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EXECUTIVE SUMMARY 
 
The main objective of the SACRA work package 2 (WP2) is to develop sensing and access 
techniques and algorithms for cognitive energy efficient radio. 
 
SACRA technical annex specifies the specific aim of Task 2.3 of WP2 as MIMO algorithms which 
has been further subdivided into “Space-Time-Frequency Polarization Codes” and “MIMO 
Multiplexing Techniques”. The former was presented in D2.3 whereas the later subdivision “MIMO 
Multiplexing Techniques” is the focus of this deliverable D2.4.  
 
In this deliverable, various MIMO transmission and reception strategies are proposed for cognitive 
radio systems. In the specific setup of MIMO cognitive radios, intelligent receiver designs are 
considered. In this vein of cognitive radios where interference is almost ubiquitous, in particular for 
cognitive radios as primary systems would not care about the presence of unlicensed devices, a 
novel practical interference cancellation receiver design is considered which brings very attractive 
gains at the cost of reasonable complexity. The gains are verified through simulation results 
presented in the later sections. Such techniques are primordial for primary-secondary co-
existence. 
 
A good part of this deliverable is also dedicated to determining the achievable regions for different 
cognitive radio paradigms by proposing transmission techniques and deriving their achievable 
rates. The schemes are proposed for the three relevant cognitive paradigms, namely overlay, 
underlay and interweave. Many other interesting and novel results for MIMO cognitive radio 
transmission design, degrees-of-freedom and interference cancellation have been presented. 
  



Project:  SACRA      
EC contract:  249060 

Document ref.: D2.4 

Document title:  Design of MIMO multiplexing techniques with 
polarization 

Document 
version:  2.0 

Date:  7 January 2013 
 

Page:  3 / 55 

 

CONTENTS 
 

1 INTRODUCTION ......................................................................................................... 5 

1.1 GENERAL CONTEXT ............................................................................................................. 5 

1.2 PURPOSE OF THE DOCUMENT .............................................................................................. 6 

2 MULTI-ANTENNA COGNITIVE RADIO PARADIGMS ........... .................................... 8 

2.1 SPATIAL OVERLAY: MISO/MIMO INTERFERENCE CHANNEL ................................................... 8 

2.2 SPATIAL UNDERLAY ........................................................................................................... 8 

2.3 SPATIAL INTERWEAVE ..................................................................................................... 8 

3 TRANSMIT-RECEIVER ALGORITHMS FOR SISO-MIMO OVERLAY COGNITIVE 
RADIO ....................................................................................................................... 10 

3.1 MAIN THEME ...................................................................................................................... 10 

3.2 INTRODUCTION .................................................................................................................. 10 

3.2.1 The origin and background of Cognitive Radio ........................................................... 10 

3.2.2 Assumptions and Contribution .................................................................................... 11 

3.3 SYSTEM MODEL ................................................................................................................. 11 

3.4 MIMO BEAMFORMING (BF) DESIGN FOR OVERLAY PARADIGM .............................................. 12 

3.5 INDEPENDENT PRIMARY MESSAGE ENCODING – ACHIEVABLE RATES ...................................... 13 

3.6 SAME PRIMARY MESSAGE ENCODING – ACHIEVABLE RATES .................................................. 14 

3.7 NUMERICAL AND SIMULATION RESULTS ............................................................................... 16 

3.8 CONCLUDING REMARKS ..................................................................................................... 17 

4 BEYOND LINEAR INTERFERENCE MITIGATION IN COGNITIVE NETWORKS ... 18 

4.1 MAIN THEME ...................................................................................................................... 18 

4.2 INTRODUCTION .................................................................................................................. 18 

4.2.1 Assumptions and Contribution .................................................................................... 19 

4.3 SYSTEM MODEL ................................................................................................................. 20 

4.4 PROPOSED INTERFERENCE MITIGATION STRATEGY .............................................................. 21 

4.5 MULTI-STAGE RECEIVER .................................................................................................... 21 

4.5.1 Inner Receiver ............................................................................................................ 22 

4.5.2 Outer Receiver – ML ................................................................................................... 23 

4.5.3 MMSE based detection ............................................................................................... 23 

4.6 NUMERICAL AND SIMULATION RESULTS ............................................................................... 23 

4.7 CONCLUDING REMARKS ..................................................................................................... 25 

5 ON THE TWO-USER GAUSSIAN CAUSAL COGNITIVE CHANNEL . .................... 26 

5.1 INTRODUCTION ................................................................................................................. 26 

5.1.1 Contributions .............................................................................................................. 28 

5.2 SYSTEM MODEL AND BACKGROUND ................................................................................... 28 

5.2.1 The Gaussian Noise Channel, Generalized Degrees of Freedom and Capacity to 
Within a Constant Gap ................................................................................................ 29 



Project:  SACRA      
EC contract:  249060 

Document ref.: D2.4 

Document title:  Design of MIMO multiplexing techniques with 
polarization 

Document 
version:  2.0 

Date:  7 January 2013 
 

Page:  4 / 55 

5.2.2 Known Outer-Bounds.................................................................................................. 30 

5.3 BASELINE ACHIEVABLE STRATEGIES .................................................................................. 30 

5.3.1 Baseline PDF-based Strategy ..................................................................................... 30 

5.3.2 Baseline NNC-based Strategy .................................................................................... 31 

5.3.3 Numerical Evaluation .................................................................................................. 31 

5.4 GDOF AND CAPACITY TO WITHIN A CONSTANT GAP ............................................................. 32 

5.4.1 Symmetric Channel .................................................................................................... 33 

5.4.2 Z-channel.................................................................................................................... 34 

5.4.3 S-channel ................................................................................................................... 35 

5.5 CONCLUDING REMARKS ..................................................................................................... 37 

6 ADDITIONAL MULTI-ANTENNA RESULTS .................. .......................................... 38 

6.1 OVERLAY MULTI-CELL COMMUNICATIONS........................................................................... 38 

6.2 MISO COGNITIVE RADIOS - WEIGHTED SUM RATE (WSR) MAXIMIZATION FOR UNDERLAY CR
 ........................................................................................................................................ 39 

6.3 MIMO COGNITIVE RADIOS: SPATIAL INTERWEAVE DESIGN WITH MULTIPLE PRIMARY USERS. 40 

6.4 MISO INTERFERENCE CHANNEL: SINR BALANCING AND BEAMFORMING DESIGN .................. 42 

6.5 MIMO INTERFERENCE CHANNEL: WEIGHTED SUM RATE MAXIMISATION IN THE NOISY MIMO IC
 ........................................................................................................................................ 43 

6.6 MIMO INTERFERENCE CHANNEL:  DISTRIBUTED CSI ACQUISITION AND FILTER COMPUTATION 
FOR NOISY MIMO IC ......................................................................................................... 45 

7 CONCLUSIONS ........................................................................................................ 48 

8 ACRONYMS ............................................................................................................. 49 

9 REFERENCES .......................................................................................................... 51 

 
 



Project:  SACRA      
EC contract:  249060 

Document ref.: D2.4 

Document title:  Design of MIMO multiplexing techniques with 
polarization 

Document 
version:  2.0 

Date:  7 January 2013 
 

Page:  5 / 55 

1 INTRODUCTION 
1.1 GENERAL CONTEXT  
The idea of unlicensed cognitive radios has been gaining momentum at a rapid pace in the past 
few years due to the availability of fixed spectrum for communications and huge growth in available 
wireless applications and services. Thus the demand for data rates on the air is increasing 
exponentially and this demand is facing bottleneck in terms of available spectrum. This has 
motivated communication engineers and researchers in making unlicensed systems practical and 
co-exist with present licensed systems with least disturbance in their operation. 
 
The simultaneous utilisation of one spectrum band by the primary system (the spectrum owner or 
license holder) and the secondary/cognitive system (the unlicensed spectrum user) asks for new 
sensing and access techniques. These techniques need to be tailored for the specific mode of 
operation of the cognitive systems. These systems are meant to use the unlicensed spectrum in 
various ways, although all require that primary system does not get a real hit in its quality of 
service. In this vein, three regimes of operations of cognitive systems have been identified. 
[Goldsmith2009] has classified these regimes as underlay, interweave and overlay. 
 
The ‘interweave’ paradigm is based on the idea of opportunistic communication, and was the 
original motivation for cognitive radio by Joseph Mitola [Mitola2000]. This idea is also supported by 
studies conducted by the Federal Communications Commission (FCC) showing that a major part 
of the spectrum is not utilized most of the time [FCC2002]. In other words, there exist temporary 
space-time-frequency voids, referred to as spectrum holes that are not in constant use in both the 
licensed and unlicensed bands. These gaps change with time and geographic location, and can be 
exploited by cognitive users for their communication. Thus, the utilization of spectrum is improved 
by opportunistic frequency reuse over the spectrum holes. The interweave technique requires 
knowledge of the activity information of the non-cognitive (licensed or unlicensed) users in the 
spectrum. The deliverables D2.1 and D2.2 have presented a wide range of sensing techniques 
which can be exploited to identify these time-frequency holes unused by primary systems where 
cognitive system can transmit their data.  
 
The underlay paradigm encompasses techniques that allow communication by the cognitive radio 
assuming it has knowledge of the interference caused by its transmitter to the receivers of all non-
cognitive users. In this setting the cognitive radio is often called a secondary user which cannot 
significantly interfere with the communication of existing (typically licensed) users, who are referred 
to as primary users. 
 
The enabling premise for overlay systems is that the cognitive transmitters will help the primary 
system in conveying their own information. This requires that cognitive transmitters need to obtain 
the knowledge of the non-cognitive users’ messages. This is certainly tricky but various scenarios 
and system settings have been identified where this becomes practical. We revisit these 
paradigms in detail in the next section. 
 
For SACRA use cases, it is intended to use TVWS band as the unlicensed band. Due to lower 
frequencies, achieving spatial diversity becomes an issue here in terms of antenna size and of 
antenna separation since an antenna separation distance of half a wavelength is necessary to 
avoid signal correlation and electromagnetic antenna coupling. This causes the design of huge 
impractical antennas for such bands, thus bringing the interest of harnessing the spatial diversity 
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through polarization. So instead of true spatial diversity, two different polarizations are captured. 
We have not given separate study of proposed techniques for polarization but the proposed 
techniques and algorithms apply verbatim to dual polarized antennas.  
 
The rest of this deliverable is organized as follows. Section II describes the multiple cognitive radio 
paradigms for multi-antenna terminals. Section III presents the design of transmission and 
reception strategy for MIMO cognitive radio systems in overlay regime. Section IV provides a novel 
interference cancellation framework which combines linear and non-linear design for improved 
performance. This framework is fairly general and can be applied to any terminal receiving 
interference from multiple sources and hence becomes very attractive for cognitive receivers. 
Section V treats the case of two-user Gaussian causal cognitive radio channel from an information 
theoretic point of view and gives novel results for generalized degrees of freedom and optimal rate 
gap. Section VI combines multiple contributions where various paradigms of cognitive radio 
systems have been studied. Finally, Section VII gives the concluding remarks for this deliverable. 
 
 

1.2 PURPOSE OF THE DOCUMENT  
This document is the second version of the deliverable D2.4 of WP2.3.2 of the FP7 SACRA 
project. This sub work package is entitled “MIMO multiplexing techniques" and this deliverable is 
entitled "Design of MIMO multiplexing techniques with polarization". It considers the studies on 
design and analysis of transmission and reception strategies for cognitive radios having multiple 
antennas. It also considers the interference mitigation techniques for such cognitive radio systems.  
 
The goal of this document is to disseminate the proposed MIMO cognitive transmission strategies 
and interference cancellation algorithms in a cognitive radio framework and to demonstrate their 
performances. The performances of the proposed techniques are shown through simulations. This 
document becomes an essential contribution to WP2.3 in terms of transmission and access 
techniques. The interference cancellation technique given in Section IV is fairly general and highly 
suited to the needs of environments where the receivers would be facing interferences from 
multiple sources. This algorithm brings very attractive gains over normal receivers with reasonable 
amount of extra processing and hence could be a good candidate for future wireless receivers. 
 
Some sections in this deliverable are dedicated to characterizing the achievable rate regions of 
various cognitive radio paradigms. This study is particularly suitable to indicate the gains which can 
be harnessed through intelligent cognitive radio operation. For the simple case of 2 user cognitive 
radio channel bounding the cognitive message knowledge obtained causally over the air, 
generalized degrees of freedom are characterized. Achievable schemes are proposed and the gap 
from the upper bounds is shown to be a fixed number of bits independent of system and network 
parameters. 
 
In the first version of this deliverable, two main sections were presented which become Sections III 
and IV of the current deliverable. Two new sections V and VI have been newly added in this 
second version. Section V gives novel information theoretic results for Gaussian cognitive radio 
channels when the cognition is causally obtained over the noisy link. Section VI combines multiple 
contributions treating various paradigms of cognitive radio systems. Introduction and conclusions 
have been updated accordingly in this second version. 
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In a nutshell, the proposed transmission techniques and the receive algorithm show their benefit in 
terms of increased spectral efficiency for SACRA cognitive radios which is the main objective of 
this project. Secondly interference cancellation algorithm is a very practical cost-effective one 
meeting the energy efficient promise of SACRA radios. Thirdly good progress is made in terms of 
rate region characterization of cognitive radio systems when the message knowledge is causal. 
 
In this document, Tx will stand for transmit/transmitter/transmitting and similarly Rx for 
receive/receiver/receiving. In the same vain e.g. ZF can stand for zero-force/zero-forcing/zero-
forced, and BF for beamform/beamformer/beamforming. 
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2 MULTI-ANTENNA COGNITIVE RADIO PARADIGMS 
 
The extension of a number of standard cognitive radio (CR) paradigms [Goldsmith2009] to the 
multi-antenna case is not as straightforward and unambiguous as it may seem at first. Here we 
propose some possible multi-antenna extensions for these paradigms. These proposals were first 
put forward in a CR Panel Session organized by the CROWN (FP7 FET) consortium at the 
CogART conference in Barcelona, Spain, in Oct. 2011, see also [Negro2011a]. 

2.1 SPATIAL OVERLAY: MISO/MIMO INTERFERENCE CHANNEL  
In the overlay paradigm, primary and secondary collaborate. This collaboration could be 
interpreted at multiple levels, at the level of an exchange of transmit signals (as in network MIMO), 
or just at the level of Channel State Information at the Transmitter (CSIT), which in the single 
antenna case translates to coordinated power control. In the case of multiple antennas, if we limit 
cooperation to CSIT, this would lead to the exploitation of the multiple antennas for coordinated 
beamforming to achieve parallel interference-free channels. Coordinated beamforming applies to 
multiple antennas at the transmit side (MISO Interference Channel). In the case of multiple 
antennas at the receivers, we can have coordinated receivers. The case of the coordination of the 
multiple antennas on both sides corresponds to the (noisy) MIMO Interference Channel (IC). The 
recent Authorized Shared Access (ASA) proposal by Qualcomm and Nokia fits in the realm of 
overlay cognitive radio [Qualcomm2012]. 

2.2 SPATIAL UNDERLAY 
In the underlay paradigm, interference caused by a secondary transmitter to a primary receiver is 
acceptable as long as the interference remains under a maximum tolerance level. One possible 
definition of spatial underlay then would be that the primary receiver equipped with multiple 
antennas allows primary interference as long as it has enough antennas to handle it. Hence the 
primary receiver needs to be active. So, the primary receiver allows an interference subspace of 
maximum dimension equal to the excess of its number of antennas over the number of primary 
streams it needs to receive. The primary system is secondary-aware. Of course, the secondary 
transmitters need to align the interference caused to primaries in subspaces of limited dimension. 

2.3 SPATIAL INTERWEAVE 
In the interweave paradigm, the primary system should not be disturbed at all, and is not required 
to exhibit any cooperation with the secondary systems. So in a spatial interweave version, with 
multiple primary receive antennas also, the secondary systems need to zero-force (ZF) to all 
primary receive antennas individually. In this case there is still room for secondary transmission if 
the secondary transmitters have more antennas than the combined primary receivers. The spatial 
interweave paradigm requires significant CSIT and can be reciprocity based in TDD, or location 
based in the case of Line-of-Sight (LOS) secondary-primary cross channels. In the LOS case, the 
number of primary receive antennas becomes irrelevant (assuming they are in the far field from the 
secondary). In the case of NLOS, the secondary transmitter needs to have more antennas than the 
number of propagation paths to all primary receivers. 
In a TDD setting, the exploitation of reciprocity and CSIT can be pushed further. Assuming that the 
target primary receiver(s) handle fewer (primary) streams than their number of antennas (e.g. 
because they are in a MIMO Interference Channel configuration) and that the primary unit 
transmits and receives in the same spatial subspaces, the ZF to the primary receiver antennas can 
be relaxed to zero-forcing to the (fewer) outputs of the primary receiver(s).  
Another issue is that some will argue that perfect CSIT does not exist and hence that perfect ZF 
does not exist. In that case, all spatial interweave would become underlay. We argue that there is a 



Project:  SACRA      
EC contract:  249060 

Document ref.: D2.4 

Document title:  Design of MIMO multiplexing techniques with 
polarization 

Document 
version:  2.0 

Date:  7 January 2013 
 

Page:  9 / 55 

differentiation though. For spatial interweave, we require the CSIT precision to scale with the SNR 
so that CSIT imperfections result in an interference level at the primary receivers that is of the 
same magnitude as their noise level. In other words, the spatial interweave should work perfectly in 
terms of degrees of freedom (rate prelogs, spatial multiplexing factors). An interference-unaware 
receiver at the primary end is sufficient. In underlay on the other hand, the interference 
temperature settings can be higher than the noise level and in the spatial version the interference 
can be significant in limited subspaces. 
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3 TRANSMIT-RECEIVER ALGORITHMS FOR SISO-MIMO 
OVERLAY COGNITIVE RADIO 

3.1 MAIN THEME 
The two user Gaussian fading Cognitive Radio (CR) interference channel is the focus of this study 
which comprises of two transmitter-receiver pairs. The primary transmitter (PTx) and primary 
receiver (PRx) are equipped with single antenna each whereas the cognitive transmitter (CTx) and 
the cognitive receiver (CRx) may be equipped with multiple antennas in our setting although this 
pair is also restricted to single stream transmission. The channel state information is partial such 
that each transmitter knows its channel to the PRx but has no information about its channel to the 
CRx. This section proposes two simple transmission strategies focusing the CR channels in the so-
called “overlay paradigm” where the CTx not only transmits its own message but helps as well 
transmitting the primary message. In the first strategy, the primary message is independently 
encoded at the two transmitters whereas the same primary message encoding is used in the 
second strategy which not only allows the coherent signal combining at the PRx but also the 
possibility of complete interference cancellation at the CRx even in the limiting case when the CRx 
is equipped only with two antennas. The simulation results demonstrate that the proposed strategy 
with same primary message encoding shows considerable performance benefit over the strategy 
where the primary message is independently encoded at the two transmitters. 
 

3.2 INTRODUCTION 

3.2.1 The origin and background of Cognitive Radio 
The simplest instance of interference channel (IC), where two transmitter-receiver pairs are 
communicating over the same communication resource without any cooperation, has been the 
focus of research [Carleial1978] [Sato1977] for the past many decades. The complete 
characterization of the capacity region of this simplest version of IC is still an open problem 
although is known for some special cases, e.g., very high or very low interference regimes 
[Carleial1975] and [Han1981]. The best known achievable region for this channel is by [Han1981]. 
Very recently, IC was studied through a new perspective bounding the capacity region to within 
one bit [Etkin2008]. 
The idea of cognitive radio (CR) originated from Mitola’s work [Mitola2000] where the CRs were 
intelligent communication devices sensing the environment and having the capability to co-exist 
with primary license-holders. Initially the mainstream CRs were considered to be the spectrum 
sensing devices which were able to sense and transmit over the spectrum holes. The authors in 
[Devroye2006] proposed “the overlay paradigm” for the cognitive radios where the cognitive 
transmitter (CTx) knows the message of the primary transmitter (PTx), basically des- tined for the 
primary receiver (PRx). The discussion about the scenarios under which the primary message can 
be estimated at the CTx or can be made available through some backhaul links appears in 
[Devroye2006], [Goldsmith2009] and [Jovicic2009]. This asymmetric message knowledge at the 
two transmitters makes this channel very interesting and equally challenging as from the 
perspective of the PTx, this is an interference channel [Carleial1978] whereas it is similar to a 
broadcast channel as seen through the CTx. As is the case with the interference channel, the 
capacity region of this channel is unknown in general except for some special cases. The capacity 
region in the case of non-fading weak- interference was established in [Wu2007] and [Jovicic2009] 
whereas for the case of non-fading strong-interference, when both receivers can decode their 
respective interferences, the capacity region was determined in [Maric2007]. As overlay CR 
channel has great resemblance to the interference and the broadcast channels, most of the 
transmission schemes proposed for CR channels make use of the techniques proposed earlier for 
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these afore- mentioned channels, the most notable of which are the rate splitting [Carleial1978] 
[Han1981] and the dirty paper coding (DPC) [Costa1983] [Weingarten2006]. 
We study the two user CR fading channel where the PTx and the PRx are the licensed spectrum 
holders and the cognitive pair, CTx and cognitive receiver (CRx), is the unlicensed pair and the 
CTx has the knowledge of the primary message. For the channel state information at the 
transmitter (CSIT), we assume that both transmitters know their channels toward PRx whereas 
both are ignorant of their channel realizations toward CRx. This assumption is motivated by the 
fact that the primary pair, being the license holder, is constantly communicating hence there are 
frequent transmissions from the PRx as well. This CSIT availability would clearly become straight-
forward if the primary system is using time-division duplexing for its two-way transmissions. About 
the channel state information at the receiver (CSIR), both of the receivers are assumed to have the 
perfect knowledge about their channel realizations. 

3.2.2 Assumptions and Contribution 
We restrict the receiver strategies to single-user decoding which strikes out the use of rate-splitting 
[Carleial1978] from the pool of strategies. For the partial CSIT at the two transmitters and single 
stream transmission restriction, we propose two simple transmission schemes for this CR channel 
in “overlay paradigm”. The beamforming (BF) design at the multi-antenna CTx, based upon the 
channel state information (CSI) view that it has, is kept the same for both schemes. More 
specifically, the BF is done so that the PRx receives no interference from the cognitive message 
transmission. In the first scheme, the primary message is encoded independently at the two 
transmitters whereas in the second scheme, the CTx does the same primary encoding as carried 
out at the PTx. This allows coherent combining of the primary message at the PRx providing signal 
strength enhancement. Furthermore, this encoding makes the interference subspace at the CRx to 
lose its rank which makes it possible for the CRx to completely null it out with as few as two receive 
antennas. The achievable rate regions are characterized for both of the proposed schemes and 
performance comparison is provided with the rate region of an equivalent downlink (DL) channel 
which is obtained by combining both transmitters. 
Notation:  � denotes statistical expectation. Lowercase letters represent scalars, boldface 
lowercase letters represent vectors, and boldface uppercase letters denote matrices. �� denotes 
the Hermitian transpose of matrix �. The identity matrix of � dimensions is denoted by ��. For an �-
dimensional complex Gaussian vector �, its norm |�| and squared-norm |�|	 are distributed as chi 
and chi-square with 2� degrees of freedom, denoted as 
	� and 
	�	  respectively. 
 

3.3 SYSTEM MODEL 
The two user cognitive radio system is depicted in Figure 3.1. The primary pair is equipped with 
single antenna each whereas the CTx and the CRx have �� and � antennas respectively. The 
scalar and (row) vector channels at the PRx linking its antenna to PTx and CTx are denoted by ��� 

and ����  respectively. The (column) vector and matrix channels at the CRx linking its � antennas 
to PTx and CTx are denoted by ��� and ��� respectively. Every single channel entry is 
independent identically distributed (i.i.d.) standard complex Gaussian with zero mean and unit 
variance. The average power constraints of the PTx and the CTx are denoted by �� and �� 
respectively. If �� and �� denote the scalar and vector signals transmitted by PTx and CTx 
respectively, the scalar signal received at the PRx, denoted by ��, is given by 

 �� � �������� �������� �� � ��, Eq 1 
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where  denotes the scalar standard Gaussian noise a
vector signal received at the CRx is given by the following equation

 

with each entry of the vector noise 
knows its message, denoted by 

, the primary message  and its channel to the PRx 
for both the PRx and the CRx. 
 
 

Figure 3.1. System model for 2

 

3.4 MIMO BEAMFORMING (BF) DES
As the overlay paradigm of CR is the focus of this study, where the CTx has the knowledge of the 
primary message, it can help the primary pair achieve rates higher than that primary pair can 
achieve in the absence of the cognitive pair. The signal transmit

 

where  and  are the columns of the BF matrix 
CTx destined to PRx and CRx respectively. The primary and cognitive messages are encoded at 
the CTx so that  and  denote the standard Gaussian encoded signals (zero
variance) intended for PRx and CRx and the parameter 
dedicated for primary message. It is important to point out that the absence of full CSIT at the CTx 
makes it unable to predict the interference generated by 
[Costa1983] of the cognitive message against the primary message is not possible.
The only CSI available at the CTx is that of its channel to the PRx, 
choice of beamforming design at the CTx and a very reaso
choose  as a matched filter (MF) beamformer to the PRx 

 so that the PRx does not receive any interference from the message of the cognitive pair.
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denotes the scalar standard Gaussian noise at the PRx. Similarly the 
vector signal received at the CRx is given by the following equation 

, 

with each entry of the vector noise  at the CRx following standard Gaussian distribution. The PTx 
knows its message, denoted by , and its channel to the PRx . The CTx knows its message 

and its channel to the PRx . The CSIR is assumed to be perfect 

 
 

System model for 2 -user cognitive radio interference channel.

BEAMFORMING (BF) DES IGN FOR OVERLAY PARA
As the overlay paradigm of CR is the focus of this study, where the CTx has the knowledge of the 
primary message, it can help the primary pair achieve rates higher than that primary pair can 
achieve in the absence of the cognitive pair. The signal transmitted by the CTx 

, 

are the columns of the BF matrix  and denote the unit norm BF vectors at the 
CTx destined to PRx and CRx respectively. The primary and cognitive messages are encoded at 

denote the standard Gaussian encoded signals (zero
x and CRx and the parameter  controls the fractional power of the CTx 

dedicated for primary message. It is important to point out that the absence of full CSIT at the CTx 
makes it unable to predict the interference generated by  at the CRx and hence D

] of the cognitive message against the primary message is not possible.
The only CSI available at the CTx is that of its channel to the PRx, . This restricts very much the 
choice of beamforming design at the CTx and a very reasonable design for this CSI appears to 

as a matched filter (MF) beamformer to the PRx  and to choose 
so that the PRx does not receive any interference from the message of the cognitive pair.

 

Design of MIMO multiplexing techniques with 

t the PRx. Similarly the -dimensional 

Eq 2 

at the CRx following standard Gaussian distribution. The PTx 
. The CTx knows its message 

. The CSIR is assumed to be perfect 

user cognitive radio interference channel.  

IGN FOR OVERLAY PARA DIGM 
As the overlay paradigm of CR is the focus of this study, where the CTx has the knowledge of the 
primary message, it can help the primary pair achieve rates higher than that primary pair can 

ted by the CTx  can be written as 

Eq 3 

and denote the unit norm BF vectors at the 
CTx destined to PRx and CRx respectively. The primary and cognitive messages are encoded at 

denote the standard Gaussian encoded signals (zero-mean unit-
controls the fractional power of the CTx 

dedicated for primary message. It is important to point out that the absence of full CSIT at the CTx 
at the CRx and hence DPC encoding 

] of the cognitive message against the primary message is not possible. 
. This restricts very much the 

nable design for this CSI appears to 
and to choose  orthogonal to 

so that the PRx does not receive any interference from the message of the cognitive pair. 

Eq 4 
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 ��� �� ���� ⇒ ���� ��� � 0 Eq 5 

Although the design of ��� seems to benefit fully the primary pair by producing no interference at 
the PRx, it does not particularly harm the signal at the CRx. The reason stems from the absence of 
the CSIT of CRx at the CTx which implies that, for any choice of the beamformer design, ��� will 
stay independent of the direct channel ���. 
The PTx is a single antenna node hence it cannot apply any spatial filtering. So the signal 
transmitted by the PTx �� is just the encoded primary message !" in the form of standard 
Gaussian signalling #��. 

 �� � #�� Eq 6 

 

3.5 INDEPENDENT PRIMARY MESSAGE ENCODING – ACHIEVAB LE 
RATES 

First we consider the case where the primary message !" at the CTx is encoded independent of 
its encoding performed at the PTx. This implies that #�� (encoded primary message at the PTx) 
and #�� (encoded primary message at the CTx) are independent. The signal received at the PRx is 
given by  

 �� � ������#�� ��$������ ���#�� � �%1 ' $(������ ���#�� � ��. Eq 7 

The beamforming design at the CTx nulls out the interference signal at the PRx. So the received 
signal at the PRx becomes 

 �� � ������#�� ��$��)���)#�� � ��. Eq 8 

As the primary message has been encoded independently in #�� and #��, the average achievable 
rate for the primary message !" is given by 

 *� � � log .1 � ��/���/	 � $��)���)	0, Eq 9 

where the expectation needs to be taken over two channels. 

As /�11/2~
		 and )���)2~
	�4	 , the above rate becomes 

 *� � � log51 � ��
		 � $��
	�4	 6. Eq 10 

This rate expression clearly shows the advantage of the overlay paradigm as the primary pair can 
enjoy much higher rates as compared to what it can experience in the absence of the cognitive 
pair. 
The vector signal received at the CRx is given by 

 7� � ������#�� � �$��������#�� � �%1 ' $(��������#�� � ��. Eq 11 

This equation shows that the CRx is receiving two interfering signals #�� and #�� and one desired 
signal #��. Thus the achievable rate of the cognitive pair would be highly dependent upon the 
number of antennas available at the CRx and its choice of receive filter. If we combine the 
interfering links as �8 � 5������ �$��������6 and signals as 98 � :#�� #��;<, the received 
signal at the CRx becomes 

 7� � �898 � �%1 ' $(��������#�� � =�. Eq 12 
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If the CRx is equipped with 3 or more antennas, it can null out its 2-dimensional interference 98. 
The projection matrix orthogonal to the CRx interference subspace, formed by the columns of �8, 
is > � ��? '�8@�8��8ABC�8�. If the received signal 7� is projected onto this (orthogonal) subspace, it 
will zero-force (ZF) the interference streams. The rest of the receive dimensions can be used to MF 
the projected effective channel, given by >������. Hence the combined ZF-MF receiver which first 
zero-forces the interference and then does the MF to the orthogonally projected channel is given 
by 

 D�EFBGF � ���† ���† >�> � ���† ���† >, Eq 13 

where the second equality is the result of the idempotent property of the projection matrices 
[Horn1985]. Due to well-known properties of the independent Gaussian vectors, it is known that the 
interference free filtered channel D�ZF'MF������ would be distributed as 
	%�LB	(	 . This dictates that 
the achievable rate of the cognitive pair is given by: 

 *� � � log51 � %1 ' $(��
	%�LB	(	 6 � M 3. Eq 14 

If the CTx stops helping the primary pair %$ � 0(, there is only one interfering stream and for *� � 0, there is no interference. Thus the achievable rate at the CRx with ZF-MF are:  

 *� � O� log51 � %1 ' $(��
	%�LB	(	 6 ; � M 3, $ R 0� log51 � ��
	%�LBS(	 6 ; � M 2, $ � 0, *� R 0�	log51 � ��
	�L	 6 ; *� � 0 U. Eq 15 

Although ZF-MF receiver gives nice closed-form expressions for the rate of the cognitive pair, this 
is not necessarily the optimal receiver. The CRx can employ an SINR maximization filter, which we 
short-hand as MxSINR receiver, to get better rates. If CRx applies a unit norm receive filter D� to 
the received signal 7� of (Eq. 12), the filtered signal becomes 

 D�7� � D��898 � �%1 ' $(��D�������#�� � D�V�. Eq 16 

The SINR of the desired signal at the CRx can be written as 

 SINR[ � D�.%SB\(]^���������† ���† 0D�_D�.�8�8_`��a0D�_ . Eq 17 

The problem of finding the MxSINR receive filter which maximizes this SINR falls under the well-
known paradigm of Generalized Eigen-Value problems (see [Sadek2007] and the references 
therein). Thus the MxSINR filter can be computed analytically as the maximum Eigen vector of the 
following matrix: 

 b5�8�8� � ��a6BC%1 ' $(�����������† ���† c. Eq 18 

This receiver will always exist contrary to ZF-MF receiver which requires more receive dimensions 
(antennas) than interference dimensions as its existence condition. 
 

3.6 SAME PRIMARY MESSAGE ENCODING – ACHIEVABLE RATE S 
In this section, we treat the case when the encoding of the primary message !" is same at both 
the PTx and the CTx. Let this fact be taken into account by denoting both #�� and #�� as #�. We 
further make a small change in the signal transmission at the PTx by nulling out the phase of the 
direct channel ��� linking the PTx to the PRx. If ��� � /���/defgg , the signal transmitted at the PTx, ��, is now given by 
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 �� � dBefgg#�� � dBefgg#�. Eq 19 

This phase cancellation at the PTx does not involve any loss or benefit for the rate of the CRx but 
causes higher primary rates when the primary message coming from two transmitters is coherently 
combined at the PRx. Using the beamforming previously described, the signal received at the PRx 
is 

 �� � @���/���/ � �$��)���)A#� � ��. Eq 20 

And hence the achievable rate of the primary pair is given by 

 *� � � log .1 � @���/���/ � �$��)���)A	0. Eq 21 

As /���/~
	 and )���)~
	�4, the above rate becomes 

 *� � � log .1 � @���
	 � �$��
	�4A	0. Eq 22 

A simple comparison of this achievable rate of the primary pair with the rate achieved without 
coherent combining, given in (Eq.10), shows the promising gains of this scheme. 
The received signal at the CRx is given by 

 7� � 5������dBefgg ��$��������6#� � �%1 ' $(��������#�� � V�. Eq 23 

This equation shows the remarkable fact that the two interference streams coming from the two 
transmitters actually make a one dimensional subspace which makes it possible to null out the 
interference completely at the CRx even with two antennas. We again select the receive filter to be 
ZF-MF which first does ZF of the interference and then MF to the desired signal with the remaining 
dimensions. If we denote the interference vector as �8 � 5������dBefgg ��$��������6, the 

orthogonal projection matrix is given by > � ��? ' �8@�8��8ABC�8�	and the overall ZF-MF receive filter 
is 

 D�EFBGF � ���† ���† >�> � ���† ���† >. Eq 24 

The filtered signal at the CRx becomes 

 D�EFBGF7� � �%1 ' $(��D�EFBGF������#�� � D�EFBGFV�, Eq 25 

where the filtered noise D�EFBGFV� is a standard Gaussian distributed scalar due to the 
independence of D�EFBGF w.r.t. V�. The filtered channel D�EFBGF������ is 
	%�LBS(	  distributed as only 
one direction �8 needs to be nulled out. It allows us to write the achievable rate of the cognitive pair 
as follows: 

 *� � h� log51 � %1 ' $(��
	%�LBS(	 6 ; � M 2, *� R 0�	log51 � ��
	�L	 6 ; *� � 0 U. Eq 26 

As we described for the previous strategy, a receive filter achieving higher rates than ZF-MF can 
be obtained as MxSINR receiver. This can be obtained by solving the Generalized Eigen-Value 
problem as detailed in the previous section. The MxSINR receiver would be the maximum Eigen 
vector of the following matrix: 

 b5�8�8� � ��a6BC%1 ' $(�����������† ���† c. Eq 27 

Note:  If the PTx does not null out the phase as in (Eq.19), the rate of the cognitive pair remains 
unchanged although the primary rate gets some hit as the effective channel to the PRx carrying 
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primary message from two transmitters becomes ���� ��� � ��� � )���) � ���. The phase nulling 
operation carried out at the PTx makes the effective channel )���) � ��� which has higher mean, 
higher energy and hence results in larger achievable primary rate. 
 

3.7 NUMERICAL AND SIMULATION RESULTS 
In this section, we plot the rate regions which are achievable using the strategies proposed in the 
previous sections. The rate regions for various values of power constraints and when both CTx and 
CRx are equipped with 2 antennas each have been plotted in Figure 3.2. For comparison, we have 
also plotted the achievable rate regions for the equivalent DL channel which is obtained by 
collapsing both the PTx and the CTx into one node which has %�� � 1(  antennas and its average 
power constraint is �� � �� , the sum of the constraints at the PTx and the CTx.  

 

 

Figure 3.2. Both CTx and CRx have 2 antennas each. For same primary message encoding 
strategy, rates have been plotted when CRx is ZF-MF  and MxSINR. With independent 

encoding, ZF is not possible so MxSINR CRx is used.  

 
The CR regions for the same primary message encoding have been plotted for the two cases 
when the CRx employs ZF-MF and MxSINR receivers. We see that the rate regions corresponding 
to MxSINR receiver are larger but their gain over ZF-MF receiver regions diminishes at high 
SINRs. For independent primary message encoding scheme, the rate regions have only been 
plotted for MxSINR CRx as with 2 antenna CRx, perfect ZF of interference is not possible. At low 
power constraints, independent encoding scheme with MxSINR CRx gives some points which are 
outside of the region with same primary encoding followed by ZF-MF CRx. This is the 
consequence of the well-known inefficiency of ZF at low powers. We see that the same primary 
encoding scheme shows considerable rate advantage over independent encoding scheme which is 
due to the loss of coherent combining gain at the PRx in independent encoding. The rate regions 
of the same primary encoding strategy are close to the DL regions but there is significant 
difference in *� for *� � 0. This is the consequence of the relaxed DL power constraint as for *� � 0, the cognitive message can be transmitted with power �� � �� by the equivalent DL 
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transmitter instead of true CTx power ��. The achievable CR rate regions and DL rate regions have 
been plotted for �� � 3, � � 3 in Figure 3.3 for various power constraints.  
 

 
 

Figure 3.3. Both CTx and CRx have 3 antennas each. The rate regions have been plotted for 
both schemes when CRx employs Mx-SINR and ZF-MF rec eiver. MxSINR receivers bring 

some gains over ZF-MF for lower power constraints. 

 
The CR rate regions for both schemes have been plotted for the two cases when the CRx is 
employing MxSINR receiver or ZF-MF receiver. As was the case in Figure 3.2, same primary 
message encoding strategy gives larger rate regions compared to independent encoding strategy.  
 

3.8 CONCLUDING REMARKS 
This section treats the Gaussian fading cognitive radio channel for single antenna primary pair and 
multi-antenna cognitive pair. The study is conducted with the availability of partial CSIT where each 
transmitter knows its channel to the PRx and has no information about its channel to the CRx. Two 
transmission strategies are proposed for this partial CSIT cognitive radio channel. The achievable 
rate regions are plotted and the performance comparison is provided with the achievable region of 
an equivalent DL channel which is obtained by collapsing both the PTx and the CTx into one. The 
strategy with same primary message encoding shows significantly larger rate regions over the 
strategy where the primary message is independently encoded at the two transmitters. 
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4 BEYOND LINEAR INTERFERENCE MITIGATION IN 
COGNITIVE NETWORKS 

4.1 MAIN THEME 
In this study we consider cognitive networks and focus on interference mitigation in the uplink. This 
section proposes an effective interference mitigation strategy based on centralized processing and 
exploitation of dominant interferences. The basic idea is two folds, i.e. using some linear 
processing to reduce the dimension of the cognitive system followed by some nonlinear processing 
to exploit dominant interferences. The resultant multistage receiver is characterized by the 
performance closer to that of an optimal receiver but with much less complexity.  
 

4.2 INTRODUCTION 
As wireless networks are inherently limited by their own interference, a lot of research focuses on 
interference reduction techniques, such as multiuser MIMO [Gesbert2007], interference alignment 
[Cadambe2008] or multi-cell processing [Gesbert2010]. Although these techniques can lead to 
considerable performance gains, it is unlikely that they will be able to carry the exponentially 
growing wireless data traffic. Due to this reason, either dense MIMO, i.e. network densification by 
increasing the number of antennas per unit area [Chandrasekhar2008] or massive MIMO, i.e. 
increasing the number of antennas at the base station (BS) [Marzetta2010] seems inevitable. 
However the recent investigation that most of the voice and data communications take place 
indoors [Chandrasekhar2008] suggest against building huge infrastructures on the basis of 
economic viability for supporting these exploding rates over extended ranges. The viable solution 
appears to be network densification in the form of cell-size shrinking, i.e. femtocells 
[Chandrasekhar2008] which require little infrastructure expansion and can achieve manageable 
QoS and high data rates by allowing aggressive reuse of the spectrum. A femtocell is a small 
cellular area covering homes or offices, while a Femtocell Base Station (FBS) or Home eNodeB 
(HeNB) [3GPP TS 22.220] is a simple, low-cost miniature access point BS designed for indoor 
wireless service coverage of the corresponding macrocell.  
Femtocell networks are considered as end-user deployed hotspots under the planned macrocell 
networks. With this, a two-tier network is formed, where the macro cell User Equipment (UE) are in 
tier-one, while the Femto User Equipments (FUE) are in tier-two. Since the two types of users are 
possibly using common frequency spectrum resources, inter-tier radio interference arises. The ad 
hoc nature of femtocells further leads to intra-tier interference and both these interferences act as a 
throughput constraining factor. This is even more crucial in dense urban scenarios where 
femtocells are massively deployed and cannot benefit from an efficient spatial reuse of the radio 
resources. Dealing with this interference demands extensive coordination at macro-level and 
sophisticated processing at FBS thereby overall increasing the network cost. 
The main difference between a FBS and a Macro Base Station (Macro BS), as already introduced 
above, is that the former is user-deployed. That means that a FBS should be a “smart” device able 
to sense the environment and to adapt to its changes. This kind of “smart” devices has been 
defined by Mitola [Mitola2000] as Cognitive Radios (CRs) where the CRs are intelligent 
communication devices having the capability to co-exist with Primary license-holders. 
The coexistence between a macrocell and a femtocell is depicted in Figure 9.1. Here the Cognitive 
User (CU), that denotes the FUE, wants to communicate with the Cognitive Receiver (CRx) that 
represents the FBS. This cognitive system coexists with a primary system where L Primary Users 
(PUs), i.e. the Macro UEs, want to talk to a common destination Primary Receiver (PRx), i.e. the 
Macro BS. The L PUs don’t care about the CU; hence they are producing a lot of interference at 
CRx (inter-tier interference). 
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The scenario in Figure 4.1 justifies the study of this section
at the CRx side. 
 

Figure 4.1. Coexistence between Cognitive and Primary systems

4.2.1 Assumptions and Contribution
We focus on interference mitigation in the 
Multiple Access (OFDMA). We consider a
now we have more than one CRx
CRxs are connected to a CCS (Cognitive Control Station) 
cables, as shown in Figure 4.2.  
 

Figure 4.2. System Model: the uplink communication to CRx is in terfered by neighboring 
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We consider an extension of the scenario depicted in Figure 
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The working principle is to have each CRx as a simple terminal with analog amplifier which relays 
received signals to the CCS where the tasks of interference identification, correlation, and 
cancellation are performed. CCS will therefore have access to the signals of many CRxs thereby 
resulting into a virtual multi-antenna, multi-stream system and enabling centralized processing. 
However full blown up maximum likelihood (ML) centralized decoding at CCS will go beyond any 
acceptable limits of existing hardware. For this framework, we propose an interference mitigation 
strategy at CCS based on a multi-stage receiver which achieves the tradeoff of centralized 
processing (joint decoding) and complexity. The basic idea is amalgamation of linear and nonlinear 
processing in two stages, i.e. using some linear processing to reduce the dimension of the 
cognitive system in the first stage followed by some nonlinear processing to exploit dominant 
interferences in the second stage. This dual-stage processing is based on the classification of 
interferences into two groups, i.e. dominant interferences and weaker interferences and these two 
groups are processed in two different stages. Weaker interferences being more closer to 
Gaussianity [Annapureddy2009] as compared to dominant interferences [Ghaffar2009] are 
attenuated in the first stage (linear receiver) which treats this group as Gaussian and reduces the 
system dimension. Stronger interferences are subsequently handled in the second stage 
(nonlinear receiver) which exploits the discrete structure of these dominant interferences. This two-
stage receiver is characterized by low complexity due to the first stage being linear and is 
characterized by near-optimal performance due to the second stage being nonlinear and being 
based on the exploitation of interference structure. The proposed strategy therefore leads to the 
performance closer to that of an optimal receiver but with significant reduction in the complexity. 
Notation:  � denotes statistical expectation. Lowercase and uppercase letters represent scalars, 
boldface lowercase letters represent vectors, and boldface uppercase letters denote matrices. �< �∗ and �� denotes transpose, conjugate and conjugate transpose of matrix �. 	|∙| and ‖∙‖	indicate 
norm of scalar and vector respectively. The identity matrix of � dimensions is denoted by��.  
 

4.3 SYSTEM MODEL 
We consider the uplink of cognitive network as shown in Figure 4.2 where CRxs are connected 
with CCS via wired lines. Each CRx serves as an analog amplifier which amplifies and forwards 
the received signal to CCS where the PHY and MAC processing is carried out. CCS contains a 
series of interconnected Cognitive Boxes (CBs) with each CB connected to a CRx. In line with the 
on-going wireless standardizations as LTE [3GPP TS 36.211 Release 8] and LTE-Advanced 
[3GPP TS 36.211 Release 10], we consider that the system is based on OFDMA where the PUs 
employ BICM [Caire1998] based OFDM transmission. Not allowing any predefined spectrum 
management, the uplink communication is not only interfered by cross-tier interference (PUs) but is 
also interfered by intra-tier interferences (neighboring CRxs). Assuming that the cyclic prefix of 
appropriate length is added to the OFDM symbols, the signal received at CB-1 at the f-th frequency 
tone after cascading IFFT at the CU and FFT at CB-1 is given as 

 lS,m � nSS,m�S,m � nS	,m�	,m �⋯� nSp,m�p,m � =S,m Eq 28 

where neq,m	 ∈ 	s�L   is the vector characterizing Rayleigh fading channel from the l-th CU to the j-th 
CRx at the f-th frequency tone. Note that � denotes the number of receive antennas at the CRx. lS,m	, =S,m	 ∈ 	s�L are the vectors of the received symbols and circularly symmetric complex white 
Gaussian noise of double-sided power spectral density tu 2⁄  at � receive antennas of CRx-1. 
Interferences from relatively distant CUs being weaker have been merged in the noise 
[Annapureddy2009]. The complex symbol �q,m is transmitted by the l-th CU over a signal set 
q ⊆ x	 
with a Gray labeling map yq: {0,1|q}~�|��| →
q where |
q| � �q is the cardinality of the constellation. 
Symbols from different CUs are assumed to be independent. Due to the interleaving operation in 
BICM, channels at different frequency tones are also assumed to be independent. 
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4.4 PROPOSED INTERFERENCE MITIGATION STRATEGY 
At the CCS, an array of interconnected CBs is devised that centralizes the signal processing. The 
interference for one CB is the desired signal for another CB so some common processing or the 
exchange of information between the CBs can help in mitigating the interference. In this context, 
multi-user detection strategy can be adopted at the CCS through ML receivers but though being 
optimal, it will lead to enormous complexity. On the other hand, single-user detection strategy can 
be adopted through single-user receivers which would be less complex but will be highly 
suboptimal. Need is to devise an effective interference mitigation strategy which can be 
implemented within the limits of existing hardware complexity constraints. To this end, we propose 
a multi-stage receiver in each CB which on one hand reaps the benefits of multi-user detection but 
on the other hand is not as complex as multi-user detectors. Based on the idea that CCS can 
process the received signals jointly, we propose that the received signals at different CBs are 
categorized into different interference groups and then these groups are handled by multi-stage 
receivers. 
Without loss of generality, we consider CB-1 whose desired signal is �S but it is encountering 
dominant interferences as �	, … , �p which are either from the adjacent CUs or PUs. The complexity 
of ML detection at CB-1 for detecting the desired signal would be �@|
|pA. Disregarding the 
subcarrier index and merging the weaker interferences in noise, the signal at CB-1 is given as 

 lS � nSS�S �⋯� nSp�p � =S. Eq 29 

To detect �S, CB-1 accesses the signals from other CBs which have �S as dominant interferer. Let 
the signal of l-th neighbouring CRx is given as 

 lq � nqS�S �⋯� nq��� � =q . Eq 30 

CB-1 stacks these signals in a column vector which is given as 

 �lS⋮l�� � �nSS … nSp 0 ⋯ 0⋮ ⋮ ⋮ ⋮ ⋮ ⋮n�S … … … ⋯ n��� ���
���S⋮�p⋮�����

��
 Eq 31 

which can be written as 

 l � nS�S �⋯� np�p �⋯� n��� � = � �� � =. Eq 32 

Note that the first column of � corresponding to �S will have all non-zero entries while other 
columns will have some entries as zero. This is due to the fact that all signals are not received by 
all CRxs and the received signals which have been grouped at CB-1 are based on the criteria that 
they all have �S as a dominant signal. The complexity of ML detection of �S in (Eq. 32) is �%|
|�( 
where �	 M �. Though additional spatial diversity has been obtained by combining signals, the 
complexity of detection has also increased fundamentally. Based on the sparsity of �, we propose 
a multi-stage receiver for the detection of �S. 

4.5 MULTI-STAGE RECEIVER 
There are several choices of receivers in such an interference-limited system which can be broadly 
divided into two groups. First group of receivers are linear receivers which are based on the 
simplifying Gaussian assumption for the alphabets. Design criteria of these receivers is largely 
influenced by the practical constraints where complexity is the limiting factor in receive processing. 
These constraints have led to naive linear solutions, which are based on neglecting the integer 
constraint coupled with the simplifying Gaussian assumption for the desired signal and interfering 
signals and then subsequently projecting the so-obtained solution onto the finite set of permissible 
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alphabets of desired signal. These linear receivers as MMSE [Ghaffar2009] and zero forcing (ZF) 
[McKay2007] in general work poorly especially in the case of limited number of alphabets when 
central limit theorem dictating the overall sum of alphabets to be Gaussian does not hold. Second 
group of receivers are non-linear receivers as optimal ML receivers or near optimal sphere 
decoders [Brunel2004] or lattice reduction aided receivers [Yao2002] etc. These receivers are 
characterized by high complexity though their performance is much better than their linear 
counterparts. These receivers consider the alphabets to be from the realistic finite constellations 
and exploit their discrete structure in the detection process. This adds significantly to the detection 
complexity which is exponential in 
the number of alphabets, i.e. dimension of the system. Due to this complexity, these receivers are 
generally not preferred in practical systems [Larsson2008], rather they serve as an upper bound on 
the system performance. 
We here propose a split detection scheme which comprises of two stages. This splitting is based 
on different behavior of interferences as per their strength. Weaker interferences are closer to 
Gaussianity and exploiting the structure of these interferences will only lead to limited gains but at 
the cost of huge increase in complexity. Ignoring these interferences and merging them in noise, 
i.e. single-user detection, will lead to considerable degradation in the performance. These 
interferences can however be effectively attenuated by linear processing. On the other hand, 
exploiting the structure of dominant interferences lead to significant improvement in the 
performance. Though the complexity increases, but the performance gains justify this additional 
complexity. We therefore propose a multi-stage receiver with the first stage being linear where 
relatively weaker interferences are mitigated, assuming them to be Gaussian and the system 
dimension is adapted so as to be feasible for the subsequent stage. The second stage is a non-
linear ML receiver which exploits the structure of dominant interferences in the detection of the 
desired stream. 

4.5.1 Inner Receiver 
In the proposed multi-stage receiver, inner receiver is designed to reduce the dimension of the 
system suitable for the outer ML receiver. It is devised on the basis of MMSE criteria [Tse2005] 
with the task of mitigating relatively weaker interferences and therefore adapting the dimension of 
the system suitable for the outer ML receiver. Amongst the dominant interferences, a group of 
relatively weaker interferences is categorized and the inner receiver attenuates this group. This 
classification is based on the norms of channel vectors so the interfering channels incorporating 
more zero entries are segregated as weaker interferences. Without loss of generality, let’s suppose 
that �p`S, … , �� streams are categorized as weaker interferences. So a filter based on MMSE 
criteria to suppress these weaker interference group would be given as 

 � � �l,lBS�l,�	� � ��	�� ��	�� � tu��L�BS @�	��A Eq 33 

where �l,l is the covariance matrix of l, � �	 :nS … np; and � �	 :np`S … n�;		. Application 
of the MMSE filter and the Gaussian assumption of the post detection interference would lead to 

 ��l � ���	� ����	� �	��= � 	���	� � =′ Eq 34 

where x � 	 :xS … x�;<  and x � 	 :x�`S … x�;<. The variance of z′, i.e. interference plus noise 

is given by tS � 	�%‖=′‖		|	�(. Knowing that �	�� � �	�� '	�	��, the covariance matrix of =′ is 
given as 

 
� � � .@���	� �	��=A@���	� �	��=A�0 �							� 	�	���BS�	�� '�	���BS�	���BS�	�� 

Eq 35 

where � �	��	�� ��	�� �tu��L�. 
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4.5.2 Outer Receiver – ML 
After the adaptation of system dimension by the inner receiver, outer receiver focuses on the 
desired stream �S. Here we propose the practical version of ML receiver, i.e. max log MAP receiver 
[Caire1998] as the outer receiver. Bit metric for the bit b at the i-th location of the first (desired) 
spatial stream at CB-1 is given as 

 

 S¡ %��l, ¢( £ 	 ¤¥�¦§	∈	�§,¨©¦�∈	��,…,	¦ª∈	�ª
« 1tS )��l '	��nS�S '⋯'	��np�p)	¬

� 	 ¤¥��	∈		©̈ « 1tS )��l '	���	�)	¬ Eq 36 

where 
1,¢¥  denotes the subset of the signal set �S ∈ 	
S whose labels have the value ¢ ∈ 	 {0,1| in 
the position i. Note that tS � ®¯%�( where ®¯:⋅; refers to the trace of matrix. Bit LLRs are calculated 
using these bit metrics which are then deinterleaved and are subsequently fed to the decoders for 
the detection of the desired stream. The detection complexity of this ML receiver is of the order of 
k, i.e. �@|
|pA. 
4.5.3 MMSE based detection 
For comparison purposes, we consider state of the art parallel detection scheme in such scenarios, 
i.e. linear MMSE receiver [Tse2005] which is given as 

 ± �	@��� �tu��LABS� Eq 37 

whose application yields 

 ±�l � ���BS�� � ���BS=. Eq 38 

The l-th component is given as 

 nq��BSl � 	nq��BSnq�q � �′ Eq 39 

The variance of �′, i.e. interference plus noise is given by tq � 	�%|�′|		|	�(. Assuming that ²²� ���� ' nqnq�, we get 

 tq 	� 	nq��BS²²��BSnq � tunq��BS�BSnq � 	nq��BSnq '	/nq��BSnq/	. Eq 40 

So the SINR is given as 

 SINR	 � 	 /nq��BSnq/	nq��BSnq ' /nq��BSnq/	 � /nq��BSnq/C ' /nq��BSnq/. Eq 41 

Note that �'1 being a positive definite matrix, n³†�'1n³ is a positive real number. The bit metric for 
the bit b at the i-th location of the l-th spatial stream is given as 

  S¡ %±�l, ¢( £ 	 ¤¥�¦�	∈		��,¨© « 1tq /nq��BCl ' nq��BSn´�q/	¬ Eq 42 

4.6 NUMERICAL AND SIMULATION RESULTS 
For simulations, we consider the uplink of a cognitive network where transmission is based on 
BICM OFDM. We consider single antenna CUs and dual-antenna CRxs. The CUs employ rate-1 3⁄  
LTE turbo code [3GPP TS 36.212] punctured to rate 1 2⁄ . We consider ideal OFDM system (no ISI) 
and analyse the system in the frequency domain where the channel has i.i.d. Gaussian matrix 
entries with unit variance. We consider fast fading where the channel is independently generated 
for each channel use. We focus on the detection of the signal of CU1 at CB-1, i.e. �S and we look at 
the frame error rate (FER) where the frame length is fixed to 1056 information bits. The signal �S is 
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directly interfered by 2 signals from neighboring CUs. CB-1 at CCS stacks the signals from other 
CBs as per (Eq 31) and (Eq 32) where �S is the dominant signal. 
This leads to � � 6, i.e. the system dimension increases to 6 (one desired signal �S and five 
interfering signals). For reception, we consider the proposed multi-stage receiver and vary the 
distribution of streams into two groups. Once all 5 interferences are included in the first group, then 
multi-stage receiver breaks down to the standard linear MMSE receiver whereas when all 5 
interferences are included in the second group, the multi-stage receiver transforms to the full 
blown-up ML receiver. 
Figure 4.3 shows the results for different distributions of interferences in two groups. Note that 
interferences are ordered in increasing strength at the multi-stage receiver and stronger 
interferences are the ones which are firstly shifted to the second group. The results show that there 
is a progressive improvement in the performance as the size of second group increases which is 
obvious as the multi-stage receiver gets closer to the ML receiver with the increase of the size of 
second group, however the complexity of detection also increases. The extent of improvement in 
the performance decreases as more interferences are put into the second group. This is due to the 
fact that exploiting the structure of weaker interferences leads to only marginal performance 
improvements. Note that there is an improvement of about 4 dB when 2 dominant interferences are 
put into second group where the complexity of detection increases from �%|
|( to �%|
|¶(. Putting 
more interferences (weaker) in the second group give a gain of merely 1 dB whereas the 
complexity of detection increases to �%|
|·(. These results show that there is an appropriate 
tradeoff between the performance and complexity of multi-stage receiver and the performance gets 
quite close to the optimal ML receiver with much reduced complexity. For comparison purposes, 
we have also included the results for single-user receiver when the detection is carried out at 
CRx1. This comparison shows the significant gains that can be achieved by centralized processing 
at the CCS as compared to stand-alone processing at CRxs. 
 

 
 

Figure 4.3. Multi-stage receiver at CCS to detect �C. %¸, ¹( indicates splitting of interferences 
into groups where a indicates the number of interfe rences in the first group (linear receiver) 
while b indicates the number of interferences in th e second group (non-linear ML receiver). 

Alphabets belong to QPSK and SNR is the received SN R at CRx1. 
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4.7 CONCLUDING REMARKS 
This section focuses on interference mitigation in the uplink of cognitive network based on 
centralized processing. We have proposed the categorization of interferences into weaker and 
stronger groups. We have further proposed a multistage receiver where the first stage is linear 
which reduces the system dimension by attenuating weaker interferences. After the adaptation of 
system dimension, the subsequent stage is a non-linear ML receiver which exploits the structure of 
dominant interferences in the detection process. This proposed strategy achieves near ML 
performance with much reduced complexity. 
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5 ON THE TWO-USER GAUSSIAN CAUSAL
CHANNEL 

 

5.1 INTRODUCTION 

Figure 5.1. The two

We consider the Gaussian cognitive overlay paradigm, shown in 
consisting of two transmitters, PTx and CTx, and two receivers, PRx and CRx. PTx 
referred to as primary nodes while CTx and CRx as 
techniques considered here are to firstly allow the cognitive nodes to communicate without 
hindering the communication of the primary nodes and secondly to enhance the communication 
reliability of the primary nodes. To 
and CTx and we assume that CTx can operate in full
channel (i.e. same carrier frequency). Moreover, we treat the case of causal transmission at CTx, 
in the sense that knowledge of the primary transmission is only used for encoding at CTx after 
some processing delay to allow for (partial) decoding or compression of the signal observed at 
CTx. We shall denote the above described system as Causal Cognitive Interfe
(CCIC). From an application standpoint, this model fits future 4G networks with relays 
36.806] where CTx corresponds to the so
communicates in a wireless fashion with PTx which is cal
deployment scenarios where the Donor
the PTx�PRx and PTx�CRx links in full
key difference in 4G network topologies is t
forward fashion. The second main difference is that in the PRx and CRx we are considering 
sophisticated interference-mitigation techniques which exploit knowledge of the codebooks used at 
both PTx and CTx, and moreover where the codebooks are conceived for the interference scenario 
(e.g. superposition-coding [Han1981
Different interference scenarios are considered and can correspond to the choice of appropriate 
deployment configurations in cognitive radio networks. The first class is the symmetric Gaussian 
channel where both the two interfering links and the two direct links are of the same strength.  The 
second class is the interference-
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non-existent (Z-channel) or the link CTx�PRx is non-existent (S-channel). The Z-channel would 
model a situation such as an indoor CTx�CRx with another receiver (PRx) connected to an 
outdoor base station (PTx) in vicinity to CTx. The S-channel would model the case where PRx is 
out-of-range of CTx and the base station (PTx) schedules traffic to both PRx and CTx/CRx 
concurrently. Both scenarios are of practical relevance for practical cognitive radio deployment 
[3GPP TR 36.806] and their ultimate performance is investigated in this work. 
The presence of a lossy communication link between PTx and CTx enables CTx to cooperate with 
PTx in order to send the PTx's message. CTx, in fact, through this noisy channel overhears the 
signal sent by the PTx and gathers information about the activity of PTx. This serves as a basis for 
unilateral cooperation between the two sources. Unilateral source cooperation is a special case of 
generalized feedback or bilateral cooperation [HostMadsen2006], [Yang2011], [Prabhakaran2011] 
and [Tandon2011]. Bilateral source cooperation has received lots of attention recently. Host-
Madsen [HostMadsen2006] first studied outer and inner bounds for the sum-rate capacity for the 
Gaussian IC with either source or destination bilateral cooperation. Prabhakaran and Viswanath 
[Prabhakaran2011] extended the idea in [Etkin2008] and derived an outer-bound for a special 
class of “injective” IC with bilateral source cooperation. The authors evaluated the bound for the 
Gaussian channel with independent noises (this assumption is not without loss of generality for the 
general cooperative IC). Tandon and Ulukus [Tandon2011] developed an outer-bound for the IC 
with bilateral source cooperation based on the dependence-balance idea and proposed a novel 
method to evaluate it for Gaussian channels with independent noises. Tuninetti [TuninettiI2010] 
derived a general outer-bound for the IC with bilateral cooperation by extending Kramer's idea 
[Kramer2004] to any memoryless IC with source cooperation.  
The largest known achievable region for general bilateral source cooperation, to the best of our 
knowledge, is the one presented in [Yang2011]. Here each source splits the message into two sub-
messages, i.e. common and private, as in the Han-Kobayashi's scheme for the non-cooperative 
interference channel (IC) [Han1981]. Moreover each of these two messages is further sub-divided 
into a non-cooperative and a cooperative part. The former is transmitted as in the classical non-
cooperative IC, the latter is delivered to the destination by exploiting the cooperation among the 
two sources. In [Yang2011] each source, e.g. source 1, after learning the message of source 2, 
cooperates by sending the common cooperative messages of source 2 and applies Dirty Paper 
Coding (DPC) [Costa1983] on the private cooperative part of source 2 riding its own receiver 
(receiver 1) of this interference. Unilateral source cooperation is a special case of bilateral 
cooperation between sources. This asymmetric channel has been specifically considered in 
[Wu2011] where the authors study the case when the collaborating transmitter works either in full-
duplex or in half-duplex mode.  With regard to the full-duplex mode, they develop two achievable 
schemes: one exploits partial-decode-and-forward relaying and Gelfand-Pinsker binning and the 
second extends the first by adding rate splitting [Han1981]. These two schemes can be obtained 
as special cases of [Yang2011].  
This chapter formally proves that the sum-rate outer bounds in [HostMadsen2006], [Yang2011] 
and [Prabhakaran2011] are achievable to within a constant gap for any channel parameter. 
One of the simplest unilateral source cooperative models is the non-causal cognitive IC 
[Devroye2006]. This channel is similar to the classical IC with the difference that CTx has a full a 
priori / non-causal knowledge of the PTx message.  For this channel model in Gaussian noise the 
capacity region is known exactly for some parameter regimes and to within 1 bit otherwise 
[Rini2012]. In this chapter we remove this ideal assumption by considering a more realistic 
scenario where CTx learns the message of PTx through a noisy channel. The study of the non-
causal IC stemmed from the question of whether cognitive radio can offer substantial rate gain 
over the classical IC [Devroye2006]. Since the answer was in the positive, see [Rini2012] and 
references therein, the next question is whether such gains can be attained in practical channels 
where message knowledge must be obtained through a noisy channel. This chapter addresses this 
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question by identifying the parameter regimes where causal cooperation achieves the same 
generalized Degrees-of-Freedom (gDoF) as non-causal message knowledge. 

5.1.1 Contributions 
This chapter characterizes both the interference-symmetric and interference-asymmetric gDoF of 
the Gaussian CCIC (G-CCIC). The symmetric sum-rate is the maximum sum-capacity that the PTx 
and CTx can achieve in a network with equal interfering links, while the asymmetric one considers 
the case where one interfering link is zero.  
Our main contributions are two-folded: we propose simple gDoF-optimal schemes that provide 
insights on practical coding schemes for the G-CCIF and we compare causal unilateral cooperation 
with other known forms of cooperation. In particular, 

• We identify simple achievable schemes, from the very general but highly complex scheme 
of [Yang2011], for the different parameter regimes that achieve the gDoF upper bounds to 
within a constant gap. These schemes can be used as a guideline to deploy practical 
cognitive radio systems. Interestingly, 

o Most of our proposed schemes only uses superposition coding. The only exception 
is for a small set of parameters in the case where the link CTx�PRx is non-existent. 
In this case we were not able to show optimality to within a constant gap with the 
simple superposition coding scheme that was proposed for the interference-
symmetric case. This however does not imply that superposition coding alone could 
not achieve capacity to within a constant gap. 

o We provide an example where both superposition coding and binning/dirty-paper-
coding are optimal to within a constant gap. We show that binning/dirty-paper-
coding achieves a smaller gap than superposition coding. Considering that 
binning/dirty-paper-coding is more complex than superposition coding to realize in 
practice, our example points to an interesting practical trade-off between complexity 
and constant gap.  

o We develop a baseline scheme by time-sharing between the achievable region of 
the non-cooperative IC and the one of the Relay Channel (RC). This simple strategy 
can be exploited to show the achievability of the gDoF upper bound in the regimes 
where causal unilateral cooperation achieves the same gDoF as the IC or the RC.  

• We compare unilateral source cooperation with other forms of cooperation: 
o We explicitly identify the parameter regimes where causal cognitive radio offers 

unbounded gain (i.e., strictly larger gDoF) with respect to the non-cooperative case. 
From a practical prospective, outside this set of parameters unilateral cooperation 
might not be worth implementing as the increased complexity of the cooperative 
system does not result in substantial rate gains. 

o We also identity the parameter regimes where causal cooperation achieves the 
same gDoF as the idealized non-causal cognitive model, thereby attaining the 
ultimate performance limits envisaged for cognitive radio. 

o Finally, we compare bilateral cooperation with unilateral cooperation by highlighting 
the regimes where unilateral and bilateral cooperation achieve the same gDoF. This 
shows that even when bilateral cooperation is possible it might not attain gains 
larger than a simple unilateral cooperation. This observation can be used in practice 
to identify the minimal form of cooperation to attain a given target performance. 

5.2 SYSTEM MODEL AND BACKGROUND 
A CCIC consists of two input alphabets @º�,º�A, three output alphabets @»m , »�, »�A and a 
memoryless transition probability ℙ½¾,½g,½̂ |¿g,¿^. PTx has a message À� ∈ 	 :1: 2ÁÂg; for PRx and 
CTx has a message À� ∈ 	 :1: 2ÁÂ^; for CRx, where t denotes the codeword length and *� M 0 and 
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*� M 0 the transmission rates for PTx and CTx, respectively, measured in bits per channel use. 
The messages À� and À� are independent and uniformly distributed on their respective domains. 
At time ¥ ∈ :1:t; the PTx maps its message À� into a channel input symbol Ã�,¡@À�A and CTx 
maps its message À� and its past channel observations into a channel input symbol Ã�,¡@À� , Äm¡BSA. 
At time t, the PRx makes an estimate of its intended message À� based on all its channel 
observations as ÀÅ�@Ä�ÁA, and similarly CRx outputs  ÀÅ�%Ä�Á(. The capacity region is defined as the 
convex closure of all non-negative rate pairs @*�, *�A such that maxÈ∈{�,�|ℙ5ÀÅÈ R ÀÈ6 → 0 as t → ∞. 
Note that the classical non-cooperative IC is obtained as a special case of our model by setting Äm � 	∅ and the non-causal cognitive IC by setting Äm to be a noiseless bit-pipe of infinite capacity. 

5.2.1 The Gaussian Noise Channel, Generalized Degrees of Freedom 
and Capacity to Within a Constant Gap 

As this information theoretic treatment of causal cognitive interference channel is very challenging, 
single antenna systems have been treated. A single-antenna full-duplex G-CCIC is described by the 
input/output relationship Äe � ��eÃ� � ��eÃ� � Ëe 					Ì ∈ {1, Í, Î| 
where the channel gains are complex-valued, constant, and therefore known to all nodes. 

The channel inputs are subject to the power constraint �:|Ã¡|	; Ï �¡ 	 ∈ Ð`, ¥ ∈ {1, Í|. We assume 
without loss of generality that noises are jointly Gaussian with zero mean and unit variance. We 
could further set without loss of generality either �� � �� � 1 or ��� � ��� � 1 [Etkin2008]. In the 
following we assume that the noises are independent. 
A G-CCIC is said to be a Z-channel if ��� � 0, i.e., the CRx does not experience interference from 
PTx, and an S-channel if ���, i.e., the PRx does not experience interference from CTx. 

An often adopted figure of merit for the Gaussian channel is gDoF defined as follows. Let Ñ Ò 1 
and parameterize ��/���/	 � ��|���|	 ≔ ÑS � Ñ ��/���/	 ≔ Ñ\^ � Ô� , $� M 0 ��/���/	 ≔ Ñ\g � Ô�, $� M 0 ��/��m/	 ≔ ÑÕ^ � x� , Ö� M 0 ��/��m/	 ≔ ÑÕg � x�, Ö� M 0 

where $� and $� measure the strength of the interference/cross links compared to the direct link, 
while Ö� and Ö� the strength of the cooperation links compared to the direct link. Since our setting 
corresponds to x� � 0, we let for brevity x� � x. The Generalized Degrees of Freedom of a 
Gaussian noise channel is defined as [Etkin2008] 

× ≔ limÙ→Úmax@*� � *�A2	 log%1 � Ñ(  

where the maximization is intended over all possible achievable rate pairs @*�, *�A. In this work we 
focus on the gDoF of both the symmetric and asymmetric G-CCIC, i.e. Z-channel and S-channel: 

• interference-symmetric channel: $� � $¡, $� � $¡, Ö� � $m , Ö� � 0, 
• Z-channel: 
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$� � 0, $� � $¡ , Ö� � $m , Ö� � 0, 
• S-channel:  $� � $¡ , $� � 0, Ö� � $m , Ö� � 0. 

 
Note that the case $� �	$� � $¡ is not interesting as in this the CCIC reduces to two parallel point-
point links for which cooperation is useless. 

The gDoF region is an asymptotically exact characterization of capacity at infinite Ñ. At finite Ñ the 
capacity is said to be known to within ¢ bits if we can show an inner bound region Û  and an outer 
bound region � such that @*� , *�A 	∈ xÜ�Ýd�x³ÜÞ#¯d:Û; ⇒ @*� � ¢, *� � ¢A ∉ �. 

5.2.2 Known Outer-Bounds 
In the literature several outer-bounds are known for bilateral source cooperation 
[HostMadsen2006], [Prabhakaran2011], [TuninettiI2010] and [Tandon2011]. Here we specialize 
them for the case of unilateral cooperation on the complex-valued Gaussian channel with 
independent noises. We define �5Ã�Ã�∗6 � à����� for some à ∈ s such that |à| Ï 1. The outer-
bounds we will use are obtained by upper bounding each individual mutual information term over à 
in the bounds derived in [HostMadsen2006], [Prabhakaran2011] and [TuninettiI2010]. In particular 
the following bounds, reported at the top of the page, suffice to characterize the gDoF of the G-
CCIC to within a constant gap: cut-set outer-bound [HostMadsen2006] in Eq 43, the outer-bound 
from [TuninettiI2010] in Eq 44 and the outer-bound from [Prabhakaran2011] in Eq 45. 

 *� � *� 	Ï 	 log%1 � Ñ( � min blog �1 � @√Ñ � �Ô�A	� , log%1 � x � Ñ(c Eq 43 

 

*� � *� Ï min hlog ã1 � maxäÔ�, Ñå1 � Ô� æ
� log �1 � @√Ñ � �Ô�A	� , log ã1 � x � max{Ô� , Ñ|1 � Ô� æ
� log �1 � @√Ñ � �Ô�A	�ç 

Eq 44 

 *� � *� Ï log è1 � ã√Ñ�Ô� � �Ô�æ	é � log%1 � x( � log è1 � ã√Ñ�Ô� � �Ô�√xæ
	é. Eq 45 

5.3 BASELINE ACHIEVABLE STRATEGIES 
If the CTx fully cooperates in sending the message of PTx without sending any information for 
itself, the channel reduces to a classical RC. The largest achievable rate for the RC is the 
combination of Partial-Decode-Forward (PDF) and Compress-Forward (CF) proposed in the 
seminal work of Cover and ElGamal [Cover1979]. Let ê%Âë( denote the achievable region in this 
case. If the CTx does not cooperate at all in sending the message of PTx, the channel reduces to a 
classical IC. The largest achievable region in this case is given by the Han and Kobayashi region 
[Han1981] and denoted by ê%ìë(. Here we propose two baseline schemes which are obtained by 
time-sharing between ê%Âë(and ê%ìë(. 
5.3.1 Baseline PDF-based Strategy 
Instead of the general region ê%Âë( we consider here the achievable rate with PDF only, where the 
CTx acts as a relay for the primary pair, given by [ElGamal2011]. We evaluate the PDF achievable 
rate with jointly Gaussian inputs, which are optimal to within 1	bit for the full-duplex Gaussian RC 
[Avestimehr2007], and indicate the corresponding achievable region as ê%]ïð(@��, ��A. Similarly, 
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instead of the general region ê%ìë(we consider the achievable rate region in [Han1981] with jointly 
Gaussian inputs, without time sharing and with the special rate-split of [Etkin2008], which is optimal 
to within 1	bit for the Gaussian IC [Etkin2008], and indicate the corresponding achievable region as ê%ñòó(@��, ��A. By time-sharing between these two strategies we achieve the following region 

 

ê%ôõö÷øù�÷( ≔ úä@*�, *�A ∈ Ð	̀ : *� Ï ûüS � %1 ' û(ü	, *�Ï û¢S � %1 ' û(¢	å, with	%üS, ¢S( ∈ 	ê%]ïð(@��S, ��SA, %ü	, ¢	(∈ 	ê%ñòó(@��	, ��	A Eq 46 

where the union is over %��S, ��	, ��S, ��	, û( 	 ∈ 	ê�̀  such that for fixed average power constraints %��, ��( the constraint 

 û�eS � %1 ' û(�e	 Ï �e , Ì ∈ {1, Í|, and	with	τ ∈ :0,1; Eq 47 

is satisfied. Note that û	represents the fraction of time the CTx operates as a pure relay for the PTx. 
In particular, since the PDF lower bound for the Gaussian RC is equal to the maximum of the 
decode-forward lower bound and the direct transmission lower bound [ElGamal2011] we write  

 ê%]ïð(@��, ��A ≔ b*� � 0, 0 Ï *� Ï maxälog%1 � Ñ(, ¯]ïð@��, ��Aåc Eq 48 

with 

¯]ïð@��, ��A ∶� Ologè1 � ã�Ñ ��1 ' ìgë����Ô� �1 ' Ùë�æ	é if	x M Ñ � Ô�log%1 � x( otherwise U. 
The ETW region ê%ñòó(@��, ��A is given by [Etkin2008]. 

5.3.2 Baseline NNC-based Strategy 
The baseline achievable rate region discussed above is based on PDF relaying at the CTx. 
However, PDF is not optimal in general. In particular, for the Gaussian RC, CF is known to 
outperform PDF when the relay is closer to the destination than to the source. Next we replace the 
PDF region in Eq 48 with the recent network generalization of CF known as Noisy Network Coding 
(NNC) [ElGamal2011]. We apply [ElGamal2011] to the relay phase in our setting, in which the 
NNC lower bound for a memoryless network reduces to an equivalent formulation of the CF lower 
bound for the RC. Without time sharing, with Gaussian inputs and with the optimal `noise 
quantization' variance, the achievable region is formally as in Eq 46, optimized over the set of 
parameters defined in Eq 47, but where instead of ê%]ïð(@��, ��A in Eq 48 we use ê%ÁÁë(@��, ��A 
defined as  ê%ÁÁë(@��, ��A ≔ �*� � 0, 0 Ï *� Ï log �1 � Ñ � ìgëÙ`ìg`ë`S�. 
5.3.3 Numerical Evaluation 
Figure 5.2 compares the two baseline schemes described above for the symmetric G-CCIC where 
the scenario features strong cooperation ($m � 1.2) under different interfering levels at the 
receivers. The reported outer-bound is found by taking the intersection of [HostMadsen2006], 
[Prabhakaran2011], [TuninettiI2010] and [Tandon2011] for each value of the input correlation 
coefficient à � 	�5Ã�, Ã�∗6 ������ . 

From Figure 5.2 we notice that by increasing the level of interference the rate of the primary pair *� increases. This is due to the fact that, in weak interference, PTx prefers to communicate with 
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PRx through the direct link since this leads to higher rates. On the other hand, the PTx reaches 
higher rates when the regarded scenario features both strong cooperation and high interference. In 
this situation indeed the performance in terms of primary user's rates will depend on minä/��m/, /���/å and not anymore on the direct link. From Figure 5.2 we also observe that in the 
strong cooperation regime the NNC strategy outperforms the PDF one when the channel between 
CTx and PRx (���) is sufficiently strong, while in the other cases the opposite holds. As we shall 
see later, these baseline strategies can be used whenever the gDoF of the CCIC is as for the IC or 
for the RC. 

 

Figure 5.2. Baseline PDF- and NNC-based strategies for a fixed �� and for several values of 
�8 covering the noisy interference (green), very weak  (blue), moderately weak (red) and 

strong (magenta) interference regimes. 

 

5.4 GDOF AND CAPACITY TO WITHIN A CONSTANT GAP 
Our main result is to show that the sum-rate upper bounds summarized in Section 10.2.2 are 
achievable to within a constant gap for the interference-symmetric and the interference-asymmetric 
cases. 
The upper bounds in Eq 43, Eq 44 and Eq 45 imply  

 
×@$� , $�, $mA Ï 12minä×ëÙ@$�, Ö�A � ×ëÙ@$� , Ö�A,minä×ïò@$�, Ö�A, ×ïò@$� , Ö�Aå, ×]�@$�, $�, Ö� , Ö�Aå Eq 49 

where ×ëÙ%$, Ö( ≔ maxä1,min{$, Ö|å, ×ïò%$, Ö( ≔ max{Ö, $, 1| ' $ �max{$, 1|, ×]�@$� , $�, Ö� , Ö�A ≔ maxä1 ' $� � Ö�, $�å � maxä1 ' $� � Ö� , $�å. 
The proof of Eq 49 can be found in [Cardone2012]. 
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5.4.1 Symmetric Channel 
The gDoF upper bound for the symmetric channel is obtained by setting $� � $� � $¡, Ö� � $m and Ö� � 0 in Eq 49. Figure 5.3 shows the gDoF and the gap for the symmetric G-CCIC. The whole set 
of parameters has been partitioned into multiple sub-regions depending upon different levels of 
cooperation $m and interference $¡ strengths. These regimes are numbered from 1 to 6 and the 
details of the proof can be found in [Cardone2012]. Our main result is: 
The gDoF upper bound in Eq 49 is achievable to within 7.3 bits per channel use regardless of the 
actual value of the channel parameters for the symmetric G-CCIC. 

 

Figure 5.3. Optimal gDoF and constant gap for the s ymmetric G-CCIC in the different 
regimes of @��,��A. 

 
Few remarks before concluding this section: 

• The gap result for the region 6 also holds for a big part of the region 4. In particular, it does 

not apply in the regime $¡ ∈ .	¶ , 10 and $m � 1 ' $¡ only where the proposed scheme for the 

region 6 does not achieve the optimal gDoF. 
• The largest gap for the region 6 is 5	¢¥®Þ. This gap may be decreased in several ways. For 

example, one can optimize the power split between common and private message instead 
of using the one inspired by [etw]. Alternatively, one can develop more complex coding 
scheme. An example of latter method can be found in [Cardone2012], where we consider a 
DPC-based achievable scheme. Then we use this scheme for the regime $¡ � 1 and $m Ò 1 
and show it achieves the optimal gDoF within 2	¢¥®Þ, rather than 3	¢¥®Þ as the previous 
proposed scheme based on superposition coding only. The DPC-based scheme, although 
achieving a smaller gap, is more complex to implement in practice than superposition 
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coding. This example points to an interesting practical trade-off between complexity and 
constant gap.  

• The largest gap occurs when the upper bound ×]� in Eq 49 is the tightest. A possible way 
to reduce the gap would due to develop a tighter upper bound than the one used here from 
[Prabhakaran2011]. 

• Cooperation does not improve on the gDoF of the classical non-cooperative IC when 

αù ∈ «23 , 2¬ 	or	α� Ï min{1, :2αù ' 1;`|	 
that is, the regimes 1, 3, 4 and 5 in Figure 5.3. In this case our baseline strategies with û � 0 achieve the gDoF upper bound. 

• Similarly, unilateral cooperation attains the gDoF of the classical RC when 1 Ï αù Ï α� 
i.e., parts of the regime 2 and regime 3 in Figure 5.3 where d � ��	   which correspond to a 

subset of the strong interference where the product of the cooperation link and direct link is 
larger than the interference link. In this case our baseline strategies with û � 1 achieve the 
gDoF upper bound. 

• The gDoF of the G-CCIC are equal to those of the non-causal cognitive IC, given by × � min b1 ' \©	 , \©	 c, everywhere except in the regimes 5, 6c and 6d in Figure 5.3, and for $¡ Ï maxä2, $m � 1å. 
• The gDoF of unilateral cooperation equals that of bilateral cooperation when $m Ï 1	or	αm ∈ ::$¡ ' 1;`, $¡;	except	in	the	regimes	6c	and	6d	in	Figure	5.3. 

5.4.2 Z-channel 
In this section we consider the asymmetric-interference scenario where the CRx does not 
experience interference. The gDoF upper bound for the Z-channel is obtained by setting $� � 0, $� � $¡, Ö� � $mand Ö� � 0 in Eq.49. Figure 5.4 shows gDoF and the gap for the Z-channel. The 
whole set of parameters has been partitioned into multiple sub-regions depending upon different 
levels of cooperation ($m) and interference ($¡) strengths. Our main result, whose proof is in 
[Cardone2012], is: 
The gDoF upper bound in Eq 49 is achievable to within 1 bit per channel use regardless of the 
actual value of the channel parameters for the Z-channel. 
Note that for the non-cooperative IC, it is well known that removing an interference link cannot 
degrade performance and the sum-capacity is known exactly for all channel parameters 
[Sason2004]. The same cannot be said in full generality for the cooperative channel because 
“useful cooperative information'” can flow through the interference link.  For the Z-channel: 

• By ignoring cooperation we immediately have × M min �1,max b\©	 , 1 ' \©	 c from 

[Sason2004]. Thus for the Z-channel, cooperation only improves the gDoF with respect to 
the non-cooperative case in the regime $¡ M 2 and $m M 1, i.e., in very strong interference 
and strong cooperation. 

• Similarly, for the Z-channel, unilateral cooperation attains the gDoF of the classical RC 
when 1 Ï $¡ Ï $m. 

• The Z-channel achieves the same gDoF of the non-causal cognitive channel, given by � max b1 ' \©	 , \©	 c, everywhere except in $¡ Ò maxä2, $m � 1å.  
• The gDoF of unilateral cooperation equals the gDoF upper bound of bilateral cooperation 

when $m Ï max{1, $¡| that corresponds to the case where the cooperation link is weaker 
than the best between direct link and interference link. Notice that here we compared the 
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(provably achievable) gDoF for the case of unilateral cooperation to an upper bound for 
bilateral cooperation. To the best our knowledge, it has not been shown that the gDoF 
upper bound for the Z-channel with bilateral cooperation is achievable, which we expect to 
be.	

• By comparing Figure 5.3 and Figure 5.4 we observe that the gDoF of the Z-channel are 
always greater or equal than those of the symmetric G-CCIC. This is due to the fact that the 
PTx does not cooperate in sending the cognitive signal. Therefore by removing the link 
between PTx and CRx we rid CRx of only interfering signal and this leads to an 
improvement in gDoF. The regimes where the Z-channel outperforms the symmetric CCIC 
are when 0 Ï $¡ Ï 	¶ and $m Ï min{$¡, 1 ' $¡|. 

 

Figure 5.4. Optimal gDoF and constant gap for the Z -channel in the different regimes 
of @��,��A. 

 

5.4.3 S-channel 
In this section we consider the asymmetric-interference scenario where the PRx does not 
experience interference. The gDoF upper bound for the S-channel is obtained by setting $� � $¡, $� � 0, Ö� � $mand Ö� � 0 in Eq 49. Figure 5.5 shows gDoF and the gap for the S-channel. The 
whole set of parameters has been partitioned into multiple sub-regions depending upon different 
levels of cooperation ($m) and interference ($¡) strengths. Our main result, whose proof is in 
[Cardone2012], is: 
The gDoF upper bound in Eq 49 is achievable to within 4 bits per channel use regardless of the 
actual value of the channel parameters for the S-channel. 
Few remarks: 
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• Unilateral cooperation achieves the same gDoF of the non-cooperative IC when $¡ M 2 or $m Ï max{1, $¡|. 
• The gDoF of unilateral cooperation never equals the gDoF of the classical RC. In particular 

we notice that in the very strong cooperation and interference regimes, i.e. $¡ M 2 and $m M 2, the gDoF achieved by the RC is greater than the one achieved with the S-channel. 
Actually, in this regime, the sum-rate achieved if the CTx fully cooperates with the PTx 
exceeds the one obtained with two point-to-point communication channels, i.e. PTx�PRx 
and CTx�CRx (achievable scheme for the S-channel if $¡ M 2 in [Cardone2012]. 

• The S-channel achieves the same gDoF of the non-causal cognitive channel, that is,d � 1, 
everywhere except in αù Ï 2 and α� Ï min{2,αù � 1|. 

• The gDoF of unilateral cooperation equals the gDoF upper bound of bilateral cooperation 
when αù M 2 and α� Ï 1 or when αù Ï 2 and α� Ï min{2,αù � 1|.  

• The S-channel outperforms the interference-symmetric CCIC when either 0 Ï $¡ Ï 	¶ and $m Ï min{$¡, 1 ' $¡| or when $¡ M 2 and $m M max{1, $¡|. On the other hand, the 
interference-symmetric CCIC outperforms the S-channel in very strong interference and 
strong cooperation, i.e., $¡ M 2  and $¡ M 1. This is due to the fact that the information for 
the PRx can no longer be routed through the CTx since ��� � 0. 

• When $¡ M 2, i.e. very strong interference regime, we have an exact sum-capacity result, 
i.e., the gap between the outer bound and inner bound is equal to zero. 

 

Figure 5.5. Optimal gDoF and constant gap for the S -channel in the different regimes of @��,��A. 
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5.5 CONCLUDING REMARKS 
In this chapter we considered the CCIC, a network with two source-destination pairs sharing the 
same channel. In contrast to the classical IC, in the CCIC the CTx exploits information about the 
PTx from its own channel observations. This scenario represents a more practically relevant model 
for Cognitive Radio than the non-causal cognitive IC, where the CTx is assumed to have a priori 
non-causal knowledge of the PTx's message. In particular, it is applicable in practical relaying 
architectures for 4G cellular networks. 
We developed and evaluated a baseline simple achievable scheme based on time-sharing 
between the achievable regions of the classical interference and relay channel which we showed 
to be gDoF optimal for some parameter regimes. 
We exploited known outer bounds for bilateral source cooperation adapting them to the case of 
unilateral cooperation. Our main contribution consisted in showing that both for the interference-
symmetric and interference-asymmetric cases the sum-capacity of the two-user Gaussian IC with 
independent noises can be achieved to within a constant gap. Interestingly, the achievable 
schemes only use superposition coding except for a small set of parameters in the S-channel. It is 
shown that more complex schemes employing binning/dirty-paper-coding could be used to achieve 
a smaller gap at the cost of increased coding complexity. 
We identified the set of parameters where causal cooperation achieves the same gDoF of the 
classical non-cooperative interference channel and of the classical relay channel. We also 
highlighted under which channel conditions the gDoF achieved with bilateral cooperation or with 
non-causal cognition equals that achieved with only unilateral causal cooperation. 
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6 ADDITIONAL MULTI-ANTENNA RESULTS 
This section briefly describes a set of contributions where the systems of concern are multi-
antenna cognitive radio and interference channels. The main idea for each contribution (sub-
section) is illustrated along with brief system model description. The readers are encouraged to 
consult the corresponding SACRA contributions (conference and journal publications) referenced 
therein. 
 
Although most of the research studies target single-cell systems for simplicity and tractability, the 
cellular networks in practice are multi-cell systems. Section 6.1 gives some guidelines how to 
approach and treat multi-cell systems from the knowledge gained for single-cell systems. Section 
6.2 treats MISO cognitive radio system, focussing on weighted sum rate maximization for underlay 
cognitive radio regime. Section 6.3 gives spatial transmit-receive filter design for MIMO interweave 
CR channels. Sections 6.4, 6.5 and 6.6 give interesting results for multi-antenna interference 
channels. These results have been added as from an information theoretic view-point, good 
strategies for cognitive radios are always some modification of corresponding interference channel 
strategies. 
 

6.1 OVERLAY MULTI-CELL COMMUNICATIONS  
Whereas single cell designs are applicable even in a multi-cell context, for users in the interior of 
the cell, intercell interference needs to be considered for the cell edge users. In the single 
antenna  case the multi-cell aspect requires transmit (Tx) power coordination. 
Multi-antenna  techniques require downlink channel knowledge, in principle of all channels at all 
transmitters (cells). Several approaches are possible, in increasing complexity: 

� single-cell Tx, multi-cell Rx: the base station (BS) perform single-cell Tx; inter-cell 
interference gets handled by the Mobile Terminal (MT) Rx antennas. The CSIT 
requirements remain local, per cell. In the LoS case, the MT needs to have a number of 
antennas at least equal to the number of cells (BS signals) to be handled (ZF).  

� multi-cell coordinated beamforming: also called the MISO or MIMO Interference Channel 
(IC) in the case of one MT per cell. In the MISO case, the BSs need to ZF towards the 
users in other cells. In the MIMO case, this ZF can be shared between Txs and Rxs 
(interference alignment (IA)). The case of multiple MTs per cell, with interfering cells, is 
called the Interfering Broadcast Channel (IBC), or sometimes also simply the multi-cell 
problem. The IC/IBC models are applicable also when the interfering cells correspond to 
heterogeneous systems (e.g. macro-femto coexistence), as represented in Fig. 6.1. 

� network MIMO: also called Coordinated Multi-Point Tx (CoMP): requires not only global 
CSIT at all Txs (BSs) but furthermore distribution of all Tx signals over the BSs. 

Whenever we mention ZF BF above, this refers to the high SNR case, and could be replaced by 
optimized BF at finite SNR. Also BF could be replaced by DPC or other more optimal Tx 
techniques. 
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Figure 6.1. IC in macrocellular and HetNets (coexis tence of macro and femto/small cells). 

 

6.2 MISO COGNITIVE RADIOS - WEIGHTED SUM RATE (WSR) 
MAXIMIZATION FOR UNDERLAY CR 

In [Gallo2011] we consider multiple parallel interfering secondary links, in which the communication 
can be optimized via the use of transmit beamforming and power control. We study a CR MISO IC 
with K secondary user (SU) MISO Base Station - Mobile Terminal (BS-MT) pairs and an additional 
set of L single-antenna Primary Users (PUs), see Fig. 6.2. This setting is relevant in the case of a 
network of two or more cognitive femto cells, that represent the secondary system, where each 
femtocell BS is serving a single user in the time-frequency unit of interest. The femto cells are 
deployed in the same area of a macro cell (primary system) and they want to coexist with L mobile 
PUs that belong to one or more macro cells. In [Gallo2011] the objective is to find the set of 
beamforming (BF) vectors �¡ that maximize the Weighted Sum Rate (WSR) of the secondary IC 
network, under transmit (Tx) power constraints for the secondary BS, and interference level 
constraints at the primary receivers (Rxs). So each SU �Ñp has a limited maximum Tx power equal 
to �� ¦,p�¦  and the total maximum interference power at each �!q from the SU BSs is constrained to 
be upper bounded by �� ¦,q¡�� . The critical ingredient in such a cognitive radio system design is to 
realistically guarantee the satisfaction of the interference levels at the primary receivers. For this, 
the attenuation of the links from secondary transmitters to primary receivers needs to be known, 
and to infer this on the basis of the information of the respective locations appears to be one of the 
few realistic possibilities. 
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Figure 6.2 MISO CR IC system (pink lines are second ary to primary interfering links). 

In mathematical terms, the problem formulation becomes 

 
where #p is the weight factor associated to the rate of the k-th secondary link. Unfortunately, this 
problem is non-convex, so it is not possible to find the global maximum in a direct way by using the 
common convex optimization tools. The proposed solution, which is an iterative algorithm based on 
augmenting the set of variables and performing alternating optimization, converges to a local 
optimum. Deterministic Annealing (DA) could be added as in [Negro2011c] to find the global 
optimum. In DA, the role of temperature is played by the noise power. In [Negro2011b] and chapter 
4, the alternative problem formulation of SINR balancing was considered, in which one of the 
problem formulations is to minimize sum transmit power subject to SINR guarantees on the 
secondary links, and of course primary interference level upper bounds. 
 
 

6.3 MIMO COGNITIVE RADIOS: SPATIAL INTERWEAVE DESIG N WITH 
MULTIPLE PRIMARY USERS  

The cognitive radio setting that we consider here is depicted in Fig. 6.3. The system setting that we 
study can be used to model the coexistence of a set of " femto-cells (SU) in the presence of # 
macro-users (PU). The secondary network is a "-link MIMO interference channel with " 
transmitter-receiver pairs. The secondary network needs to coexist with a set of # multi antenna 
primary mobile users (PU). To simplify the notation we index the # PU from " � 1 to	" � #. The 
objective of our investigation is to design Interference Alignment (IA) beamforming matrices at the 
secondary transmitters such that the interference received at the PUs is confined in a subspace of 
proper dimension. The cognitive radio (CR) communication under investigation can take place 
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exploiting the spatial dimension of the complete network. This work was presented in [Negro2011a] 
and was referred to as spatial interweave, but according to the terminology introduced in section II 
above, it actually corresponds to spatial underlay.  

 
Figure 6.3. MIMO Interweave Cognitive Channel. 

 
To solve this optimization problem we propose an iterative algorithm that is based on reciprocity of 
the IC. The proposed algorithm iterates between the downlink (DL) and the dual uplink (UL) 
problem determining the Tx and Rx filters such that the leakage interference is minimized. In 
addition we propose a set of feasibility conditions (in terms of overall numbers of primary and 
secondary antennas) that the CR system should satisfy in order to admit an IA solution that 
satisfies the interference constraints on the primary users and performs IA within the secondary IC 
network also. The approach adopted for the IA feasibility investigation is that of finding a solution to 
a system of equations with a limited number of variables dictated by the dimensions of the overall 
system. The main idea behind our method is to convert the alignment requirements at each Rx into 
a rank condition of an associated interference matrix. Because in our CR system we have a set of 
additional requirements for the alignment at the primary receivers, we have to consider also the 
interference matrix that the secondary transmissions span at each PU. For this reason we first 
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study the problem of the alignment at the secondary network and then we consider the primary 
constraints. 
 
 

6.4 MISO INTERFERENCE CHANNEL: SINR BALANCING AND 
BEAMFORMING DESIGN 

 
In this contribution we consider a K user multi-input single-output (MISO) interference channel (IC), 
Fig. 6.4, where the interference at each receiver is treated as additional Gaussian noise (Noisy IC). 
We address in [Negro2011b] the MISO downlink (DL) beamformer design and power allocation for 
maximizing the minimum SINR with per base station power constraints and imposing a minimum 
quality of service (QoS) requirement for each receiver (also called SINR priority). This problem, 
called max min weighted SINR (WSINR), can be mathematically expressed as: 

 
We propose an iterative algorithm that solves the problem in a decentralised manner. The solution 
is based on the relation between the SINR balancing problem and the power minimisation problem. 
We solve the maxmin WSINR problem using a sequence of power minimisation problems where 
the QoS constraints in the beamforming problem are increased gradually until an infeasible point is 
found. Then, using a bisection method, the optimal solution is determined. 
 

 

Figure 6.4. MISO Interference Channel (IC). 

 
In the MISO IC with per user power constraints, a subset of users always transmits with full power 
according to the antenna and user distribution in the system. We introduce an iterative algorithm 
that solves the max min SINR problem for systems where only one user transmits with full power. 
In systems where the MISO IC is separable, it can be shown that all users transmitting with full 
power maximizes the minimum SINR. Finally we show that is possible to characterize the entire 
Pareto boundary of the SINR (Rate) region for a general K-user MISO IC solving a sequence of 
Weighted SINR (WSINR) problems, see [Gallo2011]. 
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In Fig. 6.5 we report the rate region of a 2-User MISO IC, the colored line curves represent the 
directions given by the QoS constraints. The red dots are the optimal solutions of the 
corresponding maxmin WSINR problems and they fell on the Pareto boundary of the rate region. 
This setting is relevant to describe several problems in cellular communication systems. For 
example in the case of a network of femtocell base stations (BS) where each femtocell BS is 
serving a single user in the time-frequency unit of interest. Each user has its proper QoS 
requirement that should be satisfied, fairness then leads to a maxmin WSINR problem. 
 

 

Figure 6.5 2-user MISO IC Rate Region. 

 
 

6.5 MIMO INTERFERENCE CHANNEL: WEIGHTED SUM RATE 
MAXIMISATION IN THE NOISY MIMO IC 

We consider the Noisy MIMO Interference Channel (IC) with linear transmitters and receivers and 
full CSI reported in Fig. 6.6. From the perspective of a network operator, the maximization of the 
total throughput represents probably the most important objective. In heterogeneous networks, 
there are users with different priorities which could be a function of their subscription. In such 
networks, the throughput maximization translates into weighted sum rate (WSR) maximization. 
Hence it is very natural and equally insightful to use this cost function in the optimization procedure 
for the design of transmit and receive strategies. 
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Figure 6.6. MIMO Interference Channel. Each interfe ring link has ±$ antennas on the Tx 

side, %$	antennas on the Rx side, and supports &$	streams. 

 
Here we propose an iterative algorithm to maximize the WSR for a multi-stream MIMO IC. The 
main problem with the maximization of the WSR is the severe non convexity of the cost function. 
This implies that even if it is possible to prove convergence of the proposed algorithms to a local 
optimal point, convergence to a global optimum cannot be shown. In addition, convergence to only 
a local optimum is not a rare event if the initialization of the algorithm is not carefully chosen. To 
avoid convergence to a local optimum, Deterministic Annealing (DA) has been proposed in this 
work.  
 
The WSR maximization problem involves the user rates, which are very nonlinear functions of the 
Tx filters. These Tx filters are subject to Tx power constraints (one per link). This problem is non-
convex and hence finding a solution is a complex task. Our approach (see [Negro2011c]) to design 
WSR maximizing transmit filters for the MIMO IC is based on introducing an augmented cost 
function in which two additional sets of optimization variables are introduced: Rx filters and MSE 
weights. The new cost function is based on the well-known relationship between rate and minimum 
mean squared error (MMSE). The introduction of Rx filters makes the MSE quadratic in either Tx 
or Rx filters, whereas the introduction of MSE weights moves the MSE from being the argument of 
the log function to a linear term. This new cost function is concave (or even quadratic) in one set of 
variables, keeping the other two sets fixed. Hence we shall optimize it using alternating 
maximization. To handle the non-convexity of the cost function we propose to introduce 
Deterministic Annealing (DA) [Negro2011c]. The principle behind this approach is that the optimum 
of a problem at the next value of the temperature (which in our case is inverse SNR) is in the 
region of attraction of the solution of the problem at the previous temperature. In DA, an increase 
of the temperature parameter allows to convexify the problem: the temperature parameter 
transforms (deterministically) the originally non-convex cost function into a convex cost function 
(convex should be replaced by concave in the case of maximization). Here we further study the 
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concept of DA applied to WSR maximization in a general K-User MIMO interference channel 
where a general distribution of the number of streams is assumed. We propose an iterative 
algorithm that maximizes WSR, succeeding to avoid to be trapped in local optima using DA. DA is 
an extension of homotopy methods, augmented with phase transitions, representing the 
appearance of a new stream. At low SNR (high temperature), all user power gets focused on only 
one stream, and since noise dominates interference, the optimal Tx and Rx filters are simple 
matched filters (maximal singular vectors) for the through channels. 
In addition the Interference Alignment (IA) feasibility problem has been studied in the DA context 
(IA corresponds to joint Tx/Rx ZF). In particular we propose a new analysis that is based on the 
principle that IA feasibility is unchanged when the MIMO crosslink channel matrices have a 
reduced rank equal to the maximum of the number of streams passing through them in forward 
and dual IC. Then increasing constantly the rank of the channels until the desired rank, the number 
of IA solutions will not vary. 
At high SNR, the optimum WSR design becomes ZF (IA), with typically many possible solutions 
due to the nonlinearity of the ZF conditions. Nevertheless, we may remark, as in [Negro2011c], 
[Gonzalez2011], that the ZF problem simplifies enormously in the LOS case. Indeed, in the LOS 
case, any MIMO channel becomes rank one. Hence, to ZF the cascade of a Tx filter, cross channel 
and Rx filter, one can either make the Tx filter orthogonal to the right dominant channel singular 
vector, or make the Rx filter orthogonal to the left dominant channel singular vector. For both 
possibilities, the design of Tx and Rx filters becomes decoupled (unlike in the general full rank 
case), and their design only requires knowledge of the channels connected to them (in general the 
design of a Tx or Rx filter in the MIMO IC problem requires the knowledge of all channels 
appearing in the IC). These ZF conditions need to be considered jointly for all cross links and 
hence leads to a distribution of the ZF BF tasks between Tx and Rx filters, knowing that a certain 
number of antennas only allows to null that many streams. Hence, apart from elucidating the 
distribution of the ZF roles over Txs and Rxs (the idea is that a stream transmitted from a certain 
Tx and causing interference to a non intended Rx needs to be suppressed at either the Tx or at the 
Rx), the design of the Tx and Rx filters becomes decoupled. 
Another issue is the strength of the interfering links. In a ZF/IA approach, all link strengths are 
considered of equal order of magnitude, but in reality not all interfering links equally important. In 
[Etkin2008], the concept of generalized degrees of freedom (GDoF) is introduced. The DoF are the 
prelog of user rates at high SNR. In a MIMO IC, the DoF of a link correspond to the number of 
streams for which ZF/IA is feasible. Those DoF become GDoF when one models the Interference 
to Noise Ratios (INRs) as evolving with the SNR to a certain power, e.g. smaller than one for the 
case of weak interference. Whereas such analysis may lead to qualitative insights into the relative 
effect of certain interference terms, the GDoF results are quantitatively of limited use since in 
practice one needs to work at a finite SNR, at which one cannot  unambiguously define α and β in 
a relation of the form Ôt* � Ö	Ñt*\. The problem is due to only considering exponents in 
asymptotic analysis. Analysis needs to evolve from GDoF or tier 1 interferers only (a model 
introduced in [Guillaud2011] in which interferers beyond tier one are ignored for DoF analysis) to 
location (distance & propagation) dependent interference strengths. 
 

6.6 MIMO INTERFERENCE CHANNEL:  DISTRIBUTED CSI ACQ UISITION 
AND FILTER COMPUTATION FOR NOISY MIMO IC 

 
We study in [Negro2011d],[Negro2012] the frequency-flat noisy MIMO interference channel (IC), 
shown in Fig. 6.6, with initial assumption of no channel state information (CSI) neither at the base 
stations (BS) nor at the user equipments (UE). In the noisy IC, interference is treated as noise and 
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hence linear transmit (Tx) and receive (Rx) filtering is considered. In their seminal work, Cadambe 
and Jafar have shown that the conventional approach of orthogonalizing the signal dimensions can 
be overcome by the use of a new signaling technique called Interference Alignment (IA). The main 
idea of IA is based on the assumption that each transmitter has perfect and global channel state 
information (CSI). This assumption is unrealizable in practical time varying channels. Here we 
propose a transmission strategy through which the BS and the UE get the necessary CSI for CSI 
based transmit and receive processing by channel training and analog channel feedback, 
corresponding to transmission overhead. 

 
Figure 6.7. Training, feedback and transmission pha ses during one coherence period. 

In the following we describe briefly the different transmission phases that are required to acquire 
the CSI necessary to compute the BF strategies shown in Figure 6.7. We assume a block fading 
model, in which the channel is assumed to be constant over T channel uses. 

1. Downlink Training Phase 
During this phase each BSk sends orthogonal pilot sequences that get received by all the 
UE. In this way UEi can easily estimate the DL channels '¡ � :'¡S…'¡(; directly connected 
to it. The total duration of this phase is )òï* 

)òï* M	+�_�(

p-S  

2. Uplink Training Phase 
This phase can be seen as the dual of the DL training where now all UE send orthogonal 
pilots to each BS for the estimation of the UL channel matrices. The time duration of this 
phase is )ò.* 

)ò.* M	+t_�(

p-S 	
3. Uplink Feedback Phase 

Once the UL and DL training phases are completed each terminal knows the channels 
directly connected to it in the UL and DL respectively. In order to compute the IA BF 
matrices full DL CSI is required at all BS, hence each UE has to feedback the DL channel 
estimate to all BS. This task can be done using Analog Channel Feedback (CFB). We can 
consider two approaches: centralized and distributed. In the former a central controller 
acquires the necessary CSI by jointly processing the FB signals, computes the BFs and 
then it disseminates this information to the K BSs. In the latter approach each BS should 
have full CSI to compute the IA BF. This solution can be also called duplicated because 
each BS essentially solves the same Tx/Rx design problem and finds the complete solution, 
all the IA BF, and then it will use only its own BF. These two solutions differ also in the 
length of the corresponding phases. In particular the centralized solution has a FB duration 
proportional to ", while the distributed one has length of order "	. 
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4. Downlink Training Phase 
Once the beamformers have been computed, using a centralized or distributed approach, 
they can be used for the DL communication. According to IA each UE should apply a ZF 
receiver. In order to compute the Rx filters each UE requires some additional information on 
the DL communication. For this purpose two approaches are possible: DL training or analog 
transmission of the entire Rx filters. 

Another possibility to feedback DL channel estimates to BS is Output Feedback (OFB). Here each 
UE feeds back to all BS its received signal from the training phase using analog (unquantized) 
feedback. In FDD systems, UL and DL transmission can take place at the same time. In channel 
FB (CFB), Fig. 6.9, each UE has to wait for the end of the DL training phase before being able to 
start to FB DL channel estimates (because it has to compute channel estimates first on the basis of 
all training data) while the OFB phase can start one time instant after the beginning of the DL 
training phase, Fig. 6.8. The minimal OFB length is the same as the CFB length, of order "	 in the 
distributed approach considered before, so OFB does not reduce the FB duration but reduces 
overhead due to some reduction of the dead time (DL silent period). 

 

Figure 6.8. Output Feedback (OFB) phases. 

 
 

 

Figure 6.9. Channel Feedback (CFB) phases. 
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7 CONCLUSIONS 
This deliverable documents MIMO transmission and reception algorithms particularly suited for 
cognitive radio systems. A special attention is paid to the overlay regime of cognitive radios which 
is the most challenging and consequently most rewarding of the cognitive regimes.  
 
First we presented a scheme for a simple case of two user Gaussian fading Cognitive Radio (CR) 
interference channel. It has two pairs of communication terminals, one representing primary 
license holder and the other as unlicensed cognitive pair. The cognitive pair is equipped with 
multiple antennas. The channel state information is assumed partial such that each transmitter 
knows its channel to the primary receiver but has no information about its channel to the cognitive 
receiver. Two simple transmission strategies are proposed focusing the CR channels in the so-
called “overlay paradigm” where the cognitive transmitter not only transmits its own message but 
helps as well transmitting the primary message. The simulations results are presented in terms of 
spectral efficiency of the cognitive radio system with the proposed schemes indicating that 
significant throughput gains can be achieved through cognitive processing. 
 
In another section, the focus is turned to interference mitigation in the uplink of cognitive networks 
based on centralized processing. Due to the presence of primary system and possibility of multiple 
cognitive systems, this scenario is of high concern. We have proposed the categorization of 
interferences into weaker and stronger groups. We have further proposed a multistage receiver 
where the first stage is linear which reduces the system dimension by attenuating weaker 
interferences. After the adaptation of system dimension, the subsequent stage is a non-linear ML 
receiver which exploits the structure of dominant interferences in the detection process. The 
simulation results with the proposed strategy show near ML performance with much reduced 
complexity making the proposed dual stage receiver a suitable candidate for implementation into 
practical systems. 
 
The causal cognitive interference channel, where the cognitive message knowledge is obtained 
causally over-the-air, is the focus of the last section. Achievable schemes are proposed for this causal 
cognitive channel. Exact generalized degrees of freedom are specified. Moreover rate gap of simple 
achievable schemes from the upper bounds is shown to be a constant number of bits independent of 
the system and channel parameters. The achievable schemes and the gap analysis are very important 
to indicate the potential of these systems and to benchmark the efficiency of any achievable schemes. 
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8 ACRONYMS 

Term Description 

 

3GPP 3rd Generation Partnership Project 

ASA Authorized Shared Access 

BF Beamform/Beamformer/Beamforming 

BICM Bit-Interleaved Coded Modulation 

BS Base Station 

CB Cognitive Box 

CCS Cognitive Control Station 

CoMP Cooperative Multi Point transmission 

CR Cognitive Radio 

CRx Cognitive Receiver 

CSIR Channel State Information at the Receiver 

CSIT Channel State Information at the Transmitter 

CTx Cognitive Transmitter 

CU Cognitive User 

DL Downlink 

DoF Degree(s) of Freedom 

DPC Dirty Paper Coding 

FBS Femtocell Base Station 

FC Femtocell 

FDD Frequency Division Duplex 

FER Frame Error Rate 

FFT Fast Fourier Transform 

FUE Femto User Equipment 

GDoF Generalized Degree(s) of Freedom 

HeNB Home eNodeB 

IA Interference Alignment 

IBC Interfering Broadcast Channel 

IC Interference Channel 

IFFT Inverse Fast Fourier Transform 
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Term Description 

 

ISI Inter Symbol Interference 

LOS Line of Sight 

LTE Long Term Evolution 

LTE-A Long Term Evolution – Advanced 

MF Matched Filter 

MIMO Multiple Input Multiple Output 

MISO Multiple Input Single Output 

ML Maximum Likelihood 

MMSE Minimum Mean Squared Error 

MT Mobile Terminal 

NLOS Non Line of Sight 

OFDM Orthogonal Frequency Division Multiplexing 

OFDMA Orthogonal Frequency Division Multiple Access 

PRx Primary Receiver 

PTx Primary Transmitter 

PU Primary User 

QoS Quality Of Service 

Rx Receive/Receiver/Receiving 

SINR Signal to Interference plus Noise Ratio 

SR Sum Rate 

SU Secondary User 

TDD Time Division Duplex 

TVWS TV White Spaces 

Tx Transmit/Transmitter/Transmitting 

UE User Equipment 

WP Work Package 

WSR Weighted Sum Rate 

ZF Zero-Force/Zero-Forcing/Zero-Forcing Filter 
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