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Abstract—This paper investigates an interference alignment
(IA) scheme suitable for a K-user multiple-input multiple-
output (MIMO) X network. The K-user MIMO X-network is
a communication architecture where each transmitter, equipped
with multiple antennas, has independent messages for each of
the receivers, also equipped with multiple antennas. Earlier only
2 x N or M x 2 X networks was considered to be achievable.
In this paper we remove this restriction by employing time
division multiple access scheme. The proposed IA scheme allows
to achieve a sum degree of freedom of %, where A is
the number of antennas at each transmitter and receiver. The
capacity and bit error rate performance of the proposed scheme
is compared to that of another scheme recently proposed by Park
and Ko. Simulation results are reported to show the bit error-rate
performance for K-user (for a toy example, K is set as 3) and
two-user X channel IA in case of transmission over flat-fading
Rayleigh channels.

I. INTRODUCTION

The capacity of wireless networks provides important in-
formation on the usability of wireless networks for different
applications. In a generelized form, the capacity of a network
versus SNR can be approximated as

C(SNR) = d - log(SNR) + O(log(SNR)) (1)

where d defines the number of degrees of freedom (DoF)
and SNR is the signal-to-noise ratio of the network. Recently
DoF of K-user X networks [1] and interference networks [2]
have been characterized.

In the context of distributed multiple-input multiple output
(MIMO) wireless networks, an interference channel reveals the
communication scenario of transmitter-receiver pairs in which
each transmitter sends information for its intended receiver
and, at the same time, creates interference to the other receivers
[1]-[5]. The X network adds another feature to the interference
channel in the sense that not only each transmitter has a
message for its corresponding receiver, but it also has other
independent messages for each of the other receivers [1], [3],

[4].

Different approaches can be adopted to deal with interfer-
ence which arises in wireless networks [2], [5]-[7]. Among
these, interference alignment (IA) is a technique where in-
terfering signals at each receiving node are confined into a

subspace which does not contain that spanned by the signal
of interest. The desired signal can therefore be recovered
free from interference [2], [3], [7]. The fundamental concepts
related to IA were introduced in [2], with emphasis on the
temporal domain where a joint design of pre-coding matrices
over multiple symbol extensions of the time-varying channels
is proposed. Although [2] focuses on the temporal dimension,
extension to other dimensions, i.e. frequency, space and codes,
is straightforward.

A crucial assumption in [2] is that channel state information
(CSI) is globally available at each transmitting node. Global
CSI knowledge allows us to write closed form expressions for
the pre-coding matrices. However, even if global knowledge is
available, closed form expressions for the pre-coding matrices
can be written only when the number of users is less than
three [2]. Perfect IA for X network is applicable with either
two transmitter or with two receiver [4]. This is broadly defined
as 2 x N or M x 2 X networks.

Partial IA for M x N networks has been proposed in [4]
where it also shown that the achievable degree of freedom
(DoF) is between the lowerbound #% and the upper-
bound A}/frijj\(,fl, being A the number of antennas that are
available at both the ends of each link. However, the perfect
IA of M x N X networks is still an open research topic. In a
recent paper [12] Park and Ko propose an approach for IA that
allows to achieve perfect alignment without time extension at
the cost of a slightly lesser DoF. For the K-user X network,
the scheme proposed by Park and Ko achieves a sum-DoF of

KA/2, where A = 2K.

In this paper, we propose a scheme where perfect IA is
achieved for a K-user MIMO X network with A = 2K —1. For
the proposed scheme, we assume that CSI between all the links
is known both at the transmitters and receivers. For example,
for receiver 1, CSI is required for designing precoding
and zeroforcing vectors based on (11),(12),(13),(14) and
(15). Moreover, a block Rayleigh fading assumption is done
where the coefficients of MIMO channels remain constant
for the entire duration of the transmission. In the proposed
scheme IA is achieved at each receiver using time division
multiple access (TDMA). Error rate performance is evaluated
for already proposed two-user IA and K-user IA, where K is
taken as 3 for a fair comparison.

The paper is organized as follows. A background on IA is
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provided in Section II. In Section III the proposed approach
for K-user MIMO X network is demonstrated considering the
three-user case as an example. Section IV explains numerical
and simulation results. Conclusions are drawn in Sec. V.

Notation

The following notation is used in the paper: ()T corre-
spond to transpose. (.) ! is used for inverse of matrix. Vectors
and matrices are represented by lower case and upper case
boldface letters, respectively.

II. K-USER MIMO X NETWORK ITA

For a K-user MIMO X network where each transmitting
and receiving node has A antennas, the A x 1 received signal
vector for the j-th user is

K
yi=Y Hyxj+n;, i=1,..K, )
i=1
where x; is the A x 1 signal vector transmitted by the j-th
user, H;; is a A x A channel matrix between transmitter j
and receiver ¢, with 4,5 € {1,2,..., K}, whose elements are
assumed to be independent and identically distributed (i.i.d)
complex Gaussian random variables with zero mean and unit
variance, and n; is a A x 1 vector of i.i.d. complex Gaussian
random variables with zero mean and variance o2. Each
transmitter is intended to transmit independent messages to
each of the receivers separately. The signal vector transmitted
by the j-th user is

K
x; =Y by 3)
=1

where x;; is the message to be transmitted from transmitter
J to receiver ¢ and b;; is the beamforming vector associated
with Tij.

In the following we will consider the K-user case. By
substituting (3) in (2) we get

K K
yi:ZHiijljl'lj'i‘ni, i=1,...,K. )
=1

J=1

The above equation can be rewritten as

K K K
yi= Z H;jbijzi; + Z Z H;jbjjzi; +ni,  (5)
j=1 j=11=1,1#i
where the first and second term at the RHS are the signal vector

intended for the ¢-th receiver and the interference affecting it,
respectively.

In order to satisfy the IA condition interfering signals
in each receiver must span the same subspace. For aligning
interference at the receiver 1 the following conditions must be
satisfied

SPAN{H, by} =SPAN{H ,bys}=- - -=SPAN{H, x by}

SPAN{H,,bx1}=SPAN{H b ys}=" - -=SPAN{H, xbx x}
(6)

where eq. (6) aligns the interference corresponding to signals
intended for receiver 2 and the interference corresponding
to signals intended for receiver K. Similarly, for aligning
interference at receivers 2 till K, the following conditions must
be satisfied

SPAN{H,; b }=SPAN{Hay,b1o}=- - -=SPAN{Hyx b1 x}

SPAN{H,b1}=SPAN{Habo}= - -=SPAN{Hax b}
(7

SPAN{H1b;1}=SPAN{H x2byo} = - -=SPAN{H i by 1}

SPAN{Hg1b(x_1)1}= - -=SPAN{Hg xb(x 1)k}
8

For aligning interference vectors in receiver 1, a possible
choice of beamforming vectors is obtained from (6).

boy = H; Hy by 9)

bor = H tHiibog. (10

For receiver 2, interference due to symbols intended for
receiver 1 are aligned along a common direction as given in
(7). Similarly symbols intended for receiver 3 are aligned along
another independent direction. The same strategy is extended
till receiver K as in (8), that is we fix a vector direction for
each receivers’ intended symbol. Together with the alignment
conditions, it is also required that desired signals vectors
can be chosen to be linear independent of the interference
dimensions at each receiver. As shown in [4] the construction
of beamforming vectors that simultaneously satisfy all the
conditions is not feasible. As a consequence the schemes to
achieve perfect IA for the M = 2 and N = 2 described in [4],
cannot be extended to the K-user case.

III. PROPOSED PERFECT K -USER INTERFERENCE
ALIGNMENT SCHEME

Consider the singular value decomposition (SVD) of the
channel matrix H = UXV¥H  where ¥ is a diagonal matrix of
singular values and U, V are two unitary matrices containing
left and right singular vectors of H, respectively. The algorithm
here proposed implements IA using the knowledge of the eigen
structure of channel matrices.

A. Designing Precoder for Proposed IA Scheme

From the knowledge of eigen structure, one of the inter-
fering signals is chosen to define the reference direction in
each receiver separately according to a TDMA scheme. For
example, in order to align interference at receiver 1 we use
time slot 1. Interference is aligned in receiver 1 choosing
H;,bs; to Hij1bg; as the K-1 reference directions. Along
these directions interference corresponding to desired signals
of receiver 2 to receiver K will be aligned.

The block diagram of the considered K-user MIMO
X network is shown in Figure 1. To align interference at
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Fig. 1. Interference alignment on the K-user MIMO X network.

receiver 1 due to the desired signals of receiver 2, we choose
beamforming vectors bas to bag as follows.

bao = H1_21H11b21 an

baor = H pHiibog (12)

Similarly, to align interference due to the desired signals of
receiver K, we choose

by = Hf21H11bK1 (13)

bxx = H xHi1bk1, (14)

where beamforming vectors by, boy, till bg; are chosen as
the K right singular vectors associated with the K lowest
singular values of Hj;. To retrieve the desired signal of
receiver 1 from transmitter 2 (z21), beamforming vector by
is chosen as the right singular vector associated with the
minimum singular value of Hjs. Similarly b;x is chosen as
the right singular vector associated to the minimum singular
value of H;g. This allows the desired signal to be retrieved
by zero forcing algorithm and undesired signal to align along
Hi1bs; to Hi1bg. In other words, out of 2K -1 dimensions,
desired signal occupies K dimensions and interference gets
aligned to rest of the dimensions, which makes DoF of %
for K-user X network.

Aligning interference at receiver 2 in time slot 2 requires
another set of beamforming vectors at the transmitters. This is
because bg; to by are found from (6) and used for aligning
interference at receiver 1. In order to perform interference
alignment at receiver 2, we need to find another set of vectors
which satisfies (7). Beamforming vectors by;, ba; to by are
chosen as the right singular vectors associated with the K

minimum singular values of Hj;. bay is taken as a singular
vector of Hos and by is taken as an singular vector of Hyx.
Similarly, aligning interference at receiver K requires another
set of beamforming vectors at the transmitters. Beamforming
vectors by, ba; and by are the singular vectors of Hy;. The
vector by is taken as an singular vector of Hgo and bx g
is taken as an singular vector of Hx .

B. Zero-forcing and decoding

The received signal contains three terms, the first term is
the desired signal ,second term is the interference signal and
the last part signifies the noise. We consider the conventional
zero-forcing matrix U; to nullify the second term to zero. The
zero-forcing matrix U; is chosen such a way that the desired
column vectors are orthogonal to the vector space spanned by
each other and to the interference space spanned at the i-th
receiver.

Hence the zero-forcing filter at the first receiver U; has
to be selected such a way that the vectors spanning desired
signals [x11 12 ... 1x] are independent of each other and
also orthogonal to the interference vectors. Hence the zero-
forcing filter at first receiver is

U; = [Hi1byy Higbia ... Higbix Hitbay ... Hitbki]
(15)
For i-th receiver,the zero-forcing filter would be
U; = [Hi1bjy Higbia ... Higbix Hibjy ... Hiibg]
(16)
where i,j =1,...., K and i # j

To bringout the IA, we apply the receive filter U; to ().
The outcome of this operation is given by

%, =Ully; (17

K K K
)fi = Ufl Z Hijbijxij + UlH Z Z Hijbijkj +Uflnl
i)

Interference term=0

(18)

C. Achievability of Degree of Freedom
—2§f‘1, the overall
DoF of the proposed K -user X network achieved is fK—zf‘l. We
consider the K-user MIMO X network, where the theoretical
bound on the DoF region is defined as

Since each receiver achieves the DoF of

K2A K2A
< DoF < 24
oSOk 1

2K —1/A — (19)

DoF of our proposed scheme falls in this region. The above
mentioned settings sets Sum Rate of the proposed scheme as

K 2
Rium = ; sic —qPlog + k] (20)
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IV. NUMERICAL RESULTS

In this Section, the bit error rate (BER) of the proposed
IA scheme is evaluated by means of Monte Carlo simulations.
Assuming an average transmitted power from each antenna
equal to P,,., the signal-to-noise ratio is defined as SNR =
Puve/ 0721. As in [11], the coefficients of MIMO channels are
assumed to remain constant for the entire duration of payload
data transmission. Channel coefficients are independent and
Rayleigh distributed with unit average power. Linear zero-
forcing is applied at receivers side for detection [10].

We first consider the case where transmitted symbols x;;
are chosen from a quadrature phase-shift keying (QPSK) con-
stellation. In Figure 2 the BER performance of the proposed
K-user X network IA scheme is compared to that of the K-
user X network IA scheme discussed by Park and Ko (termed
as PK Scheme). For a fair comparison we choose K = 3.
From the Figure it is possible to observe that for a fixed
signal-to-noise ratio (SNR) our proposed scheme for a
three-user X network has a BER that is worse than that
of PK Scheme. However, in the proposed scheme, each
user achieves a DoF of KA/(2K — 1) with (2K — 1)
antennas,whereas a similar DoF is achieved with 2K
antennas in PK scheme. It should be noted that DoF is
also called as capacity pre-log, hence our proposed scheme
achieves required capacity with fewer hardware.

In Figure 3 the BER performance of the IA of the two-
user X network is compared to that of the proposed scheme
for the K-user X network, where K = 3. From the Figure it
is possible to observe that for a fixed SNR the proposed three-
user TDMA scheme has a BER that is slightly worse than that
of the conventional two-user X network. This is a predictable
outcome as the increase in K increases the error induced to
the system. Though IA aligns interference at the receiver, the
number of interfering users are increased with K, which would
possibly increase error.

Figure 4 reports the capacity versus SNR for PK scheme
and our proposed scheme. The curve is realized using equation
(1). From the figure it is clear that PK scheme performs better
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Fig. 3. BER vs SNR curve of K = 2 and proposed scheme with K = 3.
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Capacity vs SNR curve of K = 3 for proposed scheme and PK

compared to our proposed scheme, but PK scheme has a
restriction to use 6 antennas for this toy example with K = 3,
whereas though our proposed scheme shows lesser capacity, it
complies with the scheme suggested by [4]. However another
reason for higher capacity in PK scheme is the higher number
of antennas usgd. As number of antenna (A) is a multiplier to

the DoF %, an increase in A would linearly increase the

capacity.

V. CONCLUSION

In this paper, an interference alignment scheme has been
introduced for a K-user MIMO X channel. For the proposed
scheme the alignment condition is achieved by means of
a TDMA approach where shaping beamforming vectors at
each transmitting node are obtained by using the knowledge
associated with SVD of channel matrices between nodes. The
proA)osed scheme allows to achieve degree of freedom of
2?71 per user by using 2K — 1 antennas at each node.
Hence sum DoF of the system is lesser comparing the PK
scheme, but achieves the required DoF per time slot. As
the sum DoF is lesser, the advantage of using IA would
fade away at higher "K’. The bit error rate performance of the




proposed scheme is compared to that of the scheme proposed
by Park and Ko for the three-user X channel. Simulation
results are reported to show the BER performance for proposed
scheme with K = 3 and already existing scheme with K = 2,
with QPSK modulations in case of transmission over flat-
fading Rayleigh channels. Though the BER performance of
proposed scheme is slightly worse compared to the two-user
X network IA, our scheme lifts off the practical limitation
of having Perfect IA in K-user MIMO X channel. The
extension of the proposed interference alignment approach
by retaining the sum DoF is still an open problem.
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