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This document describes the main challenges and objectives of several promising techniques 
for multi-point transmission and reception, which will be studied along SHARING project. It 
details transmitter-side cooperative solutions to suppress or avoid interference with CoMP and 
advanced MIMO schemes. Moreover the main design concerns for next-generation 
communication systems in terms of interference cancellation are introduced together with 
different methods for handling of interference in cellular networks. A proposed ray-based 
propagation model is presented to allow network operators to properly plan for future network 
deployments. And finally different key aspects related to RF front-ends and antennas are 
discussed to support carrier aggregation. Architecture requirements are not included, as they 
will be presented as a separate document (Excel sheet format). 
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EXECUTIVE SUMMARY 

Deliverable D3.1 “New opportunities, challenges and innovative concepts candidates for Multi-point 
transmission and reception” presents the preliminary analysis and results for several promising 
techniques for multi-point transmission and reception as well as interference management techniques, 
which will be studied within the SHARING project. Furthermore, a realistic simulation framework is 
evaluated based on a ray-based propagation model to provide tools to network operators for future 
network deployments. Finally, some key aspects related to RF front-ends and antennas are studied and 
analysed in order to deal with the challenging RF issues to support carrier aggregation in small cells. 

In all studies, detailed descriptions of the different solutions are presented showing their main 
challenges to improve performance and capacity gains in near-future wireless networks. 

WP3 investigates the benefits of cooperation in multi-point transmission and reception schemes from 
different points of view: transmitter-side cooperation (Chapter 2), interference mitigation at the receiver 
(Chapter 3) and cross-layer interference mitigation within a transmitter-receiver cooperation framework 
(Chapter 4). Firstly, different transmitter-side cooperative solutions are analysed to suppress or avoid 
interference with CoMP and advanced MIMO schemes. These solutions could be distinguished based on 
the way interference is tackled: via (coordinated) user scheduling or via interference control 
beamforming (such as coordinated beamforming and joint processing CoMP). Secondly, interference 
mitigation mechanisms at the receiver are introduced and requirements and challenges of interference 
handling mechanisms on DL and UL are assessed. Enhanced spatial modulation schemes are also 
discussed. Thirdly, various interference management techniques are envisaged from different 
perspectives. 

A realistic simulation framework is also evaluated, whose aim is to reduce the gap between real network 
performance and simulations using simplified models. This approach includes realistic environment and 
network deployment models as well as a ray-based propagation model. This study could support 
network operators in future deployments through prediction of network capacity and user’s satisfaction. 
A simulation scenario for heterogeneous networks (HetNets) has also been defined. 

Additionally, different key aspects related to RF front-ends and antennas have been discussed in the 
context of small cells to support carrier aggregation. Some solutions have been proposed to deal with 
the challenging RF issues such as using meta-materials to optimize the radiation properties of the 
antenna or adding reconfigurability features at power amplifier to provide energy efficiency 
enhancements. 

The information enclosed in this document will be extended in further deliverables providing results from 
solutions presented here. Furthermore, it would help cross-WP discussions based on the different 
proposed innovations. 
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1 INTRODUCTION 

This report presents the main challenges and objectives for multi-point transmission and reception 
solutions, as well as interference management techniques developed in WP3, presenting some initial 
evaluation results when they are available. Furthermore some key aspects related to RF front-ends and 
antennas are studied to support carrier aggregation. 

As a reminder, WP3 activities are divided into four tasks: 

T3.1: “Multi-point cooperation at the transmitter”; 

T3.2: “Interference cancellation at the receiver and advanced transceivers”; 

T3.3: “Flexible interference management concept”; and 

T3.4: “RF and antenna design”. 

In each task, different promising solutions are studied to provide new enhancements for mobile 
heterogeneous cellular networks. 

Chapter 2 presents transmitter-side cooperative solutions to suppress or avoid interference with CoMP 
and advanced MIMO schemes. Some studies on CoMP methods will be addressed to evaluate the real 
gains in cellular networks. Based on the settings where interference is tackled, different techniques will 
be studied: coordinated user scheduling and beamforming based on interference control. 

The main design concerns for next-generation communication systems in terms of interference 
cancellation are introduced in chapter 3, where the requirements and challenges of interference handling 
mechanism both on DL and UL, and enhanced spatial modulation schemes will be discussed. 

Chapter 4 investigates different methods for handling of interference in cellular networks and how to 
combine these methods in a concept that is flexible in terms of its ability to adapt to diverse deployment 
scenarios and to combine potentials network elements for cross layer optimization. 

The aim of chapter 5 is to study a simulation framework to reduce the gap between real network 
performance and simulations with simplified models, proposing a ray-based propagation model. This 
task could allow networks operators to properly plan for future deployments and the assessment of 
network capacity or user’s satisfaction.  

In chapter 6, different key aspects related to RF front-ends and antennas to support carrier aggregation 
are discussed in the context of small cells. Innovative RF front-end solutions are studied to handle 
bandwidths up to 100MHz allowing reconfigurability in terms of bandwidth and frequency of operation. 
Meanwhile, meta-materials are considered to reduce the size of multi-band antennas. 

For each innovation, the corresponding scenario presented in D2.2 is indicated in the very beginning of 
the section. This allows easy tracking of the solutions/innovations which will be provided as solutions to 
the scenarios/problems defined in the beginning of the project. For some of the innovations, there is not 
a corresponding scenario defined in D2.2, meaning that those innovations have been added later on, 
mainly due to the late confirmation of the definite participation/funding of some partners to the project. 
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2 MULTI–POINT COOPERATION AT THE TRANSMITTER 

LTE-A commonly referred to as LTE-Advanced (LTE-A) is the Release 10 of 3GPP LTE, introduces 
techniques [1] which enable to answer the increasing demand for multimedia content available 
anywhere and anytime. 

CoMP (Coordinated Multi-Point) aims at improving the quality of service of users at cell edge (which 
answers to the above mentioned “anywhere” requirement). Indeed, users located at cell edge 
experience both lower received signal power and increased inter-cell interference compared to those at 
cell centre. Cooperation between adjacent cells can mitigate these issues. 

The CoMP concept was first mentioned in [2] and introduced in [3]. Generally, CoMP is a word which 
aggregates various concepts in uplink (UL) and downlink (DL) based on more or less complexity at the 
receivers side. Several CoMP schemes have been defined already in the 3GPP Release 8 both in DL and 
UL (Figure 1): 

 

Figure 1 Different CoMP schemes 

There are two types of CoMP schemes: 

• Joint Processing (JP): Data for a UE is available at more than one point in the CoMP cooperating set 
(set of - geographically separated - points directly and/or indirectly participating in data 
transmission to a UE in a given time-frequency resource). Two JP schemes are defined:  

o Joint Transmission (JT): Simultaneous data transmission from multiple points 
(geographically separated or not) to a single UE or multiple UEs in the same time-frequency 
resource. Data to a UE is simultaneously transmitted from multiple points, e.g. to 
(coherently or non-coherently) improve the received signal quality and/or data throughput 

o Dynamic point selection (DPS)/muting: Data transmission from one point (within the CoMP 
cooperating set) in a time-frequency resource. The transmitting/muting point may change 
from one subframe to another including varying over the RB pairs within a subframe. Data is 
available simultaneously at multiple points. 

• Coordinated Scheduling/Beamforming (CS/CB): Data for a UE is only available at and transmitted 
from one point in the CoMP cooperating set (DL data transmission is done from that point) for a 
time-frequency resource but user scheduling/beamforming decisions are made with coordination 
among points corresponding to the CoMP cooperating set. The transmitting points are chosen semi-
statically. 

And these two types are both studied in the present document. 

In this task we study transmitter-side cooperative solutions to suppress or avoid interference with CoMP 
and advanced MIMO schemes. Even though CoMP methods are extremely promising, this is a multi-
faceted challenging problem, as can be seen from the fact that despite several years of intense study 
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under the auspices of 3GPP, it is still not clear what are the real gains to be expected from CoMP in 
cellular networks or what are the best signal processing and RAN network architectures for it. Through 
this task and a multi-angle attack we hope to shed some light on this area. 

First the settings where interference is tackled via (coordinated) user scheduling, as opposed to 
beamforming based interference control (such as coordinated beamforming and joint processing CoMP), 
are distinguished. Coordinated scheduling algorithms are proposed and evaluated which give 
interference mitigation gains. Clearly the gains depend on the number of users (the more the better for 
greater multiuser diversity) but also on the information exchange capability between the interfering 
eNBs. Decentralized scheduling methods, which work with few users, are therefore investigated. 

In the case of multi-antenna based interference reduction, we show that a key discriminating factor is 
the amount of feedback (channel state information at the transmitter (CSIT)) allowed on the uplink. 
Hence feedback design studies are crucial.  

In one innovation, a new form of feedback design for CoMP is investigated based on the notion of 
wireless broadcast: in this case the user estimates the downlink channels, then broadcasts a quantized 
version of them on the uplink towards any eNB (hence including interfering eNBs) capable of decoding 
this feedback. Broadcast feedback is currently non LTE compliant however exhibits interesting scalability 
advantages for dense small cells networks. 

More generally, assuming a standard compliant feedback design, a key objective addressed by this task 
is to evaluate just how much feedback about each user is required at any eNB for a satisfactory 
performance. We provide an information theoretic answer to this question with a key notion being the 
need to coordinate within a limited neighbourhood dictated by the strength of interference. 

When the backhaul capabilities do not allow for a full sharing of the CSIT, an interesting question is also 
to evaluate the loss of CoMP methods compared with the ideal full CSIT setting. In this case, new 
methods ought to be derived that are capable of producing good transmitter design solution with an 
incomplete description of the CSIT. There are several strategies in this context: one strategy consists in 
allowing multiple antenna combining at the RX side, in which case the receivers can handle the 
interference mitigation task while the transmit antennas can be used for another purpose, such as 
diversity oriented space time coding, or non-coherent CoMP designs. Such schemes are studied here. 
Finally another approach consists in forming robust precoders that can handle partial CSIT or delayed 
CSIT. New algorithms are derived in this context as well. 

 

2.1 Coordinated Scheduling Techniques 

2.1.1 Advanced Scheduling for intra and inter-site CoMP 

Corresponding scenario in D2.2: 2.1.6 “Multipoint coordination schemes for LTE-A networks” 

2.1.1.1 Introduction 

In this study the performance of the Joint transmission (JT) DL CoMP scheme has been evaluated with a 
System simulator for intra and inter-site scenarios. The aim of the study is twofold: On the one hand the 
JT CoMP scheme is evaluated to better understand the benefits of this feature while on the other hand it 
shows where the gains are achieved between intra or inter site. This last point is the key for the future 
deployments choice since black fiber and time/phase synchronization are needed to enable the inter-site 
JT DL CoMP. Note that in this study a perfect backhaul assumption has been used. 

2.1.1.2 Problem description 

CoMP for inter-site scenario requires close coordination between geographically separated eNBs.  

Two types of schedulers are considered as shown in Figure 2: 



Celtic-Plus SHARING          Document D3.1 

 

Public distribution  13 (100) 

 

 

SC = Serving Cell CC = Collaborative Cell 

Figure 2 Two scheduling approach for CoMP 

In the distributed case the resource allocation is performed per cell in parallel while the centralized 
scheduler allocates the resource per CoMP cluster. 

2.1.1.3 Proposed approach and preliminary analysis 

In the case of distributed scheduler, each cell (the serving cell in Figure 2) is associated to one and only 
one scheduler. The straightforward CoMP scheduler is composed by one distributed scheduler associated 
by a Call Admission Control process. To assess the CoMP feasibility the serving cell asks to the 
collaborative cell if the resource blocks are available. 

Considering the fact that two UEs populations (nCUEs and CCUEs) have to be scheduled, two strategies 
are proposed for the distributed case:  

• Successive scheduling with prioritization:  A strict prioritization is performed. CoMP Candidate 
UEs (CCUEs) over no-CoMP UEs (nCUEs) then the controversy. 

• Simultaneously scheduling: The scheduling is only based on Proportional Fairness (PF) metric 
without any other consideration. 

For these two strategies and depending on the availability of the resource blocks on the serving cell an 
nCUE will be served or not. At the beginning of a transmission cell a CCUE will become: 

• a served CUE (CoMP UE) if SC and CC RBs are available 

• a served nCUE if only SC RBs are available 

• or stays CCUE if else 

During the transmission the UE the status stay the same (a CUE cannot become an nCUE and vice 
versa). Figure 3 gives the machine state that determines the CoMP status of a given CCUE: 
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Figure 3 Machine state of the CoMP status determination 

2.1.1.4 Impact of ∆∆∆∆P on the proportion of CCUEs in the network 

∆∆∆∆P is the threshold requirement used to identify the CCUEs: CoMP UEs are selected when the Reference 
Signal Received Power (RSRP) difference between serving cell and other cells satisfies a threshold 

requirement, e.g. RSRP UE_k, serving_cell–RSRPUE_k,Cell_i<∆P. Figure 4 shows the UEs considered as CoMP 

candidate depending on the ∆P. 

 

Figure 4 Localization of UEs considered as CoMP candidate  

(Blue N=1, Green N=2, Red N=3) 

N represents the size of the CoMP measurement set:  

• N=1: corresponds to UE without CoMP,  

• N=2: the size of the CoMP measurement set equals to 2,  

• N=3: the size of the CoMP measurement set equals to 3.  

Notice that a ring around each e-Node B exists: in this area the antenna gain does not depend any more 
on the angle of azimuth, all RSRP received from the 3 cells are equal.  

The following figure shows the evolution of the percentage of CCUEs for different values of ∆P. This 

percentage increases with ∆P. For ∆P = 21dB 100% of the UEs are CCUEs (the maximum attenuation of 
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the combined antenna pattern is 20dB). In [4], the combined antenna pattern at angles off the cardinal 
axes is computed as: 

  ( ) ( )( )min ,e mA A Aθ φ − − +   
��Θ� and ��ϕ� are respectively the horizontal and elevation antenna patterns and  �� = 20
� is the maximum attenuation. ∆P has 2 antagonist effects: at one side the number increase (a 
lot of UEs will take benefice of CoMP) but on another side the complexity of CoMP increases too (for a 
moment each UE can be CUE).  

 

Figure 5 Evolution of the percentage of CCUEs for different values of ∆P 

2.1.1.5 Intra-site CoMP system performance Gain for successive scheduling with 
prioritization 

The studied CoMP category is the Coherent-JT (only one stream sent). Figure 6, Figure 7 and Figure 8 
show the Intra-site CoMP system for successive scheduling with prioritization: 

(a) nCUEs are first scheduled 

(b) CCUEs are first scheduled 

(c) Cell-edge user throughput [bps/user] and spectral efficiency [bps/Hz/user].  

Cell-edge user throughput (or Gain @ 5%) is the 5-percentile user throughput, obtained from the 
cumulative distribution function of the user throughput.  

For low average cell load situation, CoMP presents gain at cell-edge no matter the scheduling strategy: 
in this situation there is enough available RB to guaranty the opportunity to be CUE. In opposite site, in 
high average cell load situation, there is a hard competition between UEs to access to the resource. CUE 
will inevitably induce a resource sharing.  
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(a) nCUEs are first scheduled (b) CCUEs are first scheduled 

Figure 6 Intra-site CoMP system performance Gain: Average cell load  = 20%  

 

  

(a) nCUEs are first scheduled (b) CCUEs are first scheduled 

Figure 7 Intra-site CoMP system performance Gain - nCUEs are first scheduled: 
Average cell load  = 60%  
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(a) nCUEs are first scheduled (b) CCUEs are first scheduled 

Figure 8 Intra-site CoMP system performance Gain - nCUEs are first scheduled: 
Average cell load  = 100%  

The weakness of successive scheduling with prioritization is that in some configuration UEs are not 
served (there are no more the required resources to serve the least priority UEs): 

Table 1 Percentage of no served nCUE – nCUEs are first scheduled 

  

Average cell load  [%] 

20 60 100 

∆P
 [

d
B

] 

3 0.0 0.0 0.0 

6 0.0 0.0 0.0 

9 0.0 0.0 0.1 

12 0.0 0.1 1.0 

15 0.0 0.9 4.8 

18 0.0 2.1 7.2 

21 0.0 0.0 0.0 

 

Notice that for ∆P =21dB all the UEs are CCUEs (there is not a prioritization anymore). 

2.1.1.6 Intra-site CoMP system performance Gain for Simultaneously scheduling 

Figure 9 shows the Intra-site CoMP system performance when all UEs are scheduled simultaneously. 
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(a) Average cell load  = 20% (b) Average cell load  = 60% 

 

(c) Average cell load  = 60% 

Figure 9 Intra-site CoMP system performance Gain for Simultaneously scheduling  

The last scheduling approach seems to be best approach to avoid the no-served UE situation. 

 

2.1.1.7 Next steps 

The CoMP transfer function shows the throughput when activating the CoMP function with the distributed 
scheduling.  
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Figure 10 Weakness of the studied scheduler 

The improvement of the CoMP performances is made to the detriment of the legacy UEs. The next step 
will treat the weakness of this scheduler (highlighted by the figure) through a centralized opportunistic 
approach (to introduce more fairness between the CCUEs and nCUEs). 

 

2.2 Joint Processing Techniques 

Joint processing CoMP (JP-CoMP) with shared user’s data and channel state information (CSI) is one of 
the transmitter-side cooperative solutions to mitigate interference. The sharing of the user’s data 
symbols and the CSI to all cooperating transmitters (TXs) imposes huge requirements on the backhaul 
architecture. The following innovations investigate the problem of feedback design and allocation for JP-
CoMP, evaluate the performance loss with limited backhaul, and study a new form of feedback design 
for CoMP based on the notion of wireless broadcast. 

2.2.1 Spatial CSIT Allocation for JP-CoMP Schemes  

Corresponding scenario in D2.2: 2.9.11“Joint processing CoMP with limited backhaul and spatial CSIT 

allocation design” 

In this innovation, we address the problem of feedback design and allocation for JP-CoMP. With perfect 
message and CSI sharing, the different TXs can be seen as a unique virtual multiple-antenna array 
serving all receivers (RXs), in a multiple-antenna broadcast channel (BC) fashion. However, the sharing 
of the user’s data symbols and the CSI to all cooperating TXs imposes huge requirements on the 
backhaul architecture, particularly as the number of cooperating TXs increases. 

Consequently, the cooperation is usually limited to small cooperation clusters inside which the TXs 
cooperate. Still, clustering leads to some fundamental limitations. Firstly, there is inevitably inter-cluster 
interference on the boundaries of the cluster, and secondly, it requires the obtaining at all the TXs inside 
the cluster of the CSI relative to the entire cluster which means that the amount of CSI feedback 
required quickly increases with the number of TXs inside the cluster.  

The objective of this innovation is to answer the question whether it is possible to overcome the 
fundamental limitations of clustering by optimizing directly the spatial allocation of CSIT. This means: 
over how many bits should the channel of user X be represented at base station Y, for any position of X 
and Y. Hence, we will study the minimization of the CSI shared across the TXs subject to a given 
required performance. To tackle this intricate question, we will consider the high SNR regime and study 
the number of degrees-of-freedom (DoF) achieved. We will consider also that the pathloss of the 
interfering links is parameterized as some function of the SNR, so as to model the network geometry 
and analyze the generalized DoF. This modelling of the pathloss as a function of the SNR is essential to 
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model the effect of the network geometry in a DoF analysis where the SNR is assumed to become 
infinitely large. Indeed, omitting to use such a parameterization and letting the SNR become large 
makes the pathloss differences (i.e., the network geometry) negligible.

Some preliminary results are provided here, and more contribution and results will be described in the 
next deliverable. 

Here, we provide a CSIT dissemination policy, denoted as 
generalized DoF as that of a cooperativ
policy requires only the sharing of the user’s data symbols and of the CSI to within a neighborhood 
which does not increase with the size of the network. Hence, we show that the pathloss atten
effectively limits the impact of interference to a local neighborhood around each TX and allows for global 
interference management with only local cooperation.

In a first step, we study a network with a regular geometry where 36 TX/RX pairs are plac
integer values inside a square of dimensions 6 × 6. We show in 
with different CSIT allocation policies. Specifically, 
two alternative CSIT allocations, being the uniform CSIT allocation where the bits are allocated 
uniformly to the TXs, and the clustering one in which (non
used. Both CSIT allocations are chosen to have the same size as the distance

Figure 11 Average rate per user as a function of the SNR for 36 TX/RX pairs. The 
TX/RX pairs are positioned at the integers values inside a square of dimensions 6 × 6. 
The 3 limited feedback CSIT allocations used have the same size which is equal to 9% 

of the size of the conventional CSIT allocation

With these parameters, the size of the distance based CSIT allocation is only equal to 9% of the size of 
the conventional CSIT allocation. Nevertheless, it can be observed to achieve the maximal generalized 
DoF while the clustering solution has a smaller slope. The distance
strong negative rate offset. However, this offset is a consequence of our analys
high SNR regime and can be also observed in the fact that 
(ZF) precoding based on the conventional CSIT
the true reference for our scheme. Indeed, using ZF with many user
SNR, particularly in a network with strong pathloss
easily reduced by optimizing the precoding scheme and the CSIT allocation at 
element being that the distance-
clustering, i.e., edge-interference and bad scaling properties as the size of the cluster increases.

 

2.2.2 JP-CoMP with Limited Backhaul 

Corresponding scenario in D2.2: 2.9.11

allocation design” 

       

 

ct of the network geometry in a DoF analysis where the SNR is assumed to become 
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makes the pathloss differences (i.e., the network geometry) negligible. 
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Here, we provide a CSIT dissemination policy, denoted as distance-based allowing to 
generalized DoF as that of a cooperative network with perfect CSI at every TX. This CSIT dissemination 
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two alternative CSIT allocations, being the uniform CSIT allocation where the bits are allocated 
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Both CSIT allocations are chosen to have the same size as the distance-based one.

 

Average rate per user as a function of the SNR for 36 TX/RX pairs. The 
TX/RX pairs are positioned at the integers values inside a square of dimensions 6 × 6. 
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easily reduced by optimizing the precoding scheme and the CSIT allocation at 
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interference and bad scaling properties as the size of the cluster increases.

CoMP with Limited Backhaul  

Corresponding scenario in D2.2: 2.9.11“Joint processing CoMP with limited backhaul and spatial CSIT 
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Average rate per user as a function of the SNR for 36 TX/RX pairs. The 
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The exploitation of multiple antennas for JP-CoMP heavily relies on the availability of sufficiently 
accurate CSIT. Yet, obtaining the CSIT represents a challenge in fast fading channels. Indeed, in 
frequency division duplexing (FDD) systems, the channel estimate has to be fed back from the RXs 
which inevitably introduces some delays and degradations. 

The conventional assumption of having a single imperfect channel estimate perfectly shared to all the 
TXs, which we call hereafter the centralized CSIT configuration, appears as rather optimistic in the case 
of non-collocated cooperating TXs. As a consequence, we consider here a novel CSIT configuration 
where every TX receives its own channel estimate of the multi-user channel. This knowledge is then 
used to compute the transmit coefficients locally without additional communication between the TXs. 
This setting, referred to as the distributed CSIT scenario, opens new problems and remains little studied 
despite its practical relevance. The performance has so far only been evaluated in terms of DoF which, 
although helpful to get insights, is not adapted for practical system design. In particular, it is not known 
whether the feedback schemes for the BC with centralized CSIT remain efficient when the CSIT is 
distributed. Answering this question is the main goal of this task. 

Due to the CSIT distributedness, the increased amount of leaked interference owing to the less 
coordinated precoding coefficients is challenging to be quantified, and even worse it is not clear if the 
analysis for the centralized case can be adapted to the distributed CSIT. 

The contribution and results will be described in the next deliverable. 

 

2.2.3 Broadcast Channel Feedback in Cooperated Multiple Antenna Systems  

Corresponding scenario in D2.2: 2.9.13 “Broadcast channel feedback in cooperated multiple antenna 

systems” 

We consider an FDD wireless communication network consisting of M base stations and a total of K 
active users. Each base station is equipped with J antennas and the user terminals are assumed to have 
a single antenna. We assume that all or a subgroup of base stations serve the users in a Joint 
Processing CoMP fashion applied through possibly disjoint clusters where the number of clusters may 
vary from the ideal single cluster case (whole network cooperation) to the extreme case of M clusters 
(i.e., no cooperation between base stations). 

Since we consider an FDD network, channel reciprocity is not valid except in terms of path loss (and 
hence average SNR). We assume that each user in the network is able to estimate its downlink channel 
from all the M base stations through a training phase. This channel is quantized and then fed back 
(broadcast) to all the base stations that can hear this user in the uplink (using non-interfering feedback 
links). 

 

 

Figure 12 Example of joint CSIT and cooperation cluster. The dashed arrows 
represent successfully decoded broadcast feedback on the uplink. The solid (green) 

arrows represent BS serving users in the downlink, belonging to one of two joint CSIT 
clusters 

If B is the number of feedback bits per user and Cmk is the uplink channel capacity [in bits/channel use] 
from kth user to mth base station, our feedback model is simplified into a simple comparison as follows: 
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• If Cmk < B then BS m is not able to decode the feedback sent by terminal k (no feedback) and 
will not attempt to serve it. 

• If Cmk >= B then BS m decodes the feedback from terminal k without error. 

The knowledge of a given user channel at one particular base station clearly conditions the ability of the 
base station to serve (jointly with other cooperating bases) that user. We consider a clustering approach 
where cluster formation is dynamic and based on the availability of channel knowledge; hence the 
notion of CoMP cluster and joint CSIT cluster will coincide. We define a joint CSIT cluster as follows: 

• A Joint CSIT Cluster Sn is defined as a disjoint subgroup of users and base stations such that 
feedback from all users in the cluster has been successfully decoded by all the base stations in 
the cluster. We assume that there is coordination between the base stations to exchange the 
cluster information.  

We are interested in finding the best possible disjoint cooperation clusters naturally arising out of the 
CSI feedback pattern in order to perform JP-CoMP. The description of the proposed algorithm in order to 
achieve this goal can be found in [5]. The main results from the paper are summarized below. 

The distributed broadcast feedback model exhibits an interesting novel trade-off between feedback 
accuracy and consistency. If the channels are quantized finely (B large), this will favor the accuracy of 
feedback at the base stations which are closest to the terminal, but will result in some base stations not 
being able to obtain CSIT and hence the cluster size will reduce. This will increase other-cluster 
interference (OCI) but reduce intra-cluster interference (ICI). On the other hand a coarser quantization 
(B small) will lead to a consistent (yet less accurate) estimation of the channel state at more base 
stations. This will increase ICI due to imperfection in the precoder design but reduce OCI. This points to 
the existence of an optimum number of bits, B_opt which, if we quantize the CSI, will yield the highest 
sum rate, which is confirmed from our simulations below. 

 

Figure 13 Ergodic rate as a function of B, showing an optimum feedback bits 
behaviour for a 19 cell network 

As it can be seen in Figure 13, the ergodic rate achieved by a user reduces when we increase number of 
feedback bits beyond B_opt. In this latter region, we can say that the channel quality (SNR) is the 
limiting factor. Hence, there is no point in increasing the feedback bits more than B_opt. When there is a 
better channel (higher SNR), we can increase the number of feedback bits again and get better 
performance. We have also derived a lower bound of this achieved rate to get more insights into the 
problem, and to allow obtaining B_opt using analytical expression (without running simulations). 

We have proposed the concept of broadcast feedback for use in multi-cell CoMP systems. We have 
shown that this particular design approach naturally leads to a distributed precoding framework for 
multi-cell MIMO networks. Quantized broadcast channel state feedback leads to a novel trade-off 
between feedback consistency and accuracy which is specific to the multi-transmitter cooperation 
scenario.  
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2.3 Downlink Multi-user CoMP with Interference Aware Receiver  

Corresponding scenario in D2.2: 2.1.7 “Joint processing CoMP algorithm, combined with interference 

cancellation at the receiver” 

In this study, we will focus on two techniques: CoMP (Cooperative Multi-Point), and MU-MIMO ((Multi-
User MIMO), that were introduced in LTE-A in order both to improve cell edge users quality of service, 
and to increase cell spectrum efficiency. We will use them jointly, and study their performance when 
used with a user terminal whose receiver has interference rejection capability. 

2.3.1 Problem Description 

2.3.1.1 CoMP 

As was recalled in the introduction of this section, there are two types of CoMP schemes, namely Joint 
Processing, and Coordinated scheduling/ Beamforming. We will focus in the following on a subcase of 
the first category of schemes, Joint Processing-Joint Transmission, where data for a UE are available at 
more than one point of the CoMP cooperative set of base stations.  

From the definition of JT CoMP, it is clear that the price to pay to obtain improved quality at cell edge is 
a loss of resources in the set of cooperative eNBs considered as a whole, since the same resource block 
is used in each eNB to serve a single user. Therefore, in order to compensate for this loss of resources, 
it is necessary to complement JT CoMP with MU-MIMO.  

2.3.1.2 MU-MIMO 

The first multi antenna scheme to be introduced in 3GPP was beamforming, in RAN #13 meeting 
(September 2001): N correlated antennas at the base station enable to steer a beam towards a user, 
thus improving its SINR roughly by a factor N (antenna gain). 

SU-MIMO (Single User MIMO) was introduced in LTE release 8. In this scheme, the link capacity is 
increased by exploiting signal diversity between an antenna array at the transmitter side and an 
antenna array at the receiver side. Considering the downlink, with 2 to 4 antennas at the base station 
(Release 8), up to two transport blocks are mapped on up to 4 layers (antennas). The terminal, which 
has up to 4 receive antennas, is able to decode the two transport blocks, provided that the channel 
matrix rank is at least two. In order to facilitate the decoding process, Transmitted Mode 4 (closed loop 
spatial multiplexing) uses a predefined pre-coder matrix. The selection of the precoder is performed by 
the eNB, after receiving feedback from the terminal: RI (Rank Indication) and PMI (Precoding Matrix 
Indication). RI is calculated by the terminal based on channel matrix measurements, and determines the 
number of layers.  PMI is based on channel matrix measurement and knowledge of precoder matrix: the 
terminal chooses its preferred precoder matrix. Since the number of precoder matrices is small, only its 
index has to be fed back, thus reducing the signalling load.  

MU-MIMO could be viewed as a hybrid between SU-MIMO and beamforming. Indeed a MU-MIMO system 
is formed by a multiple antenna base station communicating with several single antenna terminals, 
forming a distributed multiple antenna system. Here we will consider MU-MIMO LTE Transmission Mode 
5 (codebook-based closed loop spatial multiplexing with one layer dedicated for one UE). Similar to SU-
MIMO Transmission Mode 4, transmitted data are precoded by the eNB before transmission. As in the 
SU-MIMO case, the PMI takes into account the resulting SINR, i.e. not only the best steering vector 
towards the user, but the best steering vector towards the co-scheduled users. The difference with SU-
MIMO is that the eNB has the capability to choose, among all users, which ones to co-schedule. 
However, this latter issue belongs to RRM and will not be addressed in this contribution.  

2.3.1.3 Combined CoMP and MU-MIMO 

Figure 14illustrates in a simplified way a MU-MIMO CoMP network. Three eNBs are serving in the same 
time/frequency resource three UEs. UEs 2 and 3, at cells edge, are served in CoMP JP-JT. Each eNB uses 
a precoding matrix to realize a MU-MIMO transmission toward two UEs (the transmissions are here 
schematized by antenna diagrams). 
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Figure 14 MU-MIMO network. All transmission are made in the same time/frequency 
resource 

If, on paper, the idea of using the potential of MIMO systems to realize Multi User cooperative 
transmissions is seducing, it turns out that many practical obstacles arise when it comes to practice. In 
[6] some of these obstacles are described. 

First, the mandatory presence of data in several distant points at the same time requires a backhaul link 
with high capacity and short latency. Synchronization in time and frequency of transmitters must also be 
considered. For time synchronization, the choice of the cooperating points is restricted by the size of the 
cyclic prefix of OFDM symbols. 

Most critical aspects however are the estimation of channels at the UE side, the quantity of information 
to feedback to the eNBs and the frequency of this feedback. In the ideal world, eNBs would have a 
perfect and instantaneous knowledge of downlink channels and would then be able to choose at any 
time the best UEs to co-schedule i.e. to compute precoding matrices that maximize the useful signal and 
minimize the interference. In reality, in FDD mode, eNBs cannot benefit from the reciprocity between 
downlink and uplink channels as in TDD mode. They must then wait that UEs feedback them the 
information necessary for the choice of the UEs to schedule. To estimate downlink channels, the UE can 
rely on different types of pilots (Reference Signals: RS) [7], Cell-specific Reference Signal (CRS)/UE-
specific DeModulation Reference Signal (DM-RS) and CSI Reference Signal (CSI-RS). The design of 
time/frequency patterns of RS must take into account the number of antennas, the coherence time and 
the coherence bandwidth of the channel. The LTE standard [3] allows for an explicit and an implicit 
channel state/statistical information feedback. The former, called explicit feedback is the feedback of the 
channel as observed by the receiver. The latter is the feedback of a reduced quantity of information 
(CQI, PMI …). The implicit feedback helps minimize the occupied bandwidth on the uplink but causes a 
loss of reliability due to the compression of the information. In addition, the frequency of this feedback 
must be taken into consideration. A high frequency allows a fast update of the precoding matrices, but 
in return requires a higher bandwidth on the uplink. 

In order to minimize this feedback, the LTE standard [7] provides the use of a quite reduced set of 
precoding matrices. Unfortunately, in addition to the drawbacks given above, the very poor resolution of 
these precoders gives rise to interference at the co-scheduled receivers. 

2.3.2 3GPP-LTE Network Assisted Interference Cancellation and Suppression 

Advanced receivers for interference management have been introduced in release 11 studies [8]. The 
idea beyond these studies is to increase the role of the receiver in the mitigation of interference in the 
network. Indeed, the major benefit of receiver side techniques in the DL is the dramatical decrease of 
the required UL feedback signalling in the network. Linear interference suppression (IS) receivers have 
first been introduced in [8]. A step forward in increasing the role of the receiver was the specification of 
interference rejection combining (IRC) receivers. Non-linear interference cancellation receivers have 
then been shown to provide significant gain over linear receivers. 

More recently, in [9], 3GPP has defined scenarios for network-assisted interference cancellation and 
suppression (NAICS). In this document, 3GPP gives a framework for assessing the performance of 
advanced receivers with various degrees of knowledge about interfering transmissions. Information that 
may be provided to the receiver are for example the presence and the characteristics of interference, its 
resource allocation scheme, its reference symbols (for enabling channel estimation), and its modulation 
format and/or coding rate. Providing more information to the receiver nevertheless implies defining new 
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signalling in the DL. NAICS then requires standardization effort. Future work in 3 GPP may include 
evaluation of the trade-off between network-assisted receivers and “blind” receivers, in terms of 
complexity, performance and signalling overhead 

NAICS receivers can be divided into three categories [9]. Each receiver type realizes a trade-off, to be 
evaluated, between performance, complexity, network coordination and network signalling. 

2.3.2.1 Interference Suppression (IS) receivers 

These receivers apply linear filtering to the received signal to suppress the interference. They do not 
explicitly cancel the interference. IS receivers can be categorized as follow: 

• Linear MMSE-IRC (LMMSE-IRC). It is the receiver used as a baseline for MMSE-IRC study in [8]. 
• Enhanced LMMSE-IRC (E-LMMSE-IRC). These receivers explicitly consider interferer channel 

estimates and other interferer knowledge. Interference parameters that can enable interferer 
channel estimation are needed, including, for example, its DMRS or CRS with PMI/RI. 

• Widely linear MMSE-IRC (WLMMSE-IRC). WLMMSE-IRC exploits the additional degrees of 
freedom from the real and imaginary part of the received signal to enhance suppression of 
interference. Real-valued modulation may be used to increase performance of the WLMMSE-IRC 
receiver. 

2.3.2.2 Maximum Likelihood (ML) receivers 

These are non-linear receivers. They can be divided into three categories: 

• ML. Useful and interference signals are entirely and jointly detected, following the ML criterion. 
Interference parameters that can enable interferer channel estimation and interferer detection at 
symbol level (e.g. modulation) are needed. 

• Reduced complexity ML (R-ML). The same receivers as previously but with reduced complexity. 
The same level of knowledge of interference as ML receivers is required. 

• Iterative ML and iterative R-ML. Iterative MAP detection and decoding of useful and interference 
signals. Both successive and parallel processing implementations may be applied. More 
interference information than for ML is required, i.e. interference knowledge that can enable 
code word demodulation and decoding is needed. Assumptions on network coordination may 
also be necessary. 

 

2.3.2.3 Interference Cancellation (IC) receivers 

IC receivers are non-linear receivers. They can be divided into four categories: 

• Linear Code word level SIC (L-CWIC). Receiver utilizing successive application of linear detection 
(e.g.: LMMSE-IRC), decoding, re-encoding, and cancellation. The same interference knowledge 
as Iterative ML and Iterative R-ML is required and assumptions on network coordination may be 
necessary. 

• ML-CWIC. Receiver utilizing successive application of ML or reduced complexity ML detection, 
decoding, re-encoding, and cancellation. The same interference knowledge as L-CWIC is 
required and assumptions on network coordination may be necessary. 

• Symbol level IC (SLIC). Successive cancellation receiver utilizing successive application of linear 
detection, reconstruction, and cancellation. The same interference knowledge as ML/R-ML is 
required. 

• Parallel interference cancellation (PIC). Parallel IC as opposed to successive IC, otherwise it is 
similar to SIC. PIC receivers can be categorized into L-CW-PIC, ML-CW-PIC or SL-PIC similar to 
SIC 

 

2.3.3 Related studies in the literature 

DL MU-MIMO must be used together with NAICS receivers in order to suppress the intra-cell interference 

resulting from the poor granularity of precoders used at the eNB. 

[10] considers receivers to combat the mutual interference between co-scheduled users in MU-MIMO. 
They demonstrate the equivalence of IRC and MMSE receivers in such a case. 
[11] proposes a low-complexity interference-aware receiver structure which is characterized by the 
exploitation of the structure of residual interference. They evaluate, among other things, the 
performance of their receiver with (Figure 15) and without the knowledge of the interfering 
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constellation.  The authors furthermore introduce a new design of the precoder codebook for 
forthcoming standardizations of LTE incorporating more levels of transmission. 
 

 

Figure 15 Downlink fast fading channel with the dual-antenna eNodeB and 2 dual-
antenna UEs. IA indicates the low-complexity interference aware receiver while SU 

indicates the single-user receiver. 3GPP LTE rate 1/3 turbo code is used with different 
puncturing patterns [11] 

[12] investigates performances of various types of receiver for LTE MU-MIMO. Based on the assumption 
that 3GPP standard does not provide information on interfering constellation; they derive a modulation 
estimation-based joint receiver (Figure 16). The authors also prove that performance of receivers 
increases with the level of knowledge of the interfering constellation.  

 

Figure 16 Interference modulation: 64QAM. II: Interference Ignoring, IRC 
Interference Rejection Combining, QPSK: interference modulation estimated to be 

QPSK, 16QAM: interference modulation estimated to be 16QAM [12] 

[13] is concerned with defining a link level abstraction for system level simulation of systems that are 
interference-limited rather than noise-limited. MU-MIMO systems are part of this former category. 

2.3.4 Proposed Method 

The scenario studied is provided within the context of chapters 5, 6 and section 7.5 of [9]: 

• Inter- and intra-cell interference conditions will be studied via respectively CoMP and MU-MIMO 
(LTE Mode 5). The scenario is given by Figure 17, where three UEs are co-scheduled in the same 
time and frequency resource. We consider a homogeneous network, with macro cell only and an 
ISD of 500 m. Ideal backhaul between sites is supposed. 

• The receiver of interest on Figure 17is UE0. Receiver structures that are able to cancel or 
suppress the interference from co-scheduled UEs, UE1 and UE2 will be implemented. The eNBs 
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are equipped with � transmit antennas ans the UEs with �� receive antennas. The grey arrows 
represent the array broadside of the antenna arrays at eNBs. In order to estimate the trade-off 
between performance and downlink signaling, their performance will be assessed with different 
levels of knowledge of the interference: 

o constellation 
o coding rate 
o precoding vectors, ... 

 

Figure 17 DL MU-MIMO network with CoMP 

The study will attempt to prove that MU-MIMO CoMP, despite all the obstacles described above, is a 
viable technique. To this end, special attention will be paid to designing low computational complexity 
algorithms at the receiver side. The feedback required at the eNBs for the choice of the precoders will 
also be the object of particular consideration. 

 

2.4 Cross-layer Performance Evaluation of CoMP 

Corresponding scenario in D2.2: 2.1.4 “Cross-layer performance evaluation of multi-cell cooperative 

schemes in LTE macro cell networks” 

2.4.1 Introduction 

CoMP is a promising concept to improve cell edge user data rate and spectral efficiency. The main idea 
of CoMP is that a UE in the cell-edge region receives signals from multiple cell sites and its transmission 
can be received at multiple cell sites, so if we take the advantage of this multiple reception and 
transmission, we can improve the link performance. However, with each coordinating site, one more 
resource is lost. Thus, we should find a trade-off between serving a CoMP user and losing extra 
resources. This trade-off varies depending on the mobility of the users. 

2.4.2 Intra-cell mobility 

In order to model the intra-cell mobility, we consider a scenario where a user can move from the center 
of the cell to the edge and vice versa, and in each region, based on his channel quality as depicted in 
Figure 18. That user will be served differently with a specific modulation and coding scheme (MCS).Thus 
each region can be modeled by a different queue with specific average service time depending on the 
MCS adopted. 

 

Figure 18 Intra-cell mobility 

Since users in both regions share the same resources, each cell can be modeled by a queuing system 
with coupled processors as shown in Figure 19. 
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We modeled the center region by a queue of mean service rate ��, and we supposed that data flows of 
the users in the center arrive according to a Poisson process of intensity λ�, so the corresponding load is �� = ����. On the other hand, the cell edge region where the users are supposed to arrive with an arrival 

rate λ� is modeled by a queue of mean service rate  ��, thus the corresponding load of this queue is: �� = ����. 
The two queues are coupled through the mobility mechanism, where �� and �� are the mobility rates, or 
more precisely the mean speeds at which users moves from one region to another.  

Let ����� and ����� be the number of on-going flows in the center region and in the cell edge region 
respectively, at time  �, thus ���� = ������, ������ is a two-dimensional Markov process. 

Since, load varies from one scenario to another, and between scheduling methods, we took as 
reference, the load corresponding to a scenario without mobility: � = �� + ��. 

 

Figure 19 Queuing system modeling intra-cell mobility 

We try to compare two scheduling methods, the first (Max C/I) is an opportunistic scheduling which 
prioritize users with better channel conditions, which means users in the center, while the second 
method (Proportional Fairness), tries to dynamically allocate resources between the two types of users 
based on the number of users in each class without taking into account the channel conditions, thus 
users in the center are served the fraction �� = ���� ��  of the time where cell edge users are served the 

fraction �� = ���� ��  of the time. Note that those values of �� and �� are obtained by 

maximizing  ∑ "# log �#�##'�,� , and with a processor sharing service discipline each user in the system is 

allocated the fraction 
��� ��  of the time which is equivalent to serve users in the cell in Round Robin. 

In terms of global performance, there is no big difference between the two described methods when 
users are immobile (Figure 21). Nevertheless, simulations prove that in the case of a scenario with 
mobile users, opportunistic scheduling brings significant gain (Figure 20), since prioritizing users with 
better channel conditions, enable them to be served first and then to profit from their good conditions 
before leaving the center region, while giving time to the mobile cell edge users to get better channel 
conditions and then profit from a better service time. This allows to increase the overall bit rate of the 
system. 
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Figure 20 Average and cell edge throughput for mobile users 

 

Figure 21 Average and cell edge throughput for static users 

 

2.4.3 Inter-cell mobility &CoMP transmission 

In order to study the inter-cell mobility inevitably engendering CoMP transmissions, in our case, we 
focused on the area represented by Figure 22.  

Thus, we modeled the center region of each cell by a queue of mean service rates �� and ��, and we 
supposed that data flows arrive according to a poisson process of intensity (� and (�. Hence, the 

corresponding loads will be �� = ���� and �� = ����.  
The third queue models the edge regions of both cells, in other words, it models the region where users 
of mean arrival rate () can be served as CoMP users at a mean service rate �). The corresponding load 

is �) = �*�*. 
We define four mobility rates +�, +�, ,�,  ,� as shown in Figure 22. 

We took as reference of load:  � = max ��) + ��, �) + ���. 
���� = ��)���, �����, ������ is a three-dimensional Markov process. 
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Figure 22 Queuing system modeling inter-cell mobility and CoMP transmission 

In the context of a CoMP transmission and for the same reason explained above, it has been proved that 
prioritizing the users in the center regions is the best method in terms of global performance, when 
users are supposed to move across the network. This means that it is not worth losing a resource in 
order to serve a CoMP user if that user is supposed to move to the center and then to profit from better 
channel conditions, unless the resource is available. However, in the case of a scenario with static users, 
using a dynamic resource allocation scheme between CoMP and non-CoMP users (PF) proved to be 
better. 

 

Figure 23 Resource allocation 

We try to compare three resource allocation methods as shown in Figure 24: Max C/I which prioritizes 
users with better channel conditions, proportional fairness PF where resources are dynamically allocated 
between CoMP and Non-CoMP users based on the number of waiting users in each queue, and fixed 
allocation (FA) where the shares of CoMP and Non-CoMP users are fixed, so that Non-CoMP users in 
each cell are allocated 1 − 2 of their cell resource, where CoMP users are allocated the fraction 2 of each 
cell resource, since both cells are considered as transmission points for a CoMP user. This fixed 
allocation creates a considerable waste of resources especially at low load: a user cannot benefit from 
the share of the other class even if it is available. 

 

For 2 = 0.5: 
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Figure 24 Average and cell edge throughput for different resource allocation methods 

We will try to evaluate new scheduling methods that take into account the mobility of the users, 
supposing that there are two classes of mobility. Moreover, we will try to evaluate these theoretical 
results using a system level simulator. 

 

2.5 Advanced MIMO Schemes 

2.5.1 Transmitter-side Solutions to Suppress or Avoid Interference with Advanced MIMO 
Schemes 

Corresponding scenario in D2.2: 2.1.5 “Interference reduction in LTE through link level processing” 

A study about a transmitter-side solution for the suppression or avoidance of interference with advanced 
MIMO schemes will be carried out. Recently, promising developments have been made on schemes that 
combine the use of linear dispersive spatial temporal codes at the transmitter and widely linear (WL) 
processing at the receiver [14]. Such schemes are of great interest: 
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• They achieve a better link budget, and thus improve the quality of the transmission. 

• They allow for mitigating both intra network and inter network interference. 

• They work in open loop, hence their implementation is much easier than closed loop schemes. 

• They can work with a limited number of antennas at the receiver side, which is also a great 
advantage when dealing with implementation issues. 

The work will be based on TCS previous work, and more especially on a widely linear Alamouti receiver 
for the reception of Real-Valued constellations corrupted by interferences. The combination with linear 
dispersive (LD) codes will be analyzed in the project. 

Linear dispersive are very promising MIMO schemes. They provide a trade-off between spatial 
multiplexing gain and a gain in spatial diversity, and can also provide a temporal diversity gain. 

The linearity allows the use of medium complex processing at the receiver (Successive Interference 
Cancellation or Maximum Likelihood implemented with sphere decoder). 

Codes are designed for any number of transmit Ne and receive antennas Nr: 

Let �5 and �5 be the dispersion matrices of dimension (Nr, Ne) 

Let 65 be the symbols to transmit 

65 = +5 + 7,5 , 8 = 1 … : 

The coded symbols are built as follows: 

; = <=+5�5 + 7,5�5>?
5'�

 

LD codes are defined by Q, Aq and Bq. 

The receivers associated to LD at transmission are widely linear for any kind of constellation. 

These methods will be studied by simulation for OFDM LTE like waveforms and their performance will be 
assessed regarding interference mitigation.  

 

2.5.2 Fundamental Limits of Advanced MIMO Schemes with Various CSI 

This task aims at investigating the performance of a broadcast or interference channel with secrecy 
constraint, i.e., the message for one user should be kept secret to the others. This analysis is of interest 
in the context where for example several small cells are interfering with each other. The channel state 
information is assumed to be imperfect at the transmitter’s side. In most practical scenarios, perfect 
channel state information at transmitter (CSIT) may not be available due to time-varying nature of 
wireless channels and limited resource for channel estimation. In fast fading scenarios, the channel 
training/feedback process incurs a delay larger than the coherence time and CSIT may be further 
outdated. Although delayed CSIT has received a significant attention recently [15][17], the underlying 
assumption that delayed channel state provides no information on current channel state is rather 
pessimistic as most of practical channels exhibit some form of temporal correlation. Motivated by such 
observation, a recent work [16] has studied the degrees of freedom in the two-user time-correlated 
multiple-input single-output (MISO) broadcast channel under delayed and some current CSIT. The work 
has been extended to the MIMO broadcast /interference channel [18]. Some wireless applications must 
guarantee not only reliability but also confidentiality of data such that the message for one user must be 
kept secret to the unintended users. 

In this task, we wish to develop the framework under such scenario and quantify the loss of the 
throughput due to this additional secrecy constraint. Note that our preliminary work [19] in the two-user 
multi-antenna broadcast channel with confidential messages showed that completely outdated CSIT, 
i.e., independent of the current channel state, is useful to increase the secrecy capacity in the high SNR 
regime, in analogy to the studies in various network systems without secrecy constraint (see [18] and 
references therein). We then wish to characterize the best achievable secrecy rate and identify the 
corresponding schemes in the multi-antenna broadcast channel under delayed and partial current CSIT. 
It is worth noticing that the efficient schemes in this context are expected to be quite different from the 
conventional ones without the constraints. Our preliminary works have focused on secrecy degrees of 
freedom (SDoF), capturing the secrecy rate in the high SNR regime, as a performance metric [20]. It is 
of theoretical and practical interest to refine the analysis and look at the achievable secrecy rate. We will 
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also study the asymmetric setting when the users have different CSI qualities due to the feedback rate 
for example. 
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3 INTERFERENCE CANCELLATION AT THE RECEIVER AND ADVANCED 

TRANSCEIVERS 

With the explosive growth of wireless data traffic, there is a considerable need to densify access nodes 
to improve the wireless network capacity. One of the main design concerns for next-generation 
communication systems is the interference cancellation. In addition, enhancement of transceiver 
schemes are still under investigation considering the usage of higher modulation orders, spatial 
modulation techniques, etc. 

In this section, the requirements and challenges of interference handling mechanisms both on DL and 
UL, and enhanced spatial modulation schemes are discussed. 

3.1 Interference Cancellation within Imperfect Channel Information in LTE 

DL Transmission  

3.1.1 Introduction 

Inter-cell interference cancelation techniques play a critical role in future-generation mobile networks. In 
current wireless network deployments, the main focus is on transmit strategies, e.g., fractional 
frequency reuse (FFR) and multi-user MIMO (MU-MIMO). However, it is essential that user equipment 
(UE) can detect, report and suppress interference. This has been recently agreed in 3GPP community 
and simple interference rejection combining scheme has been included as the required baseline receiver 
for Release 11 of LTE specifications in interference limited scenario. 

A well-known approach is iterative decoding or so called turbo reception, which can be found in [21] for 
MIMO-OFDM systems. The receiver employs an iterative channel and covariance estimation for 
maximum a posteriori (MAP) detection, which suppresses interference while detecting the data. 
Although the corresponding theory is well understood, the high implementation cost has hindered its 
application in UEs. Another approach for UEs is the interference suppression via noise whitening or 
equalization. This scheme, known as interference rejection combining (IRC), can be found in [22]. In 
this scheme, the interference is modelled as a Gaussian noise process with spatial and temporal 
correlations. The UE receiver estimates the covariance matrix of interference plus noise in order to 
mitigate interference by the spatial diversity of multiple antennas. 

The IRC scheme is attractive for many reasons. First, it is feasible for UE implementation even when 
interference statistics are not known, and it significantly improves the throughput performance of the 
cell-edge users compared to the simple minimum mean square error (MMSE) receiver that treats 
interference as additive white Gaussian noise (AWGN). Also, it is suitable for the asynchronous 
interference case and does not require high complexity or accurate synchronization to the interfering 
eNodeB (eNB). However, for the conventional IRC scheme, it may be too optimistic to assume that 
interference in all time and frequency slots has the same statistical properties. Indeed, this stationary 
assumption does not hold in practice; in particular, the statistics of the pilot and the data parts from an 
interfering eNB are quite different. This considerably impacts the possible improvements of interference-
aware receivers. Also, estimation errors, e.g., channel estimation, and interference estimation, need to 
be considered and to be compensated. Yet, how to optimally manage the interference with multiple 
statistical properties has not been fully investigated.  

In this study, we aim to investigate novel IRC-like receivers in interference limited scenarios where each 
transmitter and receiver has multiple antennas in order to manage different kinds of interference, such 
as the interfering pilot signal and the interfering data signal. We also aim to develop efficient schemes, 
which take into account channel estimation errors and the errors in covariance estimation of interference 
plus noise. 

The rest of this contribution is organized as follows. First, we give a brief review on the conventional 
schemes. Then, we present a preliminary study to show how to manage interference with multiple 
statistical properties. Finally the research plan and goals of the project are described. 

3.1.2 Problem description 

We consider a two-user interference channel for MIMO-OFDM systems. The �@ × 1 received waveform of 
the UE can be expressed as 

B = C" + +CD"̅ + F, 
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where C = GH, G is the �@ × ��channel matrix between the user and the serving cell, H is the precoding 
vector and " is the desired data; on the other hand, CD = GD HD is the interfering compound channel with the 
precoding vector HD and "̅is the interfering data. We use + for the strength of interference and assume 
that each entry of F is i.i.d. Gaussian of the formIJ�0, �)�.In the sequel, we take a 2x2 MIMO system 

(�@ = �� = 2) as an example. Specifically, it is a two-user interference channel with two base stations 
and two mobile users, where each node has two antennas. 

Let us start with two baseline cases: 1) simple LMMSE, and 2) IRC. 

Simple LMMSE: This is the classical approach where the receiver treats interference as AWGN. The 
resulting output of simple LMMSE is as follows: 

"KLMMNO = CPQ=CPCPQ + �)R>S�B, 
where CP is the serving cell compound channel  estimate. Although simple LMMSE can suppress noise plus 
interference with enough receive antennas, it is not an efficient way to exploit its spatial diversity. 

IRC: In this case, the receiver learns about the statistical properties of interference. It assumes 
interference as a Gaussian process instead of AWGN. The output of IRC can be written as: 

"KT�U = CPQ=CPCPQ + VPW>S�B, 
Where VP W is the variance estimate of interference plus AWGN. This approach can outperform simple 
LMMSE due to exploitation of more information about interference, such as the mean and the variance. 

Here, one can wonder how more information can be exploited about interference in order to provide a 
more efficient and effective approach for interference suppression. At a first glance, the answer seems 
to be positive, because exploiting more information about interference helps the receiver to perform 
better suppression. For example, there would be no interference if the interference term of +CD"̅could be 
estimated perfectly. However, having complete information about interference is too optimistic, and also 
estimating all parameters for modelling interference is not practical.    

In the following, we show a preliminary scheme to improve the system performance in the presence of 
interference. This suggests that knowing the pilot/data index from the interfering eNB can provide 
benefit in suppressing interference. 

 

3.1.3 Proposed approach and preliminary analysis 

 

Figure 25 Mapping of the serving and interfering pilot symbols, where R0 and R1 
indicate the pilot positions corresponding to the 1st and 2ndtransmit antennas, 

respectively. 

 

Figure 26 One-dimensional model arranging pilot and data symbols. 
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The novelty in this proposal is that a new concept is introduced into the receiver design investigation 
involving statistical properties of interference: interfering signals, such as the control signal, the data 
signal, etc., can be grouped and be suppressed statistically. With this new concept, the conventional IRC 
can be improved and some new results can also be obtained under different channel models and the 
non-synchronized scenario.  

We assume that the channels are static over time and frequency within one resource block (RB), and 
the pilot symbols from two eNBs are non-overlapping. Therefore, it can be observed from Figure 25 that 
the received signal is subject to three different covariance matrices caused by the interfering pilot and 
data signals. According to assumption above, the system model can be equivalent to the partition shown 
in Figure 26, denoted by the one-dimensional model. The pilot/data structure of the desired signal and 
the interference signal are given as follows: 

\Y = GXY + αCDXDZ� + ^H\Z� = CX� + αCDXDZ� + ^Z�\Z� = CX� + αGD XDY� + ^Z�\Z[ = CX[ + αGD XDY� + ^Z[
 

where we use XYfor the serving pilot signal, and XDY_ as the interfering pilot signals. The problem we 
consider here is to find the optimal linear combination of the data of interest, i.e., �X�, X�, X[�. Note that 
we have three different covariance matrices of the received signal because of the difference between the 
interfering signals, XDZ�, XDY�, and XDY�. In this case, the conventional IRC (which treats interference as a 
single Gaussian process) naturally leads to limited system performances.  

Treating interference as Gaussian noise, the proposed approach has the following form: 

bcd
ce XP�,Zf = CPQ=VP\g�>S�\Z�XP�,Zf = CPQ=VP\g� + �h>S�\Z�XP[,Zf = CPQ=VP\g� + �h>S�\Z[

i 
where � is the diagonal loading (DL) value to compensate sample covariance errors. Note thatin the first 

equation ofXK1,
j, there is no DL value involved in it. This is because the impact of DL is not significant 

compared to the others, meaning for XK2,
j and XK2,
j. Also, finding the optimal DL value is not trivial, but it 
is basically related to the sample covariance errors. One common solution is to use the inverse condition 
number (ratio of the largest to the smallest singular value) of the covariance estimate [23]. 

As a preliminary analysis, we consider a constant channel which is non-time-varying and frequency non-
selective within one RB. The data format follows the LTE specifications given in Figure 25 and Figure 26. 
The data of interest are modulated with Gray-coded 4-QAM. The interfering data matrices are modulated 
with Gray-coded 16-QAM.The results are obtained without channel coding. In Figure 27, we compare the 
conventional schemes: LMMSE (which treats interference as AWGN), IRC, and the proposed approach 
IRC-DL. BER performances are presented as a function of SNR for SIR = 0 dB. These curves show the 
improvement of the proposed scheme over the conventional solutions. The performance gain is mainly 
based on proper grouping of different interfering signals. 
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Figure 27 BER vs. SNR in the strong interference region, SIR = 0 dB.

 

3.1.4 Next steps 

In this study, further investigation will be carried out focusing on the 
one-dimensional model. Different
performance will be investigated in different scenarios including non
selective channels where both the serving and the interfering channel
selective, and with spatial correlation.

3.2 Enhanced Spatial Modulation Schemes 

3.2.1 Introduction 

The remarkable growth of mobile data traffic in the cellular industry has motivated researchers in recent 
years to develop multiple input multiple output (MIMO) technologies that increase the transmitted data 
rate in a given bandwidth and/or performance 
as transmitter and receiver complexities have become very important issues in dense cellular networks, 
i.e., in small cells and heterogeneous networks. In this environment, a new type of MIMO technique, 
referred to as Spatial Modulation (SM) has recently attracted
the low complexity that it promises for both the transmitter and the receiver sides.
multiple transmit antennas in a novel manner
transmit antennas in order to reduce the number of radio frequency (RF) chains. Specifically, some of 
the information bits are used to select the active transmit antennas, and the remaining information bits 
are mapped onto the constellation symbols transmitted from the selected active antennas.
technique has a spectral efficiency loss with respect to spatial multiplexing (SMX) with the same number 
of transmit (Tx) antennas, and when the modulation order is increased 
efficiency, it loses in terms of the bit error rate (BER). 

A comprehensive survey on SM research can be found in 
papers in the field. An inter-channel interference (ICI)
single active transmit (Tx) switching was introduced in 
significant reduction in receiver complexity. The SM concept described in 
comprehensively studied by using a two
complexity. These papers report results demonstrating the potential advantage
performance and processing complexity compared to the well
transmit diversity. In [27], the authors deve
detailed analysis demonstrating that significant performance improvements can be expected over sub
optimum demodulators. In [28], the concept of Space Shift Keying (SSK) was introduced, in which only 
the index of the active antenna transmits information. In 
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further investigation will be carried out focusing on the fundamental limits of the proposed 
Different suppression strategies and algorithms will be developed

performance will be investigated in different scenarios including non-synchronized cases and triply 
both the serving and the interfering channels are time variant, frequency 

selective, and with spatial correlation. 

Enhanced Spatial Modulation Schemes  

of mobile data traffic in the cellular industry has motivated researchers in recent 
years to develop multiple input multiple output (MIMO) technologies that increase the transmitted data 
rate in a given bandwidth and/or performance over fading channels. Also, energy consumption as well 
as transmitter and receiver complexities have become very important issues in dense cellular networks, 
i.e., in small cells and heterogeneous networks. In this environment, a new type of MIMO technique, 

l Modulation (SM) has recently attracted considerable attention, particularly due to 
the low complexity that it promises for both the transmitter and the receiver sides.
multiple transmit antennas in a novel manner. It transmits information from a small subset of the 
transmit antennas in order to reduce the number of radio frequency (RF) chains. Specifically, some of 
the information bits are used to select the active transmit antennas, and the remaining information bits 

nstellation symbols transmitted from the selected active antennas.
technique has a spectral efficiency loss with respect to spatial multiplexing (SMX) with the same number 
of transmit (Tx) antennas, and when the modulation order is increased to achieve the same spectral 

es in terms of the bit error rate (BER).  

A comprehensive survey on SM research can be found in [24], which reviews 
channel interference (ICI)-free SM, which transmits information bits using a 

single active transmit (Tx) switching was introduced in [25]. It shows that the single
significant reduction in receiver complexity. The SM concept described in 
comprehensively studied by using a two-step demodulator, which further reduces its processing 
complexity. These papers report results demonstrating the potential advantages of SM in terms of 
performance and processing complexity compared to the well-known SMX technique and Alamouti’s

, the authors develop the maximum likelihood (ML) demodulator and provide a 
detailed analysis demonstrating that significant performance improvements can be expected over sub

, the concept of Space Shift Keying (SSK) was introduced, in which only 
the index of the active antenna transmits information. In [29], Generalized SSK (GSSK) was proposed 
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years to develop multiple input multiple output (MIMO) technologies that increase the transmitted data 

lso, energy consumption as well 
as transmitter and receiver complexities have become very important issues in dense cellular networks, 
i.e., in small cells and heterogeneous networks. In this environment, a new type of MIMO technique, 

attention, particularly due to 
the low complexity that it promises for both the transmitter and the receiver sides.SM exploits the 

from a small subset of the 
transmit antennas in order to reduce the number of radio frequency (RF) chains. Specifically, some of 
the information bits are used to select the active transmit antennas, and the remaining information bits 

nstellation symbols transmitted from the selected active antennas. However, this 
technique has a spectral efficiency loss with respect to spatial multiplexing (SMX) with the same number 

to achieve the same spectral 

, which reviews the main pioneering 
free SM, which transmits information bits using a 

. It shows that the single-RF SM has a 
significant reduction in receiver complexity. The SM concept described in [25] and [26] was 

step demodulator, which further reduces its processing 
s of SM in terms of BER 

technique and Alamouti’s 
lop the maximum likelihood (ML) demodulator and provide a 

detailed analysis demonstrating that significant performance improvements can be expected over sub-
, the concept of Space Shift Keying (SSK) was introduced, in which only 

lized SSK (GSSK) was proposed 
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by allowing more than one Tx to be active and by encoding the information bits onto various 
combinations of multiple active Tx antennas. The authors show that for the same number of Tx 
elements, the rate can be improved at the expense of increasing the number of RF channels. 

The goal of this study is to explore a new type of SM (referred to as Enhanced SM), which provides a 
more flexible combination of active Tx antennas and increases the transmitted data rate. In particular, 
we would like to increase the number of bits transmitted per channel use compared to conventional SM. 
Note that conventional MIMO techniques including SMX and SM employ a fixed signal constellation. In 
our proposed technique, some information bits select not only the index(es) of the active antenna(s), 
but also the constellations to be transmitted from each of them. We also aim to develop the system 
performance analysis and the complexity analysis to demonstrate that the proposed technique achieves 
better performance than conventional MIMO schemes. 

The rest of this contribution is organized as follows. Next, we give a brief review on the conventional 
schemes. Then, we present a preliminary study to show how to increases the spectral efficiency. Finally 
the research plan and goals of the project are described. 

3.2.2 Problem description 

Considering a MIMO system operating on Rayleigh fading channels, the received signal is 

y = Hs + n, 

where H is the channel matrix, s is the transmitted signal with normalized power, i.e., k = �lOm n, and n is 

the additive white Gaussian noise (AWGN). We define the transmit energy by o6 = opnqnr. Note that the 
main difference between SM and conventional MIMO using SMX is that in the former not all transmit 
antennas are activated simultaneously, which means that there are some zero elements in the transmit 
signal vector x.    

For SMX with 2 transmit antennas and 4 bpcu, the transmitted symbols can be written as: 

nstu ∈ wx"5Yyz���
"5Yyz��� {|, 

where the entries }"5Yyz�z� ~∈ {±1±i} are the QPSK constellation points. The total energy per transmitted 

symbol vector is o6 = opn6�"q n6�"r = 4.In summary, SMX in this case enables two active antennas and 
transmits two bits on each of them.  

On the other hand, in conventional SM with 2 transmit antennas and the QPSK signal constellation, the 
transmitted symbol vectors can be written as: 

ny� ∈ ��n5Yyz���
0 � , � 0n5Yyz��� �� ≜ �5Yyz , 

where, as previously, the entries }"5Yyz�z� ~∈ {±1±i} are the QPSK constellation points, and the zero 

entries correspond to the silent TX element. Here, �5Yyz denotes the signal space. In this scheme, 3 
information bits are sent per channel use: 1 bit selects the index of the active antenna and 2 bits select 
a QPSK symbol to be transmitted from that antenna. The principle is illustrated in Table 2, where C1 and 
C2 represent the combinations of the signal constellations transmitted from TX1 and TX2.  

Table 2 Conventional SM, 2TX-3bpcu 

 TX1 TX2 

C1 QPSK 0 

C2 0 QPSK 
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Here, using the same modulation, SM transmits less information than SMX. 
the major requirement for further enhancement of SM appears to 
the following, we show a preliminary scheme to boost up spectral efficiency. This suggests that using 
one or two active transmit antennas and multiple constellations can provide benefit in a larger number 
of combinations than in conventional SM systems.

3.2.3 Proposed approach and preliminary analysis

The novelty in this proposal is that a new concept is introduced into SM investigation 
constellations: the proposed technique allows multiple signal constellations to be used by different active 
antenna combinations and selecting the reduced
active antennas to have zero overla
antenna periods. With this new concept, the conventional SM can increase the number of transmitted 
information bits per channel use (bpcu) and maintain the low

ESM-2TX: With QPSK as primary modulation, our proposed ESM technique transmits 4 bpcu, i.e., one bit 
more than SM, by using a higher number of combinations of active TX elements and associated 
constellations. In addition to the two combinations used by conven
two more antenna/constellation combinations as shown below:

where}"�*
�z�~ ∈ ��1�, }"���z�~ ∈ ����. We refer to the signal constellations 

respectively. The three signal constellations used in ESM are shown in 
antenna/constellation combinations are illustrated in 

Figure 28 An illustration of the constellations used: The crosses repres
the circles (resp. squares) represent the BPSK0 (resp. BPSK1) signal

In the first two combinations, a QPSK symbol is sent from one of the two transmit antennas as in 
conventional SM. In the third combination, denoted C3, two BPSK0 symbols are simultaneously 
transmitted using the two antennas. Similarly, in the fourth combin
symbols are transmitted simultaneously. Note that in all combinations, the number of information bits 
associated to the symbol(s) transmitted by one of the antennas or by both antennas is two. Obviously, 
selection of one combination out of four requires two other bits, and in this way, the proposed scheme 
transmits 4 bpcu, compared to the 3 bpcu capacity of conventional SM.

       

 

the same modulation, SM transmits less information than SMX. As a natural consequence, 
the major requirement for further enhancement of SM appears to increase the transmitted data rate.
the following, we show a preliminary scheme to boost up spectral efficiency. This suggests that using 

antennas and multiple constellations can provide benefit in a larger number 
of combinations than in conventional SM systems. 

Proposed approach and preliminary analysis 

The novelty in this proposal is that a new concept is introduced into SM investigation 
constellations: the proposed technique allows multiple signal constellations to be used by different active 
antenna combinations and selecting the reduced-size signal constellations simultaneously used by two 
active antennas to have zero overlap with the primary signal constellation used during the single active 
antenna periods. With this new concept, the conventional SM can increase the number of transmitted 
information bits per channel use (bpcu) and maintain the low-complexity advantage. 

2TX: With QPSK as primary modulation, our proposed ESM technique transmits 4 bpcu, i.e., one bit 
more than SM, by using a higher number of combinations of active TX elements and associated 
constellations. In addition to the two combinations used by conventional SM (given in 
two more antenna/constellation combinations as shown below: 
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antenna/constellation combinations are illustrated in Table 3. 

 
An illustration of the constellations used: The crosses repres

the circles (resp. squares) represent the BPSK0 (resp. BPSK1) signal

Table 3 Enhanced SM, 2TX-4bpcu 

 TX1 TX2 

C1 QPSK 0 

C2 0 QPSK 

C3 BPSK0 BPSK0 

C4 BPSK1 BPSK1 

In the first two combinations, a QPSK symbol is sent from one of the two transmit antennas as in 
conventional SM. In the third combination, denoted C3, two BPSK0 symbols are simultaneously 
transmitted using the two antennas. Similarly, in the fourth combination, denoted C4, two BPSK1 
symbols are transmitted simultaneously. Note that in all combinations, the number of information bits 
associated to the symbol(s) transmitted by one of the antennas or by both antennas is two. Obviously, 

ation out of four requires two other bits, and in this way, the proposed scheme 
transmits 4 bpcu, compared to the 3 bpcu capacity of conventional SM. 
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As a natural consequence, 
the transmitted data rate. In 

the following, we show a preliminary scheme to boost up spectral efficiency. This suggests that using 
antennas and multiple constellations can provide benefit in a larger number 

The novelty in this proposal is that a new concept is introduced into SM investigation on transmit 
constellations: the proposed technique allows multiple signal constellations to be used by different active 

size signal constellations simultaneously used by two 
p with the primary signal constellation used during the single active 

antenna periods. With this new concept, the conventional SM can increase the number of transmitted 
complexity advantage.  

2TX: With QPSK as primary modulation, our proposed ESM technique transmits 4 bpcu, i.e., one bit 
more than SM, by using a higher number of combinations of active TX elements and associated 

tional SM (given in Table 2), we use 

�z� as BPSK0 and BPSK1, 

Figure 28, and the four 

An illustration of the constellations used: The crosses represent QPSK and 
the circles (resp. squares) represent the BPSK0 (resp. BPSK1) signal constellations. 

In the first two combinations, a QPSK symbol is sent from one of the two transmit antennas as in 
conventional SM. In the third combination, denoted C3, two BPSK0 symbols are simultaneously 

ation, denoted C4, two BPSK1 
symbols are transmitted simultaneously. Note that in all combinations, the number of information bits 
associated to the symbol(s) transmitted by one of the antennas or by both antennas is two. Obviously, 

ation out of four requires two other bits, and in this way, the proposed scheme 
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Table 4 Enhanced SM, 4TX-6bpcu 

 TX1 TX2 TX3 TX4 

C1 QPSK 0 0 0 

C2 0 QPSK 0 0 

C3 0 0 QPSK 0 

C4 0 0 0 QPSK 

C5 BPSK0 BPSK0 0 0 

C6 BPSK0 0 BPSK0 0 

C7 BPSK0 0 0 BPSK0 

C8 0 BPSK0 BPSK0 0 

C9 0 BPSK0 0 BPSK0 

C10 0 0 BPSK0 BPSK0 

C11 BPSK1 BPSK1 0 0 

C12 BPSK1 0 BPSK1 0 

C13 BPSK1 0 0 BPSK1 

C14 0 BPSK1 BPSK1 0 

C15 0 BPSK1 0 BPSK1 

C16 0 0 BPSK1 BPSK1 

With four TX antennas and QPSK signal constellation, conventional SM transmits 4 bpcu, because two 
bits determine the active antenna index and two other bits determine a QPSK symbol to be transmitted 
from that antenna. In this case, ESM uses 16 combinations of active antennas and constellations 
transmitted from these antennas, which are shown in Table 4. The first four combinations in this table 
are those of conventional SM. They simply correspond to the transmission of a QPSK symbol from one of 
the four TX antennas. Next, we have 6 combinations for transmission of two simultaneous BPSK0 
symbols from two TX antennas, and similar combinations for transmission of two simultaneous BPSK1 
symbols. Therefore, ESM transmits 6 bpcu, compared to the 4 bpcu capacity of conventional SM: 4 
information bits are needed to select one of those 16 combinations, and 2 bits are used to select a QPSK 
symbol, or a pair of BPSK0 symbols, or a pair of BPSK1 symbols. 

Below, preliminary performance results are shown using Rayleigh fading MIMO channel with 4 receive 
antennas, and considering perfect CSI at the receiver. We compare the BER (with the proper bit 
labelling in ESM with QPSK as primary modulation) and the PEP performances of different MIMO 
transmission schemes, based on the same number of transmitted bpcu. 

Figure 29 illustrates the BER curves corresponding to 2TX-4bpcu case. The constellation used in each 
scheme is given in the legend. In particular, SM uses 8PSK (denoted SM-8PSK) and from the 4 bits per 
channel use 1 bit is used for antenna selection and 3 bits select an 8PSK constellation point to be 
transmitted from the selected antenna. Similarly, SMX uses 4QAM (denoted SMX-4QAM) and it transmits 
two 4QAM streams using the two transmit antennas. These curves show that ESM outperforms 
conventional SM 1.5 dB at BER of10S� and provides the same performance as SMX. 
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Figure 29 The BER performance of 2TX-4bpcu. 

In Figure 30, the PEP curves of 4TX-6bpcu case show substantial improvements of the SM family (both 
SM and ESM) over SMX. Specifically, ESM gains around 3 dB over SM and approximately 4 dB over SMX 
at PEP of 10−3. This means that SM gains about 1 dB over SMX while using fewer RF chains. 

 

 

Figure 30 The PEP performance of 4TX-6bpcu. 

3.2.4 Next steps 

The objective of the coming contributions will be the exploration of more complex constellation. New 
constellation will be investigated for higher throughput. In addition, the usage of more antennas both at 
the transmitter and receiver side will be tackled. The assessment of the proposed algorithms will be 
based on performance analysis and complexity evaluation. 

 

3.3 Advanced Interference Mitigation in the UL 

Corresponding scenario in D2.2: 2.1.5 “Interference reduction in LTE through link level processing” 

This work will deal with the design of a new interference mitigation technique for single carrier 
waveforms on frequency selective channel. The solution will be based on frequency equalisation 
together with multi antenna processing. Such a solution will be of specific interest for LTE in the uplink. 

The work will be based on TCS know-how on interference rejection techniques, and more especially on a 
spatial-temporal technique based on a filtered sequence of reference [30].  
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The method will be adapted to frequency selective channels with single carrier waveforms and frequency 
domain equalization. The processing will be designed and its performance studied by simulations.  

A special focus will be made on the implementation issues of such techniques, regarding the 
computation requirements, as well as the requirements on the radio frequency chain.  
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4 INTERFERENCE MANAGEMENT TECHNIQUES 

Various interference management techniques are envisaged in this section. First, section 4.1 focuses on 
iterative linear minimum mean square error interference cancellation receivers in the MIMO case. These 
receivers are known to exhibit good performances. However, finding an abstraction layer (actual value 
interface) that allows them to be taken into account easily within system level simulations is 
challenging. The study proposed here will tackle this issue as well as the way to use this new metric. 
Section 4.2 addresses Interference Alignment (IA), which is a means of combating interference at the 
transmitter side. However, IA needs full channel knowledge at each multi-antenna transmitter to 
compute the set of precoders. The algorithm developed here will focus on a specific case of restricted 
channel knowledge and show that perfect alignment is still attainable. Section 4.3 also addresses the 
imperfect channel knowledge at the transmitters issue in the context of various interference 
management schemes. It plans to use information on users’ topology to decide whether certain 
interference channels can be considered as null, thus alleviating the requirements in terms of channel 
information. Section 4.4 seeks first to determine users’ location using all available information from 
radio networks, and then to combine location and interference level knowledge to build radio maps that 
can be used for various radio management purposes. Finally, section 4.5 plans to investigate the 
performance of an interference channel with a relay. 

 

4.1 Link adaptation and scheduling for turbo-CWIC receivers 

Corresponding scenario in D2.2: 2.9.5 “Flexible interference management schemes for downlink 

communications” 

4.1.1 Introduction 

Cross optimization between physical (PHY) and medium access control (MAC) layers, sometimes 
referred to as cooperative resource allocation, is currently one of the most exciting research topics in 
the design of multiuser multiple-input multiple-output (MIMO) systems. One reason may be that the 
computational complexity of solving the cross-layer optimization problem represents a  challenge  for 
future generations of mobile communications. In order to build bridges between PHY and MAC layers, it 
is mandatory that the link-level metrics be accurately modeled and effectively taken into account in 
higher-level decision-making mechanisms. Only a limited amount of contributions address this issue 
and, when they do it, most often restrict their study to simple linear receivers (see e.g., [31] and [32]) 
or, if dealing with more sophisticated non-linear receiver structures, e.g., successive interference 
cancellation (SIC) [33], idealize some parts of the decoding process, typically assuming continuous-
input channels with zero-error Gaussian codebooks, and neglecting error propagation, which leads to 
inaccurate (i.e., too optimistic) predicted throughputs. 

Real systems though involve discrete-input channels and non-ideal finite-length modulation-coding 
schemes (MCS). In 4G wireless mobile standards (e.g., LTE-A), the family of MCS is constructed out of 
powerful turbo codes [34]. Due to their particular structure, turbo codes cannot be optimally decoded 
except for very limited block length. In practice, a suboptimal iterative decoding is applied, where 
probabilistic soft information is exchanged between the constituent decoders. Besides, in the light of the 
substantial improvement they can bring in terms of system throughput or performance compared to 
conventional receivers (i.e., linear receivers or non-linear SIC receivers), iterative (turbo) linear 
minimum mean-square error (soft) interference cancellation and decoding algorithms (in short iterative 
LMMSE-IC) are likely to become an integral part of the assumptions made on the PHY layer. Clearly, 
joint iterative LMMSE-IC and turbo decoding gives rise to a complicated receiver structure with at least 
two interwoven iterative processes. 

The contribution of this work is twofold. Firstly, we propose a stochastic modeling of the whole turbo 
receiver using EXIT charts (and variants) [35]. Our approach is inspired from earlier works dealing with 
multiple concatenated codes and the convergence analysis of their iterative decoding (see e.g., 
[36][37][38]). Secondly, we formulate the task of joint spatial precoder selection and rate allocation as 
a non-trivial (discrete) optimization problem and detail an exhaustive search procedure to accurately 
predict the average link level performance with this class of doubly iterative receivers. 
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4.1.2 System model 

We consider a single-user transmission over a MIMO block Rayleigh fading multipath AWGN channel with 

bn  fading blocks, tn  transmit and 

transmitter through a low rate feedback. Perfect channel state information is assumed at the receiver. 

The total number sn  of channel uses available for transmission is fixe

per fading block is given as L =
(STBICM) scheme with spatial precoding is depicted in 
based on the antennas selection criterion which is a simple form of spatial precoding. The proposed work 
can be readily extended to more complicated precoding 

Figure 31 Link adaptation 

Transmission occurs over a MIMO block Rayleigh fading multipath AWGN channel. For the b
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4.1.3 LMMSE-IC based turbo receivers

Within the class of LMMSE-IC based turbo receivers, we often distinguish between log 
probability ratios (LEXTPR) based and log 
IC algorithms. The two algorithms differ by the type of probabilistic information fed back by the decoder 
for soft interference regeneration and cancel
evidence reveals that the LAPPR-based iterative LMMSE
LEXTPR-based counterpart for highly loaded multiantenna or multiuser systems. In such scenarios 
indeed, using LAPPR instead of LEXTPR leads to more reliable MMSE symbol estimates. This is due to the 
extra information gleaned from the equalization/detection process, which allows to cancel out more 
interference at each iteration. The LAPPR

The set DECD,Λ  of all LAPPR on the 
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transmitter through a low rate feedback. Perfect channel state information is assumed at the receiver. 
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bs nn /= . The adressed space time bit interleaved coded modulation 

(STBICM) scheme with spatial precoding is depicted in Figure 31. The adopted precoding codebook is 
based on the antennas selection criterion which is a simple form of spatial precoding. The proposed work 
can be readily extended to more complicated precoding codebook. 
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IC based turbo receivers 

IC based turbo receivers, we often distinguish between log 
probability ratios (LEXTPR) based and log a posteriori probability ratios (LAPPR) based iterative LMMSE
IC algorithms. The two algorithms differ by the type of probabilistic information fed back by the decoder 
for soft interference regeneration and cancellation, namely LEXTPR or LAPPR on coded bits. Empirical 

based iterative LMMSE-IC algorithm can significantly outperform its 
based counterpart for highly loaded multiantenna or multiuser systems. In such scenarios 

ed, using LAPPR instead of LEXTPR leads to more reliable MMSE symbol estimates. This is due to the 
extra information gleaned from the equalization/detection process, which allows to cancel out more 
interference at each iteration. The LAPPR-based iterative LMMSE-IC principle is illustrated in 

the coded bits becomes after interleaving the set 
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user transmission over a MIMO block Rayleigh fading multipath AWGN channel with 
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transmitter through a low rate feedback. Perfect channel state information is assumed at the receiver. 
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IC algorithm can significantly outperform its 
based counterpart for highly loaded multiantenna or multiuser systems. In such scenarios 

ed, using LAPPR instead of LEXTPR leads to more reliable MMSE symbol estimates. This is due to the 
extra information gleaned from the equalization/detection process, which allows to cancel out more 

IC principle is illustrated in Figure 32. 

coded bits becomes after interleaving the set LED,Λ  of all log “a 
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priori” probability ratios on labeling bits used for (soft) interference regeneration and cancellation, 
although LAPPR contain “observation”. 

Figure 32 Turbo receiver structure (adapted to STBICM with Gray labelling)

4.1.4 PHY-layer abstraction

An LMMSE-IC based turbo receiver turns out to be a complicated non
objective is to analyze its evolution as iterations progress
prediction method is semi-analytical and relies on ten Brink’s stochastic approach of EXIT charts 
particularly useful in understanding and measuring the dynamics of turbo processing. 

 

4.1.4.1 Prediction scheme

The proposed prediction scheme is illustrated in 
at the LMMSE output which is 
estimated SINR allows the computation of the 
monotonously increasing function of the S
and stored in a look-up table (LUT)
and turbo decoder for the latter proceeds iteratively
transfer function which requires as parameters the effective SINR gl
mutual information that measures the 

functions used for our scheme

),(= AJDD IGv γ
ν

which is an indicator on the interference estimation reliability,

information ),(= AJDDE ITI γ
ν

. They are computed off
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priori” probability ratios on labeling bits used for (soft) interference regeneration and cancellation, 
although LAPPR contain “observation”.  

Turbo receiver structure (adapted to STBICM with Gray labelling)

layer abstraction 

IC based turbo receiver turns out to be a complicated non-linear dynamical system. Our 
objective is to analyze its evolution as iterations progress as in [39]. The proposed performance 

analytical and relies on ten Brink’s stochastic approach of EXIT charts 
particularly useful in understanding and measuring the dynamics of turbo processing. 

Prediction scheme 

The proposed prediction scheme is illustrated in Figure 33. The first step consists in estimating the SINR 
at the LMMSE output which is a function of the input variance and others given parameters. The 

the computation of the average mutual information (AMI)
function of the SINR, and depends on the MCS index 

table (LUT)). The next step is to stochastically characterize the joint demapper 
and turbo decoder for the latter proceeds iteratively. This is achieved by introducing a 

which requires as parameters the effective SINR gleaned from the AMI as well as the 
mutual information that measures the a priori information bits of the last iteration. 

used for our scheme are the measured BLER = JDDe FP

ndicator on the interference estimation reliability,

. They are computed off-line and stored in separate LUTs.

Performance prediction method (with calibration)
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priori” probability ratios on labeling bits used for (soft) interference regeneration and cancellation, 

 

Turbo receiver structure (adapted to STBICM with Gray labelling) 

linear dynamical system. Our 
. The proposed performance 

analytical and relies on ten Brink’s stochastic approach of EXIT charts 
particularly useful in understanding and measuring the dynamics of turbo processing.  

. The first step consists in estimating the SINR 
variance and others given parameters. The 

average mutual information (AMI) which is a 
 (it is simulated off-line 

stochastically characterize the joint demapper 
. This is achieved by introducing a simpler bivariate 

eaned from the AMI as well as the 
bits of the last iteration. The transfer 

),( AJDD Iγ
ν

, thevariance 

ndicator on the interference estimation reliability, and the mutual 

line and stored in separate LUTs. 
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4.1.4.2 Calibration 

A major drawback of this performance prediction method is thatsome of our assupmtions (see [40] for 
more details) do not hold for LAPPR-based iterative LMMSE-IC. As a consequence, the estimated SINRs 
at the detectors’ outputs are approximated. The true SINRs, if we could have access to them, would be 
smaller. To solve this problem, we introduce a calibration procedure whose principle is to adjust the 

variance v  with a real-valued factor 1≥νβ . More specifically, v  is replaced by ,1)(min=)( vvC νν β , 

which has the effect to artificially reduce the SINRs that are used in the performance prediction method.  

 

4.1.5 Link level performance evaluation 

Closed-loop adaptation performs joint spatial precoder selection (i.e., antenna selection) and MCS 
selection. It aims to maximize the average rate subject to a target BLER constraint assuming LAPPR-

based iterative LMMSE-IC at the destination. The number of iterations itn  depends on the destination 

computational capacity.  

4.1.5.1 Problem formulation 

For a given SNR and a given channel outcome }{ bH , the problem is to maximize the throughput by 

selecting the highest MCS and θ,tn  antennas from the tn  transmit antennas with a block error 

probability less than threshold ε . In practice, retransmission is activated where one block error is 
detected. Assuming ARQ Type-I retransmission algorithm and retransmissions within the coherence time 
of the channel, the throughput is defined as  

 )(1= ePRT −
 

The throughput maximization problem is defined as max� ∈Ω  T subject to �� ≤ 0.1 and ��,� ≤ min ��� , ��� 
 where Ω is the set of all possible couples (MCS, ��,�), and �� is the predicted BLER.  

For comparison, the simulated BLER simeP ,  and the simulated throughput simT  are obtained via Monte 

Carlo simulation. Then, we evaluate the average predicted rate ][= RR E , i.e. the average predicted 

throughput ][= predpred TT E  and the average simulated throughput ][= simsim TT E  where expectation is 

w.r.t. })({}{ bb
p HH ( an exhaustive search is described in [40], Algorithm 1).   

4.1.5.2 Numerical results 

The closed-loop link adaptation procedure is tested for two types of channels: 44×  MIMO flat 

memoryless channel (i.e., 1=bn , 0=τn ), 44×  MIMO 4 - block fading memoryless channel (i.e., 

4=bn , 0=τn ), referred to as CH1, CH2. sn  is fixed to 2040 with 2040=L  for CH1 and 510=L  for 

CH2. The target BLER is 
110= −ε . The set of MCS and optimal calibrating factors are reported in Table 

1. The maximum number of bits per channel use (bpcu) is 13.33. They are based on two 8-state rate-

1/2 recursive systematic convolutional (RSC) encoders with generator matrix ]/[1,= 01 ggG  where 

[1011]=0g  and [1101]=1g  and QAM modulations (Gray labeling). LAPPR-based iterative LMMSE-IC 

is performed at the destination. The length of the sliding window (in CH3) is 33=SWL  with 

16== 21 LL . For each SNR, we evaluated the average predicted and simulated throughputs over 

1000=chn  channel outcomes. For each channel outcome, Monte Carlo simulation is stopped after 100 

block errors. The results in the following channel types CH1, CH2 are shown in Figure 34 andFigure 35, 
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respectively. For all three types of channels, we observe that the average predicted throughputs match 
exactly the average simulated ones at every iteration and increase dramatically as iterations progress. 

Table 5 Set of MCS and optimal calibrating factors 

Indexν  νr   Constellation  νβ  

MCS 1  1/3   QPSK   1.7 

MCS 2  1/2   QPSK   2.0  

MCS 3  2/3   QPSK   2.2  

MCS 4  3/4   QPSK   2.5  

MCS 5  5/6   QPSK   3.0  

MCS 6  1/2   16QAM   3.3  

MCS 7  2/3   16QAM   5.0  

MCS 8  3/4   16QAM   5.5  

MCS 9  5/6   16QAM   6.0  

 

 

Figure 34 Average predicted and simulated throughputs (in bpcu) vs. SNR (dB) – 
CH1 

 

Figure 35 Average predicted and simulated throughputs (in bpcu) vs. SNR (dB) – 
CH2 
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4.1.6 Next steps 

In this upcoming work, we will propose 2-D and 3-D calibration for the prediction scheme, which plays 
on the AMI compression and the variance interference estimation.Another ongoing perspective is to 
integrate the HARQ-Type II Chase Combining scheme in the LMMSE-IC joint decoding receiver which 
along with the new calibration way results in better BLER and throughput performance.  

 

4.2 Interference Alignment with Incomplete CSIT 

Corresponding scenario in D2.2: 2.9.12 “Interference alignment for large dense networks” 

Although multi-transmitter coordinated transmission such as interference alignment (IA) constitutes a 
promising tool to combat interference, coordination benefits go at the expense of acquiring accurate 
enough channel state information (CSI) at the transmitters (TXs) and sharing it across all TXs whether 
explicitly or implicitly. In the case of multi-antenna based IA without channel extension, some form of 
CSI at the TXs (CSIT) is required to compute the precoders at each one of the TXs and can result in a 
significant overhead in practice. The IA literature for static MIMO channels is rich in methods improving 
the efficiency of the precoding schemes at finite SNR and reducing the complexity of the algorithms. Yet, 
the obtaining of the CSIT at the TXs represents a major obstacle to its practical use and the study of 
how CSIT requirements can somehow be alleviated has become an active research topic in its own right. 

Yet, in all the existing works on IA feasibility, it is assumed that every TX knows perfectly the full multi-
user channel, which we define as the channel from all the TXs to all the RXs. This assumption is critical 
as the maximal DoF is known to be significantly lower in the absence of CSIT. However, a simple 
examination of IA achievability in particular cases of IC reveals that how much CSIT is required at any 
one TX actually depends on the antenna configuration. Obvious examples include TXs with single 
antenna which has no alignment capability, hence requires no CSIT, or an IC with many-antenna RXs 
which eliminate the need for any alignment, hence CSIT. In the general case with heterogeneous 
antenna distributions, an interesting question is whether an alignment scheme can get away with less 
than full CSIT. To this end, one needs to revisit the IA feasibility question under the prism of CSIT. We 
focus in this task on a completely different problem which is the incomplete CSIT sharing, which means 
that each TX receives its own CSIT. In particular, we will exploit the fact that some channel coefficients 
are only known at a subset of TXs. We will show that in this case, perfect alignment is still possible 
despite the lack of full CSIT. More remarkably, we show that as the number of antennas on the devices 
(BS and terminals) is increasing, the need for CSIT goes down instead of up as was conventionally 
thought. The contribution and results will be described in the next deliverable. 

 

4.3 Topological Interference Management with Transmitter Cooperation 

Corresponding scenario in D2.2: None 

4.3.1 Introduction 

Most known techniques for interference coordination and cooperation (such as interference alignment, 
coordinated beamforming and JP-CoMP) rely on the assumption that the transmitters are endowed with 
an instantaneous form of channel information whose coherence time is similar to that of the actual 
fading channels, so that a good fraction or the totality of the DoF achieved in the perfect CSIT can be 
obtained. Such an assumption is hard to realize in many practical scenarios. A closer examination of 
these pessimistic results however reveals that many of the considered networks are fully connected, in 
that any transmitter interferes with any non-intended receiver in the network. 

Owing to the nodes' random placement, the fact that power decays fast with distance, the existence of 
obstacles and local shadowing effects, certain interference links are unavoidably much weaker than 
others, suggesting the use of a partially-connected graph to model, at least approximately, the network 
topology. An interesting question then arises as to whether the partial connectivity could be leveraged to 
allow the use of some relaxed form of CSIT while still achieving a substantial DoF performance. In 
particular the exploitation of topological information, simply indicating which of the interfering links are 
weak enough to be approximated by zero interference and which links are too strong to do so, is of 
great practical interest.  

The objective of this task is to answer the question whether such topological information can somehow 
be exploited in the context of an interference network where a message exchange mechanism between 
transmitters pre-exists. For instance, in future LTE-A cellular networks, a backhaul routing mechanism 
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ensures that base stations selected to cooperate under the coordinated multi-point (CoMP) framework 
receive a copy of the messages to be transmitted. Still, the exchange of timely CSI is challenging due to 
the rapid obsolescence of instantaneous CSI and the latency of backhaul signalling links. In this case, a 
broadcast channel over distributed transmitters (a.k.a. network MIMO) ensues, with no instantaneous 
CSIT. The problem raised by this task concerns the use of topology information in this setting.  

4.3.2 Problem Description 

We consider a network with K transmitters (TX), e.g. cells. In each cell the TX (e.g. base station) is 
equipped with one antenna and serves one single-antenna user (RX). The partial connectivity of the 
network is modelled through the received signal equation for RX-j at time instant t by:  

 

where hjiis the channel coefficient between TX-i and RX-j, the transmitted signal  is subject to the 

individual power constraint, i.e., , with Pi being transmit power at TX-i, and Zj(t) is the 

Gaussian noise with zero-mean and variance N0 and is independent of transmitted signals and channel 
coefficients. We denote by Tk the transmit set containing the indices of transmitters that are connected 
to RX-k, and by Rk the receive set consisting of the indices of receivers that are connected to TX-k, for 
k={1,2,…,K}. In practice the partial connectivity may be modelled by taking those interference links 
that are “weak enough" (due to distance and/or shadowing) to zero. For instance in[41], a reasonable 
model is suggested whereby a link is disconnected if the received signal power falls below the effective 
noise floor. 

Conforming to the so-called topological interference management (TIM) framework [41], the actual 
channel realizations are not available at the transmitters, yet the network topology (i.e., Tk, Rk, k) is 
known by all transmitters and receivers. A typical transmitter cooperation is enabled [42], where every 
transmitter is endowed the messages desired by its connected receivers, i.e., TX-k has access to a 
subset of messages , where Wj ( ) denotes the message desired by RX-j. We consider a block-

fading channel, where the channel coefficients stay constant during the coherence time. The network 
topology is fixed throughout the communication. 

4.3.3 Preliminary Results: Illustrative Examples 

In the following, we present two illustrative examples, with which the main interference management 
techniques are illustrated. The general results will be detailed in the next deliverable. 

4.3.3.1 Interference Avoidance 

We focus for example on the network topology shown in Figure 36, and message sharing across 
transmitters is enabled [42]. The optimal symmetric DoF is pessimistically 1/3 without message sharing. 
In contrast, if transmitter cooperation is allowed, the symmetric DoF can be remarkably improved to 2/5 
even with a simple interference avoidance scheme. 

Without message sharing, the interference avoidance scheme consists in scheduling transmitters to 
avoid mutual interferences. In contrast, with message sharing, scheduling can be done across links 
rather than across transmitters. A possible link scheduling associated with Figure 36 is shown in Table 6. 
It can be found that each message is able to be independently delivered twice during five time slots, and 
hence symmetric DoF of 2/5 is achievable. 

Table 6 Link Scheduling 

Slot Scheduled Links (eij: TX-i � RX-j) Delivered Messages 

A e41, e55, e66 W1, W5, W6 

B e12, e54, e66 W2, W4, W6 

C e13, e54 W3, W4 

D e41, e33 W1, W3 

E e12, e55 W2, W5 

 

Xi t( )
E Xi t( ) 2





≤ Pi

∀

WRk
j ∈Rk
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Although the above link scheduling solution provides an achievable scheme for the example in
the generalization is best undertaken by reinterpreting the link scheduling into a graph coloring problem, 
such that the rich graph theoretic toolboxes 
our problem calls for a distance-2 fractional clustered
following ingredients: 

• Distance-2 fractional coloring: Both the adjacent links and the adjacen
(resp.edges with distance less than 2) should be scheduled in difference time slots 
(resp.assigned with different colors).

• Clustered-graph coloring: Only the total number of messages delivered by links with the 
common receiver (resp.colors assigned to the edges with the same vertex) matters. Thus, the 
number of assigned colors should be counted by clusters where the edges with common vertices 
are grouped together. 

As such, the reinterpretation of the link scheduling as a distance
Figure 36. To ease presentation, we transform graph edge
graph. We first transform the topology graph 
connected to each RX in G to the vertices in 
Vertices 3,4,5,6 in Ge. Then, we group relevant vertices in 
corresponding to the links to RX-2 are grouped as one cluster. By now, a clustered
The graph coloring can be performed as follows. For instance, if Ve
by ‘A’,then Vertices 13 and 15 can receive the same color, because the distance between any two of 
them is no less than 2. Try any possible coloring assignment until we obtain a proper one, where each 
cluster receives m distinct colors out of total 
receive distinct colors. There may exist many proper coloring assignments. The fractional chromatic 
refers to the minimum of n/m among all proper coloring assignm
and n = 5. The vertices (i.e., links in 
Accordingly, each cluster receives two out of five colors means every message is scheduled twice during 
five time slots, yielding the symmetric DoF of 2/5. According to the connection between link scheduling 
and graph coloring, the inverse of the fractional chromatic number can serve as an inner bound of 
symmetric DoF of the general cellular networks, although its compu
 

Figure 36 A topology of the 6

G, and on the right is its line graph 
cluster two out of in total five colors, where any two vertices that 

color are set apart with distance no less than 2.

4.3.3.2 Interference Alignment

Let us consider the five-TX/RX pair regular network where each receiver is interfered by two other 
transmitters, as shown in Figure 37
improved from 2/5 to 1/2. In what follows, we will show an interference alignment scheme to achieve 
this.  

For notational convenience, we denote by 
subscript distinguishing different symbols for the same recei
these symbols, where multiple time slots span a space such that each symbol wi
specific direction spanned by vector 

       

 

Although the above link scheduling solution provides an achievable scheme for the example in
the generalization is best undertaken by reinterpreting the link scheduling into a graph coloring problem, 
such that the rich graph theoretic toolboxes can be directly utilized to solve our problem. The nature of 

2 fractional clustered-graph coloring scheme, which consists of the 

2 fractional coloring: Both the adjacent links and the adjacency of the adjacent links 
(resp.edges with distance less than 2) should be scheduled in difference time slots 
(resp.assigned with different colors). 

graph coloring: Only the total number of messages delivered by links with the 
p.colors assigned to the edges with the same vertex) matters. Thus, the 

number of assigned colors should be counted by clusters where the edges with common vertices 

the link scheduling as a distance-2 fractional graph coloring
To ease presentation, we transform graph edge-coloring into graph vertex

h. We first transform the topology graph G (left) into its line graph Ge (right) and map the links 
to the vertices in Ge. For instance, the four links to RX-

. Then, we group relevant vertices in Ge as clusters, e.g., Vertices 3, 4, 5, 6 in Ge 
2 are grouped as one cluster. By now, a clustered

The graph coloring can be performed as follows. For instance, if Vertex 2 in Ge receives a color indicated 
by ‘A’,then Vertices 13 and 15 can receive the same color, because the distance between any two of 
them is no less than 2. Try any possible coloring assignment until we obtain a proper one, where each 

distinct colors out of total n ones, such that any two vertices with distance less than 2 
receive distinct colors. There may exist many proper coloring assignments. The fractional chromatic 

among all proper coloring assignments. In this example, we have 
links in G) with the same color can be scheduled in the same time slot. 

Accordingly, each cluster receives two out of five colors means every message is scheduled twice during 
ots, yielding the symmetric DoF of 2/5. According to the connection between link scheduling 

and graph coloring, the inverse of the fractional chromatic number can serve as an inner bound of 
symmetric DoF of the general cellular networks, although its computation is NP-hard.

A topology of the 6-cell network. On the left is the network topology graph 

, and on the right is its line graph Ge. The distance-2 fractional coloring offers each 
cluster two out of in total five colors, where any two vertices that receives the same 

color are set apart with distance no less than 2. 

Interference Alignment 

TX/RX pair regular network where each receiver is interfered by two other 
Figure 37. By enabling transmitter cooperation, the symmetri

. In what follows, we will show an interference alignment scheme to achieve 

we denote by a,b,c,d,e the messages desired by five receivers, with the 
subscript distinguishing different symbols for the same receiver. We use multiple time slots to transmit 
these symbols, where multiple time slots span a space such that each symbol will be sent along with a 
specific direction spanned by vector Vin this space. In this example, we use in total four time slots, and 
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Although the above link scheduling solution provides an achievable scheme for the example inFigure 36, 
the generalization is best undertaken by reinterpreting the link scheduling into a graph coloring problem, 

can be directly utilized to solve our problem. The nature of 
graph coloring scheme, which consists of the 

cy of the adjacent links 
(resp.edges with distance less than 2) should be scheduled in difference time slots 

graph coloring: Only the total number of messages delivered by links with the 
p.colors assigned to the edges with the same vertex) matters. Thus, the 

number of assigned colors should be counted by clusters where the edges with common vertices 

fractional graph coloring is shown in 
coloring into graph vertex-coloring of the line 

(right) and map the links 
-2 in G are mapped to 

as clusters, e.g., Vertices 3, 4, 5, 6 in Ge 
2 are grouped as one cluster. By now, a clustered-graph is generated. 

receives a color indicated 
by ‘A’,then Vertices 13 and 15 can receive the same color, because the distance between any two of 
them is no less than 2. Try any possible coloring assignment until we obtain a proper one, where each 

ones, such that any two vertices with distance less than 2 
receive distinct colors. There may exist many proper coloring assignments. The fractional chromatic 

ents. In this example, we have m = 2 
) with the same color can be scheduled in the same time slot. 

Accordingly, each cluster receives two out of five colors means every message is scheduled twice during 
ots, yielding the symmetric DoF of 2/5. According to the connection between link scheduling 

and graph coloring, the inverse of the fractional chromatic number can serve as an inner bound of 
hard. 

 

cell network. On the left is the network topology graph 

2 fractional coloring offers each 
receives the same 

TX/RX pair regular network where each receiver is interfered by two other 
. By enabling transmitter cooperation, the symmetric DoF is 

. In what follows, we will show an interference alignment scheme to achieve 

the messages desired by five receivers, with the 
ver. We use multiple time slots to transmit 

ll be sent along with a 
In this example, we use in total four time slots, and 
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the symbols are sent along with the directions spanned by
any four of which are linearly independent
concatenated as 

Where Xi is the 4x1 vector from TX
sufficient coherence time (i.e., four time slots 
within four time slots can be written as

Recall that {Vi, i=1,2,3,4,5} are 4x1
which it follows that the interferences are aligned in the two
V3, leaving two-dimensional interfer
a1,a2. Hence, the desired messages of RX
to all other receivers, all receivers can decode two messages within four time slots, yielding the 
symmetric DoF of 1/2. 

To illustrate the interference alignment, we describe the transmitted signal
Figure 37. In this figure, we depict the subspace spanned by {
where any four of them are sufficient to represent this space. We also denote the message for example 
Wj sent from TX-i by Xi(Wj). Let us still take RX
signals from the transmitters that do not belong to 
disappeared. In addition, we have the interference
aligned interferences carrying messages other than 
that vectors {V1,V3,V4,V5} are linearly independent, almost surely. As such, the interference alignment 
is feasible at RX-1, and also it can be checked to be feasible at all other receivers.

Figure 37 A regular cellular network. On 

4.3.4 Short Summary and 

Two illustrative examples are provided for the topological interference management problem with 
transmitter cooperation. By these two examples, the main int
fractional graph coloring based interference avoidance and an interference alignment approaches

       

 

along with the directions spanned by five 4x1 random vectors 
which are linearly independent. The transmitted signals within four time slots are 

 

vector from TX-i with j-th element being transmitted signal in 
(i.e., four time slots in this example), the received signal at RX

can be written as 

 

=1,2,3,4,5} are 4x1 linearly independent vectors spanning four
which it follows that the interferences are aligned in the two-dimensional subspace spanned by 

dimensional interference-free subspace spanned by V4 and V5 
. Hence, the desired messages of RX-1 can be successfully recovered, almost surely. Applying this 

to all other receivers, all receivers can decode two messages within four time slots, yielding the 

erference alignment, we describe the transmitted signals geometrically as shown in 
ict the subspace spanned by {Vi, i=1,…,5} as a f

where any four of them are sufficient to represent this space. We also denote the message for example 
. Let us still take RX-1 for example. Because of T1={1,3,4}

mitters that do not belong to T1 will not reach RX-1, and hence the vector 
disappeared. In addition, we have the interference-free signals in the directions of 

s carrying messages other than a1,a2 in the subspace spanned by 
are linearly independent, almost surely. As such, the interference alignment 

1, and also it can be checked to be feasible at all other receivers.

A regular cellular network. On the right is the illustration of the 
interference alignment scheme 

and Future Studies 

Two illustrative examples are provided for the topological interference management problem with 
transmitter cooperation. By these two examples, the main interference management techniques, e.g., a
fractional graph coloring based interference avoidance and an interference alignment approaches
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five 4x1 random vectors V1, V2, V3, V4, V5, 
within four time slots are 

th element being transmitted signal in j-th time slot. With 
, the received signal at RX-1 for example 

 

linearly independent vectors spanning four-dimensional space, by 
mensional subspace spanned by V1 and 

 to the desired symbols 
1 can be successfully recovered, almost surely. Applying this 

to all other receivers, all receivers can decode two messages within four time slots, yielding the 

s geometrically as shown in 
} as a four-dimensional space, 

where any four of them are sufficient to represent this space. We also denote the message for example 
={1,3,4}, the transmitted 

1, and hence the vector V2 is 
signals in the directions of V4 and V5, and the 

e spanned by V1 and V3. Recall 
are linearly independent, almost surely. As such, the interference alignment 

1, and also it can be checked to be feasible at all other receivers. 

 

the right is the illustration of the 

Two illustrative examples are provided for the topological interference management problem with 
erference management techniques, e.g., a 

fractional graph coloring based interference avoidance and an interference alignment approaches, have 
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been proposed, shedding light on how to generally exploit the benefits of both topological knowledge 
and transmitter cooperation.  

For the general topological interference management (TIM) problem with transmitter, the fundamental 
limits of transmitter cooperation remain unclear. The general interference avoidance and interference 
alignment approaches have to be studied to handle arbitrary network topologies, and the sufficient 
and/or necessary conditions to achieve a certain amount of symmetric DoF should be identified for a 
family of network topologies.The further contributions with general results will be described in the next 
deliverable. 

 

4.4 Joint Location and Interference Prediction for ICIC  

Corresponding scenario in D2.2: 2.3.12 “Joint interference and location prediction” 

Nowadays, popularity of smart terminals, with their enhanced functionalities and applications, makes the 
cellular networks facing more and more serious challenges to satisfy the constant growth of traffic. 3GPP 
LTE networks present a major advance in cellular technology. They offer significant improvements over 
previous technologies in terms of peak data rate and spectral efficiency. However, in LTE release 8, the 
cell-edge and average user throughputs are still significantly lower than the peak data rates.  3GPP 
group is continuously working to improve the LTE networks, proposing new releases. Initial 
enhancements were included in 3GPP Release 9 such as Self-Organizing Network (SON), Multimedia 
broadcast/ Multicast service (MBMS), UE positioning, and IP Multimedia Subsystem (IMS) emergency. 
Then, 3GPP LTE release 10, also known as LTE-Advanced, followed including more significant 
improvements, exploring ways to extend LTE in order to reach very high data rates up to 1 Gbps and a 
spectral efficiency equal to 30 b/s/Hz in peak and 2.6 b/s/Hz in average. However, some of the adopted 
techniques are complex and significant research efforts are needed to bring these techniques to reality. 
In the meantime, a straightforward but extremely effective way to increase the network capacity is to 
make the cells smaller and keep the network closer to the user.   

Thus future wireless networks are becoming more and more heterogeneous, as we move towards 5G. 
The heterogeneous networks follow the non-uniform users’ distribution, in the sense they are 
constructed with layers of macro and small cells, and accommodate other technologies e.g. Wi-Fi. Since 
the inter-cell interference level suffered by users in downlink depends on the relative positions of mobile 
users and the fixed elements of infrastructure, an increase of cells densification implies an increase of 
cell edge users’ suffering from a high inter-cell interference level. Several techniques of Inter-Cell 
Interference Coordination (ICIC) and/or Cancellation have been proposed in the literature to mitigate 
the interference level and improve the users’ Signal to Interference plus Noise Ratio (SINR) in 
heterogeneous networks. In co-channel deployment, where the small cells’ base stations operate at the 
same frequency band as that of the macro cells’ base stations, a frequency domain inter-cell 
interference coordination based on the Soft Frequency Reuse (SFR) approach is proposed in [43] and 
[44]. Pre-defined power levels are given at each portion of the frequency bandwidth which lead to 
decrease the impact of the macro cells’ base station transmit power on the small cell users downlink. A 
time domain ICIC introduces blank subframes in the transmission known as “Almost Blank Subframe” 
where the macro cells’ base station stops transmitting to cancel the inter-cell interference caused by the 
macro cells base stations transmit power at a given subframe [45]. In order to use the time and/or 
frequency domain ICIC, users are classified into two sets: small cell users and macro cell users. The 
user’s classification is based on the user’s long-term SINR which depends also on the users’ location. 
Thus, the ICI Coordination/Cancellation techniques take advantage of external (and most often static) 
information such as location and/or average interference levels. 

On the other hand, to fully exploit the LTE-Advanced network capacity, the major challenge of standard 
communication in such environments is to provide a good spectral efficiency and fairness among users, 
even for cell edge users, by adopting an adequate Radio Resource Management (RRM) policy and 
flexibility between the cells in terms of cell size fluctuation (e.g. cell zooming techniques). 

The capability to properly manage and allocate time/frequency resources, to manage the inter-cell 
interference, to offload the data traffic, to define optimal packet relaying strategies, or to optimize the 
transmission parameters, is clearly conditioned on the actual levels of interference suffered by the users 
(at any place and any time). Then, the solution is to provide to these systems with the instantaneous 
inter-cell interference level information at each pixel of the area of interest. Such maps have already 
been mentioned in the recent literature. However, the optimal and most practical way to build them is 
still an open issue. The interference estimation techniques can roughly be divided into three types as 
given is the next subsections. 
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4.4.1 Statistical interference estimation 

There has been an emerging interest in modeling the inter-cell interference while building an 
interference map. Providing statistical models of the interference power is essential to allow an accurate 
evaluation of network management methods performance without the need of lengthy and costly Monte 
Carlo simulations. The statistical characterization of the inter-cell interference level has been 
investigated for a long time, under different scenarios, and following several approaches. In [46], an 
analytical model of the inter-cell interference power in downlink is proposed. The inter-cell interference 
distribution is derived analytically by modifying the Burr probability distribution. In addition to the fading 
effect, the authors consider an average value of the channel gain. Then, the channel gain does not 
depend on the users’ position and the inter-cell interference level is averaged and does not take into 
consideration the users’ location information. Unlike the latter, the authors of [47] propose an analytical 
distance based inter-cell interference distribution model in downlink. The authors model the distribution 
of the distance between users and the interfering base stations in a regular network, considering a 
hexagonal grid. Nevertheless, the shadowing and the fading effects are not taken into account. Based on 
the moment generating function, authors of [48] derive the distribution of the total received power at 
any given pixel in the central cell of a regular network, which captures the system parameters such as, 
network load, scheduling, adaptation of the power level, and fading channel.  

In [49], an analytical model of the interference level caused by narrowband users to the ultra-wideband 
users and vice-versa is proposed. Since the stochastic geometry approach is more adapted for 
heterogeneous network modeling, authors of [49] consider in their simulations a random network, 
where narrowband users and ultra-wideband users are modeled with homogeneous Poisson Point 
Processes (PPP). The modeling and analysis of K-tiers downlink heterogeneous cellular networks are 
given in [50]. The authors derive the expressions of coverage probability, the average rate achieved by 
a randomly located user and the average load of each tier of base station. The downlink interference 
estimation, based on the moment generating function, in K-tier heterogeneous network is addressed in 
[51], where a Rayleigh fading is considered. The authors extend their study in order to estimate the 
wireless activity according to a measured interference power [52]. Downlink interference statistics are 
given in [53], where the cumulants of the interference are given in a random punctured process. The 
authors assume that the randomly punctured PPP keeps its Poisson property. The cumulant expression 
derivation requires the joint statistics of the distance between the transmitters and the receivers. One 
and multiple desired transmitters’ cases are considered in this study. 

The interference map obtained with such methods is able to take into account different network 
configurations e.g. networks’ activity rate which is essential in such scenarios, and radio metrics. The 
interference map establishes a rough correspondence between inter-cell interference level and position. 
However, the statistical interference estimates, which are still imprecise and practically challenging to 
get a priori in real systems due to the statistical model accuracy and the representativeness in operating 
environments, should be made available and refined while users are communicating and/ or moving 
around. 

4.4.2 Deterministic interference map 

The deterministic 2D interference map uses a deterministic approach to evaluate the inter-cell 
interference level at any pixel of the area of interest. The classical method is the Fingerprint. This 
method exploits geo-referenced metrics (i.e. learnt at known visited locations) to build the interference 
map. This method needs a pre-training phase, which can be built offline e.g., with a drive-test that 
collects the Received Signal Strength (RSS) measured at an exact position and stores them in a 
database. The RSS is available information at the mobile user, since measurements are continuously 
performed to select the served base station and to prepare handovers. The user’s position can be 
obtained by the GPS (in outdoor), which the present days smart phones are equipped with, or by any 
alternative terrestrial positioning system. The later can implement one of the positioning or tracking 
algorithms available (e.g. trilateration, triangulation, tracking filters, message-passing, etc), while 
relying on different radiolocation metrics such as the Angle of Arrival (AoA), Round Trip-Time of Flight 
(RT-ToF), Time Difference of Arrival (TDoA), Observed TDoA (OTDoA), RSS, etc. Surveys on wireless 
positioning systems are given for indoor and outdoor environment in [54][55] and [56], respectively.  

Instead of RSS measurements, ray-tracing/ launching methods can deterministically predict information 
regarding the rays between emitters and receivers, and thus the level of received power over a given 
link. The aggregated power can, then, be evaluated at each pixel of the area of interest. These methods 
need a long run time for the pre-training phase. The computational time of these methods is roughly 
linearly proportional to the number of receiver locations. Accordingly, a deterministic interference map 
could be obtained through simulations, following a brute force approach where the inter-cell interference 
values are computed at each grid location with very high resolution. The interference map obtained by 
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such methods is discrete. To obtain the inter-cell interference level at almost any location, a high 
resolution is required, which leads to a high computational time running. In addition, the deterministic 
interference map is mostly static and not really adapted to heterogeneous network (i.e. switch on/off of 
small cells). However, these methods can be used as a reference method for comparison and 
performance evaluation. 

4.4.3 Interference map based on fingerprint 

Since the fingerprint is complex, and the high resolution increases the run time of the interference map, 
several works based on a low resolution fingerprint exploit spatial interpolation in order to extend the 
inter-cell interference level estimation at any location. The spatial interpolation techniques are used to 
estimate the values Z at previously unobserved locations within a certain area, based on a minimal set 
of collected data Zi, in our case a minimal set of RSS measurements. The area of interest is partitioned 
into N convex polygons such that each polygon contains exactly one generating mobile node and every 
node in a given polygon is closer to its generating node than to any other. This partition can be done 
using the Voronoi decomposition as illustrated in Figure 38 

 

Figure 38 Voronoi decomposition 

Several spatial interpolation techniques are investigated in the literature in order to estimate the value 
of inter-cell interference in arbitrary 2D location that does not belong to the physically unvisited 
locations. In the following some of these techniques are discussed. 

1- Nearest Neighbor 

It is a straightforward interpolation technique from a computational point of view once the Voronoi 
decomposition is obtained. The inter-cell interference value Z at a non-visited location is the value of the 
nearest sample data point to the considered location. Then, the resolution of the interference map 
depends on the number of sample data points contained in the database. 

2- Inverse Distance Weighting  

It is a deterministic spatial interpolation technique [57]. The value of the inter-cell interference assigned 
at the physical unvisited location is calculated based on the weighted average of the sample data point 
[58]. The interpolated value Z at a given position x is given as a function of λi the weights corresponding 
at each sample data point as follows: 

 

^�n� = < � �n�^ ∑ �¡�n�¢ '£
¢

 '£  

where,  

(#�"� =  1
�", "��Y 

is the Shepard’s weighting function given according to the distance between the new location xi and the 
location of the RSS measurements, and the real positive power p. 

3- Kriging 
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It is a linear spatial interpolation technique. Similarly to the inverse distance weighting, the Kriging 
interpolation technique uses a weighted average of sample data points by exploiting their spatial 
correlation. Then, the new inter-cell interference value Z is given as:  

¤�"� =  < (#
¥

#'� �"�¤# 

Where the weights λ  are chosen such that the variance of the estimator is minimized, and the weight 
vector is computed as a function of the statistical dependence between the new location and the sample 
data points, expressed as: 

 (�"� =  ¦S� §�"� 
 

with ¦#¨ =  2 �‖"# − "̈ ‖� , and §�"� =  2 �‖" − "#‖� are the spatial variance between all the sample points 
{"# , "̈ }, and between {", "#} respectively, and ( �"� is a vector whose elements are (#  �"�. 2is a function 
which depends on the variogram model. In [57] an exponential variogram model is used. 

4- Polynomial interpolation based on Delaunay triangulation 

This method is based on the Delaunay triangulation [59]. Then, in addition to a Voronoi decomposition, 
a triangulation of the network is needed. The inter-cell interference value estimated at the new location 
x is obtained with a polynomial interpolation which considers only the nodes of the triangle that contains 
x. Then, the new value Z is expressed as:  

¤�"� =  < ª#�"�¤#
[

#'�
 

whereª# is the interpolating basis function. 

5- Spatio-temporal interpolation  

An additional dimension is considered in [60]. The authors investigate a spatio-temporal interpolation in 
order to obtain an expected value of the inter-cell interference at any location, and any time using the 
Kriging Kalman Filtering spatio-temporal interpolation. This method uses a Kriging spatial interpolation 
to estimate the inter-cell interference in 2D space, whilst a Kalman filtering is used for the temporal 
dimension. An auto-regressive model for temporal evolution of the shadowing is defined in [61][62]. 
This method is based on particle filters approximation and Kalman filter for shadowing tracking.  

The different techniques cited before could be adapted and extended in order to determine the inter-cell 
interference level according to a users’ position, in a heterogeneous networks. 

4.4.4 Proposed joint location and interference prediction 

In the frame of the envisaged study, we aim to estimate the inter-cell interference level suffered by 
users in the downlink of a heterogeneous network, according to their locations. The main idea is to 
create a 2D interference map. A third dimension representing time will be incorporated to the 
interference map with the user’s tracking mechanism. A joint location and interference prediction will be 
proposed in order to assist subsequent location-based ICIC mechanisms, and enable better in-site 
dynamic spectrum access. The temporal aspect of the joint location and interference prediction will be 
exploited in radio resource allocation, handover decisions and traffic offload. Figure 39 presents our 
main contributions in order to build a space/time interference prediction. 
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Figure 39
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based on the user’s position will be proposed. This model will consider the distance dependent path loss 
when the small cells and macro cells antennas’ positions are known, as well as the radio environment, 
the networks activity rate, the interferers transmiss
allocated to macro and small cells base stations), geo
networks’ configuration. 

A stochastic geometry approach will be investigated,
flexibility and a large arsenal of mathematical tools will cope with heterogeneous network complexity, 
especially for the small cells configuration (e.g. small cells’ sleep mode) and allow an interference map 
initialization when starting from scratch where only a spatial density of the network’s nodes is available.

Secondly, a self-learning solution will be explored. The interference map will be initialized through 
coarse statistical model assumptions and then they will be refined and updat
according to the geo-referenced metrics collected in the locations physically visited by the mobile 
terminal. As an example, in relevant approaches from the recent state of the art most of them exploit 
the RSS measured by users moving a
order to refine the interference map.

Then, user tracking will be performed using the 
metrics and their a priori mobility models. With 
inter-cell interference suffered by users at the location visited in the next Transmission Time Interval 
(TTI) will be estimated. This inter-
based ICIC mechanisms. 

The semi-deterministic inter-cell interference model will be evaluated according to the uncertainty of 
estimated positions (mobile users and fixed elements). Afterwards, the minimum required position 
accuracy will be determined, delivering insights about the adequate positioning methods and 
radiolocation technologies. In particular the additional resources to be committed to achieve sufficient 
interference map accuracy will be derived with respect to the primary system deplo
radio relying on LTE only, or LTE+UWB, of UWB only… radiolocation involving non
respect to fixed anchors only or also cooperative links, etc.).

The proposed methods and the analytical inter
realistic scenarios in compliance with the SHARING context. In particular, the quality of the semi
deterministic interference map prediction will be compared with deterministic propagation estimation 
tools such as the ray-tracing/ launching, and/or brute force methods. 

 

4.5 Relay-Aided Interference Mitigation

In the current work, we focus on a simple version of the two
which still captures the rather complex interplay between interference and relaying: an 
Channel (IC) with a relay station (may be fixed or mobile) 
one transmitter (Figure 40). In this way, we expect to provide some useful insights into the underlying 

       

 

Figure 39 Space/time interference prediction 
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regimes, and their coding, for the general IRC which is not well understood yet. This setup captures, 
e.g., a scenario in which one transmitter is far away from the relay. 
 

 

Figure 40 Gaussian model of the IRC. The values Sij represent the SNR between 
nodes j and i. 

Our results involve a novel outer bound for a class of IRCs and three relaying strategies based on 
Decode-Forward (DF) and Compress-Forward (CF). The main outcome of this work is the identification 
of three different regimes in the Gaussian case, in which different transmission strategies seem to be 
needed in order to obtain constant gap results. In particular, when the source-relay link is stronger 
than the direct link, full DF is used. As the strength of this link reduces, it is preferable to only decode 
part of the message, thus partial DF is used. When the source-relay link is weaker than the interfering 
link, CF is needed instead. 
 
The main outcome for the moment is as follows. We evaluate the gap between the achievable regions 
and the outer bound in the Gaussian case. Then, we identify the strategies that achieve a constant gap 
to the capacity region for any SNR value. 
 
A. Full DF Scheme Achieves Capacity to Within 1 Bit 

 
When the relay is close to the source, i.e., when S31 is high enough, the relay is able to decode the 
entire message without penalizing the rate R1. 
 
Proposition 1: If S31 ≥ S11, the full DF scheme, with which the relay fully decodes the source signal and 
then re-encodes and forwards it to the receivers,  achieves capacity to within 1 bit. 

B. Partial DF Scheme Achieves Capacity to Within 1.5Bit 

 

If the source-relay link is not good enough for the relay to decode the entire message, it should only 
decode the message partially. However, the relay should still be able to decode the common message 
in order to help both end users. 
 
Proposition 2:  If S31 < S11 and S31 ≥ S21, the partial DF scheme, with which the relay decodes parts 
of the source signal and then re-encodes and forwards it to the receivers,  achieves capacity to within 
1.5 bit. 

C. CF Scheme Achieves Capacity to Within 1.43Bit 
 

In the remaining regime, when the relay cannot even decode the common layer, its best strategy is to 
forward its channel observation to both destinations. 
 
Proposition 3: If S31 < S11 and S31< S21 the CF scheme, with which the relay compressed its 
received signal and then re-encodes and forwards it to the receivers,  achieves capacity to within 1.43 
bit. 

D. Usefulness of the Relay 
 
Furthermore, it sounds reasonable that for a really low SNR in the source-relay link, the use of relaying 
has limited benefit. In this case, the best strategy is to shut the relay down and fall back to the much 
simpler Han-Kobayashi [15] scheme for the IC. 
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Proposition 4: If S31 ≤ S11/ (1 + S12) and S31 ≤ S21/(1 + S22), the Han-Kobayashi scheme achieves 
capacity to within 1 bit. 

The two conditions over the source-relay link presented above can be interpreted as follows. In the 
first case, S31 ≤ S11/(1 + S12) implies that, by treating the interference from source 2 as noise, 
destination 1 can still have a better observation on source 1’s signal than the relay does. Therefore, 
the relay’s observation cannot help much for destination 1 to decode its own signal. 
On the other hand, S31 ≤ S21/(1+S22) implies that, by treating its own signal as noise, destination 2 
can still have a better observation on source 1’s signal than the relay does. Therefore, the relay’s 
observation cannot help much for destination 2 to learn/decode the interference from source 1. 
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5 REALISTIC CHANNEL AND NETWORK SIMULATION 

Before being standardized, all new features are exhaustively debated between companies using 
theoretical analysis and large simulation campaigns to support their technological candidates. For this 
purpose simplified models are used to bound the run-time of the simulations, but also to offer an 
objective basis for comparison between features in competition. However, when being deployed in the 
field, technology performances may differ from the simulated ones. Therefore, it is not easy for network 
operators to properly plan their future deployments and assess either the network capacity or user’s 
satisfaction. In the aim of reducing the gap between real network performance and simulations with 
simplified models, a simulation framework including realistic environment and network deployment is 
proposed with ray-based propagation modelling. 

5.1 Channel Modelling  

Corresponding scenario in D2.2: 2.3.6 “LTE-A multi-layer network in urban/suburban environments” 

Progress in propagation and stochastic channel models in the past two decades has allowed for the 
design of sophisticated methods, capturing and modelling multi-path and scattering phenomena with 
always more realism. These predictions offer relevant data for the evaluation of new wireless network 
techniques sensitive to wideband channel estimate, multi-antenna systems (MIMO precoding, geo-
location, etc.) and small-scale time variations (resource management). Small-cell densification, which is 
viewed as a major factor for network capacity rise, brings even more challenges in terms of channel 
prediction. Several environments (outdoor, indoor multi-floor) and configurations (macro, micro and 
pico-cells) must be managed jointly and coherently, while multi-RAT and multi-carrier systems make the 
resource management dependent on the propagation conditions in a wide range of frequency bands 
(e.g. from 800 MHz LTE to unlicensed 5 GHz). That is even more obvious with carrier aggregation as the 
allocation of data and control messages is then spread over several carrier components. In this context, 
the ability of ray-tracing to compute all channel properties in complex environments and for different 
frequencies is a real asset. Ray-tracing constitutes a solid basis that can be exploited in advanced 
algorithm evaluation and network dynamic simulation. 

However, ray-tracing suffers from high computational times. With the aim of predicting the network 
coverage of large areas, SIRADEL developed a highly efficient ray-based propagation model, Volcano 
[63], for radio network planning and optimization usage. Implementation choices make it possible to get 
fast prediction of the main multi-path contributions, suitable for accurate prediction of the narrowband 
received power in a time-constrained operational process and thus for network coverage simulation. 

With the aim of assessing Radio Resource Management (RRM) algorithms, Volcano ray-based model can 
be used as a channel model to predict the frequency selectivity or small-scale time fluctuations. Its main 
advantage compared to stochastic approaches is its ability to address a large range of different 
scenarios and the inherent correlation between different channel realizations. Volcano channel 
predictions can be exploited as well for evaluation of MIMO schemes by the prediction of the MIMO 
channel matrix. 

Assessment of the RRM or MIMO algorithms requires the multi-path channel prediction to be highly 
realistic (e.g. in terms of delay spread, coherency bandwidth or angular spread). The implementation 
choices or parameterization adapted to the narrowband power simulation are obviously not sufficient. In 
the frame of the SHARING project, SIRADEL is developing extensions of the Volcano ray-tracing 
algorithm and is evaluating different settings to refine the channel model. 

In the following, two different levels of modelling complexity are compared, named ‘Basic’ and ‘Full’. The 
basic-complexity model that is precisely described in [63] generates the strongest specular contributions 
that we may consider as appropriate for precise and time-optimized assessment of the narrowband 
received power. The full-complexity model is the outcome of recent enhancements in the model 
implementation, allowing for a richer multi-path prediction with additional allowed combinations 
between reflections and diffractions, and the construction of long-delay contributions. Finally, the model 
is extended with the introduction of the diffuse scattering contribution proposed in [64] to capture a 
more realistic angular diversity around terminals. 

The channel characteristics computed from the two levels of modelling complexity are compared on a 
dense urban case study (Paris), where a single sectored Macro Base Station transmits a vertically-
polarized signal to a User Equipment (UE) having an isotropic antenna. Several outdoor UE locations are 
computed, distributed over a 500 m x 500 m grid with a 5 m resolution. Figure 41 summarizes the 
scenario and shows the simulated ray paths reaching one of the in-street receivers for the ‘Basic’ model 
(multi-path richness with the ‘Full” model leads to such a large number of rays that there was no real 
interest to plot it). Figure 42 shows that the “Full” model leads to be a far richer channel impulse 
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response thanks to diffuse scattering. In addition, distant dominant buildings contribute to non-
negligible propagation paths with large excess delay, increasing the delay spread and, consequently, 
reducing the coherence bandwidth. Figure 42 shows also the increase in angular diversity, which is of 
great importance for an accurate MIMO channel prediction. Figure 43confirms this channel prediction 
enrichment all around the base station with increased angular spreads in both the horizontal and vertical 
planes thanks to interactions with more buildings. At the receiver side, the vicinity of the buildings 
makes the diffuse scattering in the ‘Full’ model increase the horizontal and vertical arrival spread even 
more. 

Frequency band 

 

Path received power (dBm) 

 

2.6 GHz 

 

Macro Base Station (BS) 

Height 30 m 

60° sector antenna with max 

gain 14 dBi 

Tx Power17.8 dBm 

 

User Equipment (UE) 

Height 1.5m 

In the street 

Isotropic antenna 

 

Figure 41 Channel modelling scenario 

 

Basic-complexity model Full-complexity model 
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Figure 42 Channel impulse response, Transfer function and Directional of Departure 
(DoD) / Direction of Arrival (DoA) dispersion at test UE location with basic (left) and 

full (right) complexity models 

 

Median: 43 ns � 130 ns (+87 ns) 

 

Median: 2° � 9° (+7°) 

 

Median: 48° � 63° (+15°) 

 

Median: 9° � 15° (+6°) 

Figure 43 Channel statistics predicted in the streets surrounding the macro base 
station 
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The frequency selectivity of the channel is further explored by comparing the 
bandwidth. Figure 44 shows the CDF of the 
obtained in the study area. The full
in roughly all cases. The median value is 0.75 MHz with the full
with basic-complexity (for the 90% correlation)
simulated signal and SINR variations within a LTE band, that is typically 5 MHz or above.

Figure 44 Statistics of the coherency bandwidth simulated in the study area with 

A typical consequence of the channel enrichment can be observed on the prediction of the channel rank. 
The rank is an indicator of how many data streams can be spatially multiplexed on the MIMO channel. 
The rank is obtained through the Singular Value Decom
corresponds to the number of non
indicator is the Condition Number (CN) of the MIMO matrix, defined as 20.log
and σ2 are the two singular values given by the SVD. A well
allows for reliable multi-layer reception. We define the mean CN as an average of
bands: 

Figure 45shows the mean CN from the MIMO channel computed between the base station alre
presented in Figure 41and the UE moving along a street perpendicular to the direct path. The base 
station antenna system is composed of 2 elements separated by 
separated by λ at the UE. The mean CN is averaged over several locations in order to smooth out the 
fluctuations. The basic-complexity model shows the highest mean CN, indicating high correlation in the 
spatial modes due to poor channel predictions. This is especially true when the UE is in Non
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The frequency selectivity of the channel is further explored by comparing the 
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A typical consequence of the channel enrichment can be observed on the prediction of the channel rank. 
The rank is an indicator of how many data streams can be spatially multiplexed on the MIMO channel. 
The rank is obtained through the Singular Value Decomposition (SVD) of the channel matrix and 
corresponds to the number of non-zero singular values [65]. In a 2×2 MIMO system, another key 
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The enrichment of the deterministic channel predictions in the temporal and angular domain impact very 
significantly the predicted wideband and MIMO channel parameters. This is expected to be a key 
improvement for the creation of realistic scenarios dedicated to the evaluation of 3D beamforming, 
MIMO precoding, interference cancellation and RRM. 

 

5.2 Scenario for HetNet simulation  

Corresponding scenario in D2.2: 2.3.6 “LTE-A multi-layer network in urban/suburban environments” 

The construction of highly realistic multi-cell, multi-user scenarios is essential in the evaluation 
methodology to get valuable results. SIRADEL will elaborate dynamic scenarios as a basis for HetNet 
network evaluation, relying on a real environment (e.g. an existing urban area represented by 3D 
buildings), including non-uniform, multi-service and multi-environment user traffic, multi-cell and multi-
layer network deployments, site-specific path-loss models, advanced channel models and prediction of 
the wireless backhaul links. 

5.2.1 Definition of the scenario 

Based on realistic macro cellular configurations, we define scenarios matching the future challenges of 
cellular operators on their wireless HetNet. Scenarios are proposed to tackle different network 
configurations and management techniques, and investigate the impact on radio network performances. 

The simulation environment that has been selected so far characterizes a typical European dense urban 
city (note that other environments could be considered later during the project, e.g. suburban 
residential, if required). The environment is modelled by 3D buildings over a Digital Terrain Model 
(DTM). The following network layouts will be considered either separately or combinations of them to 
form a HetNet: 

• Macro network 

• Outdoor Small-cells (oSC) 

• Indoor Femto-cells (Femtos) 

• Indoor WiFi Access Points (APs) 

The main parameters of the different network layouts are described in Table 7. 

Table 7 HetNet topology parameters 

Macro 

Hexagonal site deployment: two rings around the central site, i.e. 19 
sites corresponding to 57 cells.  

Three cells per site. 

Inter-site distance (ISD): 450 m. 

Average antenna height: 32 m above ground. 

Maximum total transmit power: 40 W per antenna.Antenna: 
directional, 14 dBi gain. 

Antenna electric down-tilt: 6°. 

Small-cell 

Location: outside (typically on poles). 

Antenna height: 8 m.  

Deployment: different setups will be considered (several density, 
uniform vs non-uniform) 

Maximum total transmit power: 5 W. 

Antenna: omnidirectional with 5 dBi gain or smart antenna. 

Femto-cell/WiFi AP 

Location: Inside the different building floors. 

Antenna height: 1m above floor. 

Deployment: partly random, different setups will be considered 
(several densities, uniform vs non-uniform). 

Maximum total transmit power: 250 mW. 

Antenna: omnidirectional with 5 dBi gain or smart antenna. 

Access type: Open or closed or restricted to a group of users. 
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The Macro-cells are deployed on two rings around a central three-sector site.  These are not located on 
real sites, but dominant locations have been selected that are representative of an operational network. 

Figure 46 shows an example of a multi-layer network based on a uniform SC deployment in a real dense 
urban environment. As explained in Table 7, other deployments and strategies may be defined to 
evaluate the impact on network topology such as hotspot deployments. 

 

Figure 46 Example of a multi-layer deployment in a real dense urban environment 

Femtos and APs can be deployed over the whole study area, in order to integrate the potential customer 
indoor solutions into the HetNet simulations. Different deployment strategies can be realized, 
considering a uniform density over the study area, or a density depending on the distance to the macro-
cell and the presence of hotspots. Locations inside the buildings are generated randomly, with, if 
needed, the possibility to control the average distance to external walls. This will make it possible to get 
a general overview of the challenges raised by indoor deployments in a HetNet context. Figure 47 
illustrates a typical uniform Femtos/APs deployment in a whole building block. 

A study case in a specific building may be also envisaged, where only Femtos and APs deployed in this 
building are simulated. 

 
 

Figure 47 Typical femto-cells deployment in a building 

Path loss is a major input of the simulation process and is critical in the complex multi-layer 
environment presented here-above. The propagation model must be able to address very different radio 
link configurations (Figure 48): 

1 - Macro outdoor BS to outdoor UE  

2 - Macro outdoor BS to indoor UE  

3 – Indoor Femto/AP to indoor UE  

4 - Indoor Femto/AP to outdoor UE  

5 - Indoor Femto/AP to indoor UE in another building  



Celtic-Plus SHARING    

 

Public distribution 

6 - Outdoor SC to outdoor UE 

7 - Outdoor SC to indoor UE 

BS: Base-station; SC: Small-Cell; UE: User Equipment.

The Volcano ray-based propagation model, along with 3D high resolution geographical map data, is able 
to deal with this heterogeneity and bring realistic spatial correlation and variability in path
approach enables the realization of large

The scenario is complemented with time
traffic variations. These maps make it possible 
the study area (Figure 49) with specific situations at working time, evening or night. Traffic maps als
provide user profiles (list of services for specific user categories) and mobility models (indoor, outdoor 
pedestrian, outdoor vehicular). 

Based on innovative concepts expressed in D4.1, generated traffic maps will include hotspot areas as 
well as realistic multi-floor indoor repartition. Those advanced features will exploit study area 
characteristics merged from different sources: building footprints, enriched information (e.g. 
building, apartment building or shop opening hours) embedded in the ge
retrieved from the web and if available, network monitoring data. By processing multiple simulations 
based on user distribution snapshots representative of potential user locations, we will be able to derive 
statistics on network performance metrics.

Figure 49 2D display of relative user densities extracted from a 3D traffic map

5.2.2 Exploitation in system simulations

The network setup, user traffic distribution and multi
together a reference evaluation framework that can be interfaced with third
simulators, as illustrated in Figure 50
simulation and assessment of H
coverage, network capacity, energ

       

 

Outdoor SC to outdoor UE  

Outdoor SC to indoor UE  

Cell; UE: User Equipment. 

based propagation model, along with 3D high resolution geographical map data, is able 
to deal with this heterogeneity and bring realistic spatial correlation and variability in path
approach enables the realization of large-scale HetNet performance evaluation. 

Figure 48 Radio links in a HetNet 

The scenario is complemented with time-variant traffic maps to model the spatial and temporal user 
traffic variations. These maps make it possible to distribute multi-floor indoor users and outdoor users in 

) with specific situations at working time, evening or night. Traffic maps als
provide user profiles (list of services for specific user categories) and mobility models (indoor, outdoor 

Based on innovative concepts expressed in D4.1, generated traffic maps will include hotspot areas as 
floor indoor repartition. Those advanced features will exploit study area 

characteristics merged from different sources: building footprints, enriched information (e.g. 
or shop opening hours) embedded in the geographical data bases or 

retrieved from the web and if available, network monitoring data. By processing multiple simulations 
based on user distribution snapshots representative of potential user locations, we will be able to derive 

erformance metrics. 

 

2D display of relative user densities extracted from a 3D traffic map

Exploitation in system simulations 

The network setup, user traffic distribution and multi-cell multi-user 3D radio predictions compose 
together a reference evaluation framework that can be interfaced with third

Figure 50. It may be used (and customized) in the innovation WPs for 
HetNet deployment and algorithm performance in terms of service 

coverage, network capacity, energy efficiency and fairness. More precisely it could target the 
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based propagation model, along with 3D high resolution geographical map data, is able 
to deal with this heterogeneity and bring realistic spatial correlation and variability in path-loss. This 

 

variant traffic maps to model the spatial and temporal user 
floor indoor users and outdoor users in 

) with specific situations at working time, evening or night. Traffic maps also 
provide user profiles (list of services for specific user categories) and mobility models (indoor, outdoor 

Based on innovative concepts expressed in D4.1, generated traffic maps will include hotspot areas as 
floor indoor repartition. Those advanced features will exploit study area 

characteristics merged from different sources: building footprints, enriched information (e.g. office 
ographical data bases or 

retrieved from the web and if available, network monitoring data. By processing multiple simulations 
based on user distribution snapshots representative of potential user locations, we will be able to derive 

2D display of relative user densities extracted from a 3D traffic map [66]. 

user 3D radio predictions compose 
together a reference evaluation framework that can be interfaced with third-party system-level 

. It may be used (and customized) in the innovation WPs for 
etNet deployment and algorithm performance in terms of service 

y efficiency and fairness. More precisely it could target the 
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assessment of advanced transmission and reception schemes in WP3 but also offloading and SON 
mechanisms in WP4. 

 

Figure 50 Outline of the common evaluation framework 

System-level simulations might lead to the elaboration of site-specific interference or performance 
statistical models that characterize the impact of an innovative algorithm(s). Integrated into operational 
simulation processes (based on simplified and time-efficient system modelling), these abstraction 
models would permit the new techniques to be considered in large-scale network simulation, network 
design and optimization. The evaluation of the implemented techniques (and combination of them) may 
be then conducted on large realistic scenarios. Figure 51 illustrates the integration of such abstraction 
models into the SIRADEL coverage-based simulation process. Actually abstraction models can be 
implemented in different blocks that rely on simplified system algorithms: network/cell selection, 
resource allocation, power control, interference modelling, or link performance modelling. 

Finally, the assessment of the network performance with the selected algorithms will lead to the 
elaboration of initial guidelines for an efficient HetNet design and deployment. 

 

Figure 51 Outline of SIRADEL operational simulation chain that will be used and 
extended in the project 
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5.2.3 Case study 

The first envisaged case study relying on this scenario aims at analyzing the performance of 3D 
beamforming in LTE-A multi-layer networks. 

The investigated LTE-A network topology is composed of a usual macro layer and of small-cells equipped 
with traditional or beamforming antennas. The interference is supposed to be managed by ICIC (Inter-
Cell Interference Coordination) or eICIC (enhanced ICIC) techniques, like ICIC FFR (Fractional 
Frequency Reuse) in the macro layer, eICIC ABS (Almost Blank Subframe) between macro and small-
cell layers and UL ICIC to coordinate power control. The usage of beamforming is expected to enhance 
the user throughput and network capacity by further reducing interference levels. Its benefit will be 
evaluated first on the downlink and possibly on the uplink. 

Beamforming is a multiple antenna technology used in transmission and/or reception. The objective is to 
dynamically adapt the antenna pattern to orient the beam towards users in order to reduce interference 
in other directions and possibly increase the useful signal (if the antenna maximum gain can be 
increased). Thereby, the base station uses a specific beam (a specific set of complex weights) for each 
user according to his transmission condition. 

Although the horizontal beamforming has been implemented in networks such as TD-SCDMA (3G 
technology used in Asia) or WiMax, and is proposed in LTE and LTE-A, the 3D beamforming is a recent 
technique that has been introduced in 3GPP LTE Release 11. It aims at steering the antenna beam not 
only in the horizontal plane but also in the vertical plane, taking benefit of the 3D distribution of users 
(in streets and at all building floors) and of the largest user elevation angle discrimination in small cells 
compared to macro cells. 

In order to enable accurate assessment of beamforming, a realistic evaluation framework is essential. 
Standard system-level simulations based on 2D channel model and 2D user distribution are not able to 
capture the benefits of these transmission techniques. In particular, mandatory features are realistic 
environments (including indoor and outdoor), realistic user distributions (3D and non-uniform) and 3D 
radio channel models for all types of link met in the proposed evaluation framework. 

In terms of radio planning, the coverage prediction for each pixel (or user location) must be calculated 
with the specific beam chosen for it, and must consider the reduced interference coming from neighbour 
cells. Thus, the traditional prediction method based on a fixed transmission antenna is no longer 
applicable. New models (so-called abstraction models) will thus be derived to achieve the goal of this 
case study. 
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6 RF AND ANTENNA TECHNOLOGIES 

Different key aspects related to RF front-ends and antennas to support carrier aggregation (CA) will be 
addressed in the context of small cells. CA will play an important role to increase the bandwidth up to 
100MHz providing flexibility for using the available spectrum.  

Innovative RF architecture solutions will be studied to handle bandwidths up to 100MHz allowing 
reconfigurability in terms of bandwidth and frequency of operation from an energy efficiency 
perspective. Apart from that, the antenna design will be focused on the development of reduced size 
solutions for multi-band applications. Meta-materials will be considered to optimize the radiation 
properties of the antenna over different frequency bands. 

In this section, the requirements and challenges of reconfigurable RF front-ends and antennas for CA 
are discussed. 

6.1 Reconfigurable RF Front-ends for CA 

Corresponding scenario in D2.2: 2.7.1”Carrier aggregation using reconfigurable RF front-ends” 

One of the key features of LTE-Advanced (LTE-A) is to support peak data rates that reach as high as     
1Gbps for low mobility applications and 100Mbps for high mobility. These peak rates targeted for LTE-A 
have fundamental repercussions on the system design. Achieving the downlink peak data rate of 1Gbps 
will require wider channel bandwidths. At the moment, LTE supports channel bandwidths up to 20MHz, 
and it is unlikely that spectral efficiency can be improved much beyond current LTE performance targets. 
Therefore, the only way to achieve significantly higher data rates is to increase the channel bandwidth. 
LTE-A extends up to 100MHz of bandwidth when five 20MHz component carriers (CCs) are aggregated 
(currently only 2 CCs are allowed). As a result, carrier aggregation (CA) can improve network efficiency 
and user performance by dynamically allocating traffic across the entire available spectrum. 

As most of the spectrum is occupied and 100MHz of contiguous spectrum is not typically available, the 
creation of wider bandwidths through the aggregation of contiguous and non-contiguous CCs has been 
allowed. The CA technique can be used either with frequency-division duplex (FDD) or time-division 
duplex (TDD), and can be developed over 3 different modes depending on the way that the CCs are 
placed over the spectrum: 

• Intra-band contiguous 

• Intra-band non-contiguous 

• Inter-band 

 

a) 

 

b) 

 

c) 

Figure 52 Different CA modes: a) Intra-band contiguous, b) Intra-band non-
contiguous and c) Inter-band 

Figure 52 represents the occupied spectrum of each CA mode. Intra-band CA uses a single LTE-A 
frequency band, while inter-band CA combines two different LTE-A frequency bands. In addition, the 
CCs can be adjacent or not, performing contiguous or non-contiguous CA respectively. The allowed 
channel bandwidths for each CC are 1.4 MHz, 3 MHz, 5 MHz, 10 MHz, 15 MHz and 20 MHz. Nowadays 
the maximum aggregated bandwidth is 40 MHz for intra-band contiguous CA and inter-band CA [67]. 
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Beyond these current bandwidth configurations, RF front-ends should be designed to deal with up to 100 
MHz. 

LTE-A is defined to operate in certain frequency bands depending on the use of FDD or TDD [67]. In 
Europe, the operating bands for FDD are bands 1, 3, 7, 8 and 20, while bands 33, 34, 38 and 40 are 
available for TDD.  

To support CA and its bandwidth flexibility, RF blocks should fulfil certain characteristics because RF 
components have to work in a higher bandwidth. That implies some constraints in components typically 
found in a narrow band design, such as power amplifiers, circulators, etc. Furthermore, reconfigurable 
components are required to fit the different operating bands and CA modes. Depending on the CA mode, 
various architecture options can be found according to where the CCs are combined, i.e., at digital 
baseband, or in analog waveforms before the RF mixer, or after the mixer but before the power 
amplifier (PA), or after the PA. Figure 53 presents the transmitter architecture options defined in 3GPP 
[68]. 

 
 

 

 

Figure 53 Different transmitter architecture options to implement CA [68] 

In all options, the RF PA is a relevant component because it is one of the most power consuming 
components in an RF front-end. The study will focus on it, proposing a reconfigurable PA to adapt to the 
different CA modes from an energy efficiency perspective. The solution proposes a unique reconfigurable 
PA for each LTE-A frequency band adapting its performance according to the number of carriers handled 
and the bandwidth combination set. 

The study refers to the base station (BS) case because it presents a higher power level tunability. 
According to 3GPP standard [69], a maximum mean power level per carrier for BS operating in CA 
configuration is defined. This power level is 46dBm for macro cells, 38dBm for micro cells, 24dBm for 
pico cells and 20dBm for femto cells. Taking into account that the maximum level is defined per carrier 
instead of BS, a femto BS performing CA with 2 CCs has 23dBm maximum mean power level, 24.8dBm 
with 3CCs, 26dBm with 4CCs and 27dBm with 5CCs. 

A reconfigurable PA is a suitable solution to adapt to the different CA configurations providing energy 
savings versus a conventional PA. In small cell scenarios, it is reasonable to use a unique PA per various 
CCs to reduce the size and the cost because the power levels that PA handles are not strongly 
challenging as in macro cell scenarios. In those latter scenarios, a PA is usually developed per CC due to 
high power level constraints. 
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Figure 54 PA reuse according to the maximum power level in CA developments 

In Figure 55, both possible transmitter architectures focusing on PA reuse are presented. The first 
configuration is optimal for macro cell scenarios and the second one for small cell scenarios which will be 
the purpose of this study. 

 

a) 

 

b) 

Figure 55 Transmitter architecture for CA: a) using a PA per CC and b) using a 
unique PA for various CCs 

The study will examine the PA performance when a unique PA is implemented for CA in a small cell 
scenario. The target will be to evaluate its performance concerning the number of CCs for CA and CA 
modes in order to fulfil 3GPP specifications in terms of PA linearity and intermodulation constraints [69]. 

Moreover, LTE signals use digital modulation techniques which present signals with high peak-to-
average-power ratio (PAPR). Typical PAPR for LTE signals could be estimated around 8-10 dB for each 
CC. These systems require PAs with superior performance, requiring large back-off power levels to avoid 
spectral spreading. The PA design is usually optimized in terms of energy efficiency at maximum output 
power. Meanwhile energy efficiency gets worse at lower output power levels. To meet these stringent 
linearity requirements and at the same time operating the amplifiers at their highest possible efficiency 
becomes a challenging issue.  

Furthermore when CA is implemented using a unique PA which is the scope of this study, there are 
additional linearity requirements depending on the number of CCs and CA mode. Therefore a 
reconfigurable PA could be an appropriate solution to adapt to different possible configurations. In this 
study, we will evaluate different PA requirements which are mandatory for implementing CA with a 
unique PA and at the same time we will evaluate how provide energy savings through PA 
reconfigurability. 

Some of the PA requirements which will be evaluated are the unwanted emissions [69]. They consist of 
out-of-band emissions and spurious emissions. Out-of-band emissions are immediately outside the 
channel bandwidth resulting from the modulation process and non-linearity in the transmitter. There are 
out-of-band emissions requirements for the BS transmitter which are specified in terms of Adjacent 
Channel Leakage power Ratio (ACLR) and operating band unwanted emissions. The ACLR requirement 
constrained by 3GPP standard [69] is defined to be at least 45 dB. Spurious emissions are emissions 
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which are caused by unwanted transmitter effects such as harmonics emission, parasitic emission, 
intermodulation products and frequency conversion products, but exclude out of band emissions. All 
these requirements should be taken into account during the PA design. 

Some preliminary simulations have been done for five 10 MHz CCs performing intra-band contiguous 
CA, showing the effects of PA characteristics over ACLR performance. A common 20 dB gain PA was 
used varying its output power at 1dB compression (P1dB) to show its influence over ACLR performance. 
Figure 56presents CA spectrum for five 10MHz CCs before and after a 20 dB gain PA adjusting P1dB to 
achieve 45 dB ACLR. Comparing both results, out-of-band emissions are clearly present related to non-
linearity effects from PA performance. Nevertheless this performance is adequate to fulfil 3GPP 
specifications. 

 

Figure 56 CA spectrum showing the performance before and after 20dB gain PA for 
45 dB ACLR 

On the other hand, Figure 57 presents CA spectrum when 3GPP specifications are not fulfilled, achieving 
only 35 dB ACLR. In this particular case, P1dB at PA was reduced by 5 dB providing only 35 dB ACLR. 

 

Figure 57 CA spectrum showing the performance before and after 20 dB gain PA for 
35 dB ACLR 

In this example, out-of-band emissions increase due to PA linearity deterioration. This performance 
doesn’t fulfil 3GPP specifications and would require a PA with higher back-off power level. However, this 
back-off power level enhancement provides lower energy efficiency at PA due to PA characteristics.  

Therefore during the evaluation the target will be to optimize the energy efficiency as much as possible 
at PA while 3GPP specifications are fulfilled. We will evaluate the PA performance concerning the number 
of CCs and CA modes, and in terms of back-off power level needed as a function of the PAPR and 

45dB 

35dB 
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intermodulation constraints. A reconfigurable PA will be analysed in different CA configurations, 
evaluating the potential energy savings versus a conventional PA. 

 

6.2 Compact Frequency Agile Antenna 

Corresponding scenario in D2.2: 2.7.2”Antenna design: small antenna for femto-cell, compatible with 4G 

systems bandwidths” 

6.2.1 Introduction 

6.2.1.1 Frequency Agile Antennas 

Reconfigurable antennas have a versatile behavior needed in the always more complex communication 
systems. A classic antenna offers fixed characteristics and can only operate at frequencies for which it 
has been originally designed. On the contrary, the characteristics of a reconfigurable antenna can be 
adjusted to match different communications standards. It is even possible to imagine reconfiguring the 
antenna on a standard non-existent at the time of the design. Thus, it permits to access to new 
standards (with the possibility of fast switching between the different frequencies) and extends antenna 
life by following the evolution of communication systems. 

The frequency agility of reconfigurable antennas allows in some instances to replace a bulky broadband 
antenna by a more compact antenna having a narrow instantaneous frequency bandwidth associated 
with a control device to adjust the band and the operating frequency. This solution often results in 
antenna size reduction. Beyond the compactness resulting from the integration of new functions in the 
antenna, the use of reconfigurable antennas may allow a single structure to replace multiple antennas. 
It results in a saving of space at a system level. Moreover, this solution inherently facilitates the 
coexistence of multiple radios despite their proximity with pre-filtering performed by the antenna.  

It can be noted that by acting on the radiation of the antenna, it is also possible to achieve a 
polarization or radiation pattern diversity with a single antenna [70][71] but will not be discussed in this 
document. 

6.2.1.2 Drawbacks 

The first drawback of reconfigurable antennas is a higher cost compared to conventional antennas. The 
additional cost is directly related to the use of active components on the structure. It can either be due 
to the high performance required for the device or due to a more expensive specific manufacturing 
process (etching of semiconductor components, MEMS directly on antenna, etc.).  

The second drawback is the energy consumption both in the continuous and in the RF domain. These 
additional losses must be taken into account at the design stage and the energy required by the system 
must be sized in accordance. Active components are often DC biased which necessarily consumes 
energy. Furthermore, these components often have resistive impedance and absorb the high frequency 
power which directly affects the antenna performance and its efficiency. 

Another issue is to handle the RF power with the non-linear behavior of the active components. It also 
implies non-classical constraints on the design process. It leads to the last drawback which is the design 
complexity due to the non-conventional antenna structures, especially due to the biasing circuit, which 
can result in a fragile device and in additional cost. Moreover, this technical complexity, mainly due to 
the integration of active components in the radiating structure or the tuning circuit, causes conceptual 
and simulation difficulties, in particular for electromagnetic calculations. 

6.2.1.3 Performance Criteria 

There are several criteria to characterize properties of antennas agile in frequency. The first criterion is 
the frequency Tuning Range (TR) defined by: 

 

With fsup et finf the maximum and minimum frequencies of operation for the considered reconfigurable 
antenna, respectively. In addition, there are two distinct categories of frequency agility: discrete and 
continuous. The discrete frequency agility allows the antenna to operate at discrete values, while the 
continuous frequency agility allows a scanning of frequencies continuously inside the overall band. 
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The second criterion characterizing reconfigurable antennas is the radiation efficiency. This parameter 
plays a key role in reconfigurable antenna design as inserted active components, used to vary the 
electrical properties or reduce the physical dimensions, generally reduce the antenna efficiency. 

Another important criterion, related to the efficiency of the system, is the consumption or the maximum 
voltage required to obtain the required frequency sweep for the device. This parameter is extremely 
important for handheld devices with batteries whose life time is limited and low DC voltage value is 
available. 

The last criterion is about the linearity of the reconfigured characteristic with respect to the input or 
radiated power. The additional active components can induce non-linear effect in the antenna behavior 
such as harmonics, saturation, null of radiation, etc. 

Other parameters such as the antenna size, the complexity of the biasing circuit and the cost generated 
are among other criteria to care and relate to the considered application. 

6.2.2 Compact Antenna Reconfiguration Techniques 

6.2.2.1 Introduction 

There are several techniques to provide frequency reconfigurability to a compact antenna. The three 
main techniques used are presented in the following sections. They are composed of switches or variable 
elements on the radiating element or on its matching circuit or the use of tunable materials to affect the 
electrical characteristics of the RF structures. The choice of a specific technique depends on the type of 
antenna and the desired characteristics to achieve. 

Many configurations can be found in the literature [72][73] but only microstrip, slot and monopole 
antennas (compact antennas) are considered in this study. Frequency agility can be obtained by 
adjusting the matching of the antenna without changing its electrical length. Active devices are usually 
used to adjust the matching between the antenna and the feed allowing the desired behavior. It can 
also be obtained by modifying the equivalent length of the antenna which generally acts as a resonator 
or by loading the antenna with a variable capacity/inductance. To control the resonant frequency of 
microstrip antennas, slots are usually used to adjust the current path and thus change its resonant 
frequency. The advantage of slots is the ease to introduce switches and vary the length of the slots by 
their activation. This comment is also valid for slot antennas. In the case of Planar Inverted F Antenna 
(PIFA) structures, the location of the feed or the short circuit is the main characteristic to control the 
antenna impedance. Regarding monopole antennas, the resonant frequency is defined by its arm length. 
To change the length of the arms, an active device can be added either to connect extra length or load. 
The loads used to modify antenna characteristics can be electronically controlled by active components 
such as varactor, digital tunable capacitor or electronic switch (PIN diode, FET or MEMS). It implies 
variable capacitance/inductance at well-chosen locations on the radiating element [74][75]. 

Tunable materials can also be used to modify the resonator properties. Different physical properties of 
material (permittivity or permeability) can be controlled and used to modify the electrical length of the 
antenna. The modification of these properties is based on their specific physical characteristics such as 
ferroelectric, ferromagnetic, piezoelectric, etc. 

6.2.2.2 Active Component on the Matching Circuit 

To optimize power transmission between the transmitter output or the receiver input and the antenna, 
an impedance matching circuit can advantageously be added between them. The matching circuit can be 
used to provide reconfigurability to the system using active components such as switches, varactors, 
etc. [76]. A typical block diagram of a transmitter integrating an impedance matching circuit is shown in 
Figure 58. 
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Figure 58 Reconfiguration system between the transmitter and the antenna [76] 

In [77], an antenna based on a reconfigurable matching circuit is studied. The fabricated antenna is 
presented in Figure 59-c. It operates both in GSM band and the band used for US cellular. A matching 
circuit is associated to antenna to switch the system from a frequency band to another (Figure 59-b). 
The antenna is connected through the line l1 to either the line l21 for the GSM band or the line l22 for the 
other band via a FET switch. The length of the lines l21 and l22 are different which affects the load 
presented to the antenna and thus affects its frequency response. It can be seen in Figure 59-d that the 
operating frequency band depends on the line connected to the antenna (l21 or l22). The measured 
radiated efficiency is about 79% and 72% for the US band and the GSM900 respectively (Figure 60). For 
this antenna, simulated results show a maximum radiated efficiency not greater than 85%. The losses 
introduced by the matching circuit have been assessed in simulation and are low (88% radiated 
efficiency without matching circuit). 

 

 

Figure 59 Antenna structure (a), use of the FET switch (b), realized prototype 
photograph (c) and reflection coefficients (d) [77] 
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Figure 60 Simulated and measured radiated efficiency [77] 

Recently, in [78], a PIFA antenna (Figure 61-a) has been associated to a matching circuit composed of 3 
varicap diodes A, B and C (Figure 61-b). These diodes are used to adjust the impedance presented to 
the antenna, controlling its frequency response. Without impedance matching circuit, the antenna 
operates at 2.4 GHz. Depending on the bias on each diode, the antenna can operate over a wide 
frequency band ranging from 900 MHz to 2.4 GHz. In Table 8, the operating frequencies that can be 
achieved by the PIFA antenna are related to different diode configurations. Reflection coefficients for a 
few configurations are presented in Figure 62. The dimensions of the antenna are 4.96 mm x 9.93 mm x 
23.57 mm which makes the largest dimension as λ0/14.1 (λ0 is the wavelength at 2.4 GHz). The 
dimensions of the ground plane are not taken into consideration in this study. This technique results in a 
reconfigurable antenna 62.5% smaller than the initial antenna (λ0/2). 

The measured radiated efficiency of the antenna without matching circuit is 91% which corresponds to 
the typical order of magnitude for PIFA efficiencies. After integration of the matching circuitry, the 
operating frequency changes to 2.45 GHz and the measured radiating efficiency drop to 75%. The 
authors claim that the efficiency can be improved by a better fabrication quality of the system. 

 

a)                                               b) 

Figure 61 PIFA antenna operating at 2.4GHz (a) and impedance matching circuit (b) 
[78] 

 

Table 8 Operating frequencies related to the diodes configurations [78] 

Tuner Diode A (pF) Diode B (pF) Diode C (pF) BW (MHz) 

900 MHz 2.089 3.113 3.467 175 

1176 MHz 1.625 1.8615 0.626 50 

1227 MHz 1.071 1.668 1.8179 125 

1575 MHz 0.705 0.943 1.065 50 

1.8 GHz 0.6 0.643 0.7925 40 

2.4 GHz 1.139 0.029 0.334 55 
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Figure 62 Reflection coefficients for different antenna configurations [78] 

The use of active components in the matching circuit shows interesting reconfigurability properties but is 
limited in term of operating frequencies. 

 

6.2.2.3 Active Component on the Radiating Structure 

In this section, the use of the main active components for antenna agility is described with different 
examples. These components are all used to change the electrical characteristic of the antennas. 

6.2.2.3.1 MEMs 

A widely studied technique is to use Micro ElectroMechanical System (MEMS) as switch or variable 
capacitance [74]-[84] to control the antenna characteristics. Simons et al. have shown in [82] an 
example of patch antenna using two MEMS as variable capacitance. The geometry and the reflection 
coefficient of this structure are presented in Figure 63(a) and (b) respectively. 

 

(a) (b) 

Figure 63 (a) Geometry of a frequency reconfigurable antenna using MEMs and (b) 
its measured reflection coefficients when the MEMs are activated or not [82] 

The patch antenna is printed on a 400 µm thick silicon wafer which is put on top of a substrate used as 
a support for measurement. The operating frequency is defined by the length of the patch b. The MEMs 
on the top sides of the patch shunt or not the parasitic capacitance and the resonant frequency of the 
patch is shifted by 1.6 % when the MEMs goes from the ON to the OFF state Figure 63-b). 

6.2.2.3.2 PIN Diode 

One possible use of PIN diodes is to short-circuit part of the arm of a slot antenna to electrically change 
the arm length. An example of PIN diodes used in slot dipole antenna is depicted in Figure 64[85]. The 
combination of eight diodes controls the length of the radiating slot and allows a discrete scanning over 
a frequency band from 2.8 GHz to 8 GHz depending on the ON and OFF states of the diodes. The 
reflection coefficients for the four considered combination of diodes are presented in Figure 64. 
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8% and 21% of impedance bandwidths are achieved according to the considered combination of 
switches with a realized gain in the range of 3.5 to 5.2 dBi. Finally, this antenna has relatively large 
dimensions since its length is greater than λ0/2 at 2.8 GHz. Other works present more compact 
antennas with main dimensions smaller than λ0/2, but with a significantly smaller achievable frequency 
range. 

 

Figure 64 Geometry of frequency agile antenna incorporating PIN diode [85] 

 

Figure 65 Reflection coefficients of the antenna for different states of the diodes. All 
diodes OFF (i), diodes 1 & 8 ON (ii), diodes 1, 2, 7 & 8 ON (iii), and diodes 1, 2, 3, 6, 

7 & 8 ON (iv) [85] 

6.2.2.3.3 Varactor Diode 

A varactor is a type of diode whose capacitance varies as a function of the voltage applied to it and can 
be used for reconfigurable antennas. When a varactor diode is used as localized load, the input 
impedance of the antenna is affected and makes it possible to sweep the operating frequency [86]- 
[91]. In [86], Behdad and Sarabandi present a slot antenna loaded by a varactor diode. The antenna 
geometry is presented in Figure 66. 

 

Figure 66 Geometry of the slot antenna incorporating varactor diode [86] 
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The bias voltage applied to the varactor diode controls the value of its equivalent capacitance and thus 
the electrical length of the slot antenna. The antenna can then be matched to the feed in desired 
frequency bands as shown in Figure 67. It can be noticed that, in this case, the frequency agility is 
limited within the lower frequency band due to the miniaturization of the antenna [86] and the use of 
large capacitance values. 

 

(a) (b) 

Figure 67 (a) Simulated and (b) measured reflection coefficients for different bias 
values [32] 

6.2.2.3.4 PIN and Varactor Diodes Combination 

The combination of PIN diode and varactor diode is usually chosen when a large frequency range of 
operation is required. A PIFA antenna structure using both PIN and varactor diodes are presented in Lim 
et al. work [92]. The antenna structure is shown in Figure 68. 

 

Figure 68 PIFA antenna structure using PIN and varactor diode [92] 

The specificity of this structure is its ability to cover a whole range of frequencies whatever the 
configuration set to the PIN diodes. For configuration 1, the PIN diode is in the OFF state and by varying 
the value of the varactor diode, the antenna operates over the following bands: USPCS (1.85–1.99 
GHz), WCDMA (1.92 – 2.18 GHz) and WLAN (5.15–5.825 GHz). In configuration 2, the PIN diode is in 
the ON state and the bias voltage of the varactor diode is set to 0 V. The antenna operates in both 
USPCS and m-WiMAX (3.4–3.6 GHz) bands. It can be noticed that the antenna efficiency is affected by 
the state of the diode. The radiation efficiency is about 90% and drop to 63% when the diode is in the 
OFF and ON state respectively. The effect of a parasitic resistance in series with an ideal diode on the 
antenna efficiency is presented in Figure 69. As expected, it can be observed that the less resistive the 
diode, the more efficient the antenna. 
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Figure 69 Simulated antenna efficiency in the m-WIMAX band for different parasitic 
resistance in series with an ideal diode [92] 

6.2.2.3.5 Digital Tunable Capacitor 

A new kind of tunable capacitor has recently been developed: the Digitally Tunable Capacitors (DTC). It 
consists of interconnected integrated Metal Insulator Metal (MIM) capacitors using RF switches to get a 
switched capacitor bank. The resulting capacitance is controlled by a digital word applied to the device. 

As an example, the DTC from Peregrine uses a serial interface to control FET switches that connect or 
disconnect High-Q MIM capacitors. The technology employed for these DTC is Silicon on Insulator (SOI) 
[94] or more recently Silicon on Sapphire [93]. 

A block diagram of the DTC by Peregrine and a graph of Capacitance versus Tuning State are shown in 
Figure 70-a and b respectively. 

 

Figure 70 (a) Block diagram of Peregrine DTC and (b) Capacitance vs Tuning State of 
the DTC – Peregrine Application Note 29 [94] 

Current state-of-the-art DTCs exhibit improved RF performance as compared to early commercial 
versions. The improvements are mainly on Q values, tuning ratio and the minimum capacitance (Cmin). 
Low Cmin improves matching network coverage in a shunt configuration and higher Q factor minimizes 
RF insertion loss. 

6.2.2.3.6 Variable Inductors 

In the previous reported cases, the active elements were acting on the antenna impedance adding a 
capacitive part. These elements are the most widely studied and used thanks to the ease of use and 
control of their values. Very few papers present variable inductors. 

In [95], a monopolar wire patch antenna [96] is using a variable inductor for its reconfigurability. The 
variable inductors are based on MEMs technology whose magnetic characteristics provide inductance 
tunability. The inductively loaded antenna geometry is presented in Figure 71. 

The metallic top hat is short circuited by a cylindrical conductor which introduces a low frequency 
parallel resonance where the new operating mode is obtained. This square antenna has typical 
dimension of λ0/4(λ0being the free space operating wavelength). The inductor is introduced between the 
short circuiting wire and the antenna ground plane. It means that the variable inductor is set in series 
with the shorting wire. Changing the inductance value implies a variation of antenna input impedance 
and modifies the resonant frequency as shown in Figure 72. 
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Figure 71 Description of the inductively loaded antenna structure 

For the basic antenna structure without inductor, the maximum gain is about 0 dBi. When an inductance 
of 2.2nH is added to the antenna, the maximum measured gain is about -8 dBi. The gain decreases 
because of the size reduction of the antenna which is in accordance with the fundamental limits of 
miniature antennas and the losses induced by the inductor. However, the typical radiation pattern and 
the vertical main polarization of the Monopolar Wire Patch antenna are maintained. 

 

Figure 72 Illustration of the evolution of the frequency resonance versus Lvar in 
simulation and measurement 

6.2.2.4 Tunable Material 

Many compact antennas are printed on simple dielectric substrates. The use of a substrate with variable 
parameters would give agility to the antenna by modifying its electrical properties. In this section, four 
types of tunable materials are presented and their potentials and limitations discussed. 

6.2.2.4.1 Metamaterial 

Metamaterials are artificial materials with interesting electromagnetic properties that cannot be obtained 
with natural materials (permittivity and permeability simultaneously negative, etc.). These materials 
consist of periodic structures made of dielectric or metal which behave like a homogeneous material. An 
example of a patch antenna on top of a Split Ring Resonator (SRR) structures loaded substrate is shown 
in Figure 73. 
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Figure 73 Printed microstrip antenna on Split Ring Resonator (SRR) structures loaded 
substrate [97] 

Recently, several studies have shown the ability of these new materials to provide agility of antenna 
structures [98]-[100]. In [99], Lin et al present a loop antenna printed on top of a substrate loaded by 
Split Ring Resonator (SRRs) structures. Each SSRs are loaded by heterojunction phototransistors (HPT) 
as shown in Figure 74-a. The resonant frequency of the loop antenna depends on the local capacity of 
the SRR which is controlled by the phototransistors and, therefore, makes it possible to reconfigure this 
inductive antenna. With this design, the resonant frequency can be adjusted from 41.5 GHz to 44 GHz 
with a DC voltage ranging from 0 to 12V respectively. The disadvantage of this technique is the 
manufacturing complexity and losses induced by the parasitic elements. 

 

 

(a)  (b) 

Figure 74 a) Loop antenna on top of HPT loaded SRR and its radiation pattern, b) 
reflection coefficient for different voltages applied on the HPT (0 to 12V) [99] 

6.2.2.4.2 Ferromagnetic Material 

Ferromagnetic materials have a permeability which depends on the magnetic field applied to it. These 
materials are defined by the saturated magnetization, the remanent magnetization and the coercive 
field. For a use in microwave devices, the coercivity of the material must be as low as possible. 

The most widely used magnetic material in microwave devices is the ferrite. Several examples of 
microstrip antennas designed on ferrite substrates have demonstrated significant variations on the 
resonant frequency (about 40 %) [101]-[103]. Radiated efficiencies are not explicitly given but the 
reported values of gain indicate that high efficiencies can be obtained with low-loss ferrites. In [101], a 
microstrip antenna deposited on a ferrite substrate is presented (Figure 75). The size of the antenna is 
1.4 cm x 1.8 cm and is fed through a coaxial probe. The ferrite substrate is 1.27 mm thick with a 
permittivity of 15 and a saturated magnetization 4πMs of 1720 G. 
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Figure 75 Antenna geometry on top of a ferrite substrate 

To magnetize the ferrite, an external magnet located at a variable distance from the substrate (different 
magnetic field) is needed. The orientation and magnitude of the magnetic field applied to the substrate 
affects the field confined between the radiating element and the ground plane and leads to a variation of 
the operating frequency. In Table 9, it can be noticed that a maximum agility of 40% can be achieved 
when the field is oriented along the y axis. 

The antenna gain and the radiation pattern are closed to conventional microstrip antennas. However, a 
larger cross-polarization is observed in this work (Figure 76). 

 

Table 9 Agility of a patch antenna on ferrite substrate 
as a function of the magnetization orientation [101] 

Magnetization axis Frequency variation (GHz) Agility (%) 

X 4.6 – 5.5 16 

Y 4.6 – 2.8 39 

z 4.6 – 5.5 16 

 

 

 

Figure 76 Measured radiation pattern of the antenna a) without (4.6GHz) and b) with 
DC bias (2.81GHz). The co- and cross-polarization are represented with solid and 

dotted lines respectively [101] 

However, the use of ferrite materials in microwave devices is limited by the low magnetization values 
obtained, but especially by their high electrical conductivity which induces significant losses by leakage 
current [104]. Various studies have addressed this issue: [104][105] proposed to use these materials as 
composite associating insulating materials to minimize the overall losses.  
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In addition, the limitation provided by integration into magnetic control devices (coils are bulky and 
heavy) is problematic and has also motivated several studies in progress to overcome this constraint 
[106]. 

6.2.2.4.3  Ferroelectric Materials 

Ferroelectric materials have the same behavior as ferromagnetic ones (seen in the previous section) 
except that their permittivity is controlled by means of an external electric field instead of a magnetic 
field. This property is used for reconfigurable devices. 

There are numerous advantages to use ferroelectric materials in reconfigurable device. First of all, the 
electric control is easier to integrate to a system than a magnetic control. Moreover, the low values of 
the electric field required to control the electrical characteristics allow a fairly short switching time and 
makes these materials ideal candidates for reconfigurable devices. However, the major disadvantage 
comes from the very important dielectric losses. Many studies are working on techniques to limit these 
intrinsic losses either by doping [107]-[109], by creating composite ferroelectric-dielectric material 
[110]-[112] or to reduce the overall losses of the device by choosing the location of these materials in 
active areas of the device [113], [114]. 

6.2.2.4.3.1  Ferroelectric Material based Substrate 

As shown in Figure 77, a radiating structure can be located on a ferroelectric substrate with variable 
permittivity. The considered substrate can be used either in a volume form (ceramics) [130] or in a thin 
film form (another substrate is needed as support) [131]. The variation of the substrate permittivity 
results in a variation of the antenna radiation pattern or a variation of the resonant frequency. In Castro 
Vilaro’s work [131], the resonant frequency of a slot antenna is shifted from 27.46 GHz to 25.65 GHz 
when the permittivity of the thin film changes from 400 and 1200 respectively. This solution has 
potentially good properties for reconfigurable RF devices but is for now limited due to fabrication issues 
and technology maturity and also the difficulty to apply sufficient electric field for the command. 

 

Figure 77 Slot antenna on ferroelectric substrate [130] 

6.2.2.4.3.2  Ferroelectric Material based Discrete Components 

Instead of using ferroelectric material as a substrate for the whole structure, it can be used to integrate 
ferroelectric based reconfigurable devices. However, only few studies have demonstrated, fabricated and 
integrated such devices because of the very recent development of thin film technology for ferroelectric 
which must be compatible with the standards RF standards [117]. The most used solution is to create a 
local capacitor. This element is used to change the electrical length of the antenna [133][134]. In 
Cardona’s work [120], a reconfigurable antenna design using a thin BST layer (BaxSr1-xTiO3) based 
capacitance is presented. The antenna design is described inFigure 78. The antenna can cover a wide 
frequency band ranging from 700 MHz to 960 MHz for mobile applications. 
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Figure 78 BST reconfigurable capacitance based antenna for mobile applications 
[120] 

 

6.2.2.4.3.3  Monolithic Solution 

Another implementation is to design a monolithic reconfigurable component with the antenna [121]-
[124], usually a capacitor. In [124], Li et al. use an interdigitated capacitor on a 200 nm thick BST 
substrate. These capacitors are located in different positions in the slot loop antenna (shown in Figure 
79). The DC voltage applied to the capacitors is ranging from 0 to 39V (a maximum electric field of 1950 
kV/cm). It results in a shift of the resonant frequency ranging from 15.18 GHz to 15.36 GHz 
respectively. 

 

Figure 79 Slot antenna with varactors on a thin film of BST [124] 

In [122], Jiang et al. has also demonstrated an antenna integrating nine capacitors based on thin film of 
BST in a rectangular slot antenna (Figure 80). The capacitance values can be set using a DC voltage 
giving frequency agility to the antenna. A frequency sweep ranging from 5.3 GHz to 5.8 GHz is achieved 
when the voltage applied to the BST thin film varies from 0 to 7 V (the maximum static field is about 
280 KV/cm). The maximum measured antenna gain is - 3 dBi (Figure 81-b).  

 

(a) (b) 

Figure 80 Rectangular slot antenna with integrated capacitance on thin film of BST 
[122]: a) stack of layers and b) zoom on the capacitances 
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(a) (b) 

Figure 81 a) Reflection coefficient versus the applied continuous voltage and b) 
radiation pattern of the antenna with ferroelectric capacitances (V = 0V) 

The drawback of this solution is that the testing of the antenna (feed and biasing) is done through 
micro-probing. Consequently, the measurements of the radiation pattern becomes challenging. 

6.2.2.4.4 Liquid Crystal 

Liquid crystals are materials combining the properties of the liquid state and the solid crystal state in 
their metastable state (usually called mesophase). Generally, they are used for their optical properties 
and for display applications such as LCDs. However, the dielectric properties of these materials are very 
sensitive to electric or even magnetic fields making them interesting to use in reconfigurable systems. 

The liquid crystal state most commonly used in microwave applications is the nematic state [125]. This 
state consists of elongated shape molecules with an averaged orientation in a well-defined direction 
(Figure 82-a). It is maintained by the presence of a PVA layer (PolyVinylAlcohol). Molecules are tilted 
when an external electric field is applied (Figure 82-b) and aligned along field orientation. The electric 
field applied to this substrate controls its permittivity and thus gives agility to the device designed on it. 

 

(a) (b) 

Figure 82 Schematic diagram of a liquid crystal based capacitance, without electric 
field (a) and with electric field (b) 

Several studies have shown agile devices using this technology [126]-[130]. In [127], Liu and Langley 
present a liquid crystal based microstrip antenna operating at 5 GHz. 4% agility is achieved using a 
voltage ranging from DC to 10 V (Figure 83). However, the material exhibits important losses (0.12) 
which significantly affect the antenna efficiency with 20% and 35% for control voltages of 0 V and 10V 
respectively. With a 0.51 mm thick substrate, the electric field used in this study is low with 0.2 KV/cm. 
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Figure 83 Reflection coefficient of a liquid crystal based microstrip antenna [127] 

The main advantage of these materials is the low electric field required to control the material 
characteristics. This sensitivity to electric field leads to the major drawbacks for its use in microwave 
reconfigurable devices. First the losses of these materials are too high for most of the applications and 
then the response time of several seconds can also be an issue for lots of applications. 

6.2.2.5 Liquid Metal 

As shown in the previous sections, to change the resonant frequency of an antenna its electrical 
dimensions must be modified. The first idea is to change its physical dimensions. This simple idea was 
not easy to implement as it requires stretchable materials which keep their electrical or mechanical 
properties. Recent works focus on lightweight, flexible, and stretchable antennas for low cost 
applications [131]. Flexible antennas can be used in wearable health-monitoring devices or for sensors 
and security applications such as RFIDs. In these applications, flexibility is desired but usually without 
changing the antenna parameters. However, this technology is well-suited for reconfigurable antennas. 

An example of reconfigurable dipole antenna using a liquid metal and a stretchable substrate is 
presented in [131]. The bendable, frequency-reconfigurable dipole antenna is implemented by 
embedding a liquid metal alloy (Galinstan) micro-channeled in a polydimethylsiloxane (PDMS) substrate. 
It is shown that the resonant frequency of the liquid metal antenna can be tuned by stretching the 
substrate, thereby altering the physical length of the antenna. A hybrid substrate has later been 
presented to increase the strain by up to 120% by incorporating a more elastic substrate around the 
rigid components while maintaining the PDMS substrate [132]. Fabrication of the hybrid substrate is 
more complicated and requires extra steps. 

In [133], experimental results of a frequency-reconfigurable microstrip patch antenna using a new 
flexible material are reported. The proposed design is a patch antenna implemented using a planar 
reservoir of Galinstan inserted in the substrate (Figure 84-a). The substrate can be stretched by up to 
300% (Figure 84-b). To enhance the strain, a new TC5005 silicone substrate structure and a slot-
aperture-coupled feeding technique are incorporated. 

It is shown that by stretching the substrate along the length of the antenna, its operating frequency can 
be reconfigured as a smooth transition. It demonstrates a narrowband behavior which operates from 1.3 
to 4 GHz depending how the substrate is stretched (Figure 85).  

 

a)                                b) 

Figure 84 a) Relaxed (non-stretched) and b) stretched state patch antenna prototype 
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Figure 85 Variations of the Galinstan patch antenna when altering its geometrical 
length by stretching 

6.3 Compact antenna solution investigations 

Mainly two challenging issues will be addressed in this work. Firstly, it deals with the extension of 
antenna operating frequency band towards low frequency. Classically, broad operating frequency band 
at lower frequency leads to larger antenna dimensions [134]– [136]. Secondly, carrier aggregation asks 
for multi-band antenna solutions able to operate simultaneously in each band. In accordance with front-
end architecture, a particular configuration of compact multiband antenna has to be investigated. The 
main guideline is to keep compact the antenna dimensions in spite of the multifunctional and low 
frequency requirements. 

6.3.1 Preliminary requirements 

In accordance with the development of the RF transmitter and receiver, the demonstrator is planned to 
operate in LTE-A bands 7 (2.5 – 2.69 GHz) and 20 (791-862 MHz). Different scenarios of 
communications are envisaged based on 3GPP TS36.521 Release 10 in Europe such as: 

• Intra band CA in band 7 

• Inter band CA in bands 7 and 20 
 

Dedicated RF front-end will support each frequency band. Two antenna ports are necessary for 
connection to distinct front-ends dedicated to each LTE-A frequency band. First antenna demonstrator 
deals with compact sectorial antenna typically used for access points of small cells. 

6.3.2 Strategy of antenna topology development 

To limit the dimension of the antenna while addressing lower operating frequencies, the strategy of 
frequency agile antenna solution has been selected. By limiting the instantaneous bandwidth, it is 
expected to obtain correct antenna efficiency with miniature antenna dimensions. Based on the state of 
the art of the frequency agile techniques, we have selected the solution using tunable components 
(varactor, DTC) on compact resonator, as first approach. 

Carrier aggregation needs multiband antenna solution with different RF access in our case. To limit 
antenna size, cohabitation of miniature frequency agile low band radiating element is investigated with 
more classical broad high band antenna structure (where miniaturization work is not necessary). The 
imbrication of dual port radiating element is of particular interest to obtain compact structure with 
similar performance in each operating band. Moreover, specific studies have to be performed concerning 
combination of radiating structures, including command of the frequency agile miniature antenna, to 
limit possible alterations.  

An illustration of the proposed concept is presented in Figure 86. The described structure is developed 
for directional radiation (sectorial) antenna properties but version for omnidirectional radiation can be 
equally investigated, if needed. The overall antenna system dimension is given by the upper band 
antenna where no miniaturization effort is required. As an example, a patch antenna can be used to 
cover the upper frequency band using specific arrangement to obtain the broadband behavior. The 
typical dimensions for this antenna are between half and quarter wavelength (6 – 3 cm). A miniaturized 
frequency agile radiating structure is studied in order to operate over 790-870 MHz with similar 
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dimensions (that means operating wavelength divided by 6 – 12). A modified loop antenna over limited 
ground plane illustrates one of the investigated radiating structures to obtain this kind of performances. 

 

 

Figure 86 Illustration of possible antenna structure 
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7 CONCLUSIONS AND THE WAY FORWARD 

This document describes the main challenges and objectives for the innovations on multi-point 
transmission and reception schemes, which are contained in WP3 of the SHARING project. Hence, 
detailed descriptions of the problems and the targeted solutions as well as the challenges related to 
these solutions are presented. Furthermore, some initial evaluation results, where available, have been 
shown. 

The purpose of WP3 is to investigate the benefits of cooperation in multi-point transmission and 
reception schemes, and to determine to what extent these schemes bring performance and capacity 
gains in near-future wireless networks. To this end, the work in WP3 will achieve this purpose by 
addressing the problem from different points of views: transmitter cooperation (chapter 2), interference 
mitigation at the receiver (chapter 3) and cross-layer interference mitigation within a transmitter-
receiver cooperation framework (chapter 4). In addition, these innovations are accompanied by the 
following studies: a realistic simulation framework to assess the real benefits of the studied solutions 
(chapter 5), and an innovative RF front-end and antenna solution as an enabler for the challenging RF 
issues involved in carrier aggregation for small cells (chapter 6).  

The information contained in this report will help the other WPs to get information on the 
studies/innovation, more precisely on their objectives and the incurred challenges; thus paving the way 
for fruitful cross-WP discussions and possible innovative solutions. 
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GLOSSARY 

ACRONYM DEFINITION 

3GPP Third Generation Partnership Project 

ABS Almost Blank Subframe 

ACLR Adjacent Channel Leakage Ratio 

AMI Average Mutual Information 

AP Access Point 

AWGN Additive White Gaussian Noise 

BC Broadcast Channel 

BER Bit Error Rate 

BS Base Station 

CA Carrier Aggregation 

CB Coordinated Beamforming 

CC Component Carrier 

CCUE CoMP candidate User Equipment 

CDF Cumulative Distribution Function 

CN Condition Number 

CO Confidential 

CoMP Coordinated Multi-Point 

CRS Cell-specific Reference Signal 

CS Coordinated Scheduling 

CSI Channel State Information 

CSIT Channel State Information at Transmitter 

CQI Channel Quality Indication 

D2D Device to Device 

DL Downlink 

DM-RS DeModulation Reference Signal 

DoA Direction of Arrival 

DoF Degree of Freedom 

DPS Dynamic Point Selection 

DTC Digitally Tunable Capacitor 

eICIC enhanced Inter-Cell Interference Coordination 

eNB evolved Node B 

FDD Frequency Division Duplex 

FET Field Effect Transistor 
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FFR Fractional Frequency Reuse 

FIR Finite-length Impulse Response 

GSSK Generalized Space Shift Keying 

HetNET HETerogeneous NETwork 

HO Hand Over 

IA Interference Alignment 

IC Interference Cancellation 

ICI Inter-Cell Interference 

ICIC Inter-Cell Interference Coordination 

IMS IP Multimedia Subsystem 

IRC Interference Rejection Combining 

IS Interference Suppression 

ITU International Telecommunication Union 

HPT Heterojunction Phototransistor 

JP Joint Processing 

JT Joint Transmission 

LD Linear Dispersive 

LAPPR Log A Posteriori Probability Ratio  

LEXTPR Log Extrinsic Probability Ratio 

LMMSE Linear Minimum Mean Square Error 

LTE Long Term Evolution 

LTE-A Long Term Evolution - Advanced 

LUT Look Up Table 

MAC Medium Access Control 

MAIC Multiple Antenna Interference Cancellation 

MAP Maximum A Posteriori 

MBMS Multimedia Broadcast Multicast Service 

MCS Modulation-Coding Scheme 

MEMS Micro Electro-Mechanical System 

MIM Metal Insulator Metal 

MIMO Multiple Input Multiple Output 

MISO Multiple Input Single Output 

ML Maximum Likelihood 

MMSE Minimum Mean Square Error 

MU-MIMO Multiple User MIMO 

NAIC Network Assisted Interference Cancellation 
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NAICS Network Assisted Interference Cancellation and Suppression 

NCUE Non-CoMP User Equipment 

OFDM Orthogonal Frequency Division Multiplexing 

PA Power Amplifier 

PAPR Peak to Average Power Ratio 

PF Proportional fairness 

PHY Physical Layer 

PIC Parallel Interference Cancellation 

PIFA Planar Inverted-F Antenna 

PIN  Positive Intrinsic Negative 

PMI Precoding Matrix Indication 

QoS Quality of Service 

RAN Radio Access Network 

RAT Radio Access Technology 

RB Resource Block 

RF Radio Frequency 

RI Rank Indication 

RRM Radio Resource Management 

RS Reference Signals 

RSC Recursive Systematic Convolutional 

RSSI Received Signal Strength Indication 

RX Reception 

SAIC Single Antenna Interference Cancellation 

SC Small Cell 

SDoF Secrecy Degree of Freedom 

SFR Soft Frequency Reuse 

SIC Successive Interference Cancellation 

SINR Signal to Interference plus Noise Ratio 

SLIC Symbol Level Interference Cancellation 

SM Spatial Modulation 

SMX Spatial Multiplexing 

SNR Signal to Noise Ratio 

SON Self-Organizing Network 

SRR Split Ring Resonator 

SSK Space Shift Keying 

STBC Space-Time Block Code 
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STBICM Space Time Bit Interleaved Coded Modulation 

SU-MIMO Single User MIMO 

SVD Singular Value Decomposition 

TDD Time Division Duplex 

TIM Topological Interference Management 

TR Tuning Rate 

TTI Transmission Time Interval 

TX Transmission 

UE User Equipment 

UL Uplink 

UMTS Universal Mobile Telecommunication System 

WCDMA Wideband Code Division Multiplexing Access 

Wi-Fi Wireless Fidelity 

WLAN Wireless Local Area Network 

WP Work Package 

WSN Wireless Sensor Network 

 


