIMO scenario are represented. On the other
hand, the report introduces quantitative analysis of the benefits of FBMC in RRM by using one
example in CR networks (it is known that PMR transmissions can be regarded as secondary user
services), the mathematical expressions of the interference are then presented. By constructing
and solving a power minimization problem, via numerical results it is shown that FBMC has
superiority over CP-OFDM in terms of robustness against interferences.

It is described in detail how the proposed PMR concept can be realized with a focus on
PMR communications under cellular networks. Basically two approaches are discussed, i.e.,
relying on the cognitive radio technology and the integration of PMR communications with
cellular systems, such as LTE. For each case, potential benefits and possible challenges are
elaborated. The state-of-the-art is also introduced and reviewed. Moreover, the difference
between the RRM in PMR communications and that in cellular networks, e.g., LTE and LTE-
A, is analyzed, where a review of fundamental algorithms for resource allocation problems is
provided. It is also pointed out that the more sophisticated RRM mechanism of cellular systems
may bring benefits to PMR communications. On the other hand, potential challenges of the
corresponding design of RRM algorithms are also highlighted. Furthermore, the advantages of
employing FBMC in PMR communications, such as relaxation on synchronization, interference
management, spectrum sensing, are also discussed. Previous works on RRM schemes in FBMC-
based systems are reviewed, which lays foundation for developing RRM algorithms in the future.

Concentrating on an ad hoc scenario, specific characteristics different from those of a cel-
lular network are first introduced. The challenges, such as the lack of inter-cell interference
management and also the asynchronism in the transmissions, are discussed. In order to model
the inter-cell interference with multi-carrier techniques, the power spectral density (PSD) is
reported as a useful tool for analysis the interference between primary user (PU) and secondary
user (SU). However, asynchronous interference between the primary and secondary systems is
not considered in the PSD model. In order to address this problem, the use of "Inter-cell inter-
ference table" is suggested and the detailed power tables with OFDM and FBMC techniques are
given in detail. State-of-the-art resource allocation algorithms in an uplink multiuser scenario
with both OFDM and FBMC techniques are also discussed. The numerical results in these
works imply that FBMC leads to a higher spectral efficiency in asynchronous cognitive radio
networks. In addition, it is also pointed out how these previous works that focus on a cognitive
scenario with two cells can be extended to ad hoc networks.
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2. Use of FBMC in PMR networks
2.1 Proposed future PMR concept

Radio communications systems are deployed by public safety organizations for usages known
as PPDR (Public Protection in day to day mode as well as in exceptional planned events
and Disaster Relief in exceptional unplanned events). They correspond to Professional Mobile
Radio (PMR) services. Currently deployed PMR networks, such as TETRA, TETRAPOL, and
APCO25, only use a small bandwidth, and thus the achievable throughput is quite limited.
Hence, they mainly support voice communications and other low data-rate communications.
However, there are also very crucial services that require much higher data rates but cannot
be supported by current PMR networks. This fact gives rise to the need of upgrading these
PMR/PPDR systems such that broadband data communications services can be deployed,
enabling the data applications that demand high data rates.

Instead of obtaining new frequency bands and reserving them specifically for PMR services,
in this project, we focus on fitting a novel FBMC broadband service within the scarcely available
spectrum devoted to PMR systems. In the considered coexistence scenario, the broadband data
services are deployed in a channel band that is already occupied by several narrowband PMR
channels. As illustrated in Fig. 2-1, to reach a good spectral efficiency without introducing
interference between services, the data services with well-contained spectrum are preferred in
order to avoid adjacent channel interference. In addition, an even more intriguing approach
of upgrading the current PMR systems is to enable the coexistence of PMR communications
and modern cellular networks, e.g., LTE. To achieve this, PMR communications can be treated
as a secondary service of cellular networks, exploiting the cognitive radio technology. An al-
ternative way that has received a mount of interest recently is to integrate PMR services into
cellular networks. All these proposals of upgrading PMR communications call for a multi-carrier
scheme that contributes to good spectral efficiency and robustness against timing and frequency
misalignments.
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Figure 2-1: Proposed PMR broadband in coexistence and cohabitation with several reserved narrowband
services.

The main limitation of the CP-OFDM is the poor spectral containment due to the large side
lobes of the OFDM signals. A number of enhancement techniques based on the traditional CP-
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OFDM multicarrier scheme have been investigated. The most intuitive solution is to isolate the
new services and legacy services with relatively wide guard bands. However, the introduction
of guardbands is not preferred due to the waste of valuable bandwidth. In recent years, an
extensive number of research activities encourage the use of FBMC scheme as a candidate
solutions to isolate the services without compromising system spectral efficiency.

In order avoid interference between frequency adjacent services, instead of using IFFT and
FFT with a rectangular window, a set of spectrally well contained synthesis and analysis filter
banks is considered in the FBMC/OQAM transmission systems. The in-phase and quadrature
components of QAM signal have a time offset of half symbol period. The multicarrier spectral
characteristics are determined by the design of prototype filter. The orthogonality can be
maintained by designing pulse shapes different from a rectangular window. By introducing
FBMC, the side lobes of multicarrier components can be significantly reduced [1].

2.2 Qualitative analysis of the benefits of FBMC for RRM in PMR
networks

In this section an introduction of FBMC is given. FBMC features a well-contained spectrum such
that by using FBMC, a good spectral efficiency is achieved and the interference between different
services is minimized. The behaviors of CP-OFDM and FBMC in asynchronous scenarios in
PMR systems are discussed.

In OFDMA systems, a subset of subcarriers is allocated to each transmitter, the subcarriers
to be allocated to each transmitter must be scheduled by the resource allocation systems.
To facilitate the resource allocation schemes in a multicarrier transmission system, a group of
subcarriers is defined as a subchannel. Depending on the pattern of the subcarriers allocation
pattern, the resource allocation methods can be classified as block type and interleaved type
[1].

In the block type of RRM scheme in the PMR network, each subchannel consists of a
set of adjacent subcarriers. The system sum throughput can be improved by allowing the
transmitters to choose their preferred subchannels based on their channel conditions as well
as the interference level. The benefit of using such a block type of resource allocation is
the simplicity of channel estimation, because each block is constructed within the coherence
bandwidth. On the other hand, in an interleaved type of resource allocation scheme, the
subcarriers are interleaved throughout the whole available bandwidth. In this type of RRM
scheme, a problem arise in this case is which the system throughput is subject to the interference
level between adjacent subcannels allocated to different transmitters. The side-lobes introduced
by CP-OFDM transmission, result in significant interference among subcarriers that originate
from un-synchronized nodes. Furthermore, synchronization is not trivial in the uplink where a
number of nodes are transmitting separately in PMR networks.

In the case where OFDMA is used, the orthogonality of different users’ subcarriers is lost
due to time/frequency offsets. The orthogonality can only be ensured if substantial guardbands
are inserted. The known radio resource allocation schemes may become inefficient, since in-
terference between nodes will become harder to predict. In order to alleviate the deleterious
effects of inter-carrier interference, instead of using IFFT and FFT at CP-OFDM transmitter
and receiver, a set of spectrally well contained synthesis and analysis filter banks is considered in
the FBMC transmission systems. One of the common approaches is to use modulated uniform
polyphase filter banks based on prototype filter design, and the system spectral characteristics
are determined by the prototype filter. The orthogonality can be maintained by designing pulse
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shapes different from a rectangular window. By introducing FBMC, the side lobes of multicar-
rier components can be significantly reduced [1]. In an FBMC-based PMR network, under the
assumption of a sufficiently linear transmission chain, much smaller guardband compared to the
case of CP-OFDM is sufficient to isolate different groups of subcarriers and therefore mitigate
the interference between different services.

2.2.1 State-of-the-art

In recent years, a growing number of literatures have been reported to analyze the benefits of
using FBMC based transmissions for RRM. The authors of [2] consider the resource allocation
problem in a MAC channel. The main advantage of FBMC property is explicitly exploited in
order to evaluate an asynchronous network where the transmissions from different users are not
aligned in time. The improvement of using FBMC is evaluated by means of the rate that can
be achieved by dynamically allocating carriers to users. In a more general case, [3] formulates
a contiguous dynamic resource allocation problem, a set of throughput estimation metrics are
provided. The paper also proposed an algorithm that allocates in each step a contiguous
collection of resources to the pending user resulting in the highest estimated throughput. In
[4], the FBMC application is then extended to consider cognitive radio networks. In order to
maximize the total sum rate without introducing excessive interference to the primary systems,
a greedy suboptimal dual decomposition technique is proposed with acceptable complexity. [4]
also highlights the advantage of using FBMC in future cognitive radio systems. As mentioned
in the previous text, to realize the coexistence of PMR services with other reserved services,
one way is to rely on cognitive radio principles which is able to achieve very efficient spectrum
utilization. The basic idea is treat broadband PMR communications as secondary systems.
Previous works on RRM in cognitive radio networks employing FBMC then provide insights into
our analysis of RRM in FBMC-based PMR systems.

2.3 Quantitative analysis of the benefits of FBMC for RRM in PMR
networks

In this section, we present a numerical example of RRM in a cognitive radio network considering
both FBMC and OFDM, where the benefits that FBMC provides are observed. Here PMR
communications are treated as a secondary service. Instead of considering system sum rate [5],
the objective is to maximize the Quality of Service (QoS) of the PMR network under power and
interference constraints. The subcarrier power spectrum density (PSD) is considered to calculate
the interference introduced by the subcarriers to the primary users (PUs) in both OFDM and
FBMC configurations, and the mathematical expression of the interference between different
services is also presented.

2.3.1 Calculation of the interference

The power spectrum density (PSD) is used to calculate the interference introduced by the
subchannels to the primary users (PUs). There are L PU bands, denoted as B1, B2, ..., BL.
The non-active bands are used by the secondary system. They are divided into N subcarriers,
each with a ∆f bandwidth. The interference induced to the lth PU band should not exceed
the predefined interference temperature limit, Ith.
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2.3.1.1 CP-OFDM

The power spectral density Φi(f) of the ith subcarrier with CP-OFDM is:

ΦOFDM
i (f) = |Gi(f)|2 (2.1)

where |Gi(f)|2 is the Fourier transform of the used pulse shape gT . Assuming a rectangular
pulse with the symbol duration Ts is consisting of the information duration TU = 1/∆f and
the cyclic prefix (CP) with the length of TG

|Gi(f)|2 = Ts + 2
Ts−1∑
r=1

(Ts − r) cos(2πfr) (2.2)

2.3.1.2 FBMC

The power spectral density with FBMC is:

ΦFBMC
i (f) = |Hi(f)|2 (2.3)

where |Hi(f)|2 is the frequency response of the prototype filter. For FBMC, a filter bank
created from a prototype filter and the others are generated from shift by i∆f . Here the
insertion of CP is not required as in case of OFDM, leading to an increased spectral efficiency.
The coefficients of the prototype filter h(n) : 0 ≤ n ≤ W − 1 are symmetric around the

(
w
2

)th
coefficient, i.e., h(W/2− i) = h(W/2 + i), and h(0) = 0. Using these properties, the discrete
Fourier transform (DFT) is given by

H(f) = h(W2 ) + 2
W
2 −1∑
i=1

h(W2 − i) cos(2πfi). (2.4)

2.3.1.3 Interference Calculation

In a multiple carrier systems such as CP-OFDM or FBMC, the PSDs of the subchannels are
identical in amplitude and shifted by multiplies of frequency spacing ∆f . Φi(f) = Φ(f− i∆f).
The interference power introduced by the ith subchannel into the lth PU band Bl with center
frequency fcl is

I li = Pi|gli|2
Bl
2 +fcl∫

−Bl
2 +fcl

Φ(f − i∆f)df

= Pi|gli|2
Bl
2 +fcl−i∆f∫

−Bl
2 +fcl−i∆f

Φ(f)df = PiΩl
i (2.5)

where Pi is the transmit power assigned to the ith subchannel, gli denotes the channel gain, and
di = fcl− i∆f is the spectral distance between the ith and the lth PU band. And Ωl

i represents
the interference factor. For power normalization we let

+∞∫
−∞

Φ(f)df = 1.
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The power spectral density ΦOFDM
i (f) of the ith subcarrier with CP-OFDM

ΦOFDM
i (f) = Ts

(
sin(πfTs)
πfTs

)2

= Tssinc(πfTs)2, (2.6)

Considering Nyquist sampling frequency which is equal to the band width B = N∆f , then
Ts = M/B, where M is the number of samples of one symbol. By integrating ΦOFDM

i (f) over
the interval [f1, f2] inside the OFDM band, the interference as a function of the normalized
frequency ν = f

B
can be calculated as

f2∫
f1

ΦOFDM
i (f)df =

f2∫
f1

Tssinc(πfM
B

)2df

=

f2
B∫

f1
B

Ts
B

sinc(πνM)2dν

=
ν2∫
ν1

Msinc(πνM)2dν. (2.7)

For FBMC transmission, we use the PHYDYAS prototype filter with the length ofW = 128.
Its coefficients are defined as

h(n) = 1− 1.94392 cos(2π n

128) +
√

2 cos(4π n

128)− 0.470294 cos(6π n

128). (2.8)

Therefore, the normalized PSD is computed as

ΦFBMC
i (f) = N

W 2 |H(f)|2, (2.9)

where N is the number of number of sub-channels. Fig. 2-2 shows a comparison between
ΦOFDM
i (f) and ΦFBMC

i (f) for N = 32, 6.67% CP in OFDM. The amplitude and frequency are
normalized as shown.

2.3.2 Power minimization problem

We now consider the total available system bandwidth B is divided into N sub-channels, a
primary network consisting of L active PUs working on frequency band Bl. The secondary
network consists of M SUs and secondary base station CBS. In downlink transmissions, CBS
can send to SUs in the active and non active sub-channels in a way such that the interference
introduced to the PUs is below thresholds I lth corresponding to each PU. The target is to
minimize the utilized power Pi,m subject to required sum rate Ri,m(Pi,mhi,m), where Pi,m is
the transmit power for the m-th SU if it is active on the i-th sub-channel. The channel gain
between CBS and SUs is defined by |hi,m|2. One channel can be used by at most one SU.
The channel indicator vi,m is 1 when the channel i is used by SU m. The interference by PUs
is considered as additive white Gaussian noise (AWGN) and implicitly included in the noise
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Figure 2-2: Single subchannel PSDs of the OFDM and FBMC systems vs. normalized frequency.

variance. The optimization problem can be formed as follows:

P1 : min
Pi,m,vi,m

M∑
m=1

N∑
i=1

vi,mPi,m (2.10)

subject to vi,m ∈ {0, 1}
Pi,m ≥ 0
N∑
i=1

vi,m ≤ 1

M∑
m=1

N∑
i=1

vi,mPi,mΩl
i ≤ I lth, ∀l ∈ {1, · · · , L}

M∑
m=1

N∑
i=1

vi,mRi,m(Pi,m, hi,m) ≥ R, (2.11)

where R is the required sum rate. The rate of SU m on sub-channel i is defined as

Ri,m(Pi,m, hi,m) = 1
BTs

log2(1 + |hi,m|
2Pi,m
σ2 ) bit/s/Hz, (2.12)

where σ2 is the variance of AWGN and the approximation of the interference power introduced
by PUs. Note that in case of OFDM, BTs = M > N due to the insertion of the CP, while for
FBMC BTs = M = N .

P1 is a mixed-integer programming (MIP) problem which is in general NP-hard. If the
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subchannel assignment vi,m is fixed, the resulting problem simplifies to

P2 : min
Pi,m

M∑
m=1

N∑
i=1

vi,mPi,m (2.13)

subject to Pi,m ≥ 0
M∑
m=1

N∑
i=1

vi,mPi,mΩl
i ≤ I lth,∀l ∈ {1, · · · , L}

M∑
m=1

N∑
i=1

vi,mRi,m(Pi,m, hi,m) ≥ R, (2.14)

P2 is a convex problem which can be solved using the standard interior-point algorithm. There-
fore, we resort to a sub-optimal problem P2 to avoid the complicated combinatorial problem.
The vi,m is decided by assigning the ith subchannel to the mth SU which has the strongest
channel gain, i.e., m = arg max

m
|hi,m|2.

2.3.3 Simulation results

The proposed method is evaluated using Monte Carlo methods. There are N = 32 subchannels,
M = 3 SUs and L = 2 PUs. Each PU has an active band which consists of 6 subchannels
and they are centered at the frequency fc1 = 8∆f and fc2 = 24∆f , correspondingly. The CP
time of OFDM TG = TU ∗ 6.67%. The prototype filter in 2.8 is used for FBMC. The noise
variance is set to σ2 = 10−6. The generated channel is a Rayleigh flat fading channel and all
the simulation results are averaged over 500 channel realizations.
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Figure 2-3: Minimum required transmit power vs. target data rate. I1
th = I2

th = 0.05 W.

Fig. demonstrates the minimum required transmit power as a function of the interference
threshold, which is fixed to I1

th = I2
th = 0.05W . Clearly, FBMC outperforms OFDM as the

required data rate increases. Moreover, the number of infeasibility runs for OFDM will increase
dramatically when R is high. This become more obvious in Fig. 2-4. By varying the interference
threshold while fixing R, a strong infeasibility is demonstrated as the interference constraint is
stringent.
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Figure 2-4: Minimum required transmit power vs. interference threshold. R = 13 bits/s/Hz.
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Figure 2-5: Total interference introduced to the PU1 vs. interference threshold. R =
11 bits/s/Hz.

Fig. 2-5 and Fig. 2-6 illustrate the total interference introduced to PU1 and PU2 as a
function of the interference threshold. The interference which is imposed onto the active band
of the PU grows logarithmically with respect to the interference threshold. Moreover, FBMC
causes less interference than OFDM regardless of the interference threshold.

We have evaluated the performance of OFDM and FBMC in a cognitive radio network.
The evaluation in term of the power required to achieve predefined rate. We find that FBMC
outperforms OFDM in the amount of power requirement and the level of interference. The
PSD of FBMC while it has almost no side lobes behind this performance. Another factor is
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Figure 2-6: Total interference introduced to the PU2 vs. interference threshold. R =
11 bits/s/Hz.

that FBMC dose not require CP which reduce the capacity of OFDM systems.
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3. Cell-based RRM for PMR using FBMC
3.1 Overview

The next generation of the PMR communications imposes enhancements for the support of
QoS and video data transmission, interconnection with other systems, and use of advanced
radio technologies. The exploitation of the cognitive radio (CR) technology and the integration
with modern cellular networks, such as the LTE, are two promising options. The key factor
for a successful shift from the conventional PMR communications to future PMR solutions
will be the radio resource management (RRM), as the efficient spectrum utilization, packet
scheduling, and interference management can guarantee the reliable operation under different
infrastructures or spectrum resources. In this direction, the use of the FBMC technique is the
most suitable, considering the benefits that it provides against its main competitor, the OFDM.

3.2 PMR communications under cellular networks

The coexistence of PMR communications with cellular communications is a very challenging
task. In the literature, there are two basic approaches to this direction: i) the use of cognitive
radios (CR), and ii) the integration with cellular systems. The first approach focuses on ex-
ploiting prior work on the emerging topic of cognitive radio communications. In this case, PMR
communications can be seen as a secondary system that utilizes any unused spectrum portion
of licensed or unlicensed spectrum that is primary used by the cellular system. The centralized
node of the PMR system operates as coordinator dealing with spectrum sharing and synchro-
nization issues. The main advantage is that the PMR communications become flexible in terms
of spectrum needs. However, the RRM for the CR-based PMR devices is an open challenge.
The second choice focuses on enhancing the modern cellular systems towards enabling PMR
communications. The reuse of the cellular infrastructure poses a cost-effective and reliable
approach. However, the spectrum reuse introduces interference issues. In the following, the
main characteristics and the state-of-the-art of the aforementioned approaches are provided.

3.2.1 PMR communications as secondary networks

3.2.1.1 CR-based PMR communications

Cognitive radio (CR) technology is the key technology that enables the use of the spectrum
in dynamic manner. Practically CR enables the usage of temporally unused spectrum, which
is referred to as spectrum hole or white space [6]. CRs require real time interaction with its
environment to determine appropriate communication parameters and adapt to the dynamic
radio environment. The tasks required for adaptive operation in open spectrum are referred to
as the cognitive cycle which consists of three main steps of the cognitive cycle (figure 3-2):
spectrum sensing, spectrum analysis, and spectrum decision.

In Spectrum sensing a CR monitors the available spectrum bands, captures their information,
and then detects the spectrum holes. Sequentially, in spectrum analysis the characteristics of
the spectrum holes that are detected through spectrum sensing are estimated, while in Spectrum
decision: A cognitive radio determines the data rate, the transmission mode, and the bandwidth
of the transmission. Then, the appropriate spectrum band is chosen according to the spectrum
characteristics and user requirements. The main issues that arises in the CR networks are:
the synchronization among transmissions/receptions, an efficient spectrum sensing (sensing
technique and sensing strategy), and the use of dedicated control channel. Thus, CR-based
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Figure 3-1: The basic cognitive cycle [6]

PMR terminals must adopt functions for assessing the spectral environment as well as sharing
the spectrum, and transmit in an opportunistic way. Moreover, when CR is applied to PMR there
is also the issue of guaranteeing the requested QoS for critical services (like call preemption,
or emergency alarms), imposing the design of RRM solutions that guarantee certain critical
resources in every moment.

3.2.1.2 State-of-the-art

A promising approach for introducing PMR communications in a cellular network is the oppor-
tunistic spectrum access (OSA) under the principles of cognitive radio networks (CRNs) [7].
OSA users, also referred to as unlicensed or secondary users (SUs), identify and dynamically use
local and instantaneous unused spectrum portions, while keeping the interference to primary
users (PUs), below a predefined threshold [8]. We must notice here that PMR communications
for PPDR have also to support critical services, for which the resource must be available at
every moment. Thus, the opportunistic PMR scheme can be better applied in non-critical ser-
vices. OSA involves two basic operations: i) detection of opportunities (i.e., available spectrum
portions), and ii) exploitation of opportunities. Commonly, opportunities detection is addressed
by a spectrum sensing procedure and/or modeling of PU’s behavior. Spectrum sensing includes
the sensing method and the sensing strategy adopted by the SUs at the Physical (PHY) and
Medium Access Control (MAC) layers, respectively. An interesting survey on spectrum sens-
ing for OSA is provided in [9]. In the case of modeling PUs behavior, the theory of partially
observable markov decision processes is a popular approach [10]. On the other hand, exploita-
tion of opportunities includes the spectrum access and spectrum sharing operations for the
SUs, i.e., the MAC protocol for OSA. Most of the proposed in the literature solutions use a
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Common Control Channel (CCC), as an easy way to broadcast information to the secondary
network, and transfer negotiation messages between secondary transmitters and receivers [11]
[12] [13]. Other proposals, which do not require a CCC, impose strict synchronization mech-
anisms for the SUs [14]. Generally, the majority of OSA approaches in the literature focuses
on ad-hoc solutions trying to manage the very dynamic environment. However, conventional
PMR communications are subject to centralized control. Adopting this architecture, CR-based
PMR communications can utilize the cellular base station towards coordinating the spectrum
sensing procedure, deciding the sensing strategy (selection of which carriers to sense and for
how much time) and resolving the spectrum sharing problem guaranteeing more reliable and
fair communications (very difficult in decentralized approaches). PMR terminals can exploit the
synchronization to the base station and/or available broadcast information to avoid sensing and
minimize the interferences. For example, in case that the PMR transmissions are synchronized
with the transmissions of the primary terminals, PMR terminals can recognize the DL and the
UL periods of the primary cellular system. Thus, they can choose to transmit in the UL period,
where the only primary receiver (i.e., interference victim) in the cell area is the base station. In
that way, the interference that is caused to the primary system from the PMR transmissions is
defined to only one primary node. In that type of approaches crucial role can be played by the
FBMC technique. FBMC-based systems can handle efficiently situations where the users are
not synchronized. For example, in the uplink of a base station ruled network, it is not necessary
to achieve distant frequency and time alignment before starting data transmission.

3.2.2 PMR communications integrated with cellular systems

3.2.2.1 Coexistence of PMR and cellular networks

The majority of cellular networks have been designed without a provision for supporting PMR
communications, while the concept of PMR communications is quite different from that of
conventional cellular communications, making the integration very challenging. The integration
imposes the cellular BS to work as the central node of the PMR communications, while the
PMR data are transmitted directly or through the BS to one or more PMR receivers (figure
3-2).

Figure 3-2: Coexistence of PMR and cellular networks

On the one hand, the main advantage of a potential integration is the enhancement of the
PMR communications allowing data and media transmissions, changing radically the conven-
tional view of the PMR communications. In case of emergency for example, the transmission of
a video showing the incident is much more essential than a voice call seeking help. Additionally,
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the cellular systems are reliable systems and also the use of the existing infrastructure is a cost-
efficient approach. Moreover, the integration will enable the integration and interoperability of
PMR systems with backend data systems and external systems, a missing function from the
conventional PMR systems. On the other hand, a series of new features must be adopted by
a cellular system so as to enable PMR communications. The coexistence of cellular and PMR
transmissions in the same spectrum raises the problem of interference management. Since the
same spectrum is used, both PMR and cellular systems must avoid mutual interference. Key
role to this effort can be played by the BS. Also, since PMR communication includes both
Public Protection and Disaster Relief (PPDR) and commercial domain applications, the cellular
system must guarantee the priority and the reliability of the crucial PPDR communications. One
other characteristic of the conventional PMR communications is the group communications.
Cellular systems need to develop new features to enable this kind of communications. The
direct or device-to-device (D2D) communications is another challenge for the cellular networks.
PMR communications take advantage of that kind of communications to improve coverage
and spatial spectrum reuse. D2D transmissions are a fundamental feature of PMR communi-
cations that the cellular networks must adopt. The call setup time is also a crucial factor for
the PMR communications. In cellular systems a PMR-like call, such as the Push-to-Talk over
Cellular (PoC) (developed by Open Mobile Alliance (OMA)) can be established in few seconds
[15], while the enabling of PMR communications requires a reduction of this time to some
milliseconds.

3.2.2.2 State-of-the-art

The support of PMR communications by cellular systems is an emerging topic which is currently
attracting the interest of the academia and the industry. Already, the integration of PMR
communications with WLANs has been proposed in [16]. The specified solution allows TETRA
terminals to interface to the TETRA Switching and Management Infrastructure (SwMI) over a
broadband WLAN radio access network, instead of the conventional narrowband TETRA radio
network. According to the author, the enhanced PMR terminals can support a range of brand
new capabilities enabled by the WLAN, such as broadband data services, and the simultaneous
reception of many group calls. The rate limitations of the TETRA system have also motivate
many software vendors to consider hybrid solutions where TETRA is used for critical signaling
while large data synchronization and transfer of images and video is done over 3G / LTE [17].
In the case of the integration between PMR and cellular networks, the design of Push-To-Talk
(PTT) applications is currently trying to fill the design gap, introducing the concept the so-called
PTT over cellular (PoC). One promising POC solutions have been developed by an industry
consortium, and submitted to the Open Mobile Alliance (OMA) as a proposed standard [18].
The proposed PTT solution builds upon the 3GPP IP Multimedia Subsystem (IMS), one of the
core entities in the architecture of the LTE network. The IP connectivity service is provided
by the mobile network for the delivery of half-duplex, one-to-one or one-to-many voice services
as well as video and data communications. The enabling of D2D communications, one of the
fundamental functions of the PMR systems, has also draw the interest of the academia. On
the one hand, solutions for interference-free conditions between D2D and cellular transmissions,
as well as among D2D pairs have been proposed [19] [20] [21] [22]. A key challenge is the
design of mechanisms that inform the BS about the channel conditions among all nodes, either
directly in the form of periodic measurements of the ongoing communication quality [19] [20],
or indirectly via neighborhood detection [21] [22]. An efficient design option is the exploitation
of the uplink cellular period, where the cellular interference victim is the immobile BS [23].
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On the other hand, the efficient management of the D2D links is essential, including the peer
discovery (D2D receiver discovery), the D2D connection establishment and maintenance, and
the specific changes that must be made to the coexisting cellular network. Recognizing the
importance of these tasks, the interesting idea of switching a cellular connection to a direct
(D2D) one and vice versa, taking into account performance criteria, is discussed in [19] - [23].
Also, the support of QoS in D2D communications over the LTE network is proposed in [24].
However, these techniques consume operational resources of the core network, while the D2D
connections are mainly used for network performance optimization and not for introducing extra
communications under the same infrastructure and spectrum. The cell is inevitably loaded with
extra control signaling increasing the call set-up time. This is weak aspect when thinking
of D2D communication from the perspective of PMR communications. Generally, cellular
networks are more and more critical and need to remain available in any cases, playing the role
that is traditionally played by PMR networks. In the case of commercial PMR communications
additional work has to be done for the support of PTT and D2D communications. However,
in the case of PPDR the reserving of specific infrastructure and spectrum resources seems to
be inevitable towards facing crisis situations when public networks are overloaded, shut down
or inoperative.

3.3 RRM for cell-based PMR

3.3.1 RRM in PMR communications

Operation of PMR equipment is based on standards such as the MPT-1327, and the TETRA.
TETRA system makes use of the available frequency allocations using time division multiple
access (TDMA) technology with four user channels on one radio carrier with 25 kHz spacing
between carriers. The used frequencies range from 300 to 450 MHz for the European countries,
while both point-to-point and point-to-multipoint transfer can be used. The RRM is quite simple
and the base stations normally transmit continuously and (simultaneously) receive continuously
from various mobiles on different carrier frequencies; hence the TETRA system can be seen as a
Frequency Division Duplex (FDD) system. Systems based on MPT-1327 only require one, but
usually use two or more radio channels per site. Differing from TETRA the channel bandwidth
can be 6.25, 12.5 or 25kHz. At least one of these channels is defined as the control channel
(CCH) and all other channels are traffic channels (TCs) used for speech calls. A spectrum
efficiency advantage over a 4-slot TDMA system like TETRA is in areas where a low-traffic
network is required. The absolute minimum TETRA installation would require one carrier,
carrying one CCH and three traffic channels, using up 25kHz of bandwidth. The absolute
minimum MPT-1327 assignment is a single non-dedicated control channel, utilizing 12.5kHz,
in most cases. Since the system composed by traffic and control channels created by dividing
in time domain few frequency bands, the PMR RRM includes a simple resource allocation
approach. The scheduling options are also limited and most of the time the users are served
following the first come first served approach. This limitation emerges from the fact that PMR
systems are designed mainly for voice communications, and, thus, there is no need to prioritize
the serving calls like in data services.

3.3.2 RRM in cellular systems

In cell-based systems the central node of each cell, commonly called base station (BS) is
responsible for the radio resource management. The RRM includes all the procedures that the
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BS adopt in order to utilize efficiently the available spectrum resources. The commonly used
duplex types are the TDD and FDD, while the multiple accessing is achieved by using time
division multiple access (TDMA), frequency division multiple access (FDMA), and orthogonal
frequency division multiple access (OFDMA) techniques. The most interesting approach is
the OFDMA technique, which has been adopted by the modern cellular systems such as the
LTE, and the LTE-A, and is based on the orthogonal frequency-division multiplexing (OFDM)
method. OFDMA technique provides a much higher flexibility than the TDMA technique
adopted in conventional PMR systems. OFDMA takes advantage of the multi-user diversity,
i.e., the different wireless channel quality experienced by different users for the same channel,
and the adaptive modulation and coding in order to improve spectrum usage and increase
throughput. A plethora of algorithms that take advantage of these gains have been proposed in
the literature. The main task for these algorithms is to determine which users to schedule, how
to allocate spectrum resources to them, and how to determine the appropriate power levels for
each transmission. The resource allocation is usually formulated as a constrained optimization
problem, to either minimize the total transmit power with a constraint on the user data rate
or maximize the total data rate with a constraint on total transmit power. Three fundamental
algorithms refer to this problem: i) the maximum sum rate (MSR) algorithm, ii) the Maximum
Fairness Algorithm, and iii) Proportional Rate Constraints Algorithm. The objective of the
maximum sum rate (MSR) algorithm is to maximize the sum rate of all users, given a total
transmit power constraint [25]. This algorithm is optimal if the goal is to get as much data as
possible through the system. The drawback of the MSR algorithm is that it is likely that a few
users close to the base station, and hence having excellent channels, will be allocated all the
system resources. The maximum fairness algorithm [26] aims to allocate the subcarriers and
power such that the minimum user’s data rate is maximized. This essentially corresponds to
equalizing the data rates of all users. A weakness of the maximum fairness algorithm is that
the rate distribution among users is not flexible. Further, the total throughput is limited largely
by the user with the worst SINR, as most of the resources are allocated to that user, which
is clearly suboptimal. In a wireless broadband network, it is likely that different users require
application-specific data rates that vary substantially. A generalization of the maximum fairness
algorithm is a proportional rate constraints (PRC) algorithm, whose objective is to maximize
the sum throughput, with the additional constraint that each user’s data rate is proportional to
a set of predetermined system parameters. Generally, the RRM in cellular based systems is more
complex than in PMR systems. However, it provides high flexibility in resource allocation and
scheduling, and supports the transmission of data and media flows. PMR communications can
benefit from the advantages provided by the more sophisticated RRM of the cellular systems and,
thus, the enabling of PMR communication in cellular systems is quite promising. From the RRM
perspective the main challenges are the design of an efficient technique for spectrum sharing
between PMR and cellular transmissions, the interference management, and the guarantee of
priority rules in scheduling in the case of emergency PMR communications.

3.4 Utilization of FBMC for RRM

3.4.1 FBMC-based RRM

From the perspective of the RRM the use of filter banks can improve the spectrum efficiency
and the flexibility of the RRM schemes. More specifically, FBMC can handle situations where
the users are not synchronized and, thus, for a base station ruled network, it is not necessary
to achieve distant frequency and time alignment before starting data transmission. Moreover,
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comparing to the OFDM approach, FBMC requires no cyclic prefix, exploiting the totality of the
symbol period. As a consequence one empty sub-channel is sufficient as a guard-band to isolate
different transmissions. This can result to better resource utilization, ether by allocating more
users of by increasing the achievable throughput per user. Considering the case that the PMR
communications operate as a secondary network, FBMC provides high performance spectrum
sensing. In more detail, the same filter bank can be used for sensing and transmission, which
ensures performance compatibility. In the case that PMR transmissions coexist with cellular
transmissions, the FBMC scheme could be useful for efficient spectrum sensing. Considering
the FBMC receiver as an energy detector, the potential spectrum holes can be identified more
accurately than in the case that an OFDM receiver is used [27]. This time-frequency window
may be determined by predefined probabilities for false alarm and missed detection. Taking into
account that the modern cellular systems adopt the OFDM scheme one of the main challenges
is the study of the case that an FBMC PMR system coexists with an OFDM cellular one. Both
techniques are based on the Fast Fourier Transform (FFT), so there is a common core that
could allow an efficient coexistence. The exploitation of the FBMC advantages to amplify the
interference tolerance at PMR terminals is also an appealing issue. The role of the cellular base
station on how the PMR nodes will be coordinated is very important. The extensive study of
the modern cellular networks, such as LTE-A, maybe bring to the surface system-specific tools
that can be exploited towards enabling FBMC-based PMR communications.

3.4.2 State-of-the-art

Many approaches in the literature deal with the FBMC scheme and provide the advantages
and disadvantages comparing with other physical layer schemes. Considering that the RRM
procedures takes place in the MAC layer, for the comparison of the different physical layer
technologies in RRM level any resource allocation or scheduling scheme can be used. However,
the main challenge is to design FBMC-based RRM schemes, exploiting the FBMC benefits and
characteristics in a cross-layer manner.

The common approach in the literature utilizes the FBMC scheme in cognitive radio net-
works, since the standardization bodies of the modern cellular networks have already adopted
the OFDM scheme. However, the study of the contribution of the FBMC characteristics in the
future standardization efforts (e.g., for 5G) is also a very appealing task. The superiority of
the FBMC scheme over the OFDM in the cognitive radio case is validated in [28] [29] [30] [31]
[32]. In [28] FBMC offers higher spectral efficiency and is more applicable for the CR network
with small size of spectrum holes than OFDM, while the performance of FBMC is close to that
of the perfectly synchronized case because of its frequency localization. The study in [29] leads
to the result that FBMC can highly relax the interference to primary system comparing to the
OFDM case. Also, authors in [30] [31], exploit the results of the PHYDYAS project [1] for
the efficiency of the FBMC scheme in order to propose low complexity resource allocation and
power control schemes.

For the comparison of FBMC and OFDM in the modern cellular systems, such as the
LTE, few approaches can found in the literature, since for those systems the OFDM scheme
has already been adopted. However, here we provide a complete comparison of OFDM- and
FBMC- based traffic scheduling [33] in WiMAX cellular systems [34], motivating our future
work on cross-layer RRM for cell-based PMR networks. The scheduler used in the present
study assumes a WiMAX network, although it can be easily adapted to any similar cellular
wireless network with differentiated services based on traffic classes. The system architecture
of WiMAX consists of Base Stations (BSs), each one responsible for a specific cell area, and
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stationary Subscriber Stations (SSs). The communication path between SSs and the BS is
divided into two directions: uplink (from SS to BS) and downlink (from BS to SS), multiplexed
either with Time Division Duplex (TDD) or Frequency Division Duplex (FDD). Transmission
parameters, including the modulation and coding schemes, may be adjusted individually for
each SS on a frame-by-frame basis. A TDD frame has a fixed duration and is divided into a
downlink subframe, and an uplink subframe. Each connection is associated with a single service
flow and specifies a set of parameters that quantify its traffic behavior and QoS expectations.
This set includes

• minimum reserved traffic rate (in bits/sec),

• maximum sustained traffic rate (in bits/sec),

• maximum latency (in ms),

• tolerated jitter (maximum delay variation in ms),

• traffic priority (values 0-7, with 7 the highest), etc.

The respective IEEE 802.16 standard [34] defines four different services:

• Unsolicited Grant Service (UGS): This service supports real-time data streams consisting
of fixed-size data packets transmitted at periodic intervals, such as Voice over IP without
silence suppression. These applications require constant data rate allocation, so data rate
requests are not required.

• Real-time Polling Service (rtPS): This service supports data streams consisting of variable-
sized data packets that are transmitted at fixed intervals, such as MPEG video. These
applications have specific data rate requirements, as well as a maximum acceptable la-
tency. Late packets that miss the deadline are considered useless.

• Non-real-time Polling Service (nrtPS): This service is for non-real-time connections that
require better than best effort service, e.g., data rate intensive file transfer. These appli-
cations are time-insensitive but require a minimum data rate allocation.

• Best Effort service (BE): This service is for best effort traffic with no QoS guarantee.
The applications of this kind of service share the remaining resources after allocation to
the rest of the services is completed. BE uses only contention mode.

• Enhanced rtPS (ertPS): This service is defined to better support real-time service flows
that generate variable size data packets on a periodic basis, e.g., VoIP with silence
suppression.

To efficiently support all types of connections (UGS, rtPS, ertPS, nrtPS and BE) as specified
in the standard, the scheduler used in this study is based on ideas found in [35] and uses a
combination of strict priority service discipline, earliest deadline first (EDF) and weight fair
queue (WFQ) algorithms. The basic scheduling principles of the algorithms are as follows:

1. Overall data rate allocation: The data rate allocation per traffic class follows strict priority,
from highest to lowest: UGS, ertPS, rtPS, nrtPS and BE.
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2. Data rate allocation for UGS connections: The scheduler allocates fixed data rates to
UGS connections based on their fixed requirements. This policy is determined clearly by
the IEEE 802.16 standard, without the need for real-time transmission requests.

3. Data rate allocation for ertPS and rtPS connections: The EDF service is adopted for these
connections, to allow packets with the earliest deadline to be scheduled first. In case two
packets belonging to two different service types (one of ertPS and one of rtPS) expire at
exactly the same time, the scheduler will give priority to the ertPS packet, considering
this packet of higher priority. Data rate needs are constantly updated through real-time
transmission requests.

4. Data rate allocation for nrtPS connections: The weighted fair queue (WFQ) service is
applied for this traffic class. For each nrtPS connection, the ratio of its average data to
the total nrtPS average data rates is computed, and resources being left from the higher
priority classes (UGS,ertPS and rtPS) are distributed according to the computed weights
of the connections. No transmission requests are required on this case.

5. Data rate allocation for BE connections: The remaining resources are equally allocated
among BE connections following the Round Robin model, without transmission requests.

The scheduler can take advantage of the improved performance of FBMC compared to
OFDM, by fairly supporting a larger number of connections. To reveal the effectiveness of
the proposed scheduling and resource allocation procedure in terms of differentiated QoS, we
execute a scenario involving an increasing number of users, each one with one active connection
per service type.

Fig. 3-3 shows the attained throughput per service type as a percentage of the offered traffic
for both CP-OFDM and FBMC. The differentiated treatment is clearly revealed forcing BE

Figure 3-3: Throughput in CP-OFDM and FBMC systems

connections to reduce their throughput first, followed by nrtPS and rtPS. An overall throughput
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improvement of approximately up to 18% is attained with FBMC, compared to CP-OFDM, as
a result of the improved operation of the physical layer. Finally, the comparative performance
of FBMC and CP-OFDM in terms of overall data rates is shown in Fig. 3-4. The effectiveness
of FBMC is indicated by an almost stable increase of the data rate for most of the cases.

Figure 3-4: Input and output data rates in CP-OFDM and FBMC systems
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4. Ad hoc RRM for PMR using FBMC
4.1 Overview

4.1.1 Introduction

Contrary to cellular networks, ad hoc networks do not possess an optimized topology and are
not managed by a network controller. In ad hoc networks, the Access Points (or Base Stations)
are not located on a pre-defined and optimized hexagonal grid as in cellular networks, but
are randomly located. Recently, some stochastic geometry approaches where the cells form
a Poisson tessellation of the plane generated by Poisson distributed Base Stations have been
proposed and studied in the literature [36]. These approaches may be relevant to ad hoc
networks (see Fig. 4-1).
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Figure 4-1: Example of BS distribution following a Poisson Point process

From an interference point of view, two main issues arise when considering ad hoc networks,
compared to cellular networks: 1) network-wide inter-cell interference management is not fea-
sible, in the absence of a network controller; and 2) the transmission in several ad hoc cells is
not synchronized, since ad hoc Base Stations are not jointly controlled.

4.1.2 Absence of network-wide inter-cell interference management

In ad hoc networks, Base Stations are located randomly. There is no network controller (such as
the RNC in 3G cellular networks), and no network-infrastructure linking Base Stations together
(such as the X2 interference in 4G cellular networks). As a consequence, each cell sees itself
as an independent network and is unaware of the surrounding cells, except for the interference
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that it receives.
This does not necessarily mean that interference cannot be managed; new ad hoc protocols
may be added in order to exchange some information between the cells regarding interference.
However, a global management imposing, for instance, a specific Frequency Reuse Factor is
not feasible. This is due to the fact that the network topology is highly unpredictable and
may dynamically change; thus classical multi-carrier Frequency Reuse Factor techniques such
as [37][38] cannot be used. Consequently, radio resource allocation algorithms must either
consider interference as an imposed parameter that cannot be avoided; or use new protocols to
dynamically manage interference given the dynamic topology change and the lack of network
infrastructure. This opens new challenges for future research in this area.

4.1.3 Asynchronous transmission

Ad hoc Base Stations are not jointly controlled, and they may access the network at any mo-
ment since the topology varies in time. As a consequence, it is highly likely that they are not
synchronized with each other. Moreover, the timing offset is different between all couples of
adjacent Base Stations and these sets of Base Stations may dynamically vary, which does not
allow them to achieve a global synchronization, even after some initialization phase.
Thus, the most accurate model for taking into account inter-cell interference due to asyn-
chronous transmissions is to assume that the timing offset is uniformly distributed. Similarly,
the number of interfering cells may not be predictable. The inter-cell interference models de-
scribed in the next section take these constraints into account and are thus relevant to our
studied problem.

4.1.4 State of the art

Up to now in the literature, resource allocation in multi-carrier systems aiming at comparing
the performances of FMBC and CP-OFDM has only considered cognitive radio systems with
asynchronous transmission between the primary network and the secondary network. Inter-
ference modeling and application to radio resource management has been proposed for these
multi-carrier techniques in [30][31][39]. In the following, we detail the results obtained in these
papers. They will be used as state-of-the-art in the future EMPHATIC studies on ad hoc RRM,
after careful extension to the studied scenario.

4.2 Modeling of inter-cell interference depending on the multi-carrier
technique

4.2.1 Interference using the power spectral density and interference modeled as
Additive White Gaussian Noise

In [30][31], resource allocation in a multi-carrier cognitive radio system is studied. The sec-
ondary users are transmitting on the bands that are unused by the primary system, with channel
interweave. As the secondary users are not synchronized with the primary users, they cause inter-
ference to the primary system. There are L primary user (PU) bands, denoted as B1, B2, ..., BL.
The non-active bands are used by the secondary system. They are divided into N subcarriers,
each with a ∆f bandwidth. The interference induced to the lth PU band should not exceed
the predefined interference temperature limit, Ith.
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The interference I li,m
(
dli, Pi,m

)
introduced by the transmission of the ith subcarrier of the

secondary system, which is allocated to the mth secondary user, to the lth primary band is the
integration of the PSD of the ith subcarrier across the lth primary band, and can be expressed
as [40]:

I li,m
(
dli, Pi,m

)
= Pi,mΩl

i,m (4.1)

with

Ωl
i,m =

∫ dl
i+Bl/2

dl
i−Bl/2

∣∣∣gli,m∣∣∣2 Φi(f)df (4.2)

where Φi(f) denotes the power spectral density of the ith CP-OFDM or FBMC subcarrier (the
detailed description can be find in Section 2.3.1) and dli is the spectral distance between the
ith subcarrier and the lth PU band. gli,m denotes the channel gain (possibly including path loss
and shadowing) between the ith subcarrier and the lth PU band, while Pi,m is the total transmit
power emitted by the ith subcarrier. Ωl

i,m denotes the interference factor of the ithsubcarrier
to the lth PU band. Bl is the bandwidth of the PU band. The subscript m denotes the case
when the ith subcarrier is allocated to the mth secondary user. Similarly, the interference power
introduced by the lth PU signal into the band of the ith subcarrier is [40]:

J li,m =
∫ dl

i+∆f/2

dl
i−∆f/2

∣∣∣yli,m∣∣∣2 Ψl(ejω)dω (4.3)

Where Ψl(ejω) is the PSD of the lth PU signal, and yli,m is the channel gain between the ith
subcarrier and the lth PU signal.
The maximum achievable transmission rate of the ith subcarrier, Ri, can be evaluated as:

Ri (Pi,m, hi,m) = ∆f log2

(
1 + Pi,m |hi,m|2

σ2
i

)
(4.4)

Where Pi,m is the transmission power and hi,m is the ith subcarrier fading gain from the mth

secondary user to the secondary Base Station. Additionally, σ2
i = σ2

AWGN + ∑L
l=1 J

l
i , where

σ2
AWGN is the variance of the additive white Gaussian Noise and J li is the interference introduced

by the lth PU band into the ith subcarrier, whose expression is given in (4.3).
The interference generated by the Primary Transmitter in the ith subcarrier is assumed to be
the superposition of large number of independent components, ∑L

l=1 J
l
i .

Using the central limit theorem, the interference is then modeled as Additive White Gaussian
Noise [41].
This assumption may not be valid for a low number of PU bands, but it can be considered as
a good approximation for a large number of PU bands. It has been taken in several papers, for
instance [41][42][43]. We can notice that the nature of the PUs interference on the secondary
users bands is the same with both CP-OFDM and FBMC, with this assumption.
It should be noted that in many cases, the probability density function of the interference
exhibits results strongly different from those predicted by the Gaussian model [44]. Indeed, the
central limit theorem does not apply when the number of interferers is low, or when the number
of interferers is large, but there are dominant interferers [45][46].
This model is consequently not used for the secondary users interference to the PU band. The
interference is then given by equation (4.3), and it depends on the power spectral density. It
is thus different, whether FBMC or CP-OFDM is used. Since FBMC has lower sidelodes than
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those of CP-OFDM, the interference it generates is far lower.
The interference generated by the secondary users to the lth PU is:

I l =
M∑
m=1

N∑
i=1

vi,mPi,mΩl
i (4.5)

Where N denotes the total number of subcarriers, M is the number of secondary users, and
vi,m is a Boolean that indicates that the secondary user m is allocated to subcarrier i.
The power spectral density model does not always give accurate results [47] because it does not
take the cyclic prefix into account in CP-OFDM. For example, in multi-user CP-OFDM when
the timing offset does not exceed the cyclic prefix duration, the interference comes only from the
same subcarrier, and the other subcarriers do not contribute to the interference. Unfortunately,
in this case the PSD modeling still shows that the other carriers contributed in the resulting
interference.
The asynchronous interference is always a function of the timing offset between the primary
and secondary systems, and this is not considered in the PSD modeling. Consequently, another
model has been introduced in [48]. It uses the so-called ’interference tables’. These interference
tables are different from the PSD-based interference evaluation from [30][31], since they take
into account the timing offset, on top of the subcarrier distance between the transmitter and
the interfered receiver, while the PSD modeling only considered the subcarrier distance.
This method is detailed in the next subsection.

4.2.2 Inter-cell interference power tables

In [39], the author uses the results from [47][48] to evaluate the inter-cell interferences of
OFDM and FBMC in an unsynchronized Frequency Division Duplex (FDD) system. All the
cells present in the system use the same frequency bands and a perfect frequency and time
synchronization between the users of interest and its own base station is assumed, which means
that the interference will only come from the other cells. In the analysis process, frequency offset
is not considered, but the different cells are not time-synchronized. To estimate the detrimental
effects of interference caused by adjacent cells, a two-cell layout with one user located at the
border of the interest cell (the other cell is referred to as interfering cell) is assumed.
The mean inter-cell interference of the interest user from the interfering cell is computed when
the base station in the interfering cell transmits a single complex symbol with power that equals
to 1 on the kth frequency slot and the nth time slot. The explicit interference formulas of OFDM
and FBMC have been derived in [48]. It is found that the inter-cell interference of OFDM only
depends on the timing offset, and the inter-cell interference of FBMC depends both on the
timing offset and on the phase offset. The interference level will become lower when the prefix
cyclic duration increases. [48] then provides the mean interference table of CP-OFDM with a
cyclic prefix duration equal to ∆ = T/8 (with T the symbol period), for an uniformly distributed
timing offset τ ∈

[
∆
2 ;T + 3∆

2

]
. The mean interference is given in Table 4-1.

On the other hand, a filter bank with an overlapping factor 4 designed using the method in the
project PHYDYAS [1] is chosen. Generally, FBMCs with frequency-localized prototype filters
have negligible inter-cell interference because of their special filter configurations. Consequently,
the interference level almost does not change if we use other types of FBMCs. The mean
interference table of FBMC in the project PHYDYAS for a uniformly distributed timing offset
τ ∈

[
T
2 ; 3T

2

]
and also for a uniformly distributed phase offset Φ ∈ [0; 2π] is given in Table 4-2.

In the mean interference tables, only main interfering slots whose interference powers are
larger than 10−4 are considered. We can see that for CP-OFDM systems, inter-cell interference
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Table 4-1: Mean interference power table of OFDM

f/t n n+ 1
k + 7 9.14× 10−4 9.14× 10−4

k + 6 1.25× 10−3 1.25× 10−3

k + 5 1.80× 10−3 1.80× 10−3

k + 4 2.81× 10−3 2.81× 10−3

k + 3 5.00× 10−3 5.00× 10−3

k + 2 1.13× 10−2 1.13× 10−2

k + 1 4.50× 10−2 4.50× 10−2

k 3.52× 10−2 3.52× 10−2

k − 1 4.50× 10−2 4.50× 10−2

k − 2 1.13× 10−2 1.13× 10−2

k − 3 5.00× 10−3 5.00× 10−3

k − 4 2.81× 10−3 2.81× 10−3

k − 5 1.80× 10−3 1.80× 10−3

k − 6 1.25× 10−3 1.25× 10−3

k − 7 9.14× 10−4 9.14× 10−4

comes from many frequency slots and only two consecutive time slots. On the contrary, the
inter-cell interference of FBMC with 15 interfering slots is more localized in frequency than that
of OFDM, which has 30 interfering slots. However, the inter-cell interference of FBMC spreads
over more time slots which depends on the length of the prototype filter.
When a burst of independent complex symbols is transmitted, the interference incurred on one
subcarrier is equal to the sum of the interference for all the time slots. The corresponding
frequency inter-cell interference powers which are larger than 10−3 for OFDM, FBMC, and the
Perfectly Synchronized (PS) cases are given in Table 4-3. It can be observed that the number
of subcarriers that induce harmful interference to primary user of OFDM and FBMC are 8 and
1, respectively.

Finally, for resource allocation algorithms, the simplified interference vectors of OFDM and
FBMC are defined as:

VOFDM =
[
8.94× 10−2, 2.23× 10−2, 9.95× 10−3, 5.60× 10−3,

3.59× 10−3, 2.5× 10−3, 1.84× 10−3, 1.12× 10−3
]

(4.6)

and

VFBMC =
[
8.81× 10−2, 0, 0, 0, 0, 0, 0, 0

]
(4.7)

These vectors are used to evaluate the interference received by the non-synchronized cells.
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Table 4-2: Mean interference power table of FBMC

f/t n− 2 n− 1 n n+ 1 n+ 2
k − 1 1.08× 10−3 1.99× 10−2 4.60× 10−2 1.99× 10−2 1.08× 10−3

k 1.05× 10−3 1.26× 10−1 5.69× 10−1 1.26× 10−1 1.05× 10−3

k + 1 1.08× 10−3 1.99× 10−2 4.60× 10−2 1.99× 10−2 1.08× 10−3

4.3 Examples of resource allocation algorithms with OFDM and FBMC
and comparison of their performances

4.3.1 Uplink multi-user case: scenario and optimization problem

Resource allocation with FBMC and CP-OFDM has been studied in [39], but only in the context
of cognitive radio. The studied scenario is the following: one primary system is occupying a
licensed bandwidth B. The primary system however does not use the whole bandwidth, and
several spectrum holes are present. A secondary system is the trying to access the secondary
system’s bandwidth with channel interweave: it is allowed to transmit only in the primary
sprectrum holes. The secondary users transmission is however not synchronized with the primary
users transmission. Consequently, even though the secondary system uses channel interweave,
there will be inter-cell interference between both systems, because of the desynchronization.
Figure 4-2 illustrates the studied scenario. The details of how inter-cell interference is modeled,
using the inter-cell interference Tables 1, 2 and 3 from [48], is given hereunder.

Figure 4-2: Cognitive scenario studied in [39]

The secondary system is composed of one Base Station and M users, and we study the
uplink. The Primary Users are denoted PU, and the Secondary Users SU. The secondary cell
wants to maximize its sum data rate by allocating power into the detected spectrum holes for
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Table 4-3: Inter-cell interference power tables for three different cases

f/ cases OFDM FBMC Perfect synchronization
k + 8 1.12× 10−3 0 0
k + 7 1.84× 10−3 0 0
k + 6 2.50× 10−3 0 0
k + 5 3.59× 10−3 0 0
k + 4 5.60× 10−3 0 0
k + 3 9.95× 10−3 0 0
k + 2 2.23× 10−2 0 0
k + 1 8.94× 10−2 8.81× 10−2 0
k 7.05× 10−1 8.23× 10−1 1
k − 1 8.94× 10−2 8.81× 10−2 0
k − 2 2.23× 10−2 0 0
k − 3 9.95× 10−3 0 0
k − 4 5.60× 10−3 0 0
k − 5 3.59× 10−3 0 0
k − 6 2.50× 10−3 0 0
k − 7 1.84× 10−3 0 0
k − 8 1.12× 10−3 0 0

its own users. This optimization problem can be formulated as:

max C(p) =
M∑
m=1

K∑
k=1

Fk∑
f=1

Θkf
m log2

(
1 + pkfmG

mkf
ss

σ2
n + Ifk

)
(4.8)

s.t.
K∑
k=1

Fk∑
f=1

Θkf
m p

kf
m ≤ Pth , ∀m

s.t. 0 ≤ pkfm ≤ Psub ,∀m, k

s.t.
M∑
m=1

N∑
n=1

Θkl(r)n
m p

kl(r)n
m G

mkl(r)
sp ≤ Ith ,∀m, k

Where M is the number of secondary users, K is the number of spectrum holes, and Fk
is the number of subcarriers in the the kth spectrum hole. Θkf

m is the subcarrier assignment
indicator, i.e., Θkf

m = 1 if the f th subcarrier in the kth spectrum hole is allocated to SU m. pkfm
is the power of SU m on the f th subcarrier in the kth spectrum hole, Gmkf

ss is the propagation
channel magnitude from SU m to the secondary Base Station (SBS) on the f th subcarrier in
the kth spectrum hole, σ2

n is the noise power, and Ifk is the inter-cell interference from PU to
SU on the f th subcarrier in the kth spectrum hole. Pth and Psub are the maximum user power
limit and per subcarrier power limit, respectively. N is the length of the interference vector
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V , pkl(r)n
m is the power of SU m on the left (right) nth subcarrier in the kth spectrum hole,

G
mkl(r)
sp is the propagation channel magnitude from SU m to the primary Base Station (PBS)

on the left (right) first primary subcarrier adjacent to the kth spectrum hole, and Ith denotes
the interference threshold prescribed by the PU on the first primary subcarrier adjacent to SU.
The inter-cell interference from PU to SU Ifk can be expressed in the mathematical form as
follows:

Ifk =


∑N
n=1 P

kl
p G

klf
ps Vn f = 1, 2, .., N∑N

n=Fk−f+1 P
kr
p G

krf
ps Vn f = Fk −N + 1, .., Fk

(4.9)

Where P kl(r)
p is the transmission power of PU located in the left (right) of the kth spectrum

hole, and Gkl(r)f
ps is the channel magnitude from PU located in the left (right) of the kth

spectrum hole to SBS on the f th subcarrier of the kth spectrum hole. Practically, the secondary
cell is not capable of obtaining the transmission power of PU and the channel information from
PU to SU, but Ifk can be measured during spectrum sensing by SBS without need to know any
prior information.
Ith is an interference threshold which is predetermined by a practical licensed system. For
instance, in [49], it is set according to a capacity loss that the PU can tolerate, compared with
a case without SU.
The last constraint in the optimization problem is related to the interference introduced by the
secondary user to the primary base station. This constraint is quite difficult to manage because
of the two following reasons: first of all, the threshold Ith has to be prescribed by the primary
system. It represents the amount of interference that the primary system can accept from the
secondary system. Standards for multi-carriers cognitive radio systems are still under study
and no common definition for interference threshold is available in the literature. Different
thresholds corresponding to different penalties in terms of primary system capacity degradation
may be used.
Secondly, the SU needs to have channel knowledge. Without the information of the channel
magnitude Gmkl(r)

sp between SU and PBS, the third term of the last inequality constraint cannot
be computed. This difficulty is common to all CR systems: in order to adjust its emitted power,
the SU must know the amount of interference brought to the PBS. Under the hypothesis that
primary and secondary systems are unsynchronized, it is hard to perfectly estimate the channel
magnitude Gmkl(r)

sp .
Nevertheless, a rough estimate of this magnitude can be implemented by the SU during the
spectrum sensing phase. The modulus of the channel gain from PBS to SU can be estimated on
the subcarriers used by the primary system and, by interpolation, the channel magnitude from
PBS to SU on free subcarriers can be computed. Alternatively, the information about Gmkl(r)

sp

can be carried out by a band manager that mediates between the primary and secondary users
[49]. The channel magnitude of the downlink path (PBS to SU) is not equal to the reverse
channel magnitude (SU to PBS) if Frequency Division Duplexing (FDD) is used. However, this
downlink channel magnitude can be used as a rough estimate of the uplink channel magnitude.
In this case it will be necessary to add some margin on the threshold Ith in order to take
into account the channel estimation error. Since OFDM based secondary system introduces
more interference to primary users than the case of FBMC, the knowledge of Gmkl(r)

sp is much
more important for OFDM, in this case, larger margin value should be added for OFDM based
cognitive systems.
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4.3.2 Uplink multi-user case: resource allocation algorithm and results

The optimization problem (3) is an integer programming problem, which has a high compu-
tational complexity. In general, in resource allocation algorithms, a sub-optimal solution with
reasonable complexity is preferred. The most classical method is to first assign the subcarriers
to the users, and then to allocate power to these subcarriers. The power allocation of the
multi-user system can then be regarded as a single-user system.
Subcarrier allocation may be performed in order to achieve approximately the same data rate
for each users (max min objective); or to maximize the sum rate. These two objectives lead to
opposite allocations; the first one is fair but leads to poor sum rate, whereas the second one
is totally unfair. Other optimization objectives (proportional fair, weighted proportional fair,
harmonic mean fair may be used.
Once subcarriers have been allocated, the power allocation problem with only one secondary
cell (3) becomes convex and can be solved with classical convex optimization problems, such
as the Gradient Projection Method, that was used in [39]. It may also be solved with the
Karush-Kuhn-Tucker conditions, as in [30].
The simulation results obtained in [30] and [39] both show that FBMC leads to higher spectral
efficiency than CP-OFDM when considering the same resource allocation algorithm and the
same configuration, in asynchronous cognitive radio networks. The spectral efficiency achieved
with FBMC is even quite close to that obtained with perfect synchronization. Other simulations
in the downlink [31] lead to the same conclusions.

4.3.3 Adaptation to ad hoc scenarios

Although this scenario is limited to a cognitive case with two cells, the inter-cell interference
modeling may be extended to ad hoc networks scenarios in EMPHATIC studies. Several differ-
ences will however need to be considered:

• First, all cells in the ad hoc networks are equal with respect to bandwidth access; none of
them has a higher priority such as the Primary cell in the cognitive scenario. Consequently,
all cells can be seen as secondary cells with equal priority.

• Second, there is no more interference threshold. Each cell may receive as much inter-cell
interference as the others generate, and it cannot limit it; unless an extra coordination
is added to the network. However, as we have already said, ad hoc networks should be
totally uncoordinated.

• Third, interweave is no longer used: all cells may use all subcarriers. As a consequence,
inter-cell interference is no longer only due to the lack of synchronization, but also in-band
inter-cell interference. It may also be due to several cells at the same time. This may
mitigate the benefits of FBMC over CP-OFDM, since, as shown in Table 4-3, inter-cell
interference in the same carrier k is slightly higher with FBMC than with CP-OFDM.

• Fourth, channel sensing for each cell will not be able to differentiate the interference from
different sources; it will only sense the resulting sum interference.

• Finally, all cells must optimize their resource allocation independently, since they are un-
coordinated. In [39], only the secondary cell made this optimization, given that resources
were already allocated to the primary cell. With several uncoordinated cells, resource
allocation in each cell may generate high inter-cell interference to the others. If each cell
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individually performs its resource allocation to maximize its own optimization objective,
then the whole problem becomes a non-cooperative game, and Game Theory may be
needed to assess the performances of its solution [50]. However, non-cooperative games
may lead to very poor outcomes in terms of network sum rate. Thus, is may be necessary
to add some level of cooperation or to determine distributed criteria that allow to turn
the non-cooperative game into a semi-cooperative game.

All these differences will have to be taken into account in order to study ad hoc networks.
But the inter-cell interference modeling can still be used, which will allow a fair comparison of
FBMC and CP-OFDM regarding resource allocation.
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5. Conclusions
This report described the work undertaken in Task 5.1 of “Advantages of filter bank-based
multicarrier for Radio resource management“ of the EMPhAtiC project. The work has focused
on the use of FB-MC for RRM in both ad-hoc and cell-based PMR networks and compared it
with the alternative CP-OFDM technology.

This report first represented an overview of the proposed PMR concept, including the mo-
tivation of using FB-MC against OFDM multi-carrier technology. Then a qualitatively analysis
of the benefits of FB-MC RRM was conducted. In the literature review, the theoretical analysis
and numerical results in the evaluation of the performance of FB-MC in asynchronous scenario
were given. This report also introduced quantitative analysis of the benefits of FB-MC in RRM
by using one example in CR networks, the mathematical expressions of the interference was then
presented. By constructing and solving a power minimization problem, via numerical results, it
was shown that FB-MC has superiority over CP-OFDM.

Furthermore, it was described in detail that how the proposed PMR concept can be realized
with a focus on PMR communications under cellular networks. By using cognitive radio and
combing PMR communications with cellular systems, potential benefits were elaborated. A
study of the difference between the RRM in PMR communications and that in cellular networks
was given.

Finally, the last part of the document was concentrated on an ad-hoc scenario, specific
characteristics different from those of a cellular network were introduced. The challenges of
lacking global interference management and synchronism were discussed. Two interference
models namely power spectral density and inter-cell interference table were suggested. Some
numerical results were reported, and they imply that FB-MC leads to a higher spectral efficiency
in asynchronous cognitive radio networks.
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Glossary and Definitions
Acronym Meaning
OFDM Orthogonal Frequency Division Multiplexing

CP Cyclic Prefix

OQAM Offset Quadrature Amplitude Modulation

QAM Quadrature Amplitude Modulation

SNR Signal to Noise Ratio

NMSE Normalized Mean Square Error

BER Bit Error Rate

QPSK Quadrature Phase Shift Keying

FB-MC Filter Bank-based Multi-Carrier

FBMC/OQAM Filter Bank-based Multi-Carrier with OQAM subcarrier modulation

PMR Professional Mobile Radio

MIMO Multiple-Input Multiple-Output

MMSE Minimum Mean Square Error

BER Bit Error Rate

AF Amplify-and-Forward

DF Decode-and-Forward

AP Access Point

LTE Long Term Evolution

FFT Fast Fourier Transform

iFFT inverse Fast Fourier Transform

TDL Tapped Delay Line

ITU-R International Telecommunication Union Radiocommunication sector

ISI Inter-Symbol Interference

CFO Carrier Frequency Offset

RRM Radio Resource Management

PSD Power Spectral Density

PU Primary User

PPDR Public Protection and Disaster Relief

TETRA Terrestrial Trunked Radio

QoS Quality of Service

SBS Secondary Base Station

MIP Mixed-Integer Programming

CR Cognitive Radio

OSA Opportunistic Spectrum Access
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Acronym Meaning
CRN Cognitive Radio Network

SU Secondary Users

MAC Medium Access Control

CCC Common Control Channel

D2D Device-to-Device

PoC Push-to-Talk over Cellular

OMA Open Mobile Alliance

SwMI Management Infrastructure

PTT Push-To-Talk

IMS IP Multimedia Subsystem

TDMA Time Division Multiple Access

MSR Maximum Sum Rate

PRC Proportional Rate Constraints

WiMAX Worldwide Interoperability for Microwave Access

SS Subscriber Station

TDD Time Division Duplex

FDD Frequency Division Duplex

UGS Unsolicited Grant Service

rtPS Real-time Polling Service

nrtPS Non-real-time Polling Service

BE Best Effort Service

ertPS Enhanced rtPS

BE Best Effort Service

EDF Earliest Deadline First

WFQ Weight Fair Queue

PS Perfectly Synchronized

PBS Primary Base Station
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