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Abstract—We propose a cognitive blind interference alignment
(BIA) scheme for macro-femto two-tier networks where the users
are equipped with a single reconfigurable antenna. The proposed
scheme fully cancels the intracell interference in both the upper and
lower tiers. Moreover, it provides the optimal Degrees of Freedom
(DoF) in the macro-tier while the lower tier subject to inter-tier
interference achieves non-zero DoF. To do so, the proposed scheme
relies on a topology management scheme where the users belong
to the macro-tier if and only if they can optimally treat the in-
terference caused by the transmission at the femto-tier as noise.
The proposed scheme does not require any channel state infor-
mation at the transmitter or data sharing between the macro- and
femto-tiers. An outer bound of the DoF is derived for the considered
macro-femto network. It is demonstrated that the proposed scheme
can attain the outer bound subject to optimal sum DoF for the
macro-tier. Furthermore, compared to previous approaches, cog-
nitive BIA can achieve better sum rates for macro-femto networks
for femtocells subject to different levels of inter-tier interference.

Index Terms—Blind interference alignment, channel state in-
formation, degrees of freedom, heterogeneous networks, reconfig-
urable antennas.

1. INTRODUCTION

HE continuous increasing demand on high data rates
for wireless communications results in the development
of Multiple-Input Multiple-Output (MIMO) systems or the
deployment of heterogeneous networks. The study of the area
spectral efficiency for cellular networks carried out in [1] lead
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to reduce the cell size with the aim of reusing the transmission
resource, either time or frequency. As a consequence, the tra-
ditional homogeneous cellular networks become heterogeneous
and composed by cells of several sizes [2]. In this context, sev-
eral wireless communication systems have proposed the use
of small cells that have low power transmission and that are
randomly and sparsely deployed within the coverage area of a
macro BS [3], [4]. In this sense, one of the most interesting
results shown in [5] is that in principle, with open access and
strongest cell selection, adding a lower tier in the traditional de-
ployment does not involve worse interference conditions. How-
ever, interference caused by the transmission in the downlink
of the upper tier can degrade the performance achieved by the
small cells within their coverage area.

Several schemes such as Linear Zero Forcing Beamform-
ing (LZFB) [6] or Interference Alignment (IA) [7] have been
proposed to manage interference. These transmission schemes
are based on maximizing the Degrees of Freedom (DoF), also
known as multiplexing gain, by exploiting the interference in-
stead of treating it as noise. However, besides requiring some
feasibility conditions [8], they assume accurate knowledge of
the Channel State Information at the Transmitter (CSIT) and co-
ordination among the BSs when applied in a cellular network.
To satisfy these requirements, high-capacity backhaul links and
synchronization among the users and the BSs are required. Of-
ten, a significant amount of network resources is needed to sat-
isfy these requirements [9]. Therefore, techniques based on full
CSIT are challenging to implement in a heterogeneous network,
where a large amount of small cells coexist with the traditional
deployments. Thus, efficient interference management in het-
erogeneous networks is still an open issue.

Blind Interference Alignment (BIA) was proposed as a
transmission scheme that does not require CSIT by considering
heterogeneous block fading models [10]. BIA is based on
exploiting a sequence of symbol extensions over which the
channel state of each user varies according to a predefined
pattern, which is referred to as supersymbol. For instance,
considering time-selective and frequency-selective users.
However, these channel state variations do not occur naturally
in most of the scenarios. To generate this predefined pattern of
channel states, i.e., the supersymbol, the authors in [11] propose
a BIA scheme where each user is equipped with a single re-
configurable antenna. For transmission over a coherence block
in which the physical channel is assumed to remain constant,
the reconfigurable antenna of each user is able to switch its
radiation pattern among a set of preset modes [12]. From now
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on, we consider the use of reconfigurable antennas as the usual
concept of BIA. For the Multiple-Input Single-Output Broad-
cast Channel (MISO BC) where the transmitter is equipped
with [V; antennas and there are K active users, a sum-DoF equal
to % is attained using BIA. In [13] it is demonstrated
that this is the maximum achievable DoF in the absence
of CSIT.

BIA was initially devised for the BC, and its implementation
in a cellular network is not straightforward. The performance
of BIA in a homogeneous cellular network was analyzed in
[14], [15]. In [16] a novel BIA scheme was proposed for in-
terference networks where the channel have a limited coher-
ence time. By introducing a penalty in the achievable DoF, this
scheme is able to reduce the supersymbol length while remov-
ing both intra and inter cell interference. However, since this
scheme assumes that each transmitter is connected to every
receiver, it does not leverage the partial connectivity of the net-
work and, therefore, cancels all the interference signals, which
can be unnecessary in practical cellular networks [17]. At this
point, the use of the network topology is proposed to manage
the interference based on the principle of treating the interfer-
ence optimally as noise [18]. Basically, the treat interference
as noise area of a channel corresponds to the levels of interfer-
ence where greater performance in terms of capacity or DoF is
achievable by considering the interference as a source of noise
instead of managing it [19], [20]. Motivated by this approach,
to cancel all the intracell interference and the intercell interfer-
ence that cannot be treated as noise, several BIA schemes [21],
[22] were derived. These schemes are based on categorizing the
receivers into either private users, which receive a weak sig-
nal from their neighboring BSs and can treat that interference as
noise or shared users receiving a strong signal from all BSs man-
aging them as useful signals. Unfortunately, none of them are
DoF-optimal. More recently, based on the previous categoriza-
tion, in [23] the authors propose a BIA scheme that achieves the
optimal sum-DoF in symmetric partially connected networks.
Nonetheless, when this scheme is implemented in a two-tier
network, neither the upper nor lower tiers achieve the optimal
sum-DoF. Moreover, several BSs of different tiers need to co-
operate in order to jointly transmit data to their corresponding
shared users.

In a heterogeneous deployment where several Femtocells Ac-
cess Points (FAPs) are randomly spread over the coverage area
of a macrocell, femto users may receive a strong signal from
the macro BS. Note that cooperative schemes between tiers are
generally avoided, since they waste a large amount of network
resources for signaling [24]. Some techniques that avoid the
cooperation between the macro and femto tiers are based on
fractional frequency reuse, distributed power control and static
resource partitioning [25], [27]. However, the performance of
these techniques is generally suboptimal in terms of sum-rate
or sum-DoF. There also exist a few recent schemes [28], [29]
that apply BIA. In [28], the authors propose several heuristic
schemes that exploit the location information of the users and
the BSs to reduce the supersymbol length. Moreover, in [29]
a Kronecker product representation is used to design a BIA
scheme for specific two-tier networks. Although these schemes
cancel the intracell and the inter-tier interference through coor-
dinated transmission between both tiers without CSIT, they are
generally suboptimal in the DoF sense.
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This work considers a macro-femto cellular network where
each user is equipped with one reconfigurable antenna. Build-
ing on our preliminary work [30], it addresses the design of a
transmission scheme that employs BIA to fully cancel both the
intracell interference of both tiers as well as the inter-tier inter-
ference. The proposed scheme does not require CSIT or data
sharing between the two tiers. Only some synchronization in
the transmission structure of the femto tier is required. Since the
proposed scheme is based on measuring the interference sub-
space because of the macro BS transmission at the femto users
while the FAPs are in silent and subtract this inter-tier inter-
ference afterwards from the symbol extension where the FAPs
are active, we can considered the proposed scheme as cognitive.
Moreover, due to this cognitive approach, under the proposed
scheme the deployment of cells at the femto tier is transpar-
ent for the macro tier. Given these desirable features, the main
contributions of this work can be summarized as highlighted
below.

Maximum DoF for macro users: Since the macro BS does not
employ any of its resources for transmission or cooperation to
the femto tier, the macro users obtain the maximum sum-DoF
without CSIT given by [10], [13].

Non-zero DoF for femto users: In contrast to the use of other
approaches applied to macro-femto networks, e.g. [16], [22],
[23], achieving the optimal DoF in the macro tier, i.e., occu-
pying all the signal dimensions without CSIT, does not involve
to obtain zero-DoF at the femto users subject to inter-tier inter-
ference by leveraging on the partial connectivity of the macro-
femto network.

DoF for two-tier networks: For a two-tier network, we derive
an upper bound for the sum-DoF of the lower (femto) tier as
a function of the sum-DoF of the upper (macro) tier in which
the lower tier is contained. We show that under the constraint
that the sum-DoF of the macro tier be maximized, the proposed
cognitive scheme attains the optimal sum-DoF in the femto tier.

Grow of the DoF in the femto tier: Since adding a new fem-
tocell does not involve a penalty for the macro users without the
need for cooperation or resource division, within the range of
femtocell density where the intercell interference between fem-
tocells can be treated optimally as noise, which is discussed in
detail during Section VII, the achievable sum-DoF of the system
can grow linearly with the number of femtocells.

Achievable rate: Through extensive computer simulations, it
is shown that the sum-DoF achieved by the proposed scheme
results in achievable rates that outperform other BIA schemes
applied to the macro-femto networks.

The remainder of the paper is organized as follows. In
Section II the system model is presented. Section III provides
a brief overview of the implementation of BIA in a single-tier
network. Moreover, to provide a baseline scheme where the
macro and femto tiers can cooperate, Section III extends the
nBIA scheme proposed in [23] to the considered macro-femto
network. Next, Section IV presents the proposed cognitive
BIA (cogBIA) scheme. In Section V, we show the sum-DoF
optimality of cogBIA by providing an outer bound for the
sum-DoF in a two-tier network. In Section VI, closed-form
expressions are provided for the rates achieved by the cogBIA
scheme. Section VII presents some simulation results where
the performance of cogBIA is compared to other BIA-based
schemes. Finally, Section VIII provides concluding remarks.
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II. SYSTEM MODEL

We consider a macro-femto cellular network! as is shown in
Fig. 1. Inthis network, there is amacro BS equipped with /V,,, an-
tennas. Additionally, a set of F' FAPs, i.e., F = {¢1,...,0r},
each equipped with N; antennas, has been randomly deployed
over the radio coverage area of the macro BS. For the con-
sidered scenario, a set of Ky, = {1,..., K, } users are ran-
domly distributed over the cellular network. Each of these users
is equipped with one single reconfigurable antenna that can
switch among different preset modes. Since the macrocell is
generally overwhelmed as the density of users increases, we
aimed at maximizing the use of the lower tier. Thus, we assume
that the users within the coverage footprint of a femtocell are
always served by the corresponding FAP even if they are sub-
ject to macro tier interference. Therefore, we can distinguish
between macro users, which are out of the footprint area of
any FAP by definition, and femto users served by the femtocell
deployment.

After categorizing the set of users, the macro BS serves a
set of K,,, macro users K,,, = {mq,...,mg, }. The symbols
transmitted by the macro BS can be written in vector form as
xM] = [:v[l]\'ﬂ, e ,x[y]]T Thus, the signal received by macro
user my. at time ¢ can be written as

T
y[mk] [Z] _ h[mk M| (l[mk] [Z]) X[‘M] [’L]

F T
4 Zf:1 hlmier) (l[mu[i]) xl# 1] 4o mel ]

inter-tier interference

(1
~ hlmeM] (l[mk] [Z'])TX[M] [Z] + Slm] [Z]a 2

where hi™e-M1 (7lmel[i]) € CNo*1 s the channel vector that
contains the path loss and shadowing effects between the NV,
antennas of the macro BS at the [-th preset antenna mode
(I=1,...,N,,) of the reconfigurable antenna of macro user
my, attime instant i and 21"+ ![4] is complex circularly symmetric
Gaussian noise with zero mean and unit variance. Besides, in (1)
the macro user can receive the signal because of transmission
in the femto tier where x[¥/! € CVs*1 is the signal transmitted
by the FAP ¢ and where h!™-#s) (1lm+1[i]) € CNr 1 denotes
the channel vector between the FAP ¢, and the macro user m,
at preset mode [ and time i. According to the strategy described
above, a macro user is only connected to the macro tier if and

lAlthough we focus on a macro-femto network, notice that the considered
system model as well as the derived results are applicable to any other kind of
two-tier network.
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only if it can optimally treat the interference from the femto tier
as noise. That is, if the macro user is out of the footprint of any
FAP, and therefore, greater performance in terms of capacity or
DoF, is achievable by computing the signal received from the
set of FAPs as noise than managing them as useful signals or
dividing the transmission resource, either time or frequency, to
avoid its influence. Under this condition the signal received by
the macro user my, at time ¢ can be approximated as in (2). If a
macro user moves to the footprint of a FAP it proceeds to hand
over to the femto tier, which contributes to unload the macrocell.

Similarly, the signal transmitted by the FAP ¢, can be written
asxles] — [m[f il x[\ff ] ] "' For the considered macro-femto
network, each femto user is connected to the strongest FAP from
which receives signal. In this context, there exist femtocells that
do not receive a strong interference from the macro BS and that
can optimally treat the inter-tier interference as noise. That is,
greater performance can be achievable by treating the inter-tier
interference because of macro BS transmission as noise than
avoiding it through orthogonal resource division or managing
it as a useful signal. As a result, these femtocells can transmit
and manage the intracell interference as isolated BSs. Being
the focus of the paper from now on, there also exist femtocells
whose users are subject to strong interference caused by the
transmission of the macro tier. The signal received by the user
Jx., in this kind of femtocells is given by

. T .
y[fk,"’f][i] _ h[fk-’_,;f-,tﬂ/] (l[f“*’f][i]) X[’?/][i] +Z[fk/‘¢f][i]
y T
+ h[fk’.;fa]\/[] <l[fk’yj][l]) X[Aﬂ[i]

F For o o foro e\ T .
+ Zf*ZI h[ Koo Pf ] (l[ k Ayf][z]) X[L,of ]

Ij+

3

where, for the [-th antenna mode and time 1,
v, ¢7] (l[f""*”/][i]) € CN7 1 is the channel vector between

the FAP ¢ and user fi ., h e Ml (l[.fk’;vf J [i]) € CNw x1
denotes the channel between the macro BS and femto user
frrp, and Moy [i] denotes complex circularly symmetric
Gaussian noise with zero mean and unit variance. Moreover,
in (3) the term Z;+ corresponds to the intercell interference
in the lower tier. Assuming that the density of the femtocell
deployment is not very high, the term Zy. will be optimally
treated as noise, i.e. Z;+ ~ 0. Here, we use index k' instead
of k to distinguish from macro users in further derivations.
Additionally, if a femto user moves out of the operating range
of the femtocell, we consider that it proceeds to hand over to
the macro tier.

We assume that the transmitted signals are subject to an aver-
age power constraint E[||xM[i]||?] < P, and E[||x#1[i]||?] <
Py . We also assume that the switching pattern functions [ [ (4]

and (¥ [i] are predetermined and known beforehand. On
the contrary, the transmitters do not have any CSIT. The chan-
nel 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 sufficiently large number of
time or frequency slots. For simplicity, we focus on the temporal
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dimension without loss of generality. Therefore, each symbol
extension corresponds to a time slot i. Nevertheless, all results
can be easily applied to the frequency domain.

In the considered model, the macro BS sends data to macro
user my, at rate R+, From the definitions in [11], note that the
rate tuple Rl = (Rl . Rl RImwnly is achiev-
able if every macro user can decode its desired symbols with
arbitrarily small probability of error by coding over sufficient
channel uses. From the closure of all the achievable rate tuples
of the macro users, which is denoted as the capacity region
of the macro users C™!, the sum-DoF of the macro users is
defined as

K :
) - R[mk]

dsype, = Jim  max S )
P, —ooRlmlecln]  log(Py,)

Similarly, the sum-DoF for the femto users of an arbitrary FAP
@y is defined as

Kf R[-fk/.pf]
dsyn = lim  max Bl ()
e prooplfiectsl  log(Py)
where Cl/! denotes the capacity region of the femto users at the
FAP ¢, R = (R sl RUes ] R es ]y with

R[f Koyl denoting the rate of femto user fj ., e

It is interesting to remark that the DoF metric corresponds to
the measure of the accessible dimensions, the multiplexing gain
or the pre-log factor of the capacity. As such the fundamental
significance of the DoF metric is evident. Considering a macro-
femto network the DoF can be interpreted as the pre-log factor
of the sum-rate when the interference is avoided. Therefore,
assuming a femtocell heavily limited by inter-tier interference,
since the FAP can provide high SNR within the short range
of the femtocell footprint [3], the DoF corresponds to the pre-
log factor of the femto users once the interference has been
canceled, for instance through a transmission scheme such as
the proposed cogBIA scheme.

III. BLIND INTERFERENCE ALIGNMENT FOR
TwO-TIER NETWORKS

A. Standard BIA

We begin with a brief overview of the scheme derived in [11],
which we refer to as standard BIA (sBIA). In particular, to
introduce some useful notation and provide a starting point in
the derivation of the proposed cognitive scheme, we focus on the
use of sBIA by the macro BS without considering the femtocell
deployment.

Following the scheme in [11], the mode [ of the antenna at the
different macro users should follow a pattern along a sequence of
symbol extensions over which transmission to the macro users
takes place. This sequence is called supersymbol, and consists
of a total of

Ln-ss = (N, — D)5 + K, (N, — D571 (6)

symbol extensions divided in two blocks. On the one hand,
Block 1 is composed of the first (N,, — 1)%= symbol exten-
sions over which simultaneous transmission to all macro users
takes place. On the other hand, Block 2 is formed by the last
K, (N, — 1)%= =1 symbol extensions over which orthogonal
transmission is employed.
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For each macro user, the supersymbol consists of (N, —
1)%= =1 alignment blocks, each formed by N,, symbol exten-
sions over which N,,, DoF are obtained. During each alignment
block, the user m;, switches through all N,, preset modes to
ensure decodability of the desired symbols. On the contrary, the
channels hl"] of all other users, j # k, remain in a specific
preset mode to align the signal intended to user my, into one di-
mension at their signal space. From now on, we refer to as BIA
criterion the condition from which the channel state of a user
changes during each of its alignment blocks while the channel
state of all other users remains constant over groups within the
alignment block of the considered user.

According to the definition of alignment block, if we ignore
the noise, we can express the received signal vector y!"*! by
macro user m;, in any of its alignment blocks as

()7 5, ul)
— H[mk]ugmk] +
h[mk](Nm - 1)T Z,j#k
0

ulm]

interference

)

where HI"! = col{hl™+](1)T } Y € CNn*Nu s a full-rank

matrix almost surely and u&m ¢ €N *1 contains the N, sym-
bols transmitted by the macro BS to user m, in its ¢-th alignment
block. As explained in [11], the first NV, — 1 symbol extensions
of one alignment block belong to Block 1, while the last symbol
extension belongs to Block 2. Since simultaneous transmission
takes place during Block 1, transmission in the first N, — 1
symbol extensions of the alignment block causes interference
to other macro users. However, since orthogonal transmission
is employed in Block 2 and the channel mode of all other macro
users m; is kept constant along the alignment block of macro
user my, i.e., the alignment blocks satisfy the BIA criterion this
interference can be removed by applying zero forcing based on
the signal received by macro user m; during the last symbol
extension of the alignment block of my,. Similarly, the interfer-
ence terms in the alignment block of user m;. (see (7)) can be
removed by measuring it in appropriate slots of Block 2. Then,
as long as the {h!*(m)}M_  are linearly independent, the N,,

k

data streams in ugm can be decoded by solving the resulting

linear system y("+] = Hl"+] uLm *! where 7] is the received
signal after subtracting the interference measured in Block 2.

Since each of the K, users achieves INV,, DoF in each of its
(N,, — 1)%» =1 alignment blocks, which are distributed over
a supersymbol of (N,, — 1)X» + K, (N, —1)%»~1 symbol
extensions, the sum-DoF per symbol extension achieved by the
K,,, macro users equals

NNL K’VL

—_. 8
Nm +Km*1 ()

DOFm,sBIA =

Note that sBIA achieves the optimal sum-DoF for the macro BS
in absence of CSIT [13]. For a macro-femto cellular network,
note also that the macro users can only achieve (8) if the macro
BS does not transmit data to the femto users.
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B. Network BIA for the Macro-Femto Network

The network BIA scheme (nBIA) devised in [23] can be ap-
plied to a macro-femto network. In summary, the key idea of
nBIA lies in the construction of a supersymbol formed by align-
ment blocks for networks with partial connectivity. If a user & is
served by /NV;; transmit antennas, its alignment block consists of
Nj: symbol extensions over which its antenna switches through
N, different preset modes in order to receive [V;, distinguish-
able data streams. At the same time, to align the aforementioned
N}, beams into one dimension at other users subject to interfer-
ence caused by the transmission to user k, their channel state is
maintained constant over the symbol extensions that form the
alignment block of user k.

Focused on a macro-femto cellular network, according to [23]
users are private if they only receive the signals of the N,
antennas of the macro BS. As a result, private users can treat
the inter-tier interference as noise. On the other hand, users
are considered to be shared users if they receive signals with
similar power from both the /N, antennas of a neighboring FAP
and the N, antennas of the macro BS. Taking all these features
into account, from [23] we can adapt the nBIA scheme for a
macro-femto network that has one macro BS with V,,, antennas
and K, marco (private) users as well as F' FAPs, each with
Ny antennas and K femto (shared) users. Since for the nBIA
scheme the macro BS transmits data to both the macro and
the femto users, the transmission of data to either a macro or a
femto user causes 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 all other users.
For the nBIA scheme the supersymbol comprises a Block 1
consisting of

Lspinpia = (N — 1 (N — 1) )
symbol extensions over which simultaneous transmission takes
place, with N = N,, + Ny. Since (V,,, — 1) symbol extensions
of the alignment block of a macro user belong to Block 1, a total
of (N,, — 1)X»=1(N — 1)X/ alignment blocks are allocated
for each macro user. Similarly, since (N — 1) symbol extensions
of the alignment block of a femto user belong to Block 1, the
supersymbol has (N,,, — 1)%= (N — 1)%7 -1 alignment blocks
for each femto user.

To complete the alignment block of any user and allow the
other users to measure the interference created within the align-
ment block, each user employs one symbol extension of Block 2
over which the beams associated with the considered alignment
block are transmitted free of interference. Therefore,

tp,nBIA - Km |:(Nm - ]-)Km - (N - ]-)Kf:| (10)

and

tonpin = F K [(N — )&, (11)

_ 1)1(,,1 }
symbol extensions are required in Block 2 to complete the
alignment blocks of all the macro and femto users, respectively.
Noting that each macro and femto user achieves N,, and
N DoF per alignment block, respectively, the sum-DoF per
symbol extension for the K, macro users achieved by adopting
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the nBIA scheme of [23] equals
N, K, (N —1)
DoF n = ]
p,nBIA (N —-1)(Ny, + K, = 1) + FK¢(N,, — 82)

whereas the sum-DoF per symbol extension achieved by the
K femto users jointly served by both tiers is
NK§(N,, — 1)
(N-1)(N,, + K,, = 1) + FK;(N,,, — 1)’
13)

DOFs,nBIA =

IV. COGNITIVE BLIND INTERFERENCE ALIGNMENT

Although the nBIA approach of the previous section cancels
both the intracell and the inter-tier interference, it requires to
waste a large amount of network resources for cooperation of
both tiers. Furthermore, since some of the macro users could
optimally treat the inter-tier interference as noise, under nBIA
notice that the DoF achieved by these users decrease with the
number of FAPs F', as can be seen from (12).

In the following we formulate the DoF achievable by the
femto users as a function of the DoF, i.e., the signal space, of
the macro tier in which the femto users are contained.

Theorem 1: For a macro-femto network where the macro
BS has NN,, antennas that serve K,, macro users and each FAP
is equipped with Ny antennas serving K users as defined in
Section II. In the absence of CSIT, the DoF outer bound for a
generic FAP subject to macro-femto interference is given by

don < 2N} Em
Yemto — Kf +Nj —1 max (Nnme)

where dy, ., and dy ., denote the sum-DoF for the femto
and macro tier, respectively.

Proof: See Section V. |

In this section, we derive a BIA scheme that achieves the
outer bound (14). We propose a novel cognitive BIA (cogBIA)
scheme where the macro BS exclusively transmits to users that
can optimally treat the inter-tier interference as noise. On the
contrary, unlike the nBIA scheme, under the cogBIA scheme
the femto tier exclusively transmits to users within the coverage
footprint of a femtocell even if they are heavily limited by inter-
tier interference. The inter-tier interference subspace because of
macro BS transmission can be measured at the femto users dur-
ing some periods of the supersymbol where the FAPs remain in
silent as in a cognitive fashion. By following the aforementioned
categorization of macro and femto users, the proposed scheme
let the macro BS transmit independently of the femtocell de-
ployment and let the macro users attain the optimal sum-DoF
without CSIT. That is, the macro BS occupies all the signal
dimensions in absence of CSIT. Despite this fact, unlike other
existing interference management techniques, e.g., [16], [22],
[23], the proposed cogBIA interestingly provides non-zero DoF
to the femto users by leveraging the partial connectivity of the
network. In other words, the inter-tier interference is avoided
without dividing the transmission resources of the macro BS or
the need for cooperation between tiers.

dy, (14)

macro

A. Femtocell Transmission Using Cognitive BIA

To illustrate the proposed cognitive scheme, we first consider
a toy macro-femto network formed by ' = 1 FAP with Ny = 2
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2
him1(2) hve1(2)

hi=1(2

hi2en(2)

(b)

Fig. 2. Supersymbol of the sBIA scheme for a) N,,, = 2 transmit antennas
serving K, = 2 macro users and forb) Ny = 2 and Ky = 2 femto users.

antennas and K; = 2 femto users as well as one macro BS
that has V,,, = 2 antennas transmitting data to K, = 2 macro
users. To let the macro users achieve the optimal sum-DoF in the
absence of CSIT, the macro BS implements the sBIA scheme
with the supersymbol shown in Fig. 2(a). The signal transmitted
by the macro BS is given by

xMI[1] I, I,

X, = | xM) | = | L {u™ 4 [0y [u]™), 5)
x[M][3) 0, I,

where ul™*) € €21 contains the symbols to macro user my.

For the toy example, the supersymbol of the macro users consists
of 3 symbols. The first symbol extension belongs to Block 1,
referred to as m-Block 1, while the last 2 symbol extensions
form Block 2, referred to as m-Block 2.

With the aim of achieving as many DoF as possible without
CSIT, we also assume that each FAP employs the sBIA scheme
to transmit data to its users and manage the intracell interfer-
ence. Hence, the supersymbol of the FAP (f-SS) is as shown in
Fig. 2(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. Recall that the users are only served
by the macro BS if and only if they can optimally treat the
inter-tier interference caused by the transmission of the femto
tier as noise. As a result, each FAP can implement the sBIA
scheme and transmit data to its femto users without causing
interference in the macrocell users. However, according to the
proposed topological approach notice that the macro-femto
interference hampers the femto users when they decode the
signals transmitted from the FAP.

Since the macro BS transmits to the macro users in an or-
thogonal fashion during m-Block 2, the symbol extensions of
this block can be leveraged by the femto users to measure the
macro-femto interference. To achieve this, the FAPs do not
transmit during m-Block 2, and therefore only transmit data to
their corresponding femto users during m-Block 1. Moreover,
the alignment blocks of the resulting supersymbol comprising
macro and femto transmission must satisfy the BIA criterion.
That is, at each femto user both the signal received as a result of
the orthogonal transmission of ugm‘”] during m-Block 2 and the

macro-femto interference caused by the repeated transmission

of uLmk] over different symbol extensions of m-Block 1 need to

be aligned into the same dimension.
For the toy example and for the general case, the length of m-
Block 1, referred to as g, is not equal to the length of supersymbol
f-SS. When the macro BS implements a sBIA scheme for K,
users served by N,, antennas, from [11]
— 1),

q = (Nm (16)
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_ PBlock | mBlock | e - | moBlock2
Macrocell interference removal
| f-SS | <dle | f-SS | (no FAP transmission)
S-Block 1 S-Block 2
Fig. 3. Macro and femto supersymbol for cogBIA.
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hlae1l(2) hi2e1(2) E
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FEMTO
Repetition 3 times
g =1, Only one f-SS in S-Block 1

hlie1(2)

hi2en(2)

Fig. 4. Construction of the cogBIA supersymbol for N,;, = Ny = 2 and
Ky = K;=2.

On the contrary, if each FAP transmits to K; femto users by
employing N, antennas the length of supersymbol {-SS is

Li ss = (N; — D)5/ + Kp(Ny — D)1 (1)
which is not necessarily equal to q. As a result, a FAP might
not be able to implement a supersymbol f-SS within one m-
Block 1 so that the antenna switching pattern of each femto
user aligns into one dimension the intracell interference and the
macro-femto interference caused by the transmission of ugmk]
from the macro BS. This issue can be handled by extending
and repeating properly the supersymbol of the macro and femto
users. As shown in Fig. 3, this approach results in a supersymbol
whose Block 1, referred to as S-Block 1, consists of ¢ identical
supersymbols f-SS and L¢_gg m-Blocks 1 for the femto and
macro users, respectively.

The resulting supersymbol consists on extending the sBIA
supersymbol for the macro users Lf gg =3 times as is
shown in Fig. 4. Thus, the macro users obtain L;_gg identical
m-Blocks 1. Mathematically, it corresponds to extend each
symbol extension of the sBIA supersymbol for the macro
users Ly_gg times, which results in a S-Block 1 comprising 3
symbol extensions corresponding to the channel state hl"+/(1),
k = {1, 2}, for the considered toy example. Thus, the temporal
correlation function of the macro user my, is

Gm, (1) =™ (1) if i € {1,2,3}. (18)

Notice that after extending the sBIA supersymbol of the macro
users the S-Block 1 comprises 3 symbol extensions where the
preset mode of the macro users equals h!"+!(1) allowing to
align a complete f-SS supersymbol, i.e., satisfying the BIA
criterion. That is, the femto users can modify their channel
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state while the macro users maintain a constant channel state.
Therefore, the FAP ¢ can transmit a entire {-SS supersymbol,
comprising f-Block 1 and f-Block 2, during the three symbol
extensions that compose the S-Block 1 as is shown in Fig. 4.
The temporal correlation function for the femto user fir,,
during the symbol extensions {1, 2,3} is

(fero,] e /
h' 27 (2 fi==k 1
{ )

9o, (=91,
te h'/: *f](l) otherwise

which, for this particular toy example, corresponds to ¢ = 1
f-SS supersymbol.

As a result of extending the sBIA supersymbol of the macro
users L¢_gg = 3times, each macro user my;, k = {1, 2}, obtains

3 alignment blocks corresponding to the symbols u[[m e g2 ,
¢ ={1,2,3}, each. Since each macro user requires a symbol ex-
tension with the preset mode hl”*](2) to complete each align-
ment block, the S-Block 2 comprises 6 symbol extension. For
instance, the symbol extensions {1,4}, {2,5} and {3,6} con-
stitute the 3 alignment blocks for the macro user m; as can be
seen in Fig. 4. Moreover, the macro BS transmits each sym-

bol uLmk] to the macro user my, in orthogonal fashion dur-
ing S-Block 2. Thus, each macro user m; # mj, can measure

the interference because of transmission of u&mk] by simply

selecting the channel state where this symbol interferes. For
the considered toy example this condition is satisfied by main-
taining the channel state h{”"s/(1) during the symbol extension

where the symbol ugm *!is transmitted during S-Block 2. Math-
ematically, for the symbol extensions comprising S-Block 2,
ie, 1 € {Li-ss+ (k—1)Ls_gs + é}le where ¢ = {1,2,3}
and k = {1, 2}, the correlation function of the macro user m;,
j ={1,2}, is given by

, himil(1) ifj #k

gm, (i) = , o (20
himil(2) ifj =k

Note that besides letting each macro user complete its
alignment blocks, the symbol extensions of the macro users in
S-Block 2 provide the interference subspace because of macro
BS transmission for the femto users to cancel the macro-femto
inter-tier interference caused during S-Block 1. To do so,
each femto user only needs to apply zero forcing based on
its received signals during S-Block 2. As a consequence, the
FAP must remain in silent while measuring the interference
subspace because of macro BS transmission. Furthermore, its
antenna switching pattern needs to align into one dimension the
macro-femto interference caused by the repeated transmission

of each data stream u/"”. This alignment of the macro-femto
interference can be achieved if each femto user keeps the same

channel mode along all symbol extensions over which ugm‘] is
repeatedly transmitted. Therefore, the femto users must select
the channel state where transmission of uLmk] interferes in its
received signal. Since the construction of the cogBIA supser-
symbol satisfies the BIA criterion, any femto user maintains a
constant channel state during the alignment block corresponding
to the transmission of uy" #J For instance, it can be seen in Fig. 4

that transmission of u"' comprises the symbol extension 2 and

5in S-Block 1 and S-Block 2, respectively. Since transmission of
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u[Zm in symbol extension 2 interferes in femto transmission, the

femto users must select the channel state of this symbol exten-
sion during the symbol extension 5 of S-Block 2 with the aim of

measuring the inter-tier interference because of transmission of

ul”'! Mathematically, the channel state of the femto user fire,

corresponds to the channel state selected by f,, during the
transmission of the ¢-th alignment block of the macro user my,,
ie., s, (0), £ = {1,2,3}, for this particular toy example.

These conditions determines how the Ly _gg m-Blocks 1
and the ¢ supersymbols f-SS should be combined to form
S-Block 1. According to the extension of the sBIA supersymbol
for the macro users explained above, the signal transmitted by
the macro BS during the entire cogBIA supersymbol can be
written as

ERIEN RIS
Xp = || L@ o) |+ ]]0:]| L] |u)"
ool J ] Ul d
BICHIAIES
=T | |u"! | + |06 | [ulm)], (21)
[0 ] | yim] Ig | | ylme!

where X, = col{xM[i]}_, and ® denotes the Kronecker
product. On the other hand, FAP transmission comprises a
single f-SS supersymbol during S-Block 1 while remains in
silent in a cognitive fashion during S-Block 2. Thus, the signal
transmitted during the first three symbol extensions follows the
beamforming of (15) applied for the femto users while FAP
does not transmit in the following symbol extensions of the
cogBIA supersymbol.

Denoting X = col{x[i]}?_, with x[i] = col{x!™[i],
x#1l[{]} formed by the signals x[MI[i] € C>*! and
x[#11[i] € C**! transmitted by the antennas of the macro
BS and the FAP, respectively, the signal transmitted by the
considered macro-femto network can be written as

I, L
I» Is I4 04
X = |15 al™] 4 01, ulmel 4 4 4 u[¢1]7
0 I, 0 L
2 0245
macro users
femto users
(22)
where  ul™+) = col{ul"*'}3_ u[“al]:col{u[lf‘"("”]}i,:1
where u[lf"'"*’l} = col{Og‘l,u[lfk,’*‘“W]} € C*1, uE’”"‘] =

col{uy”"’]\ﬂ,ﬂg‘yl} € C*1 with k, k' € {1,2}. In the follow-
ing we show the decodability of the symbols transmitted to the
macro and femto users.

Unlike the nBIA scheme, each femto user f ,, only receives
desired signals from the Ny = 2 antennas of its FAP ¢, which
only transmits during S-Block 1. To send N; = 2 distinguish-

able data streams, i.e., u[fj,t"/'vl 1] € C2*!, without CSIT, the
[fkh;l 1]

FAP repeatedly transmits u,, during an alignment block
composed of two symbol extensions over which the antenna of
femto user f;,, switches between 2 different modes. For in-
stance, from the antenna switching pattern of femto user fi .,
in Fig. 4 and its corresponding beamforming matrices in (22),
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the signal received by femto user f; ,,, during its first alignment
block is given by

y[f1~~r"1] :H[f1.¢1]u[1fl,v1x971]_i_G_['flw,l](u[lmlyZ\ﬂ+u[1mz,1\1])

macro-femto interference

hlfie, .01l (I)Tu[l'f2‘“ 01]

2
0 ; (23)

intracell femto interference

where H/171]l = col{h[fl«v”l"991}(Z)T}§\!1 and Gl/el =
CO]{h[fl.m ,M] (l)T}lIifl’ with y[fLm | = Col{y[fl"“"l ] [1}7 y[fl.m ]
[2]}, Wl My € €21 and hlfe091](1) € €21 contain-
ing the channel coefficients between the transmit antennas of
the macro BS and FAP ¢; to femto user fi ,, at the preset
mode [, respectively. Since the channels hl/1.»1:#11(1) € C?*1,

1 € {1,2}, are linearly independent almost surely, femto user

[fl.;1799I
fi., can decode u;

removed.
Next, notice that the FAP does not transmit data to the femto
users during S-Block 2. Hence, since each femto user keeps

the same radiation pattern along the symbol extensions over
(m]
¢

e €2%1 once all interference is

which u is transmitted, it can apply zero forcing based on
the signals received in S-Block 2 to remove the macro-femto
interference caused by the transmission of uLm’ *1 For example,
if we ignore the noise, during the alignment block of macro user

m the signal received by femto user f; ,, is

y[fl,m] 1] _ hlfier e (1)Tu[1fl‘“ 1]

N h[f1,¢/,ﬂr1](1)T (u[lml,l\l] +u[lmg,M])
i h[flyf.,]M](l)Tu[lml.]W]
macro-femto interference
[ Wlre 1] (11T glf2e11)
+ h 1 (13 u; . 24)

femto intracell interference

From (24) it can be seen that femto user f; ,, can remove

the macro-femto interference caused by the transmission of

ullm1 M] by applying zero forcing based on the signal received

during symbol extension 4. Similarly, using the signals received
during symbol extensions {5,7,8}, femto user f; ,, can
remove the remaining macro-femto interference in its first
alignment block. Afterwards, the only remaining interference is
caused by the transmission from the FAP to other femto users.
However, the intracell interference at the FAP can be removed
by applying the same procedure as in the sBIA once the macro
tier interference has been removed.

In summary, the supersymbol of the proposed cognitive
scheme consists of two blocks of symbol extensions, S-Block 1
and S-Block 2. DuringS-Block 1, the macro BS and the FAPs
transmit to the macro and the femto users using L;_gg m-Blocks
1 and ¢ f-SS supersymbols. On the contrary, during S-Block 2,
only the macro BS transmits to the macro users. This trans-
mission is undertaken in an orthogonal fashion using L¢_gg
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Fig.5. a)S-Block 1 of the cogBIA scheme and b) m-Block 1 for transmission
to K, macro users

m-Blocks 2, which allows the femto users to measure the entire
macro-femto interference subspace. In the following, we pro-
vide a systematic procedure to combine the supersymbols and
build the alignment blocks.

B. Design of the Supersymbol and the Beamforming Matrices

1) Design of S-Block 1 for macro users: For macro users
the goal is to maximize the sum-DoF. Moreover, the resulting
S-Block 1 should allow each femto user to implement different
f-SS supersymbols so that the macro-femto interference can be
aligned into its signal space. To achieve all these goals, the
antenna switching pattern and the beamforming matrices of the
macro users along S-Block 1 result from the extension to Ly _gg
m-Blocks 1, with L;_gg defined in (17) (see Figs. 3 and 5(a)).
Thus, recalling that the length of m-Block 1is ¢ = (N,,, — 1)%»
symbol extensions, the length of S-Block 1 is

Ls Biock1 = qLtss. (25)

Since m-Block 1 is extended L;_gg times in S-Block 1, from
the sBIA scheme proposed in [11] the temporal correlation func-
tion of the macro user m;, is

g, (1) = (1) i mod (i, (N, = 1)') € Z,,, (1), (26)

wherei € {1,2,..., Ls Block1 }» L € {1,2,...,N,,, — 1} and

)

T, () = {(l = 1) (N = DM 141, L(N,,
mod (I (N,, — D)1 (N, — 1)F)}.

— 1)t -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 V,,, — 1 symbol extensions of the ¢-th alignment block
of macro user my, are in S-Block 1 and correspond to

N, —2
{pm (£7 k)(Nm - l)k + K(Nm - 1)k71 + S (év k)} 0

e
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group group group length

User: /., hQ) | hQ) | .. . |h(1v,-1) | h(N,-l)| .. |h(N/»l)| q(lel)“
q(N/ ’I)H "f(N/’l)H q(N, ’1)‘4
sub-block ! 2 N -1
Fig. 6. Building block of femto user fk/&f .
where
S (€, k) = mod (¢ — 1, (N, — )" 1) +1 (28)
{—1
pm (k) = {(Nm—l)li ; (29)
with le {1, 2,... ,Lf_ss(Nm — I)K”’ 71} and ke

{1,2,...,K,,}. Note that the elements in (27) fully
characterize the beamforming matrix of macro user my,.

2) Design of S-Block 1 for femto users: As can be seen in
Fig. 5(a), S-Block 1 of the femto users is closely based on the
supersymbol of a sBIA scheme aimed at transmitting from N
antennas to Ky femto users. In particular, S-Block 1 of the
femto users can be divided into two blocks, namely f-Block
1 and f-Block 2, which are subject to interference because of
transmission from the macro BS. The first Li_pjock1 = q(Ny —
1)K 7 symbol extensions belong to f-Block 1, while the last
Lt Block2 = ¢K(Ny — 1)%7 =1 symbol extensions correspond
to f-Block 2, with ¢ defined in (16).

During f-Block 1, the mode of a femto user fg,, is pe-
riodic with the building block shown in Fig. 6, which is re-
peated (N; — 1)%X7 =" times to form S-Block 1, where k' €
{1,..., Ky}. Similarly to the supersymbol of a sBIA scheme,
the building block is composed of N; — 1 sub-blocks. How-
ever, for the considered f-Block 1, the length of each sub-
block equals ¢(N; — 1)¥'~'. Considering this last fact and
that femto user fy/ ,, sets the [-th mode in its I-th sub-block,
le{1,2,...,N; — 1}, the temporal correlation function for
user fir,, at femtocell f € {1,2,..., '} during f-Block 1 is

91, (i) =B @) if mod (i,q (Ny = 1)) € 7y, (1),
(30)

where i € {1,2,..., Lt_plock1 } and

Zp, () = {1 = Da(N; = 1" 41
s lg(Np = 1)F =t 1

,mod (l q(Ny — 1)k,’1,q(Nm — 1)]“/)} .
Similarly to Block 1 of the sBIA scheme, simultaneous trans-
mission to all femto users takes place during the symbol ex-
tensions that constitute f-Block 1. The signals transmitted to
femto user fy ,, are the result of multiplying its associated
beamforming matrix and the following data vector

N Lt Block2 /K
ulfene ] = col{uy ‘”/]} pioce/ ”7 (31)
r=1
(frr o] (frr o o01] ; .
where UZ,A L COl{ON,,, Xl,UZ,A e } c cN ><1, with
[f’/.p ) ] 7 . .
u, """ € CNr¥1 denoting the N; symbols transmitted

from the f-th FAP to femto user fi during its ¢'-th

P f
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alignment block. Hence, each block of N = N,, + Ny con-
secutive columns of the beamforming matrix of a femto user
corresponds to a different alignment block.

To determine the symbol extensions that form the alignment
blocks of each femto user two requirements have to be taken
into consideration. On the one hand, the data beams of one
alignment block should be kept distinguishable at the femto user
for which they are intended. Hence, the antenna of the femto user
should employ a different mode at each symbol extension of the
alignment block. On the other hand, to align the aforementioned
data beams into one dimension of the signal space of all users
subject to interference, the antenna of the affected users need to
use the same radiation pattern.

The decodability and interference alignment requirements
can be satisfied during f-Block 1 by forming groups of sym-
bol extensions. For each femto user, each group consists of
the first Ny — 1 symbol extensions of each one of its align-
ment blocks. Given the antenna switching pattern of the femto
users during f-Block 1, 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 Fig. 6). Recalling that S-Block 1 of femto user f,, con-
sists of (N; — 1)%7~* building blocks of ¢ (N; — 1) symbol
extensions, the ¢'-th group in the p’-th building block of femto
user fir,, comprises symbol extensions

/ K k-1 AN 2
{Pav; =1 + w0

K=

(32)

where ¢ € {1,2,...,q(N; — )" 1}, p' € {1,2,...,(N; —
1)%7 ="} and ¢ is defined in (16). Since a total of g(N; — 1)¥'~!
groups can be formed within one building block, from (32) the
symbol extensions of the '-th group of fy ,, are

{p (¢ K)g(Ny — DF 4+ (Np — D' (¢ )} 2,
(33)
where
s (0 K) =mod(f —1,q(Ny —D)* 1) +1 (34
7 —1
o

with &' € {1,2,..., Ky }. By evaluating

fop(i) = {iN +i'})_, (36)

at each symbol extension in (33), we can determine the rows
of f-Block 1 that correspond to a N x N identity matrix in the
{'-th column of the beamforming matrix of femto user f .
At this point, we only need to design the antenna switching
pattern and the beamforming matrices during f-Block 2. Since
q(Ny — 1)%1 =1 groups are distributed over f-Block 1 for each
femto user, a total of g(N; — 1)%7~! symbol extensions are
needed to complete the alignment blocks of each femto user.
For femto user f ,, , these symbol extensions are
{LffBlockl + (k‘/ o 1>q(Nf . 1)K/—1 L+ Z:flockQ/I(f
Since the ¢'-th element of the previous set corresponds to the
last symbol extension of the #'-th alignment block of femto user
fi.p, » the evaluation of (36) at this element in (37) indicates the
only set of rows of f-Block 2 that should have a N x N identity

. (37)
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matrix in the #-th block column of the beamforming matrix of
femto user fy/ o, .

During each symbol extension in (37), the FAP ¢ only trans-
mits to femto user fi . To ensure the decodability of these

. . i ]
signals, which correspond to the data stream u,, ke repeatedly

transmitted over the £-th group of fy (see (33)), the femto
user uses the N¢-th channel mode. On the contrary, to satisfy
the interference alignment requirement, other femto users f;/ .,
j' # k' needs to employ the same channel mode as the one used
by their antenna during the ¢'-th group of femto user f .
Since femto user fj: .. has the same channel mode along the /'
th group of femto user fy ., , the channel state of f; ,  during
the ¢'-th symbol extension in (37) is
gs

o, (€ KD a(Np = 1) 4 (1),

with s, (), sp (¢, k") and ps (¢, k") defined in (30), (34)
and (35), respectively. This way, the antenna switching pattern
of all femto users during f-Block 2 is fully determined.

3) Design of S-Block 2 and cognitive-based cancellation of
the inter-tier interference: Within S-Block 2, each supersymbol
of cogBIA provides an additional symbol extension to complete
each alignment block of a specific macro user. Since there are
Li_ss (N, —1)%™ =1 alignment blocks for each of the K,
macro users, the length of S-Block 2 is

Ls Blocks = Ky Li_ss (N, — 1)K™ =1 (39)

which is divided in K, blocks, each associated with one specific
macro user. For macro user my, the corresponding sub-block is
formed by the following set of symbol extensions

(38)

— Ls Bloc K,
{qLi_ss + (k — D)L_gs(Nyy — 1)fn 1 g} 2 oo/ Ko
(40)

The ¢-th element of the previous set corresponds to the last
symbol extension of the /-th alignment block of macro user
my.. As aresult, the evaluation of (36) at the /-th element in (40)
yields the only set of rows of S-Block 2 that should have an N x
N identity matrix in the ¢-th block column of the beamforming
matrix of macro user m;..

In consequence, the macro BS only transmits signals to macro
user my, during the symbol extensions specified in (40). To
ensure the decodability of the data stream ugm"] repeatedly
transmitted along the ¢-th group of macro user my, the receiver
of macro user my; uses the IV, -th mode. On the contrary, during
the /-th symbol extension in (27) any other macro user m; # my,
needs to employ the same channel mode as the one used by its
antenna during the ¢-th group of macro user m;. Therefore,
using (27), the channel state of macro user m; during the /-th
symbol extension in (40) equals

G, (D (0 K) (N — 1)F + 6 (€, K)), 1)

with g, . (+), G (¢, k) and py, (£, k) defined in (26), (28) and (29),
respectively. This way, the macro user m; can measure and can-
cel the macro intracell interference created by the transmission
of uLm el

Since the femto users satisfy the decodability and alignment
conditions during S-Block 1, we can easily check that each

femto user can remove the femto intracell interference and

. . . [frre ] Li procks /K
decode all its desired data, i.e., {u[,k ! }g,f:f' w2/ Ky
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Howeyver, due to the transmission of the macro BS to the macro
users during S-Block 1, this is only possible if the macro-femto
interference is fully cancelled. Towards this goal, the femto
users employ the symbol extensions of S-Block 2.

To measure the signal ugm” transmitted from the macro BS
during (40), the FAP ¢; does not transmit any signal during
S-Block 2. Thus, the beamforming matrix of any femto user is
an all-zero matrix. Moreover, to ensure that the measured signal
is aligned with the N,, — 1 transmissions of ugm"] during
S-Block 1, each femto user fj/ ; uses the same channel mode
as the one employed along the /-th group of macro user my. In
particular, during the ¢-th symbol extension in (40), from (27)
the channel mode of femto user f;. ., ; is

gfkr.\,f (pm, (E; k) (Nm - l)k + Sm (67 k))

for ¥ € {1,2,...,K;} and all f e {1,2,...,F} and with
Sm (4, k), pm (¢, k) and i, (+) defined in (28), (29) and (30),
respectively. Note that, at this point each femto user fi/
can simply apply zero forcing based on the signal received
during the ¢-th symbol extension in (40) in order to remove the

macro-femto interference caused by the repeated transmission
[mk]
/

(42)

of u along the ¢-th group of macro user my,.

C. Achievable Degrees of Freedom

In the proposed scheme the macro BS employs BIA transmis-
sion independently of the femto tier. Since each user attains V),
DoF in each of the L;_gg(N,, — 1)%= ~! alignment blocks, the
normalized sum-DoF for the macro users is

L e

N’"l Km
DoF,, =

- Nm, + Km - 1
(43)

Lszla(:kl + L,S'fBlock2

As expected, the achievable DoF are not affected by the femto
tier deployment and do not depend on any of its parameters.

In the proposed scheme, each femto user employs ¢ (N —
1)%7 =1 alignment blocks, with ¢ defined in (16). Each of these
alignment blocks is formed by N; symbol extensions over which
the femto user receives Ny desired data beams transmitted from
the FAP. Since the femto intracell and macro-femto inter-tier
interference can be fully removed, each femto user can attain
Ny DoF in each alignment block. Because Lg_pjocr1 Symbol
extensions are employed for femto transmission and Lg_pjock2
symbol extensions are required to measure the macro-femto
interference in a cognitive fashion, the sum-DoF per symbol
extension for the femto users is

NfK.f (N,,,, — 1)

Dok = .
o (Nm + Ky — 1)(Nf + Kf - 1)

(44)

Remark 1: The proposed cogBIA scheme can be extended to
the case where any tier employs other BIA-based transmission
scheme (e.g., based on hierarchical BIA [16] or nBIA [23]) by
following the same procedure as described above.

V. OPTIMALITY OF COGNITIVE BLIND
INTERFERENCE ALIGNMENT

In this section, we analyze the optimality of the proposed
scheme in terms of DoF. Toward this goal, we derive an outer
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bound for the sum-DoF of the lower tier as a function of the
sum-DoF of the upper tier for the considered two-tier network.
Consider a macro BS equipped with N, antennas trans-
mitting to K, macro users. The messages and the rates
of the macro users are denoted as W™l ... Wlmxnl and
R[ml]7 o ,R['"'K m ], respectively. Moreover, we define the
whole set of messages of macro users as
WMl _ {W[mn ,’W[mz{m}}_ (45)
When obtaining an outer bound of the DoF, i.e. P — oo,
notice that the interfering signal strength from the macro BS
to each femto user fy ,, does not depend on the femtocell ¢
where the user is located. As a result, for the sake of simplicity,
the index ¢y has been omitted in this proof. Similarly to the
macro users, the set of messages and rates of the femto users

in a generic FAP ¢, are denoted as wlhl, .,W[f 1 and

Rl 1], ey Rlfx f], respectively. Thus, we can define the whole
set of messages of the femto users as
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Without loss of generality, let us focus on femto user fi,
which desires the message W1/1] atarate Rl/1]. Suppose that the
femto user selects the mode [ € {1,2,..., Ny} during symbol

extensions ¢ and that its received signal is yl[f 1) as described

in Section II. Note that the received signal changes with the
selected mode !.

Applying Fano’s inequality to codebooks spanning n channel
uses, we have

nRU <1 (W[m; (y][fll)n) +o(n)

<h ((y}f”)") —h ((y}fl])" |W[f1]) +o(n). 47)

Since this is true for every [ € {1,2,..., Ny}, we can add
up the inequality (47) corresponding to all Ny realizations in
order to get (48)—(55) shown at the bottom of this page. For
step (48)—(49), weuse h(A, B) < h(A) + h(B). Step (49)—(50)
follows from I(X,Y|Z) = h(X|Z) — h(X|Y, Z) and the step
(50)—(51) uses I(X,Y|Z) =h(Y|Z) — h(Y|X,Z) and the
independence between any pair of messages. Moreover, we

wihesl = {W[f']a---aw[f](f ]}- (46)  denote the regular entropy as H (-) while the differential entropy
Ny n Ny .
o S () o () )
< gh((y}“)") = () ) o) (49)
N
_ 2h<(y[fl])n> —I(W[fz] ) W[f[x ( [f1] y[fl],...,y][\{}])" |W[f1]>
_ h((y% ]7 [fl]’ '.7y][{lf]> |W[f1]7W[f2]’."7W[f1(f] + o(n) (50)
wie sl
_ . h((yl[m)”) H(W[fz]7.“7W[f1\'f]|W[f1])_|_H(W[fz]7._.7W[fo}|(ygfd’ygfl]’u_’ykf;}) W[m)
=1
— h((y%f‘},ygfl],...,y]\,f) |W[W) o(n) (51)
< ih((y}f”)”) =i (WL W) — (o) ) + o(n) (52)
= ih((%”)) :Z_f:?R[fﬂ] B (w8 olD) ) 4 o(n) (53)
nN; RN < l%_f;h ((yl[fl])") _,iRW .y (W[M]; (ygm’ygfu?._.7yk¢}])’l |W[m)
= h () Y W) 4 o) (54)
_ %h« [m)”) _ %RW H(W[MHWW) +H(W[ ]|( (] Ih }’”_7y%}]>” ,WW) +o(n) (55)
=1 §'=2
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is denoted as h(-). Notice that from the set of Ny outputs

Wiy

messages for the femto users WI#/!, In consequence, the entropy
HWL W G Ty W) <o(n).
In other words, it carries 0 DoF. By using this fact and the
chain rule of the entropy, i.e. h(A, B) = h(A) + h(B|A),
we can obtain (52) from (51). Finally, due to the
independence between any pair of messages, we can use
h(WUT L Wl windy = 5257 RV 1o obtain (53)
from (52). At this point, we distinguish between two par-
ticular cases regarding the amount of transmit antennas in
each tier.

) it is possible to decode the whole set of

A. Case Ny > Ny,

First, let us consider the case where Ny > N,,. From (53)
and I(X;Y|Z) = h(X|Z) + h(X|Y,Z), we can introduce
the set of messages WM in (54). Moreover, given
both WM and WI¥sl notice that the uncertainty of
the received signals is only due to noise. As a result,

h((y[ ],ygm,...,y ) WIMI Wlerly also carries 0 DoF.

Applying I(X;Y|Z) =h(Y|Z)+ h(Y|X,Z) in (54), given
the set of messages of the femto users WI#sl | notice that we
can subtract the symbols sent by the FAP from the received
signals at any femto user. Furthermore, since Ny > N,,, from
Ny observations of the remaining macro BS signals, note that
we can invert the channel from the macro BS to resolve all
the messages of macro users WM subject to noise distortion.
Therefore, in (54),

H (W] (087, g0 wier) < o(m).

Thus, due to the independence between any pair of messages
we can re-write (55) as

s

nN; R < niNj (log(Py) + o (log(Py)))

Ky

— Z nR[fj/]

j'=2

Ko

- Z nR™il +o(n)  (56)
i=1

where P is the total transmit power constraint at the FAP.
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After dividing (56) by n log(Py), taking first the limitn — oo
and then the limit Py — oo, a rearrangement of the terms yields
the following DoF outer bound

Smacro

i (57)

where dy_ .. = 25‘:1 d™i] denotes the sum-DoF for the
macro tier. Following a procedure similar to (47)—(57), note
that

Ky

1
[f/] R E
dsl N

f j r=1: ]/7&/{"

Lmacro

dlfil —
Ny

(58)

for any &' € {1,2,..., Ky}. If we now sum the previous K/
inequalities over all femto users, we can check that

KNy ds
ds. < 1— macro 5
e T [ i } (59)
where ds,,.,,, = Y27, difs)

B. Case N,, > Ny

For each femto user, let us generate N, — 1 auxiliary femto
users who want the same message and have the same channel
statistics. Without loss of generality, consider again femto user
f1, which desires the message W (/1] at rate R/ and receives

the signal yl[fl] that switches among [ € {1,2,..., Ny} chan-
nel modes. The N,, — 1 auxiliary users of user f;, denoted as
{fL, ..., f¥» =1}, also want the message W /1] at rate R/} and

1 (Nom —1
receive the signals yl[f ! ], e ,yl[ ! ], respectively, which also
(f1] 1] l[f.‘\"” -]

change among N; modes. Note that """,y ", ...,y
are statistically equivalent but correspond to independent chan-
nel realizations. Therefore, proceeding as in (48)—(53) for the
N realizations in each of the V,,, — 1 auxiliary users of femto
user f1, we can obtain N,, — 1 inequalities with the same form
as in (53). By summing all these V,, — 1 inequalities and (53),
we can obtain (60)—(62) shown at the bottom of this page. In the
right hand side of the resulting inequality, notice that the entropy
of Ny received signals appears [V, times. However, due to the
statistical equivalence between the signals received by auxiliary

L1 N Ky
W N RO < Z ()" + azlllg’;h(( ') = 3 ot
e ) S )
< nN,, Ny (log(Py) + o (log(P;)) N,,LZRfk’ th((y{fl],...,y%jj)" W) o) 6D
k'=2
< nN,, Ny log(P;) — N, Z RU — N, %R[m“] + 0 (log(Py)) + o(n) (62)

k'=2

k=1
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the users, notice that

n (. l)" i)
+ i:lh (<y£ f]7 . .,y%f]) \W[W])

o ()

is verified. As a result, (60) can be rewritten as (61). After-
wards, we introduce the set of messages of all macro users
as in step (53)—(54). Since all the messages intended to the
macro users WM can be decoded from N,, received sig-
nals at femto user f; once Wl#sl is known, the entropy
h (W[M]\ ygfl], .. .,y%;] ,W[’*”f}> < o(n). Thus, we can
proceed as in (54)—(55) to obtain (62) from (61).

By dividing (62) by nlog(Py) and taking the limits n — oo
and Py — oo, some algebraic manipulations yield

Ky

_i [.j/]_
-+ > d

f j/:2 m

Smacro

dlf1] < (63)

The procedure undertaken from (60) to (62) can be repeated to
obtain a similar outer bound for any femto user f;. If all the
resulting K’y outer bonds are summed, we can verify that

Ky Ny 1 — SEnaero
K r+ N - 1 N,, '
In this way, the proof is concluded.
From the previous theorem, we can check that the information
theoretic outer bound for the sum-DoF of the femto users in a
generic femtocell ¢ is

Asemio < (64)

Nfo (Nm — 1)
Nf + Kf - 1) (Nm + Ky — 1)

dzf(tmto < ( (65)
when Ny > N,, and subject to optimal-DoF for the macro tier
in the absence of CSIT, i.e., dy_, ... = % . Notice that

N+ K,
this is exactly the same sum- DoF achleved by’ the femto users
when the proposed cogBIA scheme is implemented.

VI. ACHIEVABLE RATES BY COGNITIVE BLIND
INTERFERENCE ALIGNMENT

To complete the characterization of the proposed scheme,
this section analyzes its performance in the finite SNR regime.
Assuming equal power allocation to each stream, we derive the
closed-form expressions for the achievable rates of cogBIA.

Since the macro users are not affected by the interference
caused by the transmission of the FAPs, their achievable rates
are given by the sBIA expressions in the absence of intercell
interference (see [11]). Thus, the normalized rate per symbol
extension of macro user my, is

RI™ — B E [1og det (1 n PmH[m”H[””']HR[Zm"]_lﬂ :

(66)
where  HI"™+ = col{hl"+] (Z)T}f!”i € CNwxNw = B, =
m is the ratio of alignment bloc}<s per macro user over
the total number of symbol extensions, P, = %Pm is

m
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the power allocated to each symbol, and
K,Iy 1 Oy _
Rl — Ny-1 O, -1 7
01N, -1 1

is the covariance matrix of the noise after zero forcing cancela-
tion at the receiver.
For the femto user fy . I which is subject to in-

terference from the Firg s ] =
col{y[f’“"*’f][l}, . ,y[f""”}(Nf)} received during a generic
alignment block after zero-forcing interference cancelation is

o]

the macro BS, signal 'y

:H[f/\‘/.y"f]u[fl\/yf] +Z[fk’”] (68)

where H[fk/Qf]zcol{h[fk’.pf#’f](l)T}l]\ifle(CNf XNy y[fk'.¢j»]:
col{g 21 (1), ..., (V) ) and

e di] = o o]
allies] = : . (69)
e Ny = 1] = T ]

e NG = i 2]

Since equal power allocation is assumed and the FAPs do not
transmit during m-Block 2, the power allocated to each symbol
transmitted by the FAPis Py = %Pﬁ Moreover, (Ny —
1)%7=1 alignment blocks repeated (NN, — 1)%~ times are used
to transmit to each femto user over the overall supersymbol
length. Hence, the ratio of alignment blocks of each femto user
over the total supersymbol length is

N, —1

Therefore, the normalized rate of each femto user fir ,, is
A[fk’.¢ / ]Rgf"']l)] ,

(71)

By = (70)

R[.fk/,w_f BfE |:logdet <I + 1+P

[frrs )] Frro Jgglfirs  JH . -
where A" et = HY e H ert PZ/* is the equivalent
power due to the intercell interference in the lower tier, which
is treated optimally as noise and

R[ka/] = [(Km N Kf) INf -1

ONf1,1] 72)
01,51

K m

is the covariance matrix of the noise for each femtocell user
after zero-forcing cancelation.

VII. SIMULATION RESULTS

The DoF region for a two-tier network in absence of CSIT is
depicted in Fig. 7. For illustrative purposes, we first consider the
use of orthogonal resource allocation, e.g., frequency division,
between both tiers implementing sBIA independently in each of
them. Although this approach improves considerably the system
sum-DoF as compared to traditional orthogonal approaches such
as TDMA, which obtain 1 DoF per cell, it can be seen that
more sophisticated schemes such as nBIA or cogBIA obtain a
considerable increase in DoF. Since nBIA was originally devised
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-o—-cogBIA
NK -o-nBIA
Ni+K;— -o-Freq. Division BIA
cogBIA
N Ko
Ny +Kp—1
Fig. 7. DoF region of macro users and each femtocell for several BIA-based

schemes. The achievable sum-DoF is depicted for F' = (1, 10).

TABLE I
SIMULATION PARAMETERS

Macrocell radius 1.6 Km
Femtocell footprint 30 m
Transmit power in macro BS 40 dBm
Transmit power in FAP [31] {10, 17, 21} dBm
Noise power -104 dBm
Path loss macro transmission COST231

Path loss femto transmission  15.3 4 37.61og;((dy)

to maximize the sum-DoF in homogeneous networks, it achieves
greater sum-DoF for only one BS in the lower tier. In this sense,
notice that nBIA does not achieve the optimal DoF in any tier.
Besides, as the number of BSs in the lower tier increases the
sum-DoF decreases since, as can be checked in (12)—(13), the
sum-DoF depends inversely proportional on this parameter. For
the proposed cogBIA scheme the upper tier achieves the optimal
sum-DoF while the lower tier achieves non-zero DoF without
involving a penalty in DoF to the upper tier. Moreover, as long
as the intercell interference can be optimally treated as noise in
the lower tier, the sum-DoF increases linearly with the amount
of cells in that tier.

Beyond the theoretical achievable sum-DoF, we focus on
the accuracy of the proposed two-tier model and the achiev-
able rates of the proposed schemes. For simplicity, and without
loss of generality, we consider a two-tier network composed of
macro and femto tiers. Specifically, we consider a macro BS
and FAPs equipped with N,, =6 and N; = 2 antennas, re-
spectively, where the macro BS serves K,,, = 12 macro users
while each FAP sends data to Ky = 2 users. The system pa-
rameters are summarized in Table I. Moreover, the FAPs are
uniformly distributed over the coverage radius of the macrocell
while the macro and femto users are uniformly distributed over
the coverage radius of its corresponding BS.

The growth of the achievable rates in the lower tier for the
proposed cogBIA scheme regarding the number of FAPs is
shown in Fig. 8. For a transmit power in the FAP of 21, 17,
and 10 dBm the 37.5%, 40% and 50%, respectively, of the
femtocells in the considered scenario achieve greater sum rate
using cogBIA regarding sBIA. Moreover, it can be checked
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Fig. 8. Achievable sum rate in the femto tier regarding the number of FAPs
deployed. Approximation considers Z, =~ 0.
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Fig. 9. Comparison of the achievable sum-rate in each femtocell for cog-
BIA, nBIA, sBIA and the open-loop data transmission scheme where 1DoF is
allocated per cell without any management of the interference.

that the approximation Zy- ~ 0 (see (3)) results accurate when
the small cells density is below the 50 femtocells. Beyond this
point, a strategy to manage this source of interference, e.g. FR
within the lower tier, would be required. Specifically, for Py
= 21 dBm this approximation involves an error below 10%
and 25% when the number of FAPs is 14 and 50, respectively.
For 26 FAPs an error below 12% occurs when Py = 17 dBm,
which corresponds to the maximum transmit power for multiple
antenna FAPs [31], while a deployment of 50 FAPs can be
considered below that error for Py = 10 dBm.

Fig. 9 shows a comparison of the achievable sum-rate in each
femtocell of the considered scenario for Py = {10,21} dBm.
As expected, FAPs equipped with higher transmit power Py =
21 dBm provides higher sum rates. In this case, it can be seen
that the proposed cogBIA scheme outperforms sBIA when the
distance between FAP and the macro BS is lower than 0.7 Km.
This distance increase until 1.3 Km when Py =10 dBm. Note
that the use of nBIA penalizes the femtocells performance con-
siderably since F'K; terms of interference must be subtracted
instead of the K terms for sBIA or cogBIA. Curiously, notice
that reducing the transmitted power from 21 dBm to 10 dBm in-
volves a significant reduction of the sum rate achieved by sBIA,
around 4 bits/sec/Hz when the distance between macro BS and
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Fig. 10. Cumulative distribution of the overall achievable sum-rate. The label

1-Tier sBIA refers to the case where the macro BS serves to the whole set of
users in the network.

FAP is 1 Km, while this penalty is only 1.7 bits/sec/Hw for
cogBIA in the whole range. Therefore, the use of cogBIA could
lead to a reduction of the power consumption in the femto tier.
The cumulative distribution functions (CDF) of the achiev-
able sum rate over the entire network are depicted in Fig. 10.
For illustrative purposes we consider the cases where the macro
BS serves the K,,, + FK; users as a one-tier network using
sBIA and the use of frequency division between both tiers each
implementing sBIA independently. First, it can be seen that
the introduction of two-tier networks increases considerably the
overall sum-rate regarding the one-tier case. Moreover, cooper-
ation between both tiers based on nBIA yields in a great noise
increase penalizing considerably the overall sum rate. For the
considered setting, the proposed cogBIA for the femtocells sub-
ject to inter-tier interference outperforms sBIA and sBIA based
on frequency division. Specifically, for the percentile 50" the
use of cogBIA lead to an increase of the overall sum rate of 15%
and 20% regarding sBIA and sBIA based on frequency division,

respectively.

VIII. CONCLUSIONS AND FUTURE DIRECTIONS

A cognitive Blind Interference Alignment scheme for macro-
femto two-tier networks is developed in this work. Without
requiring CSIT or data exchange between the macro BS and the
FAPs, the proposed scheme allows femto users to measure and
fully cancel both the intracell and the inter-tier interference in a
cognitive fashion. In this context, femto users attain a significant
amount of Degrees of Freedom without affecting the rates of the
macro users, which achieve the optimal sum-DoF in absence of
CSIT. It is proved that the proposed scheme yields optimal
sum-DoF at the femto users subject to optimal sum-DoF for the
macro users. Furthermore, it is shown that the proposed cogBIA
scheme can attain more sum DoF than cooperative schemes
where both the macro BS and the FAPs jointly transmit to the
femto users.

An interesting future direction is to determine the DoF of the
K-tier cellular network. Moreover, assuming ultra-dense de-
ployments, the derivation of the DoF in K -tier networks and its
achievability lead to a mixture of several BIA schemes, which

are optimal in the MISO BC, homogeneous or heterogeneous
networks depending on the network topology. Another inter-
esting direction is the formulation of optimization problems
jointly derived from the knowledge of the network topology to
maximize the achievable sum-rate in heterogeneous networks
or the use of BIA with the aim of overcoming the CSI bottle-
neck in Massive MIMO operating in Frequency Division Duplex

(FDD) [32].
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