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Abstract

To satisfy the ever-increasing data rate and service coverage demands, wireless communication networks evolve into
heterogeneous networks (HetNets), where low-cost small base stations are embedded in conventional macrocells.
Intercell interference emerges as the key capacity-limiting factor in such dense networks, restricting the reusability of
spectral resources. Therefore, advanced interference mitigation techniques relying on multi-cell cooperation have
attracted significant attention from the wireless industry and academia. This paper discusses interference
management schemes for multi-tiered spectrum access in next-generation HetNets. A novel scheme based on full
system cognition and base station cooperation is proposed as an enabler for high-capacity HetNets. In addition,
practical implementation and operational challenges are investigated.
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1 Introduction
One of the major challenges for next-generation wireless
communication systems is to enhance the system capacity
and cope with the ever-increasing mobile traffic demands.
Due to the scarcity of available spectrum, the spectral
efficiency needs to be improved in order to meet the
demands. Today’s deployed networks are mostly based
on macrocells and are characterized as homogeneous, in
the sense that all base stations (BS) belong to the same
type and power class. While macrocells are the basis of
a mobile communication network, heterogeneous deploy-
ments have been investigated over the past few years
as a means to provide very high data rates for in-home
communications or within an enterprise environment.
In such enterprise tiered deployments, low-cost small

base stations, such as femtocells [1], are embedded in
conventional macrocells. Femtocells are short-ranged (10
to 30 m) low-power access points developed to provide
cost-effective high-capacity services within a small cover-
age area. The cell splitting aims at reducing the distance
between transmission and reception points to increase the
achievable data rates. Moreover, a frequency reuse factor
of 1 is applied, meaning that the deployed base stations
share the full available spectrum to improve the spectral
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efficiency and achieve high peak throughput. However,
due to the close proximity of the transmission points, het-
erogeneous networks (HetNets) suffer from harsh inter-
ference conditions. Intercell interference emerges as the
key limiting factor, restricting the reusability of the spec-
tral resources. Two types of interference occur within
a multi-tier network architecture, co-tier and cross-tier
interferences. The first occurs among network elements of
the same type (e.g., between neighboring femtocells), and
the latter among network elements that belong to different
tiers (e.g., between macrocell and femtocell).
Intercell interference management techniques have

recently attracted growing interest [2,3]. The conventional
non-cooperative approach is to treat intercell interfer-
ence as noise at the receiver. This may be characterized
as passive treatment. Another more proactive solution
to manage intercell interference is to apply interference-
awaremulti-cell coordination at the base stations [4]. Such
coordination methods require backhaul links to facilitate
the base station cooperation via information exchange.
The degree of cooperation defines a trade-off between
the performance gains and the resulting signalling over-
head. Some representative coordination-based methods
are discussed in next paragraph.
According to the technique proposed in [5], the fre-

quency spectrum is divided into two parts, a macrocell
dedicated part and amacrocell-femtocell shared spectrum
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part. Macrocell users that pose a threat to nearby femto-
cells are assigned resources from the dedicated spectrum
part. This scheme, however, becomes inefficient if the
number of macrocell users near femtocells increases. In
[6] and [7], clustering of femtocells based on their geo-
graphical locations is investigated. The authors in [8]
propose that cross-tier interference can be mitigated if
a femtocell can avoid using the macrocell resources that
belong to its nearby macrocell users through efficient
spectrum sensing. Dynamic partitioning of resources into
several sub-bands with fractional frequency reuse (FFR)
is proposed in [9-11]. A cognitive radio approach based
on distributed spectrum sensing is presented in [12]. Yet,
the main disadvantage of all these approaches is the fact
that each BS can use only parts of the available spectrum
at a given time, thus limiting the overall spectral effi-
ciency. Other methods entail power control and focus on
reducing the transmission power of femtocells [12-14].
Cognitive radio (CR) technology has been extensively

investigated over the past few years with several research
areas. One of the main topics is how to achieve efficient
spectrum sharing. CR technology addresses the problem
of spectrum utilization and refers to systems that are
aware of their environment. Typically, a CR network con-
sists of legacy service subscribers and cognitive users. The
legacy subscribers are called licensed or primary users
and have priority to access the frequency spectrum. The
cognitive users are called unlicensed or secondary users
and are allowed to reuse the same radio resources, as
long as they do not create significant performance degra-
dation to the primary users. This can be achieved in
different ways [15]. In interweave CR networks, the sec-
ondary users monitor the spectrum and access it only
when they sense an unused slot [16]. In underlay CR net-
works, the secondary users are allowed to utilize the same
frequency spectrum as the primary users in a carefully
controlled manner by limiting the resulting interference
under predefined thresholds [17].
Spectrum sharing via dynamic spectrum access (DSA)

allows a frequency reuse factor of 1, thus offering
increased spectral efficiency. Therefore, DSA has been
investigated in the literature (e.g., [18-20]) as a means
to optimize HetNets and manage intercell interference.
More specifically, in [18,19], dynamic spectrum access for
cognitive femtocell networks is investigated, where the
femtocell users are considered as secondary users with
lower priority compared to the macrocell (primary) users.
In [20], opportunistic cooperation for cognitive femtocell
networks is proposed, where the femtocell nodes either
assist the macrocell transmissions as relays or defer their
transmissions to protect the macrocell users from inter-
ference. Nevertheless, inmost realistic cases, the femtocell
users are regular subscribers with high data rate demands,
and down-prioritizing them over macrocell users poses

obvious rate limitations. These limitations are crucial,
given that femtocells can be considered as a viable net-
work solution only if they can ensure high capacity, which
in turn justifies the additional deployment costs.
In this paper, we discuss the potential benefits of cog-

nition for managing cross-tier intercell interference in
HetNets by deviating from the conventional CR model.
Similar to [5,21] co-tier interference is considered as noise
and the focus is on cross-tier interference. In particu-
lar, we consider and propose full system cognition and
multi-cell cooperation, where all BSs are cognitive nodes.
This means that the BSs have more knowledge about their
environment (e.g., channel state information and network
architecture). The focus is on a two-tier cellular system,
where multiple femtocell base stations (FBS) are deployed
within the coverage of a single macrocell base station
(MBS).
Different interference management techniques are con-

sidered in conjunction with resource allocation. We
develop and propose a novel scheme which exploits the
network architecture and additional BS information to
achieve efficient interference management and improve
the system capacity. Joint precoding with multi-cell coop-
eration is investigated to this end. Joint precoding has
been extensively investigated in the literature [4]. How-
ever, the novelty of this work lies in the way the precoder is
computed and applied in conjunction with resource allo-
cation. Moreover, we propose a practical adaptation of the
theoretical scheme which considers realistic assumptions
regarding the channel state information at the BSs. Finally,
we show how such a scheme can be utilized by cognitive
HetNets leading to efficient spectrum usage. The pro-
posed scheme is compared to two reference schemes, one
being a non-cognitive solution, as defined by 3GPP for
LTE-Advanced [22], and the other one being a conven-
tional CR solution [17].
The remainder of this paper is organized as follows.

In Section 2, we introduce the underlying system model.
Section 3 presents the transmission schemes under con-
sideration, while Section 4 provides extensive simulation
results and the respective performance analysis. Practi-
cal implementation and operational challenges are also
discussed. Finally, Section 5 concludes this article.

2 Systemmodel
One recent deployment trend, foreseen to be widely used
for long-term evolution (LTE) advanced networks, con-
sists of splitting the base station functionalities into a
control unit, whose main task is scheduling, and sev-
eral remote radio heads (RRH), responsible for all the
radio frequency operations. The control unit is typi-
cally connected to the RRH via optical fiber, while the
RRH is located close to the antennas. RRH deployments
can therefore facilitate fast coordination between the
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transmission points. Here, we suggest a deployment as the
one in Figure 1, where each FBS is realized as RRH, con-
nected to the MBS via a fiber optic cable. It is assumed
that the control unit is located in the MBS and that the
backhaul link can offer sufficient capacity for real-time
information exchange between the BSs.
Specifically, we consider a two-tier cellular radio net-

work based on orthogonal frequency division multiplex-
ing (OFDM) with NMBS transmit antennas per macrocell
BS, NFBS transmit antennas per femtocell BS, and M
receive antennas per user terminal. Within a macrocell
coverage area, there exist one MBS serving Pmacro-users
(MU) and F FBSs serving S femto-users (FU) each. We
investigate cross-tier intercell interference management
on the downlink, where the available physical resources
are treated as a spectrum pool. FBSs are assigned non-
overlapping dedicated parts of equal bandwidth B MHz
from the spectrum pool. This choice is not restrictive and
each FBS could be assigned any part of the spectrum pool.
TheMBS can transmit over the whole spectrum to achieve
high peak rates.
In such a system, the femtocells operating within the

coverage of a single macrocell access different parts of the
spectrum. Consequently, there is no co-tier interference
among the femtocells of a given macrocell. Moreover, the
interference between femtocells that operate within dif-
ferent macrocells is very low due to their low transmit
power. Note also that femtocells can be deployed in such
a way that neighboring femtocells from different macro-
cells do not access the same part of the spectrum. Thus,
the only type of co-tier interference that is not negligible
is the interference from neighboring macrocell base sta-
tions. In the existing literature, there have been several
studies about the magnitude of macrocell intercell inter-
ference, and typical values range from −110 to −65 dBm
[23,24], which is relatively low compared to cross-tier
interference. The focus of this work is on cross-tier inter-
ference between the MBS and the FBSs on the downlink
channel. Therefore, any co-tier interference is considered
as part of the noise, and other techniques like FFR and
power control could be used to handle it.

For the system under consideration, the time axis is
divided into transmit time intervals (TTIs) as a basic
unit of time scheduling. Each dedicated spectrum part
is divided into K physical resource blocks (PRB), each
comprised of a set of L subsequent subcarriers. A PRB is
regarded as the minimum resource unit in the frequency
domain. Moreover, each BS transmits a single stream per
served user.
The channel model used is depicted in Figure 2.

We denote the downlink multiple-input multiple-output
(MIMO) channel for the MBS-MU link by H and for the
FBS-FU link byG. The interfering linksMBS-FU and FBS-
MU are denoted by H̃ and G̃, respectively. Let us also use
indices p and s for the MU and FU, respectively, which are
being served at a given TTI and PRB. Given a frequency
reuse factor of 1, each FBS can transmit synchronously
with the MBS in a bandwidth of B MHz. Assuming that
precoding vectors wp∈CNMBS , ws∈CNFBS are applied to the
transmitted signal prior to transmission, the signal model
for each pair of MU and FU can be formulated as

Macro-user : yp = PpHwpxp + PsG̃wsxs + zp (1)

Femto-user : ys = PsGwsxs + PpH̃wpxp + zs, (2)

where xu is the transmitted signal and yu∈CM is the
received vector signal for user u, with u ∈ {p,s}.
The downlink channel matrices H,H̃ ∈CMxNMBS and
G,G̃ ∈CMxNFBS are considered as MIMO Rayleigh fad-
ing channels. This means that their individual channel
elements are modelled as independent and identically
distributed (i.i.d.) zero-mean complex Gaussian random
variables with unit variance. P2u is the transmit power for
user u and zu denotes the independent and identically dis-
tributed additive white Gaussian noise (AWGN), where
zu∼CN(0,N0I).
For the analysis and comparison of different interfer-

ence management schemes, we assume in this article
that full channel knowledge is available at the transmit-
ter sides. Theoretically, this can be achieved by extensive

Figure 1 Heterogeneous network deployment with remote radio heads.
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Figure 2 Channel model for downlink transmissions in a two-tier
HetNet.

channel state information (CSI) reporting from the users
or in case of time-division duplex (TDD) bymeasuring the
uplink channel and considering channel reciprocity.
However, in a practical system with frequency divi-

sion duplex (FDD), full channel knowledge is very diffi-
cult to realize. Therefore, we present how the proposed
scheme could be adapted to more realistic assumptions
with limited CSI feedback, where the CSI reports are
quantized. This feedback includes a channel quality indi-
cator (CQI) and optionally a precoding matrix indicator
(PMI). Furthermore, in a realistic system, the CSI feed-
back is reported for a given TTI but used for a later
downlink transmission. Thus, we apply a delay of T TTIs
from the time the CSI is received by a BS until the
time it is used for scheduling the downlink resources.
The simulation results presented in Section 4 consider
both cases of full channel knowledge and limited CSI
feedback.

3 Transmission schemes
Interference management is crucial for HetNets to avoid
low signal quality and eventually low system throughput.
To this end, a new transmission scheme is developed and
discussed in Section 3.3. Before that, two other solutions,
based on existing schemes, are presented in Sections 3.1
and 3.2, respectively, in order to be used as reference
solutions. The first reference scheme is non-cognitive and
is based on enhanced inter-cell interference coordination
(eICIC), as defined for LTE-Advanced [22]. The second
reference scheme relies on the CR technique of [17],
where the MBS is a legacy node and the FBSs are cogni-
tive nodes. These schemes are chosen as references due
to their suitability to HetNets and the similarity of their

interference management requirements to the proposed
solution.

3.1 Enhanced inter-cell interference coordination
Enhanced inter-cell interference coordination has been
specified for LTE-Advanced as a means to manage inter-
cell interference and allows for a frequency reuse factor
of 1. The concept of ‘almost-blank subframe’ (ABS) has
been introduced, where during such ABS subframes, no
data transmission takes place and only the control chan-
nels are active with very low power. eICIC uses almost-
blank subframes to provide smart resource allocation
among interfering cells and improve inter-cell load bal-
ancing in heterogeneous networks. The BSs coordinate
their transmissions over the common spectrum by apply-
ing non-overlapping ABS configurations. An example of
ABS configuration is shown in Figure 3. When the MBS
configures an ABS subframe, then the FBS transmits nor-
mally and the FUs receive data without any interference
from the MBS. Similarly, when a FBS configures an ABS
subframe, the MUs can receive data from the MBS. The
ABS configurations can be negotiated between the BSs via
the connecting fiber link (e.g., for LTE-Advanced, the X2
interface is defined for this purpose).
In the eICIC scheme, cross-tier intercell interference

between MBS and FBS is handled via time-division
duplexing and thus no precoding is required. The received
signals in this case read

Macro-user : yp = PpHxp + zp (3)

Femto-user : ys = PsGxs + zs (4)

and the signal-to-noise ratio (SNR) is calculated as

SNRt,f (p) = P2p ‖ H ‖2
σ 2
n

(5)

SNRt,f (s) = P2s ‖ G ‖2
σ 2
n

, (6)

where σ 2
n is the noise variance.

As the focus is on optimizing spectral efficiency, each
BS schedules the user with the highest SNR. So, for every
non-ABS TTI t and every PRB f, the MBS schedules user
pmax with

SNRt,f (pmax) = max
p=1,...P

SNRt,f (p) (7)

and the FBS schedules user smax with

SNRt,f (smax) = max
s=1,...S

SNRt,f (s). (8)

The main disadvantage of this scheme lies in the fact
that no concurrent spectrum access is possible for the
interfering BSs. Each BS is allowed to access the spectrum
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Figure 3 eICIC ABS configuration example for HetNets.

only during non-ABS subframes, which in turn limits
the achieved spectral efficiency. eICIC could be com-
bined and enhanced with other techniques. For example,
the available spectrum could be divided in a common
part which the BSs share and a dedicated part only for
FBS transmissions. Nevertheless, in this work, we con-
sider as reference the standard eICIC technique with no
enhancements.

3.2 Femto-cognition with legacy macrocell
The CR reference scheme is an underlay one and is based
on the scheme proposed in [17]. The macrocell is consid-
ered as the primary network, which has absolute priority
to access the available spectrum. It is a legacy (non-
cognitive) node and is unaware of the existence of FBSs.
On the contrary, the femtocells access the spectrum as
secondary networks provided that they do not harm the
performance of the primary network significantly. This
means that the cross-tier intercell interference from a FBS
to the MBS should not exceed a predefined interference
threshold Imax.
As the primary network is assumed to operate without

taking into account the secondary network, the optimal
way for the MBS to maximize capacity is to perform a sin-
gular value decomposition (SVD) of the downlink channel
matrix

H = Uh�hVH
h =

M∑
i=1

λh(i)uh(i)vh(i)H (9)

and then apply a beamforming vector wp, such that wp =
vh(1), where Uh, Vh are unitary matrices and �h is a
diagonal matrix which has the singular values ordered
over the diagonal. The MBS makes use of the strongest
eigenchannel with a single data stream being transmitted.
Similar to [17], the FBS computes the SVD of G̃ as

G̃ = U g̃�g̃VH
g̃ =

M∑
i=1

λg̃(i)ug̃(i)vg̃(i)H (10)

and aims at minimizing the interference to theMU. As the
signals might not be orthogonal, the authors suggest that
the FU signal should be precoded according to the weakest
eigenmode of the interfering channel G̃. Such a precoding
ensures that the FU signal transmitted through the cross-
channel G̃ will be the weakest possible, and hence, the
resulting cross-tier interference will be minimized. There-
fore, the precoding vector is set to ws = vg̃(M)H . Then, the
signal model reads

yp = Ppλh(1)uh(1)xp + Psλg̃ (M)ug̃ (M)xs + zp (11)

ys = PsGvg̃ (M)xs + PpH̃vh(1)xp + zs (12)

Assuming that the users employ maximal ratio combin-
ing (MRC) receiver filters, the signal-to-interference and
noise ratio (SINR) of the pth MU can be written as

SINR(p) = P2pλ2h(1)
P2s λ2g̃ (M) ‖ 〈uh(1),ug̃(M)〉 ‖2 +N0

(13)

Similar to the eICIC scheme and in order to maximize
the macrocell capacity, the MBS schedules the user with
the highest SNR among allMUs. For every TTI t and every
PRB f, the MBS schedules the MU pmax with

SNRt,f (pmax) = max
p= 1,...P

SNRt,f (p), (14)

where the SNR is calculated as

SNRt,f (p) = P2p ‖ H ‖2
σ 2
n

. (15)

On the other hand, the FBS selects the FU smin that
minimizes the interference caused by the MU pmax

I(smin) = min
s=1,...S

I(s), (16)

where I(s) is defined as

I(s) = λ2g̃ (M) ‖ 〈uh(1),ug̃(M)〉 ‖2 . (17)
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If the interference constraint I(smin) ≤ Imax is satisfied,
then the FBS schedules the FU smin. Otherwise, the FBS
does not schedule any FU.
Note that according to this scheme, the primary user

selection maximizes the primary network rate, whereas
the secondary user selection ensures only the minimum
interference to the primary network. Since the channels
are independent, the rate of the secondary users becomes
eventually a random variable. This means that multi-user
diversity and frequency selectivity are used only to limit
the interference and not to improve the overall spectral
efficiency. Consequently, the primary network is given
absolute priority.

3.3 Joint precoding based on cognition with full channel
knowledge

In the proposed scheme, the two main weaknesses of
the reference and other existing solutions are addressed,
namely the lack of simultaneous spectrum access and the
user prioritization. We consider full system cognition and
multi-cell cooperation, where all BSs are cognitive nodes
and the available spectrum is accessed by both macro-
and femtocells simultaneously. The BSs are aware of the
deployment and exchange TTI-based information over
the available fiber links, taking full advantage of the system
architecture. Specifically, the scheduling and precoding
decisions are taken centrally but in a cooperative way and
are then distributed via the fiber links to both MBS and
FBS for transmission.
The signal model for each pair of macro- and femto-

receivers is given in (1) and (2), but to simplify the
equations, we use a more compact notation as follows:

Hp =
[
H, G̃

]
, (18)

Hs =
[
H̃,G

]
, (19)

W = [
wp,ws

]
(20)

x = [
xp, xs

]
(21)

Ap = HpW , (22)
≡ [

ap, ãp
]
, (23)

As = HsW , (24)
≡ [

ãs,as
]
, (25)

ñp = ãpxs + np (26)
ñs = ãsxp + ns (27)

Hence, Au with u∈{p,s} denotes the aggregate channel
matrix in the transmission of signal x to user u and ñu
denotes the aggregate noise and interference.
In order to mitigate the cross-tier intercell interference,

zero-forcing (ZF) precoding at the transmitter sides is
applied. The goal is to introduce pre-distortion to the
channels already at the BS side using a precoding matrix

W , such that the overall MIMO channel Au ideally degen-
erates to a number of parallel non-interfering channels.
The CSI for each user is used to generate an aggregate
MIMO channel matrix that is well conditioned for spatial
pre-equalization by means of a linear zero-forcing pre-
coder. Provided that the transmitter has perfect channel
knowledge, this can be achieved perfectly by using a linear
zero-forcing-based precoder.
Assuming that the pth MU and sth FU are scheduled,

the joint ZF precoding matrixW is computed as

W = CH
p,s

(
Cp,sCH

p,s

)−1
, (28)

where we define

Cp,s =
[
h(p)
n ,h(s)

n

]
(29)

and h(p)
n = [H(p)]:,n for the pth MU, h(s)

n = [G(s)]:,n for the sth
FU and n denotes the antenna with the highest channel
gain for each user. Note that the joint transmit filter W is
designed by forcing the interference from a BS to the user
with the highest channel gain to be equal to zero. Instead
of performing ZF precoding such that all receive anten-
nas of each user receive only the desired signal, each BS
points the transmission to one of the receive antennas of
the served user, the antenna with the highest channel gain.
At the other receive antennas the user still receives some
residual interference, which can however be reduced by
the receive filter. The reason for this approach is that in
case of ideal CSI at the BS, there is no coherence gain to
be obtained at the user side. Thus, it is preferable to focus
on the antenna with the highest channel gain to improve
the achieved throughput.
Regarding signal reception, we suggest two alternatives

based on the user capabilities. In the first alternative, the
users are non-cognitive; thus, they are unaware of the
precoding applied. In the second alternative, the users
are cognitive and can estimate the aggregate channel ãu
on which interference is received, based on embedded
user-specific reference symbols. Such user-specific chan-
nel state information reference symbols (CSI-RS) have
already been defined in recent releases of LTE-Advanced
and could be used for this purpose.
More specifically, if the user u is non-cognitive, then a

MRC filter may be employed at the receiver sides. The
receive filter in this case is βu = au, and the SINR is given
by

SINRMRC,u = P2p ‖ au ‖2
P2s

‖〈aHu ,ãu〉‖2
‖au‖2 + σ 2

n

. (30)

On the other hand, if the user u is cognitive, it can
perform an additional step of equalizing the residual
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interference with a linear minimum mean square error
(LMMSE) spatial equalizer. The receive filter then reads

βu = �−1
ñuñuau (31)

where

� ñuñu = ε
{
ñuñHu

}
(32)

= P2s ãuã
H
u + σ 2

n IN (33)

and σ 2
n is the noise variance. The SINR can be calculated

as

SINRLMMSE,u = P2pβ
H
u au. (34)

The user selection is performed in a centralized fashion
aiming at maximizing the sum throughput of theMBS and
FBS. Thus, for every TTI t and every PRB f, the MU pmax
and FU smax are scheduled, where now

( pmax, smax) = argmax
p,s

(SINRfilter,p + SINRfilter,s) (35)

and filter denotes either LMMSE or MRC. Note that the
user selection criterion applied in the proposed scheme
could be easily modified to follow other scheduling strate-
gies (e.g., proportional fair scheduling).

3.4 Joint precoding based on cognition with limited CSI
feedback

As perfect channel knowledge is not available in a real
mobile communication system, we briefly discuss how
the proposed scheme can be formulated based on more
realistic assumptions. In this case, the transmit filter com-
putation cannot be based on the actual channel vectors,
but instead on the user CSI reports. The users, hence,
inform the BS about the current state of their channels
by sending quantized and delayed CSI reports. These CSI
reports include a channel quality indicator (CQI) and a
precoding matrix indicator (PMI), while the PMI reports
belong to predefined codebooks.
Given some codebook C={c1, ..., c|C|} of unit normal vec-

tors, each user u selects the representative of the channel
vectors connecting the M transmit antennas of the BS to
the nth receive antenna according to

ĥ
(u)

n = argmax
cν∈C

{∣∣∣cHν h(u)
n

∣∣∣
}
, (36)

where h(u)
n = [H(u)]:,n for a MU and h(u)

n = [G(u)]:,n for a FU.
The user reports a single PMI value PMIu, which corre-
sponds to the codebook vector that best represents one of
its channel vectors.
Assuming that the pth MU and sth FU are scheduled,

the joint ZF precoding matrix W is computed according
to the user PMI reports as

W = CH
p,s

(
Cp,sCH

p,s

)−1
, (37)

where we define

Cp,s = [
cPMIp , cPMIs

]
(38)

Due to the imperfect channel knowledge, some residual
interference remains. Therefore, the receive filter selec-
tion is more important in this case compared to the case
of ideal CSI. The rest of the scheme remains the same.

4 Simulation results and performance
evaluations

Extensive simulations have been performed to evalu-
ate the transmission schemes presented in the previous
section. The two variations of the proposed scheme (joint
precoding based on cognition (JPC)) are compared to
the two reference solutions (eICIC, femto-cognition with
legacy macrocell (FCLM)), as well as the case where no
interference management (No IM) is applied.We consider
a single macrocell serving P = 100 users and F = 4 fem-
tocells serving S = 25 users each. The bandwidth of each
carrier is set to B = 5 MHz, consisting of 25 PRBs of 180
KHz each. The number of antennas is set toM = NMBS =
NFBS = 2. The TTI is set to 1 ms and the overall sim-
ulation time is 100,000 TTIs. The downlink channels are
considered multi-path and time invariant over a TTI, but
change independently for every subsequent TTI. In case
of FCLM scheme, full channel knowledge is assumed. For
eICIC and JPC schemes, we consider both full channel
knowledge and limited CSI reporting. In the latter, each
user reports a CQI value of 6 bits per PRB and TTI. A
PMI value of 3 bits is additionally reported in case of JPC
scheme, where Grassmannian codebooks are used. The
delay of all reports is set to T = 4 ms. Finally, for the
eICIC scheme, we set every even TTI to be an ABS for
the MBS and every odd TTI to be an ABS for the FBSs,
as shown in Figure 3. We have also simulated other ABS
patterns, which are not presented here due to space lim-
itations and because they showed similar performance.
Table 1 summarizes the simulation parameters.
In order to ensure fairness among the users and focus

on the transmission schemes, users are assumed to be sta-
tionary with common and constant pathloss to the serving
BS. We consider no power control, i.e., each BS applies
constant power to all users served, with P2p = 43 dBm and
P2s = 23 dBm [25].
In Figures 4 and 5, the cumulative distribution function

(CDF) of the effective SINR is shown for the macrocell
and femtocell users, respectively. As expected, the high-
est SINR for both MUs and SUs is observed for the eICIC
scheme, since only one of the BS transmits at a given TTI;
thus, no inter-cell interference occurs. Moreover, the cog-
nitive reference solution (FCLM) provides higher effective
SINR for the MUs compared to the proposed scheme
(JPC). This can be explained by the fact that each FBS
allocates the resources and aligns its transmissions so as
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Table 1 Simulation parameters

Parameter Value

Number of macrocells 1

Number of femtocells 4

Number of macrocell users 100/cell

Number of femtocell users 25/cell

System bandwidth

Macrocell 20 MHz

Femtocell 5 MHz

Physical resource block 180 KHz

Distance-dependent pathloss 128.1 + 37.6log(distance)

Shadowing None

TTI 1 ms

Total BS transmission power

macrocell 43 dBm

Femtocell 23 dBm

Number of BS Tx antennas 2

Number of UE Rx antennas 2

Bits per CQI report 6

Bits per PMI report 3

Codebook type Grassmannian

CSI report delay 4 TTIs

Frequency reuse factor 1

Frequency domain scheduler Max rate

Simulation time 100,000 TTIs

to minimize the interference to the MUs. However, this
causes the SINR of the SUs to suffer significantly. From
Figure 5, it is obvious that the received signal quality for
the FUs in case of FCLM is much lower than that for
JPC.
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Figure 4Macrocell user effective SINR.
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Figure 5 Femtocell user effective SINR.

Figure 6 illustrates the CDF of the aggregate through-
put achieved by the system for the investigated schemes.
Although the eICIC scheme provides the highest effective
SINR, it achieves the lowest aggregate throughput, as the
spectral efficiency is poor due to the time-division duplex-
ing applied. On the other hand, the cognitive reference
solution (i.e., FCLM) provides clear gains of around 22%
over the non-cognitive eICIC. Yet, one can observe in
Figure 7 that the femtocell rates are rather low (32%
lower than eICIC). This can be attributed to the down-
prioritization of the FUs and the fact that the femtocell
resource allocation strategy focuses on limiting the inter-
ference to the MUs and not on the optimization of the
overall spectral efficiency.
The proposed JPC scheme outperforms both refer-

ence solutions and achieves large gains over them. JPC
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Figure 6 Aggregate rate of the two-tier HetNet.
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Figure 7 Femtocell rate of the two-tier HetNet.

achieves up to 41% higher throughput compared to FCLM
and up to 72% compared to eICIC. The joint resource
allocation and BS cooperation allow for performing effi-
cient precoding, while scheduling users with high channel
gains. Moreover, the use of CSI-RS in conjunction with
a LMMSE receiver boosts the throughput even more,
compared to the simple MRC filter. Figure 8 depicts the
throughput achieved by the MUs for each transmission
scheme. JPC achieves significant rate improvement for
both MUs and FUs, as well as for the aggregate system
throughput. Note that these performance gains come at
the expense of extra CSI information and higher complex-
ity for BS cooperation. However, this is possible given the
network architecture (HetNet with RRHs).
Comparing the performance of JPC for ideal and lim-

ited CSI, small losses are observed due to the imperfect
ZF precoding. The losses are smaller when a LMMSE
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Figure 8Macrocell rate of the two-tier HetNet.

receive filter (2%) is applied compared to a MRC filter
(5%). The receive filter selection is more important in
case of limited CSI. This is expected since the LMMSE
filter cancels out the remaining interference at the receiv-
ing side. The simulation results also show that the way
the ZF precoding matrix is computed is efficient even for
imperfect CSI, especially in the case of a LMMSE receive
filter.
Finally, Table 2 summarizes the comparison of the dif-

ferent alternatives. From this table, it is clear that inter-
ference management is crucial and that the proposed
scheme leads to higher aggregate throughput of the over-
all system due to more efficient interference management.
The throughput improvement may perfectly justify the
slightly higher (but manageable) CSI requirements of the
proposed method.

5 Conclusions
HetNet technology combined with efficient interference
management can provide increased network capacity to
the mobile subscribers and the service providers. In this
article, we have discussed different interference man-
agement techniques for HetNets. A novel scheme based
on full system cognition and multi-cell cooperation for
a two-tier cellular system is developed and proposed.
This scheme applies joint precoding in conjunction with
resource allocation and turns out to outperform the solu-
tion that is currently specified for LTE-Advanced. We
have shown how the proposed scheme can be adapted to
realistic network assumptions and limited CSI reporting.

Table 2 Comparison of interferencemanagement schemes

IM scheme Macrocell Femtocell Aggregate
throughput throughput throughput

(Mbps) (Mbps) (Mbps)

No IM 4.47 3.94 8.41

eICIC 7.26 6.94 14.20

limited CSI

eICIC 7.29 6.99 14.28

perfect CSI

FCLM 12.73 4.77 17.50

perfect CSI

JPC MRC 10.30 9.12 19.42

limited CSI

JPC MRC 10.68 9.77 20.45

perfect CSI

JPC LMMSE 12.51 11.64 24.15

limited CSI

JPC LMMSE 12.73 11.94 24.67

perfect CSI
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We have also investigated how the receive filter selec-
tion affects the achieved performance. Furthermore, we
have shown that applying cognition to both the macro-
cell and femtocell base stations leads to significant gains
for the femtocells compared to a traditional cognitive
radio systemwhere femto-users are down-prioritized over
macrocell users. This is crucial, as femtocells can be con-
sidered to be a viable network solution only if they can
ensure high data rate for their subscribers.
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