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ABSTRACT

Managing interference is a major technical challenge in large
wireless networks. Distributed cooperation techniques, such
as Interference Alignment (IA), exploit the available spa-
tial degrees of freedom of the interference channel holding
promise of enhanced spectral efficiency. Most prior results,
however, consider isolated network settings, neglecting the
interference from nodes that are not participating in the coop-
eration scheme. This paper analyzes the performance of IA in
the presence of uncoordinated interference from a heteroge-
neous network. Specifically, we analyze perfect downlink TA
in a fixed-size cell, where the interfering nodes are distributed
according to a spatial point process, and compare it with a
non-cooperative MIMO scheme. Furthermore, the perfor-
mance gains by using a guard zone between the IA cluster
and the interference field are evaluated and design guide-
lines for the necessary isolation distance from out-of-cluster
interferers are provided.

Index Terms— Interference Alignment, distributed coop-
eration, stochastic geometry.

1. INTRODUCTION

Consumer demand for cellular data has been growing tremen-
dously, fueled by the ubiquity of wireless devices, such as
smartphones, tablets, and laptops. This has placed a greater
strain on conventional cellular network infrastructure, and as
a result, current cellular networks are becoming dense and
heterogeneous [1]. One of the major technical challenges in
deploying heterogeneous cellular networks is managing the
intra- and the inter-cluster interference. Cooperation tech-
niques among base stations (BSs) sharing the same resources
in a cell/cluster is a promising method to reduce or cancel
the intra-cell interference. Distributed cooperation schemes,
such as interference alignment (IA) [2], hold the promise
of increased spectral efficiency, thus attracting recently vivid
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academic and practical interest. IA is an elegant information-
theoretic concept, which ensures that the interference at each
receiver aligns along a certain subspace leaving the remaining
dimensions interference free.

In [3] the fundamental performance of IA in the context
of a large cellular network is investigated and compared with
that of non cooperative multi-antenna (MIMO) systems. In-
terestingly, [4] has established the fundamental limitations
of cooperative schemes. It is shown that in systems with
pilot-assisted channel estimation, the spectral efficiency up-
per bound does not depend on the transmit powers, thus in-
creasing the power does not result in higher ergodic rates.
Cooperation is then possible only within clusters of limited
size, which are subject to out-of-cluster interference (OCI)
whose power scales with that of the in-cluster signals. The
paper concludes that cooperation cannot in general change an
interference-limited network to a noise-limited one. Further-
more, IA in random access networks has been analyzed using
tools from stochastic geometry in [5] and the performance of
IA in cooperative cellular networks has been assessed in [6].

In this paper we analyze the performance of IA within a
fixed-size cluster in the context of a large heterogeneous net-
work (HetNet) and compare it with that of non-cooperative
MIMO. The effect of HetNet interference in the cluster is
quantified, where the interfering BSs are distributed accord-
ing to a homogeneous Poisson point process (PPP) account-
ing for the spatial randomness of interferers. Additionally,
the performance gains by introducing an exclusion region
between the cluster and the interference field are evaluated
and design guidelines for the necessary isolation from out-of-
cluster interferers are provided. IA is shown to be sensitive
to OCI and practical TA systems should operate far from
strong co-channel interferers, e.g. a scenario in which IA is
performed inside an airport terminal, which is quite protected
from strong macrocell interference due to airport regulations.

2. NETWORK MODEL

We consider a wireless network within a cluster (cell) of in-
terest with radius R, where K BSs serve one receiver each
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Fig. 1. Network model: transmission within a cluster of in-
terest for in presence of OCL.

(downlink). Each BS is equipped with [V, transmit antennas
and each receiver has NN, receive antennas, and each user re-
ceives d < min(Ny, N,.) signal streams. In Fig. 1 the case of
K = 3 is depicted. Without loss of generality (WLOG), we
assume that the first BS is located at the center of the clus-
ter. A guard region of radius J from the cell/cluster edge is
imposed around the fixed cell in which no transmitters can
occupy. The role of the guard region is the isolation from the
interference coming from the uncoordinated OCI [7].

The BS locations outside of the R + § radius area are dis-
tributed according to a homogeneous PPP @ of intensity A,
which may model homogeneous interference from one net-
work tier as well as interference from HetNets. In the latter
case, the OCI is the superposition of multi-tier interference,
where each tier’s BSs are located according to a PPP with
different density and transmit power. All the base stations
(inside and outside the guard zone) in our system transmit
with power P. A singular, distance-dependent pathloss model
{(x) = ||z||”“ with pathloss exponent o > 2 is considered,
and the distance between the BS and the ¢-th user is denoted
as R;. Channel fading between any BS and user is assumed
to be Rayleigh with unit mean and independent across nodes.

3. INTERFERENCE ALIGNMENT VS.
NON-COOPERATIVE MIMO

In this section, we analyze the performance of distributed co-
operation technique, namely IA, in terms of success proba-
bility and average rate. We compare IA with a non coopera-
tive (NC) scheme, in which each BS in the cluster transmits
d = min(Ny, N,) independent spatial streams (spatial mul-
tiplexing) using uniform power allocation and zero-forcing
(ZF) receivers are employed by the users. Although subop-
timal, we consider ZF receivers in this paper because they
are more tractable than MMSE receivers. Moreover, the rates
achieved by ZF and MMSE receivers converge at asymptoti-
cally high SNR (interference-limited regime). For exposition
convenience and WLOG, we consider a cluster with K =
3 BS-user links and the performance is evaluated at a user
served by a BS located at the cell center.

3.1. Non-Cooperative MIMO

In the non-cooperative case (spatial multiplexing with ZF re-
ceivers), the total interference I comes from two indepen-
dent sources, the intra-cluster interference [;,, and the out-of-
cluster interference (outside the guard region) I,.;, where BS
locations are modeled as PPP.

The per-stream signal-to-interference ratio (SIR) at the
receiver of interest assuming independence over streams is
given by

Lh Ry

SIR; = ,
Ioci + Iin

(D

where R; is the distance between BS and first user and hq ~
exp(1) denotes the small-scale fading.
The OCI from the PPP is given by

> Phae, )

re®\r<R*

Ioci =

where, h; ~ exp(1), for the small ball approximation (upper
bound) R* = R+ J — R; for having a small ball approxima-
tion (upper bound on interference), and R* = R+ 6 + R for
the large ball approximation (lower bound on interference).
The I,.; is characterized by its Laplace transform along the
lines of [8]

Ly, (s) =Ep {e7*},

= exp {—%A UOO (1 —Ep(—sPhr™®)) rdr} } 3)

*

After some algebraic manipulations L;__. is given by

oci

L1, (s) = exp {mA(R*)* — 2mAx

a [# (o (2o ()]}

4
The intra-cluster interference is given by
d d
P__. P__.

Iin = ERQ ;h% + ERP, ;h&'; )
where h;; ~ exp(l). For R = Ry, = Rz and H =
25:1 ho; + Z?:l hs;, we have

P
Iin = ER7QH7 (6)

where H ~ T'(2d,1). Thus, the Laplace transform of I, is
given by

—2d
Lr,(s) = (1 + SISRO‘> . (7

6223



The success probability, after some manipulations, is
given by

PS(’)/) :P(SIR > 'Y) = ‘Cli“ (’Y‘Pl );Cloci (’Y 1 ) . (8)

P

The average achievable rate (treating interference as noise
and using Gaussian codebooks) is given by

Elog(1 + SIR) — / P (log(1 4+ SIR) > 7) dy
0

(o) (o)
:/ ]P’(SIR>€7—1)d'y:/ P, (7 = 1)dy
0 0
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3.2. Interference Alignment

When IA is applied inside the cluster, the intra-cluster inter-
ference is suppressed. WLOG, we consider Ny = N, = 2
antennas, for which IA is feasible if and only if the number of
streams d = 1 [2]. The SIR for the first receiver is given by

PhyR;®

SIR| =
Ioci

€))

The success probability in that case can be expressed as

R =PlEm>) - L, (220 a0

and the average rate is given by

)

’)/ _ (e}
B llog(1 + st)] = £r,, () oy

4. NUMERICAL RESULTS

The performance of IA and non cooperative MIMO (referred
to as NC) is assessed through numerical results. For the IA
scheme, we plot both small and large ball approximations (de-
noted IA-SB and IA-LB respectively in the plots), whereas for
the case of spatial multiplexing (NC), we only plot the small
ball approximation (NC-SB). In the numerical results, we as-
sume transmit power P = 7W, pathloss exponent o = 4, and
cluster cell radius R = 300m.

In Fig 2, the success probability is plotted versus § (iso-
lation radius) for #; = 100m and different density values,
ie. A = 10,50,90 x m. When the intra-cluster in-
terferers are close to the cell edge (R;, = 250m), for den-
sity of interferers A increasing, the success probability evi-
dently decreases. As ¢ increases, the success probability in-
creases due to the decreasing amount of out-of-cluster inter-
ference. Furthermore, we observe that above a certain value
of 4, the achieved gain has a ceiling behavior and saturates

0.6
Intra-cluster Interf. close to cell edge
1

A=(10,50, 9« ———
ao. ) 163007

0.4 NC-SB

Intra-cluster Interf. close to 1st RX |8 (™)
20 40 60 80 100

Fig. 2. Success probability vs. 4, for A = 10, 50, 90 x m
and R; = 100m.

in a constant value. For the TIA case, as ¢ increases, the suc-
cess probabilities tend to be same for different A due to the
fact that beyond a value of J, the OCI becomes negligible.
When the intra-cluster interferers are closer to the receiver
(Rin = 180m), thus causing more interference to the re-
ceiver of interest, the success probability for NC MIMO is
decreased, however the performance gap between IA and NC
is increased.

The case of dense OCI (e.g. A = 90/(16 * 300?)) and
where intra-cluster interferers are near to the cell-edge (R;, =
250m) and close to the first receiver (R;, = 180m) is plotted
in Fig. 3. For R;;, = 250m, NC transmission is shown to be
better than the IA when the intensity of the OCI is relatively
high and the isolation area is not very large. However, for ap-
proximately 6 > 240m, the performance of IA is higher than
that of NC scheme. This is justified as for perfect IA in the
cluster, the only source of interference is the OCI from the ex-
ternal Poisson field, hence when for high )\, a relatively large
guard zone is required to provide sufficient isolation from ex-
ternal interferers. On the other hand, for the NC case, the
main source of the interference is the intra-cluster interfer-
ence, thus as J increases the average rate is not increasing suf-
ficiently fast since the intra-cluster interference is unaffected
by 6. When Ry, = 180m, i.e. intra-cluster interferers are
closer to the first receiver, using IA is always better than the
NC MIMO, the reason being that I, >> I, thus it is of
primal importance to suppress the intra-cluster interference.

Fig. 4 shows the case where the OCI intensity is relatively
low (A = 10/(16 % 300?)) and Ry, = 180, 250m. In this case,
the TA average rate is again superior to NC rate, as [;,, >>
I,¢; for both cases of intra-cluster interferers. Thus, the aver-
age rate of NC MIMO remains almost the same for ¢ increas-
ing, because the cell radius itself is sufficient to provide iso-
lation from the PPP interference compared to the intra-cluster
one.

In Fig. 5, the parameters are the same with Fig. 4 ex-
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Fig. 3. Average rate vs. § for A = 90/(16 * 300?) and Ry =
100m.
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Fig. 4. Average rate vs. 6 for A = 10/(16 * 300%) and Ry =
100m.

cept the distance between the first receiver and its serving BS,
which is R; = 75m instead of R; = 100m. When the intra-
cell interferers are close to the cell edge, for relatively small
0 < 20m (approximately), the NC scheme provides better
performance than perfect IA. When R;, = 180m, IA average
rate is higher than that of the NC scheme for any value of 6.
Fig. 6 illustrates the average rate versus d for A =
90/(16 * 300%) and R; = 75m. When R;, = 250m, then
the non cooperative transmission results in higher average
rate for 6 < 570m approximately, meaning that intra-cluster
interference cancelation using IA results in lower rates. The
average rate of NC scheme using small ball approximation
is higher even compared with the IA average rate using large
ball approximation for § < 380m. However, for R;;, = 180m,
then IA is better than non cooperative scheme for all § values.
The conclusion as far as the average rate performance is
concerned is that the non cooperative transmission can pro-
vide higher average rate than perfect IA when the OCI is
dense or the distance between the first receiver and its in-
tended BS is low and the isolation area radius is small or the

Average Rate (bps/Hz)
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Fig. 5. Average rate vs. 6 for A = 10/(16 * 300?) and R; =
75m.
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Fig. 6. Average rate vs. & for A = 90/(16 x 300?) and R; =
75m.

intra-cluster interferers are close to the first receiver. Other-
wise, perfect IA provides better performance than non coop-
erative transmission.

5. CONCLUSIONS

In this paper, we investigated the downlink performance of
IA in a fixed-size cell with guard zone in the presence of out-
of-cluster, heterogeneous network interference. Using tools
from stochastic geometry, we evaluated the success probabil-
ity and average rate performance of IA, and we compared it
with non cooperative MIMO transmission. Furthermore, we
showed the effect of a guard region around the cluster prov-
ing sufficient isolation from OCI. The main takeaway of this
work is that non cooperative transmission can provide higher
average rate than perfect IA when the OCI is dense or the dis-
tance between the first receiver and its intended BS is small
and the isolation area radius is small or the intra-cluster in-
terferers are close to the first receiver. Otherwise, perfect IA
provides better performance than non cooperation.
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