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Abstract—In a multiple antenna system with two
transmitters and two receivers, a scenario of data com-
munication, known as the X channel, is studied in which
each receiver receives data from both transmitters.
In this scenario, it is assumed that each transmit-
ter is unaware of the other transmitter’s data (non-
cooperative scenario). This system can be considered
as a combination of two broadcast channels (from
the transmitters’ point of view) and two multi-access
channels (from the receivers’ point of view). Taking
advantage of both perspectives, two signaling schemes
for such a scenario are developed. In these schemes,
some linear filters are employed at the transmitters
and at the receivers which decompose the system
into either two non-interfering multi-antenna broad-
cast sub-channels or two non-interfering multi-antenna
multi-access sub-channels. In addition, these filters are
designed such that the maximum multiplexing gain
(MG) of the system is attained by exploiting the null
spaces of the direct and cross channels. It is shown that
the proposed scenario outperforms other known non-
cooperative schemes in terms of the achievable MG.
In particular, it is shown that for some specific cases,
the achieved MG is the same as the MG of the system
if the full cooperation is provided either between the
transmitters or between the receivers.

I. INTRODUCTION

It is well-known that using multiple antennas at both
sides of a wireless channel results in a multiplicative
increase in the overall throughput. This multiplicative
increase in the rate is measured by a metric known as
the multiplexing gain (MG), p, defined as the ratio of the
sum-rate of the system, R, over the logarithm of the total
power Pr in the high power regime, i.e.

— fim
o Pr—oo IOgQ(PT).

p (1)

In a point to point multiple-antenna system, with m
transmit and n receive antennas, the achievable MG is
min(m,n). In multi-antenna multi-user systems, when the
full cooperation is provided at least at one side of the links
(either among the transmitters or among the receivers),
the system still enjoys a multiplicative increase in the
throughput with the smaller value of the following two
quantities: (i) The total number of transmit antennas, and
(ii) The total number of receive antennas [1]. However, for
the case that cooperation is not available, the performance
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of the system will be deteriorated due to the interference
of the links over each other. For example, in a multiple-
antenna interference channel with two transmitters and
two receivers, each equipped with n antennas, the MG of
the system is n [1].

Extensive research efforts have been devoted to the
multiple-antenna interference channels. In [2], the capac-
ity region of the multiple-input single-output (MISO)
interference channels with strong interference and the
capacity region of the single-input multiple-output (SIMO)
interference channels with very strong interference are
characterized. In [3], the superposition coding technique
is utilized to derive an inner-bound for the capacity of
the multiple-input multiple-output (MIMO) interference
channels. In [1], the MG of the MIMO interference chan-
nels with general configuration for the number of transmit
and receive antennas is derived. In [4], the performance
of the single-antenna interference channels is evaluated,
where the transmitters or receivers rely on the same
channel, used for transmission, to provide cooperation. It
is shown that the resulting MG is still one, i.e., this type
of cooperation is not helpful in terms of MG. In [1], a
cooperation scheme in the shared communication medium
for the MIMO interference channels is proposed and shown
that such scheme does not increase the MG.

In [5], we proposed a new signaling scheme for multiple-
antenna systems with two transmitters and two receivers.
In this scheme, each receiver receives data from both
transmitters. It is assumed that neither the transmitters
nor the receivers cooperate in signaling. In other words,
each transmitter is unaware of the data of the other trans-
mitter. Similarly, each receiver is unaware of the signal
received by the other receiver. This signaling scenario
has several applications. For example, (i) in a wireless
system where two relay nodes are utilized to extend the
coverage area or (ii) in a system where two base stations
provide different services to the users. In [5], we proposed a
signaling scheme over such channels and showed that such
a scheme outperforms the interference channels in terms
of the MG of the system. In [6], we extended the scheme
proposed in [5] to more general configurations for the
number of transmit and receive antennas, and developed
two signaling schemes based on: (i) linear operations at the
receivers and the dirty paper coding at the transmitters,
and (ii) linear operations at the transmitters and the
successive decoding at the receivers. In [7], the idea of
overlapping the interference terms proposed in [6] has been
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adopted to show that the zero-forcing scheme can achieve
the MG of the X channels for some special configurations
of the number of transmit and receive antennas.

In this paper, it is shown that by using some linear filters
at the transmitters and the receivers, the system is decom-
posed to either two non-interfering multi-antenna broad-
cast sub-channels or two non-interfering multi-antenna
multi-access sub-channels. In this scheme, the null spaces
of the direct and cross links are exploited to attain the
maximum MG. The scheme is general and is applicable
for all the configurations of the number of transmit and
receive antennas.

Notation: All boldface letters indicate vectors (lower
case) or matrices (upper case). (.)7 denotes transpose-
conjugate operation, and C represents the set of complex
numbers. OC™*™ represents the set of all m x n complex
matrices with mutually orthogonal and normal columns.
A 1B means that every column of the matrix A is or-
thogonal to all columns of the matrix B. The sub-space
spanned by columns of A is represented by Q(A). The null
space of the matrix A is denoted by N(A). The identity
matrix is represented by I.

II. CHANNEL MODEL

We consider a MIMO system with two transmitters
and two receivers. Transmitter ¢, t = 1,2, is equipped
with m; antennas and receiver r, r = 1,2, is equipped
with n, antennas. This configuration of antennas is shown
by (m1,me,n1,n2). For simplicity and without loss of
generality, it is assumed that my > mo and ny > no.

Assuming flat fading environment, the channel between
transmitter ¢ and receiver r is represented by the channel
matrix H,;, where H,; € C"*™t. The received vector
v, € C™*1 by receiver r, r = 1,2, is given by,

y1 = Hiis; + Higso + wy, (2)
y2 = Haisy + Haoso + wa,

where s; € C™>*! represents the transmitted vector by
transmitter ¢. The vector w, € C"*! is a white Gaussian
noise with zero mean and identity covariance matrix. The
power of s; is subject to the constraint Tr(E[s;s]]) < P,
t = 1,2. Pr denotes the total transmit power, i.e. Ppr =
P+ Ps.

In the proposed scenario, each transmitter sends two
sets of data streams. The transmitter ¢ sends pq; data
streams to receiver 1 and u9; data streams to receiver 2.

III. DECOMPOSITION SCHEMES

In what follows, we propose two signaling schemes. In
the first scheme, by using linear transformations at the
transmitters and the receivers, the system is decomposed
into two non-interfering broadcast sub-channels. Then, we
can use the known signaling schemes over the resulting
broadcast sub-channels.

As a dual of the first scheme, in the second scheme, lin-
ear transformations are utilized to decompose the system
into two non-interfering multi-access sub-channels.

It is assumed that m; < ny + no and n1 < my + mo.
Otherwise, if m1 > ny + ng, the maximum MG of ny +
ng is achievable by a simple broadcast channel including
the first transmitter and the two receivers. Similarly, if
ny > mq + me, then the maximum MG of m; + mg is
achievable by a simple multi-access channel including the
two transmitters and the first receiver.

A. Decomposition of the System into Two Broadcast Sub-
Channels

As depicted in Fig. 1, in this scheme, the transmit filter
Q, € OcMexmetuze) i employed at transmitter ¢, t = 1, 2.
Therefore, the transmitted vectors s;, t = 1,2, are equal
to

st = QS (3)

where § € CHretu2)xl containg 1t data streams for
receiver one and uo; data streams for receiver two. The
transmit filters Q;, ¢t = 1,2, have two functionalities:
(i) Confining the transmit signal from transmitter ¢ to
a (p1¢ + pot)-dimensional sub-space, which provides the
possibility of decomposing the system into two broadcast
sub-channels by using linear filters at the receivers, (ii)
Exploiting the null spaces of the channel matrices to
achieve the highest MG.

At each receiver, two parallel receive filters are em-
ployed. The received vector y; is passed through the filter
\IIL, which is used to null out the signal coming from
the second transmitter. The pq; data streams, sent by
transmitter one intended to receiver one, can be decoded
from yi11, the output of \IIL. Similarly, to decode pi2
data streams, sent by transmitter two to receiver one,
the received vector y; is passed through the receive filter
\IIJ{Q, which is used to null out the signal coming from
transmitter one. Receiver two has a similar structure with
parallel receive filters \Ilgl and \Ifgz. Later, it is shown that
if the numbers of data streams p,¢, r,t = 1,2, satisfy a set
of inequalities, then it is possible to deign Q; and ¥,; to
meet the desired features explained earlier. It means that
the system is decomposed into two non-interfering MIMO
broadcast sub-channels (see Fig. 2).

Next, we explain how to select the design parameters
including the number of data streams p,¢, 7.t = 1,2 and
the transmit/receive filters. The primary objective is to
prevent the saturation of the rate of each stream in the
high SNR regime. In other words, the MG of the system
is p11 + a2 4 po1 + poo.

The integer variables (11, (21, (12, and (22 are defined as
the dimensions of 2(H12Qz2), Q2(H22Q2), Q(H;11Q1), and
Q(H21Q1), respectively.

The design scheme varies depending on (m1, ma, n1,n2).
In the sequel, we categorize the design scheme into the four
general cases depending on (mg,mse,ny,ng). To facilitate
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the derivations, we use the auxiliary variables m}, n,., and
., for r;t = 1,2. As will be explained later, for each case,
m; and n,. are computed directly as a function of m; and
n, for r;t = 1,2. Then, u.,, r,t = 1,2, are selected such
that the following constraints are satisfied,

Piit Mt g phy S, (4)
[ : Pho + ph + pay < n, (5)
Hapt My + pay + phy S 1Y, (6)
127 : Hor + o + pip < M, (7)
My + g < m, (8)
Mo + Hig < M. 9)

Each of the first four inequalities corresponds to one of
the parameters pl.,, r,t = 1,2, in the sense that if ul.,,
r,t = 1,2, is zero, the corresponding inequality is removed
from the set of constraints. After choosing pl.,, r,t = 1,2,
for each case, ¢, r,t = 1,2, are computed as function of
g, Tt =1,2, as will be explained later.

Note that we have many options to choose pl,, r,t =
1,2. Tt is shown that as long as the integers .., r,t = 1,2,
satisfy (4) to (9), the system achieves the MG of p11 +
w12 + po1 + poo. However, it turns out that to achieve the
highest MG, u!,, r,t = 1,2, should be selected such that
[11 F Hig + By + Hog Is maximum.

In what follows, for each of the four cases, we explain:
(i) How to compute the auxiliary variables m; and n!. as
a function of m; and n,., r,t = 1,2, (ii) After choosing the
auxiliary variables p..,, r,t = 1, 2, satisfying (4) to (9), how
to compute p,t, r,t = 1,2, (iii) How to choose the transmit
filters Q¢, t = 1,2, and finally, (iv) How to compute (4,
rt=1,2.

Having completed these steps, the procedure of com-
puting the receive filters \Ilit, r,t = 1,2, is similar for all
cases. Later, we will show that this scheme decomposes the
system into two non-interfering broadcast sub-channels.

Scheme I — Case I: ny > ny > mq > msy

In this case, n, = n,, r = 1,2, and m} = my, t =
1,2. Using the above parameters, we choose u.,, r,t =
1,2, subject to (4)-(9) constraints. In this case, u,¢, the
number of data streams sent from transmitter ¢ to receiver
r, is obtained by pre = pls, 7t = 1,2. In addition, Q
and Qg are randomly chosen from oc™ *(mituan) anq
o¢mz*(mati) regpectively. Regarding the definition of
Cre, 7ot = 1,2, it is easy to see that (11 = w12 + poo,
Ci2 = pa1 + f21, Go1 = f12 + po2, and (oo = p11 + Ho1.

Scheme I — Case II: ny > mq > ngy > mo

In this case, we have, n] = ni + no — mq, nhy = no,
m} = ng, and my = ma. In addition, i3 = pfy +my —
Ng, f12 = Mg, po1 = Hhy, and pos = phe. Furthermore,
C11 = p12 + po2, Ci2 = p11 + po1, Co1 = p12 + 22, and
CQQ = [Llll + H21- Ql is chosen as Q1 = [21, 22] Where,

¥, € ogm X mema),
3, = O™ X (Hatu)

21 c N(Hgl),
o135,

Q- is randomly chosen from OC™2* (matpz2)

In this case, we take advantage of m1 —no dimensions of
N(Has,), to exclusively send data from transmitter one to
receiver one, without imposing any interference on receiver
two. Therefore, transmitter one and receiver one effectively
lose m1 — ny of the available space dimensions. Conse-
quently, the resulting system is equivalent to a system with
effective number of antennas as (mf,mh, nj,nb) = (m1 -

{m1—na}, ma,n1 —{mi —no}, 712) . The equivalent system
with (mf,mb,n},n}) antennas satisfies the condition of
the first case, i.e. my > mb > n}| > nf. Therefore, it is
categorized in the same category as the previous case.

Scheme I — Case III: n; > mq > mo > no and nq +
no > M1 + ma

In this case, we have n} = ny +2ngy —my —ma, ny = na,
m} = na, and m, = ny. In addition, pui1 = p}y +my — na,
P12 = pia+ma—na, fo1 = pay, and paa = piy. It is easy to
see that (11 = p12 + po2, G2 = p11 + po1, Co1 = pig + Ho2,
and (o2 = piy +p21. Q1 is chosen as Q1 = [X1, X3], where

», e o¢™ ¥ (M) 5 e N(Hyy),
>, = O™ X(u'11+u21)’ S 13,

Q2 is chosen as Qg = [X3,3y] , where

3, ¢ Ocmzx(mz—”2)’ 35 € N(H22)»
= OCmgX(M,12+N22)7 3413,

Scheme I — Case IV: my > ny > ny > mo and nq +
ng 2 mi + ms

In this case, we have n] = ny + na —mq, nyp = ny +
ng —my, my =ny +na — my, and mby = ms. In addition,
f11 = Py +ma — N2, fi2 = P, P21 = ftyy +my —ng, and
Hoo = pho. Furthermore, (11 = pa2 + po2, G2 = a1 + oy,
Co1 = p12 + po2, and (oo = p)y + pe1. In addition, Q is
chosen as Q1 = [¥1, ] where,

», € ¢ ¥ tmi—natmi—na) s e N(Hyp ) UN(HY),

3o l3.

Q- is randomly chosen from OC™2* (miatpz2)
The next steps of the algorithm are the same for all of
the aforementioned cases. We define

ﬁT‘t = H’r'tQta T,t = 1, 2. (10)

U, EN(’)CNtX(N*:C’"‘), r,t = 1,2, are chosen such that
\IlllLng, \I’lngn, ‘I’Qlngg, and \I/QQLHQL Accord-
ing to the definition of (.;, one can always choose such
matrices. Clearly, any signal sent by transmitter one does
not pass through the filters \IIIZ and \1152. Similarly, any
signal sent by transmitter two does not pass through the
filters \Ilg1 and lIlJ{l. B

We define H,; = \Ilith Wy = \Illtwr7 and y,; =
\Il;[ty,., for r,t = 1,2. Therefore, the system is decom-
posed into two non-interfering broadcast sub-channels.
The MIMO broadcast sub-channel viewed from transmit-
ter 1 is modeled by Y11 = ﬁllgl + w1 and yYo1 =

B, = OC™ ¥ (Hitua)
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H,:5,+wa1, and the MIMO broadcast sub—_channel viewed
from t@nsmitter two is modeled by y12 = Hi282+Ww12 and
ya22 = H285 + way (see Fig. 2).

Fig. 1. Scheme One: Decomposition of the System into Two
Broadcast Sub-Channels

Fig. 2. Scheme One: The Resulting Non-Interfering MIMO Broad-
cast Sub-Channels

B. Scheme 2 - Decomposition of the System into Two
Multi-access Sub-Channels

This scheme is indeed the dual of the scheme one,
detailed in subsection III-A. In this scheme, the system is
decomposed into two non-interfering MIMO multi-access
sub-channels. ,Similar to the scheme one, this scheme is
designed for four cases. Regarding lack of space, we do
not explain the scheme two here. The complete detail of
the scheme two is provided in [8]. The eight cases, listed for
scheme one and two, cover all the possible configurations
of the number of transmit and receive antennas.

IV. PERFORMANCE EVALUATION

In what follows, the MG of the X channel is studied.
In addition, for some special cases, a metric known as
the power offset, is evaluated. For the proof of the results
please refer to [8].

Theorem 1 The MIMO X channel with (m1, ma,n1,n2)
antennas achieves the MG of p11 + po1 + pie + p22, if fre,
r,t = 1,2, are selected according to the schemes presented
in Section III.

For example, the MGs of a X channels with (3,3,3,3),
(4,3,4,3), (9,5,8,7) antennas are 4, 5, and 11 respec-
tively, while the MGs of the interference channels with the

same number of antennas are respectively 3, 4, and 9. In

addition, in the X channel with ([$[4*]],[3[22]],n,n)

or (n,n,[$[%4]1,131%]]) antennas, the MG of [22] is
achievable, which is the MG of the system where full-
cooperation between transmitters or between receivers is
provided. However, it does not mean that the system does
not gain any improvement by cooperation. The gain of
the cooperation is reflected in a metric known as the
power offset. The power offset is the negative of the zero-
order term in the expansion of the sum-rate, normalized
with MG, with respect to the total power [9], i.e., R =
p(logy(Pr)— Ly )40(1), where Pr denotes the total power,
and L., denotes the power offset in 3dB unit. In this
definition, it is assumed that the noise is normalized as
in the system model (2).

Theorem 2 In an X channel with (my,ma,n1,n2) =
(2k, 2k, 3k, 3k) antennas, where the entries of channel
matrices have Rayleigh distribution, if the decomposition
scheme is employed, the power offset is equal to,

1
Loo(mi,ma,ny,no) = Loo(2k, 2k) — 3 log, (a(l - a)),

in 3dB units, where P, = aPr, Po = (1—a)Pr,0 < a < 1,
and Loo(m,m) = logy m + gy (05772 +1 =377 0 7).

According to this theorem, the power offset of an X
channel with (2,2,3,3) and a = .5 is 9.3341 dB, while the
power offset of a MIMO system (see [9]) with 4 transmit
and 6 receive antennas is 3.1666 dB. Therefore, although
cooperation does not increase the MG of the system (both
systems have MG of 4), but it improves the performance
of the system about 6.2 dB in high SNR.
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