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The deployment of small-cells within the boundaries of amacrocell is considered to be an effective solution to cope with the current
trend of higher data rates and improved system capacity. In the current heterogeneous configuration with the mass deployment of
small-cells, it is preferred that these two cell types will coexist over the same spectrum, because acquiring additional spectrum
licenses for small-cells is difficult and expensive. However, the coexistence leads to cross-tier/intersystem interference. In this
context, this contribution investigates interference alignment (IA) methods in order to mitigate the interference of macrocell base
station towards the small-cell user terminals. More specifically, we design a diversity-oriented interference alignment scheme with
space-frequency block codes (SFBCs). The main motivation for joint interference alignment with SFBC is to allow the coexistence
of two systems under minor intersystem information exchange.The small-cells just need to knowwhat space-frequency block code
is used by the macrocell system and no intersystem channels need to be exchanged, contrarily to other schemes recently proposed.
Numerical results show that the proposed method achieves a performance close to the case where full cooperation between the
tiers is allowed.

1. Introduction

In order to utilize the limited spectrumefficiently, the concept
of heterogeneous networks [1] has been proposed to make
the network more agile and flexible by allowing unlicensed
users/systems to coexist with the licensed users/systems. In
this paper we focus on the heterogeneous network scenario,
where the small-cells coexist with macrocells. Small-cells are
low powered base stations that are increasingly recognized by
the operators [2], as a way to cope with the projected demand
for higher data rates for the next generation wireless cellular
networks. Other than the capability of providing higher
data rates and capacity improvements, small-cells provide
advantages, such as the following: they are easy to deploy and
have low deployment cost and improved coverage (especially
in indoor environment) and are energy efficient [3].

Nevertheless, due to the expected mass deployment of
small-cells within the coverage area of a macrocell and the
cost involved in acquiring additional spectrum licenses for
small-cells, it is likely that the two systems will coexist over

the same frequency bands.However, the coexistence of small-
cells within the coverage area of a macrocell leads to cross-
tier/intersystem interference [4]. Also, in a coexistence sce-
nario, the existing macrocell system has the priority to access
the radio spectrum and is known as licensed users/systems,
whereas the small-cell system can only opportunistically
access the free space resources of the macrocell system,
without causing interference to it and is known as unlicensed
users/systems. In this context, the wireless networks require
more careful and dynamic planning and if the two systems are
not carefully designed, considerable interference can be gener-
ated, thus degrading the performance of both the systems [5].

In order tomitigate interference in the considered hetero-
geneous networks, different interference management tech-
niques have been proposed. Among them we have resource
(time/frequency/space) partitioning [6], power control [7],
and pattern nulling/beam steering [8]. In [8] the authors
have considered an underlay cognitive radio (CR) uplink
scenario, where both primary and secondary systems have
two antennas. Secondary users utilize the two antennas in
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order to insert a null in the direction of primary base station
(BS), thus protecting the primary users from secondary inter-
ference. On the other hand, two antennas are used by primary
users in order to perform beam steering in the direction
of a primary BS. One recent and effective solution to deal
with interference in two-tiered networks is the interference
alignment (IA) technique. IA has emerged as an essential
approach in order to achieve the degrees of freedom (DoF)
in interference channels [9–11]. In [12] the authors proposed a
new IA scheme for the heterogeneous networks withmultiple
antennas where this scheme successively creates transmit
beamforming vectors for the small-cell BSs and for themacro
BS assuming that they have different number of transmit
antennas. Moreover, the concept of IA and CR has been
jointly used, in order to mitigate interference in coexistence
networks. In [13] the authors propose using IA in conjunction
with CR techniques and developing a novel cross-tier IA
scheme for two-tiered heterogeneous networks. The work in
[14] studied a novel cognitive IA based scheme for the two-
tier network, where the scheme takes advantage of theOFDM
cyclic prefix.

The problem of limited information exchange has been
addressed in some publications [15, 16]. In [15] the authors
analyzed the outage probability when different cooperative
nonadaptive feedback/feedforward algorithms are consid-
ered. In [16], it was shown that only 1-bit of information
exchange, between the macrocells and small-cells, is required
to achieve full-diversity order at the macro-cell. These works
assumed knowledge of the cross-tier channel at the small-
cells. In [17] the authors introduced a practical cognitive
communication technique for the uplink that uses IA across
multiple antennas in order to mitigate the interference from
small-cell user terminals (UTs) towards the macro base
station. Three different techniques were proposed to align
the interference. Namely, they considered coordinated, static,
and uncoordinated IA techniques. The first one achieves the
best performance with high feedback requirements, where
it protects the primary rate as expected, while the other IA
techniques require no feedback but at the expense of 30%
reduction of the primary rate [17]. In order to overcome the
limitations of coordinated and uncoordinated-static meth-
ods, the authors in [18] have investigated a coordinated two-
bit IA method for the uplink of heterogeneous networks. In
[19] we extended the methods of [18] for the downlink of the
heterogeneous network.

In coordinated systems, one of the key aspects is the
amount of information that needs to be exchanged between
the cooperating nodes [20], in order to define the feedback
requirements needed by the network to get the benefits
from cooperation. On one hand, a system can achieve
the maximum diversity order and best performance if full
coordination is allowed between the two systems. On the
other hand, when no information is exchanged, the diversity
is reduced to minimum as demonstrated in [16–18]. The
development of practical schemes that can provide close-to-
optimal performance with limited information exchange is
of paramount importance. Therefore, in [21] we proposed IA
based schemes for the downlink of heterogeneous systems

under limited intersystem information exchange. Namely,
the main contribution was the development of the coordi-
nated 2n-bit approach, where some intersystem channels are
quantized. In this paper, to further reduce the information
exchange between the two systems, we propose a joint IA
and SFBC approach. For this newmethod, the small-cells just
need to sense what space-frequency block code is used by
the macrocell system and no intersystem channels need to be
exchanged, contrarily to the previous proposed approaches.
In [21], we present the combination of IA with the Alamouti
code [22] and in this paper we present a general diversity-
oriented joint IA and SFBC formulation that can be applied
for any space-frequency block code.

The reminder of the paper is structured as follows:
Section 2 introduces the system and signal models for the
macrocell and small-cell system. In Section 3, we present in
detail the design of the precoders and IA-filtermatrices of our
proposed method. Section 4 discusses the performance and
feedback requirements of all the methods. In Section 5, we
present the numerical results and performance comparison
of the proposed method with others from literature. Finally,
conclusions are provided in Section 6.

Notations. Bold upper case letters denote matrices; bold
lower case letters denote vectors. Operations (⋅)𝑇 and (⋅)∗
stand for the Hermitian transpose and conjugate of a matrix,
respectively. null(A) denotes a matrix whose columns span
the null-space of matrix (A) and A = diag(A

1
, . . . ,A

𝑁
)

a diagonal matrix with entries A
1
, . . . ,A

𝑁
. A
(𝑛)

denotes
column 𝑛 of matrix A. 𝜎2 denotes the noise variance per
subcarrier and I denotes the identity matrix. A ⊗ B denotes
the Kronecker product between matrices A and B. x =

vec(X) denotes the vectorization of matrix X. For a complex
number 𝑎,R{𝑎} andI{𝑎} denote its real and imaginary parts,
respectively.

2. System Model

Let us consider the downlink of a heterogeneous network,
where a set of𝐾 small-cells are overlaidwithin the boundaries
of a macrocell, both sharing the same spectrum as depicted
in Figure 1. 𝐾 small-cell access points (SAPs) are able to
cooperate through a backhaul network [23] (e.g., radio over
fiber) to a central unit (CU) that allows joint processing of
transmitted signals. In this work we consider the downlink
case, that is, the base station (BS), and access points (APs) are
sending information to the correspondingUTs. Furthermore,
OFDM based terminals with 𝑁

𝑐
available subcarriers are

considered, where transmit power per subcarrier for macro
base station (MBS) and SAPs is constraint to 𝑃

𝑚
and 𝑃

𝑠
,

respectively. We consider that the MBS serves only one user
terminal, macro UT (MUT), per subcarrier (considering
OFDM/A based system, the total number of macrocell users
can be significantly larger than one, since different set of
resources can be allocated to different users), and the SAP
𝑘 serves only the small-cell user terminal 𝑘 (SUT

𝑘
) 𝑘 =

{1, . . . , 𝐾}.
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Figure 1: System model: small-cells within coverage area of macro-
cell.

2.1. Macrocell System. For the macrocell system we assume
that the MBS and MUT have𝑀

𝑚
and 𝑁

𝑚
antennas, respec-

tively, as presented in the block diagram of the considered
system in Figure 2.With𝑓

𝑛
indicating the subcarrier index, if

x𝑓𝑛
𝑚
is the transmit vector then the received signal y𝑓𝑛

𝑚
is given

by

y𝑓𝑛
𝑚
= G𝑓𝑛
1
x𝑓𝑛
𝑚
+ G𝑓𝑛
2
x𝑓𝑛
𝑠
+ n𝑓𝑛
𝑚
, (1)

where x𝑓𝑛
𝑠
∈ C𝑀𝑠𝐾, G𝑓𝑛

1
∈ C𝑁𝑚×𝑀𝑚 , G𝑓𝑛

2
∈ C𝑁𝑚×𝑀𝑠𝐾, and

n𝑓𝑛
𝑚
∈ C𝑁𝑚 denote the overall transmitted signal at the small-

cells, the channel betweenMBS andMUT, the overall channel
between CU and MUT (i.e., the channels between the SAPs
and theMUT), and the zero-mean white Gaussian noise with
variance 𝜎2, respectively. We consider that at the macrocell
BS only G𝑓𝑛

1
is known and it has no information about the

small-cell system. Furthermore, we assume that theMUT is a
mobile terminal and thenG𝑓𝑛

1
changes on every Transmission

Time Interval (TTI).
We consider a block fading MIMO channel; that isG𝑓𝑛

1
=

G
1
for 𝑓
𝑛
= 1, . . . , 𝐹, and the channel is independent between

different blocks of 𝐹 subcarriers. Thus, the system equation
over one block is [24]

Y
𝑚
= G
1
X
𝑚
+ I
𝑠
+ N
𝑚
, (2)

where Y
𝑚
= [y1
𝑚
, . . . , y𝐹

𝑚
] is the received signal matrix, X

𝑚
=

[x1
𝑚
, . . . , x𝐹

𝑚
] is the transmitted signal, I

𝑠
= [G1
2
x1
𝑠
, . . . ,G𝐹

2
x𝐹
𝑠
]

is the intertier interference, and N
𝑚
= [n1
𝑚
, . . . ,n𝐹

𝑚
] is the

zero-mean white Gaussian noise with variance 𝜎2.

The macrocell system employs SFBC to encode 𝑆
𝑚
com-

plex symbols 𝑑1
𝑚
, . . . , 𝑑𝑆𝑚

𝑚
chosen from 𝑟-QAM constellation.

We consider linear dispersion (LD) codes of the form [25]

X
𝑚
=

𝑆
𝑚

∑
𝑠=1

(A𝑠
𝑚
R {𝑑
𝑠

𝑚
} + B𝑠
𝑚
I {𝑑
𝑠

𝑚
}) , (3)

where 𝑑𝑠
𝑚
= R{𝑑𝑠

𝑚
}+𝑗I{𝑑𝑠

𝑚
}, 𝑚 = 1, . . . , 𝑆

𝑚
, andA𝑠

𝑚
and B𝑠

𝑚

are the codeword matrices. The rate of the LD code is

𝑅 =
𝑆
𝑚

𝐹
log
2
(𝑟) (bits/subcarrier). (4)

Therefore, by rewriting (2) in column-stacked formwe obtain

y
𝑚
= (I
𝐹
⊗ G
1
) x
𝑚
+ i
𝑠
+ n
𝑚
= G
1
V
𝑚
d
𝑚
+ i
𝑠
+ n
𝑚
, (5)

where G
1
= I
𝐹
⊗ G
1
, x = vec(X) is 𝑁

𝑚
𝐹 dimensional,

i
𝑠
= vec(I

𝑠
) is𝑀

𝑚
𝐹 dimensional, x

𝑚
= vec(X

𝑚
) = V

𝑚
d
𝑚
is

𝑀
𝑚
𝐹 dimensional, d

𝑚
= [R{𝑑1

𝑚
}, . . . ,R{𝑑𝑆𝑚

𝑚
},I{𝑑1

𝑚
}, . . . ,

I{𝑑𝑆𝑚
𝑚
}]
𝑇, and V

𝑚
= [vec(A

1
), . . . , vec(A

𝑆
𝑚

), vec(B
1
), . . . ,

vec(B
𝑆
𝑚

)] is 𝑁
𝑚
𝐹 × 2𝑆

𝑚
code generator matrix that is an

equivalent representation of the LD code.

2.2. Small-Cell System. At the small-cell system, each SAP
has𝑀

𝑠
transmit and the SUT

𝑘
𝑘 = {1, . . . , 𝐾} has𝑁

𝑠
receive

antennas as shown in Figure 2. If x𝑓𝑛
𝑠
is the transmitted signal

vector, at the CU on subcarrier 𝑓
𝑛
the received signal at SUT

𝑘

is given by

y𝑓𝑛
𝑠𝑘
= F𝑓𝑛
𝑘
x𝑓𝑛
𝑚
+H𝑓𝑛
𝑘
x𝑓𝑛
𝑠
+ n𝑓𝑛
𝑠𝑘
, (6)

where F𝑓𝑛
𝑘

∈ C𝑁𝑠×𝑀𝑚 , H𝑓𝑛
𝑘

∈ C𝑁𝑠×𝑀𝑠𝐾, and n𝑓𝑛
𝑠𝑘

∈ C𝑁𝑠

denote the channel between the MBS and SUT
𝑘
, the overall

channel between the SAPs and SUT
𝑘
, and the zero-mean

white Gaussian noise with variance 𝜎2 at SUT
𝑘
, respectively.

In the following, we assume that the SUTs are low mobility
terminals (since the terminals associated with the small-cells
are mainly indoor/pedestrian users) and then channel F𝑓𝑛

𝑘

can be considered as quasi-static which reduces the overhead
required for its estimation.

Using a similar procedure as in the previous section we
obtain [24]

y
𝑠𝑘
= F
𝑘
V
𝑚
d
𝑚
+H
𝑘
x
𝑠
+ n
𝑚
, (7)

where y
𝑠𝑘
= [(y1

𝑠𝑘
)
𝑇
, . . . , (y𝐹

𝑠𝑘
)
𝑇
]
𝑇, F
𝑘
= diag(F1

𝑘
, . . . , F𝐹

𝑘
),

H
𝑘
= diag(H1

𝑘
, . . . ,H𝐹

𝑘
), x
𝑠
= [(x1
𝑠
)
𝑇
, . . . , (x𝐹

𝑠
)
𝑇
]
𝑇, and n

𝑠𝑘
=

[(n1
𝑠𝑘
)
𝑇
, . . . , (n𝐹

𝑠𝑘
)
𝑇
]
𝑇.

To compute the CU transmit signal a linear precoder is
considered; that is, the CU transmits

x
𝑠
= V
𝑠
d
𝑠
, (8)

where V
𝑠
∈ C𝑀𝑠𝐾𝐹×𝑆𝑠𝐾𝐹, d

𝑠
= [d𝑓𝑛
𝑠𝑘
]
1≤𝑘≤𝐾,1≤𝑓

𝑛
≤𝐹
∈ C𝑆𝑠𝐾𝐹, and

d𝑓𝑛
𝑠𝑘
∈ C𝑆𝑠 denote the overall precoder computed at the CU,

the concatenation of 𝐾 SAPs transmit symbols, and d𝑓𝑛
𝑠𝑘
SAP
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Figure 2: Block diagram of the considered system.

𝑘 transmit symbols, respectively. The transmit power at the
CU is constrained to 𝑃

𝑠
, per subcarrier

tr (V𝑓
𝐻

𝑛

𝑠
V𝑓𝑛
𝑠
) ≤ 𝑃
𝑠
, (9)

and the received signal after filter matrix (W
𝑘
) at the SUT

𝑘
,

by taking into account (7) and (8), is
z
𝑠𝑘
=W
𝑘
(F
𝑘
V
𝑚
d
𝑚
+H
𝑘
V
𝑠
d
𝑠
+ n
𝑚
) . (10)

3. Proposed Method: IA-Filter Matrices Design
In the following, we present the design of our proposed joint
IA and SFBC scheme with the aim of completely eliminating
the need for information exchange between the macrocell
and small-cell systems. As seen in the full-coordinated and
coordinated 2𝑛-bitmethods [21], the design of the precoder at
theMBS and IA-filter matrix at the SUTs depends on channel
G
1
between the MBS and MUT. The key idea behind the use

of SFBC schemes at the macrocell system is that it allows
the design of the IA-filter matrix at the SUTs without having
any coordination between the two systems. More specifically,
the small-cells just need to sense that the macrocell system is
using a scheme based on a SFBC.

3.1. IA-Filter Matrix Design at SUT. In this section, we
present the design of IA-filter matrix at the SUTs for the
proposed joint IA and SFBC scheme. We consider that the
macrocell system has no information about the existence
of small-cells within its coverage area. In the coexistence
scenario, the MBS interferes with the SUTs. From (10) we
can see that to enforce the zero-interference condition and
mitigate the interference coming from MBS the IA-filter
matrix at SUT

𝑘
must satisfy

W
𝑘
F
𝑘
V
𝑚
= 0. (11)

In order to cancel the interference coming from MBS
towards the SUT

𝑘
, we need to compute an appropriate filter

matrix at the SUT
𝑘
. From (11) it follows that to satisfy the zero-

interference condition the IA-filter matrix at SUT
𝑘
is

W
𝑘
= null (F

𝑘
V
𝑚
) . (12)

As seen in Section 2.1, precoder V
𝑚
for SFBCs does not

depend on the macrochannel, and thus there is no need to
exchange any information from the macrocell to the small-
cell system to design the IA-filter matrix, contrarily to the
full-coordinated and coordinated 2𝑛-bit methods [21]. For
these two cases the precoder is computed for each channel
instance and as the macrocell terminal is a mobile terminal
equalizer matrix W

𝑘
must be computed on every TTI. This

means that the IA-filter matrix must be exchanged between
the two systems every TTI. Another possible strategy consists
of estimating the equivalent channel F𝑓𝑛

𝑘
V𝑓𝑛
𝑚
, by listening to

the pilot signals, but it will also require a high pilot density
[26].

After applying the IA-filter matrix mentioned in (12) to
(10), we obtain

z
𝑠𝑘
=W
𝑘
(F
𝑘
V
𝑚
d
𝑚
+H
𝑘
V
𝑠
d
𝑠
+ n
𝑚
)

=W
𝑘
F
𝑘
V
𝑚
d
𝑚
+W
𝑘
n
𝑚
.

(13)

From (11) and (13) we verify that the interference from
MBS is completely removed at SUTs. This is made possible
due to the redundancy present in the MBS transmitted data
symbols.

3.2. Small-Cells-to-Macrocell Interference Cancelation. In the
previous section we considered the interference from the
macrocells to the small-cells. Now we describe how to handle
the interference from the small-cells to the macrocell. The
small-cell system should not interfere with the macro-cell
system (i.e., the macrocell has priority to access the available
resources). Also the SUTs should not interfere with each
other. We consider that the SAPs are connected via the
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backhaul network to CU in order to perform joint processing
of transmitted signals.The CU has enoughDoF (i.e.,𝐾𝑀

𝑠
) to

cancel both the interference that the SAPs cause in the MUT
and the interference between SUTs. The precoding matrix
at the CU is based on the ZF criteria. In this context, ZF
precoder V𝑓𝑛

𝑠
, computed at the CU, is given by

V𝑓𝑛
𝑠
= A𝑓

𝐻

𝑛 (A𝑓𝑛A𝑓
𝐻

𝑛 )
−1

, 𝑓
𝑛
= 1, . . . , 𝐹, (14)

where A𝑓𝑛 =W𝑓𝑛H𝑓𝑛eq, H
𝑓
𝑛

eq = [(G
𝑓
𝑛

2
)
𝐻
, (H𝑓𝑛
1
)
𝐻
, . . . , (H𝑓𝑛

𝐾
)
𝐻
]
𝐻,

andW𝑓𝑛 = diag(I,W𝑓𝑛
1
, . . . ,W𝑓𝑛

𝑘
, . . . ,W𝑓𝑛

𝐾
). Filter matrixW𝑓𝑛

𝑘

is known at the CU since channels F𝑓𝑛
𝑘

are quasi-static; the
SUTs may feed back them to the CU without much overhead
requirements.

3.3. Examples for Specific SFBC Codes. In the following,
we just provide few examples of diversity-oriented SFBC
schemes used at MBS in order to design the IA-filter matrix
of our proposed scheme. We considered two SFBC schemes:
quasi-orthogonal codes [27] and Tarokh codes [28] with the
data symbols coded in space and frequency as shown in
Figures 3 and 4, respectively. Furthermore, from the context
of space-time/space-frequency coding literature, the channel
between adjacent carriers is assumed to be approximately
constant (OFDM based systems are usually designed so that
channels between some adjacent carriers are approximately
flat); that is, G𝑓𝑚

1
≈ G𝑓𝑛
1
, 𝑚 ̸= 𝑛 ∈ N.

3.3.1. Quasi-Orthogonal Codes. As seen in [21], the Alamouti
scheme is restricted to 2 antennas at the transmitter side.
Therefore, we consider the quasi-orthogonal based scheme to
be able to usemore than 2 transmit antennas and increase the
multiplexing gain. We assume that the transmitter has four
antennas (𝑀

𝑚
= 4) and the receiver has a single antenna

(𝑁
𝑚
= 1), as shown in Figure 3. With this method four

pairs of four data symbols are transmitted in parallel. The

four data symbols are transmitted over four antennas on four
subcarriers, 𝐹 = 4, according to the following encoding:

x𝑓1
𝑚
=

[
[
[
[

[

𝑑
1

𝑑
2

𝑑
3

𝑑
4

]
]
]
]

]

,

x(𝑓2)
∗

𝑚
=

[
[
[
[

[

𝑑
2

−𝑑
1

𝑑
4

−𝑑
3

]
]
]
]

]

,

x𝑓3
𝑚
=

[
[
[
[

[

𝑑
3

𝑑
4

𝑑
1

𝑑
2

]
]
]
]

]

,

x(𝑓4)
∗

𝑚
=

[
[
[
[

[

𝑑
4

−𝑑
3

𝑑
2

−𝑑
1

]
]
]
]

]

.

(15)

For this case, as mentioned previously, the MBS precoder
is applied jointly for 𝐹 = 4 consecutive subcarriers:

V𝑇
𝑚

=

[
[
[
[
[
[
[
[
[
[
[
[
[

[

1 0 0 0 0 −1 0 0 0 0 1 0 0 0 0 −1

0 1 0 0 1 0 0 0 0 0 0 1 0 0 1 0

0 0 1 0 0 0 0 −1 1 0 0 0 0 −1 0 0

0 0 0 1 0 0 1 0 0 1 0 0 1 0 0 0

𝑗 0 0 0 0 𝑗 0 0 0 0 𝑗 0 0 0 0 𝑗

0 𝑗 0 0 −𝑗 0 0 0 0 0 0 𝑗 0 0 −𝑗 0

0 0 𝑗 0 0 0 0 𝑗 𝑗 0 0 0 0 𝑗 0 0

0 0 0 𝑗 0 0 −𝑗 0 0 𝑗 0 0 −𝑗 0 0 0

]
]
]
]
]
]
]
]
]
]
]
]
]

]

.
(16)
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As can be verified from (16) the macrocell precoder
does not depend on the macrochannel and this means there
is no need to exchange any channel information from the
macrocell to the small-cell system to design the IA-filter
matrix.

3.3.2. Tarokh Codes. Once again, for this case, we assume that
the transmitter has four antennas (𝑀

𝑚
= 4) and the receiver

has a single antenna (𝑁
𝑚
= 1), as shown in Figure 4. The

only difference is the number of subcarriers used to transmit
the data symbols; for this case eight subcarriers are used, that
is, the Tarokh code that provides the code rate of 1/2. The
four data symbols are transmitted over four antennas on eight
subcarriers, 𝐹 = 8, according to the following encoding:

x𝑓1
𝑚
=

[
[
[
[
[
[

[

𝑑
1

𝑑
2

𝑑
3

𝑑
4

]
]
]
]
]
]

]

,

x𝑓2
𝑚
=

[
[
[
[
[
[

[

−𝑑
2

𝑑
1

−𝑑
4

𝑑
3

]
]
]
]
]
]

]

,

x𝑓3
𝑚
=

[
[
[
[
[
[

[

−𝑑
3

𝑑
4

𝑑
1

−𝑑
2

]
]
]
]
]
]

]

,

x𝑓4
𝑚
=

[
[
[
[
[

[

−𝑑
4

−𝑑
3

𝑑
2

𝑑
1

]
]
]
]
]

]

,

x(𝑓5)
∗

𝑚
=

[
[
[
[
[
[

[

𝑑
1

𝑑
2

𝑑
3

𝑑
4

]
]
]
]
]
]

]

,

x(𝑓6)
∗

𝑚
=

[
[
[
[
[
[

[

−𝑑
2

𝑑
1

−𝑑
4

𝑑
3

]
]
]
]
]
]

]

,

x(𝑓7)
∗

𝑚
=

[
[
[
[
[
[

[

−𝑑
3

𝑑
4

𝑑
1

−𝑑
2

]
]
]
]
]
]

]

,

x(𝑓8)
∗

𝑚
=

[
[
[
[
[
[

[

−𝑑
4

−𝑑
3

𝑑
2

𝑑
1

]
]
]
]
]
]

]

.

(17)

For the Tarokh codes, theMBS precoder is applied jointly
for 𝐹 = 8 consecutive subcarriers as

V𝑇
𝑚

=

[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[

[

1 0 0 0 0 1 0 0 0 0 1 0 0 0 0 1 1 0 0 0 0 1 0 0 0 0 1 0 0 0 0 1

0 1 0 0 −1 0 0 0 0 0 0 −1 0 0 1 0 0 1 0 0 −1 0 0 0 0 0 0 −1 0 0 1 0

0 0 1 0 0 0 0 1 −1 0 0 0 0 −1 0 0 0 0 1 0 0 0 0 1 −1 0 0 0 0 −1 0 0

0 0 0 1 0 0 −1 0 0 1 0 0 −1 0 0 0 0 0 0 1 0 0 −1 0 0 1 0 0 −1 0 0 0

𝑗 0 0 0 0 𝑗 0 0 0 0 𝑗 0 0 0 0 𝑗 −𝑗 0 0 0 0 −𝑗 0 0 0 0 −𝑗 0 0 0 0 −𝑗

0 𝑗 0 0 −𝑗 0 0 0 0 0 0 −𝑗 0 0 −𝑗 0 0 −𝑗 0 0 𝑗 0 0 0 0 0 0 𝑗 0 0 −𝑗 0

0 0 𝑗 0 0 0 0 𝑗 −𝑗 0 0 0 0 −𝑗 0 0 0 0 −𝑗 0 0 0 0 −𝑗 𝑗 0 0 0 0 𝑗 0 0

0 0 0 𝑗 0 0 −𝑗 0 0 𝑗 0 0 −𝑗 0 0 0 0 0 0 −𝑗 0 0 𝑗 0 0 −𝑗 0 0 𝑗 0 0 0

]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]

]

.

(18)

As in the quasi-orthogonal codes, the precoder is also
constant and not dependent on the macrocell channel as
verified in (18), where this condition enables the design of IA-
filter at SUTs without any information exchange between the
two systems.

4. Performance and Information Exchange
Requirement Comparison

As it will be verified from the numerical results section,
the full-coordinated method [19] achieves the best perfor-
mance but it has the highest intersystem information sharing
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Table 1: Comparison of intersystem information exchange and performance.

Methods Information exchange requirements Performance
Full-coordinated 2𝑀

𝑚
𝑁
𝑚
𝑁
𝑐
real number Optimal performance

Uncoordinated-static 0 Worst performance
Coordinated 2n-bit 2𝑛𝑀

𝑚
𝑁
𝑚
𝑁
𝑐
bits Close to optimal

Joint IA and SFBC scheme 0 Much better than uncoordinated-static method

requirements, since the macrocell system must coordinate
with the small-cell system every TTI, in order to share
2𝑀
𝑚
𝑁
𝑚
real numbers, per subcarrier. For OFDM based sys-

tem 2𝑀
𝑚
𝑁
𝑚
𝑁
𝑐
reals can be a huge number that substantially

increases the feedback requirements. The uncoordinated-
staticmethod [19] does not require any information exchange
between the two systems, but this results in significant per-
formance degradation for the macrocell system. To achieve
a good trade-off between performance and information
exchange requirements, we recently proposed a coordinated
2𝑛-bit method [21] that enables a significant reduction in the
information exchange requirements, that is, from 2𝑀

𝑚
𝑁
𝑚
𝑁
𝑐

real numbers to 2𝑛𝑀
𝑚
𝑁
𝑚
𝑁
𝑐
bits, and achieves close-to-full-

coordinated performance.
However, pursuing for methods that can achieve perfor-

mance close to the full-coordinated method without almost
any information exchange is of great importance. Therefore,
we propose joint IA with SFBC scheme where no channel
information needs to be exchanged between the two systems;
that is, these approaches have the same requirements as
the uncoordinated-static approach, but with a performance
close to the full-coordinated method. A summary of the
intersystem information exchange requirements is presented
in Table 1.

5. Numerical Results and
Performance Comparison

This section provides the performance assessment of our
proposed method. We compare it to the full-coordinated,
uncoordinated-static, coordinated 2𝑛-bit (in this paper we
consider 𝑛 = 1), and joint IA and Alamouti code methods
with the help of numerical simulations. We consider the
scenario with 2 small-cells (i.e., 𝐾 = 2) within the coverage
area of MBS but adding more small-cells will not impact
on the performance of the macrocell system, since the
interference can be completely eliminated irrespective of the
number of small-cells. We assume that the SAPs are able to
cooperate through a backhaul network toCU to perform joint
processing of signals.We assume that the number of antennas
at the MBS is 4 and each SAP and each SUT has 2 antennas
and single antenna at the MUT; that is𝑀

𝑚
= 4, 𝑀

𝑠
= 𝑁
𝑠
=

2, and𝑁
𝑚
= 1.

We consider the ITU pedestrian channel model B, with
modified tap delays according to the sampling frequency
specified in LTE standards.The SNR at the cell edge is defined
as (𝑃
𝑡
/𝜎2), where 𝑃

𝑡
is the transmit power, and it is equal

to 𝑃
𝑚
= 1, if the Bit-Error Rate (BER) is measured for the

macrocell system, or it can be equal to 𝑃
𝑠
= 1, if the BER is
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Figure 5: BER performance for the macrocell system.

calculated for the small-cell system. The OFDM parameters
used for simulating both themacrocell and small-cell systems
are FFT size = 1024 (where only 128 subcarriers are used
for both the systems); sampling frequency 𝑓

𝑠
= 15.36MHz;

cyclic prefix length 𝑐
𝑝
= 5.21 𝜇s; and subcarrier separation is

15 kHz.
We present results for two joint IA and SFBCs: IA

with a quasi-orthogonal code [27] and IA with a half-rate
orthogonal Tarokh code [28]. In order to allow an appropriate
comparison, all the considered methods are evaluated for the
same spectral efficiency. Therefore, we used QPSK modula-
tion for joint IA and quasi-orthogonal code, coordinated two-
bit, full-coordinated, and uncoordinated-static schemes, as
well as 16-QAM for the joint IA and Tarokh codes.

Let us start by considering the case where IA is com-
bined with the quasi-orthogonal code. For this case we
compare the performance of the full-coordinated (for both
the case of macrocell/small-cell coexistence and the case
where small-cell system is switched off), coordinated two-
bit, uncoordinated-static, and joint IA and quasi-orthogonal
code methods. In Figures 5 and 6, we present the BER
performance for the macrocell and small-cell system, respec-
tively (using QPSK modulation for all the curves). From
Figure 5, we can notice that the coordinated two-bit approach
provides close-to-optimal performance (a gap of around 2 dB
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Joint IA and quasi-orthogonal codes
Full-coordinated

3dB
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Figure 6: BER performance for the small-cell system.

for a target BER of 10−3). On the other hand, the performance
of joint IA and quasi-orthogonal code approach has a gap
of around 5 dB as compared to the full-coordinated method
and achievesmuch better performance (a gap of around 14 dB
for a target BER of 10−3) as compared to the uncoordinated-
static scheme, even if the information exchange requirements
of both the schemes are identical.

In Figure 6, we compare the BER performance of the
proposed joint IA and quasi-orthogonal code with the full-
coordinated method for the small-cell system. The proposed
joint IA and quasi-orthogonal code scheme provides around
3 dB better performance as compared to the case where full
coordination is allowed between the two tiers.

Let us now consider the case where IA is combined
with the half-rate orthogonal Tarokh code. We compare the
performance of the full-coordinated, coordinated two-bit,
uncoordinated-static, and joint IA and Tarokh codemethods.
In Figures 7 and 8, we present the BER performance for the
macrocell and small-cell system, respectively (using QPSK
modulation for full-coordinated and coordinated two-bit and
uncoordinated-static curves and 16-QAMmodulation for the
joint IA and Tarokh code curve). From the curves presented
in Figure 7, we can see that yet again the coordinated two-bit
approach provides quite close-to-optimal performance. On
the other hand, the performance of joint IA and Tarokh code
approach has a gap of around 3 dB as compared to the full-
coordinated method and achieves much better performance
(a gap of around 18 dB for a target BER of 10−3) as compared
to the uncoordinated-static scheme, even if the information
exchange requirements of both the schemes are identical as
seen in the previous case.

In Figure 8, we compare the BER performance of the
proposed joint IA and Tarokh code with the full-coordinated
method for the small-cell system. The performance of pro-
posed joint IA and Tarokh code scheme is around 1 dB better
as compared to the full-coordinated case.

Full-coordinated no interference
Full-coordinated with interference
Coordinated two-bit
Joint IA and Tarokh code
Uncoordinated-static

3dB

−20 −10 0 10 20 30

BE
R

10−1

10−2

10−3

10−4

Eb/N0 (dB)

18dB

Figure 7: BER performance for the macrocell system.

Joint IA and Tarokh codes
Full-coordinated

−20 −10 0 10 20 30

BE
R
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10−4
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Figure 8: BER performance for the small-cell system.

In Figures 9 and 10, we compare the performance of SFBC
schemes at the macrocell and small-cell systems, respectively.
We also added the curve for IA with the Alamouti code (the
simplest SFBC). As it can be verified from Figure 9, the joint
IA and Tarokh code provides the best performance as com-
pared to the joint IA and Alamouti code/quasi-orthogonal
code (i.e., a gap of around 3 dB and 6 dB, resp.). At the
small-cell system, the performance of joint IA and Alamouti
code/joint IA and quasi-orthogonal code is identical and
the performance of joint IA and Tarokh code is around
2 dB worse as compared to the other two schemes as shown
in Figure 10. This is due to the fact that the high order
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Figure 9: BER performance at macrocell system for joint IA and
Alamouti code/joint IA and quasi-orthogonal code/joint IA and
Tarokh code.
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Figure 10: BER performance at small-cell system for joint IA and
Alamouti code/joint IA and quasi-orthogonal code/joint IA and
Tarokh code.

modulation (16-QAM) is used for the joint IA and Tarokh
code and therefore it is more prone to errors than the other
two SFBC schemes that use QPSK modulation.

6. Conclusions

In this paper, we present a general formulation of the
diversity-oriented joint IA and SFBC method for the down-
link of heterogeneous based systems, where a set of small-
cells coexists with a macrocell sharing the same spectrum.

The full-coordinated method provides the best performance
butwith very high intersystem information exchange require-
ments. On the other hand, for the uncoordinated-static
approach, there is no need for information exchange between
the two systems but the macrocell system experiences the
worst performance, which is not acceptable for the macrocell
system, since it has the priority to access the available
resources. To overcome the shortcomings of full-coordinated
and the uncoordinated-static methods, we designed the joint
IA and SFBC method that can be applied to any SFBC.

The proposed joint IA and SFBC scheme enables the
small-cell system to opportunistically access the free space
resources of the macrocell system without degrading its per-
formance. Moreover, this method provides improved perfor-
mance with comparable intersystem information exchange
requirements to the uncoordinated-static approach.Thus, the
proposed method allows the network to achieve the benefits
of full-coordinated and uncoordinated-static methods with-
out their main drawbacks. As one of the requirements of 5G
is to increase spectral efficiency by a factor of about 10, the
proposed method will contribute to this goal, and thus it can
be very useful for the future 5G based networks.
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