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Abstract: 

This deliverable summarizes the final contributions on relaying and coverage extension. In 
the first part, several results of D7.1 are extended. In particular, the channel frequency 
selectivity is taken into account and solutions are investigated to cope with it in multi-hop 
relaying networks as well as in two-way relaying schemes. In the latter case, joint channel 
and physical layer network decoding is also included in the analysis. Performance 
evaluations of multi-hop relaying and two-way relaying are then presented in a few 
specific scenarios using the SONIR simulation tool in the first case, and using a physical 
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FBMC. A joint subcarrier and power allocation algorithm is proposed to maximize the sum-
rate taking into account the potential interference resulting from the asynchronism. 
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 Introduction 1.
 

This deliverable presents the final part of the work performed in WP7 on “Relay and 
coverage extension”. Several sections present additional contributions with respect to tasks 
T7.1 and T7.2, coming in the continuity of the work presented in deliverable D7.1. In 
addition, the results of task T7.3 are also reported. 

Section 2 investigates the issue of channel frequency selectivity for multi-hop relaying 
networks using FBMC (Filter-bank based multicarrier modulation). The numerical results 
shown in D7.1 imply that, when the channel can no longer be approximated as flat on the 
width of the subcarriers, the FBMC/OQAM based multi-hop relaying networks suffer from 
performance degradation due to the residual intrinsic interference and the resulting error 
propagation. In order to solve this issue, section 2 studies the possible application of multi-
tap equalization in the context of multi-hop relaying networks with DF (decode-and-
forward) strategy. Both pre- and post-equalizers are considered for each hop. The numerical 
results provide insights into the impact of the number of hops on the performance and the 
choice of appropriate transmit as well as receive processing for each hop. 

Section 3 investigates the application of two-way relaying using non-binary network coding 
in the case of frequency-selective channels. Network coding has been shown to provide a 
solution for two users to use a relay simultaneously, thereby increasing the available 
throughput at the expense of a small performance (BER) loss. It has been studied however 
almost exclusively for a simple AWGN channel. In section 3, the case of frequency selective 
channel is investigated by using FBMC transmission. Both complete and functional decoding 
are presented and compared, as well as combined with joint non-binary LDPC decoding. 
Finally, the advantage of adaptive modulation is also presented. 

Section 4 extends some of the work presented in deliverable D7.1 where the fundamental 
limits of a FBMC based two-way DF system was studied taking into account the power 
allocation but assuming that a perfect PLNC (Physical layer network coding) scheme is 
available.  In this section, a practical XOR based PLNC scheme is investigated. Multi-tap pre-
equalization at the source and equalization at the destination are derived in order to cope 
with the channel frequency selectivity, then joint detection with the channel code is 
developed. Simulation results compare the performance of this technique for OFDM and 
FBMC based systems, in different channel situations. 

Section 5 and 6 are devoted to more practical (system-level) performance evaluations of 
some of the proposed strategies for relaying networks. 

Section 5 focuses on multi-hop relaying networks using FBMC, and presents in detail how 
the SONIR (Self-Organizing Network with Intelligent Relaying) simulation tool has been 
adapted to take into account frequency selective channel and handle the case of FBMC 
transmission. Various simulation results are then presented. 

Section 6 proposes a PHY abstraction method to evaluate and compare the performance of 
two possible relaying schemes, DF relaying and two-way relaying, with SC-FDMA (single 
carrier Frequency division multiple access) transmission. Packet-level considerations are 
taken into account to adapt these relaying schemes in various scenarios. The proposed PHY 
abstraction method is validated and then used in MAC-level simulations. Extensive 
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simulation results are presented for the considered scenarios. While these results clearly 
show that the PER (packet error rate) of DF scheme is better than the  PER of two-way 
relaying scheme for many scenarios, adaptive two-way relaying provides a higher achievable 
throughput and is therefore a convenient relaying scheme in terms of total transmitted 
packets. 

Section 7 investigates the issue of resource allocation for FBMC-based DF relaying. These 
issues have received a lot of attention for OFDM-based relaying, and many of the existing 
techniques could be applied almost directly in a synchronized FBMC scenario as long as the 
interference between nodes remains low. One of the advantages of FBMC however is the 
possibility to remove the need of synchronization by using the better spectral selectivity. 
Section 7 therefore considers a non-synchronized scenario and investigates the optimization 
of the sum rate in an OFDM or FBMC based DF-relay transmission system under sum power 
constraint, taking into account the potential interference between adjacent subcarriers. The 
impact of interference and the efficiency of the proposed algorithm are investigated 
through simulation results. 

Section 8 draws the main conclusions of the deliverable. 
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 Investigation of FBMC based multi-hop relaying networks with 2.
multi-tap equalization 

 Description and motivation 2.1

One of the focuses of WP7 is to investigate the application of FBMC/OQAM in multi-hop 
relaying networks. In deliverable D7.1, we have presented results with respect to the range 
extension in FBMC/OQAM based multi-hop relaying networks. Different transmission 
schemes for point-to-point multiple-stream MIMO FBMC/OQAM systems [1] that can be 
employed in each hop of the multi-hop relaying network have been investigated. Then we 
have discussed several possible relaying strategies at the relay nodes by taking into account 
the existence of the intrinsic interference inherited from the FBMC/OQAM modulation. 
Note that it is assumed that the channel on each subcarrier is flat fading in the 
aforementioned investigations. The numerical results shown in D7.1 imply that when this 
assumption is violated, the FBMC/OQAM based multi-hop relaying networks suffer from a 
performance degradation due to the residual intrinsic interference and the resulting error 
propagation. To alleviate the restriction on the frequency selectivity of the channel, we 
conduct an investigation on the application of multi-tap equalization in FBMC/OQAM based 
multi-hop relaying networks.  Decode-and-forward is chosen as the relaying strategy. 
Assuming that each node of the multi-hop relaying network is equipped with a single 
antenna, we propose to employ multi-tap equalization [2] at each hop to mitigate both the 
inter-symbol interference and the inter-carrier interference. In the sequel, the design of the 
pre-equalizer and the equalizer for each hop is first reviewed. Then, we introduce the linear 
model of a multi-hop relaying network that is considered in this report and present the 
numerical results, before conclusions are drawn in the end.  

 

 Multi-tap equalization at the nodes of FBMC/OQAM-based multi-hop 2.2
relaying networks 

 
In FBMC/OQAM systems, the real and imaginary parts of each complex-valued data symbol 
are staggered by half of the symbol period [3], [4] such that the desired signal and the 
intrinsic interference are separated in the real domain and in the pure imaginary domain, 
respectively. In [5] and [6] where receive processing techniques have been developed for 
MIMO FBMC/OQAM systems, it is assumed that the channel frequency responses of 
adjacent subcarriers do not vary. Consequently, the intrinsic interference is cancelled by 
taking the real part of the resulting signal after the equalization. To alleviate the constraint 
on the frequency selectivity of the channel, a zero forcing (ZF) based approach and a 
coordinated beamforming based transmission strategy have been proposed in [8], [7], and 
[1] to enable multi-stream transmissions in a MIMO FBMC/OQAM system where the 
channel is not restricted to flat fading. Nevertheless, these schemes still suffer from a 
performance degradation especially at the high SNR regime as long as the assumption that 
the channel on each subcarrier is flat fading is violated. It should be noted that for multi-hop 
relaying networks it is especially important to ensure satisfactory reliability of the 
transmission at each hop due to the error propagation phenomenon. Hence, to avoid a 
performance degradation in case of highly frequency selective channels, one has to resort to 
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multi-tap equalization techniques that have been developed for point-to-point 
FBMC/OQAM systems. Here we propose to employ the design of the pre-equalizer and the 
equalizer in [2] for each hop of the FBMC/OQAM based multi-hop transmission. Note that 
there also exist other multi-tap equalization techniques for single-antenna FBMC/OQAM 
systems that target highly frequency selective propagation conditions, such as [9], [10].  
 
In the following, we review the data model of a point-to-point FBMC/OQAM system and 
then briefly describe the aforementioned design of the pre-equalizer and the equalizer in 
[2]. 

 

Assuming that the total number of subcarriers is 𝑀, the transmitted FBMC/OQAM signal can 
be written as [2]  

𝑠(𝑘) = ∑ ∑ 𝑥𝑚

−∞

𝑛=−∞

𝑀−1

𝑚=0

(𝑛)𝑓𝑚(𝑘 −
𝑀

2
𝑛), 𝑓𝑚(𝑘) = 𝑝(𝑘)𝑒

𝑗
2𝜋
𝑀
𝑚(𝑘−

𝐿−1
2
), (2-1) 

where 𝑓𝑚(𝑛) represents the synthesis filter of the 𝑚-th subcarrier, 𝑝(𝑘) is the prototype 
shaping pulse of the odd length 𝐿, and 𝑥𝑚(𝑛) denotes the symbol transmitted on the 𝑚-th 
frequency at the 𝑛-th time instant. The symbols are drawn from OQAM schemes such that 
𝑥𝑚(𝑛) = 𝑑𝑚(𝑛)𝜃𝑚(𝑛), where 𝑑𝑚(𝑛) is real PAM symbol and 𝜃𝑚(𝑛) is a phase term 
described as  
 

𝜃𝑚(𝑛) = {
1            𝑚 + 𝑛  even
𝑗             𝑚 + 𝑛  odd

. 

 
The signal received at the relay can be written as 
 

𝑟(𝑘) = 𝑠(𝑘) ∗ ℎ(𝑘) + 𝑤(𝑘), (2-2) 

 
where ℎ(𝑘) is the propagation channel, and 𝑤(𝑘) is the additive white noise. The 
demodulated signal 𝑦𝑞(𝑛) of the 𝑞-th subcarrier can be formulated as [2] 

𝑦𝑞(𝑛) = 𝜃𝑞
∗(𝑛) ∑ 𝑥𝑚

𝑞+1

𝑚=𝑞−1

(𝑛) ∗ 𝑔𝑞𝑚(𝑛) + 𝜃𝑞
∗(𝑛)𝑤𝑞(𝑛), (2-3) 

 
where 𝑔𝑞𝑚 is obtained by downsampling ℎ(𝑛) ∗ 𝑓𝑚(𝑛) ∗ 𝑓𝑞

∗(−𝑛) given by  

 
 

𝑔𝑞𝑚(𝑛) = (ℎ(𝑛) ∗ 𝑓𝑚(𝑛) ∗ 𝑓𝑞
∗(−𝑛))

↓
𝑀
2

, 𝑛 =  −𝐿𝑔1 , … , 𝐿𝑔2  

 
 
and  
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𝑤𝑞(𝑛) = (𝑤(𝑛) ∗ 𝑓𝑞
∗(−𝑛))

↓𝑀/2
. 

 
 

An equalizer 𝑎𝑞(𝑛) and/or a pre-equalizer 𝑏𝑞(𝑘) at the transmitter side can be applied for 

the 𝑞-th subcarrier to mitigate the inter-carrier interference and the inter-symbol 
interference. First, we consider the case where the transmitter has perfect channel state 
information and the pre-equalizer takes care of the suppression of the interference, while 
the equalizer at the receiver is single-tap and real-valued. Consequently, the signal for the 𝑞-
th subcarrier signal after equalization is defined as   
 

𝑧𝑞(𝑛) = Re{𝜃𝑞
∗(𝑛) ∑ 𝑎𝑞

𝑞+1

𝑚=𝑞−1

𝑏𝑚
∗ (𝑛) ∗ 𝑥𝑚(𝑛) ∗ 𝑔𝑞𝑚(𝑛)} + Re{𝑎𝑞𝜃

∗(𝑛)𝑤𝑞(𝑛)}. 

 

 (2-4) 

 
A matrix-vector form is given by  
 

 
𝑧𝑞(𝑛) = Re {𝜃𝑞

∗(𝑛) ∑ 𝑎𝑞

𝑞+1

𝑚=𝑞−1

𝒃𝑚
𝐻𝑮𝑞𝑚Θ𝑚(𝑛)𝒅𝑚(𝑛)}

+ Re{𝑎𝑞𝜃
∗(𝑛)𝑤𝑞(𝑛)}, 

 

 

(2-5) 

where  

𝒃𝑚 = [𝑏𝑚(−𝐿𝑏2),⋯ , 𝑏𝑚(𝐿𝑏1)]
𝑇
, 

𝒅𝑚(𝑛) = [𝑑𝑚(𝑛 + 𝐿𝑏2 + 𝐿𝑔2),⋯ , 𝑑𝑚(𝑛 − 𝐿𝑏1 − 𝐿𝑔1)]
𝑇
, 

Θ𝑚(𝑛) = diag{𝜃𝑚(𝑛 + 𝐿𝑏2 + 𝐿𝑔2),⋯ , 𝜃𝑚(𝑛 − 𝐿𝑏1 − 𝐿𝑔1)}, 

 
and the (𝐿𝑏1 + 𝐿𝑏2 + 1)-by-(𝐿𝑏1 + 𝐿𝑏2 + 𝐿𝑔1 + 𝐿𝑔2 + 1) matrix 𝑮𝑞𝑚 is a circulant matrix 

with its first row equal to [𝑔𝑞𝑚(−𝐿𝑔2),⋯ , 𝑔𝑞𝑚(𝐿𝑔1),0,⋯ ,0]. The expression in (2-5) has the 

following more compact form  
 

𝑧𝑞(𝑛) = Re{ ∑ 𝑎𝑞

𝑞+1

𝑚=𝑞−1

𝒃𝑚
𝐻 𝑮̄𝑞𝑚(𝑛)𝒅𝑚(𝑛)} + Re{𝑎𝑞𝜃𝑞

∗(𝑛)𝑤𝑞(𝑛)}. (2-6) 

 
where 𝑮̄𝑞𝑚(𝑛) = 𝜃𝑞

∗(𝑛)𝑮𝑞𝑚Θ𝑞(𝑛). 

 
The pre-equalizer is designed to suppress the interference leaked to the adjacent 
subcarriers. Hence, an optimization problem is constructed to maximize the signal to 
leakage plus noise ratio (SLNR) [2]. The pre-equalizer is then given by 
 

𝒃̃𝑞,𝑒
(𝑜𝑝𝑡)

= arg max
𝒃̃𝑞,𝑒
(
𝒃̃𝑞,𝑒
𝑇 𝑹𝑞𝒃̃𝑞,𝑒

𝒃̃𝑞,𝑒𝑇 𝑸𝑞𝒃̃𝑞,𝑒
), (2-7) 
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where 

 
𝑹𝑞 = 𝑮̄𝑞𝑞,𝑒𝒆𝑙𝒆𝑙

𝑇𝑮̄𝑞𝑞,𝑒 
𝑇 , 

 
 

 

𝑄𝒒 =

𝑮̄𝑞−1𝑞,𝑒𝑮̄𝑞−1𝑞,𝑒
𝑇 + 𝑮̄𝑞𝑞,𝑒(𝑰 − 𝒆𝑙𝒆𝑙

𝑇)𝑮̄𝑞𝑞,𝑒
𝑇 + 𝑮̄𝑞+1𝑞,𝑒𝑮̄𝑞+1𝑞,𝑒

𝑇  +
𝑁0

2𝑃𝑇/𝑀
𝑰. 

 

   
And 𝒃𝑞,𝑒 and 𝑮̄𝑞𝑞,𝑒 are obtained by stacking the real part and imaginary part of 𝒃𝑞 and 𝑮̄𝑞𝑞, 

respectively. Here 𝒆𝑙 denotes a unit vector of length (𝐿𝑏1 + 𝐿𝑏2 + 𝐿𝑔1 + 𝐿𝑔2 + 1) and has all 

zero elements but one at 𝑙 = 𝐿𝑏2 + 𝐿𝑔2 + 1. The solution of (2-7),  𝒃̃𝑞,𝑒
(𝑜𝑝𝑡)

 , is the normalized 

eigenvector corresponding to the largest eigenvalue of 𝑸𝑞
−1𝑹𝑞.  For more details of the 

derivation, the readers are referred to [2].  
 
Alternatively, a one-tap pre-equalizer can be used at the transmitter, while a multi-tap 
equalizer is designed to eliminate the inter-symbol interference and the inter-carrier 
interference. The corresponding signal for the 𝑞-th subcarrier signal after equalization takes 
the following form 
 
 

𝑧𝑞(𝑛) = Re {𝜃𝑞
∗(𝑛) ∑ 𝑏𝑚

𝑞+1

𝑚=𝑞−1

𝑎𝑞
∗ (𝑛) ∗ 𝑥𝑚(𝑛) ∗ 𝑔𝑞𝑚(𝑛)} + Re{𝜃𝑞

∗(𝑛)𝑎𝑞
∗(𝑛) ∗ 𝑤𝑞(𝑛)}, 

 

(2-8) 

 
where the pre-equalizer is real-valued, and 𝑎𝑞(𝑛) has non-zero values for −𝐿𝑎2 ≤ 𝑛 ≤ 𝐿𝑎1. 

Similarly, the matrix-vector form of (2-8) is given by 
 

𝑧𝑞(𝑛) = Re { ∑ 𝑏𝑚

𝑞+1

𝑚=𝑞−1

𝒂𝑞
𝐻𝑮̄𝑞𝑚(𝑛)𝒅𝑚(𝑛)} + Re{𝒂𝑞

𝐻(𝑛)𝒘𝑞(𝑛)}. 

 

(2-9) 

 
where  

𝑮̄𝑞𝑚(𝑛) = 𝜃𝑞
∗(𝑛)𝑮𝑞𝑚Θ𝑚(𝑛) 

𝒂𝑞 = [𝑎𝑞(−𝐿𝑎2),⋯ , 𝑎𝑞(𝐿𝑎1)]
𝑇
, 

𝒅𝑚(𝑛) = [𝑑𝑚(𝑛 + 𝐿𝑎2 + 𝐿𝑔2),⋯ , 𝑑𝑚(𝑛 − 𝐿𝑎1 − 𝐿𝑔1)]
𝑇
, 

Θ𝑚(𝑛) = diag{𝜃𝑚(𝑛 + 𝐿𝑎2 + 𝐿𝑔2),⋯ , 𝜃𝑚(𝑛 − 𝐿𝑎1 − 𝐿𝑔1)}, 

𝒘𝑞(𝑛) = 𝜃𝑞
∗(𝑛)[𝑤𝑞(𝑛 + 𝐿𝑎2),⋯ ,𝑤𝑞(𝑛 − 𝐿𝑎1)]

𝑇
, 

and the (𝐿𝑎1 + 𝐿𝑎2 + 1)-by-(𝐿𝑎1 + 𝐿𝑎2 + 𝐿𝑔1 + 𝐿𝑔2 + 1)  𝑮𝑞𝑚 is a circulant matrix with the 

first row equal to [𝑔𝑞𝑚(−𝐿𝑔2),⋯ , 𝑔𝑞𝑚(𝐿𝑔1),0,⋯ ,0].   

 
The multi-tap equalizer that maximizes the signal to noise and interference ratio (SINR) 
corresponds to the solution of the following optimization problem [2] 
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𝒂𝑞,𝑒
(𝑜𝑝𝑡)

= arg max
𝒂𝑞,𝑒
(
𝒂𝑞,𝑒
𝑇 𝑹𝑞𝒂𝑞,𝑒

𝒂𝑞,𝑒𝑇 𝑸𝑞𝒂𝑞,𝑒
), 

 

(2-10) 

where 

 𝑹𝑞 = 𝑮̄𝑞𝑞,𝑒𝒆𝑙𝒆𝑙
𝑇𝑮̄𝑞𝑞,𝑒

𝑇 ,  

 

𝑄𝒒 = 𝑮̄𝑞𝑞−1,𝑒𝑮̄𝑞𝑞−1,𝑒
𝑇 + 𝑮̄𝑞𝑞,𝑒(𝑰 − 𝒆𝑙𝒆𝑙

𝑇)𝑮̄𝑞𝑞,𝑒
𝑇 + 𝑮̄𝑞𝑞+1,𝑒𝑮̄𝑞𝑞+1,𝑒

𝑇

+
𝑁0

2𝑃𝑇/𝑀
𝑾𝑞 . 

 

 
In this case 𝒆𝑙 is a unit vector of length  (𝐿𝑎1 + 𝐿𝑎2 + 𝐿𝑔1 + 𝐿𝑔2 + 1) and has all zero 

elements but one at 𝑙 = 𝐿𝑎2 + 𝐿𝑔2 + 1. Finally, 𝒂𝑞,𝑒
(𝑜𝑝𝑡)

 is obtained as the eigenvector with 

respect to the largest eigenvalue of 𝑸𝑞
−1𝑹𝑞.  

 

 Linear model for FBMC-based multi-hop relaying networks 2.3

Similarly as in the range extension analysis that we have presented in deliverable D7.1, we 
adopt a one-dimensional linear model for the broadband PMR multi-hop relay network. It is 
assumed that the relays are placed on a straight line between the base station and the 
mobile terminal. Frequency selective propagation conditions are considered for all links 
between the base station and the mobile terminal. We illustrate such a linear model in 
Figure 2-1. 

 

Let us denote the number of relays that assist the communications between the base 
station and the mobile terminal as  𝑅relays, which leads to  (𝑅relays + 1) links. We also 

assume that the 𝑅relays relays are uniformly placed between the base station and the 

mobile terminal. 

 

 

Figure 2-1 Linear relay model 

 
It is worth noting that this one-dimensional model can be easily extended to a more realistic 
two-dimensional multi-hop relaying scenario. However, as adopted in several other 
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publications, such as [11], [12], and [15], this simple linear relay model based on a path-loss 
analysis is sufficient to provide insights into the potential of multi-hop relaying networks. 

 
Assuming all the relays have the same transmit power as the base station, the received SNR 
in case of such a multi-hop relaying network can be written as [11]  
 

SNRrelay = SNRdirect (
𝐷dir
𝐷relay

)

𝜁

= SNRdirect(𝑅relay + 1)
𝜁
 

 

(2-11) 

where SNRdirect  represents the receive SNR of the direct link between the base station and 
the mobile terminal. Here ζ denotes the path loss exponent. For free space and typical 
cellular configurations ζ takes the values of 2 and 3.5, respectively. It can be seen that the 
SNRrelay increases as the path loss exponent ζ takes a larger value or the number of relays 

𝑅relay between base station and mobile terminal increases. Moreover, the increase in 

SNRrelay  is more pronounced when a larger ζ is considered which usually corresponds to a 

more realistic propagation path loss scenario. In addition, for high SNR values, the wireless 
link capacity increases logarithmically with a growing SNR, as verified by considering the 
Shannon capacity expression [11]. This analysis indicates benefits in terms of an improved 
receiver SNR thanks to the use of the multi-hop relaying technology and also justifies its 
potential of range extension. The received SNR at the destination terminal can be increased 
dramatically, and therefore the boost of the capacity is also expected. 
 
As already pointed out in deliverable D7.1, although amplify-and-forward (AF) is a relatively 
simple relaying strategy that does not lead to heavy computational load at the relaying 
nodes, it would cause severe error propagation in FBMC/OQAM based multi-hop relaying 
networks. The reason is that the existence of the intrinsic interference at each hop. In 
deliverable D7.1, we have proposed and have investigated several relaying strategies that 
are able to mitigate the intrinsic interference induced at each link to some extent. 
Nevertheless, it still proves challenging to effectively avoid the performance degradation 
due to error propagation especially in case of highly frequency selective channels. 
Therefore, we propose to choose decode-and-forward (DF) as the relaying strategy. For 
each hop, either the SLNR maximizing multi-tap pre-equalizer reviewed in the previous 
subsection is employed at the transmitting node, or the SINR maximizing multi-tap equalizer 
is used at the receiving node. In the first case, the equalizer has a single tap, while a single-
tap pre-equalizer is adopted in the second case.  

 

 Simulation results 2.4

In this subsection, we evaluate the uncoded bit error rate (BER) performance of the 
FBMC/OQAM based multi-hop relaying network. The linear model illustrated in Figure 2-1. 
The 𝑅relay relays assist the transmission between the base station and the mobile terminal, 

resulting in (𝑅relay + 1) hops. The total number of subcarriers is 128, and the subcarrier 

spacing is 15 kHz. The PHYDYAS prototype filter [14] with overlapping factor K = 4 is 
employed. Perfect channel state information at the transmitter as well as at the receiver is 
assumed. In case of CP-OFDM, the length of the cyclic prefix (CP) is ¼ the symbol period. The 



ICT 318362 EMPhAtiC Date: 18/11/2014 

ICT-EMPhAtiC Deliverable D7.2 13/95 

information symbols are drawn from a 16 QAM constellation. As mentioned in previous 
subsections, each node in the multi-hop relaying networks is equipped with a single 
antenna, and a single stream is transmitted. Here the path loss exponent ζ =3.5. For all the 
examples, the ITU Veh-A [13] channel model is considered. In Table 2-1, we present a 
summary of the simulation parameters used for the numerical results presented in this 
subsection. 

 

 

Frame structure 

Bandwidth  1.4 MHz 

Subcarriers number  128 subcarriers 

Subcarrier spacing 15 kHz 

OFDM CP ¼ Symbol period 

FBMC filter OFDM/OQAM PHYDYAS 

Overlapping factor 4 

Modulation and coding schemes 16-QAM, uncoded 

Transmitter/Receiver 

Noise power spectral density Various 

MS/RS number of antenna 1  

Transmission scheme single stream 

HH antenna model Isotropic 

Propagation 

Path-loss model path loss exponent  ζ = 3.5 

Fast fading channel models ITU-Vehicular A 

Channel estimation Ideal 

Table 2-1 Overview of the simulation parameters 
 
In the first example, we show the uncoded BER performance at each link of the 
FBMC/OQAM based multi-hop relaying network. Multi-tap equalization [2] is employed to 
mitigate the inter-symbol interference and the inter-carrier interference. Specifically, a 
multi-tap pre-equalizer and a single-tap equalizer are employed at the transmitting node 
and the receiving node, respectively. Or a single-tap pre-equalizer and a multi-tap equalizer 
are employed at the transmitting node and the receiving node, respectively. Figure 2-2 
depicts the results. Note that in the legend of the figure,  𝐿𝑎 and 𝐿𝑏 denote the number of 
taps of the multi-tap equalizer and the number of taps of the multi-tap pre-equalizer, 
respectively. It is observed that these two cases lead to a similar performance. As the length 
of the multi-tap equalizer or the length of the multi-tap pre-equalizer increases, a 
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performance improvement is achieved, due to the enhanced capability of suppressing the 
inter-symbol and inter-carrier interference.  
 

 

Figure 2-2 BER versus SNR for a single hop of the FBMC/OQAM based multi-hop relaying 

network where a multi-tap equalizer or a multi-tap pre-equalizer is employed; ITU Veh-A 

channel 

We further investigate the impact of the number of hops on the BER performance at a 
relatively low SNR regime. In Figure 2-3, the BER performance versus the number of hops 
for the FBMC/OQAM based multi-hop relaying network is presented. For each hop either a 
multi-tap pre-equalizer at the transmitter or a multi-tap equalizer at the receiver is 
employed. We can see that except of the 3-tap case, a larger number of hops leads to a 
better BER performance due to an increased receive SNR. This advantage of the multi-hop 
relaying technology has been pointed out in the previous text. In case of 3-tap pre-
equalizers or equalizers, the residual interference at each hop is still not low enough. 
Consequently, as the number of hops increases, the error propagation is more severe, 
leading to the degraded performance compared to the case of a smaller number of hops.  
Similar to the single-link case, adopting a larger number of taps contributes to performance 
improvement. The advantage of increasing the number of hops is thus more pronounced 
with a longer pre-equalizer or a longer equalizer.  
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Figure 2-3 BER versus the number of hops with the SNR at 0 dB for the FBMC/OQAM 

based multi-hop relaying network where a multi-tap equalizer or a multi-tap pre-

equalizer is employed; ITU Veh-A channel 

 

Moreover, Figure 2-4 illustrates the impact of the number of hops on the BER performance 
of the FBMC/OQAM based multi-hop relaying network at a higher SNR, SNR = 10 dB. Similar 
to the previous examples, difference lengths of the pre-equalizer and the equalizer are 
considered. It can be seen that a 3-tap pre-equalizer or a 3-tap equalizer is not sufficient to 
deal with the error propagations in case that DF is employed. As the number of hops 
increases, it leads to a higher receive SNR. However, in such a relatively high SNR regime, 
the residual intrinsic interference becomes the dominant source of interference rather than 
the noise. Thus, the error propagation problem overweighs the increase of the receive SNR 
as the number of hops is larger. These results and observation imply a trade-off that the 
increased number of hops in an FBMC/OQAM based multi-hop relaying network contributes 
to enhanced receive SNR but more critical error propagation in the meanwhile. Note that 
this conclusion is consistent with those drawn in previous related publications on multi-hop 
relaying networks that a larger number of hops actually leads to the degradation of the BER 
performance at the high SNR regime [15]. In addition, the BER performance of the case 
where a multi-tap equalizer is employed is similar to that of the case where a multi-tap pre-
equalizer is used. Therefore, to determine whether to perform the multi-tap pre-
equalization or the multi-tap equalization for each hop, one should majorly consider other 
factors rather than the performance issue, such as the limit of computational load of each 
node, or the available knowledge of the channel state information.  
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Figure 2-4 BER versus the number of hops with the SNR at 10 dB for the FBMC/OQAM 

based multi-hop relaying network where a multi-tap equalizer or a multi-tap pre-

equalizer is employed; ITU Veh-A channel 

 

Figure 2-5 Comparison of the BER performance in case of SNR = 0 dB and SNR = 10 dB 

for the FBMC/OQAM based multi-hop relaying network where a multi-tap equalizer or a 

multi-tap pre-equalizer is employed; ITU Veh-A channel 
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To provide a clear view of the comparison between the BER performance at SNR = 0 dB and 
that at SNR = 10 dB, Figure 2-5 is also included in this document. Recall that a single antenna 
is equipped at each node in our investigations. It is worth noting that employing multiple 
antennas at the nodes will bring further benefits in terms of enhanced BER performance and 
range extension capability [15].   

 Final remarks 2.5

In this section, we have conducted an investigation of FBMC/OQAM based multi-hop 
relaying networks that employ multi-tap equalization. As the continuation of the range 
extension analysis for FBMC/OQAM based multi-hop relaying scenarios that has been 
presented in deliverable D7.1, the goal here is to alleviate the constraint on the channel 
frequency selectivity and to for the first time address the use of multi-tap equalization in 
broadband PMR multi-hop relaying networks. We have started with a brief introduction and 
motivation of our work and then have reviewed a state-of-the-art design of pre-equalizers 
and equalizers. What follows is a description of the linear model for multi-hop relaying 
networks that has been employed throughout our investigation. Moreover, we have briefly 
reviewed the relaying strategies that we have proposed in deliverable D7.1 for 
FBMC/OQAM based multi-hop relaying networks and have pointed out the need of 
employing DF to achieve a more effective mitigation of the inter-carrier and inter-symbol 
interference. In addition, it has been explained in detail how an FBCM/OQAM based multi-
hop relaying network with DF and multi-tap equalization operates. Finally, we have assessed 
the performance of FBMC/OQAM based multi-hop relaying networks with multi-tap 
equalization. The extensive numerical results that have been shown provide insights into 
the impact of number of hops on the performance and the choice of appropriate transmit as 
well as receive processing for each hop.  
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 Multicarrier Two-Way Relaying with Nonbinary Coding 3.
In ad-hoc scenarios, relays can be introduced to widen communications range and/or 
improve the signal quality. However, relays typically introduce some delay since the user-to-
user communication is not direct anymore but rather requires two or more hops. Things get 
worse when two users exchange information in both ways and are helped by the same 
relay: on a TDMA-based system, four slots are needed to cover all user-to-relay and relay-
to-user links. 

Recent advances in the field of network coding have shown how to reduce delays by 
introducing low-complexity operations at the users and at the relay. More specifically, the 
two-way relaying scheme divides the communication between two users into two slots only: 
in the first one, both users send their message to the relay. Then, in the second slot, the 
relay retransmits a function of both messages: since each user knows its own message, the 
other user’s message can be recovered. It is worth noting that the relay does not need to 
separate and decode the two users’ messages and can directly recover the combined 
message to transmit [23][24]. As we will see later, the binary (XOR) sum applied to linear 
channel codes allows us to carry out these operations in a simple, elegant way. 

References [25]-[34] are examples of interesting results and achievable rates in the Additive 
White Gaussian Noise (AWGN) channel. When considering frequency selective channels, 
however, these results cannot be applied directly since the channels of the two users are 
characterized by different impulse responses and, hence, the linearity properties of the 
codes are not preserved. In this section, we propose an extension of the two-way relaying 
protocol to frequency selective channels based on multicarrier modulations. Indeed, for a 
sufficiently high number of subcarriers, the available spectrum can be divided into 
orthogonal subbands whose frequency response is approximately flat. Then, the two-way 
relaying strategy introduced above can be applied on each one of the subcarriers. 

A typical assumption in multicarrier system is that the channel response varies slowly in 
time or, in other words, that several multicarrier symbols undergo the same channel 
response. Then, the channel offers some diversity only when considering all subcarriers. For 
this reason, codewords should be spread among multiple (all) subcarriers, as opposed to 
have separate per-subcarriers encoders, in order to exploit the said diversity. 

We will consider two types of relays, namely 

 Complete-Decode-Forward (CDF), that is the relay first decodes both messages and 
then forms the combined message and 

 Functional-Decode-Forward (FDF), meaning that the relay directly decodes the 
combination, i.e. the XOR sum, of the users’ messages. 

As a final remark, it is worth mentioning that the two users require a high level of 
synchronism (same transmission rate and, especially, very  low frequency offset and relative 
delay). For this reason, even if the proposed scheme can be applied to any multicarrier 
technology, we focus here on FBMC schemes, which are more robust than OFDM to those 
types of impairments. 
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 System Model 3.1

We will now describe a multicarrier Two-Way Relay Channel (TWRC) based on FBMC. The 
focus will be mainly on the uplink (users-to-relay) channel, which is the bottleneck of the 
system since the two users have to transmit at the same time. The downlink (relay-to-users) 
phase is a simple broadcast transmission and does not present major difficulties. 

 Preliminary considerations 3.1.1

It is well known [3][25][26] that a well-designed FBMC link achieves a good separation 
among subcarriers. Indeed, inter-carrier interference and inter-symbol interference can be 
kept to negligible levels if the prototypes pulses (at transmitter and receiver sides) satisfy 
some reconstruction constraints and if the channel equalizer is properly tuned. 

In order to create a multicarrier two-way relay channel based on FBMC, some precautions 
need to be taken. To start with, equalization should be carried out at the transmitter side, 
i.e. at the users, and not at the receiver side as usual. The reason is that the two users 
experience different channel conditions and, thus, a single equalizer at the relay will not 
serve its purpose. The channel-state information requirements should not be perceived as a 
strong limitation. Indeed, in the second transmission slot, the relay transmits its message to 
the users on the same channels and, hence, some sort of feedback can be implemented (or 
channel reciprocity can be exploited). Also, the users may take advantage of the channel 
knowledge for implementing a suitable power allocation strategy. Finally, releasing the relay 
from the equalization step reduces its complexity. 

For simplicity, we will also assume that the subcarrier signals are real-valued. Again, this 
assumption is not unrealistic. For instance, with the EMPhAtiC FBMC/OQAM modulation 
scheme, one can consider the real and the imaginary parts of the complex OQAM symbols 
as two separate sets of real symbols. The entire transmission chain remains unaltered 
except for the staggering operation, which now looks as in Figure 3-1. 

 

 

Figure 3-1: Staggering operation for QAM symbols (left) and PAM symbols (right). 

 Uplink of the two-way relay channel 3.1.2

The uplink of the two-way relay channel is actually a two-user multiple-access channel. For a 
system designed according to the considerations above, that is with 𝑀 subcarriers that can 
be considered orthogonal, the signal model at the 𝑚-th subcarrier can be written as 

𝑦𝑚 = ℎ𝑎,𝑚𝑠𝑎,𝑚 + ℎ𝑏,𝑚𝑠𝑏,𝑚 + 𝑤𝑚, (3-1) 

with user 𝑎 (respectively 𝑏) transmitting symbol 𝑠𝑎,𝑚 (respectively 𝑠𝑏,𝑚) with power ℎ𝑎,𝑚
2  

(respectively ℎ𝑏,𝑚
2 , with ℎ⋅,𝑚 ∈ ℝ). The Additive White Gaussian Noise (AWGN) is 
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represented by the random variable 𝑤𝑚 ∼ N(0,1). This signal model is illustrated in Figure 
3-2. 

Both symbols belong to a real Q-PAM constellation of unitary power so that the Signal-to-
Noise Ratio (SNR) for user 𝑥 ∈ {𝑎, 𝑏} is 

SNR𝑥,𝑚 = ℎ𝑥,𝑚
2 . (3-2) 

Note that this is a high-level equivalent model, representing the signal at the output of the 
FBMC demodulator and hiding the effects of the channel impulse response, of the equalizer 
and of any other block in the transmission chain. 

 

Figure 3-2: The uplink of the multi-carrier two-way relay channel 

Figure 3-3 illustrates how the modulated symbols are mapped to the time-frequency grid of 
the FBMC system. As discussed in more detail below, we define vectorial modulated 
symbols  𝐱𝑎, 𝐱𝑏 ∈ ℝ

𝑇, with T a small integer, whose components are real-valued PAM 

constellation points. Let 𝐱𝑎,𝑛 = [𝑥𝑎,𝑛,1, … , 𝑥𝑎,𝑛,𝑇] be the vector of PAM symbols which 

correspond to the n-th codeword symbol of user a. Then, we can write for the components 
of the multi-carrier symbols 𝑠𝑎,𝑡,𝑚 = 𝑥𝑎,𝑛,𝑖 with 𝑖 ∈ {1,… , 𝑇} and 

𝑚 = mod((𝑛 − 1)𝑇 + 𝑖 − 1,𝑀) + 1 ∈ {1,2, … ,𝑀} 

𝑡 = ⌊
(𝑛 − 1)𝑇 + 𝑖 − 1

𝑀
⌋ + 1 

For user b, the same expressions hold. 

 

Figure 3-3: Mapping of codeword symbols to modulated symbols and to multi-carrier 

symbols for user a. 
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With this mapping from codeword to multi-carrier symbols, in the following we adopt a 
notation which is based on the indexing of the codeword symbols. This highlights the 
connection to the channel encoder and decoder and simplifies the discussion on the 
combination of symbols in the sense of network coding. 

One codeword symbol then corresponds to a group of T subcarriers, for which we write 

𝐲𝑛 = 𝐇𝑎,𝑛𝐱𝑎,𝑛 + 𝐇𝑏,𝑛𝐱𝑏,𝑛 + 𝑤𝑛, (3-3) 

where 𝐇𝑎,𝑛, 𝐇𝑏,𝑛 ∈ ℝ
𝑇×𝑇 are diagonal matrices. The mapping between ℎ⋅,𝑚 and 𝐇⋅,𝑛 and the 

one between 𝑦𝑚 and 𝐲𝑛 follow straightforwardly from the mapping between 𝑠⋅,𝑚 and 𝐱⋅,𝑛. 

The reason for this seemingly more complicated notation is given by the non-binary coding 
scheme explained in the following subsection. 

 Modulation with non-binary coding 3.1.3

We represent the messages (i.e. the information packets) of both users as vectors in the 
Galois field 𝑞 ≜ 𝐺𝐹(𝑞), where the field order q is assumed to be a power of two, which is 

the case for virtually all channel coding schemes. These messages 𝐮𝑎 ∈ 𝑞
𝐾 and 𝐮𝑏 ∈ 𝑞

𝐾 are 

encoded into the codewords 𝐜𝑎 = [𝑐𝑎,1, 𝑐𝑎,2 , … , 𝑐𝑎,𝑁] ∈ 𝑞
𝑁 and 𝐜𝑏 = [𝑐𝑏,1, 𝑐𝑏,2 , … , 𝑐𝑏,𝑁] ∈

𝑞
𝑁 by 

𝐜𝑎 = 𝐮𝑎𝐆,    𝐜𝑏 = 𝐮𝑏𝐆, (3-4) 

where G∈ 𝑞
𝐾×𝑁 denotes the generator matrix. The codeword symbols 𝑐𝑎,𝑛, 𝑐𝑏,𝑛  are 

mapped to real-valued vectorial PAM symbols 𝐱𝑎,𝑛 , 𝐱𝑏,𝑛 by 

𝐱𝑎,𝑛 = 𝝁(𝑐𝑎,𝑛), 𝐱𝑏,𝑛 = 𝝁(𝑐𝑏,𝑛) (3-5) 

where 𝜇: 𝑞 → ℝ
𝑇  denotes the mapping function. Each q-ary codeword symbol is mapped 

to T Q-PAM symbols, i.e. it holds 𝑞 = 𝑄𝑇 with 𝑇 = 1,2, …. Note that for 𝑞 > 2 this is 
different to the usual QAM or PAM mappings for binary codes in which several coded bits 
are mapped to one QAM or PAM symbol. Here, instead, we map one coded symbol to 
several PAM symbols. 

The average of including only one codeword symbol in the mapping is that in this way the 
equivalent channel between the encoder and the decoder remains memoryless, given that 
the physical channel does not introduce any memory. This property is implicitly assumed by 
a belief-propagation decoder which operates on a Tanner graph of the code. For binary 
codes, this assumption is only fulfilled exactly for BPSK while for higher-order modulations it 
does not hold. This difference can have a strong impact if the channel cannot be 
decomposed into equivalent binary-input channels, as is e.g. the case for MIMO. 
Performance gaps of several dBs can occur which are entirely due to this effect [35]. 

For 𝑞 = 16, we can map one codeword symbol to four BPSK symbols, two 4-PAM simply to 
one 16-PAM symbol, as listed in Table 3-1. Although not used in the following, we note that 
it is possible for 𝑇 = 3 to define a constellation of 16 constellation points in three complex 
dimensions by e.g. selecting 16 points from a 6-dimensional sphere packing [35][36]. 

 

 



ICT 318362 EMPhAtiC Date: 18/11/2014 

ICT-EMPhAtiC Deliverable D7.2 22/95 

T 1 2 3 4 

Q 16 4  2 

Table 3-1: Mappings for a field order 𝑞 = 16. 

 

As a basis for the two-way relay channel, we briefly describe the soft demapping of a q-ary 
channel code in the case of a single user. The received signal of a single-user channel with 
fading is given by  

𝒚𝑛 = 𝐇𝑛𝐱𝑛 +𝐰𝑛,   𝐰𝑛 ∼ N(0, 𝐈𝑇), 𝐱𝑛 = 𝝁(𝑐𝑛) . 
(3-6) 

As input for the decoder, we need to compute the a posteriori probabilities (APP) for each 
codeword symbol, i.e.  

𝑝𝑛([𝛼]) ≜ 𝑃[𝑐𝑛 = 𝛼 ∣ 𝐲𝑛], 𝛼 ∈ 𝑞  (3-7) 

where we denote by [𝛼] ∈ ℤ𝑞 = {0,1, … , 𝑞 − 1}  the integer value which corresponds to the 

GF element 𝛼. With Bayes’ theorem we find 

𝑝𝑛([𝛼]) ∝ 𝑝(𝐲𝑛 ∣ 𝑐𝑛 = 𝛼) ∝ exp(−‖𝐲𝑛 − 𝐇𝑛𝝁(𝑐𝑛)‖
2) . (3-8) 

For binary codes, this can be reduced to a scalar value per coded bit, e.g. to the well-known 

L-values defined as 𝐿𝑛 ≜
𝑝𝑛(1)

𝑝𝑛(0)
. 

The benefit of preserving a memoryless channel between encoder and decoder is also 
reflected in the modulation-constrained capacity: while for the binary case, the achievable 
rate is limited by the BICM capacity, for 𝑞 > 2 with the described mappings the achievable 
rate is limited by the coded modulation (CM) capacity, which is higher (or equal for some 
few special cases) than the BICM capacity [37][38].  

Figure 3-4 shows the CM capacities for the modulations of Table 3-1 over the fast real-
valued Rayleigh fading channel. An upper bound for the CM capacity is given by the ergodic 
capacity of the (real-valued) Rayleigh fading channel [39], 

𝐶𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ =
1

2 ln2
exp (

1

𝑆𝑁𝑅
)𝐸1 (

1

𝑆𝑁𝑅
),  (3-9) 

where 𝐸1(𝑥) ≜ ∫
𝑒−𝑡

𝑡
𝑑𝑡 

∞

𝑥
 denotes the exponential integral. For the case of BPSK, a closed-

form expression can be found in [40]. 
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Figure 3-4: Channel capacities for the real-valued fast Rayleigh fading channel 

 Demapping for complete and for functional decoding 3.1.4

The conditional PDF (probability density function) of the TWRC according to (3-3) is given by  

𝑝(𝐲𝑛 ∣ 𝑐𝑎𝑐𝑏) ∝ exp (−‖𝐲𝑛 − 𝐇𝑎,𝑛𝝁(𝑐𝑎,𝑛) − 𝐇𝑏,𝑛 𝝁(𝑐𝑏,𝑛)‖
2
), (3-10) 

For complete decoding, the relay tries to decode both messages 𝐮𝑎 and 𝐮𝑏. To this end, the 
APPs with respect to the coded symbols 𝑐𝑎,𝑛 and 𝑐𝑏,𝑛 have to the computed. In analogy to 
(3-7), this is given by  

𝑝𝑎,𝑛([𝛼]) ≜ 𝑃[𝑐𝑎,𝑛 = 𝛼 ∣ 𝐲𝑛] = ∑ 𝑃[𝑐𝑎,𝑛 = 𝛼, 𝑐𝑏,𝑛 = 𝛽 ∣ 𝐲𝑛]𝛽∈𝑞   (3-11) 

and  

𝑝𝑏,𝑛([𝛽]) ≜ 𝑃[𝑐𝑏,𝑛 = 𝛽 ∣ 𝐲𝑛] = ∑ 𝑃[𝑐𝑎,𝑛 = 𝛼, 𝑐𝑏,𝑛 = 𝛽 ∣ 𝐲𝑛]𝛼∈𝑞  . (3-12) 

For functional decoding, the relay tries to decode directly for 𝐮𝑎𝑏 ≜ 𝐮𝑎 + 𝐮𝑏 ∈ 𝑞
𝐾. Here, 

we can exploit the linearity of the code and directly decode for the sum of both codewords, 
since this is also a codeword,  

𝐜𝑎𝑏 ≜ 𝐜𝑎 + 𝐜𝑏 = 𝐮𝑎𝐆 + 𝐮𝑏𝐆 = (𝐮𝑎 + 𝐮𝑏)𝐆 = 𝐮𝑎𝑏𝐆 . (3-13) 

Note that this arithmetic is defined in 𝑞 ≜ 𝐺𝐹(𝑞). Since we assume that q is a power of 

two, i.e. the field 𝑞 is an extension field of 2 = {0,1}, the addition in 𝑞 is the same as 

the vectorial addition in 2 and hence the sum in the field  𝑞 corresponds to the XOR 

operator on the binary representation of the codeword symbols. The APP with respect to 
the combined codeword symbol 𝑐𝑎𝑏,𝑛 = 𝑐𝑎,𝑛 + 𝑐𝑏,𝑛 ∈ 𝑞 is therefore given by 

𝑝𝑎𝑏,𝑛([𝛼]) ≜ 𝑃[𝑐𝑎𝑏,𝑛 = 𝛼 ∣ 𝐲𝑛] = ∑ 𝑃[𝑐𝑎,𝑛 = 𝛼 + 𝛽, 𝑐𝑏,𝑛 = 𝛽 ∣ 𝐲𝑛]𝛽∈𝑞  . (3-14) 

Note that since 𝑞 is an extension field of the binary field, it holds 𝛼 + 𝛽 = 𝛼 − 𝛽 ∀𝛼, 𝛽 ∈

𝑞 . 
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The simplest example for functional “decoding” is the AWGN TWRC, i.e. ℎ𝑎 = ℎ𝑏 with 
uncoded BPSK. In this case, it is possible to recover the combined symbols 𝑐𝑎𝑏 but not the 
individual symbols 𝑐𝑎 or 𝑐𝑏. However, for higher-order modulations, the situation is quite 
different. It has been shown that it is not possible to find a mapping 𝜇:𝑞 → ℝ such that 

the sum of PAM symbols 𝑥𝑎 + 𝑥𝑏 corresponds to a unique value of 𝑐𝑎 + 𝑐𝑏 [41]. Figure 3-5 
shows the superposition of two Gray-labeled 4-PAM constellations and the resulting bit 
labels for 𝑐𝑎𝑏. We see that the values 𝑥𝑎 + 𝑥𝑏 ∈ {−2,2} cannot be uniquely identified with a 
coded symbol 𝑐𝑎𝑏. However, this is not necessarily a serious problem for a coded system 
with soft decoding: the APPs defined above automatically account for this peculiarity. 
Nevertheless, the search for multi-dimensional non-binary constellations which provide 
good performance for functional decoding remains an interesting research question. 

 

 

Figure 3-5: Superposition of two 4-PAM constellations. The bit labels for the combined 
symbols 𝑐𝑎𝑏 are not unique for some constellation points. 

 Joint decoding of non-binary LDPC codes 3.1.5

For the joint decoding of both codewords with a single decoder, we first define the joint 
codeword symbols by 

𝑑𝑛 ≜ 𝑞 ∙ [𝑐𝑎,𝑛] + [𝑐𝑏,𝑛] ∈ ℤ𝑞2   (3-15) 

and form the joint codeword 𝐝 = [𝑑1, 𝑑2, … , 𝑑𝑁] ∈ ℤ𝑞2
𝑁 . The mapping from GF symbols to 

integers is necessary to define the symbols in the larger range ℤ𝑞2  . Alternatively, we could 

define the joint codeword in 𝑞
2, i.e. each codeword symbol as a two-dimensional vector of 

𝑞  elements. It is, however, generally not possible to define the joint codeword symbols in 

the extension field 𝑞2. For the definition of a joint belief-propagation decoder on the 

code’s Tanner graph, the representation of the codeword symbols as integers according to 
(3-15) is sufficient to apply the transform-based check node processing, which reduces the 

complexity of a decoder in 𝑞  from O(𝑞2) to O(𝑞 log 𝑞). Analogously, the complexity of a 

joint decoder of two q-ary codewords scales with O(𝑞2 log 𝑞) [42]. For this joint decoder, 
the input is given by a vector of all APPs,  
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𝑝𝑛(𝑏) ≜ 𝑃[𝑑𝑛 = 𝑏 ∣ 𝐲𝑛] ∝

exp (−‖𝐲𝑛 − 𝐇𝑎,𝑛𝝁(⌊
𝑑

𝑞
⌋) − 𝐇𝑏,𝑛 𝝁(𝑑 mod 𝑞)‖

2

) , 
(3-16) 

for 𝑏 ∈ ℤ𝑞2 = {0,1, … , 𝑞
2 − 1}. 

From these APPs, we can obtain the APPs for the usual single-user decoder as 

𝑝𝑎,𝑛(𝑏1) =∑ 𝑝𝑛(𝑞 ∙ 𝑏1 + 𝑏2)
𝑞−1

𝑏2=0
 

𝑝𝑏,𝑛(𝑏2) =∑ 𝑝𝑛(𝑞 ∙ 𝑏1 + 𝑏2)
𝑞−1

𝑏1=0
 

𝑝𝑎𝑏,𝑛([𝛼]) = ∑ 𝑝𝑛(𝑞 ∙ [𝛼] + [𝛼 + 𝛽])𝛽∈𝑞  . 

(3-17) 

Here, we again have to carefully distinguish between the GF elements 𝛼 ∈ 𝑞 and their 

associated integer values [𝛼] ∈ ℤ𝑞. 

 Mutual Information 3.2

For a coded system with soft decoding, which is state-of-the-art in virtually all wireless 
systems, the uncoded BER is not a meaningful performance indicator. Instead, the mutual 
information of the equivalent channel between the encoder output and the decoder input 
can be used a precise performance metric [43][44]. From this mutual information, the word 
error rate (WER) of the coded system can be predicted with very good accuracy. In other 
words, the mutual information of the equivalent channel can also be used as a metric for 
physical-layer abstraction, which is often applied for system-level simulations [45]. 

 Mutual information for complete decoding 3.2.1

For complete decoding, the uplink of the TWRC corresponds to the multiple-access channel, 
for which the rate regions in the single and multi-carrier case are well known [46][47]. Since 
here we focus on the symmetric case in which both users transmit at the same rate, the 
scalar channel capacity with equal rate for both users is the suitable performance bound. 
Taking into account the discrete transmit alphabet, we can write for the capacity of user a, 

𝐶𝑎 ≜ 𝐼(𝑐𝑎; 𝐲) = ∑ ∫ 𝑝(𝑐𝑎, 𝐲) log2
𝑝(𝑐𝑎,𝐲)

𝑝(𝑐𝑎)𝑝(𝐲)
𝑑𝐲𝑞−1

𝑐𝑎=1
, . (3-18) 

and analogously for user b. While there is no closed-form expression for 𝐶𝑎, for moderate 
values of q, it can be easily computed numerically. 

 Mutual information for functional decoding 3.2.2

Since the relay is only interested in the sum of both packets, it seems straightforward to 
compute the mutual information of the sum of the two symbols, 𝑐𝑎𝑏 = 𝑐𝑎 + 𝑐𝑏 ∈ 𝑞. The 

mutual information 𝐼(𝑐𝑎𝑏; 𝐲) can be computed in a very similar way as 𝐶𝑎 above, i.e. 

𝐶𝑎𝑏 ≜ 𝐼(𝑐𝑎𝑏; 𝐲) = ∑ ∫ 𝑝(𝑐𝑎𝑏 , 𝐲) log2
𝑝(𝑐𝑎𝑏,𝐲)

𝑝(𝑐𝑎𝑏)𝑝(𝐲)
𝑑𝐲𝑞−1

𝑐𝑎=1
, . (3-19) 

and the numerical computation can be carried out without problems, but we note that we 
encounter difficulties when we try to define an equivalent channel from 𝑐𝑎 to 𝐲. This 
difficulty is related to more fundamental problems in defining the “capacity” for the 
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transmission of the combined packet. Actually, there is evidence that the mutual 
information  𝐶𝑎𝑏 = 𝐼(𝑐𝑎𝑏; 𝐲) does not constitute an upper bound for the rate of the 
combined packet [48] and, to the best of our knowledge, the capacity for functional 
decoding is not known. 

The mutual informations 𝐶𝑎 𝐶𝑏 and 𝐶𝑎𝑏 according to (3-18), (3-19) are plotted in Figure 3-6 
for 2-PAM (BPSK), 4-PAM and 16-PAM over the real-valued fast Rayleigh TWRC. We note 
that for sufficient SNR, 𝐶𝑎𝑏 is higher than 𝐶𝑎 = 𝐶𝑏. A noticeable difference to the single-user 
case is that modulations with higher rate do not always provide a higher mutual 
information. 

 

 

Figure 3-6: Mutual informations for complete and functional decoding 

 Numerical Results 3.3

The presented transmission scheme for the TWRC has been tested with a non-binary LDPC 
code in the Galois field of order 𝑞 = 16 with rate 𝑅𝑐 = 1/2. The message length is of 
𝐾 = 180 non-binary symbols (i.e., 720 bits), resulting in a codeword length of 𝑁 = 360 
symbols. 

Figure 3-7 shows the word error rates for the three considered modulations for a fading 
channel, which may correspond to fast fading in time for a single-carrier system or to 
frequency-selective fading for a FBMC system with perfect equalization. 

The following decoding methods have been applied, 

Â Joint functional decoding: a joint decoder as described in Section 3.1.5 is applied on 
the APPs given by (3-16) and from its output, the estimate  𝐮̂𝑎𝑏 is derived. 

Â Single-user functional decoding: a single-user decoder is applied on the APPs given 
by (3-14) to recover directly 𝐮𝑎𝑏 
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Â Single-user complete decoding: two single-user decoders are applied on the APPs 
(3-11), (3-12) to recover 𝐮𝑎 and 𝐮𝑏. Due to symmetry, the error rates are identical. 

As predicted by the mutual informations in Figure 3-6, we can observe that single-user 
functional decoding is slightly superior to complete decoding, which has the double 
complexity since it has to decode two packets. Joint decoding achieves a remarkable gain 
for all modulations, albeit at the price of significantly more complexity. 

 

Figure 3-7: Word error rates for the TWRC with fast Rayleigh fading for {2,4,16}-PAM 

 

 Adaptation in the multi-carrier TWRC 3.3.1

The coding scheme above has also been tested with a FBMC/OQAM-based multicarrier 
TWRC. The FBMC/OQAM specifications are compliant with the directives of [58] (see Table 
3-2 for a summary of the parameters). More specifically, we take M = 128 subcarriers 
separated by 15 kHz, so that the sampling frequency is 1.920 MHz. The chosen prototype 
pulse (at both the transmitter and the receiver side) is the one proposed by the PHYDYAS 
project [59], with overlapping factor κ = 4. 

Frame structure 
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Subcarrier spacing 15 kHz 
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Modulation and coding schemes 2-PAM, 4-PAM, 16-PAM 

Channel Coding Non-binary LDPC code, field order 𝑞 = 16, code rate 𝑅𝑐 =
1

2
, 

message length 𝐾 = 180 (720 bits), codeword length 
𝑁 = 360. 

Propagation 

Fading channel models ITU Extended Pedestrian A (EPA), Extended Vehicular A (EVA) 
and Extended Typical Urban (ETU) 

Channel estimation Ideal 

Table 3-2: Summary of parameters. 

Furthermore, the equalizer (based on ideal channel state information) consists of a single 
tap (channel inversion) and, as commented before, is implemented at the transmitter side, 
due to the impossibility for the relay to equalize both users’ channels at the same time. We 
focus here on 2-PAM modulation only. This means that, for each codeword, we will need to 
transmit 4𝑁 = 1440 2-PAM symbols. In order to have a straightforward distribution of the 
symbols between the subcarriers, we will only use subcarriers 1–120, leaving the other 8 
subcarriers off. This means that each codeword corresponds to 1440 120 = 12⁄  
multicarrier symbols. 

 

Figure 3-8: Channel gain examples for the three considered channel models. 

Both user–relay channels are modelled as frequency selective, block fading channels, 
meaning that the channel response does not vary during the transmission of a codeword, 
but it is independently generated at each new codeword. Frequency selectivity behaves 
according to ITU Extended Pedestrian A (EPA), ITU Extended Vehicular A (EVA) or ITU Typical 
Urban (ETU) channel models (examples of the channel gain for the three models are 
depicted in Figure 3-8). 
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The WER corresponding to the three decoders described above (respectively, joint 
functional decoding, single-user functional decoding and single-user complete decoding) is 
reported in, respectively, Figure 3-9, Figure 3-10, and Figure 3-11. The performance 
obtained in the FBMC-based TWRC (red curves with label “MC-XXX”) with the three 
considered channel models are compared to those obtained in the single-carrier case (blue 
curves with label “SC-XXX”) under block fading or fast fading assumptions. The AWGN 
channel has been reported as a benchmark: as expected, with no fading, single-carrier 
TWRC and the multicarrier TWRC are equivalent. (There are no AWGN curves in Figure 3-11 
since the complete decoding scheme cannot work when the two users are received with the 
same power.) 

 

Figure 3-9: WER for joint functional decoding. 
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Figure 3-10: WER for single-user functional decoding. 

Observing the three figures, the same trend can be recognized for the behaviour of the 
three decoding schemes as we increase the frequency selectivity of the channel. Specifically, 
we see that the lowly selective EPA channel behaves as block fading in the single-carrier 
case. As we increase frequency selectivity (first with EVA channel model and, further, with 
ETU channel model, see also Figure 3-8), the performance of the code improves, since 
frequency selectivity implies diversity among subcarriers. Unfortunately, the channel gains 
at the subcarriers are not independent and, thus, we cannot hope to achieve the WER 
obtained in the single-carrier fast-fading case. 

 

Figure 3-11: WER for single-user complete decoding. 
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 Comments on resource allocation 3.4

The key aspect we consider in the multicarrier TWRC is the availability of channel state 
information at the transmitter. With this knowledge, the users can adapt their transmission 
parameters to the channel in order to increase their rate. 

For complete decoding in the vector multiple-access channel, iterative waterfilling is known 
to be the optimum solution in the sense of sum capacity [47]. This solution, however, does 
not apply directly to the considered case, because of the discrete modulations employed (as 
opposed to Gaussian signalling). With arbitrary signalling, mercury/waterfilling power 
allocation is shown to be optimal in the single user case (see, e.g., [60]), but its extension to 
the multiple-access channel is still unknown. 

The difficulties with finding an optimal power allocation suggest exploring other strategies. 
For instance, for practical purposes, rate selection and subchannel allocation are more 
suited than power allocation [49]. Figure 3-12 compares two simple examples in this 
direction. In one example, each user is assigned half of the available subchannels. With this 
orthogonal allocation, we obtain two single-user problems for the rate selection, which is 
trivially solved by observing from Figure 3-4 that the highest modulation achieves the 
highest capacity. 

The second example consists in using functional decoding while adapting the modulation to 
the SNR according to Figure 3-6. Since the mutual information is computed per subchannel, 
we have to consider in addition that with the orthogonal allocation for complete decoding, 
the mutual information per multi-carrier symbol is divided by two for this case. Therefore, 
functional decoding is clearly superior for the entire SNR range. 

 

 

Figure 3-12: Achieved mutual informations with subchannel allocation for complete 

decoding and rate adaptation for functional decoding 
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 Conclusion 3.5

In this section, we have combined non-binary channel coding with higher-order modulations 
for the single-carrier and multi-carrier symmetric two-way relay channel. For this 
combination, we investigated complete decoding as well as functional decoding for 
estimating the binary sum, a.k.a. the XOR, of both source packets at the relay. By 
investigating mutual information we demonstrated that functional decoding outperforms 
complete decoding for a sufficiently high SNR. The link-level simulation results indicate quite 
significant gains for joint decoding in all considered scenarios. 

The proposed coding scheme has also been implemented in a more realistic scenario with 
actual FBMC modulators and frequency selective channel models following LTE 
specifications. The same considerations about functional decoding outperforming complete 
decoding hold true in this case. However, since the channel coefficients corresponding to 
the different subcarriers are not independent, some diversity gain is lost (especially for the 
lowly selective EPA model). A possible solution would be the introduction of a long 
interleaver that spreads codewords over a large number of multicarrier symbols, which 
undergo different instances of the channel. Obviously, this solution increases complexity 
and latency. 

Finally, future research lines have been presented, which aim at improving performances by 
mean of smart resource (i.e., power, modulation order, subcarrier) allocation. In particular, 
a simple approach for adaptive modulation for the multi-carrier TWRC for functional 
decoding was presented and showed substantial gains compared to the corresponding 
complete decoding scheme with orthogonal subcarrier allocation. 

 



ICT 318362 EMPhAtiC Date: 18/11/2014 

ICT-EMPhAtiC Deliverable D7.2 33/95 

 Joint channel decoding and physical layer network coding for 4.
FBMC coded two-way relaying systems in highly frequency 
selective channel 

In this section we develop practical network coding schemes such that the BER performance 
of the FBMC based decode-and-forward (DF) relaying systems can be evaluated in highly 
frequency selective channel. This work is an extension of our previous work in Section 3.1 of 
D7.1. Note that one major difference between this work and the work in Section 3 is that we 
have considered not only the network decoding design at the relay but also multi-tap pre-
equalizers and equalizers at the users. Moreover, we have considered only binary decoding. 

 Description and motivation 4.1

Multicarrier communications systems have been proposed to be used for cognitive radio 
systems due to its flexibility in resource allocation among users. Orthogonal frequency 
division multiplexing (OFDM) has been widely applied in modern broadband systems to 
provide high data rate service. However, the large frequency sidelobes of OFDM signal 
result in inter-band interference to the adjacent primary users when synchronization is not 
guaranteed [2]. Moreover, the insertion of the cyclic prefix (CP) in each OFDM symbol 
decreases the system spectral efficiency. To overcome the limitations, the attention is 
drawn toward the filter bank multicarrier (FBMC) techniques. The FBMC technique does not 
require any CP and has reduced sidelobes and thus less inter-band interference. Therefore, 
the FBMC system is more spectrally efficient and thus might be more suitable for critical 
communications such as public safety applications.  

Relaying techniques have been invented to extend the coverage of wireless networks. 
Compared to one-way relaying schemes, two-way relaying schemes provide better spectral 
efficiency since two nodes exchange information simultaneously through an intermediate 
relay node in two time slots. Nevertheless, due to the simultaneous access of the wireless 
medium in two-way relaying systems, the self-interference is inevitable. To mitigate the 
harmful effects of the self-interference, physical layer network coding (PLNC) schemes are 
deployed when decode-and-forward relaying strategy is used. In Section 3.1 of D7.1 we 
study the power allocation problem for a FBMC based two-way DF system in order to 
maximize the exchange rate assuming that a perfect PLNC scheme is available. In practice, 
perfect PLNC scheme is not known yet. Moreover, the practical XOR codes based PLNC is far 
from perfection. That is saying, the decoding and encoding method at the relay might 
significantly affect the achievable spectral efficiency. Inspired by [18] we develop a joint 
channel decoding and PLNC algorithm at the relay in this work. 

 System description 4.2

Let us briefly review the considered system model, which is also described in D7.1. We study 
a 3-node two-way DF relaying system, where two hand-held terminals (HHTs) HHT1 and 
HHT2 exchange information via an intermediate relay node. Each node is equipped with a 
single antenna and operates in half-duplex mode. FBMC/OQAM is chosen as the multi-
carrier technique and the available bandwidth is divided into 𝑀 subcarriers. Moreover, the 
channels are block fading and perfect synchronization is assumed. A complete 
communication takes two time slots. It is assumed that both HHTs apply the same signal 
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processing procedure during a complete transmission. In the first slot, as depicted in Figure 
4-1, both HHTs transmit to the relay. We take HHT1 as an example. After passing through a 
multi-tap pre-equalizer 𝑎1,𝑚[𝑘] on each subcarrier and a prototype low-pass filter 𝑝[𝑛], i.e., 
the synthesis filter bank (SFB) [2], the filtered transmitted FBMC/OQAM symbol at HHT1 can 
be written as [3] 

 

𝑠1[𝑛] = ∑ ∑ √𝑃1,𝑚[𝑘] ((𝑑1,𝑚[𝑘]𝛽1,𝑚[𝑘]) ∗ 𝑎1,𝑚
∗ [𝑘])

+∞

𝑘=−∞

𝑀−1

𝑚=0

∙ 𝑝 [𝑛 − 𝑘
𝑀

2
] 𝑒𝑗

2𝜋
𝑀
𝑚(𝑛−

𝐿−1
2
), 

(4-1) 

where 𝑑1,𝑚[𝑘] denotes the real symbols drawn from a PAM constellation and 𝛽1,𝑚[𝑘] = 

𝜃1,𝑚[𝑘]𝑒
−𝑗𝜋𝑘𝑚 is used for generating the OQAM symbols, where 𝜃1,𝑚[𝑘] = 1 if (𝑚 + 𝑘) is 

even and 𝜃1,𝑚[𝑘] = 𝑗 if (𝑚 + 𝑘) is odd. The energy of the prototype low-pass filter is 
normalized such that ∑ |𝑝[𝑛]|2+∞

𝑛=−∞ = 1 and 𝐿 represents the pulse length [3]. The transmit 
power constraint at the HHT1 has to be fulfilled such that ∑ 𝑃1,𝑚[𝑘]

𝑀
𝑚=1 ≤ 𝑃1,𝑚𝑎𝑥. 

 

Figure 4-1: Multiple access channel phase. RN: relay node. 

Let ℎ1,𝑅[𝑛] and ℎ2,𝑅[𝑛] denote the channel impulse response (CIR) from HHT1 to the relay 
and the CIR from HHT2 to the relay, respectively. The received signal at the relay is given by 

𝑟[𝑛] = ℎ1,𝑅[𝑛] ∗ 𝑠1[𝑛] + ℎ2,𝑅[𝑛] ∗ 𝑠2[𝑛] + 𝑛𝑅[𝑛], (4-2) 

where 𝑠2[𝑛] is the transmitted signal from HHT2 and has the same form as (4-1) by 
changing the index from 1 to 2. The term 𝑛𝑅[𝑛] denotes the zero-mean circularly symmetric 
complex Gaussian (ZMCSCG) noise. The relay uses a DF relaying strategy and thus it 
demodulates and decodes the received signal. We assume that the demodulation is 
performed by feeding the signal to the analysis filter bank (AFB) similarly as in [2], i.e., a 
bank of matched filters. The demodulated complex data on the 𝑞-th subcarrier at the 𝑘-th 
time instant at the relay is then expressed as [2] 

𝑟̃𝑞[𝑘] = ∑ ∑√𝑃𝑖,𝑚[𝑘] ((𝑑𝑖,𝑚[𝑘]𝛽𝑖,𝑚[𝑘]) ∗ 𝑎𝑖,𝑚
∗ [𝑘]) ∗ 𝑔𝑖,𝑞,𝑚[𝑘]

2

𝑖=1

+ 𝑛̃𝑅,𝑞[𝑘]

𝑞+1

𝑚=𝑞−1

, (4-3) 
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where 𝑔𝑖,𝑞,𝑚[𝑘] = (𝑓𝑚[𝑘] ∗ ℎ𝑖,𝑅[𝑘] ∗ 𝑓𝑞
∗[−𝑘])

↓
𝑀

2

 and 𝑛̃𝑅,𝑞[𝑘] = (𝑛𝑅,𝑞[𝑘] ∗ 𝑓𝑞
∗[−𝑘])

↓
𝑀

2

, 

where (∙)
↓
𝑀

2

 represents the down sampling by a factor 
𝑀

2
 and 𝑛̃𝑅,𝑞[𝑘] is the per-subcarrier 

ZMCSCG noise with zero mean and variance 𝜎𝑅
2. Clearly, equation (4-3) implies only a single-

tap real-valued equalizer is used at the relay, i.e., only power allocation is considered at the 
relay. This is similarly as in [2]. The estimated PAM symbols are then given by 𝑟̂𝑞[𝑘] =

ℜ{𝜃𝑞
∗[𝑘]𝑟̃𝑞[𝑘]}. Following similar steps as in [2], 𝑟̃𝑞[𝑘] can be written in a matrix-vector form 

as 

𝑟̂𝑞[𝑘] = ∑ (√𝑃1,𝑚[𝑘]𝒂1,𝑚
T 𝑮1,𝑞,𝑚[𝑘]𝒅1,𝑚[𝑘]

𝑞+1

𝑚=𝑞−1

+√𝑃2,𝑚[𝑘]𝒂2,𝑚
T 𝑮2,𝑞,𝑚[𝑘]𝒅2,𝑚[𝑘]) + ℜ{𝜃𝑞

∗[𝑘]𝑛̃𝑅,𝑞[𝑘]}, 

(4-4) 

where 𝒂𝑖,𝑚 = [ℜ{𝒂̅𝑖,𝑚}
T
ℑ{𝒂̅𝑖,𝑚}

T
]
T

 and 𝒂̅𝑖,𝑚 = [𝑎𝑖,𝑚[−𝐿𝑎2] ⋯ 𝑎𝑖,𝑚[𝐿𝑎1]]
T ∈

ℂ1+𝐿𝑎1+𝐿𝑎2   for 𝑖 = 1,2. Moreover, we assume that 𝐿𝑎1 = 𝐿𝑎2 = 𝐿𝑎. The matrix 𝑮𝑖,𝑞,𝑚[𝑘] is 

defined in the same way as in [2]. The vector 𝒅𝑖,𝑚[𝑘] is defined as 

𝒅𝑖,𝑚[𝑘] = [𝑑𝑖,𝑚[𝑘 + 𝐿𝑎2 + 𝐿𝑔2] ⋯ 𝑑𝑖,𝑚[𝑘 − 𝐿𝑎1 − 𝐿𝑔1]]
T, where 𝐿𝑔1  and 𝐿𝑔2  depend on 

the excess delay of the channel impulse response and the overlapping factor of the 
prototype filter [2] and 𝑖 = 1,2. The pre-equalizer 𝒂𝑖,𝑚 is designed such that the signal to 

leakage plus noise ratio (SLNR) is maximized. Then the relay decodes the information from 
both HHTs and re-encodes and broadcasts it to both HHTs, as depicted in Figure 4-2. Again, 
the transmitted data is FBMC/OQAM modulated and is expressed as 

𝑟[𝑛] = ∑ ∑ √𝑃𝑅,𝑚[𝑘]𝑑𝑅,𝑚[𝑘]𝛽𝑅,𝑚[𝑘] ∙ 𝑝 [𝑛 − 𝑘
𝑀

2
] 𝑒𝑗

2𝜋
𝑀
𝑚(𝑛−

𝐿−1
2
)

+∞

𝑘=−∞

𝑀−1

𝑚=0

, (4-5) 

where 𝑑𝑅,𝑚[𝑘] denotes the real valued PAM symbols transmitted from the relay. Note that 
the relay applies only a single-tap pre-equalizer per subcarrier. The transmit power 
constraint at the relay has to be fulfilled such that ∑ 𝑃𝑅,𝑚[𝑘]

𝑀
𝑚=1 ≤ 𝑃𝑅,𝑚𝑎𝑥. 

 

Figure 4-2: Broadcasting channel (BC) phase. RN: relay node. 

Define the CIR from the relay to HHT1 and to HHT2 as ℎ𝑅,1[𝑛] and ℎ𝑅,2[𝑛], respectively. At 
the receiver side, each HHT performs a similar demodulation procedure as the relay. The 
difference is that multi-tap equalizer is applied to each subcarrier of each HHT. We take a 
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short cut by directly writing the estimated symbols in a matrix-vector form. The estimated 
PAM symbols can be expressed as 

𝑟̂𝑖,𝑞[𝑘] = ∑ √𝑃𝑅,𝑚[𝑘]𝒃𝑖,𝑚
T 𝑮̅𝑖,𝑞,𝑚[𝑘]𝒅𝑅,𝑚[𝑘] + ℜ{𝑛̃𝑖,𝑞[𝑘]}

𝑞+1

𝑚=𝑞−1

, (4-6) 

where 𝑛̃𝑖,𝑞[𝑘] = (𝑛𝑖,𝑞[𝑘] ∗ 𝑏𝑞
∗[𝑘] ∗ 𝑓𝑞

∗[−𝑘])
↓
𝑀

2

 with 𝑛̃𝑖,𝑞[𝑘] represents the ZMCSCG noise 

with zero mean and variance 𝜎𝑖
2, and where 𝒃𝑖,𝑚 = [ℜ{𝒃̅𝑖,𝑚}

T
ℑ{𝒃̅𝑖,𝑚}

T
]
T

 and 𝒃̅𝑖,𝑚 =

[𝑏𝑖,𝑚[−𝐿𝑏2] ⋯ 𝑏𝑖,𝑚[𝐿𝑏1]]
T ∈ ℂ1+𝐿𝑏1+𝐿𝑏2   for 𝑖 = 1,2. Moreover, we assume that 

𝐿𝑏1 = 𝐿𝑏2 = 𝐿𝑏. The matrix 𝑮̅𝑖,𝑞,𝑚[𝑘] is defined in the same manner as in [2]. Again, the 

vector 𝒅𝑅,𝑚[𝑘] is defined as 𝒅𝑅,𝑚[𝑘] = [𝑑𝑅,𝑚[𝑘 + 𝐿𝑏2 + 𝐿𝑔̅2] ⋯ 𝑑𝑅,𝑚[𝑘 − 𝐿𝑏1 − 𝐿𝑔̅1]]
T, 

where 𝐿𝑔̅1  and 𝐿𝑔̅2  depend on the excess delay of the channel impulse response and the 

overlapping factor of the prototype filter [2]. The multi-tap equalizer at each subcarrier is 
designed such that the signal-to-interference-plus-noise ratio is maximized. Finally, a 
complete per-subband received data model is given by 

 𝑦𝑅,𝑚 = ℎ1,𝑚
(𝑒)
𝑑1,𝑚 + ℎ2,𝑚

(𝑒)
𝑑2,𝑚 + 𝑍𝑅,𝑚, (4-7) 

 𝑦1,𝑚 = ℎ̃1,𝑚
(𝑒)
𝑟𝑚 + 𝑍1,𝑚, (4-8) 

 𝑦2,𝑚 = ℎ̃2,𝑚
(𝑒)
𝑟𝑚 + 𝑍2,𝑚, (4-9) 

where ℎ1,𝑚
(𝑒)

, ℎ2,𝑚
(𝑒)

, ℎ̃1,𝑚
(𝑒)

, and ℎ̃2,𝑚
(𝑒)

 are the equivalent channel coefficients on the m-th 

subband, which are defined in Section 3.1 of D7.1. Similarly, the interference plus noise 
terms 𝑍𝑅,𝑚, 𝑍1,𝑚, and 𝑍2,𝑚 are also defined in Section 3.1 of D7.1.  

For practical implementation of a DF two-way relaying scheme, a physical layer network 
coding (PLNC) scheme at the relay is required. It will be used to decode the desired signal 
from the received signal at the HHTs, which is a mixture of the desired signal and the self-
interference. In Section 3.1 of D7.1 we assume that an optimal PLNC scheme [17] is used 
and then an upper bound of the achievable rate of the system is derived using the 
information-theoretic analysis. The goal is then to develop optimal power allocation 
schemes such that the achievable rate is maximized. In practice, the perfect network coding 
scheme which maximizes the throughput of the system is unknown. Practical network 
coding schemes, such as the XOR code and the superposition code, are far from optimal. 
Therefore, the decoding and re-encoding strategy at the relay will has a strong impact on 
the throughput of the system.  Given the XOR code is applied, our goal is to design practical 
decoding strategy at the relay. 

 Decoding schemes at the relay 4.3

Let 𝒖𝑖 ∈ Ϝ2
𝐿 represent binary information words of length 𝐿 from the 𝑖-th HHT. Both HHTs 

use the same linear channel code with code rate 𝑅𝑐 = 𝐿 𝑁⁄  such that we can write the 
codeword of length 𝑁 of the 𝑖-th HHT as 𝒄𝑖 = 𝑮̅𝒖𝑖 ∈ Ϝ2

𝑁, where 𝑮̅ ∈ Ϝ2
𝑁×𝐿 is the generator 

matrix.  This formulation holds for any linear block code, e.g., the LDPC codes and the turbo 
codes. In our work, we consider the LDPC codes. In a multicarrier system, in our case the 
FBMC system, the source codewords are then interleaved, modulated, and then mapped to 
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different subbands of the system via serial to parallel operation [4]. That is saying, one 
codeword might be mapped to several FBMC symbols. In our case, the modulated symbols 
on the 𝑚-th subband at the 𝑘-th time slot of the 𝑖-th HHT is denoted by 𝑑𝑖,𝑚[𝑘]. After the 
signal is received at the relay, the relay should detect and demodulate the received symbols 
and then perform the channel decoding to estimate 𝒖1 and 𝒖2. Then an XOR coding is 
performed such that an XOR coded information is obtained as 𝒖R = 𝒖1⊕𝒖2. Then the 
information word 𝒖R is encoded using the same linear channel code and a codeword 𝒄R is 
obtained. Finally, the multicarrier modulation is performed and the re-encoded symbols are 
transmitted. During the BC phase, each HHT decodes the desired message using the 
property of the XOR code, i.e., by simple XOR the estimated binary information 𝒖̂R with its 
own transmitted information 𝒖𝑖 as 𝒖3−i = 𝒖̂R⊕𝒖𝑖. Before we discuss the possible 
decoding schemes for 𝒚R → 𝒖R, it is worth pointing out that the sum of the two codewords 
is also a valid codeword 𝒄R = 𝒄1⊕𝒄2 = 𝑮̅(𝒖1⊕𝒖2). This is the consequence of using the 
same linear code at both HHTs. If we drop the index for the number of FBMC symbols, the 
per-subband mapping rules for the code bits and modulated symbols are then given by the 
following table, where 2-PAM modulation is considered (corresponds to OQPSK). 

 

j 𝒄𝟏,𝒎 𝒄𝟐,𝒎 𝒄𝑹,𝒎 𝒅𝟏,𝒎 𝒅𝟐,𝒎 𝒚̂𝑹,𝒎 

1 0 0 0 -1 -1 −ℎ1,𝑚
(𝑒)
− ℎ2,𝑚

(𝑒)
 

2 0 1 1 -1 1 −ℎ1,𝑚
(𝑒)
+ ℎ2,𝑚

(𝑒)
 

3 1 0 1 1 -1 ℎ1,𝑚
(𝑒)
− ℎ2,𝑚

(𝑒)
 

4 1 1 0 1 1 ℎ1,𝑚
(𝑒)
+ ℎ2,𝑚

(𝑒)
 

Table 4-1: mapping rules for 2-PAM modulation,  
𝑦̂𝑅,𝑚 is the noise free version of 𝑦𝑅,𝑚 

Moreover, the soft-in decoder, which makes use of the log-likelihood ratios (LLRs), and the 
sum product algorithm (SPA) is used for decoding the LDPC codes. To calculate the LLR, the 
the a-posteriori probability (APP) is required. Similarly as in [18], the a-priori probabilities of 
each realization of 𝑐𝑅,𝑚 and 𝑦̂𝑅,𝑚 are assumed to be equal, which is thus ¼. The probability 

density function (PDF) of the received signal 𝑦𝑅,𝑚, given that 𝑍𝑅,𝑚 is a real valued Gaussian 

random variable with variance 
𝜎𝑅
2

2
+ 𝐼2, is then computed as 

𝑃{𝑦𝑅,𝑚|𝑦̂𝑅,𝑚 = 𝑦̂𝑅,𝑚(𝑗)} =
1

√𝜋(𝜎𝑅
2 + 2𝐼2)

𝑒
−
|𝑦𝑅,𝑚−𝑦̂𝑅,𝑚(𝑗)|

2

𝜎𝑅
2+2𝐼2 . (4-10) 

where 𝑗 = 1,⋯ ,4 and 𝐼2 is the interference power. Then the a-posteriori probability (APP) 
that the signal 𝑐𝑅,𝑚 was transmitted given the received signal 𝑦𝑅,𝑚 is calculated by 

𝑃{𝑐𝑅,𝑚 = 𝑐𝑅,𝑚(𝑗)|𝑦𝑅,𝑚} = 𝑃{𝑦̂𝑅,𝑚 = 𝑦̂𝑅,𝑚(𝑗)|𝑦𝑅,𝑚} (4-11) 
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= 𝑃{𝑦𝑅,𝑚|𝑦̂𝑅,𝑚 = 𝑦̂𝑅,𝑚(𝑗)}
𝑃{𝑦̂𝑅,𝑚 = 𝑦̂𝑅,𝑚(𝑗)}

𝑃{𝑦𝑅,𝑚}
 

= 𝑃{𝑦𝑅,𝑚|𝑦̂𝑅,𝑚 = 𝑦̂𝑅,𝑚(𝑗)}
1

4
. 

 

 Separated channel decoding and physical layer network coding 4.3.1

According to our previous discussion, a straightforward decoding strategy is to decode the 
messages from each HHT separately and then perform the XOR coding the channel coding. 

Take HHT1 as an example, we propose to calculate the LLRs per subband, i.e., the LLR 𝜆𝑖,𝑚 
on the 𝑚-th subband of the relay is defined as 

𝜆𝑖,𝑚 = ln
𝑃{𝑐𝑖,𝑚 = 1|𝑦𝑅,𝑚}

𝑃{𝑐𝑖,𝑚 = 0|𝑦𝑅,𝑚}
. (4-12) 

According to the mapping table and (11), the APP 𝑃{𝑐𝑖,𝑚 = 0|𝑦𝑅,𝑚} is calculated by 

𝑃{𝑐𝑖,𝑚 = 0|𝑦𝑅,𝑚} = 𝑃{𝑐𝑅,𝑚 = 𝑐𝑅,𝑚(1)|𝑦𝑅,𝑚} + 𝑃{𝑐𝑅,𝑚 = 𝑐𝑅,𝑚(2)|𝑦𝑅,𝑚}. (4-13) 

Similarly, the APP 𝑃{𝑐𝑖,𝑚 = 1|𝑦𝑅,𝑚} can be calculated. This procedure can be interpreted as 

the traditional multiple access problem and thus is a separate decoding scheme. Since only 
a single antenna is used, there is no additional spatial dimension available, which can be 
used to distinguish 𝑐1,𝑚 and 𝑐2,𝑚 from their sum. Finally, the LLR values will be fed into the 
SPA based channel decoder. The decoded information will be then XOR coded and re-
encoded before the transmission. 

 Joint channel decoding and physical layer network coding via binary decoding 4.3.2

However, since the relay is only interested in the combined signal 𝑢R, a more efficient 
approach is to derive the LLRs with respect to the combined codeword 𝑐𝑅,𝑚, instead of 

decoding 𝑐1,𝑚 and 𝑐2,𝑚 independently [16]. Therefore, we calculate the APP 𝑃{𝑐𝑅,𝑚 =

0|𝑦𝑅,𝑚} as 

𝑃{𝑐𝑅,𝑚 = 0|𝑦𝑅,𝑚} = 𝑃{𝑐𝑅,𝑚 = 𝑐𝑅,𝑚(1)|𝑦𝑅,𝑚} + 𝑃{𝑐𝑅,𝑚 = 𝑐𝑅,𝑚(4)|𝑦𝑅,𝑚}

= 𝑃{𝑦𝑅,𝑚|𝑦̂𝑅,𝑚 = 𝑦̂𝑅,𝑚(1)}
1

4
+ 𝑃{𝑦𝑅,𝑚|𝑦̂𝑅,𝑚 = 𝑦̂𝑅,𝑚(4)}

1

4

=
1

4√𝜋(𝜎𝑅
2 + 2𝐼2)

(𝑒
−
|𝑦𝑅,𝑚−𝑦̂𝑅,𝑚(1)|

2

𝜎𝑅
2

+ 𝑒
−
|𝑦𝑅,𝑚−𝑦̂𝑅,𝑚(1)|

2

𝜎𝑅
2+2𝐼2 ) 

(4-14) 

The similar approach can be applied to obtain the APP 𝑃{𝑐𝑅,𝑚 = 1|𝑦𝑅,𝑚}. Afterwards, the 

final LLR values for each subband is decided by 
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𝜆𝑅,𝑚 = ln
𝑃{𝑐𝑅,𝑚 = 1|𝑦𝑅,𝑚}

𝑃{𝑐𝑅,𝑚 = 0|𝑦𝑅,𝑚}
. (4-15) 

These LLR values are fed to the soft-in decoder, which finds an estimate for 𝒖R. This method 
directly decodes the desired message 𝒖R without decoding the messages individually 
compared to the scheme. Therefore, it is a joint channel decoding and physical layer 
network coding method. It can be seen as the extension of the algorithm in [18] to a 
multicarrier system. Note that when compared to an OFDM extension the FBMC extension 
suffers also from the residual interference terms, which are simply treated as additional 
additive noise in our work. 

In the case of OFDM the received signal at the relay is given by  

𝑦𝑅,𝑚 = 𝐻1,𝑚𝑑1,𝑚 + 𝐻2,𝑚𝑑2,𝑚 + 𝑛𝑅,𝑚, (4-16) 

where 𝐻𝑖,𝑚represents the channel gain in frequency domain, and  𝑛𝑅,𝑚 denotes the additive 

noise at the relay. The PDF of 𝑦𝑅,𝑚, given that 𝑛𝑅,𝑚 is ZMCSCG with variance 𝜎𝑅
2, can be 

written as 

𝑃{𝑦𝑅,𝑚|𝑦̂𝑅,𝑚 = 𝑦̂𝑅,𝑚(𝑗)} =
1

𝜋𝜎𝑅
2 𝑒

−
|𝑦𝑅,𝑚−𝑦̂𝑅,𝑚(𝑗)|

2

𝜎𝑅
2

. (4-17) 

The following table summarizes the per-subband mapping for QPSK modulation, where the 

two bits represented by the QPSK symbols is written as 𝑐𝑖,𝑚
(𝟏)
 𝑐𝑖,𝑚
(𝟐)

 and the QPSK symbols are 

given by 𝑠𝑙 = 𝑒
−𝑗(

2𝜋𝑙

4
+
𝜋

4
), 𝑙 = 0,1,2,3. 

 

j 𝒄𝟏,𝒎
(𝟏)
  𝒄𝟏,𝒎
(𝟐)

 𝒄𝟐,𝒎
(𝟏)
 𝒄𝟐,𝒎
(𝟐)

 𝒄𝑹,𝒎
(𝟏)
 𝒄𝑹,𝒎
(𝟐)

 𝒅𝟏,𝒎 𝒅𝟐,𝒎 𝒚̂𝑹,𝒎 

1 1 1 1 1 0 0 𝑠0 𝑠0 𝑠0𝐻1,𝑚 + 𝑠0𝐻2,𝑚 

2 1 1 0 1 1 0 𝑠0 𝑠1 𝑠0𝐻1,𝑚 + 𝑠1𝐻2,𝑚 

3 1 1 0 0 1 1 𝑠0 𝑠2 𝑠0𝐻1,𝑚 + 𝑠2𝐻2,𝑚 

4 1 1 1 0 0 1 𝑠0 𝑠3 𝑠0𝐻1,𝑚 + 𝑠3𝐻2,𝑚 

5 0 1 1 1 1 0 𝑠1 𝑠0 𝑠1𝐻1,𝑚 + 𝑠0𝐻2,𝑚 

6 0 1 0 1 0 0 𝑠1 𝑠1 𝑠1𝐻1,𝑚 + 𝑠1𝐻2,𝑚 

7 0 1 0 0 0 1 𝑠1 𝑠2 𝑠1𝐻1,𝑚 + 𝑠2𝐻2,𝑚 

8 0 1 1 0 1 1 𝑠1 𝑠3 𝑠1𝐻1,𝑚 + 𝑠3𝐻2,𝑚 

9 0 0 1 1 1 1 𝑠2 𝑠0 𝑠2𝐻1,𝑚 + 𝑠0𝐻2,𝑚 
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10 0 0 0 1 0 1 𝑠2 𝑠1 𝑠2𝐻1,𝑚 + 𝑠1𝐻2,𝑚 

11 0 0 0 0 0 0 𝑠2 𝑠2 𝑠2𝐻1,𝑚 + 𝑠2𝐻2,𝑚 

12 0 0 1 0 1 0 𝑠2 𝑠3 𝑠2𝐻1,𝑚 + 𝑠3𝐻2,𝑚 

13 1 0 1 1 0 1 𝑠3 𝑠0 𝑠3𝐻1,𝑚 + 𝑠0𝐻2,𝑚 

14 1 0 0 1 1 1  𝑠3 𝑠1 𝑠3𝐻1,𝑚 + 𝑠1𝐻2,𝑚 

15 1 0 0 0 1 0 𝑠3 𝑠2 𝑠3𝐻1,𝑚 + 𝑠2𝐻2,𝑚 

16 1 0 1 0 0 0  𝑠3 𝑠3 𝑠3𝐻1,𝑚 + 𝑠3𝐻2,𝑚 

Table 4-2: mapping rules for QPSK modulation,  
𝑦̂𝑅,𝑚 is the noise free version of 𝑦𝑅,𝑚 

𝑃{𝑐𝑅,𝑚
(𝑖) = 0|𝑦𝑅,𝑚} = ∑ 𝑃{𝑐𝑅,𝑚 = 𝑐𝑅,𝑚(𝑗)|𝑦𝑅,𝑚}

𝑗∈ 𝜇(𝑖)

=
1

16 𝜋𝜎𝑅
2 ∑ 𝑒

−
|𝑦𝑅,𝑚−𝑦̂𝑅,𝑚(𝑗)|

2

𝜎𝑅
2

𝑗∈ 𝜇(1)

, 
(4-18) 

where 𝜇(1) = {1, 4, 6, 7, 10, 11, 14, 10} and 𝜇(2) = {1, 2, 5, 6, 11, 12, 15, 10}. 𝑃{𝑐𝑅,𝑚
(𝑖) =

1|𝑦𝑅,𝑚} can be calculated from the complement indexes. Then the LLR values of the bits are 

fed to the soft-in decoder. 

 Simulation settings 4.4

The data is generated according to the equivalent model which is defined in (7 - 9). In all the 
Monte-Carlo simulations, the number of subcarriers is fixed to 128 with sampling frequency 
𝐹𝑠 = 1.92 MHz. The ITU-Vehicular A and B channel models are considered, and the 
frequency domain channel gains for OFDM are generated using M-FFT. The equalizer (pre-
equalizer) has 𝐿𝑎1 = 𝐿𝑎2  (𝐿𝑏1 = 𝐿𝑏2) and the number of taps is fixed to 𝐿𝑎 = 𝐿𝑏 = 7. The 

nodes employ DVB-S2 LDPC channel coding of rate 
1

2
 and a codeword length of 64800 bits. 

QPSK modulation scheme is employed for OFDM system, which is equivalent to using BPSK 
scheme for FBMC system. The maximum allowed power 𝑃𝑇  is equal to 1W for all nodes and 
it is distributed uniformly. The noise variance is identical and equal to 𝜎2 at all nodes, and 

the average SNR is defined as 
𝑃𝑇/𝑁

𝜎2
. 

 

Frame structure 

Sampling frequency 1.92 MHz 

Subcarriers number 128 

OFDM CP 6.67% Symbol period 
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FBMC filter OFDM/OQAM PHYDYAS 

Overlapping factor 4 

Modulation scheme  QPSK/BPSK 

Channel coding LDPC for DVB-S2, ½ code rate, L = 32400 bits 

Transmitter/Receiver 

Noise power spectral density Various 

Equalizer  length 7 

Pre-equalizer  length 7 

Transmission scheme SISO 

Propagation 

Fast fading channel models ITU-Vehicular A, B 

Channel estimation Ideal 

Table 4-3: Simulation settings for FBMC based two-way relaying strategies. 

 

 Simulation results 4.5

 

Figure 4-3: BER of HHT1. Joint decoding scheme in Section 3.3.1 is used.  

Figure 4-3 and Figure 4-4 illustrate the BER of HHT1 and HHT2 in both OFDM and FBMC 
systems for ITU-Vehicular A and B channel models, respectively. As can be seen from the 
figures, in general the FBMC based system suffer from the residual interference. When the 
channel is less frequency selective, the FBMC based system is better than the OFDM based 
system. 
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Figure 4-4: BER of HHT2. Joint decoding scheme in Section 3.3.2 is used.  

 Final remarks 4.6

We have evaluated the BER performance of OFDM and FBMC based two-way DF relaying 
systems. A joint channel decoding and XOR based PLNC scheme is developed. Simulation 
results show that the FBMC based system suffers from the residual interference in the 
system especially when the channel has a high frequency selectivity.    
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 Multi-hop relaying for FBMC using SONIR 5.

 Description and motivation 5.1

SONIR (Self-Organizing Network with Intelligent Relaying) it is a software platform for 
simulating and visualizing de-centralized and self-organized networks. It is built in MATLAB 
and its purpose is to implement an end-to-end multi-hop system capable for dealing with 
mobility of nodes.  Different methods for clustering, mobility management, routing have 
been implemented in order to be able to visualize the multi-hop system and to investigate 
its end-to-end performance. SONIR was initially built to deal with the nodes in a Rayleigh 
fading environment, but within the scope of this project we provide an extension to 
frequency selective fading, and FBMC. 

Moreover, a useful GUI [21] to go along with the software has been developed for a better 
visualisation and more practical usage of the platform even for uses that are not very 
familiar with MATLAB.  

SONIR environment 

The SONIR environment represents a field, for which the user can choose various values for 
its size. In general the field is three dimensional, and length, width, and height can be 
chosen. However the visualization is provided only for 2 dimensions. Also, different number 
of nodes could be chosen, as well as the distribution of the nodes. Currently, uniform and 
Poisson distribution of the nodes are supported.  

In Figure 5-1 is presented the SONIR environment, with 200 m length, 200 m width and 350 
uniformly distributed nodes.    

 

 

Figure 5-1: SONIR environment 

Clustering 

As a first step of the data transmission, clusters should be formed. The clustering of the 
nodes can be done based on two clustering schemes, RSSI (Received Signal Strength 
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Indicator) [19] and GPS based scheme [20]. When RSSI based clustering is used, the clusters 
are formed depending on the received power at each of the nodes. On the other hand, the 
main idea of GPS based clustering is to calculate the distances between the nodes from their 
GPS positions. Depending on the given thresholds the nodes that are fairly close to each 
other will belong in one cluster. Moreover, one of the nodes in the cluster is chosen as a 
cluster-head and it is responsible for routing the data through the cluster.  

 In our SONIR platform, for the RSSI clustering scheme a maximum BER can be chosen, and 
for the GPS clustering scheme different maximum distance can be chosen. These criteria 
represent also the thresholds for the clustering decisions.  

In Figure 5-2 the clustered network is presented, where the clusters have been formed with 
the RSSI clustering scheme with maximum BER=10-6.  

 

 

Figure 5-2 Clustered network 

Routing 

Moreover, the routing in the SONIR network should be performed, and for that reason a 
sender and a receiver node should be selected by the user. The routing is based on AODV 
(Ad-hoc On-demand Distance Vector). In our software the cluster-heads are responsible for 
most of the routing functions. The cluster-heads keep information for all the nodes in its 
cluster, as well as information for the neighboring clusters. The routing information is 
obtained via piloting mechanisms.  

When a node tries to communicate with another node, it sends the receiver and sender 
node ID to its cluster head, which then looks first in its own set of nodes to find the receiver 
node. If successful it acts as a relay between the two, otherwise it asks its neighbouring 
cluster heads to find the receiving node. If not found there, these cluster heads in turn ask 
their neighbours and so on until we find the reception node and then the most optimal path 
back to the sender node is decided. 

In Figure 5-3 an example of the calculated path is visualized, where the sender node is node 
4, while the receiver node is node 7. 
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Mobility management 

Furthermore the SONIR platform supports mobility of the nodes. The mobility is based on 
the random walk model, and the user can choose the speed of the nodes. The direction in 
which each of the nodes will move is chosen randomly.  

With the mobility option in SONIR we can investigate how periodic re-clustering has to be 
performed.  We can also monitor the required time the network to reach certain QoS 
(Quality of Service), for instance cumulative BER value.  

In Figure 5-4 an example of the change in cluster formation before and after re-clustering 
along how the BER changes depending on the distance or RSSI parameters chosen in the 
clustering part, for GPS based and RSSI based clustering, respectively.  

 

Figure 5-3 Routing 

 

Figure 5-4 Optimal re-clustering time based on a chosen criteria 
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As previously mentioned our goal was to implement FBMC transmission technique into the 
SONIR platform, and for that we have modified the physical layer. For now, we have 
implemented FBMC only for the data transmission phase. This means that all piloting data 
which is used from clustering and routing has been transmitted. Therefore, the clustering 
and routing has already been performed. By this point we know the route through which 
data transmission between the sender and receiver node will be done.  

For the transmission phase, that takes place between each of the nodes on the route we 
assume that we have multicarrier communication with M subcarriers, with overlapping 
factor K. Moreover, we assume that N symbols are transmitted, and they are modulated 
using OQAM as a modulation scheme. The parallel to serial convergence of the symbols is 
done with synthesis filter, FBMC filter with an impulse response designed as raised cosine. 
For the channel design we have taken into account several models, and for now we have 
implemented the Rayleigh flat, Rayleigh multi-tap channel, Pedestrian A channel and 
Vehicular A channel. 

 

On the receiver side, accordingly analysis FBMC filter, which introduces a delay of 2K-1 
symbol is used. After the filter bank for analysis the symbols are according demodulated.  

Basically, we assume that each of the nodes performs the modulation and demodulation 
while forwarding the data to the next node, until it reaches the destination witch is the 
receiver node chosen by the user. This is equivalent to decode and forward relaying 
strategy.  

 

In order to calculate the cumulative BER performance on the whole route, we obtain the 
BER performance for each hop, treating each hop as a point to point transmission. After 
witch we use the following formula to approximate the BER of the whole transmission: 

 

 

 

 Simulation settings 5.2

We would like to investigate the cumulative BER performance in SONIR using FBMC. For that 
reason we have performed simulations with SONIR, using the following parameters. The size 
of the field was set to 200m of width and 200m of height in which 350 nodes are uniformly 
distributed. The clustering scheme used in the simulations is RSSI, and the routing was 
performed with node 21 as a sender, and node 232 as a receiver.    

Moreover, 512 subcarriers were used with overlapping factor of 4. In the simulation results 
both, 4 OQAM and BPSK are used as a modulation schemes. Simulation results for Rayleigh 
flat channel and Pedestrian A channel are presented in the following subsection.  

The simulation parameters are summarized in Table 5-1. 

Frame structure 

Subcarriers number 512 

Subcarrier spacing 15 kHz 

1
1 (1 )

hop

i

N

i
BER BER


  
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FBMC filter OFDM/OQAM PHYDYAS 

Overlapping factor 4 

Modulation schemes  4 OQAM, BPSK 

Propagation 

Static fading channel models Rayleigh, flat 

Rayleigh, multi-tap channel,  

Pedestrian A channel 

Channel estimation Preamble-based Least-Squares method 

Path loss exponent 2 

SONIR parameters 

Number of nodes and distribution 350, uniform 

Clustering  RSSI 

Routing Note ID 21 to Note ID 232 

Table 5-1 Simulation parameters 

 Simulation results 5.3

In this subsection we present the simulation results for cumulative BER performance, for 
multi-hop relaying using the SONIR platform.  

In Figure 5-5 a comparison of FBMC and BPSK is illustrated, assuming data transmission over 
Rayleigh flat channel. From the figure can be concluded that both schemes perform fairly 
the same, although it is worth noting that in the FBMC scenario 4 OQAM is used as a 
modulation scheme.  

Next the compare again the BSPK and FBMC cumulative BER performance, but this time 
using the Pedestrian A channel in the simulations. The simulation results are presented in 
Figure 5-6. According to the simulation results in this case the SISO- BPSK outperforms the 
SISO-FBMC.  

 Final remarks 5.4

Our goal within this project was to implement the FBMC in SONIR, in order to investigate 
the performance in multi-hop, de-centralized and self-organized network. Currently we have 
managed to implement FBMC on physical level, and to investigate the cumulative BER 
performance.  

As a future work we would continue investigating the impact on overall throughput. 
Moreover, we will have to investigate the impact of using FBMC over clustering, routing and 
mobility schemes.  
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Figure 5-5 Cumulative BER performance, Rayleigh flat channel.  

 

Figure 5-6 Cumulative BER performance, Pedestrian A channel.  
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 Assessment of two-way relaying for SC-FDMA using PHY layer 6.
abstraction 

 General Description and motivation 6.1

 
The goal of this section is to evaluate the end-to-end reliability and end-to-end total 
achievable throughput for different relaying schemes. A new adaptive relaying scheme 
employing Two-Way-Relaying (TWR) has been first proposed, and then, an abstraction 
method of the PHY Layer for SC-FDMA signals was presented.  
 
There are quite a few results recently published which consider TWR and other relaying 
schemes, as well as different Key Performance Indicators (KPIs). We have first performed a 
selection among these relaying techniques, then we decided which the most relevant 
comparisons are and then which the most efficient KPIs are. 
 
For example, in [50], a cross-layer resource allocation of TWR for statistical delay-QoS 
constraints is proposed. The objective of this paper is to maximize the weighted sum-rate of 
the TWR system while satisfying the individual delay requirement at each node. 
 
In [51], a multi-user TWR using Alamouti space-time block code is proposed. In the first 
phase all users transmit their symbols simultaneously to the relay, and the relay uses 
minimum mean square error detection to estimate the transmitted symbols. Then, in a 
second phase, the relay uses XOR operation to combine the estimates of the symbols for 
each user pair and broadcasts them. Moreover, the relay and further each user are 
equipped with multi-antennas so that the relay is able to separate the signals coming from 
the nodes. For the system model the paper considers 2 pairs of nodes (i.e. 4 users) and 
evaluates the TWR maximum throughput when 2 pairs are communicating at the same 
time. 
 
In [52], classic (half-duplex) Amplify-and-Forward is compared with TWR and full-duplex AF. 
MIMO relaying is considered with 4 antennas per each user. Finally, an adaptive scheme 
which combines the performance of full-duplex AF and TWR is evaluated in terms of end-to-
end capacity and outage capacity. However, even if [52] evaluates the performance of such 
adaptive TWR and it clearly shows the interest of combining AF and TWR, details of how this 
scheme would function in practice are not provided. 
 

In [53] the authors try to provide a low complexity algorithm for multiple relay selection in 
TWR with use for cognitive radio networks. Multiple Secondary Users (SUs) employing TWR 
and a Primary User (PU) are using the spectrum at the same time. The paper further studies 
the relay selection for SUs under the following interference constraints: 1) interference from 
SUs to PU has to be limited during the transmission phase; 2) interference from relay to PUs 
has to be limited during the broadcast phase. Then, simulation results are provided in terms 
of sum rate for different power quantization levels and different number of SU links. 
 
In [54] it is presented for the first time an analytical study of average delay and throughput 
in a TWR network exploiting network coding to exchange user packets, where arrival and 
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departure of packets are considered to be stochastic. Because of the stochastic nature of 
packet arrivals, packets from both users are not available at the same time instants and the 
relay node cannot encode them at once. Three opportunistic networks coding schemes 
based on power-delay constraints are further proposed: power-efficient network coding, 
delay efficient network coding, and quasi-general network coding. Finally, the fundamental 
trade-off between packet delay and transmission power is addressed. Results revealed that 
for symmetric packet arrival rates, minimizing transmission power results in an infinite 
delay, a result which is somewhat expected. However, an important result is missing, which 
is a comparison with classical DF or AF schemes at least in terms of delay and packet error 
rates. 
 

In [55] the authors provide the outage performance of cooperative protocols for the TWR 
model. If only one user is correctly decoded, then a successive interference cancelation (SIC) 
mechanism can be employed by the relay to correctly decode the data stream from the user 
which was not correctly decoded. 
 
In [56] the authors applied an adaptive modulation and coding technique to enhance the 
performance of the TWR AF networks. The work from [56] also provides closed-form 
expressions of the average frame error probability and spectral efficiency. 
 
In [57] the authors studied TWR scheme for the same system parameters as used in LTE 
networks, however the system architecture is now sufficiently well described nor how this 
scheme would be applicable to LTE networks. The paper also introduces key performance 
indicators and metrics such as energy consumption rate, energy reduction gain, information 
exchange rate, resource utilization and resource utilization gain. 
 
With respect to all this prior work, this section focuses mainly on how to use DF techniques 
and how to exploit TWR when DF is used combined with XOR. We have decided not to use 
AF techniques because for AF there is no control over what is actually send through the 
channel and in certain settings noise amplification can degrade performance in particular if 
simple receivers are used. Moreover, with AF the complexity of the receiver processing is 
moved at the source/destination node side, while with DF this complexity is moved at the 
relay node side. The second solution is interesting when the relay node is part of the radio 
access network and is mounted for example on a vehicle - which has fewer constraints in 
terms of cost and energy budget than e.g. a user equipment. Then, after this pre-selection 
of the relaying techniques and after proposing an abstraction method, MAC Layer 
simulations were performed in order to compare these schemes. Finally, using the MAC 
Layer simulator, results expressed in terms of End-to-End Packet Error Rate (PER) and End-
to-End Throughput were obtained. Again, compared with the above mentioned scientific 
papers, these selected KPIs seem to be the most adequate for the purpose of this study. 
 
In order to evaluate the overall performances from the system point of view and MAC point 
of view respectively, we first describe the transmission chain from one user to another user 
via a relay, for two techniques: DF and TWR. These two schemes have been further detailed 
in Section 6.1.1. Then, Section 6.1.2 presents possible improvements of DF and TWR 
schemes from the data traffic point of view (see Subsection 6.1.2.1) and from the packet 
point of view which corresponds to MAC Layer design (see Subsection 6.1.2.2). 
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Further, Section 6.2 describes the selected scenarios together with the Key Performance 
Indicators (KPIs) and Section 6.3 describes the proposed PHY Layer abstraction method to 
be used further in Section 6.4 dedicated to simulation results. Moreover, Section 6.4 is 
divided in three important parts: Subsection 6.4.1 dedicated to simulation parameters, 
Subsection 6.4.2 dedicated to the validation of the PHY Layer proposed in Section 6.3, and 
Subsection 6.4.3 dedicated to MAC Layer simulations and results obtained with the help of 
the PHY Layer abstraction method. Finally, conclusions are provided in Section 6.5. 

 Decode-and-Forward and Two-Way-Relaying 6.1.1

As described on the left hand side of Figure 6-1, for Decode-and-Forward (DF) technique 
one slot is used by the first user to transmit towards the relay and then a second slot is used 
by the relay to transmit towards the second user. Between the two consecutive 
transmissions it is considered that the relay first decodes the information and then forwards 
it. In total, the first user needs 2 slots to transmit to the second user. Similarly, another two 
slots are used by the second user to transmit towards the first user via the same relay (see 
the right hand side of Figure 6-1). For this reason, DF technique uses in total 4 slots. As a 
result, the transmission from one user to the relay is not interfering with the transmission 
from the other user to the relay, or with the transmission of the relay to the other user. 

 

Figure 6-1. System Description of Decode-and-Forward Scheme 

Moreover, as seen in Figure 6-1, it is considered that the relay uses 2 antennas in reception 
mode and that the users are using only a single antenna both in reception and transmission 
modes. 
In order to increase the spectral efficiency, TWR scheme has been proposed. As described in 
Figure 6-2, TWR scheme uses only 2 slots instead of 4. This is possible through the use of 
multiple-antenna reception techniques at the relay level, in order to separate between the 
two users concomitantly transmitting: i.e. at the same time, on the same frequency band 
(e.g. using the same Resource Blocks or RBs). While the first slot is used by the users to 
transmit towards the relay, the second slot is used by the relay to broadcast the data to 
both users, after priory performing a XOR (eXclusive OR) operation on the decoded data. At 
the end, each end-user is able to decode information from the other user by subtracting 
own previously transmitted data from the information broadcasted by the relay. 
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Figure 6-2. System Description of Two-Way-Relaying Scheme 

If the two users are co-located, then the use of the 2 antennas in reception will not be 
sufficient to separate the information at the relay level. However, as described in 
Deliverable D7.1 by the scenario “clustered wireless ad hoc network with bridging relay”, 
one use case of interest for EMPhAtiC project is inter-cell relaying which means that the 2 
users to be relayed will always belong to different cells and therefore the data received by 
the relay on the two links will be separable through the use of 2 antennas is reception.   
The role of the XOR operation is crucial for TWR technique since it allows retransmitting 
data to both users at the same time without the use of multiple antennas techniques. This 
would therefore simplify the transmitter since it does not need any prior channel estimation 
which may have been affected by user mobility, multi-user interference and fast time-
variation of the channel. However, in situations when the Relay does not receive two 
packets at the same time on both links (e.g. because the channel of one link is in bad state, 
or because the packets are not synchronized, or because the delay between the received 
packets is too high), it cannot perform XOR operation and one of the packets or even the 
two packets are being dropped. 
 

Another alternative for these two schemes provided in Figure 6-1 and Figure 6-2 would have 
been to consider a DF method allowing the two users to simultaneously transmit in the first 
slot towards the relay. Similarly to TWR technique, the relay would have been able to 
separate these two users using 2 antennas in reception mode. However this alternative has 
been neglected from our scenarios because it would have increased the interference in the 
first slot without any benefits in terms of spectral efficiency in the second slot. Therefore, 
this scheme would have been a compromise between classical DF and TWR schemes. 

 Possible Improvements of Decode-and-Forward and Two-Way-Relaying 6.1.2

This section presents possible improvements for the DF and TWR schemes described above, 
in order to alleviate secondary effects from the upper layer and lower layer design. For 
example, situations such as asymmetric traffic (i.e. the end-to-end traffic from one user to 
the other is not the same) may decrease the total achievable throughput for DF and TWR 
schemes.  Similarly, as mentioned in the previous section, the low performance of the PHY 
Layer on one of the links may decrease the overall performance of the MAC Layer. 
 

6.1.2.1 Description of Improvements from the Data Traffic Point of View 

From the upper layer point of view, when the traffic is asymmetric, achievable throughput is 
limited for both DF and TWR schemes as represented in Figure 6-3. For fair comparison of 
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the schemes from Figure 6-3, we consider a transmission phase (Tx Phase) followed by a 
broadcast phase. During the transmission phase of the DF scheme only one user (U1 or U2) 
transmits data towards the relay (R), while for the transmission phase of the TWR scheme 
both users (U1 and U2) may transmit data towards the relay (R) at the same time.  
However, in some situations the users may not transmit both at full rate (e.g. their buffers 
are not both of the same size or the service type is not the same for both users) or in other 
situations only one user may need to transmit data to the other user (e.g. one of the buffers 
is empty). In these situations (represented by white boxes in Figure 6-3), DF scheme will not 
optimally use the available bandwidth while for TWR scheme the relay broadcasts only the 
amount of traffic which is common to both users and drops the extra traffic send by the 
user with higher transmitted traffic. 

 

Figure 6-3. Description of Asymmetric and Symmetric Traffic Situations for Different 

Relaying Schemes – each coloured box represents traffic values expressed in bps. 

To resolve all these inconveniences, one can imagine improved versions of DF and TWR 
schemes from the traffic point of view. For example, instead of using the available resources 
to send data from User2 to User1 via the relay, the adaptive DF can use these resources to 
send data from User1 to User2 if User1 has something to transmit. In such a situation the 
scheme increases the total send traffic on the link from User1 to User2 while decreasing the 
total send traffic on the link from User2 to User1. Another example represented in Figure 
6-3 is another variant of TWR scheme named “adaptive” TWR which before broadcasting 
information to both users performs XOR operation on min(traffic from User1, traffic from 
User2) and performs DF operation on the difference max(traffic from User1, traffic from 
User2)-min(traffic from User1, traffic from User2). 
In order to better explain the implications of the ideas previously mentioned, we have 
graphically represented in Figure 6-4 the achievable throughput for DF and TWR schemes 
(and their variants) while varying transmitted traffic of both User1 and User2. Please note 
that the four subfigures from Figure 6-4 represent rotations of the same graphical result. 
Each of these subfigures shows that when using QPSK modulation, adaptive TWR technique 
can achieve the maximum throughput for a 1.4MHz LTE system only when both users 
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transmit at a transmission rate of 1.728 Mbps. Figure 6-4 also shows that adaptive TWR 
outperforms simple TWR in terms of transmitted traffic, but also that simple TWR has the 
same performance as adaptive TWR when the traffic is symmetric (i.e. when both users are 
exchanging the same amount of traffic through the relay). Another interesting result can be 
seen when comparing adaptive DF with simple DF. Adaptive DF outperforms simple DF only 
in the region where one user is transmitting at full rate (1.728 Mbps) and the other user has 
nothing to transmit: in this situation adaptive DF reacts to the exchanged traffic values in 
the two directions and allocates more resources to the user which transmits at full traffic. 
However, since the frame is divided into distinct time slots corresponding to a transmission 
phase and a broadcast phase, the total achievable throughput for DF scheme is only 
0.864 Mbps. 

 

Figure 6-4. Achievable Throughput [bps] for Different Relaying Schemes for Asymmetric 

Traffic when using a 1.4MHz LTE System 

6.1.2.2 Description of Improvements from the Packet Point of View 

The main difference between the previous section and this section is that in Section 6.1.2.1 
we have considered a traffic situation (and therefore each coloured box from Figure 6-3 was 
related to a traffic value) while in Section 6.1.2.2 we have considered a MAC layer situation, 
and therefore each coloured box from Figure 6-5 corresponds herein to a packet.  
As seen on top of Figure 6-5, due to channel impairments on the link from User1 to relay 
(here denoted by “U1->”) during the Tx Phase, classic TWR cannot perform XOR operation 
and just before the Broadcast Phase drops the packet from User2 to relay (here denoted by 
“U2->”) . For this reason, in this section it is proposed a novel relaying technique which 
consists in combining the TWR and DF: 
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o When XOR operation is possible (i.e. successful reception from User1 and successful 
reception from User2 at the same time), the relay uses classic TWR; 

o When XOR operation is not possible (e.g. unsuccessful reception from User1 or 
unsuccessful reception from User2), the relay uses DF. 

As previously described, this novel technique adapts to the real-time channel impairments. 
For this reason it is further called “adaptive” TWR and the classic TWR it is further referred 
as “simple” TWR. 

 

 

Figure 6-5. Impact of Channel Impairments for Different Relaying Schemes – each 

coloured box represents a packet  

Please also note that TWR, DF and adaptive TWR schemes from Figure 6-5 have been 
further used for comparison purposes in Section 6.4.3 where MAC Layer simulations have 
been provided. As further showed also in Section 6.4.3, adaptive TWR scheme provides 
better results in terms of achievable throughput, proving the importance of a good design of 
the MAC scheme.  

 Scenarios of Interest and Description of Key Performance Indicators (KPIs) 6.2

As represented in Figure 6-6, the goal of this study is to evaluate the communication 
performance between User1 and User2 via the relay as a function of the SNR of the first link 
(i.e. between User1 and the relay) for different power loads between User2 and User1 
(mainly impacting the quality of the second link, i.e. between the relay and User2). The 
performances are evaluated in the 2 possible directions resulting in a total of 3 use cases: 
unidirectional communication 1) from User1 to User2 and 2) from User2 to User1 and for 3) 
bidirectional communication involving both User1 and User2 transmissions over the relay.  
For each of the use cases different KPIs such as throughput and Packet Error Rate (PER) have 
been considered, resulting in 3x2 simulation scenarios. Then, for each scenario, different 
relaying schemes from Figure 6-5 have been considered: 1) classic TWR (here called TWR 
Simple of TWR1) which drops the packets when XOR operation is not possible, 2) adaptive 
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TWR (or TWR2) which performs DF when XOR operation is not possible, and finally 3) classic 
DF. Then, for each of these schemes, simulations for 1) 3GPP ETU (Extended Typical Urban) 
Channel Model and 2) 3GPP EPA (Extended Pedestrian A Model) Channel Model have been 
considered, resulting in a total of 3x2x3x2=36 possible simulations scenarios. From all these 
scenarios only a few have been selected for representation in Section 6.4.  

 

Figure 6-6. Considered Scenarios and Evaluation KPIs 

As explained in Figure 6-6, the KPIs to be used in the simulations from Section 6.4 are: 
o End-to-End PER (User to User) e.g.: 

o User1 to User2 End-to-End PER 
o User2 to User1 End-to-End PER 

o Mean PER computed such as (User1 to User2 End-to-End PER + User2 to User1 End-to-
End PER)/2 e.g.: 

o Mean End-to-End PER or 
o 1 – Mean End-to-End PER 

o XOR Occurrences [%] for TWR, a statistic representing the number of times expressed in 
percentage of when the TWR technique is able to perform XOR operations (i.e. both 
packets from both links have been received in good conditions by the relay); 

o End-to-End Throughput [packets/second], e.g.: 
o Throughput from User1 to User2 
o Throughput from User2 to User1  

o Total Throughput [packets/second], i.e.: 
o Throughput User1 to User2 + Throughput User2 to User1 

 Proposed PHY Layer Abstraction Method 6.3

The proposed PHY Layer abstraction method is presented in Figure 6-7. For each packet, for 
each transmitting user we set the power loads for each user, the number of antennas and 
the channel type. Then, for a given noise level, we compute the estimated SNR after the 
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equalization. Then, using the mutual information function and the modulation type it is 
possible to compute an average value of the estimated SNR over multiple realizations or 
over multiple Resource Blocks (RBs) being used. This value is expressed as a mean estimated 
SNR, and serves to obtain an instantaneous Packet Error Rate using the direct PHY Layer 
simulation results described in Figure 6-8 which have been obtained in AWGN case for a 
limited set of points. However, the estimated SNR obtained after equalization can vary in a 
very large range, and since the curve from Figure 6-8 contains only a small set of points 
(SNR, PER) and therefore a limited number of possible realizations, in order to obtain the 
(intermediate) instantaneous PER value corresponding to the estimated SNR we further use 
an interpolation block. As further seen in Section 6.4.2, the interpolation block can be set to 
perform linear or cubic interpolation and provides an instantaneous PER directly extracted 
from the AWGN curve for the previously provided SNR estimated value. After computing the 
instantaneous PER and after a comparison of this obtained value with a threshold T from a 
random number generator, the PHY Layer abstraction provides information on whether the 
transmitted packet has been correctly received or not. 

 

Figure 6-7. PHY Layer Abstraction Method 

Moreover, the PHY Layer abstraction from Figure 6-7 proposes 2 methods to evaluate the 
mean PER obtained for any given number of realizations, per one SNR value. Method II 
computes the mean PER from all the instantaneous PER values (i.e. values between 0 and 1), 
while Method I computes the mean PER from the discrete PER information (i.e. packet is 
received or not received, corresponding to 1 or 0 values).  The main differences between 
the Method II and Method I are therefore related to the random number generator from 
Figure 6-7. 

 Simulation Results 6.4

This section is dedicated to the description of the simulation parameters and simulation 
results. Section 6.4.1 describes the simulation parameters used for both PHY Layer 
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abstraction model described in Section 6.4.2 and MAC Layer simulations described in 
Section 6.4.3. 
 

 Simulation Parameters 6.4.1

The choice of these simulation parameters has been performed with respect to LTE-
compliant PMR applications such as Push-To-Talk (PTT) applications. However, these 
parameters can be easily adapted for other applications by e.g. changing packet size (which 
in the case described below was obtained from the vocoder characteristics). The parameters 
which have been taken into account at PHY Layer are further described in Table 6-1. It can 
be easily computed that for a 1.4 MHz bandwidth the system can support up to 60 
concomitant PTT transmissions. Moreover, SC-FDMA technique has been considered for 
user to relay and relay to user links. This choice can be justified easily for flexible 
architectures where a user can take the place of a relay. These situations where SC-FDMA is 
being used in both directions (from and to the relay) will benefit of low PAPR (Peak-to-
Average Power Ratio), translating thus into a better energy efficiency. 

 

Parameter Value 

Frame Duration 10 ms 

Slot Duration 0.5 ms 

PMR Transmission Period  20 ms (vocoder parameter) 

Bandwidth 1.4 MHz or 5 MHz 

Subcarrier Spacing 15 KHz 

Number of Subcarriers 72 or 300 

Number of Subcarriers per RB 12 

Number of Symbols per Slot 6 (Extended Cyclic Prefix) 

Coding Scheme Convolutional Code with Rate 
1/3 

PMR Necessary Bits per Packet 480 bits 

Number of Bits per Symbol 2 bits/symbol (QPSK 
modulation) 

Total Throughput  (including 
pilots) 

1.728 Mbps or 7.2 Mbps 

Total Throughput (excluding 
pilots) 

1.440 Mbps or 6 Mbps 

Maximum Number of 
Concomitant PMR PTT Links 
(after excluding pilot signals) 

60 or 250 

Multiple Access Technique Single-Carrier Frequency 
Division Multiple Access (SC-
FDMA) 

Table 6-1. Simulation Parameters 
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Using the LTE-compliant parameters provided in Table 6-1, we have simulated a PMR 
transmission using packets of 480 bits length over the AWGN channel. We have further 
evaluated the PER in terms of Signal to Noise Ratio (SNR). In Figure 6-8 two different curves 
were represented: one corresponds to a simulation on 9 points, with lower precision (i.e. 
105 Monte-Carlo simulations/point) and the other to a simulation on 15 points, with higher 
precision (i.e. 5x106 Monte-Carlo simulations/point). For the PHY Layer abstraction method 
we have used the second curve since it has been observed that it gives the optimal amount 
of precision for both linear and cubic interpolation techniques in a reasonable SNR range 
further used for MAC Layer simulation. 

 

Figure 6-8. PHY Layer Simulation Results for AWGN Channel 

 Validation of PHY Layer Abstraction Model by Comparison with PHY Layer 6.4.2
Simulations 

The purpose of this section is to validate the PHY Layer abstraction model for both low 
number of realizations (see Section 6.4.2.2) and high number of realizations (see Section 
6.4.2.3). These evaluations have been performed for both 3GPP ETU and EPA channel 
models in order to identify which is the most convenient parameterisation of the 
abstraction scheme provided in Section 6.3. 

6.4.2.1 Tested Scenarios 

In order to validate the PHY Layer abstraction model, 10 scenarios have been selected for 
testing purposes, scenarios which have been used throughout the Sections 6.4.2.2 and 
6.4.2.3. All these scenarios are resumed in Table 6-2 for different number of users, different 
power loads (if 2 users are involved), different number of antennas. While scenario 1 applies 
to both DF and TWR schemes, scenarios from 2 to 9 apply to TWR only and scenario 10 
applies to DF only. 

 

Scenario 
# 

UL: User(s)-
>Relay  

or  

# of 
Tx 
Users 

Power Load 
Between 
Users 

# Tx 
Antennas 

# Rx 
Antenna
s 

Relevant 
Transmissio
n 
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DL: Relay-
>User(s) 

Scheme 

1 DL 1 - 1 1 DF, TWR 

2 UL 2 0 dB; -30 dB 1 2 TWR 

3 UL 2 0 dB; -15 dB 1 2 TWR 

4 UL 2 0 dB; -10 dB 1 2 TWR 

5 UL 2 0 dB; -5 dB 1 2 TWR 

6 UL 2 0 dB; 0 dB 1 2 TWR 

7 UL 2 0 dB; 5 dB 1 2 TWR 

8 UL 2 0 dB; 15 dB 1 2 TWR 

9 UL 2 0 dB; 30 dB 1 2 TWR 

10 UL 1 - 1 2 DF 

Table 6-2. Tested Scenarios 
 

Moreover, as presented in Section 6.3, there are two methods are being used to evaluate 
the mean PER. The main differences between the Method II and Method I are related to the 
random number generator from Figure 6-7. Please also note that in situations where 
Method I provided zero PER, Method II was used for comparison throughout the following 
sections, i.e. Section 6.4.2.2 and Section 6.4.2.3. 

6.4.2.2 Prediction Results for Low Number of Realizations 

In the case of low number of realizations, the abstraction of the PHY Layer uses only 104 
realizations. The results obtained through the abstraction of the PHY Layer have been 
further compared with those obtained from direct PHY Layer simulation (using 106 
realizations) for two scenarios: scenario 10 and scenario 1 (as seen later on, these two 
scenarios are the most representative of all 10 scenarios, since they represent bounds for 
maximum and minimum PER). ETU and EPA channels are further tested below. 

ETU Channel 

Simulations using ETU channel have been performed for a normal interpolation limit (AWGN 
curve from Figure 6-8 limited at 3.5dB value) and for a higher interpolation limit (i.e. 4dB 
value which is beyond AWGN curve values provided by Figure 6-8 which provides results 
only till 3.5dB value). ETU channel has been also tested for linear (see the first two 
subfigures of Figure 6-9) and cubic interpolations (see the first two subfigures of Figure 6-9). 
Results show that cubic interpolation is always better for low number of realizations. 
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Figure 6-9. PHY Layer Abstraction Method on Lower Number of Realizations, for ETU 

Channel Model, for Scenarios 10 and 1 (from left hand side to right hand side of each 

sub-figure) 
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EPA Channel 

Similar as for previous section, simulations using EPA channel have been performed for a 
normal interpolation limit (AWGN curve from Figure 6-8 limited at 3.5dB value) and for a 
higher interpolation limit (4dB value which is outside the interval provided by Figure 6-8). 
ETU channel has been also tested for linear (see the first two subfigures of Figure 6-10) and 
cubic interpolations (see the first two subfigures of Figure 6-10). Results show that cubic 
interpolation is always better for low number of realizations. Figure 6-10 also shows that for 
a better approximation it is preferable to use the same interval provided by Figure 6-8. 

 

Figure 6-10. PHY Layer Abstraction Method on Lower Number of Realizations, for EPA 

Channel Model, for Scenarios 10 and 1 (from left hand side to right hand side of each 

sub-figure) 

In this section we showed that cubic interpolation is a better choice than linear 
interpolation for both ETU and EPA scenarios with lower number of realizations. A very good 
approximation of PHY Layer was therefore obtained when using cubic interpolation. 
However, a very precise AWGN PER curve is still required (e.g. 15 points, and for each point 
at least 5x106 PHY Layer simulations).  
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Section 6.4.2.2 showed that for all the simulations is better to use interpolation only for SNR 
values inside the AWGN curve interval provided by Figure 6-8 (i.e. [-5dB 3.5dB]). For this 
reason, this conclusion will be also used in the next sections. 

6.4.2.3 Prediction Results for High Number of Realizations 

In the case of high number of realizations, the abstraction of the PHY Layer uses 105 
realizations. The results obtained through the abstraction of the PHY Layer have been 
further compared with those obtained from direct PHY Layer simulation (using 106 
realizations) for 1) scenario 10 and scenario 1 (see Figure 6-11 and Figure 6-13) and 2) 
scenarios 2 to 9 (see Figure 6-12 and Figure 6-14). ETU and EPA channels are further tested 
below.  

ETU Channel 

Figure 6-11 presents results obtained for scenario 10 and 1 for 3GPP ETU channel model 
with 105 realizations for PHY abstraction. Results have been compared with results obtained 
from direct PHY Layer simulations for 106 realizations. A comparison between cubic and 
linear interpolation method was also provided. 

 

Figure 6-11. PHY Layer Abstraction Method on Higher Number of Realizations, for ETU 

Channel Model, for Scenarios 10 and 1 (from left to right), results obtained from a) cubic 

interpolation of AWGN curve (left hand side) and b) linear interpolation of AWGN curve 

(right hand side) for Method I and Method II. 

Figure 6-12 presents results obtained for scenarios 2 to 9, for cubic and linear interpolation 
methods, for 3GPP ETU channel model with 105 realizations for PHY abstraction. Results 
have been compared with results obtained from direct PHY Layer simulations for 106 
realizations. 
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Figure 6-12. PHY Layer Abstraction Method on Higher Number of Realizations, for ETU 

Channel Model, for Scenarios 2-9 (from left to right), results obtained from a) cubic 

interpolation of AWGN curve (left hand side) and b) linear interpolation of AWGN curve 

(right hand side) for Method I and Method II. 

Results provided in Figure 6-11 and Figure 6-12 show that for ETU channel models with 
higher number of realizations, cubic interpolation (left hand side) provides better 
approximation results than linear interpolation (right hand side). In situations when Method 
I provided zero PER, Method II was used for comparison. Please also note that the 
comparison has been performed for PER higher than 10-5 (since the number of realizations is 
normally not sufficient for obtaining PERs below that value). 

EPA Channel 

Same reasoning as the one provided in the previous paragraph dedicated to ETU channel 
has been applied. Figure 6-13 therefore presents results obtained for scenario 10 and 1 for 
3GPP EPA channel model with 105 realizations for PHY abstraction. Results obtained from 
abstraction of PHY Layer Method I and Method II have been further compared with results 
obtained from direct PHY Layer simulations for 106 realizations. A comparison between 
cubic and linear interpolation method was also provided. 

 

Figure 6-13. PHY Layer Abstraction Method on Higher Number of Realizations, for EPA 

Channel Model, for Scenarios 10 and 1 (from left to right), results obtained from a) cubic 

interpolation of AWGN curve (left hand side) and b) linear interpolation of AWGN curve 

(right hand side) for Method I and Method II. 

Figure 6-14 presents results obtained for scenarios 2 to 9, for cubic and linear interpolation 
methods, for 3GPP EPA channel model with 105 realizations for PHY abstraction. Results 
have been compared with results obtained from direct PHY Layer simulations for 106 
realizations. 
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Figure 6-14. PHY Layer Abstraction Method on Higher Number of Realizations, for EPA 

Channel Model, for Scenarios 2-9 (from left to right), results obtained from a) cubic 

interpolation of AWGN curve (left hand side) and b) linear interpolation of AWGN curve 

(right hand side) for Method I and Method II. 

Results provided in Figure 6-13 and Figure 6-14 show that for EPA channel models with 
higher number of realizations, linear interpolation (right hand side) provides better 
approximation results than cubic interpolation (left hand side). These results are therefore 
different than the one obtained for ETU channel models. 
In Section 6.4.2.3 we therefore showed that cubic interpolation is a better choice than linear 
interpolation only for ETU scenarios with higher number of realizations. Same simulations 
have been performed for EPA scenarios and for higher number of points it seems that linear 
interpolation gives a better approximation of PHY Layer than cubic interpolation. 

6.4.2.4 Advantages of the new Proposed PHY Layer Abstraction Method 

Firstly, the new proposed PHY Layer abstraction method provides a reliable approximation 
of the PHY Layer, for both low and high number of realizations. Therefore, abstraction 
model can be used for any number of realizations (i.e. even a lower number of realizations), 
without affecting the results. Secondly, the new proposed PHY Layer abstraction method 
allows a faster simulation at MAC Layer level since only the channels are generated (and the 
PHY Layer simulation chain is not employed anymore). 
 
The method provides low complexity and can be easily upgraded since it does not require a 
family of predefined curves for the data base, it requires only one curve: PER=ℱ(SNR) for 
AWGN. Moreover, it is possible to define more PER=ℱ(SNR) curves for different packet 
sizes, different coding schemes, any number of retransmissions to be implemented for e.g. 
HARQ, any modulation type. 
 
At last, the method provides adaptability – since the model can be used for any number of 
users, any number of antennas, any channel model type, and any power load between the 
users. 
 

 MAC Layer Simulations and Main Results 6.4.3

Using the PHY Layer abstraction method provided in Section 6.4.2, in Section 6.4.3 we 
provide MAC Layer simulation results for the relaying schemes described in Figure 6-5. The 
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KPIs used in this section are the KPIs described in Section 6.2 and the considered simulation 
parameters are the parameters provided in Section 6.4.1 for a 1.4 MHz LTE system, and for 
a 3GPP EPA channel model. Please also note that on all figures described below, all KPIs are 
represented as a function of the SNR of the link between the first user and the relay. 
For the following figures and results, please note that the notation “User1 to User2 [0dB -
30dB]” refers to the indirect transmission link (i.e. with the help of a relay) between User1 
and User2 when the power of User2 is below the power User1 with 30dB. Similarly, please 
also note that the notation “User2 to User1 [0dB -30dB]” refers to the indirect transmission 
link (i.e. with the help of a relay) between User2 and User1 when the power of User2 is 
below the power User1 with 30dB. These use cases therefore correspond to the ones from 
Figure 6-6 previously presented in Section 6.2. 
In Figure 6-15 we have represented End-to-End PERs for simple TWR relaying scheme. When 
the SNR of one user is low compared to the SNR of the other user, the simple TWR relaying 
scheme does not perform any transmission during the broadcast phase. For this reason, 
End-to-End reliability is not assured even if the SNR of one link is sufficiently good. 
However, in Figure 6-16 we have represented End-to-End PERs for adaptive TWR relaying 
scheme. Comparing Figure 6-16 with Figure 6-15, one can see that adaptive TWR relaying 
scheme assures a better End-to-End reliability when the SNR of one link is low.  
Moreover, one can easily notice that in Figure 6-15 the links [User1 to User2] and [User2 to 
User1] are not symmetrical. The reason for which these links are not symmetrical is because 
the relay uses 2 antennas in reception, as being explained in Section 6.  
Another interesting result for both Figure 6-15 and Figure 6-16 is e.g. when the power of 
User2 is much higher than the power of User1: this would correspond to a high level of 
interference that even 2 antennas (at the relay side) will not be able to separate. For this 
reason, the results from both figures seem to be somewhat bounded when the power of the 
second user increases with 20-30 dBs above the power of the first user. 

 

Figure 6-15. End-to-End PER - Comparison between different transmissions for different 

power loads (for simple TWR) 
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Figure 6-16. End-to-End PER - Comparison between different transmissions for different 

power loads (for adaptive TWR) 

In terms of mean PER between the two End-to-End transmissions, Figure 6-17 clearly shows 
that adaptive TWR is better than simple TWR. Also, for the results represented in Figure 
6-17 the notations e.g. “[0dB -30dB]” and “[0dB 30dB]” refers to the power load between 
User1 and User2: in the first case the power of User2 is 30dB smaller than the power of 
User1, while in the second case the power of User2 is 30dB higher than the power of User1. 

 

Figure 6-17. Mean PER - Comparison between different transmissions for different power 

loads (for simple TWR and adaptive TWR) 

Following the same reasoning as the one provided in Figure 6-15, Figure 6-16 and Figure 
6-17, in the following figures i.e. Figure 6-18, Figure 6-19 and Figure 6-20 we have 
represented User1 to User2 End-to-End PER, User2 to User1 End-to-End PER and mean PER 
respectively, but for adaptive TWR and DF schemes. All these figures clearly show that for all 
considered scenarios, DF has a clear advantage over TWR in terms of End-to-End reliability: 
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DF PER is better than adaptive TWR PER for both User1 to User2 (see Figure 6-18) and User2 
to User1 (see Figure 6-19) links. Moreover, even when computing the mean PER (see Figure 
6-20) between the two End-to-End links, one can clearly notice a maximum of 3dB of gain 
between DF and adaptive TWR schemes. As a matter of fact, simple TWR and adaptive TWR 
are more sensitive to PERs than DF when the power of one user is much higher with respect 
to the power of the other user, and that is because the 2 antennas used in reception at relay 
side are not able to entirely separate the two users, resulting in extra interference. 

 

Figure 6-18. End-to-End PER - Comparison between adaptive TWR and DF for different 

power loads (for User1 to User2 transmissions) 

 

Figure 6-19. End-to-End PER - Comparison between adaptive TWR and DF for different 

power loads (for User2 to User1 transmissions) 
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Figure 6-20. Mean PER - Comparison between adaptive TWR and DF for different power 

loads  

Further results from Figure 6-21, Figure 6-22 and Figure 6-23 show End-to-End throughput 
values between User1 and User2, between User2 and User1, and total throughput values 
respectively. While in Figure 6-21 and Figure 6-22 we show results only for adaptive TWR 
and DF schemes, in Figure 6-23 we show results for simple TWR scheme as well.  
In Figure 6-21, for User1 to User2 communication, sometimes DF technique is better than 
adaptive TWR technique in terms of throughput, but only at very low SNR. However, even in 
those situations (e.g. for SNR= -5dB, at [0dB 30dB] and [0dB 20dB] power load values), the 
gain is very small and cannot be easily exploited. Overall, except those few situations, the 
adaptive TWR scheme throughput is almost double than the DF scheme throughput (e.g. for 
SNR values above 15dBs and the power of the second user above -10dBs with respect to the 
power of the first user). 
 

 

Figure 6-21. End-to-End Throughput - Comparison between adaptive TWR and DF for 

different power loads (for User1 to User2 transmissions) 
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Similarly, in Figure 6-22 (for User2 to User1 communication), DF technique may be better 
than TWR in terms of throughput, but only at very small power loads (please note again that 
the representation is in terms of SNR of the 1st link). Except those few situations, for 
adaptive TWR scheme the throughput achieves even 1500 packets per second while for DF 
scheme the throughput achieves only a maximum of 750 packets per second, which is only 
half. 

 

Figure 6-22. End-to-End Throughput - Comparison between adaptive TWR and DF for 

different power loads (for User2 to User1 transmissions) 

Finally, in Figure 6-23, where it is represented the total throughput as a function of SNR, 
adaptive TWR is better than both simple TWR and DF scheme. Adaptive TWR therefore 
shows a clear benefit in terms of total achievable End-to-End throughput. 

 

Figure 6-23. Total Throughput - Comparison between simple TWR, adaptive TWR and DF 

for different power loads 
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After comparing TWR schemes (2 strategies) with DF, we have shown that PER of DF is 
slightly better than PER of TWR in many scenarios. However, as also seen in Table 6-3, TWR 
is better than DF in terms of achievable throughput. 

 

 PMR using an LTE 1.4 MHz System PMR using an LTE 5 MHz System 

User1 to 
User2 

User2 to  
User1 

Total Max 
Achievable 
Throughput 

User1 to 
User2 

User2 to  
User1 

Total Max 
Achievable 
Throughput 

TWR 1500 
packets/sec 

1500 
packets/sec 

3000 
packets/sec 

6250 
packets/sec 

6250 
packets/sec 

12500 
packets/sec 

DF 750 
packets/sec 

750 
packets/sec 

1500 
packets/sec 

3125 
packets/sec 

3125 
packets/sec 

6250 
packets/sec 

Table 6-3. Achievable Throughput [packets/sec] for a PMR system using LTE technology 

 Conclusions 6.5

This work introduced a simulation method using abstraction of PHY Layer for SC-FDMA 
transmissions.  The method can employ cubic interpolation or linear interpolation and 
simulations show that cubic interpolation is a better choice than linear interpolation for ETU 
scenarios with higher number of realizations, and for ETU and EPA scenarios with low 
number of realizations. However, for EPA scenarios with low number of realizations, linear 
interpolation is better than cubic interpolation. The explanation for this result is the linearity 
of the PER curve for the considered use cases. Results also confirm that a very precise 
AWGN PER curve is necessary, and that 15 points with 5x106 simulations per point are 
sufficient to have a reliable abstraction.  
After firstly introducing a new TWR scheme which adapts with respect to the channel 
impairments, the PHY Layer abstraction has been further used to create a MAC Layer 
simulator and to compare TWR with DF in terms of PER and throughput. In total, 3 relaying 
schemes have been considered: classic TWR, adaptive TWR and DF. Simulations provide 
results expressed in terms of Mean PER, End-to-End PER, mean throughput and End-to-End 
throughput for all these relaying schemes. While it is clearly showed that PER of DF scheme 
is better than PER of TWR scheme for many scenarios, adaptive TWR is better than DF in 
terms of achievable throughput providing thus a good and convenient relaying scheme in 
terms of total transmitted packets. 
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 Sum-rate optimization for asynchronous OFDM/FBMC based DF-7.
relay transmission under sum power constraint 
In this Section, we investigate the issue of resource allocation for FBMC-based DF relaying. 
In the literature, a lot of attention has been focused on OFDM-based relaying e.g. [61]-[64]. 
Actually, many of the existing techniques could be applied almost directly in a synchronized 
FBMC scenario as long as the interference between nodes remains low. However, one of the 
advantages of FBMC is its robustness to timing asynchronism by using frequency well-
localized prototype filters [65]-[68]. We therefore consider a non-synchronized scenario and 
investigate the optimization of the sum rate in an OFDM or FBMC based DF-relay 
transmission system under sum power constraint, taking into account the potential 
interference between adjacent subcarriers. The impact of interference and the efficiency of 
the proposed algorithm are investigated through simulation results. 

 System Model 7.1

We consider the system depicted in Figure 1, where a source communicates with two 
destinations with the help of a half-duplex Decode-and-Forward relay node in two time 
slots. All links are assumed to be frequency selective motivating thus the use of multicarrier 
modulation techniques. Two multicarrier schemes are considered: Cyclic Prefix based 
Orthogonal Frequency Division Multiplexing (CP-OFDM) and Filter Bank based MultiCarrier 
(FBMC). 

During the first time slot, the source sends one modulated symbol on each carrier. The relay 
selects a subset of the modulated symbols that it decodes, and forwards them to 
corresponding destinations, during the second time slot. For each relayed symbol, the relay 
is constrained to use the same carrier as that used by the source for the same symbol. Based 
on the two signalling periods, each destination implements maximum ratio combining 
(MRC) for the relayed subcarriers. 

Each destination is equipped with two receivers. The first receiver and the second one are 
assumed to be perfectly synchronized with the source and the relay, respectively. 
In this work, we consider the case where a new independent modulated symbol is sent by 
the source in the second time slot each non-relayed subcarrier. Such a protocol has been 
proposed in [57]. 

Figure 7-1: Structure of the DF-relayed system 
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Let 𝐴𝑠(𝑚) and 𝐴𝑟(𝑚) be the amplitude of the symbol sent respectively by the source and 
the relay on the 𝑚-th subcarrier. Moreover, 𝐻𝑠𝑑𝑖(𝑚) (resp. 𝐻𝑟𝑑𝑖(𝑚)) denotes the complex 
channel gain for the 𝑚-th subcarrier between the source (resp. relay) and the 𝑖-th 
destination. After a proper maximum ratio combining at the 𝑖-th destination, the 𝑚-th 
demodulated output is given by, 

 
𝑦𝑠𝑟𝑖(𝑚) = 𝐴𝑠

2(𝑚)|𝐻𝑠𝑑𝑖(𝑚)|
2𝑎𝑚 + 𝐴𝑟

2(𝑚)|𝐻𝑟𝑑𝑖(𝑚)|
2𝑎𝑚 

                        +𝐴𝑠(𝑚)𝐻𝑠𝑑𝑖
∗ (𝑚)𝑛𝑠(𝑚) + 𝐴𝑟(𝑚)𝐻𝑟𝑑𝑖

∗ (𝑚)𝑛𝑟(𝑚) 
(7-1) 

Where, 𝑎𝑚 denotes the symbol transmitted on the 𝑚-th subcarrier and 𝑛𝑠(𝑚) and 𝑛𝑟(𝑚) 
stand for two noise samples that are zero-mean circular Gaussian, white and uncorrelated 
with a variance 𝜎𝑛

2. 

The resulting Signal-to-Noise-Ratio (SNR) can thus be written as follows, 

 𝛾𝑠𝑟𝑖(𝑚) =
𝑃𝑠(𝑚)|𝐻𝑠𝑑𝑖(𝑚)|

2 + 𝑃𝑟(𝑚)|𝐻𝑟𝑑𝑖(𝑚)|
2

𝜎𝑛2
 (7-2) 

Where, 𝑃𝑠(𝑚) = 𝐴𝑠
2(𝑚) and 𝑃𝑟(𝑚) = 𝐴𝑟

2(𝑚). 

It is worth noticing that the SNR expression given in (7-2) is valid only when signals of source 
and relay arrive synchronously at the destination, in the second time slot. In the presence of 
a timing misalignment between both signals, the orthogonality between both signals may 
be loosed (e.g. when the timing offset exceeds the cyclic prefix duration). In such a case, the 
loss of orthogonality leads to a mutual asynchronous interference between both signals. 
This interference can be computed using the so-called “interference power tables” that 
gives the interference weights as a function of the spectral distance and the timing offset 
between the both signals [69]. The average interference weights of CP-OFDM and PHYDYAS 
[70]-FBMC are given in Table 7-1. 

 

 

 

 

 

 

 

 

 

 

Table 7-1: 
OFDM and FBMC Interference power weights 

It is worth to point out that the interference weights below 1 × 10−3 have been neglected. 

Spectral distance (l) CP-OFDM PHYDYAS-FBMC 

𝑙 7.05 × 10−1 8.23 × 10−1 

𝑙 ± 1 8.94 × 10−2 8.81 × 10−2 

𝑙 ± 2 2.23 × 10−2 0 

𝑙 ± 3 9.95 × 10−3 0 

𝑙 ± 4 5.60 × 10−3 0 

𝑙 ± 5 3.59 × 10−3 0 

𝑙 ± 6 2.50 × 10−3 0 

𝑙 ± 7 1.84 × 10−3 0 

𝑙 ± 8 1.12 × 10−3 0 
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We denote by 𝑆𝑆𝑖 the set of subcarriers assigned to the 𝑖-th destination and receiving power 
at the source only, 𝑆𝑅𝑖 the set of subcarriers assigned also to the destination 𝑖 and receiving 
power at both source and relay. These sets are not known in advance and must be optimally 
characterized. It is worth noticing that these sets are complementary, i.e. 

 𝑆𝑆𝑖 ∩ 𝑆𝑅𝑖 = 𝑆𝑆𝑖 ∩ 𝑆𝑅𝑗 = 𝑆𝑆𝑖 ∩ 𝑆𝑆𝑗 = 𝑆𝑅𝑖 ∩ 𝑆𝑅𝑗 = ∅, 𝑖 ≠ 𝑗 (7-3) 

Considering the mutual asynchronous interference between both source and relay signal, 
the SNR of a given relayed subcarrier (i.e. 𝑚 ∈ 𝑆𝑅) becomes, 

 

𝛾𝑠𝑟𝑖(𝑚) =
𝑃𝑠
(1)(𝑚)|𝐻𝑠𝑑𝑖(𝑚)|

2

𝜎𝑛2

+
𝑃𝑟(𝑚)|𝐻𝑟𝑑𝑖(𝑚)|

2

𝜎𝑛2 + ∑ 𝑃𝑠
(2)
(𝑚′)|𝐻𝑠𝑑𝑖(𝑚′)|2𝐼(|𝑚 −𝑚′|)𝑚′∈{𝑆𝑆1,𝑆𝑆2}

 

(7-4) 

Here, 𝐼(|𝑚 −𝑚′|) stands for the interference weight corresponding to a spectral distance 
|𝑚 −𝑚′|. 

Moreover, the SNR of a non-relayed subcarrier can be written as, 

  𝛾𝑠𝑖
(2)(𝑚) =

𝑃𝑠
(2)(𝑚)|𝐻𝑠𝑑𝑖(𝑚)|

2

𝜎𝑛2 + ∑ 𝑃𝑟(𝑚′)|𝐻𝑟𝑑𝑖(𝑚′)|2𝐼(|𝑚 −𝑚′|)𝑚′∈{𝑆𝑅1 ,𝑆𝑅2}
 

(7-5) 

The superscripts (1) and (2) stand respectively for the first and second time slots. We note 
that during the first time slot, the SNRs at both relay and destination are not affected by 
interference since only the source is the unique transmitter during this period. 

 Optimization problem with a sum power constraint 7.2

In this section, we investigate the case of a sum power constraint. The channel gains of all 
links are assumed to be perfectly known to both source and relay. 

Following the protocol previously described where the source sends new independent 
modulated symbols on non-relayed subcarriers, the achieved rate during two OFDM 
symbols is given by [71], 

 

𝑅 =
1

2
∑ ∑ log (1 + 𝛾𝑠𝑖

(1)(𝑚))+log (1 + 𝛾𝑠𝑖
(2)(𝑚))

𝑚∈𝑆𝑆𝑖

2

𝑖=1

+
1

2
∑ ∑ min{log(1 + 𝛾𝑠𝑟(𝑚)) , log(1 + 𝛾𝑠𝑟𝑖(𝑚)) }

𝑚∈𝑆𝑅𝑖

2

𝑖=1

 

(7-6) 

For a relayed subcarrier, assuming a decode-and-forward mode, the rate is the minimum 
between the rate on source-destination link and source-relay one. 

Let a𝑖𝑗[𝑚] be the subcarrier allocation indicator taking values 1 if 𝑚 is a subcarrier assigned 

to the destination 𝑖 ∈ {1,2} and 0, otherwise. The index 𝑗 is 1 (resp. 2) if 𝑚 is a non-relayed 
(resp. relayed) subcarrier. Hence, for any subcarrier 𝑚 = 1,… ,𝑀, we have, 
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∑∑a𝑖𝑗[𝑚]

2

𝑗=1

2

𝑖=1

= 1 (7-7) 

Substituting each SNR by its corresponding expression, the sum rate 𝑅 becomes, 

𝑅 =
1

2
∑∑ a𝑖1[𝑚] {log (1 +

𝑃𝑠
(1)(𝑚)|𝐻𝑠𝑑𝑖(𝑚)|

2

𝜎𝑛2
)

𝑀

𝑚=1

2

𝑖=1

 

                     +log (1 +
𝑃𝑠
(2)(𝑚)|𝐻𝑠𝑑𝑖(𝑚)|

2

𝜎𝑛2 + ∑ 𝑃𝑟(𝑚′)|𝐻𝑟𝑑𝑖(𝑚′)|2𝐼(|𝑚 −𝑚′|)𝑚′∈{𝑆𝑅1,𝑆𝑅2}
)} 

                          +a𝑖2[𝑚]min {log (1 +
𝑃𝑠
(1)(𝑚)|𝐻𝑠𝑟(𝑚)|

2

𝜎𝑛2
) , 

                                             log (1 +
𝑃𝑠
(1)(𝑚)|𝐻𝑠𝑑𝑖(𝑚)|

2

𝜎𝑛2
 

                                              +
𝑃𝑟(𝑚)|𝐻𝑟𝑑𝑖(𝑚)|

2

𝜎𝑛2 + ∑ 𝑃𝑠
(2)
(𝑚′)|𝐻𝑠𝑑𝑖(𝑚′)|2𝐼(|𝑚 −𝑚′|)𝑚′∈{𝑆𝑆1,𝑆𝑆2}

)} (7-8) 

 

As aforementioned, the power allocation maximizing (7-8) is investigated for a sum power 
constraint, 

 ∑∑ a𝑖1[𝑚](𝑃𝑠
(1)(𝑚)+𝑃𝑠

(2)(𝑚)) + a𝑖2[𝑚](𝑃𝑠
(1)(𝑚) + 𝑃𝑟(𝑚)⏟          

𝑃(𝑚)

)

𝑀

𝑚=1

2

𝑖=1

≤ 𝑃𝑡𝑜𝑡 (7-9) 

Where is 𝑃𝑡𝑜𝑡 the total power available for both source and relay and 𝑀 is the total number 
of subcarriers. 

The objective function given in (7-8) is defined as a mixed integer problem since it 
incorporates both integer (a𝑖𝑗[𝑚] ∈ {0,1}) and continuous variables. Moreover, it is 

nonlinear and non-convex since it involves ratios of powers 𝑃𝑠
(2)(𝑚) and 𝑃𝑟(𝑚). 

Hence, the problem is non-convex nonlinear which means that it might have multiple local 
optima and it is hard to find the global optima. In the next section, we propose an algorithm 
providing a solution with a reasonable computational complexity. 

For simplicity sake, let us denote by 𝑉𝑅 and 𝑉𝑆 the interference terms caused, during the 
second period, by the relay and the source, respectively. 

 

𝑉𝑅(𝑚) = ∑ 𝑃𝑟(𝑚
′)|𝐻𝑟𝑑𝑖(𝑚

′)|2𝐼(|𝑚 −𝑚′|)

𝑚′∈{𝑆𝑅1,𝑆𝑅2}

 

𝑉𝑆(𝑚) = ∑ 𝑃𝑠
(2)
(𝑚′)|𝐻𝑠𝑑𝑖(𝑚′)|

2𝐼(|𝑚 −𝑚′|)

𝑚′∈{𝑆𝑆1,𝑆𝑆2}

 

(7-10) 

It is worth mentioning that the victim subcarrier 𝑚 belongs to {𝑆𝑆1, 𝑆𝑆2} when the 
interfering belong to {𝑆𝑅1, 𝑆𝑅2} and vice versa. 
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 Sum-Rate maximization algorithm 7.3

In order to maximize the sum-rate, we propose a joint algorithm where we allocate 
simultaneously both resources (powers and subcarriers). Based on the algorithm solution, 
the interference terms are updated 𝑉𝑅 and 𝑉𝑆. This process is repeated until convergence 
(i.e. no further improvements of the sum rate). 

Let us denote by 𝑅(𝑡) the value of the sum-rate at some iteration 𝑡. To maximize 𝑅 given by 
(7-8) iteratively, we develop the following algorithm, 

 

Proposed algorithm for maximization of 𝑹 as given by (7-8) 

1: Initialization: set 𝒕 = 𝟏 and 𝐕𝑹
(𝟎)
= 𝐕𝑺

(𝟎)
= 𝟎 

2: Set 𝐕𝑹 = 𝐕𝑹
(𝒕−𝟏)

, 𝐕𝑺 = 𝐕𝑺
(𝒕−𝟏)

 

3: Solve the joint subcarrier and power allocation: 𝐏(𝒕)and 𝐀(𝒕) 

4: Update:  𝑹(𝒕), 𝐕𝑹
(𝒕)

 and 𝐕𝑺
(𝒕)

 

6: Increment the iteration index 𝒕 = 𝒕 + 𝟏, Go back to Step 2 

7: Terminate if |𝑹(𝒕) − 𝑹(𝒕−𝟏)| ≤ 𝜺 and set 𝑹 = 𝑹(𝒕) 

 

Where, 𝐏 and 𝐀 are matrices standing for the power allocation solution and the subcarrier 
allocation one, respectively. 𝐕𝑹 and 𝐕𝑺 are (𝑀 × 1) vectors denoting relay and source 
interference vectors, respectively. 

As described in the algorithm and shown in the flowchart, we allocate the resources and 
compute the interference terms, alternately. More specifically, at iteration 𝑡 ≥ 1, the 
algorithm jointly allocates powers and subcarriers that correspond to a maximum of (7-8) 
computed with the choice of the interference terms set to their values obtained from the 

previous iteration , i.e. 𝐕𝑅 = 𝐕𝑅
(𝑡−1)

, 𝐕𝑆 = 𝐕𝑆
(𝑡−1)

.  For the initialization, set 𝐕𝑅
(0)
= 𝐕𝑆

(0)
= 0 

ἤ
(0)
=ἤ

(0)
= 0 

Joint Power/Subcarrier 
Allocation: Ἃ,╟  

Ὑ( ) 

ἤ
( )
,ἤ
( )

 

|Ὑ( ) −Ὑ( −1)|

Figure 7-2: Flowchart of the proposed rate maximization algorithm 
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which correspond to the case where a perfect synchronization between the source and the 
relay signals is assumed.  

In order to solve this sub-problem, we propose a joint algorithm allocating powers and 
subcarriers, simultaneously. According to the system model described in the previous 
section, we can distinguish 4 links or cases: 

 Link 1: indirect (through the relay) with destination 1. 

 Link 2: indirect with destination 2.  

 Link 3: direct with destination 1.  

 Link 4: direct with destination 2. 

Using these notations, we give the pseudo-code of the proposed joint subcarrier/power 
allocation algorithm, 

Joint CA/PA for a given 𝐕𝑹, 𝐕𝑺 

Repeat 

 for all subcarriers 𝒎 = 𝟏:𝑴 do 

  for all links 𝒏 = 𝟏: 𝟒 do 

   move subcarrier 𝑚 to link 𝑛  

   power allocation maximizing the rate  

   calculate the resulting rate 

  end for 

  assign subcarrier 𝑚 to link 𝑛 with the highest sum rate 𝑅 

 end for 

until no further improvements of the sum rate 𝑹 

return CA,PA 

For the allocated powers and subcarriers, the algorithm computes the values of 𝑉𝑆 and 𝑉𝑅 
using (7-10) based on the obtained solution of the joint CA/PA. Finally, the global iterative 
process terminates when |𝑅(𝑡) − 𝑅(𝑡 − 1)| ≤ 𝜀. 

Accordingly, the Lagrangian for this optimization, considering the total power constraint, the 
decode-and-forward constraints and fixed values of 𝐕𝑅 and 𝐕𝑆, can be defined as, 

ℒ =
1

2
∑∑ a𝑖1[𝑚]

𝑀

𝑚=1

2

𝑖=1

{log (1 +
𝑃𝑠
(1)(𝑚)|𝐻𝑠𝑑𝑖(𝑚)|

2

𝜎𝑛2
) + log(1 +

𝑃𝑠
(2)(𝑚)|𝐻𝑠𝑑𝑖(𝑚)|

2

𝜎𝑛2 + 𝑉𝑅(𝑚)
)} 

        +
1

2
∑∑ a𝑖2[𝑚]

𝑀

𝑚=1

2

𝑖=1

log (1 +
𝑃𝑠
(1)(𝑚)|𝐻𝑠𝑑𝑖(𝑚)|

2

𝜎𝑛2
+
𝑃𝑟(𝑚)|𝐻𝑟𝑑𝑖(𝑚)|

2

𝜎𝑛2 + 𝑉𝑆(𝑚)
) 

                 −𝜇 {∑∑ a𝑖1[𝑚](𝑃𝑠
(1)(𝑚)+𝑃𝑠

(2)(𝑚)) + a𝑖2[𝑚](𝑃𝑠
(1)(𝑚) + 𝑃𝑟(𝑚)⏟          

𝑃(𝑚)

)

𝑀

𝑚=1

2

𝑖=1

− 𝑃𝑡𝑜𝑡} 

−∑∑ 𝜌𝑚a𝑖2[𝑚]{𝑃𝑠
(1)(𝑚)|𝐻𝑠𝑑𝑖(𝑚)|

2 +
𝑃𝑟(𝑚)|𝐻𝑟𝑑𝑖(𝑚)|

2

1 +
𝑉𝑆(𝑚)
𝜎𝑛2

− 𝑃𝑠
(1)(𝑚)|𝐻𝑠𝑟(𝑚)|

2}

𝑀

𝑚=1

2

𝑖=1
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−∑ 𝛽𝑚 (∑∑a𝑖𝑗[𝑚]

2

𝑗=1

2

𝑖=1

− 1)

𝑀

𝑚=1

 (7-11) 

Where, 𝜇 denotes the Lagrange multiplier associated with the global power constraint and 
𝜌𝑚 stands for the Lagrange multiplier associated with the decodability constraint on the 𝑚–
th subcarrier. Moreover, 𝛽𝑚 is the Lagrange multiplier associated with the subcarrier 
assignment indicator a𝑖𝑗[𝑚]. 

Let us first investigate the saturation of the decodability constraints for relayed subcarriers. 
For the 𝑖–th destination, let us assume that the decodability constraint related to relayed 
subcarrier 𝑘 is not saturated (i.e. a𝑖1[𝑘] = 0 and 𝜌𝑘 = 0). Taking the derivative of the 
Lagrangian with respect to the powers for this subcarrier 𝑘, we obtain, 

𝜕ℒ

𝜕𝑃𝑠
(1)(𝑘)

=
1

2

|𝐻𝑠𝑑𝑖(𝑘)|
2

𝜎𝑛2
(1 +

𝑃𝑠
(1)(𝑘)|𝐻𝑠𝑑𝑖(𝑘)|

2

𝜎𝑛2
+
𝑃𝑟(𝑘)|𝐻𝑟𝑑𝑖(𝑘)|

2

𝜎𝑛2 + 𝑉𝑆(𝑘)
)

−1

− 𝜇 = 0 

𝜕ℒ

𝜕𝑃𝑟(𝑘)
=
1

2

|𝐻𝑟𝑑𝑖(𝑘)|
2

𝜎𝑛2 + 𝑉𝑆
(1 +

𝑃𝑠
(1)(𝑘)|𝐻𝑠𝑑𝑖(𝑘)|

2

𝜎𝑛2
+
𝑃𝑟(𝑘)|𝐻𝑟𝑑𝑖(𝑘)|

2

𝜎𝑛2 + 𝑉𝑆(𝑘)
)

−1

− 𝜇 = 0 (7-12) 

This implies that assuming the non-saturation of the decodability constraint leads to 

|𝐻𝑠𝑑𝑖(𝑘)|
2

𝜎𝑛2
=
|𝐻𝑟𝑑𝑖(𝑘)|

2

𝜎𝑛2 + 𝑉𝑆(𝑘)
 (7-13) 

Substituting 𝑉𝑆(𝑘) by its expression (7-10) in (7-13), we get, 

|𝐻𝑠𝑑𝑖(𝑘)|
2

𝜎𝑛2
=

|𝐻𝑟𝑑𝑖(𝑘)|
2

𝜎𝑛2 + ∑ 𝑃𝑠
(2)
(𝑚′)|𝐻𝑠𝑑𝑖(𝑚′)|2𝐼(|𝑘 − 𝑚′|)𝑚′∈{𝑆𝑆1,𝑆𝑆2}

 (7-14) 

Therefore, the non-saturation of the decode-and-forward constraint imposes a constraint 
on the current channel state, which is almost unlikely to happen. Accordingly, the 
decodability constraint has to be saturated except in very marginal cases. We write then, 

𝑃𝑠
(1)(𝑚)|𝐻𝑠𝑟(𝑚)|

2

𝜎𝑛2
=
𝑃𝑠
(1)(𝑚)|𝐻𝑠𝑑𝑖(𝑚)|

2

𝜎𝑛2
+
𝑃𝑟(𝑚)|𝐻𝑟𝑑𝑖(𝑚)|

2

𝜎𝑛2 + 𝑉𝑆(𝑚)
 (7-15) 

Let 𝛼𝑖(𝑚) be coefficient defined by, 

𝛼𝑖(𝑚) =
𝜎𝑛
2

𝜎𝑛2 + 𝑉𝑆(𝑚)
×

|𝐻𝑟𝑑𝑖(𝑚)|
2

|𝐻𝑠𝑟(𝑚)|2 − |𝐻𝑠𝑑𝑖(𝑚)|2
 (7-16) 

From (7-15) and (7-16), we can write, 

𝑃𝑠
(1)(𝑚) = 𝛼𝑖(𝑚)𝑃𝑟(𝑚) (7-17) 

Following the notation given in (7-9), that for any relayed subcarrier 𝑚 ∈ 𝑆𝑅𝑖  
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𝑃(𝑚) = 𝑃𝑠
(1)(𝑚) + 𝑃𝑟(𝑚)  (7-18) 

According to (7-17) and (7-18), we have, 

𝑃𝑠
(1)(𝑚) =

𝛼𝑖(𝑚)

1 + 𝛼𝑖(𝑚)
𝑃(𝑚) (7-19) 

𝑃𝑟(𝑚) =
1

1 + 𝛼𝑖(𝑚)
𝑃(𝑚) (7-20) 

Therefore, the Lagrangian can be rewritten as, 

ℒ =
1

2
∑∑ a𝑖1[𝑚]

𝑀−1

𝑚=1

2

𝑖=1

{log (1 +
𝑃𝑠
(1)(𝑚)|𝐻𝑠𝑑𝑖(𝑚)|

2

𝜎𝑛
2

) + log(1 +
𝑃𝑠
(2)(𝑚)|𝐻𝑠𝑑𝑖(𝑚)|

2

𝜎𝑛
2 + 𝑉𝑅(𝑚)

)} 

+
1

2
∑∑ a𝑖2[𝑚]

𝑀−1

𝑚=1

2

𝑖=1

log (1 +
𝛼𝑖(𝑚)

1 + 𝛼𝑖(𝑚)

|𝐻𝑠𝑟(𝑚)|
2

𝜎𝑛2
𝑃(𝑚)) 

−𝜇 {∑∑ a𝑖1[𝑚](𝑃𝑠
(1)(𝑚)+𝑃𝑠

(2)(𝑚)) + a𝑖2[𝑚](𝑃𝑠
(1)(𝑚) + 𝑃𝑟(𝑚)⏟          

𝑃(𝑚)

)

𝑀−1

𝑚=1

2

𝑖=1

− 𝑃𝑡𝑜𝑡} 

             − ∑ 𝛽𝑚 (∑∑a𝑖𝑗[𝑚]

2

𝑗=1

2

𝑖=1

− 1)

𝑀−1

𝑚=1

 (7-21) 

The solution for the power allocation can be found by applying and solving the KKT 
conditions [35]. This leads to a waterfilling solution which can be determined by taking the 

derivatives with respect to the powers: 𝑃𝑠
(1)(𝑚), 𝑃𝑠

(2)(𝑚) and 𝑃(𝑚). We have then, 

𝜕ℒ

𝜕𝑃𝑠
(1)(𝑚)

= 0
𝑦𝑖𝑒𝑙𝑑𝑠
→    

1

2

|𝐻𝑠𝑑𝑖(𝑚)|
2

𝜎𝑛2
(1 +

𝑃𝑠
(1)(𝑚)|𝐻𝑠𝑑𝑖(𝑚)|

2

𝜎𝑛2
)

−1

− 𝜇 = 0 

𝑦𝑖𝑒𝑙𝑑𝑠
→     𝑃𝑠

(1)(𝑚) = [
1

2𝜇
−

𝜎𝑛
2

|𝐻𝑠𝑑𝑖(𝑚)|2
]

+

 

𝜕ℒ

𝜕𝑃𝑠
(2)(𝑚)

= 0
𝑦𝑖𝑒𝑙𝑑𝑠
→    𝑃𝑠

(2)(𝑚) = [
1

2𝜇
−
𝜎𝑛
2 + 𝑉𝑅(𝑚)

|𝐻𝑠𝑑𝑖(𝑚)|2
]

+

 

𝜕ℒ

𝜕𝑃(𝑚)
= 0

𝑦𝑖𝑒𝑙𝑑𝑠
→     𝑃(𝑚) = [

1

2𝜇
−
1 + 𝛼𝑖(𝑚)

𝛼𝑖(𝑚)

𝜎𝑛
2

|𝐻𝑠𝑟(𝑚)|2
]

+

 

(7-22) 

It is wise mentioning that the proposed algorithm does not make any control on the 
interference levels of 𝐕𝑅 and 𝐕𝑆. The variation of the latter terms may lead to a non-optimal 
solution. Such behavior can be explained by the fact that each iteration is completely 
independent from the previous one due to the variation of 𝐕𝑅 and 𝐕𝑆.  
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 Improved algorithm considering an additional interference constraint 7.4

In order to ensure the optimality of the obtained solution, the variation of the interference 
terms 𝐕𝑅 and 𝐕𝑆 should be controlled during the algorithm process. To ensure this, the 
optimization problem should consider a constraint related to the total interference power 
which can be written as, 

𝑉𝑡𝑜𝑡 = ∑ 𝑉𝑅(𝑚)

𝑚∈{𝑆𝑆1,𝑆𝑆2}

+ ∑ 𝑉𝑠(𝑚)

𝑚∈{𝑆𝑅1 ,𝑆𝑅2}

 

= ∑ a𝑖1[𝑚]𝑉𝑅(𝑚) + a𝑖2[𝑚]𝑉𝑠(𝑚)

𝑀

𝑚=1

 

(7-23) 

Substituting (7-10) in (7-23), the constraint becomes, 

𝑉𝑡𝑜𝑡 = ∑ ∑ 𝑃𝑟(𝑚
′)|𝐻𝑟𝑑𝑖(𝑚

′)|2𝐼(|𝑚 −𝑚′|)

𝑚′∈{𝑆𝑅1,𝑆𝑅2}𝑚∈{𝑆𝑆1,𝑆𝑆2}

+ ∑ ∑ 𝑃𝑠
(2)
(𝑚′)|𝐻𝑠𝑑𝑖(𝑚′)|

2𝐼(|𝑚 −𝑚′|)

𝑚′∈{𝑆𝑆1,𝑆𝑆2}𝑚∈{𝑆𝑅1,𝑆𝑅2}

 
(7-24) 

Using the subcarrier assignment indicator a𝑖𝑗 and substituting 𝑃𝑟 by (7-20), we obtain the 

final expression of the interference constraint, 

𝑉𝑡𝑜𝑡 =∑∑ ∑ a𝑖1[𝑚]a𝑖2[𝑚′]
1

1 + 𝛼𝑖(𝑚′)
𝑃(𝑚′)|𝐻𝑟𝑑𝑖(𝑚

′)|2𝐼(|𝑚 −𝑚′|)

𝑀

𝑚′=1

𝑀

𝑚=1

2

𝑖=1

+ a𝑖2[𝑚]a𝑖1[𝑚′]𝑃𝑠
(2)
(𝑚′)|𝐻𝑠𝑑𝑖(𝑚′)|

2𝐼(|𝑚 −𝑚′|) 

(7-25) 

Considering this additional constraint, the Lagrangian becomes, 

ℒ =
1

2
∑∑ a𝑖1[𝑚]

𝑀

𝑚=1

2

𝑖=1

{log (1 +
𝑃𝑠
(1)(𝑚)|𝐻𝑠𝑑𝑖(𝑚)|

2

𝜎𝑛2
) + log(1 +

𝑃𝑠
(2)(𝑚)|𝐻𝑠𝑑𝑖(𝑚)|

2

𝜎𝑛2 + V𝑅(𝑚)
)} 

+
1

2
∑∑ a𝑖2[𝑚]

𝑀

𝑚=1

2

𝑖=1

log (1 +
𝛼𝑖(𝑚)

1 + 𝛼𝑖(𝑚)

|𝐻𝑠𝑟(𝑚)|
2

𝜎𝑛2
𝑃(𝑚)) 

−𝜇 {∑∑ a𝑖1[𝑚](𝑃𝑠
(1)(𝑚)+𝑃𝑠

(2)(𝑚)) + a𝑖2[𝑚](𝑃𝑠
(1)(𝑚) + 𝑃𝑟(𝑚)⏟          

𝑃(𝑚)

)

𝑀

𝑚=1

2

𝑖=1

− 𝑃𝑡𝑜𝑡} 

             − ∑ 𝛽𝑚 (∑∑a𝑖𝑗[𝑚]

2

𝑗=1

2

𝑖=1

− 1)

𝑀

𝑚=1

  



ICT 318362 EMPhAtiC Date: 18/11/2014 

ICT-EMPhAtiC Deliverable D7.2 81/95 

             −𝜃 {∑∑ ∑ a𝑖1[𝑚]a𝑖2[𝑚′]
1

1 + 𝛼𝑖(𝑚′)
𝑃(𝑚′)|𝐻𝑟𝑑𝑖(𝑚

′)|2𝐼(|𝑚 −𝑚′|)

𝑀

𝑚′=1

𝑀

𝑚=1

2

𝑖=1

+ a𝑖2[𝑚]a𝑖1[𝑚′]𝑃𝑠
(2)
(𝑚′)|𝐻𝑠𝑑𝑖(𝑚′)|

2𝐼(|𝑚 −𝑚′|)} 

(7-26) 

where 𝜃 stands for the Lagrange multiplier associated with the interference constraint. 

Similarly to the previous section, the derivatives with respect to the powers: 𝑃𝑠
(1)(𝑚), 

𝑃𝑠
(2)(𝑚) and 𝑃(𝑚) lead to, 

𝜕ℒ

𝜕𝑃𝑠
(1)(𝑚)

= 0
𝑦𝑖𝑒𝑙𝑑𝑠
→    

1

2

|𝐻𝑠𝑑𝑖(𝑚)|
2

𝜎𝑛
2

(1 +
𝑃𝑠
(1)(𝑚)|𝐻𝑠𝑑𝑖(𝑚)|

2

𝜎𝑛
2

)

−1

− 𝜇 = 0 

𝑦𝑖𝑒𝑙𝑑𝑠
→     𝑃𝑠

(1)(𝑚) = [
1

2𝜇
−

𝜎𝑛
2

|𝐻𝑠𝑑𝑖(𝑚)|2
]

+

 

𝜕ℒ

𝜕𝑃𝑠
(2)(𝑚)

= 0
𝑦𝑖𝑒𝑙𝑑𝑠
→     

𝑃𝑠
(2)(𝑚) = [

1

2

1

𝜇 + 𝜃∑ ∑ a𝑖1[𝑚]a𝑖2[𝑚′]|𝐻𝑠𝑑𝑖(𝑚)|2𝐼(|𝑚 −𝑚′|)
𝑀
𝑚′=1

2
𝑖=1

−
𝜎𝑛
2 + 𝑉𝑅(𝑚)

|𝐻𝑠𝑑𝑖(𝑚)|2
]

+

 

𝜕ℒ

𝜕𝑃(𝑚)
= 0

𝑦𝑖𝑒𝑙𝑑𝑠
→      

𝑃(𝑚) = [
1

2

1

𝜇 + 𝜃∑ ∑
1

1 + 𝛼𝑖(𝑚)
a𝑖1[𝑚′]a𝑖2[𝑚]|𝐻r𝑑𝑖(𝑚)|2𝐼(|𝑚 −𝑚′|)

𝑀
𝑚′=1

2
𝑖=1

−
1 + 𝛼𝑖(𝑚)

𝛼𝑖(𝑚)

𝜎𝑛
2

|𝐻𝑠𝑟(𝑚)|2
]

+

 

(7-27) 

Now, the Lagrange multiplier associated with the interference constraint 𝜃 maximizing the 

final sum rate (𝜃 = max𝜃 𝑅) can be determined using the duality based resource allocation 
algorithm [72]. The latter is summarized in the following pseudo-code, 

The duality based RA algorithm [72] 

𝒒 = 𝟏, 𝜽 = 𝟏 

Repeat 

 
𝜃 = [𝜃 −

1 + 𝑄

𝑞 + 𝑄
(𝑉𝑡𝑜𝑡

(0) − 𝑉𝑡𝑜𝑡(𝜇, 𝜃))]
+

 

𝑞 = 𝑞 + 1; 
Find 𝜇 with Joint CA/PA 

until 𝜽(𝑽𝒕𝒐𝒕
(𝟎) − 𝑽𝒕𝒐𝒕(𝝁, 𝜽)) < 𝜺 
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 Simulation settings 7.5

In order to analyse the performances of the proposed algorithm, we have used the following 
parameters: 

Parameter description Parameter value 

Frame structure 

Bandwidth 1.4 MHz, 

Sample frequency  1.92 MHz  

Subcarriers number  128 subcarriers  

Subcarrier spacing 15 kHz 

FBMC filter OFDM/OQAM PHYDYAS [70] 

FBMC symbol duration  66.67 μs  

Overlapping factor 4 

Transmitter/Receiver 

BS number of antenna 1 

HH number of antenna 1 

MS/RS number of antenna 1  

Transmission scheme SISO 

HH antenna model Isotropic 

Propagation 

Carrier frequency  422.5 MHz (Downlink), 412.5 MHz (Uplink) 

Channel estimation Ideal 

Table 7-2: Simulation parameters 

Moreover, the channel state information (CSI) is assumed to be perfectly known as 
described in Table 7-2. We note that the following results are compared to the optimal case 
considering a perfect synchronization between both source and relay signals. In other 
words, the optimal case corresponds to the interference-free scenario. 

In this performance evaluation, the following scenarios have also been envisaged for both 
OFDM (blue curves) and FBMC (red curves): 

 Interference ignorance: In this case, the optimization is performed with unknown 
mutual interference terms 𝐕𝑅 and 𝐕𝑆. Obviously, the latter terms are used in the 
final sum rate computation. The corresponding sum rates are plotted with solid 
lines. 

 Interference awareness: As its name indicates, the algorithm maximizing the sum 
rate has the updates of 𝐕𝑅 and 𝐕𝑆 over the entire process period. The sum rates in 
this case are plotted with dash-dot curves.  
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Besides, depending on the selected destination (1,2) and the transmission mode (direct, 
indirect), we have 4 possible links in the considered system model. In this section, we 
consider it appropriate to select specific configurations where both source and relay are 
transmitting during the second time slot. The coexistence between both signals in such 
configurations lead to the appearance of mutual interferences allowing then a meaningful 
evaluation of the proposed algorithm. 

 Simulation results 7.6

Figure 7-3 illustrates the OFDM/FBMC achieved rate averaged over 1000 channel 
realizations. The average channel power gains are 𝜎𝑠−𝑑

2 = 0.1, 𝜎𝑠−𝑟
2 = 10, 𝜎𝑟−𝑑

2 = 2.  

In the interference ignorance scenario, we can observe that FBMC outperforms OFDM from 
SNR=12 dB. This advantage can be explained by the fact that a given interfering subcarrier 
can affect two subcarriers in the worst case (both adjacent subcarriers belong to the other 
link). However, higher number of victim subcarriers (up to 16 as illustrated in 

Table 7-1) can be affected by a single interfering subcarrier in the OFDM case. 

Moreover, the proposed algorithm is less-efficient when the mutual interference terms are 
unknown. In fact, there is gap with respect to the interference-free case which becomes 
larger when increasing the SNR level. Such a behaviour demonstrates the significant impact 
of the asynchronous interference on the algorithm performance.  

Therefore, the algorithm needs to know the effective asynchronous interference caused 
mutually by both source and relay signals, in order to enhance the achievable sum rate for 
both modulations. Indeed, the algorithm the interference awareness scenario becomes 
more efficient providing practically the optimal sum rate.  
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Moreover, the algorithm achieves more significant improvement in OFDM (more than 21% 
at SNR=20 dB) allowing it to reach FBMC. It is worth noticing that OFDM outperforms FBMC 
with a negligible gap in high SNR regime. 

Similarly to Figure 7-3, OFDM and FBMC average sum rates are plotted against the SNR in 
Figure 7-4 with the following average channel power gains 𝜎𝑠−𝑑

2 = 0.3, 𝜎𝑠−𝑟
2 =

20, 𝜎𝑟−𝑑
2 = 4. Also, the sum rates have been averaged over 1000 channel realizations. 

The obtained results are in agreement with the previous analysis. In fact, when the 
interference is unknown, the FBMC provides a sum rate gain of more than 15% at SNR=20 
dB compared to OFDM. Moreover, the gain achieved in the interference awareness case is 
more than 30% at SNR=20 dB compared to the interference ignorance scenario.  

In contrast to Figure 7-3 and despite this significant enhancement, there is still gap with 
respect to the optimal case. Such a behaviour can be explained by the significant 
degradation (a relative loss of more than 30% at SNR=20 dB) caused by the interference 
compared to compared to the previous configuration (a relative loss of less than 19% at 
SNR=20 dB). 

Finally, note that the useful OFDM sum rate is lower than what is depicted in Figure 7-3 and 
Figure 7-4 due to the redundancy introduced by the cyclic prefix (CP). 

 Final remarks 7.7

In this section, we have investigated the sum rate optimization in OFDM/FBMC based DF-
relay transmission under sum power constraint. Both synchronous and asynchronous 
scenarios have been analysed. OFDM and FBMC interference power tables have been used 
in asynchronous interference modelling. Based on the resulting mutual interference, a joint 
subcarrier and power allocation algorithm has been proposed. Further, the latter has been 
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improved by introducing an additional constraint controlling the variation of the mutual 
interference. Finally, the impact of interference and the efficiency of the proposed 
algorithm have been investigated through simulation results. To this end, two scenarios 
have been proposed with respect to the interference ignorance or awareness. In the first 
scenario, OFDM suffers from a severe degradation because of the large number of 
interference-polluted subcarriers. In contrast to OFDM, FBMC provides a higher sum rate 
thanks to the well-localized interference. The efficiency of the proposed algorithm has been 
improved in the interference awareness scenario leading thus to substantial gains in the 
sum rate of both OFDM and FBMC. 
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 Conclusions 8.
 

This deliverable summarized the final contributions on relaying and coverage extension. 
Several sections have presented extension of results from D7.1 to the frequency selective 
scenario. Detailed performance evaluations have been provided and the issue of resource 
allocation for unsynchronized FBMC/OQAM relaying has been investigated. More 
specifically: 

In section 2, multi-tap equalization has been investigated to cope with channel frequency 
selectivity in FBMC/OQAM based multi-hop relaying networks. The DF (decode-and-
forward) strategy has been selected in order to avoid the amplification of noise and 
interferences at each hop. Similarly, efficient pre-equalizers have been considered at each 
transmission node to mitigate both the inter-symbol interference and the inter-carrier 
interference and therefore avoid as much as possible the issue of error propagation. The 
investigation has been performed using a linear multi-hop relaying network model and the 
overall network operation procedure has been explained in detail. Finally, the performance 
of FBMC/OQAM based multi-hop relaying networks with multi-tap equalization has been 
assessed. The various numerical results have provided insights into the impact of the 
number of hops on the performance as well as the choice of appropriate transmit and 
receive processing for each hop.  

In section 3, an extension of the two-way relaying protocol to frequency selective channels 
has been proposed based on multicarrier modulations. The work has focused on a XOR 
combination using non binary codes (Galois-field LDPC) with higher-order modulations. 
Complete and functional decoding methods have been investigated and the achievable 
mutual information has been computed in both cases. Evaluation results have shown that 
functional decoding outperforms complete decoding (in terms of mutual information) for a 
sufficiently high SNR. The link-level simulation results indicate quite significant gains for joint 
decoding in all considered scenarios. The proposed coding scheme has also been 
implemented in a more realistic scenario with FBMC modulation and frequency selective 
channel models following LTE specifications. The same considerations about functional 
decoding outperforming complete decoding hold true in this case. Finally, future research 
lines have been presented which aim at improving the performance by mean of smart 
resource (i.e. power, modulation order, subcarrier) allocation.  

In section 4, a practical decode and forward two-way relaying system has been analysed 
also based on XOR combination, but with binary coding and taking into account the 
frequency selectivity inside each subcarrier. Multi-tap pre-equalizer at the source and 
equalizers at the destination have been developed to cope with this frequency selectivity. 
Joint channel and physical layer network decoding have been studied and the BER 
performance has then been analysed in a practical scenario. OFDM and FBMC versions have 
been compared and it has been shown that FBMC can suffer from interference when the 
channel selectivity is high. 

Section 5 explains how the FBMC transmission technique has been implemented into the 
SONIR platform. The focus has been on implementing the data transmission phase. So it has 
been assumed that the clustering and routing operations have already been performed 
prior to the considered data transmission. Simulations have been performed for multi-hop 
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relaying in a 200mx200m field with 350 nodes and the cumulative BER performance has 
been investigated. As a future work the impact on the overall throughput still needs further 
investigation. Moreover, the impact of using FBMC for clustering, routing and mobility 
schemes also needs to be investigated. 

Section 6 focuses on the performance evaluation and comparison of two SC-FDMA 
transmission schemes using either DF relaying or two-way (XOR) relaying.  The simulation 
method is based on an abstraction of the PHY Layer for SC-FDMA transmissions. The method 
can employ cubic interpolation or linear interpolation and simulations have shown in which 
situation to choose one over the other. Results also have confirmed that a very precise 
AWGN PER curve is necessary, and that 15 points with 5x106 simulations per point are 
sufficient to have a reliable abstraction. This abstraction has then been used to create a 
MAC layer simulator and to compare TWR with DF in terms of PER and throughput.  The 
results have shown that, although the PER is not as good as DF for many scenarios, adaptive 
TWR is better than DF in terms of achievable throughput. 

In section 7, the resource allocation issue has been investigated for relaying with 
multicarrier transmission, taking into account imperfect synchronization between nodes. 
The possibility to relax synchronization requirements is one of the advantages of FBMC 
transmission with respect to OFDM. However the imperfect synchronization can generate 
some interference between subcarriers which then has to be taken into account if 
subcarrier and power allocation is performed. Section 7 has focused on the optimization of 
the sum rate in a one source, one  DF relay and two destinations scenario using either 
OFDM or FBMC and with limited synchronization between the source and relay nodes. 
Interference power tables have been used to model the asynchronous interference. A joint 
subcarrier and power allocation algorithm has been proposed. The impact of interference 
and the efficiency of the proposed algorithm have been investigated through simulation 
results. In particular, it has been shown that interference awareness leads to substantial 
gains in the sum rate of both OFDM and FBMC. 
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Glossary and Definitions 

Acronym Meaning 

AF Amplify-and-Forward 

AFB Analysis FilterBank 

AODV Ad-hoc On-demand Distance Vector 

APP A Posteriori Probability 

AWGN Additive White Gaussian Noise 

BC BroadCast 

BER Bit Error Rate 

BICM Bit-Interleaved Coded Modulation 

BPSK Binary Phase Shift Keying 

BS Base Station 

CA Carrier Allocation 

CDF Complete Decode Forward 

CIR Channel Impulse Response 

CP Cyclic Prefix 

CP-OFDM Cyclic Prefix-Orthogonal Frequency Division Multiplexing 

CSI Channel State Information 

DF Decode-and-Forward 

DFT Discrete Fourier Transform 

DL DownLink 

EPA Extended Pedestrian-A [channel] 

ETU Extended Typical Urban [channel] 

EVA Extended Vehicular-A [channel] 

FBMC Filter-Bank Multi Carrier 

FDF Functional Decode Forward 

FFT Fast Fourier Transform 

HHT Hand Held Terminals 

IFFT Inverse Fast Fourier Transform 

ISI Inter-Symbol Interference 

ITU International Telecommunication Union 

KKT Karush-Kühn-Tucker 

KPI Key Performance Indicator 

LLR Log-Likelyhood Ratio 

LTE Long Term Evolution 

LTE-A Long Term Evolution-Advanced 
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MAC Medium Access Control 

MIMO Multiple Input Multiple Output 

ML Maximum Likelihood 

MMSE Minimum Mean Square Error 

MRC Maximum Ratio Combining 

OFDM Orthogonal Frequency Division Multiplexing 

OQAM Offset Quadrature Amplitude Modulation 

OQPSK Offset Quadrature Phase Shift Keying 

PA Power Allocation 

PAM Pulse Amplitude Modulation 

PDF Probability Density Function 

Ped-A Pedestrian-A [channel model] 

PER Packet Error Rate 

PHY PHYsical [Layer] 

PLNC Physical Layer Network coding 

PMR Private Mobile Radio 

PPDR Public Protection and Disaster Relief 

PTT Push-to-Talk 

QAM Quadrature Amplitude Modulation 

QoS Quality of Service 

QPSK Quadrature Phase Shift Keying 

RB Resource Block 

RSSI Received Signal Strength Indicator 

SC-FDMA Single-Carrier Frequency Division Multiple Access 

SFB Synthesis Filter Bank 

SIC Successive Interference Cancellation 

SISO Single Input Single Output 

SLNR Signal to Leakage plus Noise Ratio 

SNR Signal to Noise Ratio 

SONIR Self-Organizing Network with Intelligent Relaying 

SPA Sum Product Algorithm 

TDMA Time Division Multiple Access 

TETRA TErrestrial Trunked RAdio 

TWR Two-way Relaying 

TWRC Two-way Relay Channel 

UL UpLink 

Veh-A Vehicular-A [channel model] 



ICT 318362 EMPhAtiC Date: 18/11/2014 

ICT-EMPhAtiC Deliverable D7.2 95/95 

XOR eXclusive OR 

ZF Zero Forcing 

ZMCSCG Zero-Mean Circularly Symmetric Complex Gaussian 

 

 

 


