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Abstract

Managing the interference is the main challenge in cellular networks. Multiple-Input
Multiple-Output (MIMO) schemes have emerged as a means of achieving high-capacity
in wireless communications. The most efficient MIMO techniques are based on manag-
ing the interference instead of avoiding it by employing orthogonal resource allocation
schemes. These transmission schemes require the knowledge of the Channel State In-
formation at the Transmitter (CSIT) to achieve the optimal Degrees of Freedom (DoF),
also known as multiplexing gain. Providing an accurate CSIT in cellular environments
involves high-capacity backhaul links and accurate synchronization, which imply the use
of a large amount of network resources. Recently, a Blind Interference Alignment (BIA)
scheme was devised as a means of achieving a growth in DoF regarding the amount of
users served without the need for CSIT in the Multiple-Input Single-Output (MISO)
Broadcast Channel (BC). It is demonstrated that BIA achieves the optimal DoF in
the BC without CSIT. However, the implementation of BIA in cellular networks is not
straightforward. This dissertation investigates the DoF and the corresponding sum-rate

of cellular networks in absence of CSIT and their achievability by using BIA schemes.

First, this dissertation derives the DoF-region of homogenous cellular networks with
partial connectivity. Assuming that all the Base Stations (BSs) cooperate in order to
transmit to all users in the network, we proposed an extension of the BIA scheme for the
MISO BC where the set of BSs transmits as in a network MIMO. It is shown that the
cooperation between BSs results futile because of the lack of full connectivity in cellular
networks. After that, this dissertation presents several transmission schemes based on
the network topology. By differentiating between users that can treat this interference
optimally as noise and those who need to manage the interference from neighbouring
BSs, a network BIA scheme is devised to achieve the optimal DoF in homogeneous

cellular networks.
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Second, the use of BIA schemes is analyzed for heterogeneous cellular networks. It is
demonstrated that the previous BIA schemes based on the network topology result non-
optimal in DoF because of the particular features of the heterogenous cellular networks.
More specifically, assuming a macro-femto network, cooperation between both tiers leads
to a penalty for macro users while femto users do not exploit the particular topology of
this kind of network. In this dissertation, the optimal linear DoF (IDoF) in a two-tier
network are derived subject to optimality in DoF for the upper tier. It is demonstrated
that, without CSIT or any cooperation between tiers, the lower tier can achieve non-
zero DoF while the upper tier attains the optimal DoF by transmitting independently of
the lower tier deployment. After that, a cognitive BIA scheme that achieves this outer

bound is devised for macro-femto cellular networks.

The third part of this dissertation is focused on the implementation of BIA in practical
scenarios. It is shown that transmission at limited SNR and coherence time are the
main hurdles to overcome for practical implementations of BIA. With aim of managing
both constraints, the use of BIA together with orthogonal approaches is proposed in this
work. An improvement on the inherent noise increase of BIA and the required coherence
time is achieved at expenses of losing DoF. Therefore, there exists a trade-off between
multiplexing gain, sum-rate at finite SNR and coherence time in practical scenarios. The
optimal resource allocation for orthogonal transmission is obtained after solving a very
specific optimization problem. To complete the characterization of the performance of
BIA in realistic scenarios a experimental evaluation based on a hardware implementation
is presented at the end of this work. It is shown that BIA outperforms the sum-rate
of schemes based on CSIT such as LZFB because of the hardware impairments and the

costs of providing CSIT in a realist implementation.
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Chapter 1

Introduction

The pressing need to improve the efficiency of wireless systems has led to the intensive
study of interference and its effect on communications. Given the increasing demand for
high data rates in cellular networks several generations of standards have been developed
during the last two decades. Every generation proposes new requirements dictated by
the trends in the use of the mobile connectivity. In the early 90s the main motivation
was to provide reliable voice service by using Base Stations (BSs) covering a widely
geographical area. The effects of the interference between BSs was avoided by using
orthogonal Frequency Reuse (FR) and treating the co-channel interference as noise.
Nowadays, the research efforts are focused on managing the interference in multiple
antenna systems, referred to as Multiple-Input Multiple-Output (MIMO), over a very
heterogenous cellular network composed of macro, micro, pico, femto cells and relays.
Furthermore, voice service plays a minor role while issues such as achieving higher data
rates, low latency, or greater power efficiency are the main motivations of the researchers.

The evolution of the mobile communications can be summarized as follows.

Mobile 1G. The first generation of mobile technologies such as Advance Mobile Phone
System (AMPS) or Total Access Communication System (TACs) provides analog voice
services. Although 1G standards are already extinct, they established the foundation
of the actual cellular systems, regulating the licensed spectrum, managing the intercell
interference by using FR, and standardizing the mobile network. In this sense, the first
generation brought forth a coordinated wireless network for seamless access and mobility.

However, the capacity of the analog voice services was quite limited. The available



bandwidth was split in 30 KHz channels by using Frequency Division Multiple Access
(FDMA). Since each user consumes 1 channel per slice, a extremely scarce resource such

as the available bandwidth was wasted to provide analog voice services.

Mobile 2G. Analog voice services based on FDMA were replaced by digital wireless tech-
nologies using Time Division Multiple Access (TDMA). Second generation technologies
provide voice and also data services compressed in small digital packages multiplexed
in time slots. Hence, more than 1 user can be served per channel. Moreover, the use of
digital components instead of analog reduces the costs and weight of the cellular devices.
Although there exists several 2G standards, the most successful has been Global Sys-
tem for Mobile communications (GSM) and its extension General Packet Radio Service
(GPRS), which is widely used currently with more than 4 billion connections [1, 2]. It
is interesting to remark that a secondary service of GSM such as Short Message Service
(SMS) has been the most profitable service for the mobile operators. This fact reflects
the unpredictable behavior of the users demand. In spite of the GSM achievements, due
to the huge increase of the number of cellular devices in the last decades, the channel
capacity given by 2G was not enough to satisfy the user demands.

Mobile 4G LTE
Mobile 3G LTE, LTE Advanced

CDMA2000/EV-DO,
Mobile 2G WCDMA/HSPA+, TD-SCDMA

D-AMPS, GSM/GPRS,

Mobile 1G cdmsOne Data Optimized
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More Voice Capacity x@ ’t—ﬁé ‘E’
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A :

Faster and Better Mobile Broadband
More Data Capacity

Mobile Broadband
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FIGURE 1.1: Evolution of the generations of mobile communications.

Mobile 8G. With the aim of improving the efficiency of the spectral resource, Code
Division Multiple Access (CDMA) was proposed to implement the third generation of
mobile standards. Basicallyy, CDMA enables the users to share the same frequency and
communicate at the same time [3, 4]. Challenging issues such as the near-far prob-
lem, cell-edge users and multipath fading were solved by using previous research works
on power control, soft/hard handoffs and RAKE receivers (note that RAKE is not an

acronym, is the real name for this type of receiver), respectively. However, the first 3G



standards such as Universal Mobile Telecommunications System (UMTS) or CDMA 2000
were overwhelmed by the users demand of high data rates. At this time of the evolution
of mobile standards, data traffic played a major role in the network design. In conse-
quence, the previous 3G standards evolved to Evolution Data Optimized (EVDO) and
High Speed Packet Access (HSPA), which have satisfied the users demand during the

last years.

Mobile 4G. Nevertheless, the demand of faster and better broadband capacity have been
increasing continually. Besides, nowadays not only the classical mobile devices require
cellular service, tablets, laptops, cars, and other home devices can be connected to
the cellular network. To satisfy the market demand, the fourth generation of mobile
standards such as Long Term Evolution (LTE) or LTE-Advanced (LTE-A) propose
to employ Orthogonal Frequency Division Multiplexing (OFDM) transmission joint to
advanced MIMO technologies [5, 6]. As occurs in the evolution of previous mobile
generations, the foundation of 4G is based on the research advances achieved during the

last years.

Mobile 5G. Future generation of mobile standards is still defining accurate requirements
to specify the techniques employed to achieve them [7-10]. The challengues to be ad-

dressed by the 5G of mobile communications can be summarized as
e Flexibility of all the network parameters; resource allocation, spectrum, antennas,
protocols...
e High speed (6 - 50 Gbps) and low-latency (1 msec) services.
e Distributed mobility over a extremely dense radio network.

e Improved utilization of the current frequency bands (800MHz - 6 GHz) and explo-
ration of centimeter/millimeter bands (6 GHz - 100 GHz).

e Better power efficiency. Optimization of the Energy Consumption Rating (ECR).

With the aim of satisfying these requirements in the future cellular networks results

useful to analyze the following approximation of the capacity for MIMO systems

C~W-n-logy(1+SNR), (1.1)



where W is the available spectrum for transmission, n corresponds to the number of
antennas, and SNR denotes the Signal-to-Noise Ratio. Therefore, there exist three ways

to improve the network capacity

e Best use of the spectrum W. The available spectrum is split according to a fixed
regulation that allocates each slice to a predefined service. Traditionally, improve
the spectral efficiency involves the development of novel transmission and mod-
ulation schemes [10]. Although upgrade these features do not satisfy the actual
demand, the use of cognitive approaches has been proposed to enhance the band-
width utilization. Notice that in spite of the fact that the available spectrum is
a scarce resource, it is usually underused due to the fixed bandwidth regulation
[11-14]. Other way to achieve better utilization of the spectrum consist in the
use of the barely exploited bands. Significant research efforts on the use of higher
frequency bands have been carried out during the last years. Millimeter waves (60
GHz systems) [15-17], THz transmission antennas [18, 19], and even the use of
Free Space Optimal (FSO) MIMO [20] communications have focused the interest

of the researchers.

o Augment the transmit/receive antennas n. The use of MIMO systems is already
considered in 3G and plays a major role for 4G. Therefore, the research efforts are
focused on exploiting the spatial diversity by using multiple antennas [21, 22]. It is
interesting to remark the current referred to as Massive MIMO, which is one of the
most promising approaches for 5G. Basically, Massive MIMO exploits an excess of
transmit antennas, which is assumed to be about 10 times the number of receive
antennas, to achieve robustness, power efficiency, and high data rates [23, 24].
Although Massive MIMO is a promising transmission scheme, there are still some
open issues such as the need for Time Division Duplex (TDD) transmission instead
of Frequency Division Duplex (FDD) or its interaction with heterogeneous cellular

networks.

e Increase the SNR. Power consumption, is a principal issue to solve for the opera-
tors nowadays. Increase the power transmission involves to waste a considerable
amount of energy, which taking into consideration the decouple between profits and
expenditures results unaffordable by the operators. In this sense, Green Commu-

nications is a very actual topic [14], not only because of the obvious environmental



benefits, but also for increasing the mobile operator earnings. Since increasing the
transmit power does not seem to be a solution, an affordable approach to improve
the SNR is the micro-ization of the cellular network, that is reducing the distance
between transmitter and receiver. Heterogeneous networks composed of macro,
micro, pico, femto cells and relays according to the user demands have been pro-
posed to improve the SNR, and at the same time, improve the energy efficiency of

the cellular network [25-27].

In conclusion, the future cellular network will be characterized by an enormous flexibility
of all the parameters. Adaptive power and bandwidth allocation must be carried out
while reducing the amount of information necessary to handle a cellular massive multi-

antenna heterogeneous network.

1.1 Multiple Antenna techniques for Cellular Systems

The use of MIMO systems has emerged as a means of achieving high-capacity commu-
nications. The use of multiple antennas allow to increase the data rate either through
diversity or multiplexing gain. Diversity use the fact that independent signal paths have
a low probability of experiencing the same channel response, including deep fading, when
the antennas are sufficiently far apart. The simplest example of diversity gain is either a
transmitter or receiver equipped with 2 antennas that selects the strongest signal from
both paths, which contain the same message. In contrast, multiplexing gain exploits the
channel structure formed by the signal paths from multiple antennas. Considering the
previous case, multiplexing gain would be achieved when different symbols are trans-
mitted by both antennas and the receiver is able to decode them. The multiplexing
gain is usually measured by using the Degrees of Freedom metric (DoF). Basically, the
DoF metric takes the limit when the total transmit power approaches infinity, whereas
the channel coefficients and the local noise power remain unchanged. Denoting the
sum-capacity as C'(P) with a total transmit power P, the DoF metric 7 is defined as

. o(Pp)
DoF :np= 1
= P log(P)’

(1.2)



which can be rewritten as

C(P) = nlog(P) + o (log(P)), (1.3)

where the o (log(P)) term is some function f(P) that satisfies

o (log(P)) = PETOO lofgfg;)) = 0. (1.4)

Notice that checking (1.3) we can consider the DoF metric as the number of signaling
dimensions, where each dimension corresponds to an interference-free Additive White
Gaussian Noise (AWGN) channel where the SNR increases proportionally with P. Be-
sides, taken into consideration a baseband model in a wireless communication system as
shown in (1.1), we can consider 1 as the bandwidth effectivity. Therefore, the DoF met-
ric can be understood as the multiplexing gain, bandwidth, number of signal dimensions,

or the capacity pre-log factor.

1.1.1 Parallel Decomposition of the MIMO Channel

For illustrative purposes consider a MIMO channel where the transmitter and receiver
are equipped with Ny and N, antennas, respectively. Thus, the corresponding input-

output system can be represented by the following discrete time model

Y1 hi1 ... hn, 1 n1

YN, hn.a oo by, TN, "N,

which can be written simply as y = Hx + n, where H denotes the N, x N; channel
matrix gain. By using Single Value Decomposition (SVD) we can rewrite the matrix H

as a function of its singular values
H=UxVH (1.6)

where U and V are N, x N, and N; x N; are unitary matrices, i.e. UUH = I, and
> the N, x N; diagonal matrix of singular values o; of H. The vector o; contains
the Ry eigenvalues of HHY | where Ry is the rank of the matrix H. Hence, taken

into consideration the structure of the channel matrix, the rank is upper bounded as



Ry < min (Ny, N,.), which holds with equability for rich scattering channels and Ry = 1

for high correlated channels.

x=Vix|[ : | y=Hx+n[ : 1y=-U"y
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y

FIGURE 1.2: MIMO parallel decomposition. Transmit precoding and receiver shaping
filters

The mathematical process shown above can be applied to obtain a parallel decomposition
of the MIMO channel H as is shown in Figure 1.2. The matrix V7 is employed as a
transmit precoding to transform the input of the MIMO system as x = VZx. Similarly,
the receiver decouples the precoded signal by using the matrix U as a receiver shaping

matrix. Therefore, the signal received after parallel decomposition is given by

§ = U (Hx +n)
=U" (UZVx +n)
=U" (UXVV¥% +n) (1.7)
=UHUzvVix + Ufn

=%+ Uln,

where, since U is a unitary matrix, the distribution of the noise after the multiplication
U n does not change. Notice that ¥ is a diagonal matrix. Thus, the N; x N, MIMO
system has been transformed into Ry parallel AWGN independent channel where the
input and output of the i-th channel is given by %; and g;, respectively, and the channel
gain ;. In consequence, the MIMO channel can support Ry times the rate of a single
antenna system, i.e. a multiplexing gain of Ry. At this point the question that naturally

arises is, could the MIMO channel decomposition be employed for cellular networks?.

The first issue to consider is the need for Channel State Information (CSI). Checking
(1.7) it can be seen that a knowledge of the channel matrix H is necessary to calculate
the corresponding transmit precoders and receive filters. For the point-to-point MIMO
channel, the decomposition described above is doable when CSI is available either at the
transmitter (CSIT) or receiver (CSIR). It is interesting to remark that CSIR allow to

obtain this decomposition only for the point-to-point MIMO by using joint processing.
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FIGURE 1.3: Cellular network as MIMO network and Interference Channel

However, accurate CSIT is necessary when the MIMO channel is composed of more
than one transmitter. Notice that CSIR is quite easy to provide in a wireless network
with only consider the use of pilot signals as a preamble of the data signal. In contrast,
CSIT involves a more complex methodology; a pilot sequence has to be transmitted
orthogonally, the channel is estimated by the receivers, and the CSI has to be sent to

the transmitter through feedback channels between transmitter and receivers.

Considering a cellular network with Ngg BSs where each BS is equipped with NV; anten-

! as is shown in Figure 1.3(a).

nas and a single user per cell equipped with N, antennas
The straightforward solution is to consider the cellular scenario as a unique MIMO
system where the set of BSs is treated as a single transmitter equipped with NpgV;
antennas that transmit to Npg/V, receive antennas. This concept is usually referred
to as a network MIMO. Many techniques such as Linear Zero Forcing Beamforming
(LZFB) [28, 29] or Block Diagonalization (BD) [30, 31] have been developed with the
aim of exploiting the MIMO channel given by the cellular network. However, consid-
ering a multiple BSs system, the network MIMO approach results quite challenging for
a realistic implementation. Providing global CSIT does not only involve feedback be-

tween receivers and their corresponding BSs, but also very accurate synchronization and

high-speed backhaul links among the set of BSs for sharing CSIT and data information.

!The single-user model can be considered as a N, single-antenna users grouped in a single user with
N, antennas.
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An alternative approach referred to as Interference Alignment (TA) is proposed in [32—
36]. To tackle the interference in a cellular network, it is treated as an Interference
Channel (IC) where each transmitter and receiver is equipped with Ny and N, antennas,
respectively, as is shown in Figure 1.3(b). The IA approach applied to a cellular network
assumes that the i-th transmitter sends a message W, to the i-th receiver while the
interference because of the transmission of W; is properly aligned at the remaining

receivers j # i. It is demonstrated in [47] that % DoF are achievable by using TA.

1.1.2 Costs of Channel State Information

As we have shown, previous MIMO techniques can achieve an enormous improvement
of the achievable data rates. However, the achievability of the aforementioned rates is
subject to an accurate and instantaneous knowledge of the CSIT. In cellular networks,
providing CSIT involves to waste a considerable amount of the network resources for pilot
overheads, feedback channels, high-capacity backhaul links and accurate synchronization
[37]. Let us consider a cellular scenario as shown in Figure 1.4. Each BS transmits a
pilot sequence that is employed to quantize and feedback the estimation of the CSI to
the corresponding BSs via uplink, once the local CSI is obtained, it is shared through
backhaul links, which also have to provide precise synchronization and/or data sharing,

among the set of BSs.

(1 0
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FIGURE 1.4: Achieving CSIT in a cellular network. (1) Pilot transmission, (2) CSI
feedback via uplink, (3) backhaul sharing and synchronization
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Let us denote 6.5 and 0.4 as the fraction of the total transmission resources employed
for channel estimation and coherence detection required in a scheme based on CSIT,
respectively. Similarly, 6, is denoted as the fraction of downlink resources that has to

be re-allocated to the uplink to support the CSI feedback. Assuming that each BS is
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equipped with N; antennas serving K active users, the amount of pilots employed to
obtain CSI scales as N .. Since each user transmits via uplink the estimation of the
CSI, the feedback costs scales as the number of users K6, when the CSI is sent directly
to the BS. However, notice that it increases to K N;0;, sending the CSI independently to
each transmit antenna of the BS. Once the data frame is transmitted, a pilot overhead

K0.4 is employed for coherence detection.

Consider now the use of blind transmission schemes in the same cellular scenario. Since
CSIT is not required 0.5 = 05, = 0. However, it is necessary to know the channel from
the transmitter to each antenna of the corresponding BS. Therefore, the costs of the
pilot frames for coherent detection scales as N:0.y, where 8.4 is the pilot overhead per
transmit antenna for blind schemes. Moreover, assuming that the receiver antennas can
switch among a set of V; preset modes, e.g. reconfigurable antennas, this cost increases

to NtZ Ocqr.

Table 1.1 summarizes the overheads for a cellular systems when each BS is equipped

with N; transmit antennas serving K users.

Type CSIT Blind

CSI pilots N0, 0
Feedback KO, to KNy 0
Wednesday K04 NibOeqr to NFOea

TABLE 1.1: CSI overheads for cellular networks

1.2 Analysis of the State of Art

The bulk of this thesis is around interference management for cellular networks. Tradi-
tionally, the interference between users within the same cell has been avoided by assign-
ing orthogonal slices of either time or bandwidth to each one, whereas the interference
between different cells has been treated by using Frequency Reuse (FR). A survey of
these traditional methods to deal with the interference is presented in [38]. An accurate
analysis of the efficiency of FR as a function of the reuse distance is presented in [39].
Indeed, the use of smaller cellular coverage areas over a dense deployment was predicted

in this work. The evolution of the generations of mobile communications, i.e. from



12

1G to 5G, can be summarized in [1-10]. Remarkable, a survey of the evolution from

homogeneous to heterogeneous cellular networks is described in [14, 25, 27, 40].

Information Theory provides a notion of the theoretical limits of the channel capacity.
However, closed-form expressions of the capacity for most of the MIMO configurations
are not available. Instead, the ability of multiple signals in the space is measured by the
multiplexing gain, i.e. the Degrees of Freedom (DoF) metric. For the MISO BC with Ny
antennas at the transmitter and K = N; users with a single antenna, the achievable DoF
are N; when perfect CSIT knowledge is available [41-43]. Assuming a MISO BC with
N transmit antennas and 2 users equipped with N,, and N,, antennas, respectively, it
is shown that the DoF are max (N¢, Ny, + Ny, ). Similarly, max (Ny, + Ng,, N,) DoF are
achievable for the Multiple Access Channel (MAC) with 2 transmitters equipped with
Ny, and N, antennas, respectively, and N, antennas at the receiver [44]. As the number
of transmitters and/or receivers increases the DoF analysis becomes more complex. The
achievable DoF for the MIMO X channel is derived in [45, 46]. In this case, the DoF
region depends on the antennas of each transmitter and receiver. As an example, % DoF
are achievable when the transmitters and receivers are equipped with the same amount
of antennas denoted as N;. The extension of the X channel consist in a Interference
Channel (IC) where there exist K pairs transmitter-receiver equipped with N, and N,
asntennas each, respectively. It is demonstrated in [47] that min (N, N,) K if K < R
and min (g, N;) }%1 if K > R DoF are achievable for the IC where R = %
As a remark, % DoF are achievable in the IC where the transmitters and receivers are

equipped with the same amount of antennas.

The achievable DoF described above for different channel configurations assume that
perfect CSIT is available. Nevertheless, the main goal of this work is the use of blind
transmission schemes with the aim of reducing the amount of information required at
the transmitter to reach high data rates. Taking the MISO BC for illustrative purposes,
the achievable DoF are only 1 when CSIT is not available and traditional orthogonal
resource division is applied. The DoF regions for the BC and IC in absence of CSIT are
derived in [48]. An extension of the DoF regions for the previous channel configurations
was presented in [49]. However, the CSIT can be partially known. In this sense, the
quantization by using codebooks of the channel values is addressed in [50]. Furthermore,
because of the limited capacity of the feedback channel, the CSI could not be available

at the transmitter on time. Interestingly, in [51] it is demonstrated that even when the
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CSI is completely expired it is still useful. The achievable DoF under delayed CSIT for
different channel configurations have been widely analyzed in [52-56]. The linear DoF,
i.e. by using only linear beamforming, for the X channel with delayed CSIT are derived
in [57]. In [58] it is shown that the optimal DoF are achievable when the delay is small
enough. The other side of the coin is that maybe CSIT is available but the channel
changes at data transmission time. Transmission under channel variations is usually
referred to as Compound Channel [59]. The achievable DoF in the compound BC are
derived in [60], which conjectures the results of [61], demonstrating that more that more
than 1 DoF is achievable when the channel varies among a set of finite states. In [62] an
exhaustive analysis of the DoF of the compound BC, X, and IC configurations is carried

out. It is demonstrated that Nﬁtl]((—l are the DoF for the MISO BC with N; transmit

antennas and K single-antenna users even when the channel changes between a finite
number of states. Similarly, the DoF for a IC network for the real compound channel

K
are 4.

A point in the middle between CSIT and totally blind techniques consists in the knowl-
edge of network topology. It is interesting to remark that this information is quite
easily to provide at the transmitters, and indeed it is a common knowledge in the Media
Access Control (MAC) layer. The use of topological interference management is pre-
sented initially in [63-65]. The main idea under topological interference management
is the optimality of treating interference as noise (TIN) when it is small enough. In
[66], it is demonstrated that TIN results optimal in the K user IC when the desired
signal strength for each user is no less than the sum of the strengths of the strongest
interference from this user and the strongest interference to this user. An analysis
for homogeneous hexagonal cellular networks is carried out in [67]. Furthermore, it is
demonstrated in [68, 69] that topological interference management for linear, square,
and hexagonal cellular arrays results optimal by using three fundamental elements such
as aligned frequency reuse, wireless index coding, and interference diversity. Notice that
in fact, FR is a simple form of interference alignment without the need for CSIT that
allow to reuse network resources. Therefore, knowledge of the network topology is a

strong feature for blind transmission techniques.

Once the DoF expressions of each kind of channel have been derived taking into consid-

eration the amount of CSI known at the transmitter side, the question that naturally
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arises is how can this performance be reached in cellular networks?. The full multi-
plexing gain when CSIT is available can be easily achieved by using the Linear Zero
Forcing Beamforming (LZFB) scheme proposed and analyzed in [28, 29, 70]. When the
receivers are equipped with more than one antenna, Block Diagonalization is proposed
in [30, 31, 71-73]. As the number of transmitters increases the schemes to achieve the
optimal DoF become more complex. There exists a vast bibliography regarding ob-
taining this optimality by using Interference Alignment (TA). At first, it is necessary to
consider the feasibility conditions of TA, which are derived in [74, 75]. The achievability
of the optimal DoF in the IC by using TA is proposed in [47, 76-78]. Basically, precoding
matrices at the transmitters and shaping filters at the receivers, calculated both by using
CSIT and CSIR, can be designed in order to maximize the DoF achieved by the desired
receiver while aligning the interference at the remaining receivers. Considering a delay
in the CSIT knowledge, Retrospective Interference Alignment (RIA) is proposed in [79]
to exploit the outdated CSIT. Furthermore, TA is also feasible in absence of CSIT. It is
demonstrated in [80, 81] that the interference can be aligned in the BC by exploiting
predefined channel correlations. By using reconfigurable antennas [82-87] to generate

these channel variations artificially, Blind Interference Alignment (BIA) is proposed in

[88, 89]. It is shown that the proposed BIA scheme achieves the optimal Nt]_\flf_l DoF
derived for the compound BC [62]. The use of multiple antennas also at the receiver in
the BC for BIA transmission is analyzed in [90], and the linear DoF achievable in the
MIMO BC with reconfigurable antennas are derived in [91]. However, the use of BIA
when there are more than one transmitter is not straightforward. BIA for the 3-user IC
is devised in [92] and a BIA scheme for the K-users IC based on exploiting diversity is
proposed in [93, 94]. Nevertheless, the DoF achieved in the K-users IC are far from the

optimal. It is interesting to remark that, to best of our knowledge, a BIA scheme able

to reach the optimal DoF in the general IC has not been developed yet.

The use of BIA in cellular networks is studied in [95]. It is shown that although BIA
cancels the intracell interference, the users subject to interference from the neighboring
BSs referred to as intercell interference, which is not handled by standard BIA, achieve
poor rates. Moreover, a comparison with a transmission technique based on CSIT such
as LZFB is carried out in [96]. Taking into consideration the costs of providing accurate
CSIT BIA outperforms the sum-rate of LZFB in many scenarios. With the aim of

reducing the effects of intercell interference in the two-cell scenario a BIA scheme based
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on data sharing is devised in [97]. The set of users is labeled between private users
located in the inner cell, and therefore receive a weak signal from the neighboring BSs,
and shared users heavily subject to intercell interference. Thus, the same symbol is
transmitted to each shared user generating diversity while private users treat intercell
interference optimally as noise. The use of diversity for BIA schemes is also proposed in
[93, 94, 98]. However, these schemes result sub-optimal in DoF because of the diversity

achieved.

Interference management for heterogenous networks is also studied in this work. In [99]
and [100] the main issues for the implementation of small cells, femto and pico cells,
are discussed. Several schemes based on CSIT such as [101-105] have been developed
during the previous years. However, deal with the intracell, intercell, and also inter-
tier interference by exploiting the channel knowledge from a set of macro, micro, pico
and femto cells involves to manage a huge amount of information through feedback
channels and backhaul links. The influence of these limited elements of the cellular
network is analyzed in [106], which concludes that, although small cells can improve
their performance assuming theoretical cooperative schemes, the costs of its use penalize
the global working of an heterogeneous network. With the aim of solving this issue
cognitive smalls cell have been proposed in [107-114]. The inherent features of BIA
transmission result attractive for its implementation in heterogenous cellular networks.
There also exist a few recent schemes that apply BIA for interference management in
macro-femto cellular networks. In [115], the authors propose several heuristic schemes
that exploit the information of the users and BSs location to reduce the supersymbol
length, and therefore achieve more DoF. In [116], the authors use a Kronecker product
representation to design a BIA scheme for interference management in a heterogeneous
network with one Macro BS and several FAPs, each with one femto user. Although the
schemes proposed in [115] and [116] can cancel all the intracell and intercell interference
through a coordinated transmission of the Macro BS and the FAPs without CSIT, they

are generally sub-optimal in DoF sense.

1.3 Motivation and Contributions

The initial research of the thesis author was focused on developing transmission schemes

based on CSIT for heterogeneous networks [101, 104]. Without considering the costs of
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providing global CSIT, these schemes achieve a significant improvement of the sum-rates
regarding traditional approaches based on orthogonal resource allocation. However, the
turning point of the research undertaken during the last 4 years is given by the hardware
evaluation of LZFB and BD presented in [117]. It is shown that a considerable amount
of the transmission resources are wasted not only for providing instantaneous CSIT,
extremely accurate synchronization among the set of transmitters is also required to
handle the clock drifts for simultaneous transmission. After obtaining these conclusions,
I decided to investigate alternative solutions able to reduce the amount of information
required at the transmitters and overcome the performance achieved by orthogonal ap-

proaches.

The original BIA scheme for the MISO BC was proposed at the beginning of the re-
search period of this thesis. Obviously, the features of BIA made it attractive for its
implementation in cellular networks. Nevertheless, it is necessary to remark that the
extension of BIA for systems with more than one transmitter is not straightforward.
Therefore, questions such as how to implement BIA in homogeneous and heterogeneous
cellular networks? What are the optimal DoF for cellular networks? Is this optimal
achievable?, or What is the performance of BIA in practical channels? motivated this

work.

The main contributions are summarized as follows

e First, we evaluate the implementation of standard BIA in cellular networks. It is
shown that users subject to intercell interference, which is not handled by standard
BIA, attain zero-DoF and the achieved sum-rate in the whole network is heavily
limited at finite SNR. Besides, we derive a straightforward extension of the stan-
dard BIA scheme for cellular networks based on full cooperation among the BSs.
This contribution motivates the development of transmission schemes based on

exploiting the network topology for cellular networks.

e Focused on homogenous cellular networks we derive the information theoretic sum-
DoF outer bound for cellular networks with partial connectivity in absence of
CSIT. For cellular scenarios with partial connectivity, we depict the DoF region
without CSIT. It is demonstrated that knowledge of the network topology at the
transmitter achieves more DoF than schemes based on cooperation when CSIT is

not available. With the aim of developing a transmission scheme that reaches the
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derived outer bound we propose a flexible bandwidth BIA scheme that improves the
DoF achieved by schemes based on exploiting the diversity given by the multiple
transmitters in a cellular network. Nevertheless, the inherent orthogonality due to
flexible bandwidth makes this scheme sub-optimal in DoF. After that we devise
a network BIA scheme based on exploiting the network topology that attains the
optimal DoF for symmetric partially connected networks. It is demonstrated that,
by properly combining the BIA supersymbol and the information given by the
network topology, the outer bound of the DoF region derived for cellular networks
in absence of CSIT is achievable. Moreover, the proposed network BIA obtains a
relaxation of the coherence time requirements. For asymmetric partially connected
networks in absence of CSIT we design an alternative extension of the network BIA

scheme that minimizes the loss of DoF because of asymmetric impairments.

For two-tier macro-femto heterogeneous networks, we analyze the suitability of
the devised network BIA scheme. It is shown that network BIA penalizes the DoF
achieved by the upper-tier users, whereas the lower-tier cannot exploit the features
of network BIA. As a conclusion, it is demonstrated that the achievable DoF per
cell, either upper or lower tier, does no scale as the number of cells in the lower tier
increases. Encouraged by this fact, we derive the linear-DoF region for two-tier
cellular networks. After analyze this region, it is shown that the upper tier can
still attain the optimal DoF given by the compound BC while femto users achieve
non-zero DoF. After that, we develop a cognitive BIA scheme that achieves the
optimal linear-DoF in the two-tier cellular networks without CSIT, data sharing, or
backhaul links between both tiers. Femto users achieve non-zero DoF by stealing an
additional dimension from the alignment blocks of macro users. Furthermore, the
macro tier achieves the optimal DoF as in a MISO BC transmitting independently
of the femtocell deployment within its coverage. Finally, we present an analysis
of the achievable performance of several BIA schemes in heterogeneous cellular

networks.

Previous contributions are mainly focused on the DoF for cellular networks, either
homogeneous or heterogenous, in absence of CSIT. After that, we analyze the
performance of BIA schemes for practical channels. It is shown that coherence
time and limited SNR are the main hurdles to overcome for the implementation

of BIA. For dealing with both limitations, we devise a practical BIA scheme that,
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combined with orthogonal approaches, achieves a trade-off between multiplexing
gain, sum-rate at finite SNR, and coherence time. Additionally, we implement a
hardware testbed to validate the performance of BIA transmission in comparison
with schemes based on CSIT. It is shown that BIA achieves better sum-rate that
LZFB when the costs of providing CSIT and also the hardware impairments are

taken into consideration.

1.4 Organization

The rest of this dissertation is organized as follows. Chapter 2 presents the BIA scheme
for the BC. In Chapter 3 we analyze the implementation of the standard BIA scheme
in cellular scenarios. Moreover, an extension of the BIA scheme for the BC based on
cooperation among the set of BSs is devised with the aim of managing both intracell and
intercell interference. This chapter presents the motivation of developing BIA schemes
for cellular networks. In this sense, in Chapter 4 we derive the information theoretic outer
bound of the DoF for homogenous cellular networks with partial connectivity and present
an achievability BIA scheme that can reach this outer bound. In Chapter 5 BIA for
heterogenous networks is considered showing that previous approaches are not suitable
because of the particular topology of this kind of networks. This Chapter is devoted to
derive the DoF region for two-tier cellular networks and devise a BIA scheme able to
reach the outer bound of this region. After that, the use of BIA schemes in practical
channels is analyzed in Chapter 6, where an alternative BIA is proposed to handle
the limitations of BIA schemes in practical channels, namely coherence time and finite
SNR. Addtionaly, an experimental evaluation of BIA in a hardware testbed is presented.
Finally, Chapter 7 draws conclusions from the contributions of this dissertation and

proposed directions for future work.






Chapter 2

Blind Interference Alignment for

the MISO Broadcast Channel

This chapter presents a Blind Interference Alignment scheme for the MISO BC based
on reconfigurable antennas at each receiver. After analyzing BIA transmission in several
specific examples, the methodology to achieve % DoF in the N; transmit antennas
K-users MISO BC is developed in detail. Then, closed form expressions of the achievable
rates are obtained depending on the power allocation strategy. Simulation results point

out the benefits and drawbacks of BIA in the MISO BC.

2.1 Introduction

The idea of Interference Alignment (TA) for wireless networks lead to an intensive study
of the high-capacity potentially achievable by its application [47, 74, 76, 77, 118]. Most
of these works are based on perfect knowledge of the Channel State Information at the
Transmitter (CSIT). Satisfying this requirement involves high-capacity backhaul links
and accurate synchronization, which imply to use a large amount of network resources
[37, 119]. Hence, the implementation of TA in realistic wireless networks results chal-
lenging or even impossible. However, beyond the costs of providing accurate CSIT, it
is necessary to study whether the high-capacity of IA is still achievable under channel

uncertainty.

20
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For the MIMO point to point channel it is well known that the absence of CSIT does
not affect the achievable DoF. This is because of the combination of joint processing
and perfect CSIR is able to compensate the lack of CSIT. Considering the two user
MIMO BC where the transmitter is equipped with IV; antennas and there are r; and
ro antennas at each receiver, it is demonstrated in [45, 62] that min (N, 71 + r2) DoF
are achievable, which is the same as with perfect cooperation at the receiver. However,
under lack of CSIT a loss in DoF is expected. For example, under the assumption of

i.i.d. fading, it is clear that only 1 DoF is achievable in the absence of CSIT.

The impact on the achievable DoF regarding the channel uncertainty in the MISO BC
is widely studied in [120] and [61]. The channel uncertainty is obtained by assuming a
space of non-zero probability measured under time-varying channel conditions in [120].
Instead, in [61] the channel uncertainty is modelled by considering each receiver as a
compound of states where the channel is drawn among a set of states. Note that the
state of each user is unknown to the transmitter. Curiously, both works conjecture the
DoF outer bound for the 2-user MISO BC in absence of CSIT. It is known that the outer
bound for a 2-user MISO BC where the transmitter is equipped with 2 antennas is % DoF.
For this setting, [120] conjecture that the DoF collapse to 1. In [61] this conjecture is
solved when the channel of each user changes among two states. However, as the number
of states for either users increases, the DoF collapse to 1. This conjecture is finally
disproved in [62]. Based on interference alignment schemes with asymmetric complex
signaling [121] and reciprocity/duality relationship with the interference alignment for
the SIMO interference channel [122], it is demonstrated that the number of states does

not decrease the achievable DoF. Specifically, it is demonstrated that Nﬁtf((_l DoF are

achievable almost surely for the real compound BC with Ny transmit antennas and K

single-antenna receivers with Ji > N; states at the k-th receiver.

Once the outer bound of the DoF in absence of CSIT is determined, the natural question
is how can we achieve it?. The straightforward idea is to use classical blind schemes
based on orthogonal resource division, e.g. time or frequency division, which obtain a
DoF performance far to the outer bound. Furthermore, it is interesting to remark that
the DoF decrease regarding the number of users when orthogonal schemes are employed.
In other words, the cake is divided in % pieces to each user. However, the outer bound
of [62] tends to N; when the number of users goes to infinity. In [80, 81] it is shown

that the outer bound is achievable by employing channel correlations when they are
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N RF Chain
Mode m

Fi1GURE 2.1: MISO BC scenario with N; = 2 transmit antennas and K users equipped
with reconfigurable antennas.

suitably staggered. These channel correlations form a pattern called supersymbol from
now on. However, it is clear that we cannot manipulate the channel state at our own
whim. Thus, the following question is, Can we artificially manipulate the channel state

of each user with the aim of building a predefined supersymbol?

The goal of manipulating the channel state of each user can be carried out by using
reconfigurable antennas. Basically, reconfigurable antennas can switch their radiation
pattern among a set of preset modes by employing only one RF chain as is shown in
Figure 2.1. They are constructed through micro-electromechanical switches (MEMS),
nano-electromechanical switches (NEMS) that can change the geometry of the antenna
or solid state switches able to modify the radiative properties of the antenna [82-87].
Although reconfigurable antennas provide some benefits such as only one RF chain
or less space required than multiple conventional antennas, they are not popular in
communication signal processing, where in general it is not interesting to use different
preset modes. Notice that for implementing beamforming techniques such as LZFB
the antennas must use a fixed in a determined channel state. In contrast, the use of
reconfigurable antennas have been explored for diversity benefits and they have been

widely employed in other fields as RADAR applications [123].

This chapter analyzes in detail the BIA scheme based on reconfigurable antennas that

was initially proposed in [88] and developed in [89]. Tt is shown that Nt]XtII((A DoF are
achievable in the MISO BC with V; transmit antennas and K single-antenna users. Note
that it coincides with the outer bound of the maximum DoF achievable in the absence
of CSIT. The methodology to create a generic BIA supersymbol and the corresponding

beamforming matrices are thoroughly described. Once the BIA scheme has been pre-

sented in terms of DoF, the closed-form expression for the achievable rates of each user
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is derived. Furthermore, following the power allocation scheme proposed in [95, 96],
uniform power per symbol and constant power during the whole supersymbol schemes

are described.

2.2 System Model

This section describes the system model for the MISO BC used in this chapter. The
transmitter is equipped with V; antennas and the number of active users is denoted by
K. Each user is equipped with a reconfigurable antenna that can switch its radiation
pattern among a set of preset modes equals to the number of transmit antennas, i.e. N;
channel modes are available at each receiver. Figure 2.2 shows the 2 transmit antenna
K-user MISO BC where each user is equipped with a reconfigurable antenna. The signal
transmitted at time ¢ is given by x[t] = [xl, L ,xNJT e CNex1 where ., 7 =1,..., Ny,
is the symbol transmitted by the 7-th antenna. Thus, the signal received by the user &

at time ¢ can be written as

s = B (191) " (1) + M (2.1)

where hl* (l[k] t]) € CNex1 s the channel vector between user k and each transmit
antenna when the preset mode I, I € {1,2,..., N;} is selected and z[¥l[t] ~ CA/(0,1) is
additive white Gaussian noise (AWGN).

\V

v
Y o
ij Tt ser2)

F1GuRrE 2.2: MISO BC scenario with N; = 2 transmit antennas and K users equipped
with reconfigurable antennas.

<]

The transmitted signal is subject to an average power constraint E {||x[t]||*} < P for all
t > 1 and t € N. Furthermore, the channel coefficients between transmitter and users

are drawn from a continuous distribution and, therefore, are linearly independent almost
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surely. The transmitter does not have any channel state information (CSIT). Moreover,
we assume that the physical channel stays constant across a sufficient number of time
or frequency slots. For simplicity, we focus on the temporal dimension, without loss of
generality. Hence, from now on each symbol extension ¢ corresponds to a time slot. The

application of this system model along frequency slots is straightforward.

2.3 Blind Interference Alignment for the MISO Broadcast

Channel. Supersymbol and Beamforming Design

2.3.1 N, =2, K-user MISO Broadcast Channel

Let us first consider a MISO BC where the transmitter is equipped with Ny = 2 antennas
serving K = 2 active users. Notice that our goal is to achieve the optimal sum-DoF
attainable in this scenario, that is % DoF [62]. The proposed supersymbol for this toy
example is shown in Figure 2.3 and the transmitted signal during the 3 symbol extension

T
that comprise the entire supersymbol X = {x[l]T X[Q]T x[3]T} e C3NVexl ig given by

x[1] 1 1
X = x2]| = |1 u[ll} + |0 u[12}, (2.2)
x[3] 0 I
[K] NI . . .
where u,” = [u“ uE,Z} is the f-th vector, £ = 1 for this specific example*, that

contains the symbols transmitted to the user £ composed by the symbol transmitted by
the 7-th antenna, 7 € {1,2}, denoted as uﬁ, and I and O are the 2 x 2 identity and

zero matrices, respectively. Therefore, the signal received at user 1 during the entire

supersymbol can be written as

T T
y[) hlt(1) hlt(1) 11
Ji| = [ne)" o+ | o | Wl 4 [20]. (2.3)
T
3] 0 (1) <[y
—_——
rank=2 rank=1
'For the N; = 2 case, only one symbol with 2 DoF is provided to each user during the entire

supersymbol, and therefore, £ € {1}. However, the index £ = {1,2,...,(N; — 1)% 7'} for the N; > 2
cases.
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1 2 3

User 1 | A1) | h2) [ hHIT)

User 2 | h2I(1) | h2I1) [ hi2(2)

FIGURE 2.3: The supersymbol structure for the K =2, N, = 2 MISO BC.

It can be easily seen that the interference because of the transmission to user 2 is aligned
T
into one dimension over the vector [1 0 1} while the desired signal is contained in a

full-rank matrix. Besides, note that symbols u[ll] and u[12]

are transmitted in orthogonal
fashion during the second and third symbol extensions, respectively. Thus, notice that
the user 1 can employ the signal received during the third symbol extension to measure
the interference due to u[12] transmission by using the same preset mode as during the
first symbol extension. Therefore, user 1 can remove the interference received in the first
symbol extension. In consequence, the signal at user 1 after zero forcing cancellation

can be written as

B Vs )] I TGO IR B Rl
N i R i ' 24
yll[2] hlt)(2) 2M[2)
H(] 71k

Consequently, denoting ¥ € CNe*! and zlFl € CNe*1 as the received signal and noise
after zero-forcing interference subtraction at user k, respectively, the user 1 can decode
the 2 DoF contained in u[11] by solving the following 2 X 2 interference-free equation
system

y=HUul! + 37, (2.5)

T
where HY = [h[l](l)T h[l](Q)T} € C2%2 ig referred to as the channel matrix of user
1. Beyond the DoF metric, it is interesting to remark that the decoded signal at first

symbol extension of (2.4) suffers a noise increase because of the interference subtraction.

Similarly, user 2 attains 2 DoF by receiving the desired symbol u[f] during the symbol
extensions {1,3}, whereas the interference due to transmission of u[ll] is measured in
symbol extension {2}. Therefore, each user achieves 2 DoF by using a supersymbol that
comprises 3 symbol extensions. In consequence, % DoF are achievable in this scenario,

which coincide with the information-theoretic sum-DoF in absence of CSIT [62].
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1 2 3 K+1
User 1 | W) | mii2) [ i) | ... [ «ii)
User 2 [ h2I(1) | h2I(1) | hi2(2) N hi2(1)
| : :
User K | W) | a1 [ h&d) [ ... | W)
block 1 - block 2 g

FIGURE 2.4: The supersymbol structure for the K user N; = 2 MISO BC.

For the general case, where K users are served by a transmitter equipped with Ny = 2
antennas, the supersymbol is as Figure 2.4 shows. Simultaneous transmission of the
symbols desired by each user, {u[ll], .. .,u[lk}, e u[lK]}, is carried out during the first
symbol extension over the preset mode h!*/(1) for k = {1,2,..., K}. Thus, the signal

transmitted during the first symbol extension is
K
k
x(1) = Zu[l I, (2.6)
k=1

After that, an additional symbol extension corresponding to the channel mode h*/(2)
is required to complete a full-rank matrix for each user. The channel mode h[k}(Q)
is employed by the k-th user during the symbol extension k 4+ 1. At the same time,
the remaining users take advantage of this additional symbol extension to align the
interference by using the same channel mode as during the first symbol extension, i.e.
hU] (1), j # k. Hence, the remaining users employ this symbol extension to measure the
interference because of the transmission of u[lk], k # j. Consequently, each symbol has

to be transmitted independently during the following symbol extensions, that is
~1
x(p) =Y, (2.7)

for2<p<K-+1.

The k-th user can remove the K — 1 interference terms received in the first symbol
extension by measuring them in Block 2. Besides, the symbol extension used to complete

the full-rank matrix is free of interference because of (2.7). Thus, the signal received by
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the k-th user after zero forcing can be written as

YO = = )| nH)"] o [P =2 =2 2

gl = pAk+1 = ol 4 pAk+1
g (k + 1) h*(2) (k4 1)
(2.8)
Therefore, the user k£ can decode 2 DoF by solving the equation system given by
gkl = H[k]u[lk] + zlA] (2.9)

T
where H* = [h[k](l)T h[k](g)T} and zIFl ~ CN (0,Rz) where the covariance matrix
of the noise is Rz = diag (K — 1,1).

Therefore, each user attains 1 alignment block providing 2 DoF each when using BIA.
Since the supersymbol structure comprises K + 1 symbol extensions, BIA achieves %
sum-DoF in the N, = 2, K-user MISO BC. In conclusion, the optimal DoF for this

MISO BC case are achieved [62].

2.3.2 N, =3, K-user MISO Broadcast Channel

As the number of transmit antennas increases the design of the supersymbol is more
challenging. The key idea is to create a pattern where the channel state of the desired
user changes while the channel state of all other users remains constant within the

alignment block of the desired user.

User 1 h{1(2)

User 2

A
A\
A
A\ 4

Block 1 Block 2

FIGURE 2.5: The supersymbol structure for the N; = 2, K =2 MISO BC.

For illustrative purposes we first consider a toy example where the transmitter is equipped
with Ny = 3 and there are K = 2 active users. The supersymbol for the proposed exam-
ple is shown in Figure 2.5. Notice that it can be differentiated into Block 1 and Block
2. The alignment between the transmitted symbols in ensured in Block 1 while Block

2 guarantees desired signals do not overlap with interference. For user 1, each set of



28

symbol extensions {1,2,5} and {3,4,6} form an alignment block denoted by the index
¢ ={1,2}, for user 1. Note that the first two symbol extensions belong to Block 1 and
the last symbol extension that completes each alignment block is provided by Block
2. It can be seen that during each of these alignment blocks the channel mode of user
1 changes among N; = 3 preset modes while the channel of user 2 remains constant
at preset mode hl¥(1) and hl¥(2) during each alignment block. Similarly, the symbol
extensions {1, 3,7} and {2, 4,8} form two alignment blocks for user 2. The symbols ugc],
k= {1,2} and ¢ = {1, 2}, are transmitted during each alignment block. Tt is interesting
to remark that in contrast to the N, = 2 case, each user attains more than one align-
ment block. To ensure the alignment between the transmitted symbols during Block 1
the channel mode of user 2 must remain constant over each pattern {h (1), hl¥l(2)} of
user 1. Therefore, to maintain this condition the pattern {h[t/(1),hl¥(2)} is repeated
twice while user 2 employs the pattern {h?/(1), h?/(1), h?(2),hl?(2)}. In consequence,
two alignment blocks, providing 3 DoF each, have to me assigned to each user due to
this periodic repetition. Furthermore, an additional symbol extension from Block 2 is
used to complete each alignment block. Orthogonal transmission is used to ensure the
independence between the transmitted symbols. Therefore, taking into consideration

the supersymbol structure, the transmitted signal is given by

1 o] 1 o]
I 0 0 I
0 I 10
v LR N s , (2.10)
1 ol [ o o] [uf
0 I 00
00 I 0
00 0 I
(I T

T
where uék] = [ } is the vector that contains the symbols transmitted to

Upys Upor Ups

the user k£ during the ¢-th alignment block, and I and O are the 3 x 3 identity and zero

matrices, respectively.
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With the proposed scheme the signal received during the first alignment block at user 1

is

T T
]| (nit) (1) | {£0]
J2 | = [ | ul+ [ne) W@ | + |2 (2.11)
T
yUpl] (W) 0 23]
— —_—
rank=3 rank=2

Notice that the desired symbol u[ll] is transmitted over a full-rank matrix while the inter-
ference is aligned in a rank = 2 matrix. Therefore, the 3 DoF transmitted in the symbol
u[ll] are decodable without the influence of the interference. Checking the supersymbol
structure in Figure 2.5, it can be seen that the interference received in symbol extensions
{1} and {2} can be measured in symbol extensions {7} and {8}, respectively, and there-

fore, removed afterwards. Thus, the signal after zero-forcing interference cancellation

can be written as

y) =y | | eli) 0] = 2[7]
gl =yl — ylg)| = [nM)" | ul + |20 - g |, (2.12)
s hltl(3)" A3
—_——
H[I zl1

T

T
where H = [h[l](l)T ht(2) h[l](3)T] € C3%3 is the channel matrix and z1 ~

CN (0, Rg) with R; = diag (3, 1).

As we have shown the interference has been completely canceled, and therefore, the 3
DoF of the first alignment block of user 1 can be decoded. Repeating the same procedure
with the alignment blocks formed by the sets of symbol extensions {3,4,6} for user 1,
and {1,3,7} and {2,4, 8} for user 2, 3DoF x 2 = 6 DoF are achieved by each user over 8
symbol extensions. Thus, the proposed BIA scheme attains 2 sum-DoF for the N; = 3

2
2-user MISO BC.

As the number of users increases the supersymbol design comprises becomes more com-
plex. The key idea is to replicate periodically the patterns composed of channel modes
hl¥(1) and h!¥/(2) during Block 1 by ensuring the alignment between users. Checking
the previous case, it can be seen in Figure 2.5 that the patterns {hm(l),hm@)} and
{hl(1),h2(1)h@(2),h(2)} are repeated twice and only once for users 1 and 2, re-
spectively. We refer as building blocks to each of these patterns. Figure 2.6 shows the

structure of the building blocks for the general case where the transmitter is equipped



30

group
PeiS

User 1 hi4(2)

group  group

User 2 | hi¥(1) | hi¥(1) | hi¥(2) | hi4(2) |
group group

User 3

hik(1)

hif(1)

hif(1)

hl"l(l) | h4(2) | h¥1(2) | hi¥1(2) | hi4(2) |

User K | «—hi¥(1) — | «— hiH2) —

FicURrE 2.6: Building block construction for the Ny = 3 MISO BC.

with N; = 3 antennas. The building block of the k-th user comprises 2¥ symbol exten-
sions where each preset mode, h!*(1) and h¥/(2), is repeated 2¥~! times. It can be seen
that the channel of user k changes among 2 preset modes while the channel of all other
users, k4 1, ..., K, remains constant. The length of Block 1 is given by the number of
symbol extensions that composes the largest building block. Therefore, since Block 1
comprises 2% symbol extensions, the k-th user repeats its corresponding building block
2K=k times, where the index p = {1, 2,... ,2K_k} is defined to denote the p-th building
block of user k.

Once the Block 1 has been designed, the beamforming matrices can be devised by
creating groups of 2 channel modes within every building block. Therefore, the align-
ment between groups is ensured because of the building block construction described
in Figure 2.6. Since the k-th user contains 2% ~* building blocks comprising 2¥ symbol
extensions each, 2F~1 groups can be assembled over each building block. Thus, each

user forms 2Kk x 9k—1 — 9K-1

groups. According to the Block 1 structure proposed
in Figure 2.6, the ¢-group in the p-th building block of the users k corresponds to the
symbol extensions

{(p—1)2+25 1}, (2.13)
where ¢ € {1,2,...,2K’1} and p € {1,2,...,2[(”“}.

Ultimately, Block 2 is easily determined with only annexing an additional symbol exten-

sion per each group of each user to complete an alignment block composed of 3 different

2K—1

channel modes. Thus, Block 2 provides symbol extensions corresponding to the

channel mode h!*! (3) per each user. In consequence, it comprises K X 2K=1 symbol
extensions. To guarantee that each symbol does not overlap with other symbols either

(k]
¢

desired or interfering, each symbol u, " is transmitted in orthogonal fashion during Block

2. Furthermore, all other users j # k take advantage of this strategy to measure the
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interference subspace because of transmission to user k and remove it from their desired

signal space.

2K=1 alignment blocks providing

Following the proposed BIA design, each user attains
3 DoF each. Therefore, 3 x K x 256~1 DoF are attainable by using BIA. To achieve this
goal a supersymbol made up by Block 1 and Block 2, which comprise 2% and K x 251
symbol extensions, respectively, is required. Since K x 25~ symbols providing 3 DoF

each are decodable over 2% + K x 2K~1 symbol extensions, the normalized DoF per

symbol extension achievable in the Ny = 3, K-user MISO BC by using BIA is

3 x K x 2K-1 3K
DoF = — . 2.14
TR K x2Kk 1T K42 (2.14)

2.3.3 N; K-user MISO Broadcast Channel

So far, the methodology of building a BIA scheme for the MISO BC has been described
for some specific cases. For the general case we can consider it as two independent

problems.

e Alignment problem. The transmission of each desired symbol must be contained
in at least one dimension more than the interfering subspace. To ensure this
condition a supersymbol based on constructing non-overlapping alignment blocks
can be devised. As we have shown previously, the key idea is to create a pattern
where the channel state of the desired user changes while the state of all other users
remains constant within the alignment block of the desired user. This issue can
be solved systematically by creating building blocks that are periodically repeated
over the Block 1.

e Linear independence problem. The BIA design must guarantee the linear in-
dependence of each desired symbol and all other desired and interfering symbols.
For the set of desired symbols, notice that the signal transmitted over one align-
ment block must be linearly independent, which is satisfied by using N, channel
modes over each alignment block. Besides, the independence between different
alignment blocks for the same user is ensured by orthogonality between them, i.e.

the alignment blocks of each user are transmitted over different columns of its



32

beamforming matrix. Finally, linear independence between the desired and inter-
fering signals is ensured by orthogonality in the las slot of each alignment block.
Therefore, each user can measure the interference subspace received because of

transmission to all other users.

To tackle both problems separately, Block 1 ensures alignment between the transmitted
signals while Block 2 guarantees that the desired signal does not overlap with the inter-
ference. This section shows a systematic procedure to build a BIA supersymbol and its

corresponding beamforming matrices.

2.3.3.1 Design of Block 1

For the general case where the transmitter is equipped with N; antennas Block 1 is
constructed by generalizing the idea of generate periodic building blocks. For the k-
th user each building block is made up by N; — 1 sub-blocks, comprising (N; — 1)¥~1
symbol extensions each, where the channel state remains fixed. Thus, the channel state
associated to each sub-block corresponds to the channel preset mode selected by the

user. The construction of a generic building block is shown in Figure 2.7. Once the

User k | h(1) | WAl | | WAl | hiQ) | hi(2) | | h(2) | | hA(Y) | | hAN,) | BN, |

- 3> < 3>
> > < >

(N, 1) (N, -1)"" (N, 1)

<

subblock 1 2 . Ni-1

FicUure 2.7: The building block of user k for the Ny MISO BC.

building block of each user has been defined, the Block 1 is obtained with only repeat

the building block of the k-th user (N; —1)%—* times. In consequence, Block 1 comprises
Lol = (N = 1)F (2.15)

symbol extensions. Figure 2.8 shows the design of a generic Block 1. As can be seen,
the temporal correlation at user k£ during Block 1 can be written as a function of the

channel mode {h*/(1),... h¥(1),... h*/(N,)} during a periodic building block. Thus,
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the channel mode selected by user k at time ¢ is given by

hl(1) t=1,2,...,(Ny — 1)*1 (mod(N; — 1)¥)

ge(t) = ¢ hlF(1) t=(—1)(Ne— DM+ 1,0 1N, — 1R (mod(Ny — 1)F)

hF(N, —1) t= (N —2)(N, — DR L+ 1, (N — 1)F — 1 (mod(V; — 1)*)
(2.16)

where t € {1,2,..., (N, — 1)K}

group

vert (BRI

(N, - 1) group

(N, _ l)k—l (N, _ ])k—l (N, _ l)k—l

(NI _ l)K—l (N, _ I)K—l

FIGURE 2.8: Staggering of the Building blocks for the Ny, K-user MISO BC.

2.3.3.2 Design of the Beamforming Matrices

With the structure of Block 1 determined, the design of the beamforming matrices can
be carried out. The key idea is to create non-overlapping alignment blocks where the
channel state of the desired user changes while all the other users remain constant. Tak-
ing into consideration the supersymbol structure, it is easy to satisfy this condition with
only forming groups of symbol extensions within each building block where the channel
state changes among N; — 1 preset modes. The last symbol extension to complete each
alignment block is provided in Block 2. Besides, the independence between alignment
blocks is guaranteed by using orthogonality. For example, checking the equation (2.10),

[¥]
¢

the symbols of the k-th users u," are orthogonally separated, i.e. they are allocated to

different columns in the beamforming matrices. Therefore, the ¢-th symbol of the k-th
user, ugc], is transmitted during each alignment block, which corresponds to the ¢-th

column of the beamforming matrix.
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Focused on the k-th user, it can be seen that each building block occupies (N; — 1)*
symbol extensions. Since each building block is composed by sub-blocks of (N; — 1)¥~1

slots, each user k forms a group with each building block during the slots
iyi4 (N — DR (N, — 2)(Ny — 1)F L (2.17)

where i € {1,2,..., (N, — 1)* 1}

As can be seen in Figure 2.8, the building block of user & is repeated (N; —1)% =% times.
Therefore, following the supersymbol structure, the ¢-th group in the p-th building block

of the user k is located in the symbol extensions

{(p —1)(Ny — 1) + k(Ny — 1)’“—1}]“72 (2.18)

k=0

where £ € {1,2,...,(]\7,5 — 1)k_1} and p € {1,2,...,(Nt — 1)K_k}.

2.3.4 Design of Block 2

Block 2 can be easily determined from the design of Block 1. Recall that each group
in Block 1 contains IV; — 1 symbol extensions corresponding to distinct channel modes.
The purpose of Block 2 is to complete each group of each user providing an additional
symbol extension with the Ni-th channel mode. Since there are (N; — 1)%~! alignment

blocks per user, it comprises
Lplockz = K(N; — 1)K (2.19)

symbol extensions. Block 2 can be divided in K sub-blocks comprising (N; — 1)%~1
symbol extensions each as Figure 2.9 shows. For the k-th user each alignment block is

completed by selecting the preset mode hl*! (N¢) during the symbol extensions

(h—1)C LBII(%ckZ

{»CBlockl A Bled? , (2.20)
K =1

where k = {1,2,...,K}.

Orthogonal transmission is employed during Block 2 to ensure the independence between

the desired symbols and the interference. As we have seen in the previous toy examples,



35

User 1 hIE(N:) ANy | .| RV hi¥(2)

User 2 hHR) | L W) | ) hiH(,)

e

Usrk ] o] [ [wer | o [ ww |

(N, _l)K—l (N[_l)l(—l (N[_l)l(—l

FIGURE 2.9: Block 2 of the BIA supersymbol for the N; = 2 MISO BC.

all other users take advantage of the transmission of the symbols ugd, e{l,2,...,(Ny—

HE ~1}1, in Block 2 to measure the interference subspace received because of transmission
to user k. According to (2.18) the transmission of ugg] takes place during the i-th group,
i=1,...,(N; — 1)* of the p-th building block, p = 1,..., (N; — 1) =%, of user k. Thus
the channel state of the users j = 1,...,k—1,k+1,..., K in the k-th sub-block in Block

2 equals to

g; (0= DOV = DF +), (2:21)

where g;(-) is the temporal correlation function of user j given by (2.16).

2.3.5 Achievable Degrees of Freedom

For the general case, where the transmitter is equipped with N, antennas serving K
active users, the BIA scheme described in this chapter generates (N; —1)%~1 alignment
blocks per each user. Since each alignment blocks provides Ny DoF, Ny x K x (N;—1)%-1

DoF are attained by using BIA over a supersymbol that comprises
Lpia = (N; — DE + K(N; — 1)E? (2.22)
symbol extensions. Therefore, the normalized sum-DoF per symbol extension achieved

by BIA in the MISO BC is

Ny K (N — 1)K N K

= . 2.2
(Nt—1>K+K<Nt—1)K_1 Nt+K—1 ( 3>

DoFgpia =

Notice that DoF achieved in (2.23) coincides with the information-theoretic outer bound

for the MISO BC in absence of CSIT derived in [62].
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2.4 Achievable Rates

Until now this chapter has been focused on the achievable DoF in the MISO BC by using
BIA. This section is devoted to obtain the closed-form expressions of the achievable
rates of BIA at finite SNR. For the general case, each alignment block is composed of
N; symbol extensions where the channel state changes among IV; preset modes. Recall
that the first V; — 1 symbol extensions of each alignment block are provided by Block
1, and therefore are subject to K — 1 terms of interference. The last element of each
alignment block is transmitted in Block 2, where orthogonal transmission of each symbol
is carried out. According to the BIA scheme, the K — 1 interference terms received in
the first Ny — 1 symbol extensions of the alignment block can be measured in Block 2
and removed afterwards. Notice that although the interference is completely canceled,
a noise increase because of the interference subtraction has to be considered in the first
N — 1 elements of each alignment block. Thus, the signal of the user k after zero forcing

during a generic alignment block ¢ can be written as

- T B T 7] B .
gI[1] hlH(1) M) = S8 2]
i : B : k] :
glk — _ u,+ .(2.24)
gHIN, =1 | —1)” N 1) = 8 )
M) | | nHayT i ()

Note that for simplicity, the temporal index refers to the position of the symbol extension
in the alignment block instead of referring the position in supersymbol. As can be seen,

each user can decode N; DoF by solving a IV; x N; equation system given by
M = HF M 4 7, (2.25)

where

T
HH = [0H1)" wiH)" L ey e e (2.26)

is the channel matrix of the user k, ugﬂ € CNexl ig the desired symbol, and AL

CN (0,Rj) is the noise vector after the interference subtraction where

R; = . (2.27)
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Besides, the ratio of alignment blocks per user over the entire supersymbol must be
taken into consideration. Since there exist (N; — 1)~ alignment blocks per each user,

this ratio is given by

P N O L B
" Lpia (Ny — DK+ K(Ny —1)E-1 N+ K -1

(2.28)

2.4.1 Uniform Power Allocation

Following a logical design, equal power allocation to each symbol in both Block 1 and
Block 2 is assumed. Note that during Block 1 N;K symbols are transmitted in each time
slot because of the simultaneous transmission while only N; symbols per slot are trans-
mitted orthogonally in Block 2. Since the average power constraint in the transmitter

is E {||x[t]|*} < P, the power allocated to each symbol is

Lp1a P
NtK[’Blockl + NtEBlockQ
(- DE 4+ KN - 1) p_ N+ K-1
- NK(N; — 1)K + NNK(N; — 1)K-17 — N2K

Pstr -
(2.29)

Therefore, assuming uniform power allocation to each symbol, the normalized rate of
the user k is
RM =B E [1og det (I + P, HFEMT Ri[kl‘l)}

E [logdet <I+ NTPH[ IHF R, .

(2.30)
TN K -1

2.4.2 Optimizing the Power Allocation

Different amount of symbols are transmitted in each symbol extension of Block 1 and
Block 2. In consequence, the power allocation strategy should take into consideration
this variation between both blocks. Let us denote 7 as the ratio of the power allocated
to each symbol in Block 1 over the assigned to each symbol in Block 2. This ratio can

be modified in order to optimize the power allocation strategy.

For illustrative purposes consider the K-users case where the transmitter is equipped
with Ny = 2 antennas. The supersymbol is shown in Figure 2.4 and the corresponding

beamforming matrices are given by (2.6) and (2.7). The signal received in the first
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symbol extension is composed by the sum of K symbols transmitted as ﬁu&k]. Following
the described BIA design, the interference in each of the first Ny — 1 elements of each
alignment block is completely subtracted by using K — 1 symbol extensions from Block

2. Thus, the signal after zero forcing can be written now as

g _ |19 _ (G0 = T pa0M0)
7(2) gk +1)

(2.31)

Note that taking into account the power allocation strategy the noise is given by the

vector z*! ~ CN (0, Rz) where the covariance matrix is Rz = diag (% + K —1,1).

For the general case the interference subtraction follows the same steps as in the example
described below. Hence, the covariance matrix of the noise after interference subtraction

is

R; = (2.32)
0 1
Besides, the average power allocated to each symbol is now given by
L N+ K-1
Py, = BIA tt P. (2.33)

P p—
N K7 Liock1 + NieLviock2 N K ((Ny —1)m + 1)

Thus, the normalized rate per symbol extension of user k£ depending on the ratio 7 is

1 N:+K -1 H_
L t Ky g -1
R N T _1E {logdet <I+th G t—l)w+1)H H™ R; )] (2.34)

where HI¥! and Rj are given by (2.26) and (2.32), respectively.

2.4.3 Constant Power Allocation

Constant power allocation is proposed in [95]. It is demonstrated that the optimal?
power strategy at finite SNR is achieved when the same power is assigned to each slot
of the supersymbol, i.e. 7! = K. In other words, it does not exist power fluctuation

between Block 1 and Block 2. For this particular case, the covariance matrix of the noise

2 Assuming that CSIT is not available also to design the power allocation strategy.
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after interference subtraction is given by using 7! = K in (2.32)

2K —1)Iy,_; O
R, — ( M1 , (2.35)
0 1

and the normalized rate per symbol extension of the k-th user reduces to

1 P H
W - - I = ALk = L3 _—1
R = t 1IE {log det (I + tH HY R; )] , (2.36)

with Rz given by (2.36).

2.5 Simulation Results

The achievable sum-DoF by using BIA depending on the number of active users is
depicted in Figure 2.10. First of all, it is interesting to remark that 1 sum-DoF is
achievable when basic blind schemes such as orthogonal times or frequency division are
employed. Therefore, BIA outperforms clearly the classical blind schemes. Besides, the
sum-DoF grows asymptotically to the maximum multiplexing gain min (/V;, K) as the
number of users increases. This effect results more remarkable when the transmitter
is equipped with less antennas. Considering that the transmitter serves K = 10 users,
it can be seen that for the Ny = 2 case BIA achieves 1.82 DoF, only 0.18 DoF below
the optimal assuming perfect CSIT knowledge, i.e. 2 DoF. However, the achievable
sum-DoF' is 2 DoF below the maximum achieved with CSIT for N; = 6 when the same
amount of users is served. On the other hand, it is 3 DoF above the sum-DoF achievable

with orthogonal time or frequency division.

The length of the supersymbols for different values of NV, is shown in Figure 2.11. Note
that the length of the supersymbol is directly related with the required coherence time of
the system. For N; = 2 the supersymbol grows linearly with the number of active users.
Thus, for Ny = 2 the coherence time is not a considerable limiting factor. However,
as the number of transmit antennas increases, the length of the supersymbol grows
exponentially with the number of users. Hence, we conclude that coherence time can be

a limiting factor when using BIA. This issue will be discussed in detail in Chapter 6.
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FIGURE 2.10: Achievable sum-DoF by using BIA.

Supersymbol length

10° I i i i

10 15
Number of active users K

FIGURE 2.11: Supersymbol length of BIA.

Once BIA has been analyzed in DoF terms, we consider the performance of BIA in the
medium SNR regime. Figure 2.12 shows the achievable sum-rate of BIA obtained when
uniform and constant power allocation are used. Besides, the SU-MISO performance is
depicted for comparison purposes. For the same parameters it is shown that constant
power allocation outperforms uniform power allocation, which are labeled as improved
and original BIA, respectively. Furthermore, it can be seen that the benefits of improved

BIA increase with larger N; and K.
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—=—Original BIA N, =2, K =5 /
-e-Improved BIA N, =2, K =5 /”,
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10Signal to NoisésRatio (SNR) [ZEB]
FIGURE 2.12: Achievable sum-rate in the finite SNR regime.

2.6 Conclusions

In this chapter, we describe the BIA transmission scheme for the MISO BC. After
analyzing some toy examples in detail, we describe the methodology to build a BIA
supersymbol and its corresponding beamforming matrices. We show that the BIA su-
persymbol can be differentiated between two parts referred to as Block 1 and Block 2,
where simultaneous and orthogonal transmission is carried out, respectively. We show
that the interference received during Block 1 can be removed by measuring the interfer-
ence subspace in Block 2. It is proved that the presented BIA scheme achieves %
DoF when the transmitter is equipped with N; antennas serving K single-antenna users,
which corresponds to the optimal DoF achievable in the compound MISO BC. At this
point, recall that traditional blind approaches divide the transmission resource, either
time or frequency, in K slices, and therefore they only achieve 1 sum-DoF divided be-
tween K users. In contrast, as the numbers of users goes to infinity, the sum-DoF tends
to Ny when using BIA. In other words, BIA achieves a growth in DoF with respect to

the amount of users.

Although BIA results optimal in sum-DoF for the MISO BC in absence of CSIT, we
derive the achievable rates of BIA at finite SNR. Besides, several power allocation strate-

gies are proposed assuming that CSIT is not available. It is shown that constant power
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allocation over the entire supersymbol instead of uniform power for each symbols ob-
tains a considerable improvement in the achievable sum-rate. It is interesting to remark
that the interference subtraction inherent in the BIA scheme involves a noise increase.
Furthermore, it has been assumed that the coherent time is large enough to consider
the channel constant during the entire supersymbol. In this sense, limited SNR and
channel variations are the two main hurdles to overcome for the implementation of BIA

in practical channel. This issue is analyzed in detail during Chapter 6.






Chapter 3

Blind Interference Alignment for

Homogeneous Cellular Networks

This chapter evaluates the performance of BIA in cellular networks when the topology
is unknown. Although BIA is optimal in DoF for the MISO BC, its implementation in
cellular networks is not straightforward. The effects of intercell interference are analyzed
in detail for several cellular scenarios. Furthermore, a fully cooperative BIA scheme is
proposed to cancel the interference in a straightforward way. It is demonstrated that
this approach neither results suitable for cellular networks where users are partially
connected to the set of BSs. The influence of the network topology in the achievable DoF
is discussed as a conclusion of the features of either isolated or cooperative transmission

schemes.

3.1 Introduction

Blind Interference Alignment was originally proposed for the BC. For cellular networks,
it can be implemented in a straightforward way with only considering each BS as an
isolated transmitter. However, notice that the original BIA scheme does not handle
the interference from other transmitters. In other works, although BIA cancels the
intracell interference, the effects of intercell interference are still unknown when it is
used in cellular environments. The implementation of standard BIA (sBIA) in cellular

scenarios is analyzed considering aspects such as power allocation, resource allocation,

44
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and supersymbol mis-alignments in [95]. It is shown that although some quantity of
intercell interference can be removed with only synchronizing the supersymbols of each
cell, it is not completely canceled, and therefore, users are subject to its influence.
In consequence, users located close to the cell edge achieve poor rates because of the
transmission in the neighboring BSs. In [96] ways to apply sBIA to cellular networks by
using resource allocation such as FR are discussed. The results are compared with the
performance achieved by transmission schemes based on CSIT knowledge such as LZFB.
Taking into consideration the costs of providing CSIT, it is shown that BIA outperfoms

the rates of LZFB in most of the proposed scenarios.

Examining a traditional cellular network, users located close to the cell edge receive a
strong signal from several BSs. Therefore, it results obvious that sBIA is sub-optimal
in DoF. In order to maximize the achievable DoF over the entire cellular system, a
straightforward approach would be to implement BIA over a fully cooperative network
(cBIA), i.e. as in a network MIMO. Assuming a cellular scenario where Npg BSs are
equipped with N; antennas each, M = Npgg X N; transmit antennas are available in
the considered network. If Ky, active users are located over the coverage area of the
whole network, Aﬂ%ﬂ—l DoF are potentially achievable when using ¢cBIA. Notice that

this cooperative approach results costly in practice because of the need for data sharing

among the BSs.

In this chapter we analyze the performance of both approaches, each BS transmitting
either independently of all other BS or in a cooperative fashion. Several scenarios are
considered when each BS transmits independently as in a MISO BC, concluding that
intercell interference is one of the main hurdles to overcome for the implementation of
BIA in cellular networks. In this sense, this is one of the principal motivations of this
work. On the other hand, the drawbacks of fully cooperative approaches are pointed
out. The role of the network topology in absence of CSIT is presented at the end of this
chapter. Following the idea of [69], it is shown that knowledge of the network topology
allows to differentiate the users between subject to intercell interference and users that
can treat this interference optimally as noise [66]. This idea motivates the following

chapters, where partial connectivity is treated as a resource instead of a limitation.

The contributions of this chapter can be summarized as follows
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e The cellular system model based on receivers equipped with reconfigurable anten-

nas is presented in this chapter.

e We evaluate the effects of the intercell interference in cellular scenarios when BIA is
implemented in each BS independently of the remaining BSs, i.e. as in MISO BC.
It is demonstrated that the achievable rates are heavily limited by the transmission

in the neighboring cells.

e A fully cooperative BIA scheme is presented in order to manage the intercell
interference. It is demonstrated that cooperative approaches are not DoF optimal
for cellular scenarios in absence of CSIT. Indeed, full connectivity between each
user and the whole set of BSs jointly to extremely large coherence time are required

to implement BIA based on full cooperation among the BSs.

e We present the role of the network topology when CSIT is not available. It is
shown that there exists a trade-off between isolated and cooperative transmission
depending on connectivity of each user. This conclusion will motivate the following

chapters of this work.

3.2 System Model

Consider a cellular network as is shown in Figure 3.1 consisting of Ngg BS N =
{1,2,...,Nps}. Each BS n, n € NV, is equipped with N ,, transmit antennas and wishes
to send data to the set of Koy = {1,2,..., Keenn} users located within its coverage
area. Each user is equipped with one reconfigurable antenna that can switch among Ny ,,
preset modes. Let us denote I[*"[t] as the antenna mode selected by user k located in
cell n at time ¢. Assuming that the BSs transmit independently to their corresponding
users, the vector hlFmm1(]) = [h[lk’"’"/] (Z)T h%ﬂfq(l)T}T € CNen L contains the
channel coefficients between the NV;,, antennas of BS n' and the single-antenna user
k at preset mode I*7I[t] in cell n. Note that since constant channel is assumed, the
temporal index has been omitted and the channel only depends on the mode selected

by the corresponding user. Thus, the signal received by the user k£ in cell n at time ¢
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FIGURE 3.1: Cellular system where Npg BSs are deployed transmitting independently.
Each BS is equipped with NV ,, antennas and sends messages to its corresponding Kceii.n
users.

can be written as

Nps
T n n,n’ n T [ n
ylenlfg] = nlkmnlglenl)” x4 Z ozg{i’ PR Taen )" <) +207018), (3.1)

n'=1
n'#n

intercell interference

where x[™ [t] € CNtnx1 s the signal sent by BS n at time ¢, ozgc,’n] is the relative power
of the signal of BS n’ received at user k,n taking the power of the signal received from

BS n as reference, i.e. alfnl = 1, and z*"[t] ~ CN(0,1) is AWGN.

We also assume that the channel input is subject to an average power constraint for all
t>1and n €N, E{||X[”] [t]|?} < P. Furthermore, the channels between each user
and the BSs are considered to be drawn from a continuous distribution, so that they are
linearly independent almost surely. We also assume that the switching pattern functions
[km] [t] are initially predetermined and are known to everyone in the system. On the
contrary, we assume that the transmitters do not have any channel state information.
Moreover, as in other works addressing the design of BIA schemes in different settings,
e.g. [89, 95, 96], we assume that the physical channels stay constant across a sufficient

number of time or frequency slots. For simplicity, we focus on the temporal dimension,
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without loss of generality. Hence, from now on each symbol extension t corresponds to

a time slot. The application of the scheme along frequency slots is straightforward.

3.3 Standard Blind Interference Alignment

Consider a cellular network where each BS n transmits independently of the remaining
BSs, n' # n, to its corresponding Kcey, active users. Besides, it is assumed that
transmission by BS n = 1 is our cell of interest while the rest of BSs are sources of

intercell interference. Under this condition we describe three different scenarios

e The remaining BSs are equipped with the same number of antennas N;, = V;
serving the same amount of active users K, in each cell. Furthermore, the
supersymbols of each cell are synchronized, and therefore, each BS transmits the

same beamforming structure.

e The set of interfering BSs are equipped with NV; antennas and they also transmit
to K¢ users in each cell. However, the supersymbols are not synchronized and

each BS transmits different beamforming in each time slot.

e The interference sources comprise zero-mean i.i.d. vector samples. That is, only

the statistics of the inference are known.

3.3.1 Synchronous Aligned Supersymbol

For illustrative purposes consider a two-cell scenario as shown in Figure 3.2. Each BS
is equipped with N; = 2 antennas and K..;; = 2 users are located in the coverage area
of each cell. Besides, the supersymbols employed in each cell are synchronized and the

signal transmitted by BS n, n € {1,2} is

x["[1] I I
X = | x| = |1] ul" + |o] ul*, (3.2)
x["[3] 0 I

where x["[t] € CNe*1 is the signal transmitted by the BS n in the time slot ¢, and

ugﬂ’n] e CNex1 is the symbol, which contains N; DoF, transmitted to user k in cell n
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during its /-th alignment block. Recall that only one alignment block is assigned to each

user when NV, = 2, therefore, £ = {1} for this particular case.

1 2 3 1 2 3

User 1,1 | hELLUCL) | h11(2) | AL User2,1 [ hR12(1) | hi21212) | h212(1)

User2,1 [ h2LUEL) [ h2RUCT) | hi211(2) User2,2 | hi222(1) | h222)(1) | hi2221(2)

BS1 BS 2

FIGURE 3.2: Toy example: downlink scenario with BSs transmitting aligned super-

symbols. The BSs are equipped with N; = 2 antennas and serve K ..;; = 2 users each.

For the sake of simplicity only the intercell interference has been depicted from BS 2
to users in cell 1 with red dotted lines.

Under this assumption the signal received at user 1 in cell n can be written as

yI) = Bl (1) (a4 g fal Rt ) (a4 ul)
ylbnlg] = pltnl (2>u[11,n] 4 ag/a"]h[l,n,n'](2)11[117"/] (3.3)

y[l,n} [3] — h[l,n,n] (1)u[127n] + a2/7n]h[1,n,n’] (1)11[12,”/].

Following the sBIA scheme described in Chapter 2, user 1 at cell n can remove the

27“]

intracell interference because of the transmission of ul Thus, since each BS transmits

independently of all other BSs, i.e. as in a MISO BC, the interference due to u[lz’n] is
measured in symbol extension 3 and subtracted from symbol extension 1. However, the

third symbol extension is also polluted by intercell interference. Curiously, notice that

. . .. 2,n/ . .
intercell interference because of the transmission of u[1 }, n' # n, is also measured in

symbol extension 3 and, therefore, it is also subtracted. Thus, the signal of user 1 at

cell n after zero-forcing is

h[l,n,n] 1
G (1) ol

] h[l,n,n’](l) [ Z[l,n][l] _ ln 3]
n u
h[l,n,n](2)

1,n]
) + . (3.4)
h(tnn1(2) ! PRIp]

1,n
’

Note that the intercell interference because of the transmission of u[12’n] has been also
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canceled, whereas the interference due to u[ll’n,] still remains. Intuitively, symbol exten-

sion 3 takes effect as a sink of interference when both supersymbols are synchronized.
Although some amount of intercell interference can be removed, the equation system
(3.4) shows that the decoding process of each symbol is subject to the strength of the

received intercell interference.

Taking into consideration the supersymbol structure and its corresponding beamforming
matrices given by (2.16) and (2.18), respectively, it can be seen that Block 2 operates as
a sink of interference when the supersymbols of the distinct BSs are aligned. However,
intercell interference between users with the same index k still remains. That is, k-th user
in cell n is affected by the interference because of transmission of u&k’n/] from all other
BSs n’ # n. Checking the generic BIA alignment block (2.24), the signal §7 e CNex1

after zero-forcing interference cancellation is given by

Nps
Sf[’“’”} _ H[k’n’n]ugc’n] n Z agcl,n]H[k,n,n’]uLk,n] + z[k,n}7 (3_5)

n'=1

n'#n

where

T

H[k,n,n’] _ |:h[k7n’nl](1) h[k:,’n,n'](Nt)Ti| e (CNtXNt (36)

is the channel matrix that contains the channel coefficients between user k located in
cell n and BS 7/, and z*™ ~ CA(0,Rj3) is the noise vector after zero-forcing with Rj
given by the power allocation strategy defined in (2.27), (2.32) or (2.35). Therefore,
assuming synchronization among the supersymbols of each cell, the normalized rate per

symbol extension of the user k in cell n is

1
Rlknl — N RoiE [1og det (I + PstrH[kW]H[kv”’"]HRzl*1>] , (3.7)

where HFm1'T ig given by (3.6), Py, is the average power allocated to each stream
defined in (2.33), and Ry, is the noise plus interference covariance matrix given by
Nps

Ry =R;+ P > almmknnIglenn)?, (3.8)

n=1,n#n’
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3.3.2 Synchronous Non Aligned Supersymbol

Assume now the same scenario as in the previous case where each BS is equipped with
N; = 2 antennas serving K = 2 users. In contrast, the supersymbols in each cell are not
aligned as is shown in Figure 3.3. For illustrative purposes consider a mis-alignment of
1 slot for users in cell 2. That is, taking the cell 1 as reference, Block 1 transmission
occurs in the second symbol extension in cell 2 while Block 2 is transmitted during the
first and third symbol extensions. For this specific case, the signal received by user 1 at

cell 1is
g = B (a4 a2 ) u P

S = Bl 4 oI (B 69)

y[1’1][3] _ h[1,1,1](1)u[12,1] + a[zl’”h[l’m](l)u[lm].

1 2 3 1 2 3

User 1,1 [[hILLHET) | h(L11(2) [RILLHCL) User2,1 [ h2121(1) [ h212I(1) | h(212](2)

User2,1 [ R2LI(D) [ hELIE) | hi211(2) User2,2 | h222(2) | h222(1) | h2221(1)

BS1 BS2

FIGURE 3.3: Toy example: downlink scenario with BSs transmitting not aligned su-

persymbols. The BSs are equipped with N; = 2 antennas and serve K..;; = 2 users

each. For the sake of simplicity only the intercell interference has been depicted from
BS 2 to users in cell 1 with red dotted lines.

Following the sBIA design, user 1 at cell 1 cancels the intracell interference due to

transmission of u[f’l] by measuring it during the third symbol extension. Thus, the
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signal of user 1 at cell 1 after zero-forcing is given by

g1 - 3| i

L1 — B 1]
y = — ult
Yyl 2] hibh1(2)
2,2 1,2
ol h112(1) <u[1 }711[1 }) . ZILU[1] — L1 3]
hl1:1.21(2) (u[lm} n u[lz,z]) RIRIpS

(3.10)

As can be seen, the decoding process of the symbol u[ll’l] is subject to the strength of

the intercell interference. Comparing with (3.4), two terms of interference remain in
this case instead of one. Note that the third symbol extension at cell 1 is polluted by
interference from the neighboring BS, which employs this symbol extension to transmit
the additional symbol extension for completing the alignment block of symbol u[ll’Q].
Therefore, although intracell interference is removed, the subtracting process involves
adding another interference term because of u[11’2] transmission'. Checking the structure
of both supersymbols, it is interesting to remark that the two terms of interference in the
second slot of (3.10) are due to the supersymbol mis-alignment. Since Block 1 of cell 2 is
transmitted during the second symbol extension, which is employed for the transmission

of u[ll’l] in Block 2, the sum of u[11,2] + u[12’2] is received in this symbol extension of cell 1.

Similarly, the signal received after zero-forcing for user 2 in cell 1 is given by

gy _ [V =yl BRI oy
[2,1] 2,1,1] 1
=13 h211(2)
ol L e B ELR DR
h[2,1,2](2)u[11,2] 2211[3]

(3.11)

Notice that in this case, only one term of interference because of transmission from the
neighboring BS appears in (3.11). We can check that Block 1 of cell 2 is positioned now
in a symbol extension employed by user 2 in cell 1 to measure its intracell interference
and remove it from the first symbol extension. Therefore, the interference because of

(2,2] 1,2]

u; " is subtracted in y>![1] while the term —uj " appears just due to this subtraction.

!Note that if transmission of u[12’2]

aligned.

occurs in the same symbol extension the supersymbols would be
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Furthermore, the third symbol extension is employed for transmission of the Block 2 in

both cells. Therefore, this symbol extension only contains one term of intercell interfer-

ence. In consequence, and in contrast to (3.10), the second slot employed to complete
[2,1]
1

the alignment block of u; ™ only contains one term of interference.

2 1 K-k+1 | K-k+2 & K-k+3 K+1

User 1,1 h(2) User 1,2 - hi*11(2)
NN
i

User k-1,1 User k-1,2 hi*11(2)

User k,2
L
i

hiX1(2) User K,2

User &1

User K, 1

FIGURE 3.4: Supersymbols employed in both cells. Taking the cell 1 as reference, a
delay of k symbol extensions is considered in the supersymbol of cell 2. For the sake of
simplicity, the channel index refers to the k-th user in each cell.

As we have shown there exist two specific cases for the two-cell scenario when the BSs
are equipped with V; = 2 antennas and the supersymbols are not aligned. This idea can
be easily extended to the K-users case. Taking the supersymbol of cell 1 as reference,
without loss of generality, let us assume a mis-alignment of k& symbol extensions in the
supersymbol of cell as shown in Figure 3.4. Since each BS is managed independently
from all other BSs, the signal transmitted in each cell is given by (2.6) and (2.7) , i.e.
as in a MISO BC. Similarly to the case described in (3.10), we can check that Block
1 of cell n' interferes in the symbol extension k + 1, which is used by user k in cell
n to complete its alignment block. Although this additional symbol extension does
not contain any term of interference in the MISO BC BIA scheme, for the considered
toy example the user k in cell n receives the sum of K terms of interference because
of transmission in the neighboring cell during this additional symbol extension. In
consequence, the last elements of each alignment block of the user k in cell n are polluted
by the aforementioned K terms of interference. Besides, taking into consideration the
interference subtraction of sBIA, K — 1 interference terms appear in the first element
of the vector " while the interference received before interference subtraction still
remains. In other words, the Block 2 is a source of interference because of the subtraction
process inherent in BIA schemes, instead of a sink of interferences as occurs when the

supersymbols are synchronized. Thus, the received signal after zero-forcing interference
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cancellation during a generic alignment block at user k in cell n can be written as
. K !
gl — H[k,n,n]u[lkvn] n aL’“,’”]HV“*"’"] (u[lm} _ Zu[lkn ]) 1 glhnl (3.12)
k=1

T
T plenn] (Q)T} € CNexNe g the channel matrix for the

where HIFm'] = [h[kvnvnl](l)
N; = 2 case between user k in cell n and BS n’. Thus, the normalized rate per symbol
extension of the user k located in BS n is given by

1 n -
R = o B logdet (T4 PRIHA IR TR, 1) | (3.13)

where Rj, is the noise plus interference covariance matrix given by

Rs, = R; + PU Ky Jalorhpten ' plhnan) (3.14)

str

and P ']

str

and Rj are given by the power allocation defined in Chapter 2, Section 2.4.2.

On the other hand, all other users in cell n receive the transmission of Block 1 from
cell n’ during the symbol extensions used for interference subtraction. Remind that
if it occurs during Block 1 of cell n’ the supersymbols would be aligned. Hence, it is
possible to ensure that the last element of each alignment block contains only one term
of intercell interference from BS n/. Furthermore, the interference cancellation using
BIA involves to subtract K — 1 interference terms, which in contrast to the MISO BC,
are polluted by interference from the neighboring BSs in a cellular scenario. Therefore,
the term of interference received before subtraction is removed while K — 1 new terms
of interference appear just due to subtraction of the Block 1 from cell n’. Besides, the
additional symbol extension from Block 2 employed to complete each alignment block
of users j # k are polluted by a unique term of intercell interference. Without loss of
generality, let us focus on user 1 in cell n, the signal received during the first slot after

zero-forcing is given by

K
g = nlberd (Dl fal i) | 2 ST ul W (3.15)
7=1
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Thus, the signal after zero-forcing for the j-th user, j # k, in cell n can be written as

AR : CREUNIREERVANEL ; A TR0 (3.16)
where
N D ERTG 0
H[I],n,n] _ ( ) s Bg. (317)
0 hlinn1(2)

is the channel matrix of the interfering BS n’ taking into consideration the permutation

given by the supersymbol mis-alignment that can be formulated by the matrix

-2 ... —2I —-I —2I ... —2I
B = e CP2K (3.18)
0 ... 0 I o0 .. o0
and
T 7T
up = [u[ll’"] oulfn } : (3.19)

The vector zU™ ~ CN (0,R3) is the noise after zero-forcing where Rj; is the covariance

matrix given by (2.32) depending on the power allocation strategy.

Thus, the normalized rate per symbol extension at the user j # k in cell n can be written
as

1 n -
R = e B logdet (T4 PRIHA IR TR, ) | (3:20)

where Rj, is the noise plus interference covariance matrix given by
R;, = R; + Piply/oimymrimy (3.21)

str

and PM

ot 15 the power assigned to each stream in the n-th cell given by the power

allocation strategies in Chapter 2, Section 2.4.2.

As the number of BSs equipped with N; = 2 antennas increases the procedure shown
above can be easily extended. Due to the fact that Block 1 comprises only 1 symbol
extension for the NV; = 2 case, the analysis of the effects of mis-alignments in the su-
persymbols in a cellular network is analogous. Likewise, all the possible permutations
can be analyzed when N; > 2. However, note that Block 1 comprises (N; — 1)% symbol
extensions, which is greater than 1 when N; > 2. Since the number of possible per-

mutations grows exponentially with N; and K, this analysis results prohibitive because
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of complexity. As a conclusion, we can assert that mis-alignment of the supersymbols
in a cellular scenario lead to a considerable penalty in the achievable rates because of

intercell interference.

3.3.3 White Isotropic Interference

Consider a scenario where the source of interference is unidentified and only its statistics
are known. An example of this case is a neighboring transmitter using BIA with different
parameters Ny or K, or even other transmission schemes such as MU-MISO or IA. It
is assumed that the intercell interference can be modelled as a zero-mean vector with
identity covariance matrix scaled to the interference strength. Besides, it is also assumed
that the interfering sources maintain a constant power during the entire supersymbol.
Each stream is transmitted with an average power Py, in the cell of interest. Thus, the
normalized rate of the user k£ located in cell n can be written as
1 P

= mﬂi logdet | T+ - ZNBS = k,nPI[n’]

n'=1,n'#n Ay

Rlkn] gkl gl Ty —1

)

(3.22)
where Pl[n/] is the power of the interference from the transmitter n’ and Rj is the
covariance of the noise after zero-forcing given by the power allocation strategy (2.27),

(2.32), or (2.35).

3.3.4 Achievable Degrees of Freedom

The question that arises after analyzing the implementation of BIA independently in
each BS in a cellular network is what the achievable DoF are. Following the procedure
of other works such as [95] a closed form of the rate (3.7), (3.13), (3.20) and (3.22) when

P — oo can be easily derived. However, considering the DoF definition

P
DoF — Tim Z=(P)

P00 log (P) (3.23)

where Ry (P) is the sum-rate parametrized by the power P, the achievable sum-DoF
would be zero as intercell interference still remains because of the log(P) term in the

denominator.
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Assume now that the set of users can be differentiated between users that receive a
significant signal from the set of BSs and users close to their corresponding BS. Hence,
the first group of users is subject to intercell interference and zero-DoF are achieved by
them when intercell interference is not managed. In contrast, users close to their BS are
characterized by a high SIR and, therefore, it would be optimal to treat the intercell
interference as noise [66, 124]. Thus, assuming partial connectivity the achievable sum-
DoF in each cell is given by

NK,

, 3.24
N +K,—1 (3:24)

DoFgpia =

where K, is the amount of users that can treat the intercell interference optimally as
noise in each cell. The achievable DoF and how the topology influences in partially
connected networks is analyzed in detail in Section 3.5 and Chapter 4 is devoted to this

issue.

3.4 Fully Cooperative Blind Interference Alignment

Until now we have analyzed the performance of BIA when each BS transmits indepen-
dently of all other BSs. Furthermore, several cases depending on the kind of source of
interference have been analyzed. Even when the supersymbols of the whole set of inter-
fering BSs are synchronized it has been shown that intercell interference remains. With
the aim of managing the interference in a cellular scenario in a straightforward way, the
BIA scheme can be extended to a fully cooperative BIA (¢BIA) scheme. Assuming full
cooperation among all BSs, the whole set of transmit antennas send messages to the to
Kipt = Zgjf Keep,n users as in network MIMO [22, 125-127], i.e. as only one big BS

transmitting to all users.

For the system model described in Section 3.2 there exist M = Zﬁf 55 Nt antennas
transmitting to all Ky = ZnN B0 Keen,n users. It is assumed that each user can switch
among M preset channel modes. Thus, a ¢BIA supersymbol can be devised with only
replacing Ny = M and K = Ky in (2.16). Similarly, we can obtain the correspond-

ing beamforming matrices and Block 2 of ¢cBIA by using the procedure described in
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(M —1)" K, (M —1)"

Ngs
n=1

FIGURE 3.5: Supersymbol for the ¢cBIA scheme applied to M =
serving Ky, users.

Ni,, antennas

Chapter 2. Hence, the ¢cBIA supersymbol comprises

Lepia = (M — 1)Etot 4 Ko (M — 1)Kot =1 (3.25)

symbol extensions.

A generic cBIA supersymbol is shown in Figure 3.5. Note that the user index has been
removed from the channel parameter for space issues. It can be seen that each user
attains (M — 1)%tt=1 alignment blocks, each proving M DoF, in the ¢cBIA supersymbol.
Note that the channel state of the desired user changes among M channel modes while
the state of all other users remains constant during each alignment block. Consider
now a generic alignment block for the user & in cell n. Following the BIA scheme, the
first M — 1 symbol extensions of Block 1 are polluted by K, — 1 interference terms.
Additionally, each alignment block is completed with a symbol extension from Block
2. Hence, the last slot of the alignment block does not contain any interference term.
Thus, the signal vector y*" = [y[kyn][l] ylkom] [M]]T € CM*1 received by user k

in cell n during a given alignment block is

| k7 N, Kce n [.7 /] i
hlknl (l)T hlk.n] (1)T Zn’isl jl'lzl EJ’ "
n'#n&j#k
k] _ [k.n] [k,n]
y - ug .y +Z )
hlkn] (M _ 1)T hlknl (M _ 1)T Zi:f’isl Kcejl'L:TLl' ug:n ]
h[kyn] (M)T n’'#n&j#k
- 0
Hlk.n] - .
interference

(3.26)
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where
n T
[k.n] (k] [kn,1] (4T [k,nly. [k, 1] T [k,n,n)
hEr (@) = [y ay ™ hEml @)y (N ) R NN 1)
n'=1
..,h[’“’"’"]<z Nt,n,+Nt,n> ceeoyfalmiplbnNesl ()T e M,
n/=1

(3.27)

is the channel vector between user k at cell n and the whole set of transmit antennas

[k.n] c CMXl

that form the cooperative network, and u, is the desired symbol to the user

k in cell n corresponding to the /-th alignment block. Notice that uLk’n] contains M
DoF as a contribution from the whole set of BSs. The vector z*™ € CM*! contains the
noise samples received in each slot of the alignment block. For simplicity, the temporal

index refers to the position of the symbol extension in the alignment block instead of its

position in the supersymbol.

3.4.1 Achievable Rates

Following the BIA scheme described in Chapter 2, the interference terms of (3.26) can
be totally removed by measuring them in the appropriate slots in Block 2. Hence, the

signal after zero-forcing cancellation at user k in cell n %" is given by
gl — grlbnlglhrl 4 glkon] (3.28)

where

T
el — [h[k,n](l)T ... hilen (M)T} e cMxM (3.29)

is the channel matrix of user k at cell n when using ¢cBIA, hl*"1(]) is defined in (3.27),
and z*" ~ CN (0,Rj3) is the noise vector after zero-forcing interference cancellation

where

Kiolyi—1 0
R,= | MU (3.30)
o 1

is the covariance matrix assuming uniform power allocation per symbol. If other power
allocation is used, the covariance matrix is given by (2.32) or (2.35) with only replacing

K.y = Kiot. Then as long as the {h[k’"}(l)}f\;[ | are linearly independent, the M streams
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ugc’n] could be decoded theoretically, assuming full connectivity, by inverting the re-

sulting linear system of (3.28). Therefore, the normalized rate per symbol extension

achieved by cBIA for user k in cell n is

1

pen) - -
M + Ktot -1

T
E [log det (I + Py, HIFI prlkm] R{l)] . (3.31)
It is interesting to remark that K;,; — 1 interference terms must be subtracted to cancel
the interference completely. Recall that only K..; — 1 interference terms are subtracted
when using sBIA. Therefore, the noise increases Ko — 1 times in the first M — 1 slots of

each alignment block, which penalizes considerably the achievable rates at finite SNR.

3.4.2 Achievable Degrees of Freedom

The described cBIA scheme provides (M —1)%tt=1 alignment blocks, containing M DoF
each, to each user over a supersymbol that comprises L.pgia symbol extensions. Thus,

the achievable sum-DoF per symbol extension of ¢BIA in a cellular network is

M Ko (M — 1)Kot =1 M Kot
— _ , 3.32
OF ¢BIA (M _ 1)Ktot 4 Ktot(M _ 1)Ktot_1 M + Ktot -1 ( )

It is interesting to remark that the sum-DoF of (3.32) is only achievable assuming full
connectivity. That is, each and every user receives a signal strength large enough to

decode the messages sent by each BS.

T .

I BS cooperation )

FIGURE 3.6: Two-cell scenario with partial connectivity where each BS is equipped
with NV; = 2 antennas. Both BSs transmit to K;,; = 3 users distributed among the
network coverage.
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For illustrative purposes, consider a toy example as shown in Figure 3.6 where each BS
is equipped with N; = 2 antennas. There are Ky,; = 3 users within the coverage area

of the whole network. For this setting, and assuming full connectivity of all and each

43
4+3-1 —

(4—1)3+3-(4—1)>! = 54 symbol extensions.

user, cBIA scheme achieves 2 DoF by employing a supersymbol comprising

3.5 Moving to partially connected networks

In this chapter it has been shown that sBIA does not cancel the intercell interference
completely. Besides, the achievable DoF per user is limited to only Ny, DoF even if
they receive a strong signal from the other BSs, which in fact generate interference at
the considered user. On the other hand, the cBIA scheme relies on the assumption of

full connectivity, which does not hold in a typical cellular system.

Cellular networks are usually partially connected where some users are connected to
several BSs, whereas the remaining users located at the inner cell receive a signal from
the corresponding BS strong enough to consider the interference from other BSs as noise
[66, 124]. Consider now the scenario shown in Figure 3.6, assuming that user 1 within
cell n, n = {1,2}, cannot decode the signal from the neighboring BS n’ # n. Hence
ZH% = % DoF are achieved by each inner user while the edge user, which can be
labeled as user 2 in either cell 1 or 2, still achieves % DoF. In consequence, % DoF are
achievable in the whole network instead of 2 DoF when partial connectivity is taken into
consideration. For a Npg BSs cellular scenario with partial connectivity, the channel of

user k in cell n, which can treat the interference from all other BSs n’ # n optimally as

noise, defined in (3.27) can be approximated as

T

1] T g
h!b ™M (1) ~ [oa T nlknn] (Ly + 1) hlknn] (L + Nyw) Ob,lT} , (3.33)

)

with Iy =0 Ny, a = EZ;I N, b= ZZE&H Ny and 0 is a vector of zeros
of dimension ¢ x 1. Consequently, the channel matrix that contains the M preset channel
modes

HI = [hltad) .. wlel(an)] e C (3.34)

of the users located close to the BS n is no longer full-rank. Because of this, in (3.28)

these users cannot decode the data streams sent by BS n’/, n’ # n. Therefore, even if
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full cooperation between BSs is provided, ¢cBIA fails to achieve the DoF given by (3.32)

because of the lack of full connectivity.

Two questions that naturally arise are whether it is possible to devise a scheme that
works in a cellular scenario with partial connectivity and what the achievable DoF
are. Furthermore, it is interesting to remark that K;,; — 1 terms of interference must
be subtracted when using a full cooperative BIA scheme, which lead to a large noise
increment at finite SNR. In the next chapter we propose several schemes based on the
knowledge of the network topology. It is shown that the use of the network topology
not only allows to devise more suitable BIA schemes for cellular scenarios with partial
connectivity, but also attains more DoF than (3.32). In other words, exploiting the
topology of the network achieves more DoF than using full cooperation among the BSs.
To reach this, we leverage the partial connectivity as a resource that allows to obtain
more DoF, and decrease the amount of channel modes required by each user as well
as the length of the supersymbol, which is one of the major limitations when applying

cBIA in practical systems.

3.6 Simulation Results

The achievable sum-DoF for the sBIA and cBIA schemes in a cellular scenario are
depicted in Figures 3.7 and 3.8. As expected, the BIA schemes achieve a growth in the
sum-DoF regarding the amount of users. Recall that other traditional blind schemes
such as orthogonal resource allocation are subject to sum-DoF equal to 1. For a two-
cellular system where each BS is equipped with Ny = 4 transmit antennas it can be seen
in Figure 3.7 that ¢cBIA overcomes in 0.5 DoF approximately the performance achieved
by sBIA. This increase is due to the fact that edge users do not attain zero-DoF by using
cooperation among the BSs. However, assuming that only % of the users are connected
to both BS because of partial connectivity, it can be seen that ¢cBIA is handicapped by

the lack of connectivity of private users.

The achievable sum-DoF in a Ngg = 3 cellular scenario where each BS is equipped with
N; transmit antennas is depicted in Figure 3.8. For this case, it can be seen that cBIA
achieve a considerable increase, about 2 DoF, regarding sBIA when full connectivity is

assumed. Nevertheless, as occurs in the previous two-cell scenario, this improvement
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—6—cBIA
—6—sBIA

¢BIA partial connectivity %

Degrees of Freedom

2 i i i i i i

5 8 1"
Number of active users per cell K .

FIGURE 3.7: Achievable sum-DoF for isolated and cooperative BIA schemes. Npg = 2
and N; = 4.

results futile when the network topology is taken into consideration. Even if half of the
users are connected to the whole set of BSs, the achievable DoF by c¢BIA are below the

performance of treating each cell independently.

—6—cBIA
—6—sBIA

c¢BIA partial connectivity %

Degrees of Freedom

4 1 1 1 1 1 1 1
24 28 30

12 16 20
Number of active users per cell K.y

FIGURE 3.8: Achievable sum-DoF for isolated and cooperative BIA schemes. Npg = 3
and Ny = 6.

Figure 3.9 shows the supersymbol length for sBIA and nBIA in a two-cell scenario when

each BS is equipped with N; = {2,4,6} transmit antennas. Notice that ¢BIA requires
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extremely large supersymbols. Even if each BS is equipped with only 2 transmit anten-
nas, the supersymbol length is much larger than that of sBIA for 6 transmit antennas.
In consequence, cBIA results challenging, or even impossible, to implement in a realistic

scenario where the coherence time is a limiting factor.

—o-N, = 2 sBIA
-6-N; = 2 ¢BIA
——N; = 4 sBIA
-0-N, =4 cBIA d
Y N, = 6 sBIA -
1071 N =6 cBI = n

Supersymbol length

9 10 1 12

6 7 8
Number of active users K .

FIGURE 3.9: Supersymbol length for isolated and cooperative BIA schemes.

3.7 Conclusions

The use of BIA schemes in cellular networks has been analyzed in this chapter. It is
shown that the achievable DoF and data rates are severely affected by intercell inter-
ference when each BS employs BIA transmission independently of the surronding BSs,
i.e. as in a MISO BC. In consequence, we can affirm that the implementation of BIA in
cellular networks is not straightforward. We have shown that some amount of intercell
interference can be canceled when the supersymbols of each cell are aligned. The super-
symbols of Block 2 employed for interference measurement are sinks of interference when
the supersymbols are synchronized. However, the interference because of transmission
to users with the same index k in the other cells still remains. Thus, users located in
the cell edge achieve a poor performance because of the interference received from the
neighboring cells. Furthermore, mis-alignments in the supersymbols of the cells make

Block 2 works as source of interference instead of a sink. Thus, the performance of
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users subject to intercell interference is heavily limited because of transmission in the

neighboring BSs.

With the aim of managing the intercell interference we propose a fully cooperative BIA
scheme where the set of BSs transmits as in a cooperative network MIMO. It is shown
that full cooperation among the BSs in absence of CSIT results futile because of the
lack of full connectivity in cellular networks. Besides, it involves to employ extremely
large supersymbols, which require enormous coherence time, and the subtraction of the
interference contribution because of transmission to all the other users in the whole

network, increasing considerably the noise at finite SNR.

After analyzing both approaches, either isolated or cooperative transmission, the most
important conclusion of this chapter is the role of the network topology when CSIT is
not available. It has been shown that users located close to their corresponding BSs can
treat the intercell interference optimally as noise while users in the cell edge can exploit
the multiplexing gain given by the received signal from several BSs. This fact motivates

the development of the following chapters.



Chapter 4

Blind Interference Alignment for
Homogeneous Cellular Networks

based on Network Topology

This chapter analyzes the implementation of BIA in homogeneous cellular scenarios
considering the network topology. Assuming partially connected networks, the DoF-
region for cellular scenarios in absence of CSIT is derived. It is demonstrated that
the knowledge of the network topology is a useful feature that should be treated as a
resource instead of a limitation. BIA approaches based on the network topology are
devised in this chapter, proving that the outer bound of the DoF region for cellular

networks without CSIT is achievable.

4.1 Introduction

The implementation of BIA in cellular networks is not straightforward as we have shown
in the previous chapter. On one hand, considering each BS as an isolated transmitter
that sends messages only to their corresponding users, i.e. forming a MISO BC, cell edge
users achieve a poor performance because of the effects of the intercell interference. On
the other hand, the use of full cooperation with the aim of implementing a BIA scheme
as in a network MIMO, i.e. the whole set of BSs transmits to each and every user in

the network, results futile because of the lack of full connectivity in cellular scenarios.

66
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Besides, both approaches involve several drawbacks such as supersymbol misalignments

for sBIA or extremely large supersymbol length and noise increase for cBIA.

Although the DoF in absence of CSIT is well known in many channel configurations
such as X channel, BC or IC, the DoF of a cellular network with partial connectivity
were still unknown. The DoF of the finite state compound wireless networks are derived
in [62]. In [48] the DoF regions for the 2-user MIMO BC and IC are derived when CSIT
is not available. A generalization for the K-users case is presented in [49], where the
DoF of Broadcast, Interference and Cognitive Channels are derived by using information
theory. However, none of these channel configurations corresponds to a cellular network
with partial connectivity where transmission to the inner-cell users can be treated as
a BC while to the cell-edge users, which receive a strong signal from several BSs, is
equivalent to a IC. At this point it is interesting to observe the influence of the network
topology in cellular scenarios. For the case considered previously, the whole set of users
can be easily differentiated between private users near their corresponding BS who treat
intercell interference as noise and shared users at the cell edge who are connected to
all BSs in their proximity. In [68, 69] it is demonstrated that the knowledge of the
network topology is a powerful tool when CSIT is not available. Indeed, it is shown that
interference diversity joint to aligned frequency reuse and index coding provide many

opportunities to achieve the optimal DoF in cellular networks.

At first sight, it may appear that partial connectivity lead to a loss in DoF for cellular
networks. Interestingly, this is not the case. A major goal of this thesis is to demonstrate
that, owing to the partial connectivity, the use of BIA in cellular networks can actually
lead to more DoF than if the system were fully connected. In retrospect, this is not
surprising. The same way that large path loss can help increase the spectral efficiency
by allowing frequency reuse, partial connectivity allows simultaneous transmission of
more data streams compared to a fully connected network. As an example, in [66] it
is shown that, in a K-users interference channel, there exist scenarios where treating
interference as noise achieves all points in the capacity region up to a constant gap,

namely it is DoF-optimal.

In this chapter we propose a system model for partially connected cellular networks.
We assume that although CSIT is not available, the network topology is known by the

BSs. In consequence, the users can be differentiated between private and shared users.
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We derive the DoF region in absence of CSIT for partially connected networks. It is
demonstrated that, in contrast to orthogonal approaches, a growth in DoF regarding
the amount of users deployed in the network is achievable without CSIT. Once we have
determined the optimal-DoF achievable in a cellular network in absence of CSIT, the
question that arises is, how to reach this performance? At first, we analyze a BIA scheme
based on data sharing among the BSs to provide diversity for shared users proposed in
[97]. Although intercell interference is canceled for shared users, the sum-DoF is far from
the optimal while providing diversity to shared users involves a considerable penalty for
the private users. Besides, data sharing requires high-capacity backhaul links among
the BSs, which in fact is one of the main issues that BIA schemes try to avoid. In
[128], we propose a scheme based on flexible bandwidth allocation to private and shared
users that outperforms the sum-rate achieved by BIA providing diversity through data
sharing in a wide range of SNR. Basically, the bandwidth is split for each group of
users, and therefore, the interference between private and shared users is avoided by
transmitting over distinct bandwidth slices. Notice that frequency division is in fact a
simple form of interference alignment without CSIT. However, the optimal DoF are not
reached because of the orthogonal approach employed to avoid the interference between
private and shared users. After that, we develop a network BIA scheme in [129], which
is denoted as nBIA, that achieves the optimal-DoF in symmetric cellular networks with
partial connectivity. On the other hand, for asymmetric scenarios the achievable sum-
DoF are not always the optimal. However, the penalty regarding the optimal is typically

small.

The contributions of this chapter can be summarized as follows

e We present the system model for cellular networks with partially connected net-

works based on reconfigurable antennas at each receiver.

e The information-theoretic DoF region is derived for cellular networks with partial
connectivity in absence of CSIT. The converse proof leads to an optimization
problem that allows to obtain the sum-DoF in the proposed scenario. Assuming
symmetry in the cellular networks, i.e. same amount of users in each cell, we

obtain the closed-form expressions of the optimal-DoF.
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e The BTA scheme based on data sharing proposed in [97] is analyzed in detail.
Besides, we extend this scheme to the Npg BSs cellular scenario. It is demonstrated

that the achievable DoF are far from the optimal in partially connected networks.

e With the aim of overcoming the scheme based on data sharing and avoiding the
need for high-capacity backhaul links between the BSs, we propose a BIA scheme
based on flexible bandwidth allocation [128]. We demonstrate that this approach
achieves greater performance than BIA based on data sharing in a wide range of

SNR values in several scenarios.

e We develop a network BIA scheme that properly combining the supersymbol struc-
ture given by the knowledge of the network topology achieves the optimal-DoF in
symmetric scenarios [129]. Moreover, a significant reduction of the supersymbol
length is achieved compared to other BIA schemes designed for fully connected

networks.

e We propose an extension of the network BIA scheme for asymmetric scenarios that

minimizes the loss of DoF because of asymmetric impairments [129].

e We evaluate the performance of the proposed schemes through computer simula-

tions.

4.2 System Model

We consider a partially connected network consisting of Ngg BSs N = {1,2,..., Ngs}
that want to send a set of messages to Ky, users as shown in Figure 4.1. Each BS n,
n € N, has Ny, transmit antennas and wishes to send data to a set of private users
Kpn =A{P1n,-- Pk, } as well as a set of shared users Ky, = {sh1,...,shk,,} located

on the edge of all Npg cells.

Each private user is equipped with one reconfigurable antenna that can switch among

. N
Ny, preset modes, whereas each shared user can switch among M = > 57 Ny, modes!.

Therefore, if {[Pr.n] [t] denotes the antenna mode of private user py, in BS n at time ¢,

In practice, in a network with user mobility, each user should be able to switch among M preset
modes, since it may transition from being private to being shared and vice versa.
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FIGURE 4.1: Cellular system with partial connectivity and Npg BSs. Each BS is
equipped with Ny, antennas and serves K, ,, private users as well as K, shared users
together with the other BSs.

the signal received by the private user py , at time ¢ can be written as
yPrnl[g] = pPrnl (7lpen] [t])Tx[t] + 2lPenl[g], (4.1)

where z[Penl[t] ~ CA(0,1) is AWGN,

T
x[t] = [X[l} [t]T x[2] [t]T ... x[NBs] [t]T} e CMx1, (4.2)
and
T T
hlPenl (1) = { o N I) R N O k() B aztgf;gh[pk,mzvssﬁ(l)]
T
~ [0,47 im0, 7] € €M, (4.3)

. _ N .
with M = Z;fo Nin, a = Zzlzll Ny b= 2% | Ny and 0.1 is a vector of zeros

of dimension ¢ x 1. In (4.2), x"[t] € CNen*1 is the signal sent by BS n at time t,

T
whereas in (4.3), hPennl (1) = [h&p’“’"’"] (Z)T h][s’:»Z’"](l)T] € CNenx1 contains the

coefficients between the V;,, antennas of BS n and the single antenna of private user py, ,,

when its radiation pattern is set to mode [ € {1,2,..., Ny}, and ozgg,k‘”] is the relative

power of the signal of BS n’ received at private user py,,, taking the power of the signal

received from BS n as reference, i.e. a%’k’"} = 1. As can be seen in (4.3), we model the
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situation where the K, = |Kp, | private users of cell n are close to BS n, and assume
that signals received from any other BS n’ # n are negligible, i.e. a[p kil 0, n' # n.
Thus, no data sharing among the BSs is required to serve the private users, and x[] [t]

does not contain data intended to any private user py, € Kpn, n # n'.

Similar to the model for the private users, the signal received by shared user shys at

time ¢ can be written as
g (1] = Bl B 1) (1] + 2P g, (4.4)

where, x[t] is as defined in (4.2) and

T
hlish) () = [h[shk/,l]T(l) 5]3’;2 hlshi NBS]T(Z)} € CMx1) (4.5)
M = ZNBS Ny, hIsPnl(1) € CNenx1 denotes the channel between the N, antennas
[shyr]

of BS n and shared user shy for mode [, and S denotes the relative power of the
signal of BS n received at user shy taking the power of the signal received from BS
1 as reference, i.e. ﬁSh’“' = 1. Similarly, zB"/I[t] ~ CA(0,1) is AWGN. We use the
index k' instead of k to distinguish from private users. Note that, unlike the observation
model (4.3) for private users, in (4.5) it is assumed that shared users can receive signals

from all BSs because of their location in the network. As a result, the task of sending

data to the shared users can be jointly undertaken by the Npg BSs.

We also assume that the channel input is subject to an average power constraint given
by E { | [¢] |?} < Pforallt >1and n € N. Furthermore, the channels between each
user, whether private or shared, and the BSs are considered to be drawn from a contin-
uous distribution, so that they are linearly independent almost surely. We also assume
that the switching pattern functions IPs»)[t] and I[*"»[t] are initially predetermined and
are known to everyone in the system. On the contrary, we assume that the transmitters
do not have any channel state information. Moreover, as in other works addressing the
design of BIA schemes in different settings, e.g. [89, 95, 96], we assume that the physical
channels stay constant across a sufficient number of time or frequency slots. For sim-
plicity, we focus on the temporal dimension, without loss of generality. Hence, from now
on each symbol extension ¢ corresponds to a time slot. The application of the scheme

along frequency slots is straightforward.
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4.3 Information-theoretic sum-DoF Outer Bound of the

Cellular Scenario with Partial Connectivity

Once the system model of a cellular network with partial connectivity has been de-
termined, we analyze it from the information theory point of view. The goal of this
section is to obtain an outer bound of the sum-DokF for the scenario shown in Figure 4.1.
The following converse is developed along the lines of [130]. For simplicity, the two-cell

scenario is considered. However, the proof can be easily extended to the case of Npg

BSs.

Consider two BSs equipped with N;; and Ny antennas, which transmit to K, ; and
K, 5 private users, respectively, while K, shared users are served simultaneously by both
BSs. The messages sent by the transmitter n to their K, , private users are denoted as
Wwlernl Wwilbznl WlpKp.n] generating the rates in each user RP1nl, RlP2nl R[pKPv"],
respectively; the messages and the rates of the shared users are denoted as Wlshal yylsha]

..,W[Sthh] and R[sMI Rlsh2l .,R[Sthh], respectively. Accordingly, we express the
sum-rate as Ry = Ry, + Ryp, + Ry, = Zi:l Ziipl" RlPen) 4 Egs:hl Rlshw] . Similarly,
the DoF of the private user k in cell n is denoted as dP.n] while the DoF of shared user
k' is denoted as dl*"+]. Thus, the sum-DoF of each set of private users in cell n and the

shared users is given by dy,, = Zf:”l" dPrnl and dyg, = Z,If,:l dlshw] | respectively.

We also define the message sets

wienl = {W[PL"],W[PM, o Wl L (4.6)
with n € {1,2}, and

Wit = Jwbl lshel | pplshacal L (4.7)

as the whole set of messages for private users in cell n and shared users, respectively.

Let us focus on private user pi ;1 in cell 1, who desires to receive the message Wlpral,
In particular, consider N;; random realizations, each corresponding to a different re-
alization of the channel. Because of the lack of CSIT, and requiring reliable decoding
(probability of error approaching zero), each realization of the user should also have

probability of error approaching zero. According to(4.1) and (4.3) the signal received
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z

t,1

M

nN; 1 RPL <nN; log(P) =  h ((y P 1]> | wipea ) + o(n) + no(log(P)) (4.10)

=1
<nNialog(P) = h (™, o) W) 4 o(n) 4 mo(log(P))
(4.11)
<nN¢1log(P) —h (WW o wilkpal (ygm Al yj[gtlll )” | W[pl,l])

+h (W ﬂw, N N N Can e o) R

+ o(n) + no(log(P)) (4.12)
<nNy1log(P) —h (W[”*ﬂ, o W“’Kﬂ’”) —h ((ygpl’l], . ,y%;;j])” | W[pl])

+h (W[PML...,W[PKPJ] | (yﬁplvl],...,yj[@jj]) W[p“])

<no(log(P))
+ o(n) + no(log(P)) (4.13)
<nNy1log(P) — n(Rsyp, — R[pu]) _h ((ygpu], o ’ykg:;])” | W[m],y\)[pz])
+o(n) + no(log(P)). (4.14)

by user p1,1 during the [-th realization at time ¢ can be written as

T
yl[ivl,l][t] _ hl[pl’l’l} Xl[l] [t] + Zl[pl,l] (4.8)

)

where [ € {1,2,..., Ny 1} and the i.i.d Gaussian noise terms have been normalized to

have unit variance.

Applying Fano’s inequality to codebooks spanning n channel uses, we have
nRPL <1 (WLm’l]; (yl[pl’l]>n) + o(n)

()1 O ) st

<n (log(P) + o(log(P))) — h ((y}f’l’ﬂ)" | W)+ o(n), (4.9)

where P is the total transmit power constraint at each BS. Since this is true for every [ €
{1,2,...,N¢1}, in (4.10) we add the inequalities corresponding to all Ny ; realizations.
For steps (4.11)-(4.13), we use h(A, B) < h(A) + h(B), h(A, B|C) = h(A|BC) + h(B|C)

and the independence between any pair of messages. To justify step (4.13)-(4.14), from

[ygp wl ,y%j 11]} first notice that we have Ny ; linear equations in the N;; transmitted

(1] 1]

symbols xl = [:vl L TN, }, each subject to additive noise whose variance does
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n(Ng1 RP1) 4 N, o RIPL2T) <n(N g 4 Nio)log(P) — n(Rsy, + Rsyp, — RIP — RIPL2])
—h ((y§p1~”, . ,yk‘}j;j]) : (yﬁ”“], . ,y]“;t{j]) | wiri, WW)

+o(n) + no(log(P)) (4.16)
<n(Ny1 + Ni2)log(P) — n(Rsp, + Ryp, — R — RlP2])
— nRysn + o(n) + no(log(P)). (4.17)

not depend on P. Since the channel realizations are random, these linear equations
are almost surely linearly independent, i.e. one can recover xU from these equations,
subject to noise distortion. However, from x! and noise the messages intended for the
users in cell 1 that originate at BS 1 can be recovered. Thus, the remaining uncertainty
is just due to noise, which is no more than o(log(P)) per channel use. Moreover, in

(4.13)-(4.14) we use the fact that conditioning cannot increase the entropy.

Proceeding similarly for private user p; o in cell 2,

nNt72R[p1,2] <nNi2log(P) — n(Rsy, — R[p1,2]) _h ((zygm,z}7 o %{2;])" | W[pﬂ,WBUQ])

+ o(n) + no(log(P)).
(4.15)

Adding (4.14) and (4.15), we obtain (4.16)-(4.17). Step (4.16)-(4.17) is justified as
follows. From (y&pl’l], . ,y%i’ﬂ)n and (ygpl’z], e ,y%ﬁ{’?)n we have Ny 1 + N; o generic
linear equations subject to noise distortion, which are almost surely linearly independent
and can therefore be solved to recover Ny 1 + Ny o input symbols from both BSs, subject
to noise distortion. Thus, within a no(log(P)) term due to noise distortion, we can

recover all messages. Moreover, we use h(A, B) < h(A) + h(B).

Replacing p1,1 and p;1 2 with any private users pi; and pjo in (4.17), respectively, after
dividing by nlog(P), taking first the limit n — oo and then the limit P — oo, a

rearrangement of the terms yields the following DoF outer bound

(Nyq — 1)dPead 4 (N o — 1)dlPi2l 4 dsy < Ny + Nyo. (4.18)
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where dy; = dxs, + dxp, + dsp,. Adding all these bounds, after another rearrangement

we obtain

Kpo(Kp1+ Ney — 1)dsp, + Kpi(Kp2 + Nio — 1)dsy, + Kp1Kpodsisn

< Kp1Kp2(Nia + Nia). (4.19)

Next, consider the first shared user, who wants the message Wlshil Also consider
M = N1 + Ny realizations for this user. For any realization [, starting with Fano’s

inequality, we go through a similar series of steps, as follows

nREEM <1 (W[Shl]; (yl[sm])n) + o(n)

() () ) o

<nlog(P)—h ((yl[sw)n | W[Shl]) + o(n) + no(log(P)), (4.20)

where now [ € {1,2,..., M}. Adding the bounds for all M realizations,

nMR[Shﬂ Sanog(P) _ h ((ygShl]’ . 7y£§[hl]>n ’ W[Shl]) + O(n) —|— TLO(IOg(P))

<nM log(P) — n(Rsyp, + Rsp, + Rsen — REM) + o(n) + no(log(P)). (4.21)

Dividing by n log(P), talking the limit n — oo followed by P — oo, and rearranging

terms, we obtain the DoF outer bound
(M —1)d*M + dsy, + dsyp, + dsssn < M. (4.22)
If we now sum (4.22) over all shared users, we obtain

(Ksh + M — l)dZSh + Ksh(dEpl + dgm) < K ,M. (4.23)

Therefore, by grouping the outer bounds given by (4.19) and (4.23), the sum-DoF for

partially connected networks leads to solving the following equation system

(Nt + Kp1 — 1) 0 Kpq 0 dsp, Kpi1Nea
0 (Neo + Kpz — 1) K,y» 0 dsps| | Kp2Neo

K 0 (Ne1+ Ko — 1) N dssh - KspNia

0 Ksn, Ni,2 (N2 + Kon — 1) | |dssn K Ni2

(4.24)
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Specialized to the symmetric setting where Ny 1 = Nyo = N; and K1 = K2 = K, we

have the sum-DoF outer bound

maximize dsgp + dsp, + dsp,

subject to
(4.25)
Kpdssn + (Kp + Ne — 1)(dsp, + dsp,) < 2K,N,
(2Nt + Ksh - 1)d23h + Ksh(del + dEpQ) < 2[(sh]\ft
This linear program is easily solved, to obtain the sum-DoF bound
M [Kg(Ny— 1)+ Kp(M — 1
(M = 1)(Ne — 1) + Kop(Ne — 1) + Kp(M — 1)
which is achieved when
NK, (M —1)
dsyp, = - 4.27
T (M = 1)(N; — 1) + Ko (Ny — 1) + Kp(M — 1) (4.27)
MK, (N —1
I = n (e 1) (4.28)

(M —1)(N; — 1) + Kop(N; — 1) + K, (M — 1)

Once the DoF achievable in cellular networks with partial connectivity have been de-
termined, the goal of the following sections will be focused on developing BIA schemes
that reach the outer bound (4.26). For simplicity, we first consider symmetric cellular
scenarios. A scheme able to achieve the optimal DoF in symmetric cellular networks by
exploiting the network topology is presented in this chapter. For asymmetric cellular
networks it is shown that the outer bound of (4.24) is not achievable in general due to

asymmetric impairments.

4.4 Blind Interference Alignment based on Data Sharing

Let us consider a partially connected network as shown in Figure 4.1. Notice that a
portion of the amount of users are subject to intercell interference while the remaining
users can treat this interference as noise. It is assumed now that each BS shares the
messages to the users limited by intercell interference with the rest of BSs. A BIA
scheme based on exploiting the diversity given by data sharing among the set of BSs is
proposed in [97]. The key idea is to duplicate the users subject to intercell interference,

which will be referred to as shared users from now on, so that the whole set of BSs sends
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FI1GURE 4.2: Toy example: downlink two-cell scenario with transmission based on

auBIA. The BSs are equipped with IV, = 2 antennas and serve K, = 1 and K}, = 2

private and shared users, respectively. Both BSs transmit the same symbol to each
shared user.

the same message to each shared user. In other words, each BS n transmits the same
symbol as well as other BSs n’, n’ # n, to a virtual replica of each shared user, which is

assumed to belong to the coverage area of the cell n.

For illustrative purposes, let us assume a two-cell toy example as shown in Figure 4.2.
Each BS is equipped with N; = 2 antennas and there are 2 users located in each cell.
More specifically, each cell contains a private user that receives a weak signal from the
neighboring BSs and a shared user located in the cell edge of both BSs, i.e. one shared
user per cell. For this particular case the supersymbol structure is as shown in Figure
4.2. Note that in contrast to the Ny = 2, K. = 2 sBIA case shown in Figure 3.2, the
length of the supersymbol has increased to 4 symbol extensions instead of 3. As can be
seen, this augmented code BIA scheme (auBIA) is based on aligning the interference of
the shared users considering all of them as users served by each BS. Thus, BS 1 transmits
to its users p11 and shq, and also to user sho, which is located in the cell edge of BS
2 and receives a strong signal from BS 1. That is, the BS n transmits to user p; , and
also shy and shg as in a Ny = 2, K.y = 3 sBIA scenario. According to the supersymbol

proposed in Figure 4.3, the signal transmitted by the n-th BS is given by

x[1]" I I I
2]l I 0 0
X = X2 = u[lpl‘"} + u[th] + u[th], (4.29)
x (3] 0 I 0
| x[4] ["1_ 0 0] I
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1 2 3 4

pin | PG | hPad2) | hEwD) | b

shi hihl(1) | hifl(l) | hinl2) | himi(D)

sha hial(1) | hiRal(1) | hERl(1) | hi)(2)

FIGURE 4.3: The supersymbol for the auBIA scheme in a two-cell scenario with K, =1
private users close to each BS and K, = 2 shared users in the edge of both cells.

where x[t] € C?*! is the signal transmitted during the symbol extension ¢, each symbol
sent to user k, either private or shared, u[lk} € C?*! contains 2 DoF, and I and 0 are

2 x 2 identity and zero matrix, respectively.

Let us focus on the private user located close to the BS n. To send N; = 2 distinguishable
streams in absence of CSIT, the BS n sends the same symbol u[lp Ll during 2 symbol
extensions where the channel of the desired user changes between Ny = 2 preset modes
while the channel state of all the other users remains constant. Notice that the alignment
block for each private user comprises the symbol extensions {1,2}. It can be seen in
Figure 4.3 that the alignment blocks of all other users, which comprise the symbol
extensions {1,3} and {1,4} for shared users shy and shs, respectively, are aligned over
the channel mode h(1) during the alignment block of the private users. Besides, due
to the partial connectivity of the network, it is assumed that transmission from the
BS 2 does not affect user py; and it can be treated as noise instead of being managed
as interference. Thus, the private user p;o can reuse the same radiation pattern and
beamforming matrix as the user p;; because of the partial connectivity. We can check
that the pair of symbol extensions {1,2} forms an alignment block for each private user.

Therefore, the signal received by the private user pi, during its alignment block is

I O L I L O O e | B EL

pndiol| oy T T A

yPrel[2] hlPnnl(2) 0 2IPL1[2]
(4.30)

Note that the interference because of transmission to shared users is aligned at channel
mode h(1). On the other hand, the signal received from BS 2 is not considered in (4.30)
due to the partial connectivity. Thus, the private user can apply zero-forcing based on

measuring the interference because of transmission of the BS 1 to shy and shs in Block
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2. The signal after removing the interference can be written as

nleenl (T SP1al[q] — slPral[3] — lPraliy
( )T aliel 1] 3] [4] (4.31)
h(P1nml(2)

2lP1al[g]
S —
H[pl,n>n]

y =

Therefore, since the channels hP1»7l(1), 1 € {1,2} are generic, the 2 DoF sent in u[lpl’"]

are decodable by solving the equation system given by (4.31). Remarkably, the terms of
interference because of transmission to users shy and sho are subtracted, which increase
the noise at finite SNR. Furthermore, the signal received from the BS n’ # n is treated

optimally as noise because of the partial connectivity.

The same methodology can be carried out for each shared user. It can be seen in
Figure 4.3 that the desired signal is aligned regarding the rest of users over the channel
mode h(1). Shared users sh; and she exploit an alignment block that comprises the
pair of symbol extensions {1,3} and {1,4}, respectively. However, according to the
beamforming strategy in (4.29) each shared user shy receives the same symbol uls"],

which contains 2 DoF, from each BS. For illustrative purposes, the signal received during

the alignment block of user sh; can be written as

T shi]y s T
y[shl][” B h[shl,l](l) + l@é h ]h[ h1,2}<1) u[sh1]
y[Shl] [3} h[Shlyl] (2)T + Bgshl]h[shl,Q}(Q)T 1
. rank=2 ., (432)
+ (h[wu) + 4/ 85" nbhe 2 (1) ) (ud™ )
0
rank=1

We can observe that the two dimensions of u[fhl] are aligned into one dimension at

the remaining users. Hence, the three terms of interference of (4.32) can be canceled.

Notice that the sum of the interference because of the transmission to both private users,

u[lp vy u[lp 12l can be measured in symbol extension {2} and removed afterwards from
[sh2]

the first slot of (4.32). Similarly, the transmission of u; * can be measured in symbol

extension {4}. Thus, the received signal at the user shy after zero-forcing interference



80

cancellation is

h[shl,l}(l)T + 5£5h1]h[sh1,2](1)T fsha] . Z[l]Shl _ Z[Q]Shl _ Z[4]5h1
= ul )

S‘,[shl]
h[shl,l}(Q)T + B£Sh1]h[5h1’2](2)T z[3]h

Hlsh1]
(4.33)

where

T
H[Shl] = |:h[sh1,1}(1)T + Bgs}ll]h[shl,Q](l)T hlshi,1] (2)T + ﬁ%Shl]h[sh1,2}<2)T:| c (C2><27
(4.34)
is the channel matrix of the shared user shy. As HI¥"l is a full-rank matrix, user shi

can decode 2 DoF by solving the equation system given by (4.33).

In summary, intracell and also intercell interference can be canceled when it is optimal to
manage it. For the proposed toy example it has been shown that 2 DoF are attainable
by each user, either private or shared, by employing a supersymbol that comprises 4

symbol extensions. Hence, 2]304&

= 2 DoF per symbol extension are achievable in the
proposed scenario by using auBIA based on data sharing. It is interesting to remark
that the use of sBIA in the same cellular scenario achieves zero-DoF for users subject
to intercell interference. In consequence, only private users attain 2 DoF per alignment

block over a supersymbol comprising 3 symbol extensions, i.e. % = % DoF are

achievable in the whole network by using sBIA.

4.4.1 Achievable Degrees of Freedom

For the general case, a cellular deployment with Npg BSs equipped with N; antennas is
assumed. The users are differentiated between K, private users located close to each BS
and K, shared users in the cell-edge of the whole set of BSs. As we have shown, intercell
interference is treated optimally as noise for private users, which are characterized by a
high SIR. In contrast, auBIA cancels the intracell and also the intercell interference for
shared users by using diversity among the BSs. Basically, data sharing among the BSs
is used to transmit the same symbols to each shared user in the whole network. That is,
auBIA replicates each shared user Npg times so that each BS sends data to its private

users and to all shared users in a coordinated fashion. Due to this replication of the
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shared users, a supersymbol that comprises
Lawpia = (Ny — Ve 4+ K (N, — 1)een™! (4.35)

symbol extensions is devised for auBIA, where Kée” = K, + K. Note that K, are the
total shared users located in the whole network. Since the auBIA supersymbol contains
(N; — 1)Kcen=1 alignment blocks per user, either private or shared, providing N; DoF

each, the normalized sum-DoF per symbol extension is

Ni (Nps Ky + Kop) (Ny = D)Seer™ Ny (Nps K, + Kon)
(Ny — 1) + K? ) (N; — DEcen™t N+ Kp + Kgp — 1

DOFauBIA = (436)

It can be easily seen that the set of private users in each cell achieves a sum-DoF per

symbol extension given by

N K,
DoF,upia - = P : 4.37
T Bl T N K + Ko — 1 437

whereas the sum-DoF attained by the whole set of K, shared users is

Nthh
Nt-i-Kp-l-KSh—l.

DOFauBIASh = (438)

4.4.2 Achievable Rates

The closed-form expressions of the achievable rates are derived in this section. For
simplicity, it is assumed that all users are distributed symmetrically, i.e. the same
amount of private users is distributed in each cell. The expressions for the asymmetric

scenario can be derived using the same procedure.

As we have shown, focused on private users the intracell interference is completely can-
celed while intercell interference is approximated as zero due to partial connectivity
(4.3). Since intercell interference is treated optimally as noise, this assumption holds
for the DoF analysis carried out during the previous section. However, at the finite
SNR regime intercell interference must be considered as a source of noise. Furthermore,
synchronization between the supersymbols of each cell is assumed. For the private user

Pk,n the signal received during a generic alignment block after zero-forcing interference
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T
cancellation y[pkm] = [rg[pk,n][l] g[Pkﬁn] [Ntﬂ is given by
& 1 [P
S,[pk,n] _ H[pk,n,n]uépk,n] + Z ag’/k,n]H[pk’n,n ]ug ken! n Z[p’“’”], (4'39)
n'=1n'#n
where

T

, T
HPrnnT — [h[pk,n,n']m hlprn.n] (Nt)T} e CNexNe (4.40)

is the channel matrix that contains the coefficients between the private user py , and BS
n/, and zlPknl € CNeX1 is the noise vector after interference subtraction. Note that due
to the replication of each shared user in each cell, the interference cancellation involves
to subtract K, + Ky, — 1 terms of interference. Thus, the first N; — 1 elements of the

vector zPrnl are given by

KZD Ksp
zlPenl[f] = ZlPrnl]y] — Z ZPrnl[7] — Z ZPenl (7], (4.41)
=1 =1

where 7 and 7’ refer to the position of the symbol extension employed to subtract
the interference from transmission of private and shared users, respectively. Besides,
since the N;-th element is obtained from Block 2, it does not suffer noise increment
so that zPenl[N;] = zIPenl[N;]. Therefore, and assuming uniform power allocation, the
covariance matrix of the noise after zero-forcing cancellation for auBIA is

(Kp+Ka)I 0

Rion = . (4.42)
0 1

Furthermore, auBIA provides (N — l)Kéell’1 alignment blocks over a supersymbol that
comprises L,,p1a symbol extensions. Hence, the ratio of alignment blocks per user over
the entire supersymbol is m Therefore, the normalized rate per symbol

extension of the private user py,, for auBIA is

R[pk,n} o 1
aBIA TN+ Ky + K — 1

E [log det (I + Pst,pH[Pk,mH@m”JHRIZEff,n]’l)] (4.43)

where RIZL]‘”J’%”] is the noise plus interference covariance matrix given by

Nps
RIZE‘UJIe,n] — Riau + Pstr Z ag’/k,n]H[pk,n,n’]H[pk,n,n'}H7 (444)

n'=1n'#=n
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and Py, is the average power assigned to each stream. Since uniform power allocation
has been assumed, Py, is given by (2.33). The use of other power allocation strategies

results straightforward and is analyzed in detail in the Section 2.4.2 of Chapter 2.

In contrast, shared users manage the signal received from the neighboring BSs, which is
assumed to be strong enough, to obtain diversity gain due to data sharing among the
BSs. Hence, the intercell interference is not treated as a source of interference. The

signal during a generic alignment block after zero-forcing interference cancellation for

T
shared user shy, y[shk'} = [Q[Shk/][l] g[Shk/][Ntﬂ , can be written as
Nps 3 L
S/[Shk/] - Z 57[15 k’]H[shkun]uEf w] + 75 (4.45)
n=1
where
T
Hlshwn) — [h[Shk’vn](l)T h[shk/,n](Nt)T} e CNex N (4.46)

is a full-rank matrix that contains the N; vectors corresponding to the channel modes
between user shy and BS n. The vector z*"+] contains the noise elements after interfer-
ence subtraction following the same structure as (4.41), where the first Ny — 1 elements
suffer an increment due to the subtraction of K, + Kg;, — 1 terms while the last element
is not affected by any noise increment. Thus, the normalized rate per symbol extension

achieved by the shared user shys is given by

[shy] _ 1

R =
aBIA TN+ Ky + Kop — 1

E [log det (I + Pstrﬁ[shw]ﬁ[shMHRZ;l})} . (447)

where

Nps
i) = 37 afelpon o (115)
n=1

is the equivalent channel matrix after adding the contribution of the Npg BSs. Recall
that the whole set of BSs sends the same symbol to each shared user. Besides, notice
that in contrast to private users, the noise covariance matrices do not contain any term
due to treating intercell interference as noise. Therefore, the noise covariance matrix is
as (4.42) and the average power assigned to each stream Py, is defined by the power

allocation strategy (2.33).
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4.5 Blind Interference Alignment based on Bandwidth Di-

vision

Although the auBIA scheme based on augmented code allows to cancel the intercell

interference of the users subject to it, some features of auBIA must be discussed.

e Data sharing involves to use high-capacity backhaul links among the BSs, which
is one of the main issues that BIA schemes try to avoid. Besides, synchronization

among the BSs is required.

e Although shared users manage the intercell interference by exploiting diversity,
they only achieve N; DoF per alignment block. Notice that, since the signal
from M = NpgN, antennas can reach each shared user, M DoF are potentially

achievable during each alignment block of each shared user.

e Private users suffer a considerable penalty because of the replication of each shared

user Npg times.

e Since each BS transmits to all shared users in the whole network, the supersymbol

length increases with respect to sBIA transmission.

Motivated by the provision of flexible bandwidth allocation in the latest-generation of
mobile communication standards such as LTE or LTE-A [131, 132] and the development
of reconfigurable antennas [82-87], we propose in [128] a cooperative BIA based on
flexible bandwidth allocation, to which we refer as fbwBIA in the following. The key
idea is to employ different parts of the available spectrum for transmission to private and
shared users as is shown in Figure 4.4. In fact, note that orthogonal resource allocation

is, although sub-optimal, a simple form of interference alignment in absence of CSIT.

BIA BIA
NK | (MK}

A 4

v 6 ! BWgain’ BW
FIGURE 4.4: Flexible bandwidth BIA . Transmission to private and shared users occurs
in distinct bandwidth slices v and d, respectively. BWq;y, is the bandwidth improve-

ment regarding the auBIA scheme.
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In order to avoid the interference between both groups of users, a portion v and ¢ of
the available bandwidth is allocated for private and shared users, respectively. Thus,
the whole used bandwidth v + ¢ suffices to attain the same performance as BIA with
augmented code, BWy,i, > 0 is the amount of bandwidth that can be used to im-
prove the user rates. In other words, BWyu, corresponds to the improvement of the
bandwidth efficiency achieved by fbwBIA regarding auBIA. Since transmission to K,
and K private and shared users, respectively, is carried out in distinct bandwidth
slices, {N¢, K}, } and {M, K} BIA codes are designed for each group. In consequence,
the interference between private and shared users is avoided by using distinct parts of
the available bandwidth. A supersymbol comprising Lsgia (N, Kp) and Lepra (M, Kgp)
symbol extensions is employed in each cell. Therefore, a considerable reduction in the
supersymbol length can be achieved with fbwBIA. In contrast to auBIA, each BS trans-
mits V; different symbols to each shared user instead of sending the same symbol as the
other BSs. Hence, assuming reconfigurable antennas with enough preset modes, NpgN;
DoF are achievable to each shared user in each alignment block. Nevertheless, the use
of orthogonal resource allocation involves a penalty in the DoF achieved by fbwBIA.
As an example, the achievable DoF' in each group of users, either private or shared, are

divided by two when the bandwidth is halved in two equal slices.

4.5.1 They key to Blind Interference Alignment based on flexible band-
width

For illustrative purposes consider a two-cell scenario as shown in Figure 4.5. Each BS
is equipped with N; = 2 antennas that serve K, = 1 private user each and there are
K, = 3 shared users located in the cell-edge of both BSs. It can be easily checked from
(4.36) that auBTA achieves 2 sum-DoF per symbol extension by employing data sharing

among the BSs in the proposed scenario.

Consider now that instead of using data sharing to create an augmented BIA code

based on replicating the shared users, the interference between private an shared users

is avoided by dividing the available bandwidth in two proportional slices v = % and

6 = % for private and shared users, respectively. Therefore, each BS transmits the

same BIA code for N; = 2 and K, = 1 over a fraction of bandwidth v = %. Notice

that private users reuse the same BIA code assuming that the intercell interference can



86

FI1GURE 4.5: Toy example: downlink two-cell scenario with transmission based on

fbwBIA. The BSs are equipped with N; = 2 antennas and serve K, = 1 and K, = 3

private and shared users. Proportional bandwidth v = i and § = % is allocated to each
group of users.

be treated optimally as noise. For the proposed toy example, since there is only one
inner user in each cell, 1 DoF is attained by each private user. Assume now that the
set of BSs cooperate to transmit /Ny streams to each shared user forming an alignment
block of 4 DoF. This approach corresponds to a ¢cBIA scheme for M = 4 antennas and
K, = 3 users devised to serve these users independently of the private users. The task
of sending data to the shared users can be jointly undertaken by the 2 BSs. That is,
no data sharing is required to implement the proposed scheme. Since full connectivity

is assumed for shared users and according to (3.32), the set of shared users achieves

1 fé?il = 2 DoF over a fraction 6 = % of the available bandwidth. Therefore, the sum-
DoF achievable in the proposed scenario is 1DoF x v x 2+ 2DoF x § = 2 DoF. It can be
seen that it coincides with the sum-DoF achievable by using auBIA in the same scenario.
Moreover, the attainable sum-DoF increases for larger number of shared users. Notice
that in contrast to auBIA a backhaul link to provide data sharing between both BSs
is not required. Furthermore, since private and shared users are served independently

over distinct bandwidth slices, fbwBIA allows to reduce the supersymbol length and the

noise increment due to interference subtraction.
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4.5.2 Supersymbol and Beamforming Construction for the General

case

For the general case a BIA code for N; antennas and K, users is devised for serving the
private users of each cell over a portion v of the available bandwidth. This code is reused
in each cell assuming that private users treat the intercell interference as noise optimally.
In consequence, private users are not affected by transmission from the neighboring BSs.
Therefore, the supersymbol construction and the corresponding beamforming matrices
are given by (2.16) and (2.18), respectively. On the other hand, ¢cBIA tranmission with
M = NpgN, antennas is employed to serve K, users over a portion § of the overall
bandwidth. Analogously, to obtain the supersymbol and beamforming matrices it is

only necessary to replace Ny = M and K = K, in (2.16) and (2.18), respectively.

Notice that the required coherence time in the system is given by the maximum length

between the supersymbols used for transmission to shared and private users, that is
Lipwpia = max {Lp1a (Ng, Kp) , Lepia (M, Kqp)} (4.49)

where L£p1a and L¢pra are given by (2.22) and (3.25), respectively.

4.5.3 Achievable Degrees of Freedom

Since different slices of bandwidth are employed for transmission to private and shared
users, the achievable sum-DoF can be analyzed independently for each group of users.
A BIA code for NV; and K, users is employed to serve the private users of each cell over
a bandwidth v. Therefore, the sum-Dol" attained by the set of K, users located in the

inner cell of each BS is given by

NK,

SN, T

DOFbeBIA (450)

pri

Furthermore, ¢cBIA transmission for M = NpgN; antennas and K users over a band-
width ¢ is used to serve the set of shared users that receives similar signal strength from

the whole set of BS. Thus, the achievable sum-DoF for shared users is

MK,

— 4.51
M+ K —1 ( )

DoFmwBia,, = 0
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As we have shown, the interference between each group of users is avoided by splitting
the available bandwidth in two slices of size v and § for private and shared users,
respectively. Therefore, the achievable sum-DoF per symbol extension when fbwBIA is

used in a partially connected network is

- NpsNiK, 5. NpsNi{Kgp
Nt+Kp—1 NpsgN: + Kgp, — 1
’UKp + 5K5h
Ni+K,—1 NpgN;+ K, — 1 '

DoFfwBia = v
(4.52)
= NpgN;

It is interesting to remark that in contrast to the strategy employed in the toy example
of Figure 4.5, the achievable bandwidth division does not need to be proportional to the
total number of users. In consequence, fbowBIA can be flexible to penalize or reward any

group of users, either private or shared.

4.5.4 Achievable Rates

To begin with the analysis of the performance of fbwBIA at finite SNR, recall that v
is defined as the portion the total bandwidth that it is allocated to private users. This
group of users employs a BIA code for N; and K, users, while the intercell interference
because of transmission in the neighbor BSs is treated as noise. Thus, following the
steps described to obtain the rates of sBIA in Chapter 3, the achievable rate normalized

per symbol extension of the private user k within the cell n is given by

n 1 n nH -1
Riwin = v g =1 losdet (T Py T Ryl )| (1.53)

where HPrnml € CNexNt s given by (4.40), Py, is the average power allocated to each

stream, and Ryz,  is given by

Nps
; / nH
Rl = Ray +Par Y. e benst. (45
" n'=1n'#=n

In contrast to (4.44), transmission to shared users does not affect to the signal received

by private users. Therefore, private users only have to subtract K, terms of interference
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when using fbwBIA transmission. Thus, the covariance matrix of the noise after zero-
forcing interference subtraction is
KyIn,—1 O

Zlp) = : (4.55)
fbw 0 1

Similarly, as we have shown previously, J is defined as the portion of the total bandwidth
allocated to the shared users. A BIA code with M transmit antennas and Ky users
is employed over this slice of bandwidth. Thus, each shared user attains M DoF per
alignment block by using ¢BIA transmission. Following the steps of ¢cBIA, the achievable
rate normalized per symbol extension by the shared user shy can be written as

[shy/] 1

H
Ripwpia =90 WE [log det (I + Py, HEMW IR Ri[sh]il)} (4.56)

fbw

where the channel matrix is now a M x M full-rank matrix
T
Hshw] — [h[Shk’](l)T o h[shk/}(l)T o h[shk/](M)T} e CMxM (4.57)

and hl"w1(]) is given by (4.5) with M = NpgNy, i.e., the reconfigurable antennas
of the shared users now need Npg/N; preset modes. Since the interference from the
neighboring BSs is managed to provide multiplexing gain for shared users, note that
intercell interference does not appear in (4.56) as a source of interference. Besides, the
shared users are served in the slice § independently of the private users, and therefore,
only K terms of interference are subtracted by using fbwBIA. In consequence, the
covariance matrix of the noise after zero-forcing interference for shared users is given by
KspIp-1 0

Rjien = : (4.58)
fbw O 1

4.5.5 Theoretical analysis of BIA based on flexible bandwidth

It has been shown that the proposed fbwBIA allows to reduce the length of the su-
persymbol and the noise after interference subtraction. The following two theorems
demonstrate that the use of BIA joint to an orthogonal approach based on the network

topology outperforms the sum-rate of auBTA in a wide range of SNR, values (SNR i, 00)
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when the condition K, > 2/N; — 1 is satisfied. Despite the fact that the fbwBIA scheme
has been developed for a Ngg BSs network, in order to compare with the auBIA scheme
proposed in [97] we will focus on the two-cell scenario from now on. The extension to

the Npg BSs case is straightforward.

Theorem 4.1. In the two-cell scenario with K, private users per cell and Ky, cell-edge
users in total in both cells, when SNR — oo, flexible bandwidth BIA achieves larger

sum-rate than using data sharing with augmented BIA code if Ksp, > 2Ny — 1.

Proof. Because the variance of the noise is finite, SNR — oo corresponds to P — oo.
The achievable sum-rate for the shared users in a two-cell scenario can be written in
terms of the DoF metric [133], in view of the fact that the interference is fully canceled.
Let us define RZ% = Zgi‘l Rgsuhé“i]A and szbj’f,‘BI A= Zgi‘l Ri@“é]l A as the sum-rate
achieved by auBIA and fbwBIA for the shared users, respectively. From (4.43) and

(4.56) we can re-write these sum-rates in terms of the DoF metric as

N K
Esh _ tf sh
Rifiia(P = 00) = 52 S ow(P) 4 o (log(P) (459

2Nthh

RYsh P =
fwaIA( - oo) 2Nt + Ksh -1

log(P) + o (log(P)). (4.60)

The term o (log(P)) corresponds to some function f(P) that satisfies limp_, oo % =0.

Therefore, the two approaches achieve the same sum-DoF for the shared users when

2N, + Kg, — 1

6= .
2(N + K, + Ko, — 1)

(4.61)

Although the intercell interference to which the private users are subject is small enough
to be treated as noise, at the limit P — oo transmission to private users becomes
interference-limited. Analogously, given the achievable rate of private user py, ,, for auBIA
and fbwBIA in (4.47) and (4.56), respectively, RzifBIA = Zf:”l Rg:f]’;i}A and szbanIA =
ZkK:p 1 Rf[ﬁé;gll A are the sum-rate of the private users located in the inner cell of BS n for
auBIA and fbwBIA, respectively. Letting P — oo while keeping the SIR of private users
fixed to oy, if ﬁl[pk’"] =E H[p’ff'“"/]H[p’““”,]H , n' # n, the sum-rate of the private
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users in cell n can be written as

b
R ’pia(P — 00) =
Kp
Nt + Kp + Ksh - 1

H o -1
E[logdet <I+ L plowon] prlpsnn] (RI[”’“"}) )}

Qi

(4.62)

5
Rypia (P — 00) =

H o -1
log det <I+ L glpennlggloenn] (Re") )]

p
ve———E
Nt+Kp—1 |: Qpri

(4.63)

Thus, the same sum-rate is achieved for private users by both methods when fbwBIA

assigns the following portion of the bandwidth to the private users

N, + K, — 1

v = .
N+ Kp+Kg, — 1

(4.64)

If the bandwidth gain is defined as BWyqin, = 1 — (v +9), the use of fbwBIA is favorable

compared to the auBIA scheme if

+6<1=> 2N: + Ko — 1 NetBp—1 4
v
2N+ Kp+ Kop—1) N+ Kp+ Kg, — 1 (4.65)
AN, + Kg, + 2K — 3 '
<1= Kg, > 2N, — 1,
2(N; + K + Ky, — 1) " !
which concludes the proof. O

Theorem 4.2. For the two-cell scenario, assuming that the power received by the shared
users is large enough so that log(1+SNR) = log(SNR), if Ks, > 2Ny —1, fowBIA scheme

achieves a larger sum-rate than auBIA with augmented code if

Ne—1

1—|—55h< 2K, — 1 > Ny
Bsh 2(Kp+Ksh) -1

2K, — 1

Ny—1 )
eNit l:to "1}(2Nt_1)

SNR > N,

(4.66)

where Bgp, is the SIR of the shared users (assumed equal for all) and (-) is the Euler
digamma function.

Nt-‘er—l

Proof. For private users it is easy to see that if v = N K, Ko =T

as in (4.64), it suffices

to compare the expectation terms in (4.43) and the evaluation of (4.53) at Npg = 2.
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The only difference between the terms is the noise covariance matrix, which is larger
in (4.43) because the augmented code involves the subtraction of K, + K, terms of
interference for each user either private or shared, whereas in fbwBIA the noise is only
proportional to K, for private users. Therefore, if K, > 2N; —1, BW 4, > 0 still holds
when (4.64) and (4.61) are satisfied, and fbwBIA achieves a larger sum-rate at any SNR

value for the private users of each cell.

Note that N; and M DoF are achieved in each alignment block for auBIA and fbwBIA,
respectively. That is, auBIA provides diversity gain while fbwBIA increases the multi-
plexing gain sacrificing that diversity gain. Hence, the analysis for shared users results
more complex. Let Ay and Appw denote the value of the determinants in (4.47) and

(4.56), respectively. Using the assumption log(1 + SNR) ~ log(SNR),
P~ -
R?;]%IA ~ rkE[logAay] = KE {log det <NH[5hk'}H[5hk’]HRi;ul>] ) (4.67)
t

where x > 0 equals a strictly positive constant and Hm] i given by (4.48). Since
HIs"] and R;., are Ny x Ny matrices, and the entries of Hsmwl are i4.d. Gaussian with

[shy]

zero mean and variance (1 + ﬂsh)g[Shk'}, where ¢ is the channel gain at shared user

Shk’7

P\ N
Aay = <N> det (R;,, ) det (EHN@HMH), (4.68)

t
where Hy, ~ CN(0,1y,), B = g¥"(14B4)Iy,, ® = Ly, and By, = B, Vshy, € Kgp.
Thus, since W = ﬁNtﬁNtH is a Wishart matrix W ~ Wy, (N, I), applying [134,
Theorem 2.11]

E [1og det (ﬁNtﬁNtHﬂ - Nilqp (N, — 1) (4.69)
=0
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where 1(+) is the Euler digamma function. Finally, since Rz,, is a diagonal matrix,

sttt (5" (=) 400 0)")

+ E [loge det (ﬁNtﬁNtH)}

e ((;)N (2(Kp n icsh) - 1>Nt_1 (g + 5Sh))Nt> 10

Ni—1

+ Y BN =)
1=0

Similarly, the achievable sum-rate obtained with fbwBIA can be approximated as

P
szbi:BIA ~ kE[log Appw]| = K E [108; det (MH[Shk/]H[Shk/]HRZ[Sh]1):| : (4.71)

fbw

Because BIA over the antennas of both BSs is used for FBW, the size of the matrices

H" is full-rank 2NV, x 2N; matrix and Rz is a is 2V; x 2N, diagonal matrix. Hence,
fbw

it is possible to re-write Apgw as

2N,
Arpw = <]Vt> det (Rz[fih]_l> det (2/ﬁ2Nt(I)ﬁ2NtH) ; (4.72)
H h) [T 0 .
where Hay, ~ CN(0,Iqy,), &/ = glshw! and ® = Iyy,. Thus, since
0  Bsnln,

Wsn = ﬁthﬁgNtH is a Wishart Matrix W ~ Wap, (2N, 1), applying, again, [134,
Theorem 2.11].
" 2N;—1
E [logdet (ﬁmﬁm )} =3 wEN ). (4.73)

=0

Finally,

P\ 2N 1 N, —1 o
EﬂogAFBW]:log«Nt) (=) () ™

+E [log det (ﬁthﬁthHﬂ

P\ 2N 1 2N;—1 9N (4.74)
“or((7) " (amimr) @) )

2N¢—1

+ ) Y EeN ).

=0



94

Hence, FBW leads to a larger sum-rate for the shared users if E [log Appw] > E [log Aay],

or

P2 2Nt 1 2N;—1 2N;—1
log ((M) (g[shk/]) (Bsh)Nt <2](h_1> ) + Z w (2Nt — l)
s 1=0

PAM ( fony) Ny 1 N1y el
> log <Nt> (g (1+55h)> (Z(Kp+Ksh)—1) + ; P (Ne—1) =

Ny—1

1+ Bsn ( 2K, — 1 ) Ni 2K, — 1
SNR > N, )
Y B \2(K,+ Kg,) — 1 JES SACRTCTo)
(4.75)
where SNR = Pglshw], O

4.6 Network Blind Interference Alignment

So far, we have proposed the use of either data sharing (auBIA) or orthogonal ap-
proaches (fbwBIA) as a way to implement BIA in cellular networks. Although these
schemes obtain some benefits, they are sub-optimal in DoF. In this section we propose
a network BIA (nBTA) scheme based on the partially connected topology that achieves
the optimal DoF for symmetric scenarios. Moreover, an extension of the nBIA scheme
for the asymmetric case is devised in order to minimize the loss of DoF because of asym-
metric impairments. It is demonstrated that this penalty in DoF is typically small, and
the proposed scheme outperforms other BIA schemes amply. In this section, we first
describe the key idea of nBIA using the toy examples of previous sections. Then, for the
sake of an easy exposition we describe nBIA for the symmetric scenario with Npg BSs,
each equipped with IV; antennas serving K, private users and Ky, shared users. After
that, we derive the closed-form expressions of the achievable rates for nBIA. Finally, we

analyze the asymmetric cases in detail.

4.6.1 The key to Blind Interference Alignment in cellular systems

Consider again the two-cell example shown in Figure 4.6. Each BS is equipped with
N; = 2 antennas, K, = 1 private user is located in the inner cell of each BS, and

K, = 1 shared user is in the cell edge of both BSs. The shared user receives data from



95

both BS. On the contrary, each private user, i.e. pi 1 and p1 2, can only be served by its
corresponding BS, BS 1 and BS 2, respectively. Thus, user py , does not decode the data
sent by any other BS n/, n # n’. As a positive counterpart of this lack of connectivity,

private users of a given BS are not subject to interference by any other BS.

BS1 BS2

FIGURE 4.6: Toy example: downlink two-cell scenario with partial connectivity. The
BSs are equipped with N; = 2 antennas and serve K, = 1 and K, = 1 private and
shared users, respectively.

Since cBIA does not take into account the lack of full connectivity, it does not achieve (3.32).
For the toy example, cBIA achieves % DoF when there is partial connectivity, which is
less than the 2 DoF attained in a fully connected system. As an alternative to cBIA,

consider the supersymbol of Figure 4.7 and the beamforming matrices

x[1] I 00 I 00 I
x[2] 0IO0 0IO0 I
x[3] 00 1| [uP o o 1| [ul? I
X = — [p1,1] [p1,2] [shi] 4
x[4] I 0 O |u) + I 0 0| |uy + (0fu ", (4.76)
x[5] 0o 1 of [uP| Jo 1 of [uf| o
x[6] 0 0 I 0 0 I 0
x[7]] [0 0 o] 0 0 0 1]
~—_— —_——— N~
P11 p1,2 shi
where x[t] € C**1,
s T ™T
u[1 hi] _ [u[lshl,l] u[lshl,Q] }
T
= 7 ] )

1T
ugpm] = [02,1T ume’Q] }
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4

5 6

hieLa2) | hiriad(2)

hi1(2) hish11(2)

FIGURE 4.7: Supersymbol of the nBIA scheme for the toy example. N; =2, Ky, = 1,
and Kp’l = Kp,g =1.

hiP121(2)

pLUp12

his1l(4)

The vectors uprl’"’n] € C¥1 ¢ € {1,2,3} and u[fhl’n] € C?*! contain the symbols
transmitted by BS n to p1, and shi, respectively, and I and 0 are the 4 x 4 identity

and zero matrix, respectively.

Let us first focus on the transmission of data to shared user shi. As is explained in [88],
since shy is served by both BSs, to send M = N;; + N2 = 4 distinguishable data
streams, the BSs need to transmit u[fhl] € C**! repetitively during 4 symbol extensions
over which the antenna of sh; switches through M = 4 different modes. At the same
time, the beams need to be aligned into one dimension at the users that are subject
to interference by the signal sent to sh;. Therefore, during these symbol extensions,
p1,1 and p 2 maintain the same mode. For instance, by looking at the supersymbol of
Figure 4.7 and the beamforming matrix of (4.76), we can check that symbol extensions

1, 2, 3 and 7 constitute an alignment block for sh;. Thus, the signal received at user

shy during its alignment block is given by

gerl] [l (1)Txq)
yEmi2]| | hh2)Tx(2] (4.78)
yPll eI (3)Tx(3]
T ] [l ()T x(7]
hlsml (1) -h[shl](l)T (u&”“] + u&”“])- [ lsmalp)]
_EmIT| [ RERR)T (w )|
Cnbm@)r| hlsh] (3)7 (u:[,f’l’l]+u§”1’2]) Ashalg] |
hlshl(4)T 0 2[sml[7]
Hlsh1) - interforence )
where

T
H[shﬂ:[h[shl}(l)T h[sh1](2)T h[sh1](3>T h[shl](4)T:| €C4X4 (479)



97

is the channel matrix of user shy. Since the channels h!¥"(1), 1 € {1,2,3,4} are generic,

once the second term of (4.78) associated with the interference has been removed, user

[shi]

shi can decode the 4 data streams u; . Now, if we consider the signal received at the

private user 1 in cell n

[yrng] [T + 0 x|
yredfg] | (el ()T ]2) 4 0F x[7]2)
yPdf3]| | men] 1) Txll3] + 03, x"[3]
yPrd[7]] [Pl ()T (7] 4 0F x (7]
Pl (1) TylPeem] Tyl (1)7] ] (4:80)
I L DT e I LV I B )
Bl ()T Rl 7| dimlf3) |
I 0 | [hPrenl(n)T] | 2lP1nl[7]]
desired signals interference
n € {1,2}, we can observe that the four transmissions of u[fhl] = [u[lShl’l]T u[IShl’Q]T]T

are aligned into one dimension corresponding to preset mode 1 when transmitting data to
the private users. This way, since during symbol extension 7 the set of BS n, n € {1,2},
only transmits u[15h1’n], private user pp, can subtract the interference during symbol

extensions 1, 2 and 3 by applying zero-forcing based on the measurement of yP1n] [7].

Next, we concentrate on the transmission to private user p1 1. Unlike shared user shq, the
private user pi,1 can only be served by BS 1. To send N; 1 = 2 distinguishable symbols,

ugfn‘l’l], to user p1 1 in the absence of CSIT, BS 1 employs a repetition code to transmit

u%l’l’l] during 2 symbol extensions over which the antenna of p; i switches through

[p1,1,1]
14

N1 = 2 modes. Moreover, to align the two transmissions of u into one dimension
at the users subject to interference because of the transmission to user pi 1, the affected
users should keep the same radiation pattern. However, due to the partial connectivity
of the network, sh; is now the only user subject to this interference. Therefore, the
radiation pattern of its antenna is the only one that has to be kept constant to project
the interference caused by the transmissions of ugp 251 into one dimension. From the
supersymbol of Figure 4.7, we can easily check that the pairs of symbol extensions {1,4},
{2,5} and {3,6} satisfy all the previous conditions. Each of these pairs constitutes an

alignment block ¢, ¢ = {1,2,3}, for private user p;;. For instance, consider the first

alignment block formed by symbol extensions {1,4}. The signal received by the private
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user p11 during its first alignment block is

yralfiy| [t Ty + of <Pl
yrnlla]] [ nent ) X g + 0f <P
— h[m’l’l](l)T u[p1,171]+ h[le’l](l)Tu[lShhl] + Z[pl’l][l] (4'81)
- 1 .
hlPut(2)T 0 2lPral[4]
| ——
HlPL11l interference

Private user p; 1 applies zero-forcing based on y[pl’l][ﬂ to remove the interference at
time instants 1, 2 and 3 (see (4.80)). Thus, the signal at user p;, after interference

subtraction is given by

[p1alf1 hlpr ()T [p1al[1] — zlPral[3
yl]] O] gy, [ =]
y[pl,l][zﬂ h[pl,hl](g)T Z[Pl,l][4]
P11l
where
T
HipLul — |:h[p1,171](1)T h[Pl,lyl](Q)T:| e C?*2 (4.83)

is the channel matrix of user p;;. Consequently, due to the fact that the channels
hPLul(]), 1 e {1,2}, are generic, the 2 symbols in u[lpl’l’l] can be decoded by inverting

the full-rank matrix HP11:1. The same procedure can be followed to decode the data

[p1,1,1] [p1,1,1]
2

streams u and ug transmitted repetitively over the pairs of symbol extensions

{2,5} and {3, 6}, respectively.

Recall that, as can be seen from (4.81), the transmission of data to private users of a
specific cell does not cause interference to private users of other cells. Consequently,
p1,2 can reuse the same radiation pattern and the same beamforming matrix as pi 1,
which can also be verified from (4.76). This way, each pair of symbol extensions {1, 4},
{2,5} and {3,6} also constitutes an alignment block of p; 2. Moreover, in (4.78) note
that the interference associated with the repeated transmissions of ugpm’z] by BS 2
along the ¢-th alignment block of p; o is aligned into the same single dimension as the

transmission of qu 1ul] by the BS 1 along the ¢-th alignment block of p; ;. Hence, in

(4.78) the interference term associated with the transmissions of ul[gp vl and uLp 1238 can
be removed if user shy applies zero-forcing based on the signals received during the time

slot over which is not receiving data. For instance, if sh; applies zero-forcing based on
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ylshl[4] = nlsml()T (u[lpl’l] + u[lpl’z]), it can remove all this interference during symbol

extension 1. Similarly, sh; can remove the interference during symbol extensions 2 and

3 by applying zero-forcing based on y*"11[5] and y!*"1[6], respectively. Hence, the terms
[Shl]

of interference received during the transmission of u; ' can be subtracted afterwards.

The signal at shared user sh; after zero-forcing interference cancellation is

ylshil[1] — ylshalg] hlshl(1)T [lshal[1] — Llshil[g]]

[shi] 2] — [sh1] 5 h[Shl] NT [sh1] 2] — [sh1] 5
T R O R e | N,

yE] - glmlle] | [l ()T eleml[3] — Zlml[g

ey i) (4)7 2l
i L i L i
Hlsh1]

In summary, using a reconfigurable antenna with N; = 2 modes, each private user

achieves 6 DoF, 2 DoF per alignment block. At the same time, using a single antenna
with 4 modes, shared user sh; achieves 4 DoF over only one alignment block. Therefore,
a total of 16 DoF are achieved along 7 symbol extensions, which yields 16/7 DoF per
symbol extension. Notice that in comparison with the ¢cBIA proposed in Figure 3.6, the
proposed scheme improves upon the 2 DoF per symbol extension achieved by ¢BIA in a
cellular network even when there is full connectivity and all BSs share data intended to
every user of the system. Furthermore, this improvement is achieved using a supersymbol
of 7 instead of 54 symbol extensions. Consequently, the nBIA scheme can be used over

channels with smaller coherence time or bandwidth than cBIA.

To conclude, we remark that the key of nBIA lies on the generalization of the definition
of alignment block for a communication system with partial connectivity. If a user k
can be served by N, transmit antennas, then an alignment block for this user consists
of Np symbol extensions over which it can receive Nj distinguishable data streams.
At the same time, these beams are aligned into one dimension at all users subject to
interference. On one hand, to decode N}, distinguishable data streams, the channel state
of user k has to switch through Nj different modes, one per symbol extension of the
alignment block. As we checked in the toy example and as is described in [88], to align
the aforementioned beams into one dimension at all users subject to interference, their
channel state has to be maintained constant over the N symbol extensions that form the
alignment block of the desired user k. Moreover, the data streams intended to a specific

user need to be only aligned into one dimension at those users where the power of the
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interference created by the aforementioned data streams is high enough, and therefore

cannot be treated as noise.

4.6.2 The network Blind Interference Alignment scheme

We now describe the nBIA scheme for the general symmetric scenario of a partially
connected network. To construct the corresponding supersymbol and the beamforming
matrices for each user, we can follow a systematic procedure that allows to generalize the
alignment blocks to networks with partial connectivity. An sBIA scheme is implemented
by each BS to send data to its set of K, private users. As shown in [88], this strategy
allows each private user to remove interference caused by transmission to all other private
users in its cell. The sBIA scheme is reused by all Ngg BSs owing to the partial
connectivity. Furthermore, all BSs of the system jointly implement a ¢cBIA scheme to
send data to the K, shared users of the system and to let them cancel the interference
among them. Finally, to obtain the supersymbol shown in Figure 4.8(a), the two schemes
are combined appropriately in order to remove the interference that the transmission of

data to private users causes to the shared users and vice-versa.

4.6.2.1 Design of S-Block 1 of nBIA

We first consider the design of Block 1 of the supersymbol of the nBIA scheme, which
will be denoted as Super-Block 1 (S-Block 1). As shown in Figure 4.8(a), the symbol
extensions of the shared users are formed by repeating an identical Block 1 of a ¢BIA
scheme for K, shared users (N; — 1)%# times. Block 1 that is repeated is shown in
Figure 4.8(b). As in [88], the building block of shy is formed by M — 1 sub-blocks

comprising (M — 1)k/_1 symbol extensions (see Figure 4.9(a)). Hence, it comprises
L5 Block1 = (M — 1) (N, = 1) (4.85)

symbol extensions. During the I-th sub-block, I € {1,2,..., M — 1}, the receiver of shy
maintains the [-th reconfigurable mode. Hence, the temporal correlation function of shy

in the entire S-Block 1 is given by

Gen,, (£) = B (1) if mod (t, (M — 1)”) e Zon(l), (4.86)
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—h(N;-1) - o | e | o | @i -
| i i
~h(2)— oo | <N — | | <h(Ne-1) —
Block- - Block: . Block-

(M =1)" (N, =1)"

(a) S-Block 1 of the nBIA scheme for a symmetric cellular scenario with partial connectivity.
Blockl K, is shown in Figure 4.8(b)

(M-1)

A
A\

sh h(2)| ... h(2)| ...

shiy, W) [h@)|...| hQ

A
A\

(M —1)"

(b) Block 1 of the ¢BIA scheme for transmission to the K shared users.

FIGURE 4.8: S-Block 1 of the nBIA scheme.

with ¢ € {1,2,..., (M — 1)K (N; — 1)%r}, and

o) = {1 = (M = 1)F 1 41

LM =11 — 1, mod (z (M — )F =1 (M — 1)k’)} :

As can be seen in Figure 4.8(a), Block-1 of the private users is closely based on Block 1 of
a cBIA scheme aimed at transmitting to K, users using N; antennas. The mode of py, ,, is
periodic with the building block shown in Figure 4.9(b), which is repeated (N; — 1)%» =%
times to form S-Block 1. The building block is now composed of Ny — 1 sub-blocks, each
with length be,(N; — 1)*71 where by, = (M — 1)%s». As in the sub-blocks associated
with shgs, the I-th mode is used in the I-th sub-block, I € {1,...,N; — 1}. This way,
during each Block 1 of Figure 4.8(b), each private user maintains a fixed mode. Hence,

the temporal correlation function for private user py,, for any cell n € {1,2,..., Npg} is

Gpron (8) = BP)(0) if mod (1, (M — 1) (N, = 1Y) € T(1) (4.87)
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group group group length

User: shy, h(2) | h(2) | | h(2) |

(M -1)"" (M -1)"" (M -1)""

sub-block 1 2 M—1
(a) Building block of shared user shy:.

group group group length

User: p,., h(2) | h(2) | | h(2) | |h(N,-1)|h(Nr-1)| |h(M-1)| b, (N, -1)"
by, (N, 1) by (N, 1) by, (N, 1)
sub-block 1 2 N, -1

(b) Building block of private user pg,n.

FIGURE 4.9: Building blocks of the private and the shared users.

6 7 8 9 10

hA2) | ) | henad2) | hieiad) | heie2)

his11(2) hish11(4)

FIGURE 4.10: Structure of S-Block 1 when K, =1 and K, = 1 in a two-cell scenario
where each BS is equipped with N; = 3 antennas.

his#11(2) h[sh1](4)

with t € {1,2,..., (M — 1)%sn (N, — 1)%#} and
T,0) ={ (0= 1) b (N = 1)1 41
oo Ibgy (Ny — 1)1 — 1, mod (l bon (N — 1)F=L, by, (N, — 1)’“)} :
where recall that by, = (M — 1)Ksn.

For instance, in a two-cell scenario where V; = 3, K, = 1 and K, = 1 S-Block 1 has

the form shown in Figure 4.10.

4.6.2.2 Transmission strategy and beamforming matrices for S-Block 1

The key to designing the beamforming matrices is to create alignment blocks that take
into account the partial connectivity of the network. Each alignment block of a shared or
private user corresponds to one block column in the corresponding beamforming matrix.

Since each shared user shys is served by all BSs, i.e. M antennas, each block column
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of its beamforming matrix is obtained by placing an M x M identity matrix, I, at
the rows corresponding to the symbol extensions of the alignment block. The remaining
blocks are filled with M x M zero matrices, 0. To obtain the signals transmitted from

the BSs to shared user shys, the beamforming matrix is multiplied by

T
“thk/]: [uéfh’“"l]Tm ufh’“"”]T-~- uéfh’“”NBS]T] (4.88)

where ugfh’“’] € CNosNexd gt — 1.2, (M — 1)Ks»n=1(N; — 1)K» and ugfh’“"n] € CNexd

contains the Ny symbols transmitted from BS n to shy during alignment block £'.

The same procedure is applied to obtain the beamfroming matrix for each private user
at any cell n. However, py, ,, is only served by the N; antennas of BS n. Recall that the
signals x" [t] transmitted by BSs n do not contain data intended to any private user
Py, W # n. Therefore, each block column ¢ of the beamforming matrix is formed in
the same way as for the shared users. However, to obtain the signals transmitted from

the BSs to pg , the corresponding beamforming matrix is multiplied by

[Pron) _ o] T T
u, " —[ONt(nq),lT u%”’“’ " ONt(Ngsfl)JT] (4.89)

and £ =1,2,...,(N; — D)Er=Y(M — 1)Ksn,

To maintain the data beams of one alignment block distinguishable at the user for which
they are intended, the channel between the transmit antennas and the user should change
at each symbol extension of each alignment block. Moreover, during these symbol exten-
sions, each of the affected users should maintain a constant channel so that interference
be aligned. As is shown in Sections 4.6.2.3 and 4.6.2.4, in S-Block 1 both decodability
and interference alignment requirements can be satisfied by using groups. Each group
consists of the first M —1 or Ny — 1 symbol extensions of the alignment block of a shared
or private user, respectively. In particular, we can group the £-th symbol extension in
each one of the M —1 sub-blocks within one building block as shown in Figure 4.9(a) for
shared user shy/. Since each sub-block consists of (M — l)kl’1 symbol extensions, a total
of (M —1)¥'~1 groups can be built within one building block. As was mentioned above,
each of these groups will be associated with a specific alignment block of shy/. Similarly,
as shown in Figure 4.9(b), for private user py , the (-th symbol extension in each of the

Ny — 1 sub-blocks of one building block can be grouped. Since each sub-block of py,,
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is now composed of by, (N; — 1)*~1 symbol extensions, a total of bg, (N; — 1)F~1 groups
can be formed within one building block. Recalling that S-Block 1 of shys consists of
(N; —1)5p (M —1)Ksn=* building blocks of (M —1)¥ symbol extensions, the £-th group

in the p’-th building block of shy comprises symbol extensions
{0 =D = 1)Y 4 m(M =D (4.90)
where ¢/ € {1,2,...,(M —1)¥ -1} and
pe{l,2,...,(M—1)Kr=F (N, — 1)K},

Analogously, taking into account that S-Block 1 of pyp, n € {1,2,..., Npg} is formed
by (N; — 1)%»=F building blocks of b, (N; — 1)¥ symbol extensions, the ¢-th group in its

p-th building block consists of symbol extensions

{(p— 1) bg (Ny — 1)F 4 Kby, (N, — )P 4 £} Ne 2] (4.91)

where p € {1,2,...,(N; — )%=k} v c {1,... b (N; — 1)F1}, and by, = (M — 1)5sn,

For instance, particularizing to our illustrative scenario with two cells, Ny = 3, K, =
1 and K, = 1, corresponding to the supersymbol shown in Figure 4.10, the signal

transmitted during S-Block 1 is given by

Is Og
Is Og
s e Is 06
[p1,1] [p1,2] Is 06
L] |2 L) |2 Is 0g| |ul*™
30 30 6 Os
X= u™| u |+ ol | 4.92
130 u[Pl,l] 130 u[pl’ﬂ 06 15 u2 ( )
4 4 o 1
u[pl 1] u[pl,z} 6 6
-5 - -5 0 I
6 1o
to pi1 to p1,2 0 I
6 1o
0 I
L J

to shy
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where

T
ugpm]: |:u2p1,1:1]T 02,1T} ’
T
ugpl,z] _ [02’17* u%m,Q,Q]T} ’ (4.93)

T T T
u[g/ 1] = |:ll[; b ] 11[; b ]

Each private user has 5 groups formed by 2 symbol extensions. Specifically, for both pri-
vate users these groups are formed by the pairs of symbol extensions {1, 6}, {2,7}, {3, 8},
{4,9} and {5,10}. On the contrary, shared user shy has two groups, each composed of
5 symbol extensions, i.e. {1,2,3,4,5} and {6,7,8,9,10}.

4.6.2.3 Achieving decodability and interference alignment at the shared

users

First, recall that the channel switching pattern for each shared user is created by concate-
nating (N;—1)%? identical Blocks 1 associated with a cBIA scheme aimed at transmitting
data to K, users. This way, based on the results in [89], it is straightforward to show
that each group ¢ of each user shy is formed by M — 1 symbol extensions over which the
mode of its antenna changes while the state of all other shared users remains constant.
Consequently, the data sent by all BSs to each user shys over each of its alignment blocks
can be decoded and the interference induced to the other shared users is aligned into

one dimension of their signal space.

Note that the private users are also subject to interference because of the data sent by
the BSs to the shared users. To also align this interference, the M — 1 data streams sent
to a shared user over one of its groups also need to be contained into one dimension at
all private users. As is also shown in Figures 4.8(a) and 4.11(a), the channel mode of all
private users does not change during an entire Block 1 of shared users. Moreover, recall
that each group of shared user shys is composed of symbols within a specific building
block, which belongs to one of the Blocks 1 of shy/. Hence, within each group of any
shared user shys the reconfigurable modes of the antennas of all private users remain the
same state. In conclusion, the interference caused by transmission to shy during each

one of its groups is aligned into one dimension at all private users.
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User: shy | h(1) | h(2) | |h(M-1)| h(1) | h(2) | |h(M-l)| | h(1) | h(2) | |h(M.1)|
> —>
(M = 1%~ (M — 1)K
User: p,, | h(1) | n(1) | | n(1) | h) | hQ) | | hQ) | |h(M—1) | h(N,-1)| |h(N_1)
b, =(M-DF b, > o >

(a) The building blocks of shared users shk_, and p1n.

User: p; , | h(1) | h(2) | |h(N,-1)| h(1) | h(2) | |h(M-1)| | h(1) | h(2) | |h(M-1)|
> >
by, (N, =1 b, (N, =1)*"
User: py,, | h(1) | h(1) | | h(1) | h(2) | h(2) | | h(2) | ... | h@Vi-1) | h(N:-1)| |h(M—1)|
b, (N, —1)* b, (N, 1) ‘ b, (N, = 1)

(b) The building blocks of private users pg,n and pi41,n-

FIGURE 4.11: Building blocks of the private and shared users.

4.6.2.4 Achieving decodability and interference alignment at the private

users

We now concentrate on the private users. First, we check that the channel state of each
private user changes at each symbol extension within any of its groups. Note that (4.91)
specifies the symbol extensions of the /-th group in the p-th building block of private user
Pkn- Now, it can be easily seen that, for all p € {1,2,..., (IV; — 1)%»=*}, the modulus

of these symbol extensions with b, (N; — 1) yields
{K b (N — DL 4 gy 2 (4.94)

with £ € {1,2,...,bs,(N;y — 1)¥=1}. Hence, from (4.87), the channel states of Dk,n are
h[Prnl(1), hPrnl(2), . hlPes](N; — 1) during the symbol extensions that form each one

of its groups.

Next, we focus on proving that the interference caused by the transmission to private
user py ., is aligned into one dimension at the signal space of the other private users in
cell n. First, consider private users {pjyn};?;ll. Note that the remainder of the division
of the symbol extensions in (4.91) by b, (N — 1)7 is the same, i.e. mod (¥, bsy (N —1)7),
for a specific group ¢ in the p-th building block of py, and any j € {1,2,...,k — 1}.

Hence, from (4.87), within each group of py , the channel state of all other private users
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KP
j=k+1°

k—1 . . .
{pjn ;—1 remains constant. Now, consider private users {pjn}

Notice that the
lengths of the sub-blocks of the private users in S-Block 1 are larger than by, (N; — 1)¥,
i.e. the length of a building block associated with private user py,. Hence, as is shown
in Figure 4.11(b), because the boundaries of the building blocks of py, ,, are aligned with
those of the sub-blocks of pj,, j € {k+ 1,k +2,...,K,}, the channels of this last
sub-group of private users are the same within each group of py ,. Therefore, from the
structure of S-Block 1 we can conclude that the data streams transmitted over the N; —1

symbol extensions of the /-th group of user py , are aligned into one dimension at all

other private users of cell n.

Ultimately, we show that interference caused by transmission to user py , is also aligned
at the K, shared users. Recall that because of the partial connectivity, the transmission
of data from a BS to any of its private users does not create interference to the private
users of the other cells. Therefore, we only need to verify that for each group of users
Pk, the channel state of all shared users remains constant. Consider any shared user
shy and the symbol extensions in (4.91), which form the ¢-th group in the p-th building
block of p .. Since by, = (M — 1)K+ is an integer multiple of (M — 1)¥', the remainders
of the indices of the symbol extensions in (4.91) divided by (M — 1)¥ are the same, i.e.
mod (¢, (M — 1)¥). Consequently, from (4.86), within each group of Dk.n, the channel
state of any user shy is constant. Hence, the requirements of decodability and alignment

are satisfied in each group of each private user.

As explained previously, due to the partial connectivity, the transmission of data from
BS n/, n’ # n, to its private users does not impose any constraints on the design of
the channel pattern and the beamforming matrices of private user py,. Thus, private
users {pkn},]:f 55 can reuse the same beamforming matrix and the same channel pattern
in S-Block 1 when receiving data from their corresponding BSs. This can be seen in
our illustrative two-cell scenario in (4.92) and Figure 4.10. More generally, the same
fact can be verified in Figure 4.8(a) and in (4.91) where the symbol extensions of the
groups associated with private users {pk’n}ﬁfff are the same. As a result, not only are
the N; data beams transmitted within each group of one private user py , aligned into
one dimension at each shared user, but also all data beams transmitted to all private
users {pkn}gff within each group specified in (4.91) are projected into the same single

dimension at each shared user.
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FIGURE 4.12: S-Block 2 of the nBIA supersymbol.

4.6.2.5 Design of S-Block 2

From the design of S-Block-1 and the corresponding beamforming matrices, we can
undertake the design of the switching pattern of all users during Block 2 of the nBIA
scheme, which will be called Super-Block 2 (S-Block 2). The purpose of S-Block 2 is
to complete the alignment blocks of all users so that each user can decode the data
received along its groups and cancel the interference caused by the transmission of data
to other users during S-Block 1. From (4.90) notice that the number of alignment blocks
associated with each shared user is equal to (M — 1)Ks»=1(N, — 1)K». Consequently, to

complete the alignment blocks of the K} shared users, a total of
tsn = Ksh [(M - 1)K8h_1<Nt - 1)KP] (495)

symbol extensions are needed in S-Block 2. As shown in Figure 4.12, these symbol
extensions are £g_piock1 + 1, £S—Blockl + 25 - - - s £L3—Blockl + tsh, where Lg_piock1 = (M —
1)Hsn (N;—1)%# is the length of S-Block 1. Within the aforementioned symbol extensions,
sub-block

{Ls_Block1+ (K — 1) ton/Ke, + ¢ fgfi/lKSh (4.96)

with ¥ € {1,2,..., K4}, provides the last symbol extensions of the alignment blocks
of shy/. In particular, each symbol extension specified in (4.96) constitutes the last
element of the ¢'-th alignment block of shy,. Hence, in order to be able to decode the
signals of interest over the alignment block, user shi employs the M-th preset mode

during each symbol extension in (4.96). This way, if the Npg BSs repetitively transmit
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ugfh’“/] € CM*! within each symbol extension of the ¢-th alignment block of shy, it can
decode ugfh’“'] after removing the interference.
Since the interference caused by the first M — 1 transmissions of ug‘fh’“'] during the -

th group of shp in S-Block 1 is aligned into one dimension at all other shared and

private users, zero-forcing can be applied to remove it. Due to the fact that only ugfh’“'],
e{1,2,..., Itgshh }, are transmitted during each symbol extension of (4.96), any shared

user shj # shy and all private users py, can measure the interference caused by the

I h
transmission of u; v

. Therefore, they can subtract the interference received in S-Block
1 if, during the symbol extensions given in (4.96), they maintain the same channel state
as the one used during the ¢'-th alignment group of shy,. From (4.90) notice that the

symbol extensions that form the ¢-th group of shared user shy/ are
{psn (€ K) (M = D + w(M = D¥ 1 4 1 (¢ )} 157 (4.97)

where

Ian(0, k') = mod(' — 1,(M —1)¥ 1) +1

and pgp (0, k') = {(MfllﬁJ Consequently, during the #'-th symbol extension specified

in (4.96) the channel state of shared users sh; # shy equals

gony (P (€ K) (M = 1) + 1, (€,K))

whereas the channel state for all private users {pk,n}g B8 s

Goin (Por (0 K) (M = DY +1(¢ 1)

with Ysh, and gy, . given in (4.86) and (4.87), respectively.

Next, we consider the design of S-Block 2 for the private users. As we have seen in (4.91),
the number of alignment blocks per private user equals by, (N; — 1)%2~L. Due to the
partial connectivity, BSs n and n’ can transmit simultaneously the data associated with
a specific alignment block of py , and py,, respectively, without interfering with each
other. Thus, one symbol extension of S-Block 2 can be reused by private users {pk,n}g B0

to complete one of their alignment blocks. Thus, since there are K, private users per
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cell, a total of
tp = I [(M — 1)%sn (N, — 1) 1] (4.98)

symbol extensions are needed in S-Block 2 for all private users. Therefore, the entire

length of S-Block 2 is

L3 Blockz = tsh +tp = Kgp [(M — 1)X0 Y (N, — )5 + K, [(M — 1)en (N, — 1) 1]

(4.99)
In order not to create any interference, similar to the symbol extensions of S-Block
2 for the shared users, each BS n only transmits data to one specific user in its cell.
However, this time the BSs do not transmit data to a specific shared user. Instead,
each BS n only transmits data to a specific private user py, during each of the ¢,
symbol extensions. As shown in Figure 4.12, the ¢, symbol extensions of S-Block 2 are
Ls_Blockl + tsh + 1, L3 _Block1 + tsh + 2, ..., Ls_Block1 + tsn + tp. Within these symbol

extensions, the sub-block

(L Blocat + ton + (k — 1) tp/ K, + £}/ 5r (4.100)

ke {1,2,..., Ky}, provides the last symbol extensions of the alignment blocks of private

users {pkm}ﬁfff . Hence, during each symbol extension in (4.100) the private users have

to keep the Ng-th preset mode. This way, if each BS n applies a repetition code to
[pk,n]

send u, € CNex1 during each symbol extension within the /-th alignment block
of {prn ijff, each user py, at any cell n can use the signals received during its /-th

alignment block to decode uLp k’"].

Continuing the design of the symbol extensions of S-Block 2, notice that the simultaneous
transmissions of {uEp’“’"]}fl\Ef during the /-th group of private users {pkn}anf are aligned
into the same single dimension of the signal space of each shared user shy/. Hence, to
remove the interference caused by these transmissions, shy can apply zero-forcing based
on the interference signal measured in S-Block 2. To do so, the preset mode of shys during

the ¢-th symbol extension in (4.100) has to be equal to the mode of shy during the ¢-th

Nps

alignment group of private users {px,}, "7,

which consists of symbol extensions

{pp(£, k) bar, (N — 1)F + kbgp, (N; — DFL 4 1,(4, )} (4.101)
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with 1,(¢, k) = mod(¢ — 1, by, (N; — 1)) + 1 and p,(¢, k) = L Mathe-

/-1
bsh (Nt—l)k_lj‘
matically, during the ¢-th symbol extension in (4.100) the channel state of shy equals

Gsh,, (pp(f, k) b, (Ny — )R 4+ 1,(¢, k:)), where gsp,, is given in (4.86).

[pk,n]

Due to the fact that the transmitted symbols u, during the symbol extensions of
S-Block 1 are aligned into one dimension at the signal space of any private user p;, #
Dk.n, €ach private user of cell n can apply the same technique as shared user shys to
remove the interference caused by the transmission of ugpk’"]. Specifically, at private
user pjn 7 Pk.n, the interference is removed by applying zero-forcing based on the signal
received during the /-th symbol extension in (4.100) with the mode of its antenna equal
to gp,,. (Pp(l, k) b (Ny — ¥ +1,(¢,k)), where 9p;.. 18 given in (4.87). Finally, due to
the partial connectivity, the transmission of ugp ki) to any private user py , at cell n does
not interfere with the communication between BS n’ and any user p; . at cell n’ # n.

As a result, users p;, # pi,n do not need to cancel the interference caused by the

transmission of data to py , during S-Block 1.

4.6.3 Alternative Supersymbol Design

An alternative design of the supersymbol of the nBIA scheme can also be obtained. As
shown in Figure 4.13, a Block 1 associated with an sBIA scheme aimed at transmitting
data to K, users is repeated (M — 1)Ks times to construct S-Block 1 for the K, private
users of each cell n. For the shared users, S-Block 1 is formed by augmenting the length
of the sub-blocks that form Block 1 of a ¢BIA scheme for a system with K, shared users
and M transmit antennas. This time, the length of the sub-block of a shared user equals
(N; — 1)%» (M — 1)1 symbol extensions. Similarly to S-Block 2 of Figure 4.12, the
alternative design for S-Block 2 is obtained by completing the alignment blocks whose
groups form S-Block 1. It can be easily verified that the same DoF as in (4.102) can

also be achieved by the alternative structure of the supersymbol.
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FIGURE 4.13: Alternative design of S-Block 1 of the nBIA supersymbol.

4.6.4 Achievable Degrees of Freedom

With the nBIA scheme, each shared user achieves M DoF per alignment block, whereas
each private user attains IV; DoF per alignment block. Since the total number of align-
ment blocks of each shared user is equal to t, /K, = (M —1)Ks2=1 (N, — 1) in the su-
persymbol of the nBIA scheme, a total of M tg, /K, DoF per supersymbol are achieved
for each shared user. Following a similar reasoning and recalling that each private user
employs (M — 1)Ksn (N — 1)K»~1 alignment blocks per supersymbol, a total N;t,/K,
DoF are attained by each private user in a supersymbol. Thus, since the length of the
supersymbol equals £5_Block1 + £3—Block2 Symbol extensions where L£g_Biock2 = tsp, + tp
is the number of symbol extensions in S-Block 2 (see Figs. 4.8(a), 4.8(b) and 4.12), when
nBIA is used for the symmetric scenario the achievable sum-DoF per symbol extension

are

Ko M - 4+ Nps K, N; fg—’;

DoFppia =

L3 Block1 + L£8-Block2 (4.102)
_ M [Kon (Ny —1) + Kp (M —1)]
(M —1)(Ny — 1) + Ko (N; — 1) + K, (M — 1)’

Notice that the achievable DoF can be split between

NeK,(M — 1)
DoF = P , 4.103
B T M 1) (N — 1) + Ko (N; — 1) + K, (M — 1) (4.103)
in each group of private users and
MKy, (N — 1
DoFypia,, = WM = 1) (4.104)

(M—1)(N,— 1)+ Koy (N, — 1) + K, (M — 1)

for the set of shared users located between the set of BSs. Checking the information-

theoretic sum-DoF outer bound derived for private and shared users in (4.27) and (4.28),
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respectively, it is demonstrated that the proposed nBIA scheme results DoF-optimal in

symmetric cellular networks with partial connectivity.

4.6.5 Asymmetric Partially Connected Cellular Networks

So far, a symmetric scenario has been considered. In this section, the nBIA scheme
is extended to asymmetric cellular networks where the number of private users can be
different at each cell. Moreover, it will be shown that there exist some settings for which
the extension of the proposed scheme achieves the sum-DoF outer bound of Section 4.3.
However, this is not generally the case, and therefore, the DoF optimality of the proposed

approach for asymmetric cellular networks is still an open problem.

For illustrative purposes, we consider a toy example where N; = 2, K, =1, K1 = 2
and Kp2 = 1 (see Figure 4.14). Note that the number of private users is now different
at each cell. By solving the optimization problem of (4.18) and (4.22), it is found that
the outer bound of the achievable DoF is 2.5 DoF. The supersymbol of the nBIA scheme

BS1

FIGURE 4.14: Asymmetric toy example. BS 1 and BS 2 transmit to K, ; = 2 and

K, 2 = 1, respectively, and both transmit to K, = 1 shared user. For the sake of

simplicity only the intercell interference has been depicted from BS 2 to users in cell 1
with red dotted lines.

of Section 4.6.2 is shown in Figure 4.15. Each private user exploits 3 alignment blocks,
providing Ny = 2 DoF each, whereas the shared user attains M = 4 DoF during 10
symbol extensions. Therefore, the proposed scheme attains % = % DoF in total,

which is 1% below the outer bound.

In Figure 4.15, the pairs of symbol extensions {1,4}, {2,5} and {3,6} constitute alignment
blocks of private user p; 2. During each of the aforementioned alignment blocks, private
user pi2 achieves 2 DoF. Moreover, symbol extension {10} is used by pi2 to remove

the interference caused by the transmission to the shared user shj. Note also that
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FIGURE 4.15: Supersymbol for the asymmetric scenario with Ny, = 2, K, = 2,
K,> =1 and K, = 1. Dashed lines represent the idle slots that can be used for
transmission of vy 5.

symbol extensions {7,8,9}, which are employed by BS 1 to transmit to ps; and complete

its alignment blocks, are used by shared user shi in order to remove the interference

caused by the transmission from BS 1 to user po 1. On the contrary, symbol extensions

{7,8,9} are idle for private user p; o since it is not subject to interference caused by

the transmission to po 1, and therefore, does not need to remove it. In order to exploit

them, we can devise a virtual user vy 2, which is the same physical user as p;2. Since

no changes are required at BS 1, we only consider transmission of BS 2. Taking virtual

user vy into account, the symbols sent by BS 2 are now

where

|

O O O O O O =~ O O -
© O O O O M O O - O
O O O O = O O = o ©

P12

I 0O I
0TI oo I
0 0 I I
] |00 O[] |
1 1
ael | 4 D oo el | 4 0 ull, (4.105)
pa | (00 O | |9
u; 1,2 u3'U1,2
I 0O 0
0TI o0 0
0 0 I 0
0 0O I
L i L™
v1,2 shy
u[lshl] . [O T u[shl,Q}T}
, 1
T
uEDLﬂ — |:02’1T uém,zﬂ] ] (4.106)
T
uévl,z] [0 7 T u%m,m?] } )
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The private users pi1 and p2 1 served by BS 1 are not subject to interference by the
transmission of BS 2 to vy 2. The shared user can measure the sum of interference from
transmission to both ps; and v; 2 during symbol extensions {7,8,9} and remove it from
symbol extensions {1,2,3}. Note that, since only the sum of the interference terms
caused by the transmission to v12 and ps 1 can be measured, this scheme requires to
retransmit the symbols {uLUl’Q]}?zl not only during symbol extensions {7,8,9}, but also
during symbol extensions {1,2,3}, respectively. Furthermore, transmission of BS 2 to
private user pq o is carried out using the nBIA scheme of Section 4.6.2. However, private
user pi 2 is now subject to interference caused by the transmission from BS 2 to virtual
user v1,2 during symbol extensions {1,2,3}. In order to remove it, private user pj o only
needs to measure it during symbol extensions {7,8,9} with the same channel mode as
in symbol extensions {1,2,3}, respectively. After removing this interference, the DoF

attained by pi 2 are not affected.

During symbol extensions {7,8,9}, BS 2 only transmits to v; 2. Additionally, similar to
private user pi 2, due to the partial connectivity of the network, notice that virtual user
v1 2 is not subject to interference caused by the transmission from BS 1 to private user
p2.1. Hence, the virtual user attains 3 additional DoF, one per symbol extension. Since
the supersymbol consists of 10 slots, an improvement of % DoF is achieved compared to
the % DoF achieved by the nBIA scheme of previous sections for symmetric networks.

As a result, by adding the virtual user, the outer bound of (4.24) is attained despite the

asymmetric impairments.

Next, we consider the same scenario as in Figure 4.14, but now with N; = 3 antennas
per BS. After solving the optimization problem (4.18) and (4.22) for this setting, we
can check that the DoF outer bound is %7 DoF. The supersymbol of the nBIA scheme
for the symmetric case is shown in Figure 4.16. Similar to the case where Ny = 2, if we
implement the beamforming matrices of Section 4.6.2, symbol extensions {31-40} of user
p1,2 are idle. Therefore, as in the previous toy example, we can design new beamforming
matrices that include transmission to a virtual user v; 2 in order to get an additional
DoF during each idle symbol extension. This way, the 3 private users achieve 3 DoF in
each of the 10 alignment blocks plus 10 additional DoF for virtual user vy 2, which is
the same physical user as p; 2. Additionally, shared user sh; achieves 6 DoF in each of
the 4 alignment blocks. In other words, the scheme attains % DoF, which is only %

DoF below the outer bound. On the contrary, since cBIA does not leverage the partial
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FIGURE 4.16: Supersymbol for asymmetric scenario with N, =3, K1 =2, K2 =1
and K, = 1. Dashed lines represent the idle slots that can be used for transmission of
U1,2.

connectivity of the system, it only achieves g DoF, which is considerably smaller than

the DoF attained by the proposed nBIA scheme.

For the general case, the construction of the supersymbol is the same as in a sym-

metric setting where K, = Kp ... with K, . = max{K,,}. S-Block 1 consists of
n

L3 _Blocki = (M — 1)Ksn(Ny — 1)Kpmmax slots, whereas S-Block 2 contains £s_Blockz =

tsh,max 1 tp,max sSymbol extensions where
tp,max = PyMmax [(M - 1)K8h (Nt — 1)KP)"max71j|

and

tsh,max - sh [(M - 1)K8h71(Nt — 1)Kp,nmax] .

Thus, there are
Nps

t max
KZ:nmax Z Kp’n
n=1
alignment blocks during which the nBIA scheme for symmetric networks is applied.

Moreover,
Nps

M Z (Kp,nmax - Kp»n)

Kp»nmax
n=1

additional DoF are attained by taking advantage of the idle slots of S-Block 2. To do so,
as in the toy examples, the beamforming matrices have to be modified in order to include

transmission to virtual users. The sum-DoF per symbol extension that are attained by
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the extension of the nBIA to the asymmetric setting are given by (4.107).

tsh,max tp,max NBS tp,max NBS
M bt Neghee= 3 05 Kpn + 37 nat (K — Kpn)

S Tmax
Ksh P;Nmax P;nmax ’

DoFypia =
nBIA,asymm Ls_Blockl + L£3—Block2

MKy (Ne = 1) + (M = 1) |[(Ne = 1) SN2 Ky + Nos Kpes|
B (M_1)(Nt_1)+K3h(Nt_1)+K7nmax (M_l)
(4.107)

4.6.6 Achievable Rates

So far, this work has focused on the high SNR regime and on the achievable DoF. To
complement the previous sections, we derive closed-form expressions for the achievable
rates of the nBIA scheme in the symmetric scenario for finite SNR. Expressions for the

asymmetric scenario can be derived using the same procedure.

Due to the symmetry of the setting with respect to the private users, we analyze a generic
alignment block for private user py . For simplicity, the index refers to the position of
the symbol extension in the alignment block of py ,. First, recall that the supersymbol
of py, contains t,/K, alignment blocks, each formed by N; symbol extensions. The
first V; — 1 symbol extensions are contained in S-Block 1 and are subject to interference
from the signals sent to K, — 1 private and K, shared users. On the contrary, the last
symbol extensions of the alignment blocks are in S-Block 2, are free of interference, and
are used to achieve decodability and measure the interference. Furthermore, since the
beamforming matrix and the pattern of the channel modes are reused by the private
users across the cells, the interference due to transmission to users {pj,n/}gislm/ 4n with
j # k is also removed together with the interference generated by the transmission
to pjn. However, due to the reuse, the transmission to user Dk.n/ generates a weak

interference term that cannot be canceled, and is treated as noise. Hence, the received

signal
Nps ,
Slépk,n] :H[pk’"’n}ugpk’mn] + Z ar[?k,n,n]H[pk’mn/]ugpk,n,n] + Z[pk‘"], (4.108)
n’=1,n'#n
where az?,k’”’n] is the relative power of the signal of BS n’ received at user py,, taking

the power of the signal received from BS n as reference, i.e. ak)’“’"’n] = 1. In (4.108),
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(Ny — 1) (M — 1) + K (M — 1) + Ky (N, — 1)

Py = N, [(Kp + Ksh)(Nt _ 1)(M — ]_) + Kp(M — 1) + Ksh(Nt - ].)]

P (4.110)

, T
HPrnn] — |:h[pk,n1n/](1)T h[m,mn’](Nt)T} € CNexNe contains the channel coef-

ficients between py, and BS n’ normalized by \/ar[f,k’"’n] and zlPrnl e CNeX1 g the
noise vector after interference subtraction. Consequently, the N;-th element of zlPen] g

gj[sf,n] — [Pkl [N¢], while

KP Ksp,
gl ol (g = S 2l = S Zlehel g (4.109)
j=1 k=1
i#k
for any ¢t € {1,2,..., N;—1}. From now on, we will assume that the noise terms zPrnl[¢]

and 2[*"[t] are independent and that zPsnl[t], 2[w1[t] ~ CN(0,1) for all py,,, € Kpan,
shy € Kgp and n € {1,2,..., Npg}.

Since the length of S-Block 1 is (N; —1)%r (M — 1)+ and each BS serves K, + K, users
at each slot, Ny (Kp+ Kgp,) (N —1)5» (M —1)%sh symbols are sent over S-Block 1. On the
other hand, to allow decodability and interference cancellation, S-Block 2 provides an
additional symbol extension per alignment block in an orthogonal fashion. Since there
are tgp, and t, alignment blocks per K, private and per K, shared users, respectively, to
exploit the partial connectivity each BS needs to transmit N;(t, + ts,) symbols during
S-Block 2. Therefore, assuming equal power transmission to each stream, the allocated
power per symbol is given by (4.110). Moreover, since each supersymbol contains ¢,/ K,
alignment blocks per private user (see (4.98)), the ratio of alignment blocks per private
user over the total number of slots is

M—-1

By = (M =1)(Ny+ Kp — 1) + Kep(N; — 1)

(4.111)
Thus, the normalized rate per slot for py , is

-1
RlPenl = BE [log det <I + Py HIPenn ool T g P )] : (4.112)
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where the covariance matrix of the noise plus interference subtraction after interference

subtraction is given by

Nps

R[ipk,n} — R‘[ipk,n] + Pstr Z ag}k,n]H[Pk,n>’fb]H[Pk,n,,7’L]H, (4113)
n'=1,n"#n
and
K, + Kg)In,—1 O
I (4.114)
0 1

Similarly, to obtain the rate expression for the shared users, recall that each alignment
block of shys is made up of M symbol extensions. The first M — 1 symbol extensions
are subject to interference by the signals sent to Npg K, private users and Ky, — 1
shared users, whereas the last slot of each alignment block is free of interference. In
this case, BIA codes are not reused among shared users, and therefore interference from
transmission to the private and the remaining shared users can be canceled entirely.

Thus, the signal
ﬁhk,/l Hlshly [shzal 4 glshi] (4.115)

T
where H[Shk’] — [h[Shk/](l)T o h[shk/](M)T:| c (CMXM and

T
hishel () = [h[shk/ 1] / [shy] h[shk/ n] \/Bﬁﬁ’zf h[shk, NBs] } C oMx1

contains the coefficients of the channel between user shy and the N;Npg antennas for

mode I, B she/] denotes the relative power of the signal of BS n received at user shy

taking the power of the signal received from BS 1 as reference, i.e. E‘gh’“']

= 1, and
zlsh] € CM*1 ig the noise vector after zero forcing, whose structure is similar to zPr.nl.
Notice that the first (M —1) terms are subject to a noise increment K, + Ky, —1 due to

interference subtraction, while the M-th term only contains the noise term z[*"#I[N;].

The power allocated to each symbol is also given by (4.110). Moreover, tg,/ K, align-
ment blocks are used to transmit to each shared user (see (4.95)). Hence, the ratio of
alignment blocks per shared user over the supersymbol length is

N, —1
(M -=1)(Ny+ Ky, — 1)+ Kep(N, — 1)

By, = (4.116)
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Therefore, the normalized rate of shys is
-1
RisM] = B, E {log det <I + PSTtH[Shk']H[Shk']H R[;’"‘k’] )] , (4.117)

where the noise covariance matrix is

ishy] | (Bp+ Ka)ly—1 0O

RZ
0 1

(4.118)

4.7 Simulation Results

As we discussed in Chapter 3, there exits a trade-off between private and shared users
when either isolated or cooperative BIA transmission is taken into consideration in a
cellular network. The region of the DoF achievable for private users regarding the
achieved by shared is depicted in Figure 4.17. Notice that the DoF achieved by the
shared users when private users obtain zero-DoF corresponds to the fully cooperative
solution (3.32), whereas private users achieve the DoF given by the use of sBIA in the
MISO BC (2.23) subject to zero-DoF for shared users. Assuming a symmetric scenario,
it can be seen that nBIA obtains the outer bound derived in section 4.3. In other
words, the proposed nBIA scheme results DoF-optimal. Therefore, the optimal DoF
for partially connected cellular networks with K, private users and K, shared users is
achievable by using nBIA. For auBIA based on augmented code by using data sharing
among the BSs, the optimal DoF for private users is achievable when there are not any
shared users. However, since shared users obtain diversity gain instead of multiplexing
gain, they are limited to attain N; DoF per alignment block. In consequence, shared
users are far from the optimal. Last but not least, the use of augmented code BIA
supersymbols, which provides diversity gain for shared users, involves a considerable
penalty in DoF for private users. In fact, the use of sBIA and cBIA together with an
orthogonal approach as is proposed by the fbwBIA scheme overcomes the performance
of auBIA. The slope of the region for fbwBIA is given by the portion of bandwidth

allocated to each group of users.

The achievable DoF for different transmission schemes over a symmetric partially con-
nected network are depicted in Fig. 4.18. A two-cell scenario where each BS is equipped

with N; = 3 antennas is assumed; there are 3 private users per each shared user in
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FIGURE 4.17: Degrees of Freedom region for homogeneous cellular networks with par-
tial connectivity.

each cell, i.e. in the first iteration K1 = K,2 = 3 and K, = 2. As expected, the
proposed nBIA scheme achieves the information-theoretic outer bound of Section 4.3.
In contrast, although the DoF grow with the number of users, the performance of cBIA
is inferior due to the lack of connectivity. Besides, since in the augmented code solution
proposed in [97] the shared users are not subject to intercell interference, the scheme at-
tains more DoF compared to the case where sBIA is implemented in each cell. However,

its performance is inferior to the proposed nBIA scheme.

In Fig. 4.19 we show the achievable DoF for an asymmetric two-cell scenario where one
cell contains % times the private users of the other cell. As pointed out in Section 4.6.5,
the nBIA scheme does not always achieve the outer bound of Section 4.3. However it
is close to the sum-DoF outer bound. Moreover, it can be seen that nBIA attains more
DoF than other schemes.? In contrast with nBIA, cBIA attains significantly fewer DoF

since it does not exploit the lack of full connectivity.

The length of the supersymbols of the different transmission schemes is shown in Fig. 4.20
for the same parameters as in Fig. 4.18. As can be seen, the implementation of ¢cBIA
requires a prohibitive supersymbol length. This is due to the fact that the supersymbol

length of ¢cBIA depends exponentially on the total number of users in the network,

2Since auBIA was devised for symmetric networks, its performance is not depicted.
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FIGURE 4.18: Achievable DoF over a symmetric partially connected network. Npg =

2, Ny=3,and K1 = Kp2 = 3Kg,.

Kiot- On the other hand, the shortest supersymbol corresponds to an independent
implementation of the sBIA scheme at each cell, which does not deal with the intercell
interference. The proposed nBIA scheme has an acceptable supersymbol length with
similar slope as sBIA and augmented code. This advantage is more remarkable taking

into account the DoF achieved by nBIA in comparison with other schemes.

KQSh in a two-cell

The achievable sum-rate of the users in each cell, i.e. K.y = K, +
scenario is plotted in Fig. 4.21. Each BS is equipped with N; = 3 antennas that serve
a fixed number of private users, K, = 6. The transmission power is fixed at 25 dB
and the average Signal-to-Interference Ratio (SIR) is assumed to be 10 dB and 2 dB for
the private and the shared users, respectively. The nBIA scheme achieves a larger sum-
rate than the other schemes. Furthermore, the sum-rate increases with the number of
shared users. Notice that the ¢cBIA scheme achieves a poor sum-rate in comparison with
the other schemes because many interference terms have to be subtracted. Therefore,
in addition to other disadvantages, cBIA requires a high SNR for good performance.
In comparison with augmented code and sBIA, it can be seen that nBIA has better

performance, especially when the number of shared users, K, is large.
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FIGURE 4.19: Achievable DoF for an asymmetric partially connected network. Npg =

2, Ny=3,and K1 = 3K, 2 = 2K,.

4.8 Conclusions

In this chapter, we develop the use of BIA in homogeneous cellular networks assuming
that the network topology is known by the transmitters. By using information theory
the DoF region for cellular networks with partial connectivity in absence of CSIT has
been derived. As a main conclusion, it is demonstrated that the use of the knowledge
of the network topology can attain more DoF than fully cooperative schemes, even if
full connectivity is assumed when CSIT is not available. The key idea is that the lack
of connectivity in cellular networks should be treated as an inherent resource instead of

a limitation.

Although the DoF of cellular networks were derived, its achievability was an open issue.
In this chapter we analyze the auBIA schemes based on exploiting diversity for users
subject to intercell interference, which requires data sharing among the set of BSs. It
has been shown that BIA based on augmented code scheme results sub-optimal in DoF.
Besides, providing diversity to shared users involves a larger supersymbol, penalizing
considerable the performance achieved by private users. With the aim of improving
the achievable DoF we proposed the use of an orthogonal approach such as flexible

bandwidth allocation joint to either standard or cooperative BIA for private and shared
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users, respectively. It has been demonstrated that this scheme overcomes the DoF
achieved by using data sharing to provide BIA with diversity for shared users when
Ksn > 2Ny — 1 where each BS is equipped with N, antennas. Furthermore, at finite
SNR, BIA based on flexible bandwidth provides two useful features; it reduces the
noise increment and also the supersymbol length. We have shown that this approach
outperforms the sum-rate achieved by augmented code BIA in many scenarios. The
use of orthogonal approaches joint to BIA will be discussed in detail in Chapter 6.
Nonetheless, flexible bandwidth BIA is not still DoF-optimal. We develop a network
BIA scheme that provides the optimal-DoF in symmetric cellular networks with partial
connectivity. By properly combining the BIA supersymbols according to the network
topology knowledge, private and shared users obtain a non-optimal DoF considering
each group isolate, but sum-DoF optimal when the whole network is considered. For
asymmetric scenarios we propose an extension of the network BIA scheme that minimizes
the penalty in DoF because of the impairments between the amount of users in each cell.
By using computer simulations it is shown that network BIA achieves better sum-rates

that other schemes, based or not in the network topology.
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Chapter 5

Blind Interference Alignment for

Heterogeneous Celluar Networks

This chapter evaluates the use of BIA schemes in heterogenous cellular networks. An
extension of the network BIA devised in the previous chapter is proposed in order to
reach the optimal sum-DoF in the whole network. However, it is demonstrated that
this is not achievable because of the particular topology of the heterogeneous cellular
networks. Indeed, it is shown that the sum-DoF decreases as the amount of femtocells
grows. With the aim of providing a sum-DoF goal for heterogeneous networks, the infor-
mation theoretic DoF-region of the two-tier cellular networks is derived in this chapter.
After that, a BIA scheme based on a cognitive approach is devised to attain the sum-
DoF outer bound derived previously. Simulation results show that this cognitive BIA
approach outperforms other transmission schemes such as standard BIA or orthogonal

resource allocation.

5.1 Introduction

The increasing demand for high data rates in cellular networks has encouraged the
development of multiple antenna transmission schemes [22]. This work is focused on
transmission schemes in absence of CSIT. In this sense, BIA for homogeneous cellular
networks has been investigated so far. We have shown that the use of the network

topology joint to BIA schemes allow to obtain the optimal DoF without CSIT. However,
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BIA or other transmission schemes such as FR or IA based on CSIT do not suffice to
satisfy the actual demand of high data rates [135]. At this point, it is interesting to
consider whether the homogeneous cellular deployment results efficient in the actual
cellular network. Traditionally, the cellular mobile network has been based on outdoor
BSs covering a fairly large geographical area serving a relatively large number of users.
Taking into consideration the increasing demand of high data rates, the continuous
deployment of BSs generating a more dense network results unaffordable from the point
of view of the mobile operators. On the other hand, users are still penalyzed by the
costs of providing high data rates in the actual cellular network. In consequence, a
decoupling between the data rates and the revenues of mobile operators occurs just due
to the capital expenditures (CAPEX) of deploying a dense homogeneous cellular network
based on traditional BSs and also because of the operational expenditures (OPEX) of

an excessive consumption of energy.

Taking into consideration the approximation of the capacity for MIMO channels provided
in(1.1), there exist ways to improve the area spectral efficiency in a wireless network such
as the use of a wider spectrum, better modulation schemes, or reducing the distance
between user and transmitter. Since bandwidth is a very scarce resource and better
transmission schemes are not enough to satisfy the future demand of high data rates,
a possible solution lies in reducing the cell radius [14, 27, 40]. As predicted in [39], a
micro-ization of the actual cellular network is required to increase the data rates while
reducing the power consumption of the whole network. Thus, macro and micro cells
should reduce their coverage radius continuously creating a dense cellular deployment.
This solution, which also could moderate the energy costs, is nonetheless inefficient

reducing the CAPEX of the mobile operators.

At this point, small cells, usually referred to as femto and pico cells, have been proposed
as a key element in the future cellular network. Femtocell Access Points (FAPs) are BSs
with a reduced radius of coverage operating in the licensed cellular band and usually
backhauled onto IP networks through conventional subscriber lines (DSL). They are
devised to be self-user installed in houses, small offices, etc. Similarly, dense femtocell
networks can be also deployed in wide public buildings such as airports or shopping
centres. Therefore, smalls cells can solve the lack of mobile coverage in indoor environ-
ments. However, other benefits beyond this issue are obtained with the use of small

cells. Since the distance between receiver and transmitter is lessened to a few meters,
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small cells improve the capacity of the end-user while the power consumption is also
reduced considerably. Although the aforementioned benefits make the use of femtocells
an attractive element for the future cellular network, there still exist some open issues to
be solved. Notice that FAPs are end-user installed in arbitrary locations, and therefore,
their deployment is unpredictable. In consequence, the management of the interference
in heterogenous cellular networks composed by traditional BSs, i.e. macro and micro
cells, and smalls cells results quite challenging. Figure 5.1 shows the interaction of the

macro-femto tiers in a heterogeneous cellular network.
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FIGURE 5.1: Two-tier macro-femto cellular network. The rates achieved by femtocell
users are limited by interference from the macro BS.

Several techniques such as LZFB or TA can be easily extended to their application in
heterogeneous cellular networks. However, providing CSIT and accurate synchronization
results even more challenging in multiple-tier networks where a large amount of small
cells coexist with the traditional deployments. On the other hand, the use of orthogonal
interference management such as FR may reduce the performance of the system con-
siderably [136, 137]. Following the lines of the previous chapter, we focus on exploiting
the network topology. Notice that for heterogeneous cellular networks where several
femtocells are spread over the coverage area of a macro BS, femto users generally receive
a strong signal from the macro BS. On the other hand, macro users are not subject to
femtocell transmission, and they can handover to the femtocell of interest when it is
optimal to do it [138-140]. Beyond traditional approaches, several schemes have been
proposed to manage the interference in macro-femto cellular networks. Cooperation

between macro BS and FAPs is generally avoided since they waste a large amount of
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the network resources for signalling when a large number of FAPs are installed within
the macro BS [100]. On the other hand, without requiring any cooperation between the
two tiers, and therefore without bringing additional intercell overhead, some transmis-
sion schemes based on fractional frequency reuse, distributed power control and static
resource partition are proposed in [141-143]. However, the performance of these tech-
niques is suboptimal in general. Alternatively, with the aim of increasing the achievable
data rates, other kind of approaches allow some coordination between the macro BSs
and the FAPs. Within this category, cognitive schemes based on different techniques
(e.g., opportunistic transmission or hybrid division duplexing) have become popular for

small cell networks limited by macro/micro BSs transmission [114, 144].

In this chapter, we evaluate the use of BIA in heterogeneous cellular networks. Indeed,
there exist a few recent schemes [115]-[116] that apply BIA for interference management
in macro-femto cellular networks. In [115], the authors propose several heuristic schemes
that exploit the location information of the users and the BSs to reduce the supersymbol
length, and therefore achieve more DoF. In [116], the authors use a Kronecker product
representation to design a BIA scheme for interference management in a heterogeneous
network with one macro BS and several FAPs, each with one femto user. Although the
schemes proposed in [115] and [116] can cancel all the intracell and inter-tier interfer-
ence through a coordinated transmission of the macro BS and the FAPs without CSIT,
they are generally suboptimal in DoF sense. We propose to maximize the sum-DoF of
the whole network by extending the nBIA scheme developed in [129] and presented in
Chapter 4. In this sense, macro users can be considered as private users that only receive
signal from their macro BS while femto users can be treated as shared users receiving
signal from their corresponding FAP and also from the interfering macro BS. Note that
this approach involves cooperation between both tiers in order to transmit to femto
users. That is, macro BS transmission penalyzes their macro users for transmitting to
femto users. Furthermore, it is demonstrated that this cooperative approach does not
scale with the number of femtocells. Thus, we can conclude that the nBIA scheme is

not suitable for heterogeneous cellular networks.

At first sight, without CSIT knowledge or cooperation between both tiers, the maxi-
mization of the sum-DoF for macro users involves to obtain zero-DoF in the femto tier.

Interestingly, in this chapter we demonstrate that this is not the case. Based on the
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definition of linear DoF (IDoF) [57, 91], i.e. the achievable DoF for linear coding strate-
gies, we derive the 1DoF region of a two-tier heterogeneous cellular network subject to
maximization of the sum-DoF in the macro tier. It is shown that the femto tier can
align their transmission with the interfering macro BS by “stealing” one dimension from
macro tier transmission. After that, we develop a cognitive BIA scheme that achieves
the optimal 1DoF in macro-femto cellular networks subject to maximizing the DoF in
the macro tier. Moreover, due to its cognitive nature, the proposed scheme does not
depend on the number of FAPs located within the macro coverage. Besides reducing
the intercell overhead, for settings with a dense deployment of FAPs, this feature of
the proposed cognitive BIA scheme allows to achieve more DoF than cooperative BIA

schemes where both tiers jointly transmit data to femto users.

The contributions of this chapter can be summarized as follows

e We present the system model of the macro-femto cellular network based on recon-

figurable antennas.

e We derive the 1DoF region of the two-tier heterogeneous networks subject to maxi-
mizing the DoF in the upper tier without CSIT. It is demonstrated that in absence
of CSIT, the lower tier achieves non zero-DoF while the upper tier obtains the same

optimal DoF as when the lower tier is not considered.

e We develop an extension of the network BIA scheme of Chapter 4 based on co-
operation between both tiers. It is shown that the sum-DoF achieved with this

approach does not scale with the number of femtocells.

e We devise a cognitive BIA scheme that reaches the optimal 1IDoF in the two-tier
cellular network. Remarkably, the sum-DoF scales with the amount of femtocells

deployed within the macro coverage.

5.2 System Model

We consider a macro-femto cellular network as is shown in Figure 5.2. In the considered
cellular network, the macro BS is equipped with N, antennas that serve a set of single-
antenna macro users K,, = {m1,...,mg,, }, which are not subject to interference by

any other macro BS or access point. Additionally, a set of FAPs F = {¢1,...,¢Fr}, each
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FIGURE 5.2: Two-tier macro-femto cellular network. The macro BS is equipped with
N, antennas and K, are deployed within its coverage. FAP ¢ is equipped with Ny
antennas and there exists Ky femto users.

equipped with Ny antennas, have been deployed randomly over the coverage area of the
macro BS. It is assumed that each FAP ¢ transmits to a set Kr = {fl,wf, cee fo#’f}
of Ky single-antenna femto users'. Following the lines of Chapter 4, the set of FAPs

2 can be categorized as either femtocells subject to interference from the

and their users
macro BS or femtocells that can treat interference as noise because of path loss [66].
It is assumed that users are equipped with reconfigurable antennas, which can switch
among different preset modes. Without loss of generality, since it is assumed that the
FAPs do not cause interference to other femtocells, only one generic FAP ¢, will be
analyzed from now on. We will focus on a generic FAP that is subject to interference
from the macro BS. Since FAPs that treat interference from the macro BS as noise can

be considered as isolated cells, note that they can manage their intracell interference by

simply applying the BIA scheme derived in [89] for the MISO BC channel.

The symbols transmitted by the macro BS can be written in vector form as xM] =
[a:[lM], .. ,x%ﬂ]T. Due to the low power transmission of the FAPs, it is assumed that
the macro users are not subject to interference caused by the transmission from the
FAPs. As result, we will consider that the macro users can treat the femto-macro
interference as noise. In case that one macro user receives a strong signal from a FAP,

it proceeds to handover to the corresponding femtocell. Thus, the signal received by

macro user my at time ¢ can be expressed as

ymel ] = plmed (l[mk] m)TX[M} [f] + 2 g, (5.1)

"Without loss of generality and for the sake of simplicity in the derivations, it is assumed that all
FAPs have the same number of femto users.

2Due to the reduced radius of coverage of the femtocells, it is assumed that all femto users in a given
femtocell receive the same power of interference from the macro BS.
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where hl"] (l[mk] [t]) € CVm*1 is the vector that contains the channel coefficients be-
tween the macro BS and user mj corresponding to the [-th preset antenna mode at

macro user my, and z™[t] is AWGN with zero mean and unit variance.

T
Similarly, FAP ¢ transmits a symbol vector xlerl = [x[faf ], . ,x%}{ ]} . However, the
femto users are subject to interference from the macro BS. Thus, the signal received at

femto user fg ,, at time ¢ can be written as

T T
e U S (A ) B ) Nl (e () R U E e

inter-tier interference

(5.2)

where e #/] (l[f’“"”f][t] ) € CNs*L is the channel vector between the FAP ¢ and
user frs,, associated with the I-th antenna mode, Bl e o M) <l[fk,’wf][t]> € CNmx1 de-
notes the channel between the macro BS and femto user fi,, with the [-th antenna
mode of the femto user fy .. Moreover, ey [t] denotes AWGN noise with zero mean
and unit variance. Here, notice that we use index %’ instead of k to distinguish from

macro users in further derivations.

We assume that the transmitted signals are subject to an average power constraint
E{HX[]\/I] %} < Py and E {||X[‘Pf][t]||2} < Py. Moreover, we assume that the switch-
ing pattern functions I[™*l[t] and (Vv e ][t] are predetermined and known beforehand.
On the contrary, we assume that the transmitters do not have any CSIT. We also assume
that the channel coefficients between each user and the transmitter, macro or femto, are
drawn from a continuous distribution, and therefore, are linearly independent almost
surely. Additionally, we assume that the channels stay constant for a sufficient number
of time or frequency slots. For simplicity, we focus on the temporal dimension with-
out loss of generality. Therefore, each symbol extension corresponds to a time slot t.

Nevertheless, all results can be applied easily to the frequency domain.
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5.3 Information-theoretic sum-DoF Outer Bound of the

Macro-Femto Cellular Network

In this section, we derive the outer bound for the DoF achieved by each FAP in the
absence of CSIT and subject to optimal sum-DoF in the macro tier. Toward this goal,
we will build upon the approaches taken in [57] and [91] by employing the definition
of linear DoF (IDoF) without CSIT, i.e. the symbols decoded by the users when there
is not CSIT and when linear precoding schemes are employed by the macro and femto

transmitters.

Considering the scenario described in Section II, a n-time extended model is proposed to
derive the outer bound for the sum-DoF of the femto users®. For the considered n-time
extended model, let us define ’y[mk] [n] € C'*Nm as the vector consisting of zero values
except for a single element that selects the corresponding channel mode used by user

my, at symbol extension n. Moreover, we define
(] T 1T _ ANnxN,
H™ = (a1 L wi(,,) "] e e (5.3)

as the channel matrix that contains the coefficients between the NV, antennas of the
macro BS and the macro user my, for the N, preset modes of its single reconfigurable
antenna. Given the previous definitions, if we also assume that the macro BS sends
the information symbols of each macro user my, denoted by ul™! e (CaLmk]7 through
the n-time extended matrix VLm’“] e C" NmX“Lmk], the n-time extended signal vector

transmitted by the macro BS is
Km
xM] — ZVLmj]u[mj] (5.4)
j=1
and the n-time extended signal received by the macro user mj can be written as

Km
yIml =3 rlims gimalyimalylmil o glmad (5.5)
Jj=1

3The macro-femto two-tier cellular network is considered for simplicity. Notice that the derived bound
is also valid for other two-tier networks, e.g. macro-pico cells, that satisfy the proposed system model.
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where

Tl = diag <y[mk][1] e y[mk}[n]) (5.6)

HI™ = 1, @ HIM (5.7)
T

yir = [yl . g (58)
T

M = [ L x| (5.9)
T

2l = [y L )] (5.10)

Similarly, y[f’“,’“’f ] [n] € CMNr ig the vector that selects the corresponding channel mode

used by femto user fi o, at symbol extension n.

The channel matrix between the Ny antennas of FAP ¢ and the femto user fi,, for

the Ny preset modes of its single reconfigurable antenna is given by
T ™7
H[fk/] — |:h[fk/,4pf790f}(1) h[fk’,chWf](Nf) } c CNf><Nf7 (5.11)

as well as the channel matrix between the NV, antennas of the macro BS and the femto

user fg,, for the Ny preset modes is defined as
T
Gl — [h[f,c,w,M](l)T h[fkr,wf,M](Nf)T} c CNs*Nm (5.12)

with f € {1,2,...,F} and k¥’ € {1,2,..., Ky}, respectively. Since we aim at obtaining

an outer bound for the sum-1DoF, i.e. P — oo, note that the interfering signal strength

from the macro BS to each femto user does not depend on the femtocell ¢ where the

user fi o, is located. As a result, for the sake of simplicity, the index ¢; has been

omitted. Moreover, as we considered for the macro BS, we assume that each FAP sends

the information symbols of each femto user fi, denoted by ulfwl e (C“gk,], through
[fir]

[£ir]
the n-time extended matrix Vi*' € CnNrxan*" Therefore, the n-time extended signal

vector transmitted by the each FAP is

Ky
xlerl = 3 vl ylfy] (5.13)
—
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and the received signal vector during n time slots for femto user fi located at a generic

FAP ¢y can be written as

Ky K
y[fk/] _ Z ng’]Hy’“’]V,[fj’]u[fj’] 4 Z I‘gk/]Gyk/]VLmj]u[mj] + ng'}7 (514)
j'=1 j=1
where
Tl = diag (101[1] ..., AVelf)) (5.15)
Hgk'} — In R H[fk/} (516)
ng/} —1,® ng/] (5.17)
T
T
1?1 = [XW mt .. xlesd [n]T] (5.19)
T

According to [91], the linear DoF (IDoF) of the K,-tuple (d™l, ..., dl™&ml) are achiev-

K
able if there exist a set of beamforming matrices {Vgﬂ k]} and selection matrices

Km
{1“7[37‘ k}} ) that satisfy almost surely

dim (Projz£mk]7z [Fyk]Hyk]V?uD _ glmi)

L] (5.21)
drel = lim =2
n—-+00 n
for k € {1,..., K,,}, where the interference subspace received by the macro user my, is
Timl = R [FL:”MH%]VT-”} (5.22)
with
Vi = [VL’”I] il VZ""fq . (5.23)

and Proj 4 B denoting the vector space induced by projecting the vector space B onto

the orthogonal complement of the vector space A.

For femtocell users, the IDoF given by the Ky-tuple <d[f1], e ,d[fo]> are achievable if

Kf K'IYL
there exist two sets of beamforming matrices, {Vg W] }k and {Vibmk] }k , as well as
=1 =1
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K

. . / f .
a set of selection matrices {I‘Lf k ]} that verify almost surely
1

k=

dim (Projlifk']R {ng/]Hgk/]VLfk,q> _ G,Lfk/}
alfi] (5.24)

d¥w) = lim

n—+oo N

for k' € {1,...,K;}. The interference subspace of the femto user fi is given by the
intracell interference from the own FAP transmission and also from the other-tier inter-

ference caused by the transmission of the macro BS, i.e.

7 = R [pf v plfdlglivviM] (5.25)
where
Vi 2 {VW vyl VLfoq (5.26)
and
VM = vl el (5.27)

In the following, we characterize the outer bound for the sum-1DoF achieved by a generic

FAP in the absence of CSIT and subject to optimal sum-DoF in the macro tier.

Theorem 5.1. For a macro-femto cellular network where the macro BS has Ny, an-
tennas that serve K,, macro users and the transmitter of the femtocell is equipped with
Ny < Ny, antennas serving Ky users, in the absence of CSIT, the maximum sum-IDoF

achievable for each FAP are

N¢K¢(Npy —1
(N + Ky — 1)(Ny + K¢ — 1)
subject to optimal sum-DoF in the macro tier, i.e.
Ny Ko,
d =\ 5.29
Zupper Nm + Km _ 1 ( )

Proof. Consider an extended macro-femto setting as is shown in Figure 5.3 were each

macro user my, and each femto user f; is equipped with N, and Ny conventional
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antennas with k£ € {1,2,...,K,,} and j' € {1,2,..., K¢} \ {k'}, respectively. In the
considered macro-femto setting, we also assume that femto user fir is equipped with
one single reconfigurable antenna with N; preset modes. Obviously, in this extended
setting, subject to optimal sum-DoF for the macro users, the sum-1DoF achieved by
the femto users constitutes an upper bound of the sum-IDoF achieved by femto users

equipped with one reconfigurable antenna with N, preset modes.

1 reconfigurable antenna
<LI>
H { k ‘ }

F1GURE 5.3: Extended macro-femto scenario. Each macro user and femto user is
equipped with N, and Ny receive antennas, respectively, but the femto user fi ,, is
equipped with a single reconfigurable antenna that can switch among Ny preset modes.

femto-femto ‘AE’ H H {1 2,....K }\{k'}
_ ‘ 3 L2 K

Without loss of generality, let us now consider femto user fi,. From definition of 1DoF,

we have that
alf*) —dim (Projzyk,m [I‘L{k’]HLf k’]VLfk’]D (5.30)
Since the following equality
Projgr(a)R (B) = rank ([A BD —rank (A) (5.31)

is verified for two matrices A, B of the same size [57], we can show that

) rank ([P PV TGV ) )
5.32
_ rank ({rgdegk/]Vwa rif’“’]Glfk’]VLM]D
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where the set of all the beamfoming matrices in the corresponding FAP is
vies _ [Vgﬂ o Vg‘K.ﬂ} (5.33)

and where I"Lf’“/], Gg’“/], Hg"'/], VLf’k/] and VI are defined in (5.15), (5.16), (5.17), (5.26)

and (5.27), respectively.

Next, note that

rank |pifi el v i) plfelglihy ]

Vhffk/] 0

_ [frr] [fur] [fur]
= k| Ty k k
ran [Hn Gy, } 0 v 7[1 M

(5.34)
By applying Lemma 2 of [91] based on the previous expression, we can show that mode
switching in a femto user does not decrease the dimension of its interference space. In

particular, we can prove that

(k]
Vi 0
rank [T [glfel - glfe] o
o vM
[ffk'}
a.s. A% 0
> k [fk/] [fk/] n .
> ran [ . G, } 0 VLM] (5.35)

where a.s. denotes that the inequality holds almost surely and where ﬁﬁf - I, ®HUwl
and ég - I, ® GUrl with HY»! and G/w! denoting the sub-matrices that consist of

the first row of H»! and Gl respectively. Moreover, we can easily check that

rank ([I‘g’“’]H,[{k/}VT[ff] FL{MGWVW}D <. (5.36)
Thus, by using (5.35) and (5.36), (5.32) can now be re-written as follows

N L= - ([ﬁgkl]vg_m égk/}VLM]D , (5.37)

Intuitively, step (5.37) is given by the fact that the use of reconfigurable antennas always

provides the same or greater rank channel matrices than using fixed antennas.
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For convenience, we now rearrange the users so that the new network-wide index A for

each femto user j’ is

1 if j' =k,
A=¢() =1 7 if j < K, (5.38)

j'—1 otherwise.

while the new index for macro user k is
A=gn(k) = Ky +k. (5.39)

From now on, we will employ the user index A to denote the re-arranged index for a

macro or a femto user, respectively.

According to the new rearrangement of the users, the number of antennas at each user

A, denoted as Aj, is increasing with the new user index A, i.e.,

1 ifa=1
Ax=4q Ny ifxe{2,...,K;} (5.40)
Ny fAXE{K;+1,K;+2,....,K;+ Ky}

with N,, > Ny. After verifying this property, we can check that Lemma 3 in [91] can
be applied to obtain the relation of the dimensions of the interference space between
users A — 1 and A in the considered extended macro-femto setting. In particular, from

Lemma 3 in [91] and several algebraic manipulations, we can easily show that

rank (Zk\*l] [UQ} ULKHKm]D a'zs'Airank (ZLLA] [UB—H] Ug(ijKm]D
A

+ dim (ProjIp]R (ZW UQ])) ’

Ax_q

(5.41)

for A€ {2,3,..., Ky + K;,} and

o (A [ »

a.Zs. dim (PrOjI[Kf+Km] R (ZLLK”K"‘]ULK”KM]))
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where
sl a}{vl] i =1,
V-1 F=1,)]
zV = 1 VG, (”] ifA=2,. .. K}, (5.43)
[ [m)\fo] .
05, N,y xn Ny Hn } otherwise,
(1 oi)7 g
Vv, 0.0, n ifA=1,...,Ky,
uN=¢ (5.44)
a7 " .
Oaﬁf]xn Ny _Vn ARy } ] otherwise
and
[fi—1 0]
f .
T iftA=1,..., Ky,
N = (5.45)
I(mefo ] otherwise
with A € {1,2,..., Ky + K,,,} and
[f=10y)]
o et ita=2 Ky,
alN = : ] . (5.46)
my—
an A Ky otherwise.

Recalling that A\ = 1 for femto user f [k/], note that a recursive application of (5.41)

and (5.42) to the last term in the right hand side of (5.37) allows to obtain the subsequent

inequality
Ky 1
ail) <n = 37 <—dim (Proj s R [H/V V)
w=1 ’ (5.47)

_ z Nimdjm (Projzl[?mk]R [@g’c]Vl{k]D .
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If we now divide both sides of (5.47) by n and take the limit as n goes to infinity, from
the definitions provided in (5.24) and (5.30) we can check that

Ko gl Em gimy]

dliwl <1 — Z N Z N, (5.48)

=2 k3

for each k' € {1,2,..., Ky}. Therefore, the sum-1IDoF over all femto users verifies

Km
— K Z
k=1

dlme]
N; ’

(Kf — 1)d2low

dzlow SKf - Nf

(5.49)

Since macro users are subject to reach the optimal sum-DoF as in an isolated MISO

BC, from (2.23) we have that

K
e glma] N, K
= (5.50)
=1 f m T L, —
After substituting (5.50) into (5.49), we can therefore see that
NiK¢(Np —1
ds,,, < 1Ky N~ 1) : (5.51)
(Nm+Km — 1)(Nf +Kf - 1)
In this way, the proof is concluded. O

From Theorem 5.1 it is demonstrated that, for a macro-femto cellular network and in
absence of CSIT, femto users can achieve non zero-DoF subject to optimal sum-DoF
in the macro tier when N,, > N;. As a result, we obtain an outer bound of the
DoF achievable by using linear coding strategies for femtocell users while the macro BS
transmits independently of the femtocell deployment within its coverage. From now on,
the following sections of this chapter are devoted to devise a transmission scheme able

to achieve the outer-bound derived in Theorem 5.1.

5.4 Network Blind Interference Alignment for the macro-

femto network

In this section we analyze the use of the network BIA (nBIA) scheme proposed in

Chapter 4 for heterogeneous cellular networks. In summary, the key idea lies on the
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FIGURE 5.4: Supersymbol of the nBIA scheme applied to macro-femto scenario for
F:l,Nm:Nf:2,Km:2,andKf:1.

construction of a supersymbol considering that macro users are private users since they
only receive signal from the N, antennas of the macro BS. On the other hand, femto
users are considered shared users since they receive signals from more than one BS in the
network, i.e. from the Ny antennas of their corresponding FAP and the N, antennas
from the macro BS. Moreover, since the macro BS transmits data to both the macro
users and the femto users, the transmission of data to a femto or a macro user creates
interference to the rest of users in the network. As a result, the beams transmitted to
any of the users in the network, need to be aligned into one dimension at the rest of the

users.

5.4.1 The key idea of network Blind Interference Alignment for macro-

femto networks

To illustrate the key idea of nBIA in our macro-femto network, let us consider a toy
example where the macro BS has NN,, = 2 transmit antennas and K,, = 2 macro
users. Moreover, there is one FAP, ie. F' = 1, with Ny = 2 antennas and K; = 1
femto user. Following the generalization of alignment block provided in Chapter 4 for

partially connected networks, the supersymbol has the structure shown in Figure 5.4
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and the corresponding beamforming matrices are

I 0O I 0O I
0OI o 0OI OO0 I
0 0 1I 0 01 I
I 0O 0 00 0
u[ml] u[mz}
1 1
0OI o 0 00 0 [froo:]
X = u[le] + u[2m2} + u; Ly , (552)
0 0 I 0 00 0
u[ml] u[mﬂ
3 3
0 0O I 0O 0
0 0O 0OI 0 0
0 0O 0 0 I 0
0 0O 0 00 I
P [ oM o] el [ )T
where uy 7 = juy uy Y € CHu™ = u/™ 03,| € C*! and

X = col{x[i]}}2, with x[i] = col{x[MI[i],x[*1][i]} formed by the signals xM[;] € C2**

1=

and x[#1J[i] € C**! transmitted by the antennas of the macro BS and FAP, respectively.

fer o M Fur s
The vectors u[1 Ko M] and u[l W oy #1]

contain the symbols transmitted to femto user
fr o1 from the macro BS and FAP ¢y, respectively, whereas uLm""M] e C?*! are the
symbols transmitted by the macro BS to macro user my. Additionally, I and 0 are the

4 x 4 identity and the zero matrix, respectively.

At each symbol extension, femto users are served by the N, = 2 and Ny = 2 antennas
of the macro BS and the FAP, respectively. To send M = N,,, + Ny = 4 distinguishable
data streams, both the macro BS and the FAP jointly transmit u[lfwl] at 4 different
symbol extensions over which the antenna of fi o, switches through M = 4 different
modes. At the same time, these 4 beams need to be aligned into one dimension at the
users subject to interference because of transmission to user fi,,. Toward this goal,
all the macro users set the same channel mode during the entire alignment block of the

femto user fi,, which corresponds to symbol extensions {1,2,3,10} according to the

supersymbol shown in Figure 5.4 and the beamforming matrices given in (5.52). For
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example, if we ignore the noise, the signal received by user fy ,, is

_ y[fl,m] [1] i f1 “’1](1)TX[1]
yielgl || niel)fx(2
y[fl,m][g] B hl/L 501](3)Tx[3]
_y[f1,so1}[1()]_ h[fl7<p1](4) x[10] |
hlfied (1)7] [hlfie (1)T (u[ml] N u[lmu)' (5.53)
_ fl 4,01](2)T u[flygpl] N h[fl!“Pl](2)T ( [ml] + u[mQ])
bl 37| Be(3)7 (™) 4+ uf™)
O 0

macroBS interference

where h[flvwl](l) = [h[fl,va](l)T hlf1.e1 v#’l]([)T}T e C**! contains the channel coeffi-
cients between the transmit antennas of macro BS and FAP ¢ to user fi,, at channel
mode [. The interference created by the transmission from the macro BS to the macro
users mj and mg can be measured in symbol extensions {4,5,6} and {7,8,9}, respectively.
Since the channels h[fwl](l), l € {1,2,3,4}, are generic, the femtocell user f;,, can de-

[fl,wl]

code the 4 symbols contained in u; after applying zero-forcing based on the signals

received during the aforementioned symbol extensions. Additionally, we can observe

[F1.1]

that the four transmissions of u; are aligned into one dimension at all the macro

users, by checking the signal received at any macro user my

ymsl[1] bl ()Tl ] [hlmd ()7
y[mk][Q] _ mk](l)T [my] N h[mk](l)T u[fl,wl]
ylml[3] hi™#](1)Tuf ] himl (1) ! (5.54)
_y[Mk][7]_ I 0 | _h[mk](l)T_
desired signals interference

T
where hi™(1) ~ [h[mhM](Z)T 0271T} € C**! contains the channel coefficients between
the antennas of the macro BS and the macro user. As a result, since the macro BS only

[f1,04]

transmits u; during symbol extension 7, the macro users can apply zero-forcing

based on measuring y™*![7] to remove the interference during symbol extensions {1, 2, 3}.

Unlike the femto users, macro user mj only receives signals from the N, = 2 antennas

of the macro BS. To send NV,,, = 2 distinguishable data streams, which are contained in
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[man}

Lm'“’M], macro BS repeatedly transmits u, during 2 symbol extensions

the symbol u
over which the antenna of macro user my, switches among 2 preset modes. Additionally,

to align the two transmissions of uLm’“’M]

into one dimension at the users subject to
interference, the affected users should keep the same radiation pattern. In this case,
due to the considered connectivity of the network, note that all users, macro and femto,
are subject to interference when the macro BS transmits to any macro user. From the
supersymbol shown in Figure 5.4, we can check that the pairs of symbol extensions {1, 4}
satisfy all these conditions. For instance, if we ignore the noise, the signal received at
user m; during the first alignment block is

[ma]f1 hlm ()T
ymul] _ (1) a4

ylml[4] himil(2)7 0 ' (5.55)

interference

The interference term caused by transmission from the macro BS to macro user m; and

femto user fi,,, can be cancelled by applying zero-forcing based on the signal received

at symbol extensions 7 and 10, respectively. Thus, since hl™/(1), I € {1, 2}, are generic,

user mq can decode 2 data streams. Note that a similar procedure can be followed
[ma]

to decode the data streams u, ' and ugml] transmitted repetitively over the pairs of

symbol extensions {2,5} and {3, 6}, respectively.

In summary, the key idea of nBIA lies on the construction of a supersymbol formed by
alignment blocks for communication systems with partial connectivity, as it happens in
the considered macro-femto cellular network. If a user k can be served by Nj transmit
antennas, then its alignment block consists of N symbol extensions over which its an-
tenna switches over Ny, different preset modes in order to receive Nj distinguishable data
streams. At the same time, to align the aforementioned N beams into one dimension
at all the users subject to interference due to the transmission to user k, their channel
state has to be maintained constant over the symbol extensions that form the alignment

block of user k.
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5.4.2 Achievable Degrees of Freedom of network Blind Interference

Alignment in two-tier networks

The network BIA scheme developed in the previous chapter has been extended to its im-
plementation in heterogeneous cellular networks. In this way, macro users are managed
as private users that only receive signal from a BS in the network, in this case from the
N,,, antennas of the macro BS. On the other hand, femto users are considered shared
users receiving a useful signal from both the macro BS and its corresponding FAP. In
consequence, each femto user receives data from M = N,, + Ny antennas. Moreover,
since the macro BS transmits data to both the macro users and the femto users, it cre-
ates interference to the rest of users in the network. As a result, the beams transmitted
to any of the users in the network, need to be aligned into one dimension at the rest
of the users. Taking all these features into account, from the Section 4.6 of Chapter 4
we can build the supersymbol for a macro-femto cellular network that has one macro
BS with N,, antennas and K, macro users as well as F' FAPs, each with Ny antennas
and Ky femto users (e.g., see the supersymbol shown in Figure 5.5 for an heterogeneous
network with F' = 2 FAPs). Therefore, for the described macro-femto cellular network,

the Block 1 consists of
Lspimpia = Ny — 1) (M — 1) (5.56)

symbol extensions over which simultaneous transmission takes place. Since each align-
ment block of a macro user comprises (N, —1) symbol extensions of the Block 1, a total of
(N — 1)Em=1(M —1)%7 alignment blocks are distributed over the supersymbol for each
macro user. Similarly, since (M — 1) symbol extensions of the alignment block of each
femto user belong to Block 1, the proposed supersymbol contains (N, —1)%m (M —1)%Ks~1

alignment blocks for each femto user.

To complete the alignment block of any user and let the other users measure the in-
terference created within the alignment block, each user employs one additional symbol
extension of Block 2 over which the beams associated with the considered alignment

block are transmitted free of interference. Therefore,

LsB2,, nB1A = Ky [(Nm — 1t — 1)Kf} (5.57)
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FIGURE 5.5: Supersymbol of the nBIA scheme applied to the macro-femto scenario for
F=2 Np,=Ny=2, K, =2 and Ky =1.

and

Lsp2;nia = F Ky [(M ~ KN, - 1)K’"} (5.58)

symbol extensions are required in Block 2 to complete the alignment blocks of all the
macro and femto users, respectively. Notice that each macro and femto user achieves
N, and M DoF per alignment block, respectively. Therefore, we can now verify that

the achievable sum-DoF per symbol extension in the macro tier are

Ny K (M — 1)
DoFy, uBia = , 5.59
OrmnBIA = ) (N + Kop — 1) + F K (N — 1) (5.59)
whereas the sum-DoF per symbol extension achieved in each femtocell are
MK¢(Ny, — 1
DoF¢npia = f(Pn — 1) (5.60)

(M = 1) (N + Ky — 1) + FE (N — 1)

It is interesting to remark that for the toy example analyzed in Section 5.4.1, the pro-
posed extension of the nBIA scheme for heterogeneous cellular networks achieves g DoF
and % DoF for macro and femto users, respectively. That is, g DoF are achievable in
the whole network. Note that according to the theoretic outer bound derived in (5.51)
and (5.51), % DoF and % DoF are achievable in the macro and femto tiers, respectively.
Notice that g DoF are potentially achievable in the proposed scenario, and nevertheless,
the performance of nBIA in this case is % DoF below the optimal. Besides, it can be
seen in (5.60) and (5.59) that the achievable DoF decrease as a large amount of fem-
tocells within the macro coverage are deployed. Last but not least, cooperation among
both tiers involves to penalyze the macro users, which do not receive any data from the

femtocell tier.
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5.5 Cognitive Blind Interference Alignment

Although the previous approach based on the nBIA scheme proposed in Chapter 4 can-
cels the intracell interference and also the inter-tier interference, it requires cooperation
among macro BS and FAPs when transmitting to the femto users. Due to the features
of a typical femtocell deployment, i.e. several FAPs randomly spread over the macrocell
coverage area, cooperation requires a large amount of network resources. Furthermore,
the DoF achieved by macro and femto users in each cell decrease with the number of
FAPs F as can be seen in (5.59) and (5.60). In this section we propose a cognitive BIA
(cogBIA) scheme where the macro users achieve the optimal sum-DoF in the absence
of CSIT and where the FAPs take advantage of the supersymbol structure of the macro
users to transmit in a cognitive fashion. Indeed, the macro BS transmits independently
of the femtocells deployed within its coverage. Furthermore, in contrast with the nBIA
scheme applied in a two-tier network, the achievable sum-DoF in each femtocell does
not decrease with F. That is, the achievable sum-DoF in the femto tier scales linearly

with the amount of femtocells deployed.

5.5.1 Femtocell Transmission Using Cognitive Blind Interference Align-

ment

To illustrate the proposed cognitive scheme, we first consider a toy macro-femto network.
Let us consider a two-tier cellular network formed by one FAP with Ny = 1 antenna and
Ky =1 femto user as well as a macro BS that has N,, = 2 antennas that only transmits
data to K, = 2 femto users. To let the macro users achieve the optimal sum-DoF in the
absence of CSIT, the macro BS will implement the sBIA scheme with the supersymbol

shown in Figure 5.6(a) and beamforming matrix provided in (5.61).

x([1] I I
X = |x[2]| = |1]| ul™ + [o] ul™ (5.61)
x[3] 0 I

Due to the reduced radius of coverage of the FAP, in the aforementioned supersymbol
the FAP can leverage the symbols extensions of Block 1, referred to as m-Block 1 from

now on, to transmit data to the femto user without creating interference in the macro
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FIGURE 5.6: Supersymbol of the sBIA scheme for a) IV,,, = 2 transmit antennas serving
K, = 2 macro users and for b) Ny =2 and Ky = 2 femto users.

cell. However, notice that the received signal of the femto users is subject to interfer-
ence because of the transmission of the macro BS to the macro users during m-Block
1. At first sight, this interference could hamper the femto user fi,, when decoding the
signals transmitted from its corresponding FAP. Nonetheless, by inspecting the sBIA
supersymbol in Figure 5.6(a) as well as the beamforming matrices provided in (5.61),
femto user fi ,, can remove the macro-femto interference by applying zero-forcing based
on the signals received during the symbol extensions of Block 2, which will be referred
to as m-Block 2. To do so, the femto user f; ,, only needs to measure the interference

associated with the transmission of a specific data stream, uLm’“], with the same preset

mode as in the symbol extensions of m-Block 1 over which that data stream u&m’“]

inter-
feres its desired signals. Following all this reasoning, we can now design the supersymbol

shown in Figure 5.7 and the following beamforming matrices

x[1] I I I
_ _ [m1] [ma] [f1,01]
x[3] 0 I 0

0| and u[lfl'“”] =

- T r T
where, for k € {1,2}, x[t] = [X[M]T[t] x[soﬂ[t]_ 7 u[lmk] _ u[lkaVf]

mT
[02T71 u[lfl‘“’l’wl] ] with u[lmk’M] € C?*! and u[lfl’“’l’w] € C denoting the symbols trans-
mitted from the macro BS and the FAP to the macro user mj; and femto user fi,,

respectively.

From the supersymbol shown in Figure 5.7 and the beamforming matrix in (5.62), if we

ignore the noise we can observe that

el ) ) ()

macro-femto interference
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h[m1](2)
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FIGURE 5.7: Supersymbol of the proposed cognitive BIA scheme for N,,, = 2, K,,, = 2,
NfZ ]., andKfz 1.

_ m_BIOCk 2 m_BIOCk 2 Lf-ss m_BIOCk 2

n £-SS Macrocell interference removal
(no FAP transmission)

S-Block 1 S-Block 2

FIGURE 5.8: Macro and femto supersymbols for cognitive BIA.
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FIGURE 5.9: Supersymbol for cognitive BIA with N,, = Ny =2 and K,,, = Ky = 2.

Since femto user f1,,, has the same preset mode in all symbol extensions, it can remove
the interference in symbol extension 1 by applying zero-forcing based on its received
signal during symbol extensions {2} and {3}. Hence, the signal after zero-forcing can-

cellation is
glive (1] — (g[h,m [2] + glf1en [3]) — h[fl,npl,ﬁpl](l)u[lfl,sﬁﬁoﬂ' (5.64)

In consequence, the femto user fi,, achieves 1 DoF over 3 symbol extensions. Moreover,
since the macro users are not subject to interference by the transmission of the FAP,
each macro user still achieves 2 DoF over 3 symbol extensions, which corresponds to the

maximum achievable without CSIT (See (2.23) for the MISO BC).
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Assume now that the FAP has Ny = 2 transmit antennas and K; = 2 femto users.
With the aim of achieving as many DoF as possible without CSIT, we also assume
that the FAP employs the BIA scheme to transmit data to its femto users and manage
the intracell interference. Hence, the supersymbol of the FAP (f-SS) is as shown in
Figure 5.6(b). Analogously to the supersymbol of the macro users, the supersymbol
f-SS consists of two blocks, referred to as f-Block 1 and f-Block 2. To follow the idea of
cognitive BIA illustrated in the previous example, the FAP would need to implement {-SS
during the only symbol extension that forms m-Block 1. However, since the supersymbol
f-SS comprises now 3 symbol extensions, one of them belonging to f-Block 1 and the rest

belonging to f-Block 2, such an implementation is not straightforward.

For the considered toy example and for the general case, the length of m-Block 1, referred
to as ¢, is not generally equal to the length of the f-SS supersymbol, denoted as L¢_gg.
In the case that the macro BS implements a sBIA scheme for K, macro users served

by N, antennas, from (2.15) notice that

q=(Np — 1) (5.65)

On the contrary, if each FAP transmits data to Ky femto users by employing Ny anten-

nas, from (2.22) we can also check that the length of the {-SS supersymbol equals

L ss = (N — )57 + Kp(Ny — 1)1 (5.66)

which is not necessarily equal to q. As a result, a FAP might not be able to implement
a f-SS supersymbol within one m-Block 1 so that the antenna switching pattern of each
femto user aligns into the same dimension the macro-femto interference caused by the

[
s

repeated transmission of a specific data stream u As shown in Figure 5.8, this
issue can be handled by forming a supersymbol whose Block 1, referred to as S-Block 1,
consists of ¢ identical f-SS supersymbols and m-Blocks 1 repeated Ls_gg times for the

femto and macro users, respectively.

As a result, Block 2 in the new supersymbol, referred to as S-Block 2 from now on, is
formed by L¢_gg identical m-Blocks 2 for the macro users. Besides letting each macro
user to complete its alignment blocks and remove the intracell interference created by

the transmission from the macro BS to any other macro user, notice that the symbol
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extensions in S-Block 2 allow the femto users to measure the macro-femto interference
caused because of transmission in S-Block 1. However, to fully remove the macro-femto
interference based on the measurement performed during S-Block 2, each femto user
needs to keep the same channel mode along all the symbol extensions over which a

specific data stream u is repeatedly transmitted. This condition determines how the

[m]
¢

Li_ss m-Blocks 1 and the ¢ f-SS supersymbols should be combined to form S-Block 1.
Moreover, it allows to determine the preset mode of the femto users in S-Block 2 given
a specific distribution of the L;_gg m-Blocks 2 over S-Block 2. For instance, for our toy

example considering the supersymbol shown in Figure 5.9, the following beamforming

matrices
I 0O I 0O I 1I
01O 0TI 0 I 0
0 01 0 01 01
[ma] [ma2]
I 0 Of |uj 0 0 0| |ng 00 u[fwl]
X=10 1 of [u|+ |0 0 of [uf"/|+]0 of | |, | (5.67)
ul’
o0 I|[u™]| loo o |[u™| |oof""
0 0 O I 0O 0 0
0 0 O 0I O 0 0
0 00 001 00
7T T T
where u[lfl,wl] _ |:0%':1 u[1f1,<017501] c (c4><17 uLmk] _ uLmk,M] 0271T c (C4><1 and

X = col{x[t]}?_, with x[t] = col{x[M[i],x[¥1][t]} formed by the signals xM][t] € C2**
and x[#1][t] € C**! are transmitted by the antennas of the macro BS and FAP, respec-

tively.

By inspecting the supersymbol in Figure 5.9 and the corresponding beamforming matri-
ces in (5.67), note that the antenna switching pattern of the macro users during S-Block
1 and S-Block 2 simply consists of the concatenation of the antenna switching pattern
associated with L¢_gg m-Blocks 1 and L¢_gg m-Blocks 2, respectively. Since the macro
BS does not transmit data to the femto users and the transmissions of the FAPs do not
cause interference to the macro users, the aforementioned strategy allows each macro
user to cancel all the intracell interference, which is created by the transmission from

the macro BS to other macro users.
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Unlike the nBIA scheme proposed in the previous section, each femto user f; ,, only
receives the desired signals from the Ny = 2 antennas of its FAP ¢1, which only transmits

uLfk,cpl 7901] c

during S-Block 1. To send Ny = 2 distinguishable data streams, i.e.,
C?*! without CSIT, the FAP repeatedly transmits ugfk’m el during an alignment block
composed of two symbol extensions over which the antenna of femto user fj ,, switches
between 2 different modes. For instance, from the antenna switching pattern of femto
user f1,,, in Figure 5.9 and its corresponding beamforming matrices in (5.67), the signal

received by femto user fi,, during the first two symbol extensions is given by

eal)]  fbenlr] e (e afe)
- 1

y[f1,¢1}[2] h[fl,wl,w](g)T h[f1a¢f’]\/ﬂ(2)T (u[le’M] + u[2m2,M])

macro-femto interference

hlfte1 1] (1)Tu[f2,¢1 1]
1
+
0

intracell femto interference

(5.68)

where hl/tesM] () € C*! and hlfrer#1l(]) € C2*! contains the channel coefficients
between the transmit antennas of macro BS and FAP ¢ to femto user fi ., at the preset
mode [, respectively. Since the channels hl/ter#1l(]) € C2*1, | € {1,2}, are linearly
independent almost surely, femto user f ,, can decode the data stream u[lfl’“’(pl] e C¥x!

once all the interference is removed.

As in our first toy example, the femto users employ the symbol extensions of S-Block 2
in order to measure the macro-femto interference in a cognitive fashion. In this sense,
note that the FAP remains in silence during S-Block 2 and that the macro BS transmits
each data stream uLm'“] in an orthogonal fashion. Therefore, if each femto user keeps
the same radiation pattern along an alignment block associated with the transmission
of the data stream ugmk], then it can remove the macro-femto interference by applying
zero-forcing based on the signals received in S-Block 2. For example, if we ignore the

noise, during the alignment block of macro user m; the signal received by femto user



154

fL@l is
y[fl,v:l][l] h[fl,mv‘Pl](1)Tu[1f17<p1a%01] h[fl,<pf7M](1)T (u[lml’M} + u[1m2yM])
y[fl,gpl][4] B 0 h[fl,zpf7M](1)Tu[1mlyM]

macro-femto interference

hlf1.e191] (1)Tu[f2’v’1 1]
+ 1
0

femto intracell interference

(5.69)

From (5.69), notice that the interference from the macro BS at femto user f; ,, is aligned
over the channel state hl/1#s 3] (1). In consequence, the user fi ,, can remove the macro-
femto interference caused by the transmission of u[lml] by applying zero-forcing based on
the signal received during symbol extension 4. Similarly, by using the signals received
during symbol extensions {5,7,8}, femto user fi,, can remove the rest of the macro-
femto interference in its first alignment block, which consists of symbol extensions {1, 2}.

Afterwards, the only remaining interference is caused by the transmission from the FAP

to the other femto users. That is, the FAP intracell interference.

To remove the femto intracell interference without CSIT, the FAP applies the same

technique as in sBIA. It relies on the idea of aligning the transmission of each data

f, »¥P1 . . . . . .
stream, u& ke }, into one dimension of all users subject to interference, i.e., the femto

users. To achieve the aforementioned alignment, the antenna of each femto user f;,,

with j # k, needs to keep the same radiation pattern along the alignment block of femto

[fk,gpl 7@1]
14

user fi .. Asaresult, if the FAP transmits each data stream u in an orthogonal

fashion, then note that the femto users can measure all the femto intracell interference
and remove it afterwards. For instance, after ignoring the noise and after subtracting
the macro-femto interference, observe that the two transmissions of u[lfl’“ 1) are aligned

into one dimension in the signal space of femto user f3 ,,

y[flm][l] hlf2.01 ,901}(1)Tu[1f2’¢1 1l hlf2.01 7501](1)Tu[1f1*“’1]
= +
ylfzenl[9] 0 hlf2.e1 7501](1)Tu[1f1~,<ﬂ1] (5.70)

femto intracell interference

Similarly, we can check that the intracell interference created by the transmission of

[

ulfg’“’w] from the FAP to femto user fs,, is aligned into one dimension in the signal
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space of femto user fi ,,. Since FAP transmits u[lfl’“’l’%] and u[lfQ‘“l’W] in an orthogonal

fashion during symbol extensions 2 and 3, respectively, these symbol extensions can be
used by femto users f1,,, and f2 ,, to measure the intracell interference and decode their

desired symbols afterwards.

In summary, the supersymbol of the proposed cogBIA scheme consists of two blocks of
symbol extensions, S-Block 1 and S-Block 2. During S-Block 1, the macro BS and the
FAP transmit to macro and femto users using £;_gg m-Blocks 1 and ¢ f-SS supersym-
bols as well as the corresponding beamforming matrices, respectively. On the contrary,
during S-Block 2, only the macro BS transmits to its macro users. This transmission is
undertaken in an orthogonal fashion by using £;_gg m-Blocks 2, which allows the femto
users to measure all the macro-femto interference subspace. Hence, along the cogBIA
supersymbol, a total of L;_gg sBIA supersymbols are distributed to transmit from N,
antennas of a macro BS to K, users. Moreover, ¢ sBIA supersymbols per FAP are
distributed over S-Block 1 in order to transmit from Ny antennas of each FAP to its K
femto users, respectively. To ensure that all the intracell interference and macro-femto
interference is fully cancelled, the key of cogBIA consists on combining the aforemen-
tioned supersymbols so that each user k, served by N transmit antennas, receives N
symbols over an alignment block. This alignment block should be formed by Nj symbol
extensions over which the antenna of macro or femto user k switches N, different modes
and the antenna of all the other users, macro or femto, keep the same radiation pattern.
In the following, we will provide a systematic procedure to combine the supersymbols

and build these alignment blocks.

5.5.2 Construction of the supersymbol and the beamforming matrices

5.5.2.1 Antenna switching patterns and beamforming matrices for macro

users during S-Block 1

When designing the antenna switching pattern and beamforming matrix of each macro
user, one goal is to let the macro users achieve the maximum achievable sum-DoF.
Moreover, the resulting antenna switching patterns and beamforming matrices during
S-Block 1 should allow each femto user to implement different f-SS supersymbols such

that the macro-femto interference caused by the transmission of ugm’“] can be aligned into
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one dimension of its signal space. To achieve all these goals, assuming that each FAPs has
Ny antennas and Ky femto users, the antenna switching pattern and the beamforming
matrices of the macro users along S-Block 1 can consist of the concatenation of Lf_gg
m-Blocks 1 and their corresponding beamforming matrices with L£¢_gg defined in (5.66)
(see Figure 5.8). Thus, recalling that the length of m-Block 1 equals ¢ = (N, — 1)%=
symbol extensions when the macro BS has V,,, antennas to transmit to K, macro users,
the length of S-Block 1 is

Ls—Block1 = q Li-ss. (5.71)

Since m-Block 1 is repeated L;_gg times in S-Block 1, following the lines of the super-
symbol construction for the MISO BC in Chapter 2, we can verify that the temporal

correlation function of the macro user my, is
Gy (£) = hI™1(7) i mod (t, (Np — 1)’“) € I, (1) (5.72)
where t € {1,2,..., L5 Block1 }, l € {1,2,..., Ny, — 1} and

T (1) = {(z )N = DF 11, (N — 1R — 1
,mod (z (N — D)FL Ny — 1)’“)} .
Moreover, since each m-Block 1 consists of the first /V,, — 1 symbol extensions of each

alignment block of macro user my, the first IV, — 1 symbol extensions of the ¢-th align-

ment block of macro user my are in S-Block 1 and correspond to

(Pl ) (N = DF k(N = 157+ G0, k)}i\:Z, (5.73)
where
Gm(l, k) =mod(£ — 1, (N — 1) H +1 (5.74)
and
Db, %) = {(ng__ll)“J (5.75)

with £ € {1,2,...,p(Ny, — D)E»~Vand k € {1,2,..., K,,}.
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Since simultaneous transmission takes place at each symbol extension of m-Block 1, the
macro BS transmits data to all macro users at each symbol extension of S-Block 1. The
signal transmitted to macro user my, is the result of multiplying its beamforming matrix

and the following data vector

T

il — {u[lm’“]T T gl (5.76)

Ls_Block1/(Ny—1)

where uLm'“] € [ugn’“’M]TOEfxl} ! CWNmAN)XT with uLmk’M] € CN»*1 containing the
Ny, symbols transmitted from the macro BS to macro user my, during its /-th alignment
block. As a result, the ¢-th alignment block of macro user my corresponds to the block of
columns {(Np,+Nf)(0—1)+1, (N +Nf)(0—1)+2,. .., (Npm+Ny)l} of its beamforming
matrix. The structure of each one of the aforementioned block columns is obtained by
placing an (Npy+Ny) x (Nm+Ny) identity matrix, Iy, n,,) at the rows corresponding to
the symbol extensions of the alignment block. Hence, by knowing the symbol extensions
that constitute each alignment block of each macro user, we can easily determine the

beamforming matrix of macro user my, during S-Block 1.

5.5.2.2 Antenna switching patterns and beamforming matrices for femto

users during S-Block 1

As can be seen in Figure 5.10(a), S-Block 1 of the femto users is closely based on the
supersymbol of a BIA scheme for the MISO BC aimed at transmitting from N; antennas
to Ky users. In particular, as shown previously, for the femto users S-Block 1 can be
divided in two sub-blocks, f-Block 1 and f-Block 2. The first L piock1 = ¢(Nf — 1)Ky
symbol extensions belong to f-Block 1 while the last L¢_glocks = ¢Kf(Ny — 1)Kt
symbol extensions correspond to f-Block 2, with ¢ = (N,,, — 1)%m . Recall that both
f-Block 1 and f-Block 2 take place in S-Block 1.

During f-Block 1, the mode of a femto user fi,, is periodic with the building block
shown in Figure 5.11. For the k’-th femto user, this block is repeated (N; — 1)Kf—k/
times to form S-Block 1 where k' € {1,..., Ky} and f € {1,2,...,F} with F equal to
the total number of FAPs. Similarly to the supersymbol of a BIA scheme, the building
block is composed of Ny — 1 sub-blocks. However, for the considered f-Block 1, the
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FIGURE 5.10: a) S-Block 1 of the cogBIA scheme and b) m-Block 1 for transmission
to K,, macro users

User: fi.,,

(N, -1 (n,=1)" (v, =1 (v, -1)" (N, -1 (N, -1)"
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FIGURE 5.11: Building block of femto user fy ,,.

length of each sub-block equals q(Ny — 1)¥ =1 with ¢ given in (5.65). As in the sub-
blocks associated with the macro user my, the I-th mode is used in the [-th sub-block,
l € {1,2,...,Ny — 1}. Thus, during f-Block 1, the temporal correlation function for
femto user fi s for any femto-cell f € {1,2,...,F}is

9t () = n e (1) if mod (t,q (Nj — 1)’“’) 10} (5.77)
where t € {1,2,..., L¢_Block1 } and

(1) = {(z —D)g(Np— DF L1, lg(Ny - DF
, mod (l q(Ny — 1)k’71, q(Np, — 1)’“,)} .
with [ € {1,2,..., Ny — 1} denoting the preset modes selected by the femto user.

Similarly to Block 1 of the sBIA scheme, simultaneous transmission to all femto users
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takes place during the symbol extensions that constitute f-Block 1. The signals transmit-
ted to femto user fi,, are the result of multiplying its beamforming matrix associated

and the following data vector

T
T T T
[fk’, 1 [fk/,gpf} [fk/,gpf] [fk/,gpf]
uttes = lul Uy o ucffBlockZ/(Kf) (5'78)
it o] it o817 i o 01]
where u,," "/ 0%, 1 u, 7 ! CNmHtNIXL with u,, " *f ™ € CNr*1 denoting

the Ny symbols transmitted from the f-th FAP to femto user Jip, during its £'-th
alignment block. Hence, as it occurs for the macro users, each block of (N, + Ny)
consecutive columns of the beamforming matrix of a femto user corresponds to one

different alignment block.

To determine the symbol extensions that constitute the alignment blocks of each femto
user, and therefore, determine the rows that should have an identity matrix Iy, ,,) in
each block column of the beamforming matrix, two requirements have to be taken into
consideration. On the one hand, to maintain the data beams of one alignment block
distinguishable at the femto user for which they are intended, the antenna of the femto
user sets a different mode at each symbol extension of the alignment block. On the other
hand, to align the transmission of the aforementioned data beams into one dimension
of the signal space of all users subject to interference, the antenna of the affected users

has to keep the same radiation pattern.

The decodability and interference alignment requirements can be satisfied during f-Block
1, by forming groups of symbol extensions. For each femto user, each group consists of the
first Ny — 1 symbols extensions of each one of its alignment blocks. Given the antenna
switching pattern of the femto users during f-Block 1, to ensure the aforementioned
requirements the ¢'-th group in a specific building block is the result of selecting the
¢'-th symbol extensions of the (Ny — 1) sub-blocks within that particular building block
(see Figure 5.11). Recalling that S-Block 1 of femto user fyr,, consists of (Ny — 1)K
building blocks of ¢ (Ny — l)k/ symbol extensions, the ¢-th group in the p’-th building

block of femto user fj ,, comprises symbol extensions

, . Np—2
{p/q(Nf — D 4 kg(Np — )F 1 e’}ﬁzo (5.79)
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where ¢/ € {1,2,...,q(Ny — DF =1} and p/ € {1,2,..., (Ny — 1)5r =K1, Since each sub-
block is composed of ¢(Ny — 1)F' =1 a total of q(Ny— D=1 groups can be formed within
one building block. Hence, from (5.79) notice that the symbol extensions of the ¢-th

group of femto user fi o, are

{ps (@ K)a(Ny = D¥ 4 5(N; — )F gt k) ) (5.80)
where
sf (0 k') =mod(f' —1,q¢(Ny — 1)¥ 1) +1 (5.81)
and
pp(l k) = L}(]\ff—_ll)k—lJ (5.82)

with ¢ € {1,2,...,q(N; — 1)%s=1} and ¥’ € {1,2,..., K;}. By evaluating

foop(D) = {iN +i'}]_, (5.83)

at each symbol extension in (5.80), we can determine the rows of f-Block 1 that should

have an identity matrix Iy in the £ block column of the beamforming matrix of femto

user fi o

At this point, we only need to design the antenna switching pattern and the beamforming
matrix of femto user fi ; during f-Block 2. Following the lines of previous chapters, the

symbol extensions within f-Block 2 are employed to complete the alignment blocks of the

femto users. Since ¢(Ny — 1)%/=1 groups are distributed over f-Block 1 for each femto

user, a total of ¢q(Ny — 1)%s~1 symbol extensions are needed to complete the alignment

blocks of each femto user. For femto user fi these symbol extensions are

SPFI

{Lt Bioda + (K = 1)g(N; — )=t 47/ 5:131051(2/@ . (5.84)

Since the #-th element of the previous set corresponds to the last symbol extension

of the ¢'-th alignment block of femto user fy ., the evaluation of (5.83) at the ¢-th

WPf

element in (5.84) allows to determine the only set of rows of f-Block 2 that should have

an identity matrix Iy, 4 n,,) in the ¢’ block column of the beamforming matrix of femto
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user fis .. The remaining rows in each block column of the beamforming matrix should

be filled with an (Ny, + Ny) x (N + Ny) zero matrix, O(w,,+n;)-

According to the resulting structure of the beamformng matrix, during each symbol
extension in (5.84), the FAP ¢ only transmits signals to femto user fj ;- To ensure the
o]

(fir
decodability of these signals, which are the same as the data stream ul/k 7 repeatedly

transmitted over the symbol extensions associated with £ group of femto user fj the

P
receiver of this femto user has to set Ny-th channel mode. On the contrary, to satisfy
the interference alignment requirement given in the definition of alignment block, the
remaining femto users fj ., with j' # k', have to set the same channel mode as the
one used by its antenna during the ¢'-th group of femto user fi ;- Since the femto
user fjs o, has the same channel mode along the symbol extensions of the 0'-th group of

femto user f the channel state of femto user f; ,, during the £’-th symbol extension

SPF
in (5.84) equals

95y, s (0 K )a(Ny — DF T (¢ K)) (5.85)

with gy, W(-), pr(0 k") and <p(¢', k) defined in (5.77), (5.81) and (5.82), respectively.
In this way, the antenna switching pattern of all femto users during f-Block 2 is fully

determined.

5.5.2.3 Design of S-Block 2 and cognitive cancellation of the interference

Once the antenna switching pattern and the beamforming matrices are designed for
S-Block 1, the S-Block 2 can be easily constructed. Notice that each element within
S-Block 2 provides an additional symbol extension to complete each alignment block of
a specific macro user. Since there are L¢_gg(N,, —1)%m~! alignment blocks for each one

of the K, macro users with L¢_gg defined in (5.66), the S-Block 2 comprises
‘CS—BlockQ = Km £f—SS (Nm - 1)Km—1 (586)

symbol extensions, which are divided in K,, blocks, each associated with one specific

macro user. For macro user my, the corresponding sub-block is formed by the following
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set of symbol extensions

{Li—ss + (k= 1)Le_gg(Ny — 1) g}eﬁjIBlochm - (5.87)

The ¢-th element of the previous set corresponds to the last symbol extension of the
¢-th alignment block of macro user my. As a result, the evaluation of (5.83) at the ¢-th
element in (5.87) yields the only set of rows of S-Block 2 that should have an identity

matrix I Nj+Nm) in the ¢ block column of the beamforming matrix of macro user my.

Due to the resulting structure of the beamforming matrix of macro user my, the macro
BS only transmits signals to macro user m; during each symbol extension specified
in (5.87). To ensure the decodability of the signals transmitted over the ¢-th symbol
extension in (5.87), which corresponds to the data stream u&mk] repeatedly transmitted
along the ¢-th group of macro user my, the antenna of user my sets the Np,-th mode.
On the contrary, during the ¢-th symbol symbol extension in (5.73) any other macro
user m; # my, has to set the same channel mode as the one used by its antenna during
the /-th group of macro user my,. Since the macro user m; has the same channel mode

along the symbol extensions of the ¢-th group of macro user my, from (5.73) notice that

the channel state of macro user m; during the ¢-th symbol extension in (5.87) equals

Gm; (P (0, 5) (N — 1)F + G (€, K)) (5.88)

with gm,; (+), pm(¢, k) and ¢, (¢, k) defined in (5.72), (5.74) and (5.75), respectively. In this
way, the repeated transmissions of ugm’“] along the /-th alignment block of macro user
my, are aligned into one dimension in the signal space of macro user my. Furthermore,
macro user m; can measure and subtract the macro intracell interference created by the

.. m
transmission of UL k]

during the ¢-th group of macro user my. Recall that due to the fact
that femtocell transmission does not cause interference to the macro users, the signals
transmitted by the FAPs do not hamper the macro users when decoding their desired

data and cancelling the intracell interference.

As we have shown, the beamforming matrix and the antenna switching pattern of the
femto users satisfy the decodability and alignment conditions during S-Block 1. Thus, we

can easily check that each femto user can remove all the femto intracell interference and

[fkl,kpf] }Lf_BloCkZ/Kf

decode all its desired data, i.e. {uz, pra . However, due to the transmission
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of the macro BS to the macro users during S-Block 1, this is only possible if the macro-
femto interference is fully cancelled. Toward this goal, the femto users will employ the
symbol extensions of S-Block 2 in a cognitive fashion. First, to measure the signal ugm’“]
transmitted from the macro BS during the ¢-th symbol extension in (5.87), the FAP ¢/
does not transmit any signal to its femto users along S-Block 2. As a result, considering
that the signal transmitted to each of the femto users is the result of multiplying its
beamforming matrix with the data vector provided in (5.78), during S-Block 2 the

beamforming matrix of the femto users is an all zero matrix 0 with ay = (N, +

ag,bs
N¢)Ls_Blocke/Km and by = (N, +Nf)£f,Block2/Kf. Later, to ensure that the measured
signal is aligned with the IV,,, — 1 transmissions of ugm’“] along the ¢-th group of macro
user my, the antenna of each femto user fi/ ; sets the same channel mode as the one
employed along ¢-th group of macro user my. In particular, during the /-th symbol
extension in (5.87), from (5.73) we can check that the channel mode of femto user fi/ r
is

910, (Pl )N = DF + (6, 1) ) (5.89)

for k' € {1,2,..., Ky} and all f € {1,2,...,F} and with gfk/‘g)f(-), pm (€, k) and ¢, (¢, k)
defined in (5.77), (5.74) and (5.75), respectively. With this procedure, note that each
femto user fi,, can apply zero-forcing based on the signal received during the (-th
symbol extension of (5.87) in order to remove the macro-femto interference caused by

the repeated transmission of uLm’“] along the ¢-th group of macro user my.

5.5.3 Achievable Degrees of Freedom

In the proposed scheme the macro BS employs BIA transmission independently of the
femto tier transmission. As we have shown in Chapter 2 each user attains N, DoF in
each of the (N, — 1)Km_1 alignment blocks, which are repeated L;_gg times. Therefore,

the normalized sum-DoF per symbol extension for the macro users is given by

‘CffSS (KmNm(Nm - 1)Km71) . Nme
Ls_Block1 + L£8—Block2 Ny + Ky — 1

DoFmacro = (5.90)

As was expected, the achievable DoF are not affected by the femto tier deployment, and

therefore, do not depend on any of its parameters.
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Ks=1 alignment blocks with

In the proposed scheme, each femto user employs ¢ (Ny —1)
q defined in (5.65). Each of these alignment blocks is formed by Ny symbol extensions
over which the femto user receives N; desired data beams transmitted from the FAP.
Since the femto intracell and macro-femto intercell interference can be fully removed
by applying the antenna switching pattern and beamforming matrices of Ssection 5.5.2,
each femto user can attain Ny DoF in each alignment block. Since Lg_piock1 sSymbol
extensions are employed for femto transmission and Lg_piocko are required to measure

the macro-femto interference in a cognitive fashion, the normalized sum-DoF per symbol

extension for the femto users is

NK (N — 1) |
(N + Ky — D)(N; + K7 — 1)

DoF fomto = (5.91)

5.5.4 Achievable Rates

Until now this work has been focused on the achievable DoF. To complete the char-
acterization of the proposed cogBIA scheme, this section analyzes its performance in
the finite SNR regime. Assuming equal power allocation to each stream, we derive the
closed-form expressions of the achievable rates for cogBIA. For comparison purposes, we
will use the achievable rates of nBIA and sBIA that have been derived in Chapters 2

and 4, respectively.

Macro users are not affected by interference caused by the transmission of the FAPs.
In consequence, their achievable rates are given by the sBIA expression in absence of
intercell interference (see Chapter 2, Section 2.4). Thus, the normalized rate per symbol

extension of the macro user my, is
_ -1
Rm — B R [1og det <I + P Em gl TR ] )] : (5.92)

where the channel matrix HI™# is defined in (5.3) and B,, = is the ratio of

1
Nt EKp—1
alignment blocks per macro user over the total number of symbol extensions. Since equal

Nm+

power allocation to each stream is assumed, P, = me is the power allocated

to each symbol, and
KpIn, 1 O
Ry = | (5.93)
0 1
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is the covariance matrix of the noise after zero-forcing cancelation at the receiver.

For the femto user fi ,, subject to interference from the macro BS, the signal y[f’“/’“’f]

T
[g][f’“/*“’f}(l),...,gj[f’“/”f](Nf)} received during a generic alignment block after zero-

forcing interference cancelation can be written as

g[fk/,q;f][l] h[fk/’“of](l)T
fy ,
: = : uL woosl | gl o], (5.94)
g[fk’,;pf][Nf] h[fk’,gpf}(Nf)T
where ) i
e [1] - I )
~[fk' ] :
7k = . (5.95)
e iNg 1) = S 2]

sl Ny = K 2

Since equal power allocation is assumed and the FAPs do not transmit during m-Block

Nf+Kf_1Pf,

2, the power allocated to each symbol transmitted by the FAP is Py = NI,
F

Moreover, (Ny — 1)5s=1 alignment blocks repeated (N,, — 1)%m times are employed
for transmitting to each femto user over the entire supersymbol. Hence, the ratio of

alignment blocks per femto user over the total supersymbol length is

Ny —1

B = . 5.96
I (N + K — D)(Ng + K7 — 1) (5.96)
Therefore, the normalized rate of each femto user fy o, is
’ ES ’ ’ H [f / ]_1
RYes) = B |log det <I+ PV e gl e g e )1 , (5.97)
where the channel matrix of user fi ,, is given by
! / T / 7T
H[fk ,wf] — |:h[fk ,Lpf](l) o h[fk ’“’f](Nf) i| , (598)
and
i ,] Ky + Kf)In,— 0
R, = Bon + K ) Iy (5.99)

0 K,

is the covariance matrix of the noise for each femtocell user after zero-forcing cancelation.
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FIGURE 5.12: DoF region of macro users and each femtocell for cellular and cognitive
BIA. The achievable sum-DoF is depicted for F' = (1,10).

5.6 Simulation Results

The region of the sum-DoF achievable in each femtocell regarding the one achieved
in the macro tier is depicted in Figure 5.12. For F' = 1 it can be seen that nBIA
achieves greater sum-DoF of both tiers comparing with cogBIA. Although this is true in
general, it is possible to find examples where even at F' = 1 this assertion does not hold.
However, notice that nBIA does not attain the optimal DoF in any tier. In contrast, by
using cogBIA, the optimal DoF in the macrocell is always achieved while femto users
reach the DoF given by (5.91). As the number of FAPs deployed within the macro
coverage increases, the same DoF as using nBIA are achievable in each femtocell by the
proposed cogBIA scheme with only /' = 3. In other words, the same DoF as employing
a cooperative scheme such as nBIA are achievable in each femtocell by using cogBIA
while the macrocell users still achieve the optimal DoF is absence of CSIT. For F = 10

it can be seen that the performance of nBIA is considerably affected.

Figure 5.13 shows the achievable sum-DoF in the entire network, i.e. over the K, +F K}
users deployed in the proposed scenario. Consider F' femtocells where each FAP is
equipped with Ny = 2 antennas serving K; = 2 users. It can be seen in Figure 5.13 that
cogBIA overcomes the sum-DoF achieved by nBIA when more that F' = 3 femtocells
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FIGURE 5.13: Sum-DoF of macrocell and femto tier for nBIA and cogBIA.

are in the coverage area of the macro BS. Similarly, only F' = 2 femtocells are enough to
obtain more sum-DoF by cogBIA that using a cooperative scheme such as nBIA. It is
interesting to remark that the achievable sum-DoF of the entire network grows linearly
regarding the amount of femtocells deployed for the proposed cogBIA scheme. However,
this growth is inversely proportional to the amount of the femtocells deployed for nBIA

as can be checked in (5.59)-(5.60).

A comparison of the sum-rates attained with cogBIA, nBIA, sBIA and FR where the
bandwidth is split between macro and femto tier is shown in Figure 5.14. In similar
fashion to [95], we consider a one-dimensional configuration where the FAP of interest
is located at a distance d from the macro BS. Moreover, the path loss model of [37] is

assumed, which is given by
Gy~
C0R 4 dR

g9(d)

(5.100)

where k is the propagation exponent, § is the 3 dB breakpoint distance, and Gy fixes
the transmitted power at the BS. For the Macro BS, x = 3.8, § = 0.05 km and Gy = 80
dB, whereas for the FAP, kK =5, § = 5 m and Gy = 20 dB.

As can be seen in Figure 5.14, the sum-rate achieved by the femto users in the femtocell
of interest by using cogBIA overcomes the performance of sBIA, i.e. when macro BS

and FAP do not manage the inter-tier interference, in a wide range of distances between
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FIGURE 5.14: Comparison of the sum achievable rates of macro and femto users for

nBIA, cogBIA, standard BIA used by the FAPs over the entire supersymbol, and stan-

dard BIA together to FR for macro users. N,, = 6, K,, = 10, F = 12, Ny = 2,
Ky =2.

macro BS and FAP. Specifically, the interference due to macro BS transmission can
be treated optimally as noise for a distance between macro BS and FAP beyond 1.3
Km, from where sBIA achieves greater sum-rate than cogBIA. Besides, notice that since
cogBIA does not involve any penalty for the rate of macro users, the same performance
is achieved in the macro tier by using both schemes, cogBIA or sBIA. On the other hand,
the sum-rate achieved by nBIA for femtocell users is greater in comparison with cogBIA
until a distance of 0.8 Km. However, taken into consideration the network resources
needed to its implementation, this improvement results futile. Moreover, and even more
important, the macro users suffer a considerable penalty regarding the performance
achieved by cogBIA or sBIA. Note that by employing an orthogonal approach such as FR
where the available bandwidth is halved between macro and femto tiers, the achievable
rates of the macro users are also divided by 2. Furthermore, consider the sum-rate
achieved by the femto users for sBIA at a distance of 3 Km as the achievable sum-rate
in absence of inter-tier interference because of the path loss. Thus, the proposed FR
scheme would achieve this sum rate divided by 2. We can easily check that it is lower

than the sum-rate achieved by cogBIA in the whole range of distance between macro

BS and FAP.



169

5.7 Conclusions

In this chapter, we analyze the use of BIA schemes in heterogenous cellular networks. We
derive an extension of the network BIA scheme presented in Chapter 4. Basically, macro
users are treated as private users that only receive signal from their corresponding macro
BS, whereas femto users can be considered as shared users that receive a useful signal
strength from their corresponding FAP and also from the macro BS. It is demonstrated
that this approach does not result optimal in DoF because of the particular topology of
the multi-tier heterogenous cellular network. Indeed, the achievable sum-DoF does not

scale with the number of femtocells deployed within the coverage of a macro BS.

Encouraged by the non-optimality of network BIA in heterogenous networks, we derive
the DoF region of the two-tier cellular network. We demonstrate that the upper tier,
i.e. the macro users in our case, can achieve the optimal DoF in absence of CSIT while
the lower tier, i.e. the femtocells within the macro BS coverage, achieve non-zero DoF.
After that, we derive a BIA scheme based on cognitive femtocells that achieves the
outer-bound of the DoF region for two-tier networks. It is shown that macro BS trans-
mits independently of the femtocell deployment within its coverage. Since cooperation
between both tiers is avoided, macro users achieve the optimal sum-DoF without CSIT
as in a MISO BC. On the other hand, femto users leverage the structure of the BIA
supersymbol and the transmission beamforming of the macro BS to remove the inter-
tier interference in a cognitive fashion. Femto users attain a significant amount of DoF
without affecting the rates of the macro user. It is shown that the proposed scheme can
yield the optimal sum-DoF at femto users subject to optimal sum-DoF for the macro
users. Furthermore, the proposed strategy does not require any CSIT or data exchange
between the macro BS and the femtocells. Only synchronization is needed to implement
the proposed cognitive BIA. Comparing with the previously proposed schemes, cognitive
BIA overcomes the sum-rate achieved by the femto users in a wide range of interference

received from the macro BS.



Chapter 6

Blind Interference Alignment for

practical channels

This chapter consider the use of BIA in practical channels where the users operate at
finite SNR regime and the physical channel only remains constant over a determined
coherence time. The use of orthogonal resource allocation combined with BIA trans-
mission allows to handle both limitations. The solution to the optimization problem
that achieves the most favorable trade-off between multiplexing gain, noise increase and
coherence time is obtained avoiding the need for CSIT. It is shown through computer
simulations that this approach improves considerably the use of BIA in practical chan-

nels.

6.1 Introduction

The performance of BIA schemes has been widely analyzed in this work. Until now the
research efforts have focused on deriving the DoF for homogeneous and heterogeneous
cellular networks in absence of CSIT and how to achieve these DoF. However, it is
necessary to recall that the DoF metric assumes SNR — oco. Although the achievable
DoF is an excellent metric to describe the potential of a transmission scheme, it is
unavoidable to analyze the performance of BIA at finite SNR regime. Furthermore, it has
been also assumed that the physical channel between the transmitter and users remains

constant over the entire supersymbol. That is, the channel of each user only depends on

170



171

the preset mode selected at any time. This is not exactly true in real implementations,
then physical channel varies and can only be considered constant during a period of time

denoted as coherence time.

For practical implementations the SNR of each receiver is finite and the channel only
remains constant during a period of coherence time. As we have shown in previous
chapters, the BIA schemes cancel the interference by subtracting these interfering terms
using the signals received in other symbol extensions of the considered supersymbol.
Hence, a noise increase appears just due to this subtraction. In consequence, the sum-
rate performance at finite SNR is highly handicapped because of the noise increase
inherent in any BIA scheme. At this point, it is interesting to remark that the noise
increase is proportional to the number of users served. For instance, checking the results
obtained in previous works such as [95, 96] we can conclude that a SNR above 14 dB is
required when the number of users equals 6 to outperform the rate assuming a Single
User (SU) MISO channel without CSIT. On the other hand, to the best of our knowledge,
all the previous works assume a constant channel over the entire supersymbol. This issue
is presented as a drawback in [145], where an alternative supersymbol design based on
grouping users is proposed to reduce its length at expense of losing DoF with respect to

the optimal value.

Interestingly, when the fbwBIA scheme was presented in Chapter 4 we called attention
to the benefits of using an orthogonal approach such as bandwidth division joint to
BIA schemes; few users are served in each band, and therefore, less terms of interference
must be subtracted bringing down considerably the noise increase, and a reduction of the
supersymbol length is achieved. Following this idea, in this chapter we devise a practical
BIA (pBIA) scheme based on the implementation of standard BIA schemes transmitting
data to different sets of users grouped in an orthogonal fashion (over different frequency
bands or time slots). By employing the proposed pBIA scheme the achieved sum-DoF
decreases because of the use of orthogonal resource division. Nevertheless, at expenses of
this loss in DoF, fewer terms of interference must be subtracted in each division, which
reduces the noise power and also the supersymbol length. The optimization problem
that solves this trade-off can be expressed easily as a function of the resource division

given by pBIA.

The contributions of this chapter can be summarized as follows
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e We analyze the performance of BIA in practical scenarios where the users operate

at finite SNR regime over varying channels.

e We propose the use of orthogonal resource allocation joint to BIA schemes with
the aim of managing the multiplexing gain, noise increase, and channel coherence

time.

e The optimization problem that achieves the optimal resource division is formulated
in this chapter. We derive a closed-form expression of the optimal value as a
function of the system parameters such as the number of transmit antennas, NV,
the amount of active users K, and the SNR of the set of users. Notice that CSIT

is not required to obtain this solution.

e We show through computer simulations that the proposed pBIA scheme improves
the achievable sum-rate considerably regarding pure BIA approaches while it re-

laxes the coherence time requirements.

e We present an experimental evaluation of the BIA scheme in a hardware testbed.
It is shown that BIA can outperform other transmission schemes based on CSIT
such as LZFB, which achieves higher sum-rates theoretically, because of the im-

plementation impairments related to providing accurate CSIT.

6.2 System model

For simplicity we consider a MISO BC as proposed in Chapter 2. The transmitter
is equipped with N; antennas that send data to K active users, each equipped with
one reconfigurable antenna. The antenna of each user can switch its radiation pattern
among a set of Ny preset modes. The signal transmitted at time ¢ is given by x(t), where
x(t) = [$1, . q;NJ e CNex1, However, the assumption of constant channel over the
transmission of the entire supersymbol does not hold. Let us denote h (l[k] (t)|t) € CNext
as the channel between user k and the transmitter at time ¢ when the preset mode I (¢)

is selected. Thus, the signal received by the user k at time ¢ can be written as

y(0) = b (190 1e) (1) + 2 o) (6.1)

where 2¥l ~ CA(0,1) is AWGN.
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F1GURE 6.1: MISO BC scenario with N; = 2 transmit antennas and K users equipped
with reconfigurable antennas. Each receiver moves at velocity vy generating a time-
selective fading channel.

It is assumed that the transmitted signal is subject to an average power constraint
E{|x(®)|*} < P. The channel coefficients between the transmitter and users are i.i.d.
complex Gaussian random variables of zero mean. Furthermore, the physical channel is
not strictly constant in time. It is assumed that each user is moving with a velocity vy,
generating a time-selective fading channel because of the Doppler spread [146]. In this
setting, the channel between transmitter and each user varies due to the Doppler effect,
which is characterized by a frequency deviation fp = 5 with A denoting the wavelength
of the wireless signal. Indeed, by applying the Clarke model [147], the coherence time
of each user is given by
0.423

Tern —22 (6.2)
D

In the considered setting, we also assume that the transmitter does not know any channel
state information other than the coherence time and the received SNR of each user. For
simplicity, we focus on the temporal dimension without loss of generality. Therefore,

each symbol extension corresponds to a time slot t.

6.3 Blind Interference Alignment for varying channels

Until now, it has been assumed that the channel stays constant during the transmission

of the BIA supersymbol. This section analyzes the performance achieved by BIA in
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FIGURE 6.2: The supersymbol structure for the K = 2, Ny, = 2 MISO BC during a
varying channel.

previous toy examples when the physical channel is not constant over the entire super-
symbol. After that, the closed-form expression of the achievable rates for the MISO BC

under channel variations are derived.

6.3.1 Toy example K =2 user N; =2 MISO Broadcast Channel

For illustrative purposes, consider the N; = 2 transmit antennas and K = 2 active
users case. Following the BIA scheme and considering a non-constant channel, the
supersymbol for this case is as shown in Figure 6.2. Notice that in contrast to the
supersymbol described in Figure 2.3 for the same scenario, a physical channel that
varies in each slot is taken into consideration. Focused on user 1, the received signal

during the transmission of the supersymbol is given by

T T
ylU[1] hit(1]1) hitl(1[1) 21
yiI]| = [n2)” | ull + 0 ul? 4 | (6.3)
T
yl[3] 0 hitl(1]3) 23]

where following the same lines as in previous chapters, ugk] e CNex1 is the symbol

containing N; DoF transmitted to user k during its /-th alignment block.

It can be seen that, as occurs in Chapter 2, simultaneous transmission is employed in
the first symbol extensions while the symbols u[ll] and u[f} are transmitted in orthogonal
fashion during the second and third symbol extensions, respectively. Hence, assuming
that the physical channel remains constant during the 3 symbol extensions that comprise
the proposed supersymbol, it is clear that the interference is aligned as is show in (2.4).
In consequence, user 1 can remove the interference because of the transmission of u[12]
by measuring it at symbol extension {3} and subtracting it from the symbol extension

{1} afterwards. Let us consider again the toy example where Ny = 2 and K = 2. If the
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channel varies in each symbol extension, the received signal at user 1 after zero-forcing,
which is shown in (2.4) for constant channel, can be written now as
y () —ME) | (miam” altl (b(1n” - nlt(1[3)7) e
= 1 1
y(2) hlt(2(2)” 0
AH (6.4)

2(1) = 21(3)
21(2)

Notice that a new element given by the differences of the channel at symbol extensions
1 and 3 for the preset mode 1 appears in (6.4). In consequence, the interference because
of u[12] transmission cannot be fully cancelled at user 1. On the other hand, this term

could be treated as noise when it is small enough.

6.3.2 Toy example K = 3 users N; =3 MISO Broadcast Channel

20

h1(22) .| 28

. | neI2I8)

hi1l2]14)

hl(2]16) h((2]18) hl'(2120)

h21(219) | hPI2[20)

hi%(2[8)

h2I2]10) h2I(2]12)
REI2J11) | hBI2/12) hEI2)15) | hEI2/16)

FIGURE 6.3: The supersymbol structure for the K = 3, N; = 3 MISO BC during a
varying channel.

Consider now a more complex toy example where the transmitter is equipped with
N; = 3 antennas serving K = 3 users. The corresponding supersymbol is shown in
Figure 6.3. Thus, the signal received at user 1 during its first alignment block comprising

the symbol extension {1,2,9} can be written as

] [T B (uf? + )] T
S| = | |l + [nte)T (w57 +uf?) |+ |02 | (6.5)
y U] (W9 0 calt)

HI1]

Notice that the first two symbol extensions are polluted by the interference because of
the transmission to the remaining users. Following the BIA scheme for the MISO BC
described in Chapter 2, the interference at the first element of (6.5), which corresponds

to the transmission of u[lz] and u[13] can be measured at the channel mode 1, i.e. hlU(1]t),
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during the symbol extensions {13} and {17} of user 1, respectively. Similarly, user 1 can

[22] [23] at channel mode

measure the interference because of the transmission of u;' and u
h[1(2]t) in the symbol extensions {14} and {18}, respectively. Thus, the signal after
zero-forcing interference subtraction during the first alignment block of user 1 is given

by

g0 - g3 - 7| [na”
4 = | yl[2) — y[14] — 18] | = B (2f2)7 | uf!
Y] hlt)(319)"
HI1]

(b (1]1) — Bl (1)13))" 0l + (I (1]1) - BV (1[17)) " Wl
+ (h[l}(2|2) - h[1](2|14))T u[22] + (h[l](2|2) _ h[l](2’18>)T u[ls]
0

channel variations

noise increase

It can be seen in (6.6) that the subtraction of the terms of interference because of trans-
mission to all other users leaves a trace when the channel varies during the considered

L are not

supersymbol. Therefore, we can conclude that pure BIA transmission schemes
resilient to channel variations. However, the interference because of channel variations
could be treated optimally as noise when it is small enough. Furthermore, the received
noise increases proportionally to the amount of users served by the transmitter because
of the interference subtraction process inherent in any BIA scheme. As a conclusion af-
ter analyzing this toy example, we can assert that channel variations and noise increase
are the two limiting factors when using BIA in practical implementations. The follow-

ing subsection is devoted to derive the general closed-form expressions of the achievable

rates of BIA for varying and SNR limited channels.

!Note that all other BIA schemes follow a similar decoding methodology. This analysis can be easily
extend to any BIA scheme.



177

6.3.3 Achievable rates for the varying channel

For the general case, the interference subtraction involves to use measurements altered

by channel variations. We define tyj 0 € Cckx1

as the vector that contains the temporal
indexes of the symbol extensions involved in the interference subtraction process of the
alignment block ¢ of user k at preset mode [. The first entry of t[ ] ..(1) corresponds
to the symbol extension from Block 1 over which user k sets the [-th channel mode
of the /-th alignment block. The remaining entries j = 2,..., K of the vector tgﬂn (7)
contain the temporal indexes associated with the symbol extensions from Block 2 used
to remove the interference terms received by user k during the [-th element of its ¢-th
alignment block, i.e. tgfin(l). For instance, ‘5[11,]1 = {1, 3} is the vector that contains the
symbol extensions for the first element of (6.4). Similarly, this vector corresponds to
t[ll’}1 = {1,13,17} for the symbol extensions involved in the first element of the alignment

block of user 1 in (6.6).

y" [t ()] it (1|t£’f1<1>)
: : W]

g [t ][ b (Nt - 1|t£’€%vt )
0] | (Wi, m)

I, (09 (100) ~ i (1))

S (3 (31 0) 4 (31 0) o
0

AHIF (¢)

(6.7)

It is interesting to compare with the same equation when the physical channel remains
constant given by (2.24). Note that a new term appears because of the subtraction of

non-equal channel values over the considered supersymbol. In consequence, the signal
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in each alignment block depends on its position in the supersymbol. Assuming that
the term given by the channel variations is treated as noise, the N; DoF comprised in
the symbol ugﬂ] during the /-th alignment block of user k are decodable by solving the

equation system given by
¥ 0) = HOWu + AEM (0)al! + 2% (0). (6.8)

In contrast to (2.25) the decoding process depends on the position of the alignment
block ¢ in the predefined supersymbol. Thus, the channel matrix of user k£ during the

{-th alignment block is

i (1)

HF(0) = e CNexNe, (6.9)

B (N =1, (1)

B (Nt (1)

the matrix that contains the residual elements because of the interference subtraction

over a non-constant supersymbol is given by

S n (1) - n (11 ()

AHM (0) = : € CNexNe
Sl (N =1, (1)) = Bl (V= 1, G))

0

(6.10)
and z[¥(¢) ~ CN (0, Rs3) is the noise after zero-forcing interference cancellation where the
covariance matrix is given by (2.27), (2.32) or (2.32) depending on the power allocation
strategy. For simplicity, constant power allocation is assumed in this chapter so that it

is given by
2K —1)Iy,—1 O
R: — ( JIn-1 0 (6.11)
0 1

Therefore, assuming varying channels, the normalized rate per symbol extension of the

user k can be written as

1 H
- - (K] (K] _ -1
varC = 7, IE [log det (I + P,y HY (OH™ () Rz yarc )} (6.12)
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where the covariance matrix of the noise plus interference due to the channel variations
is

R: o0 = R + Py B [AHE () AT (1) '] (6.13)

and Py, is the average power assigned to each stream according to the power allocation
strategy (2.27), (2.32), or (2.35). Since constant power allocation has been assumed in

this chapter, Py, = Ni.

t

6.4 Practical Blind Interference Alignment transmission

Until now we have shown that BIA achieves the optimal DoF in absence of CSIT in
many scenarios. However, as it has been shown in the previous section, there exist two

main hurdles to achieve a reliable BIA transmission in practical scenarios

e Limited power transmission involves to amplify the noise because of the interfer-
ence subtraction process of BIA. In other words, at finite SNR regime, the mul-
tiplexing gain achieved with BIA results futile when many terms of interference

must be subtracted.

e Practical channels are not constant in time/frequency. Therefore, the supersymbol
length, which increases exponentially regarding the amount of users, is a limitation
for the implementation of BIA schemes in practical scenarios where the physical

channel only stays constant during a coherence time period.

In order to deal with both limitations, we suggest to employ simple orthogonal resource
allocation joint to the BIA schemes developed in previous chapters. This approach will
be denoted as practical BIA (pBIA) from now on. For simplicity we focus on BIA for
the MISO BC described in Chapter 2. The extension of pBIA to other BIA schemes is

straightforward.

The proposed pBIA scheme divides the transmission resource, either bandwidth or time,
in « slices transmitting only to a portion of the total users in each one. Notice that
orthogonal resource allocation is in fact a simple form of interference alignment without
the need for CSIT [68]. Therefore, the BIA transmission over a MISO BC with N,

transmit antennas and K users is divided in @ MISO BCs where BIA for N; transmit
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«— 1 time/bandwidth

FIGURE 6.4: Resource division for the pBIA scheme. The whole resource is divided in
« slices.

antennas and % users is carried out in each one?. Figure 6.4 shows a generic example

of the proposed orthogonal resource allocation joint to BIA.

For illustrative purposes consider the toy example shown in Figure 6.5 where the trans-
mitter is equipped with 2 antennas serving 4 users. Hence, the supersymbol comprises
5 symbol extensions and each user must subtract 3 terms of interference. According to
(2.23), the achievable DoF for this case is %. Assuming this setting, the proposed pBIA
scheme splits the time/bandwidth in 2 equal slices. Therefore, BIA transmission for
Ny = 2 and only K = 2 users is employed in each portion of the available bandwidth.
In consequence, % DoF are achievable in each slice, and therefore, % (% + %) = % DoF
are achievable in the whole setting. That is % less than BIA for NV; = 2 and K = 4.
At expenses of this loss in DoF, the required coherence time has been reduced to the

duration of 3 symbol extensions and only 1 term of interference must be subtracted by

each user.

|
T

|
s

2
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Tx \V,
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g

FIGURE 6.5: Resource division for the pBIA scheme in the N; = 2, 4-users MISO BC.

21f % is not an integer, the resource is divided in (%W bands where every band is allocated to ng

users but the last band where mod (K, «) users are assigned.
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As we have shown, two benefits are obtained with the proposed pBIA scheme. First,
only a portion of the total users is involved in the subtraction of the interference. Hence,
the noise increase inherent in BIA schemes can be handled by dividing the transmission
resource while grouping the users in each piece of resource time or bandwidth. Secondly,
shorter supersymbols are required in each slice, and therefore, a relaxation of the required
coherence time is obtained. On the other hand, pBIA involves a penalty in DoF regarding
the optimal, because of the use of orthogonal resource allocation. Therefore, a trade-off
between multiplexing gain, noise increment, and coherence time is expected when using

pBIA in a realistic scenario.

6.4.1 Achievable Degrees of Freedom

With the pBIA scheme the available resource, either bandwidth or time, is divided
in « slices grouping the total K users in sets of % users in each slice as is shown in
Figure 6.4. The interference between the groups of % users is aligned because of the
previous orthogonal resource allocation. Besides, a BIA scheme for IV; transmit antennas
and % users is employed to align the interference between the users served in each slice.

In consequence, the supersymbol length in each slice is reduced to
KE K_,
Lopia = (N — 1) + S (N —1)a 7. (6.14)

On the other hand, the use of pBIA involves to divide a MISO BC for K receivers in «
MISO BCs serving % receivers each, both for IV; transmit antennas. Since the achievable
sum-DoF in each MISO BC is given by (2.23), the achievable sum-DoF by using pBIA

is given by N «
1 Ne= 1

DoFppia = ) — ———=—

p P o Nt -+ % —1 o

N K
. tiK (6.15)
N+ —1
It is interesting to analyze the limits of the achievable DoF of pBIA. For o« = 1 pBIA
coincides with the pure BIA transmission scheme and the achievable sum-DoF is given

by (2.23). In contrast, pBIA corresponds to a fully orthogonal scheme when o = K,
and therefore, the sum-DoF is fixed to 1 DoF divided between the K users.
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6.4.2 Achievable Rates

Assuming that the physical channel does not vary during the transmission of the entire
supersymbol, the achievable rate by the k-th for the pBIA scheme can be easily derived
from (2.34). Taking into consideration that a BIA scheme for N; transmit antennas and
only % users is carried out over portion é of the transmission resource is employed in
each slice, the normalized rate per symbol extension achieved by user k for the pBIA

scheme is

1 H
= E[logdet (T+ P, HFHW 'R ()] 6.16

a N+ % 1 g str 3 () ( )
where H¥ is given by (2.25). Since constant power allocation over the entire super-
symbol has been assumed in this chapter, the average power assigned to each stream is
Py, = N%. Moreover, only the % — 1 terms of interference because of the transmission
to users in the same slice must be subtracted by each user. Hence, the covariance matrix

for pBIA is given by

R:= | ¢ . (6.17)

It is interesting to remark that because of the orthogonal resource allocation a penalty
é appears in the achievable rate of user k. At expense of this penalty, from (6.17) we
can notice that the increase of the noise due to the interference subtraction has been
lessened in comparison with the standard BIA scheme described in Chapter 2. Besides,

the supersymbol length has been reduced considerably according to (6.14).

Similarly, when the decoding process of each symbol is affected by the channel variations
over a considered supersymbol, the achievable rate of the k-th user can be derived
following the lines of (6.16). Considering a BIA scheme for g users and N; transmit
antennas over a portion é of the total transmission resource the normalized rate per

symbol extension achieved by user k is

E [1og det (I + P, HM (0HNF (1) Rg,wc—l)} (6.18)

o= T

1
R _ .
pBIA,varC a Nt + 1

where Rz yqrc is given by (6.13). Assuming constant power allocation, the covariance

matrix of the noise after zero forcing R; is given by (6.17) and Py, = %. As it occurs
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when the channel remains constant over the entire supersymbol, notice that a penalty

é appears because of the orthogonal approach of pBIA.

6.4.3 Optimal orthogonal resource allocation for practical Blind Inter-

ference Alignment

The question that naturally arises after analyzing the performance of the proposed pBIA
scheme is how to find the optimal resource division to achieve the most favorable trade-
off between coherence time, multiplexing gain, and noise increase? To determine the
value of a that achieves this trade-off, which is denoted as avy:, we focus on maximizing
the achievable sum-rate. Note that in contrast to most of the optimization problem
solutions, the amount of information available is quite limited for pBIA transmission.
Therefore, the solution a,,; cannot depend on CSIT knowledge. It could be referred to
as a blind resource allocation optimization problem. In this sense, it is assumed that the

transmitter only knows the coherence time and the SNR of the users.

The first step to solve the described trade-off consists in selecting a resource division
large enough to consider the physical channel constant over the entire supersymbol.
That is, a value of resource division « able to ensure that the transmission period of
the pBIA supersymbol is shorter than the coherence time T, of the system. Hence,
the rate equation given by (6.16) can be used from now on. In particular, assuming
constant power allocation and bands of the same size, the normalized sum-rate per
symbol extension achieved by pBIA when % users are served in each one of the « slices

can be written as

o=

M
N
Q\’—‘
=z
+
S
I

Q

Rspia = E [log det <I + PstrH[k]H[k}HRgl(a))} . (6.19)

i=1 k=1

Considering that the users are statistically equivalent, the optimal resource division ¢

can be obtained by solving the following optimization problem

P
maxlilmize ﬁ]E {log det <I + MH[k]H[k]HRz—l(a))]

Q‘NQ‘N

subject to «a € [1, K] (6.20)

EpBIA S [07 Tc]
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The optimization problem (6.20) is non-convex and difficult to solve by applying stan-
dard optimization tools. To obtain a more tractable problem it is assumed that the sys-
tems operates at medium SNR regime and the approximation log(1+SNR) ~ log(SNR)
is reasonable. Note that at low SNR, BIA or even other IA schemes do not perform well

and fully orthogonal schemes achieve better performance.

Given the previous approximation, the optimization problem can be written as

maximize f(z)
x

subject to x € [1, K],

where x = %,x € [1, K] and

T P H
- el = {L0R = (L -1 —
f(x) Nt+x—1E [logdet <NtH H R; (oz))}

x p\M .
e =) - . K gk
N tz_1 (log <Nt) log det(Rz) + E [log det HMH D

T

P H
Noaa 1 ~ - (1-= - [ gk
Ntz _1 <Nt log <Nt> (1—Ny)log (22 —1) +E [logdetH H D

(6.21)

where the determinant of the diagonal matrix R is given by

(25 -1

0 1

K Ni—1
log | det =log (2 - 1) = (N¢ — 1)log(2z — 1). (6.22)
a

Furthermore, since H¥l ~ CN(0,1y,), HMHF is a Wishart matrix W ~ Wh, (N, 1),
applying [134, Theorem 2.11], it is verified that

N¢—1

E [logdet (H[k]H[le)] =S w1y, (6.23)
=0

where 1(+) is the Euler digamma function. Hence, we can rewrite f(x) as

T

flx) = N o1 (Z—-(1-Nplog(2zx—1)), (6.24)

_ K

where the terms that do not depend on x = - are grouped in

N¢—1

Z = Nilog (JI\Z) + lz:; Y (Ny —1). (6.25)
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Notice that the optimal resource division aqpt is obtained by solving %(;v)'x* = 0.

However, it is not possible to obtain a closed-form solution of this equation. To obtain

an analytical expression of the resource division, the following approximation is proposed

z—1
log(2x — 1) = 6.26
og(2x —1) L (6.26)
where p is the value in the middle of the x range, i.e. % Therefore,
K
o1 2
2
=|———F-1] =. 6.27
a <log (K-1) ) K (6:27)

After employing the previous approximation, the derivative of f(z) with respect to z is

given by

et () (20

and the resulting optimal resource division, denoted as «a*, is obtained by solving

(6.28)

8{95:) |z+ = 0, which can be written as the solution to a second order equation
ar’ +br+c=0, (6.29)
where

a=ps —Ng—1,
b=Z(14p)+2(1 - Ny),

C:Nt—1+Z

If 2* denotes the positive solution of (6.29), we have that

1 if £ <1
o =4 round (£)  if1<E <K (6.30)
K if £ > K

Notice that this solution only depends on the system parameters Ny, K, and the received

power P, i.e. the user SNR.
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6.5 Simulation Results

The performance of the proposed pBIA for different values of « is shown in Figure6.6. For
these results, coherence time is assumed large enough to consider the channel constant
over the entire supersymbol. It can be seen that the sum-rate is a concave function at
medium SNR regime where there exists an optimal value aqp that maximizes the system
sum-rate. Recall that the optimal sum-rate at high and low SNR is achieved at agpy = 1
(BIA applied over the whole resource) and aope = K (fully orthogonal transmission),
respectively. As the SNR decreases, notice that agp; corresponds to a larger resource
division. The solution of the optimization problem described in 6.30 is o* = {1,4, 7} at
the aforementioned values of SNR, respectively. As expected, due to the approximations
employed to derive o, this solution is not absolutely accurate regarding the theoretic
optimal resource division. However, the penalty is typically small. We can check that
at SNR = 22 dB the approximation log(l + SNR) =~ log(SNR) is not very accurate
and the value of a* is not exactly the optimal. Nevertheless, as the SNR decreases,
the sum-rate around the optimal point becomes flatter, and therefore, a small deviation

with respect to aopy does not involve a great penalty.
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FIGURE 6.6: Normalized sum-rate versus bandwidth division. N; = 4, K = 60.

With the aim of analyzing the achievable DoF of pBIA, Figure 6.7 shows the sum-

DoF for the optimal resource division agp plotted in Fig. 6.6. As expected, at high
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SNR values, the value of a that maximizes the sum-rate of the system, i.e. aopt, also
maximizes the sum-DoF. Therefore, pBIA transmission is optimal in relation to both
the sum-DoF and the sum-rate. However, when pBIA is applied in a setting with finite
values of SNR, there is a loss in DoF comparing with the optimal DoF achieved by
the use of BIA in only one slice. This loss in the DoF is caused by the application of
orthogonal transmission. At the expense of the DoF loss, the orthogonal transmission is
aimed at reducing the increase of the noise power caused by the interference subtraction
step of BIA, which severely affects the achievable sum-rate. As an example, for the
proposed MISO BC, there is a loss in the achievable DoF if pBIA is applied when o = 6.
Nonetheless, by employing the previous resource division, it is possible to achieve better

sum-rate than the BIA transmission over the whole resource, either time or frequency.
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FIGURE 6.7: Achievable sum-DoF regarding the bandwidth division. N; =4, K = 60.

LTE parameters for the 10 MHz configuration with a carrier frequency of 2 GHz are
considered in the following simulations. Moreover, a Doppler spread with fp = 55.5 Hz

of frequency deviation is assumed. Hence, the coherence time given by (6.2) is 7.6 msec.

The cumulative distribution functions (CDF) of the sum-rate in a scenario with N; = 2
and K = 100 users for different resource division values are depicted in Figure 6.9. Notice
that the supersymbol for this case comprises 101 symbol extensions, which corresponds
to a transmission period much lower than the coherence time. Therefore, we can assume

that the achievable sum-rate is not limited by channel variations for this case. However,
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since each user has to subtract 99 interference terms, the sum-rate is severely degraded
by the noise increase due the inherent interference subtraction of BIA. It can be seen
that the achievable sum-rate increases by applying pBIA with an orthogonal division
given by a*. In particular, the application of pBIA in the considered setting allows most

of the users to achieve a sum-rate improvement of at least 1 bit/sec/Hz.
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FIGURE 6.8: Cumulative function of the sum-rate for the standard BIA and pBIA at
different SNR values. N; =2, K = 90. No Doppler.

Figure 6.9 shows the CDF of the sum-rate for pBIA and BIA (« = 1) schemes when
Ny = 3 and K = 14 considering both varying and constant channel. Notice that for
this setting the supersymbol comprises more than 10° symbol extensions. Therefore, the
performance of BIA is limited by the coherence time while the degradation of the SNR
due to zero-forcing does not play a major role since only 13 interference terms must be
subtracted. Checking the values when o = 1 and Doppler spread is considered, it can be
seen that the channel variations penalize considerably the sum-rate. However, note that
the CDF curves when o = 2, whether channel variations are considered or not, overlap
with the o = 1 case assuming constant channel over the entire supersymbol. That is,
pBIA mitigates the effect of a non-constant channel without penalizing the achievable
sum-rates. In other words, pBIA allows to manage the coherence time requirement while

obtaining an optimal trade-off between multiplexing gain and noise increase.
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different SNR values. N; = 3, K = 14. Doppler fp = 55.5 Hz.

6.6 Experimental Evaluation of Blind Interference Align-

ment

To understand the impact of BIA schemes in realistic implementations we carried out an
experimental evaluation of BIA in the MIMO testbed of University of Cantabria [148].
In contrast to other hardware implementations such as [149] where IA for the 3-user IC
is evaluated offline, in [150] the authors present a IA study based on the same testbed as
used in this section for BIA. This work identifies the main practical issues that degrade
the IA performance in real implementations, concluding that imperfect CSIT is the key
limiting factor. Encouraged by this fact, we compare the evaluation of BIA with a
scheme such as LZFB that requires CSIT knowledge. The proposed experiments are
based on a typical configuration of a LTE system for a bandwidth of 5 MHz where a

turbocode with a coding rate of % is employed for channel coding.

6.6.1 Measurement Set-up and Methodology

Following the lines of this chapter, a MISO BC is considered in the proposed testbed. The
transmitter is equipped with 2 antennas that serve 2 users equipped with a reconfigurable

antenna each. The transmitter and the receivers are located in a lecture room at the
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TABLE 6.1: System parameters of the BIA testbed

Parameter Value
Signal bandwidth 5 MHz

RF carrier 5600 MHz
Number of subcarriers 512
Subcarrier spacing 15 KHz
Data subcarriers 316
Null/Guard subcarriers 32

Cyclic prefix 1/8 of the OFDM symbol length
Sampling frequency 40 Msamples/sec
Sampling rate 8 samples/symbol
DAC&ADC resolution 14 bits
Root-raised cosine roll off 40%

University of Cantabria. The receivers are separated around approximately 4 meters
away from the transmitter with direct line of sight. Since the measurements are done in
an isolated room, the coherence time is large enough to consider that the channel remains
constant during each iteration. With the aim to simulate the behaviour of reconfigurable
antennas, two independent antennas from each node are taken into account. Therefore,
two streams, which correspond to the preset modes 1 and 2, respectively, are received

by each user.

The transmit and receive sides can be modeled as a combination of hardware and soft-
ware parts. In [148, 151] these elements are described in detail. The system parameters
correspond to a LTE configuration for a 5 MHz bandwidth and 512 subcarriers. In
order to obtain a sampling frequency of 7.68 MHz typical of this LTE configuration, a
resampling factor is applied. The parameters of the testbed are shown in Table 1. In
the presented implementation, the source bits can be mapped to a BPSK, QPSK, 16
QAM or 32 QAM constellation with one symbol per subcarrier. It is assumed that all
the subcarriers of the OFDM symbol employ the same constellation in each iteration.
Notice that this parameter fixes the sum-throughput of the proposed BIA implementa-
tion. The pilot symbols are always mapped to QPSK. Besides, LTE channel coding is
assumed, a % turbo-encoder is employed in this work. Regarding the noise, the testbed

is characterized by an average SNR of 16 dB.

The measurement methodology for LZFB transmission is shown in Figure 6.10(a). How-

ever, the same scheme can be employed for other techniques based on CSIT such as TA



191

or BD. The frame structure is composed by a training stage, where orthogonal transmis-
sion is mandatory. It contains a PN sequence for synchronization and a pilot sequence
(PLT) for channel estimation. This sequence corresponds to entire OFDM symbol where
each subcarrier contains a known QPSK symbol. Once the channel has been estimated,
it is sent to the transmitters in order to calculate the corresponding precoding matri-
ces and generate the data signals. This process involves about 5 seconds to be done.
After that, 10 OFDM symbols are sent simultaneously to each user. Besides, since rel-
ative phases and time offsets have to be constant over the channel transmission, phase

synchronization is required to implement full CSIT techniques.

On the other hand, as other techniques that do not require CSIT knowledge, the imple-
mentation of BIA does not require any training stage, backhaul links or phase synchro-
nization. As can be seen in Figure 6.10(b) and (6.3), the OFDM symbols are transmitted
simultaneously during the first stage, which corresponds to first time slot (Block 1) of
the supersymbol of Figure 6.2. After that, symbols to users 1 and 2 are transmitted
in an orthogonal fashion according to the Block 2 of the supersymbol. Additionally,
since sequential transmission is used during Block 2, a pilot sequence is also transmitted
to get the CSIR required to solve the equation system of (6.4)3. Note that, although
synchronization requirements are more relaxed for the BIA scheme, PN sequences are

transmitted in order to detect the beginning of each frame.

6.6.2 Evaluation results

The theoretical achievable sum-rates of LZFB and BIA are shown in Figure 6.11. At first
sight LZFB exceeds the performance of BIA. This result should not surprise us, since
LZFB achieves 2 sum-DoF while the performance of BIA is only % sum-DoF for the
considered setting. Focused on the average SNR = 16 dB of our testbed, BIA achieves
4 bits/sec/Hz. Due to the LTE channel coding, the spectral efficiency, i.e. the bits of
the constellation employed in each, can be considered close to the capacity. Therefore,
each user would obtain a bit error rate (BER) close to zero for a spectral efficiency of 2
bits/sec/Hz, i.e. by employing a QPSK constellation to transmit each stream. On the
other hand, LZFB attains 5.5 bits/sec/Hz for the same SNR. In consequence, from a

theoretical point of view, it is expected that LZFB overcomes the performance of BIA.

31t is assumed that the coherence time is large enough to consider the channel variations as a source
of interference.
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FIGURE 6.10: Frame structure for LZFB and BIA transmission schemes

The BER for LZFB and BIA schemes is depicted in Figure 6.12. Note that the horizon-
tal axis represents the sum-throughput taking into account the costs of CSIT and the
structure of the frames shown in Figure 6.10. Each point corresponds to the constella-
tion employed to map the transmitted symbols (BPSK, QPSK, 16-QAM, and 32-QAM),
which determines the sum-throughput. It can be seen that LZFB achieves a lower BER
for a sum-throughput below 12 Mbps. However, BIA obtains a better performance when
more dense constellations are applied (e.g. when the symbols are mapped in a QPSK
constellation, BIA achieves a BER of 3-107* for 13.3 Mbps while LZFB obtains a BER
close to 1- 107! for 15 Mbps).

Checking the results shown in Figure 6.12, the performance of BIA and LZFB can be
confusing. According to the theoretical sum-rate shown in Figure 6.11, it was expected
that LZFB overcomes the performance of BIA, however this only happens when a low
density constellation such a BPSK is employed. This effect can be easily explained
because of schemes based on CSIT such as LZFB are heavily handicapped by channel
estimation errors, synchronization drifts, and variations of the estimated channel, which
do not depend directly on the SNR of the system. On the other hand, BIA is mainly
limited by SNR. Therefore, it is expected that BIA achieves even better performance

than LZFB at higher SNR values in many practical environments.
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FIGURE 6.11: Theoretical sum-rate of LZFB and BIA transmission schemes at medium
SNR regime

6.7 Conclusions

In this chapter, the use of BIA schemes in practical time-varying channels and where the
users operate at finite SNR is evaluated. It is shown that both limitations, coherence
time and SNR are the two main hurdles to overcome for the implementation of BIA.
Specifically, it is demonstrated that the interference subtraction methodology inherent
in the BIA schemes leads to a trace of interference when the physical channel varies along
the supersymbol. Moreover, the subtraction of received signals involves a noise increase
proportional to the amount of users, and therefore, the multiplexing gain achieved by
BIA, which also increases with the amount of users, results futile when many terms of

interference must be subtracted.

We propose a combination of the standard BIA scheme for the MISO BC and orthogo-
nal resource allocation to handle the supersymbol length and the amount of interference
terms that must be subtracted, i.e. coherence time and limited SNR. By applying BIA to
send data to users over orthogonal transmission resources, bandwidth or time, the pro-

posed scheme aims at maximizing the sum-rate, which does not necessarily correspond
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FIGURE 6.12: BER vs sum-throughput for LZFB and BIA transmission schemes

to the optimal sum-DoF at finite SNR. Furthermore, the length of the supersymbol,
which increases exponentially as the amount of users served, can be reduced signifi-
cantly, relaxing the coherence time requirement. The optimization problem to obtain
the optimal resource division is formulated in this chapter and a blind solution, i.e. with-
out the need for CSIT, is derived. Simulation results show that this approach allows
to manage the trade-off among multiplexing gain, coherence time and noise increase.
Finally, the results obtained through a hardware testbed lead us to confirm that the use
of BIA outperforms the throughput achieved by schemes based on CSIT because of the
impairments of providing CSIT.






Chapter 7

Conclusions and Future

Directions

7.1 Summary

In this dissertation, we have analyzed the use of BIA transmission schemes in cellular
networks. At first sight, the BIA scheme originally devised for the MISO BC results
attractive for cellular networks, its implementation is nonetheless not straightforward.
An extension of the original BIA scheme where the set of BSs forms a cooperative net-
work MIMO is proposed in this work. It is shown that a fully cooperative approach
results inefficient because of the lack of full connectivity in cellular networks. More-
over, fully cooperative BIA involves to use an unacceptable supersymbol length and the
terms of interference given by transmission to the rest of users in the whole network
must be subtracted, and therefore, increasing considerably the noise after interference

cancellation.

First, we consider the use of BIA in homogeneous cellular networks in absence of CSIT
based on the topology of the network as an information resource to design the trans-
mission strategy. An outer bound of the DoF is derived for general partially connected
networks with single-antenna receivers when CSIT knowledge is not available. After
that, differentiating between shared users that receive a strong signal from the set of
BSs and private users located in the inner cell that can treat the signal from neighbor

BSs optimally as noise, we present several BIA schemes with the aim of reaching the
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optimal sum-DoF in cellular networks. It is shown that data sharing among the BSs
when transmitting to shared users allows to design a BIA scheme that cancels both
intracell and intercell interference. Although this approach improves significantly the
rates of the cell-edge users at low SNRs, there is a loss in DoF because identical data
are sent by all BSs that transmit to shared users. Moreover, it involves the use of back-
haul links for providing data sharing, which is one of the issues that blind transmission
schemes try to avoid. Then, the use of flexible bandwidth allocation is proposed to avoid
the interference between both groups of users, private and shared, by transmitting to
them in different frequency bands within the available bandwidth. In consequence, a
cooperative BIA scheme can be devised for transmitting to shared users while standard
BIA transmission is employed for private users reusing the BIA code due to the partial
connectivity. Although this scheme achieves more DoF in comparison with the use of
data sharing in most of the cases, it is still suboptimal in DoF because of the use of an
orthogonal scheme to avoid the interference between both groups of users. By appro-
priately combining the BIA schemes corresponding to the private and the shared users
in a way that leverages the partial connectivity a BIA scheme that achieves the optimal
DoF in symmetric cellular networks is presented. For asymmetric cellular networks,
an extension of this scheme is also devised to minimize the loss of optimality in DoF
because of asymmetric impairments. Interestingly, in absence of CSIT, schemes based
on the network topology overcome the DoF achieved by fully cooperative BIA schemes,
even when full connectivity among the whole set of BSs and all users is assumed. As
a main conclusion, we can assert that partial connectivity in cellular networks should
be treated as a resource instead of a limitation. Furthermore, a considerable reduction
of the supersymbol length is attained in comparison with the fully cooperative scheme,

rendering the scheme more robust to temporal and frequency variations of the channels.

Secondly, following the previous approach based on the network topology, we consider
the use of BIA in heterogenous cellular networks. Specifically, for macro-femto networks,
it is demonstrated that the cooperative BIA schemes lead to a loss in DoF because of
the particular topology of this kind of networks. In consequence, the DoF achieved by
macro users are heavily penalized due to transmission of their corresponding macro BS
to femto users while the femtocells are inefficiently treated as a macro BS, i.e. as in
homogenous cellular networks. Moreover, it is shown that the sum-DoF does not scale

with the amount of femtocells deployed, which considering a dense femtocell scenario
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penalizes the network performance significantly. Encouraged by this fact, we derive the
linear DoF of the two-tier cellular network subject to optimality in sum-DoF for the
upper tier. Then, a cognitive-based BIA scheme is derived to reach that optimal DoF
performance. For macro-femto cellular networks, it is demonstrated that the macro BS
transmits independently of the femtocell deployment within its coverage, and therefore,
achieving the optimal DoF as in a MISO BC. Meanwhile, femto users achieve non-zero
DoF exploiting the supersymbol structure to measure the interference subspace because
of macro BS transmission in a cognitive fashion. It is shown that the proposed cognitive
BIA scheme for macro-femto networks outperforms other transmission schemes. To
do so, the proposed approach does not require any CSIT or data exchange between
macro BS and the FAPs. Instead, a simple coordination between the macro BS and the
femtocells is required in order to transmit to macro and femto users in a synchronized

fashion, respectively.

We finally analyze the implementation of BIA schemes in practical scenarios. Coherence
time and finite SNR are pointed out as the main limitations of BIA in practical channels.
First, they require a coherence time large enough to consider that the physical channel
remains constant over the entire supersymbol. If this assumption was violated, the BIA
schemes would suffer a loss in both the sum-DoF and the achievable sum-rate. The
second limitation is related to the non-negligible increase of the noise power caused by
the subtraction of the interfering signals. This increase of the noise power does not
involve any loss of optimality in DoF. However, for finite SNRs, maximizing the sum-
DoF does not ensure the maximization of the sum-rate. As a result, the increase of the
noise power can reduce the sum-rate achieved by BIA schemes. This dissertation shows
that, since sum-DoF, noise power, and supersymbol length grow as the amount of user
increases, there exists a trade-off between multiplexing gain, sum-rate at finite SNR,
and coherence time when BIA is applied in practical channels. Orthogonal resource
allocation joint to the BIA schemes presented in this work is proposed to handle both
limitations. It is demonstrated that, at expenses of a loss in DoF, this practical BIA
approach optimizes the sum-rate of the network. Moreover, it is interesting to remark
that any resource allocation strategy applied to blind schemes should not depend on CSI.
We devise a practical BIA scheme that allows to obtain the optimal resource division
depending only on the system parameters, coherence time, and users SNRs. To complete

the study of BIA schemes in practical scenarios, we present an experimental evaluation
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of BIA in a hardware testbed. It is shown that BIA outperforms a transmission scheme
based on CSIT such as LZFB because of the hardware impairments and the costs of

providing CSIT.

7.2 Future Directions

Blind Interference Alignment for practical channels. The practical BIA scheme
developed in this dissertation is subject to very rigid constraints such as same SNR
for the whole set of users or same size of the resource partitions. To improve the
resource allocation in BIA schemes, which plays a major role to optimize the sum-
rate, future works would consider more flexible resource allocation schemes. Moreover,

channel variations and how to deal with this limitation will focus our future research.

Multi-tier networks. Theoretical limits in absence of CSIT. Future cellular will
be extremely heterogeneous, two-tier networks can be extended to multi-tier scenarios
where macro, micro, pico, femto cells and relays coexist generating environments limited
by inter-tier interference. Since providing CSIT or cooperation among the different tiers
results unaffordable, the use of BIA will be proposed as in the cognitive scheme devised
in this work. In this sense, future work focuses on analyzing the performance of BIA

using stochastical geometry theory for modeling muti-tier environments.

Massive MIMO in heterogenous networks. Massive MIMO transmission has been
presented as a key element for future cellular networks. However, the interaction of
the massive MIMO tier and small cells, which also are considered an element for future
networks, is still an open issue. Cognitive approaches based on BIA schemes for small
cells can be developed for mitigating the inter-tier interference without requiring CSIT
or cooperation among the different tiers, e.g. between massive antenna BS and small

cells.

Practical applications. The main theme of this dissertation was the use of BIA
schemes in cellular networks. Future works will investigate the use of BIA in other
applications. More specifically, we will focus on MIMO Free Space Optical Systems,
where CSIT is unfeasible to obtain and the two main hurdles for the implementation of
BIA, namely coherence time and finite SNR, do no represent a major limitation. On the

other hand, we analyze the wireless energy harvesting as a source of interference, where
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as it occurs in optical systems, CSIT is not a quantifiable measurement. BIA schemes

can deal with both sources of interference, caused by data and energy transmission.
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