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Abstract—In a multiple-antenna system with two transmitters
and two receivers, a scenario of data communication, known as the
X channel, is studied in which each receiver receives data from both
transmitters. In this scenario, it is assumed that each transmitter is
unaware of the other transmitter’s data (noncooperative scenario).
This system can be considered as a combination of two broad-
cast channels (from the transmitters’ points of view) and two mul-
tiple-access channels (from the receivers’ points 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 noninterfering multiple-antenna broad-
cast subchannels or two noninterfering multiple-antenna multiple-
access subchannels. The main objective in the design of the filters
is to exploit the structure of the channel matrices to achieve the
highest multiplexing gain (MG). It is shown that the proposed non-
cooperative signaling schemes outperform other known noncoop-
erative schemes in terms of the achievable MG. In particular, it is
shown that in some specific cases, the achieved MG is the same as
the MG of the system if full cooperation is provided either between
the transmitters or between the receivers.

In the second part of the paper, it is shown that by using mixed
design schemes, rather than decomposition schemes, and taking
the statistical properties of the interference terms into account, the
power offset of the system can be improved. The power offset rep-
resents the horizontal shift in the curve of the sum-rate versus the
total power in decibels.

Index Terms—Degrees of freedom, interference alignment,
interference channels, multiple-antenna systems, multiple-input
multiple-output (MIMO) multiuser systems, MIMO X channels,
multiplexing gain, noncooperative communication, power offset,
space-division multiple access.
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1. INTRODUCTION

IRELESS technology has been advancing at an ex-

ponential rate, due to the increasing expectations for
multiple-media services. This, in turn, necessitates the de-
velopment of novel signaling techniques with high spectral
efficiency. Using multiple antennas at both ends of wireless
links is known as a unique solution to support high-data-rate
communication [1], [2]. Multiple-antenna systems incorporate
additional dimension of space to the transmission, resulting
in a multiplicative increase in the overall throughput [2], [3].
The 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.,

ey

=

It is widely known that in a point-to-point multiple-antenna
system, with M transmit and N receive antennas, the MG is
min(M, N)[2]. In multiple-antenna multiple-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: the total
number of transmit antennas, and the total number of receive
antennas. For example, in a multiple-access channel with two
transmitters, with M; and M, antennas, and one receiver
with N antennas, the MG is equal to min(M; + M, N)[4].
Similarly, in a multiple-antenna broadcast channel, with one
transmitter, equipped with M antennas, and two receivers,
equipped with N; and N, antennas, the MG is equal to
min(M, Ny + N3)[4]. However, for the case that cooperation
is not available, the performance of the system will be deteri-
orated 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 [V antennas,
the MG of the system is N[4].

Extensive research efforts have been devoted to the mul-
tiple-antenna interference channels. In [5], the capacity region
of the multiple-input single-output (MISO) interference channel
with strong interference (see [6]) and the capacity region of the
single-input multiple-output (SIMO) interference channel with
very strong interference (see [7]) are characterized. In [8], the
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superposition coding technique is utilized to derive an inner
bound for the capacity of the multiple-input multiple-output
(MIMO) interference channels. In [9], several numerical
schemes are proposed to compute suboptimal transmit covari-
ance matrices for the MIMO interference channels. In [4], the
MG of the MIMO interference channel with general configura-
tion for the number of transmit and receive antennas is derived.
To increase the MG of such systems, the full cooperation among
transmitters is proposed in [10], [11], which reduces the system
to a single MIMO broadcast channel. To provide such a strong
cooperation, an infinite capacity link connecting the transmit-
ters, is presumed. In [12], the performance of 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 the
MG. In [4], a cooperation scheme in the shared communication
channel for the MIMO interference systems is proposed and
shown that such a scheme does not increase the MG.

In this paper, we propose a new signaling scenario in mul-
tiple-antenna systems with two transmitters and two receivers.
In this scenario, each receiver receives data from both transmit-
ters. It is assumed that neither the transmitters nor the receivers
cooperate in signaling. In other words, each transmitter is un-
aware of the data of the other transmitter. Similarly, each re-
ceiver is unaware of the signal received by the other receiver.
This scenario of signaling has several applications. For example,
in a wireless system where two relay nodes are utilized to extend
coverage area or in a system where two base stations provide
different services to the users. This system can be considered
as a combination of two broadcast channels (from the transmit-
ters’ points of view) and two multiple-access channels (from the
receivers’ points of view). By taking advantage of both perspec-
tives, it is shown that by using some linear filters at the trans-
mitters and the receivers, the system is decomposed to either
two noninterfering multiple-antenna broadcast subchannels or
two noninterfering multiple-antenna multiple-access subchan-
nels. It is proven that such a scheme outperforms other known
noncooperative schemes in terms of the achievable MG. In par-
ticular, it is shown that in the specific case that both receivers
(transmitters) are equipped with N antennas, the total MG of
p= [%NJ is achievable, where the two transmitters (receivers)
have [£] and | 4] antennas, respectively. Note that even if the
full cooperation is provided either between the transmitters or
between the receivers, the maximum MG is still p. Next, it is
argued that such decomposition schemes result in some degra-
dation (power offset) in the performance of the system. To over-
come this problem, a design is proposed in which the signaling
scheme is jointly designed for both subchannels (two broadcast
or two multiple-access subchannels).

The authors proposed this scenario of signaling and estab-
lished the possibility of achieving higher MG initially in [13].
Later in [14], we extended the scheme proposed in [13] 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 addition, we intro-
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duced the concept of interference alignment for the first time
as the main tool to achieve higher multiplexing gain (see [14,
Sec. IV-B]). Then, in [15], the idea of interference alignment
is elegantly used to show that zero-forcing scheme can achieve
the multiplexing gain of the X channel. Furthermore, in [15], an
upper bound on the MG of the X channels, where each trans-
mitter and receiver is equipped with N antennas, is derived. In
[16], the X channel with the partial and asymmetric coopera-
tion among transmitters has been considered, and the MG of the
system has been derived. Recently, in [17], it has been shown
that by extending the X channel in time, the gap between the
achievable MG and the upper bound proposed in [15] is closed.

The rest of the paper is organized as follows. In Section II,
the system model is explained. In Section III, the two signaling
schemes which decompose the system into two broadcast or
two multiple-access subchannels are explained. The perfor-
mance analysis of the scheme, including computing the MG
and the power offset (for some special cases) is presented
in Section IV. In Section V, the decomposition scheme is
modified and a joint design for signaling scheme is proposed.
Simulation results are presented in Section VI. Concluding
remarks are presented in Section VII. Notation: All boldface
letters indicate vectors (lower case) or matrices (upper case).
()T 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. A1 B means that each column of the matrix
A is orthogonal to all columns of the matrix B. The subspace
spanned by columns of A is represented by 2(A). The null
space of the matrix A is denoted by N(A). Identity matrix is
represented by I. Adopted from MATLAB notation, (i : j)
denotes a vector including the entries ¢ to j of the vector z. The
ith column of the matrix A is shown by a(®.

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 NV, antennas. This
configuration of antennas is shown by (M7, Ms, Ny, N5). For
simplicity and without loss of generality, it is assumed that

M1 Z M2 and N1 Z NQ. (2)

Assuming a flat-fading environment, the channel between
transmitter ¢ and receiver r is represented by the channel matrix
H,;, where H,; € C"~*M: The received vector y, € CN*!
by receiver r, r = 1,2, is given by

y, =Hqi181 + Hi282 + w

Yo =Ho181 + Hoo82 + w2 3)

where 8; € represents the transmitted vector by trans-
mitter ¢. The vector w,. € CNr*1 is a white Gaussian noise with
zero mean and identity covariance matrix. The power of 8; is

subject to the constraint Tr(E[stsj]) < P, t = 1,2. Pr de-
notes the total transmit power, i.e., Py = P} + P».
In the proposed scenario, the transmitter ¢ sends 1, data
streams to receiver 1 and po; data streams to receiver 2.
Throughout the paper, we have the following assumptions.

CJM*' x1
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e The perfect information of the all channel matricesH,.;,
r,t = 1,2 is available at both transmitters and at both
receivers.

* Each transmitter is unaware of the data sent by the other
transmitter, which means that there is no cooperation be-
tween transmitters. Similarly, receivers do not cooperate.

III. DECOMPOSITION SCHEMES

In what follows, we propose two signaling schemes de-
pending on the values of (Mj, M, N1, Ny). In the first
scheme, by using linear transformations at the transmitters
and at the receivers, the system is decomposed into two non-
interfering broadcast subchannels. Therefore, we can use any
signaling scheme, developed for the MIMO broadcast channels,
over the resulting subchannels. As a dual of the first scheme,
in the second scheme, linear transformations are utilized to
decompose the system into two noninterfering multiple-ac-
cess subchannels. It is shown that depending on the value of
(My, M3, N1, N3), one of the two schemes offer a higher MG.

In the rest of the paper, it is assumed that

M; < N1+ N> @)
Ny < My + Ms. 5)

Otherwise, if M; > N; + N, the maximum multiplexing
gain of N1 4+ Ny is achievable by a simple broadcast channel
formed by the first transmitter and the two receivers. Similarly,
if Ny > M; 4+ Mo, then the maximum multiplexing gain of
M + M, is achievable by a simple multiple-access channel in-
cluding the two transmitters and the first receiver. The two sig-
naling schemes presented in this paper cover all the possibilities
for the number of transmit and receive antennas, excluding the
aforementioned cases. The optimality is proven for some spe-
cial cases of practical interest.

To attain the highest MG, we take advantage of the null spaces
of the direct or cross links.

Defintion 1: We call a system irreducible, if

Irreducible Type I:  N; > N» > My > M, (6)

or

Irreducible Type II: M7 > My > N1 > Ns. @)

Otherwise the system is called reducible.

Unlike the irreducible systems, a portion of the achieved
MG in a reducible X channel is attained through exploiting
the null spaces of the direct or cross links. In the reducible
systems, the null spaces of the links provide the possibility
to increase the number of data streams sent from one of the
transmitters to one of the receivers, without imposing any
interference on the other receiver or restricting the signaling
spacevof nthevother transmitter?Byvexcluding null spaces
utilized to increase the MG, the system is reduced to an
equivalent system with (M{, M5, Ny, N3) antennas, where
(M M5, N{LNS) < (My, Ms, N7 ,N3). As will be explained
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Fig. 1. Scheme one: decomposition of the system into two broadcast subchan-
nels.

later, the null spaces of the links in the reducible systems are
exploited to the extent that the equivalent (reduced) system is
not reducible anymore.

Defintion 2: If the reduced X channel satisfies the condition
of the Type I irreducible systems, i.e., N{ > N5 > M{ > M},
the original system is called reducible to Type I. Similarly, if
M{ > Mj > N{ > Ny, the original system is called reducible
to Type IL

In what follows, it is shown that the Type I irreducible systems
and the reducible systems to Type I can be decomposed into two
noninterfering broadcast sub-channels. Moreover, it is shown
that the Type II irreducible systems, and the reducible systems
to Type II can be decomposed into two noninterfering multiple-
access subchannels.

We define pul.,, r,t = 1,2, as the number of data streams
transmitted from transmitter ¢ to receiver r, excluding the
number of extra data streams attained through exploiting the
null spaces of the links. In other words, p!, represents the
number of data streams in the equivalent (reduced) channel.

A. Scheme I—Decomposition of the System Into Two
Broadcast Subchannels

As depicted in Fig. 1, in this scheme, the transmit filter @, €
ocMix(metuze) ig employed at transmitter ¢, £ = 1,2. There-
fore, the transmitted vectors 8, t = 1, 2, are equal to

8t = Q8 ®)

where 8, € C(#1e+r2)X1 contaings w1+ data streams for receiver
one and p9; data streams for receiver two. The transmit filters
Q,,t = 1,2, have two functionalities: i) Confining the transmit
signal from transmitter ¢ to a (41 + uor )-dimensional subspace
which provides the possibility to decompose the system into two
broadcast subchannels by using linear filters at the receivers. ii)
Exploiting the null spaces of the channel matrices to achieve the
highest multiplexing gain.

At each receiver, two parallel receive filters are employed.
The received vector ¥, is passed through the filter ¥;,, which
is used to null out the signal coming from the second trans-
mitter. The 1117 data streams, sent by transmitter one intended
to receiver one, can be decoded from ¥4, the output of ¥,,.
Similarly, to decode p12 data streams, sent by transmitter two
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W22

Fig. 2. Scheme one: The resulting noninterfering MIMO broadcast subchan-
nels.

to receiver one, the received vector ¥, is passed through the re-

ceive filter \IIL, which is used to null out the signal coming from
transmitter one. Receiver two has a similar structure with par-

allel receive filters \Ili1 and \Il;rz. Later, it is shown that if ji,¢,
r,t = 1,2, satisfy a set of inequalities, then it is possible to de-
sign @, and ¥, to meet the desired features explained earlier.
It means that the system is decomposed into two noninterfering
MIMO broadcast sub-channels (see Fig. 2).

Next, we explain how to select the design parameters in-
cluding the number of data streams p,.+, r,# = 1,2 and the
transmit/receive filters. The primary objective is to prevent the
saturation of the rate of each stream in the high signal-to-noise
ratio (SNR) regime. In other words, the MG of the system is
p11 + f12 + p21 + pos.

The integer variables (¢, 7, t = 1,2, defined as follows, will
be useful in our subsequent discussions:

* (11 denotes the dimension of Q(H12Q5);

¢ (21 denotes the dimension of Q(H22Q,

* (12 denotes the dimension of Q(H11Q,

* (92 denotes the dimension of Q(H21Q,).

In the sequel, we categorize the design scheme into the
four general cases depending on (M, My, N1, No), where in
all cases, the system is either irreducible Type I or reducible
to Type 1. To facilitate the derivations, we use the auxiliary
variables M, N/, and p.,, for r,t = 1,2. As will be explain
later, for each case, M, and N/ are computed directly as a
function of M; and N, for r,t = 1,2. Then, pu,,, r,t = 1,2,
are selected such that the following constraints are satisfied:

b}

)
);
)
)

iy s pyg s+ ey < N ©))
fio: pho + pg + poy <N (10)
Moyt gy + Hoy + piyy < Ng (11)
[ay = oy + Hoy 4 1o < Ny (12)
phy + Hoy < Mj (13)
I35 + o < M. (14)

Each of the first four inequalities corresponds to one of the pa-
rameters p).,, r,t = 1,2, in the sense that if ul,, r,t = 1,2,
isnzeroy thercorrespondingrinequalityrisstemoved from the set
of constraints. After choosing u’,, ©,t = 1,2, for each case,
Urt, T, = 1,2, are computed as function of u.,, r,t = 1,2,
as will be explained later. Note that we have many options to
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choose pl,, r,t = 1,2. It is shown that as long as the integers
phe,rt = 1,2, satisfy (9)—(14), the system achieves the MG of
W11 + p12 + po1 + poo. However, it turns out that to achieve
the highest MG, p..,, r,t = 1,2, should be selected such that
[y + phe + phy + ptho is maximum.
Next, for each of the four cases, we explain the following.
1) How to compute the auxiliary variables M, and N/ as a
function of M; and N,., r,t = 1, 2.
2) After choosing u.,, r,t = 1,2, satisfying (9)—(14), how to
compute fi¢, 7,6 = 1, 2.
3) How to choose the transmit filters @,, ¢t = 1, 2.
4) How to compute (¢, 7,6 = 1, 2.

Having completed these steps, the procedure of computing
the receive filters ¥,.,, 7, t = 1,2, is similar for all cases. Later,
we will show that this scheme decomposes the system into two
noninterfering broadcast subchannels.

Scheme I-Case I: Ny > Ny > My > Ms: In this case, the
system is irreducible. Therefore, the equivalent system is the
same as the original systemi.e., N. = N,.,r = 1,2, and M| =
Mt, t = 17 2.

Using the above parameters, we choose p.;, 7, t = 1,2, sub-
ject to (9)—(14) constraints. Since we do not exploit the null
space of any of the links to transmit data streams, i, is the same
as .y, i.e., tpe = phy, vt = 1,2, In this case, @; and Q, are
randomly chosen from OC™M1* (m11tme1) gnq @Mz x (miztiez)
respectively.

Regarding the definition of (.4, 7, = 1,2, it is easy to see
that

12 = p11 + po1
Co2 = pt11 + po1-

Ci1 = paz2 + paz,

Co1 = p12 + 22, (15)

Scheme I-Case II: N1 > My > Ny > Ms: In this case, at
transmitter one, (M; — Ny)-dimensional subspace N(Hy;) is
exploited to transmit My — N» data streams from transmitter one
to receiver one without imposing any interference at receiver
two. In other words, while the component of 8; in N(Ho;)
does not impose any interference at receiver two, it provides
the possibility to increase the number of data streams sent from
transmitter one to receiver one by M; — Ns. Let us exclude
the (M7 — N3 )-dimensional subspace N(H 1) from the avail-
able space at transmitter one. In addition, let us exclude the
(M, — N)-dimensional subspace Q(H11N(H1)) from the
available space at receiver one. Then, the system is reduced to
an X channel with equivalent antennas

(M7, M3, N{, N3)= ({Ml—{Ml_NQ}: My, N«—{M1—N>}, NQ)

or

N{ = N1+No—M;, N} = Ny, Ml = Ny, M} = My. (16)

Clearly, Ny > NJ > M| > M}, therefore the original system
is reducible to Type 1.

Let us select p,, r,t = 1,2, subject to (9)—(14) constraints.
ply, vt = 1,2, give us the number of data streams in the re-
duced X channel, excluding the M; — N, data streams, sent from
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transmitter one to receiver one relying on N(Hy;). Clearly, the
numbers of data streams in the original system are computed as,

pa1 =pyy + My — Noyo pag = pih,
[i21 = flay, 22 = - (17)
Q) is chosen as
Ql c (9(/71\’11><(1111+1121)7 Ql — [21722] (18)
where
£, € oM (Ni=M2) s e N(Hy) (19)
%, € Ocl\flx(ﬂlu‘f'lwl)’ Yol¥. (20)

Such a structure for ¥; guarantees the full usage of N(H ;) for
signaling.

Q, is randomly chosen from OCzX(ri2Fnz2)

It is easy to see that

G = a2 + p22, G2 = pa1 + po1, (o1 = fi2 + fo2,

(oo = ptly + pia1. (21)

Scheme I-Case Ill: Ny > My > My > Nyand N1 + Ny >

M + Ms:

In this case

i) at transmitter one, (M; — Nj)-dimensional subspace
N(H3,) is utilized to increase the number data streams
sent from transmitter one to receiver one by M; — Ny
without imposing interference at receiver two;

ii) at transmitter two, (My — N;)-dimensional subspace
N(H,) is utilized to increase the number data streams
sent from transmitter two to receiver one by Ms — Ny
without imposing interference at receiver two.

We exclude

i) (My — N;)-dimensional subspace N(H ;) from the sig-
naling space at transmitter one;

il) (M> — N»)-dimensional subspace N(H »2) from the sig-
naling space at transmitter two;

iii) (Mo — Ni) + (My — Ny)-dimensional subspace
Q(H1N(H21)) U Q(H12N(Hqs)) from the signaling
space at receiver one.

Then, the reduced system is an equivalent X channel with

(M1, M}, N{, N}), where

N{ = Ny+2Ny—M;— My, Ny = Ny, M{ = Ny, My = Ny

(22)
where N{ > N} > M| > M. Therefore, the original system
is reducible to Type 1. The number of data streams in the equiv-
alent channel, .., r,t = 1,2, are selected subject to (9)—(14)
constraints. Then, we have

pa1 = pyg + My —Na, pas = i + Mo — No, pioy = iy,
Ho2 = lez- (23)

3461
Q, is chosen as
Q, € OCMlx(;eruzl)7 Q, =[Z1,%] (24)
where
By e 0CM MmN sy € N(Ha) (25)
¥, € OCJ\I1><(H'11+H21)7 2,15, (26)
Q. is chosen as
Q, e OcMx itz Q) = (85, 8] @7)
where
B, € oM XM= N2) 3 o N(Hjs) (28)
)= ch\’fzx(li,12+1122)7 2,15, (29)
It is easy to see that
(11 = p12 + po2, (12 = pa1 + po1, (o1 = M/12 + p22,
oo = phy + p21. (30)

Scheme I-Case IV: My > Ny > No > M and N1 + No >
M 1+ M. 2.

In this case, at transmitter one, i) (M; — N)-dimen-
sional subspace N(Ho;) is utilized to increase the number
data streams sent from transmitter one to receiver one by
M, — N, without imposing interference at receiver two, ii)
(M; — N;)-dimensional subspace N(H 1) is exploited to in-
crease the number data streams from transmitter one to receiver
two by M; — N;, without imposing interference at receiver
two. By excluding the utilized subspaces at transmitter one,
receiver one, and receiver two, the equivalent system is an X
channel with (M7, M4, N{, N4) where

N{=N1+No—M;, Ny=N1+Ny—M;, M{=N1+Ny—My,
M,=Ms. (31)

It is easy to see that N > N > M| > M. Therefore, the
original system is reducible to Type L. u.,, r,t = 1,2, are se-

rt>

lected subject to (9)—(14) constraints. Then

pi1 = phy + My — N, pao = pihy, po1 = py, + My — N,
f22 = oy (32)

In addition, @, is chosen as

Ql € OocMix (p11+p2r) .

Q, = [X1, %] (33)

where

%y € oMM =NAM=N) s e N(Hp1) UN(Hyy)

(34)
(35)

%, e @Cf\’hx(uiﬁuél)’ IR

www.manaraa.com



3462

Q, is randomly chosen from OCMz* (Hz+hz22)

It is easy to see that

i1 = paz + p22, G2 = 11 + ltlzp Co1 = pt12 + a2,

Co2 = pihy + p21. (36)

The next steps of the algorithm are the same for all of the
aforementioned cases. We define

H.,=H,Q, rt=12 37)
U, € OCcNX(Ni=Cr) ¢ = 1.2, are chosen such that
U, L Hy (38)
Wiyl Izll (39)
\1/21J_ {IQQ (40)
‘I’QQJ_ H21~ (41)

According to the definition of (,;, one can always choose such
matrices. Clearly, any signal sent by transmitter one does not

pass through the filters ¥, and \1112. Similarly, any signal sent

by transmitter two does not pass through the filters ¥, and ¥, .
We define

H, -V H, rt=12 (42)

W, = ‘Ilitwr, rt=1,2 (43)
and

v, =Wy rt=12 (44)

Therefore, the system is decomposed into two noninterfering
broadcast channels. The MIMO broadcast channel viewed from
transmitter 1 is modeled by (see Fig. 2)
{3/11 = E11§1 + wn (45)
Yo = H21381 +wo

and the MIMO broadcast channel viewed from transmitter two
is modeled by (see Fig. 2)
{ym = Hi28, + wi» (46)
Yoo = H2r8y + woo.

B. Scheme II—Decomposition of the System Into Two
Multiple-Access Subchannels

This scheme is indeed the dual of the scheme one, detailed
in Section III-A (see Figs. 3 and 4). The discussion related to
Scheme II follows a path similar to what is discussed above for
Scheme I as given in Appendix I.

IV. PERFORMANCE EVALUATION

The decomposition schemes, presented in Section III, sim-
plifyrtherprocedurerof rtherperformancerevaluation for the X
channels in the high-SNR regime. In what follows, the MG of
the X channel is studied. In addition, for some special cases, a
metric known!as power offset is evaluated.
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LS8
Hi Y1 y1
] -
S21
o Ho w1
] w.
12 Ty, Hi, 2 5;
2
:
S22 Ha: y2
Wao

Fig. 3. Scheme II: Decomposition of the system into two multiple-access sub-

channels.
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Fig. 4. Scheme II: The resulting noninterfering MIMO multiple-access sub-
channels.

A. Multiplexing Gain

Theorem 3: The MIMO X channel with (M;, My, N1, N3)
antennas, decomposed into two noninterfering broadcast or
multiple-access subchannels, achieves the multiplexing gain of
w11+ o1 + pae + poe, if e, vyt = 1, 2, are selected according
to the schemes presented in Section III.

Proof: As explained in Section III-A, the X channel
is decomposed into two noninterfering broadcast subchan-
nels(45) and (46). The first broadcast subchannel is formed
with the channel matrices FH € Clrntr)x(Ni=Ci) gpd
H,, e Clmitme)x(Na=C1) The inequalities (9) and (12)
guarantee that N1 — (37 > p11 and Ny — (31 > po1. Note
that the input of the MIMO broadcast subchannel viewed from
transmitter one is 8;. On the other hand, @, is chosen such that
Q1Q, = I. Therefore, E(515,) = E(sls;). Hence, the power
constraints on the input signals is the same as the power con-
straint on 8;. Consequently, we are free to choose any covari-
ance matrix for the input vector 81, subject to Tr E(8; §J{) < P.

Therefore, as long as the matrix [H,,, H,,] is full rank, the
broadcast subchannel achieves the MG of p11 + 1121 by sending
w11 data streams to receiver one and j9; data streams to re-

ceiver two. It is easy to see that the [H,,, H,,] is full rank with
probability one. Similarly, the second broadcast subchannel is
formed with the channel matrices Hqo € C(r12th22)x(N1—Ci2)
and Hoy € C(12tn22)x(N2=C22)  Constraints (11) and (12), re-
spectively, guarantee that N1 — (21 > po1 and No — (a9 > i29.

Therefore, as long as the matrix [H,,, Hy,] is full rank, the
second broadcast subchannel achieves the MG of 119 + o2 by
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sending p12 data streams to receiver one and po2 data streams
to receiver two.

A similar arguments are valid for the scheme presented in
Section III-B. O

Next, the MG of some special cases is computed in a closed
form.

Corollary 4: For the special case of Ny = No = N in the
scheme of Section III-A, the MG of p = L%NJ is achievable
where the total number of transmit antennas is equal to p, which
are divided between transmitters as My = [£5] and M, = | 5].

Proof: By direct verification in the Scheme [-Case I. [

Corollary 5: In the special case of M; = My = M in the
scheme presented in Section III-B, the MG of p = L%J is
achievable where the total number of receive antennas is equal
to p, which are divided between receivers as Ny = [£] and
Ny = 8],

Proof: By direct verification in the Scheme II-Case I. [

Regarding Theorem 3, the MG of the X channel outperforms
the MG of the interference channel with the same number
of antennas. 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,
respectively, while the MGs of the interference channels with
the same number of antennas are, respectively, 3,4, and 9
[4]. For all the cases listed in Corollaries 4 and 5, the MG
of the X channel is the same as the MG of the system with
full cooperation between transmitters or between receivers.
For example, the multiplexing gains of the X channels with
(2,2,3,3),(3,3,2,2), (3,2,4,4), and (3, 3, 5, 5) antennas are,
respectively, 4,4, 5, and 6.

The improvement in MG of the X channels as compared to
the interference channels can be attributed to two phenomena as
explained next.

1) Interference Alignment: For simplicity, we consider an X
channel with (2,2, 3,3) antennas, and assume that trans-
mitter ¢ sends one data stream d,.; to receiver r, r = 1,2.
Therefore, there are four data streams in the shared wireless
medium. At receiver one, we are interested in decoding d11
and dy2, while dss and ds; are treated as interference. The
signaling scheme is designed such that at the receiver one
terminal, the interference terms ds; and dos are received
in the directions for which the distractive components are
along each other. Therefore, at receiver one with three an-
tennas, one direction is occupied with the destructive com-
ponent of both interference terms ds; and ds2, while we
have two interference-free dimensions to receive dy; and
d12. The design scheme provides similar condition at the
receiver two terminal, while d»» and do; are desired data
streams and dso and dsq are interference terms. Such over-
laps of interference terms in each receiver save the avail-
able spatial dimensions to exploit the highest MG.

2) Maximizing the Possibility of Cooperation Among Data
Streams: It is well known that the MG for a point-to-pint
MIMO:channel;a-MIMO:broadeast:channel, and a MIMO
multiple-access channel is the same, as long as in all three
systems we have the same total number of transmit an-
tennas and the same total number of receive antennas. The
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immediate conclusion is that to attain the maximum MG,
the cooperation at one side of the communication link is

enough.
Now, consider an interference channel with My = My = 2
and Ny = N, = 3, and assume that two data streams

dy and dy are sent from transmitter one to receiver one
and two data streams d3 and d4 are sent from transmitter
two to receiver two. In this scenario, the data streams d;
and dy have the possibility to cooperate at two points: i)
at transmitter one, and ii) at receiver one. Similarly, the
data streams d3 and dy have the possibility to cooperate
at two points: i) at transmitter two, and ii) at receiver two.
Regarding the aforementioned discussion, the system does
not gain MG from the provided cooperation for d; and do
at both transmitter one and receiver one. Similar argument
is valid for ds and d4. However, the performance of the
system is deteriorated because there is no possibility to
cooperate between (d1,ds) and (d3, dy).

Let us consider an X channels with (2,2, 3, 3) antennas.
In the X channels, the cooperation between dy; and ds; is
provided at transmitter one, and the cooperation between
d12 and ds is provided at transmitter two. Similarly, the
cooperation between di; and dio is provided at receiver
one, and the cooperation between ds; and dso is provided
at receiver two.

B. Power Offset

In Corollaries 4 and 5, some special cases are listed for
which the MG of the X channel is the same as the MG of a
point-to-point MIMO system resulting from full cooperation
between transmitters and/or between receivers. However, it
does not mean that the system does not gain any improvement
through cooperation. The gain of the cooperation is reflected
in a metric known as the power offset. The power offset is
defined as the negative of the zero-order term in the expansion
of the sum-rate with respect to the total power, normalized
with multiplexing gain, i.e.,

R = p(logy(Pr) — Loo) + o(1)

where Pr denotes the total power, and L., denotes the power
offset in 3-dB units (see Fig. 5). In this definition, it is assumed
that the noise is normalized as in system model (3). The power
offset was first introduced in [ 18] to evaluate the performance of
the different code-division multiple-access (CDMA) schemes.
Later, the power offset for MIMO channels in [19] and some
special cases of MIMO broadcast channels in [20] were com-
puted. In what follows, the result of [20] is adopted to compute
the power offset of some special cases of MIMO X channels.

Theorem 6: In an X channel with (M, My, N1, No) =
(2k,2k,3k,3k) antennas (k is a positive integer number),
where the entries of channel matrices have Rayleigh distri-
bution, if the decomposition scheme is employed, the power
offset is equal to

(47)

LOO(M17M27N17N2)
S 1
= £.0(28.2F) - L(logy(0) +log(1 - ) (48)
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Fig. 5. Power offset of the MIMO point-to-point channels and the MIMO X
channel.

Pr(dB)

in 3-dB units, where Py = aPr, P, = (1 —a)Pr,0< a <1

Loo(M,N)
M-N ~ M
1 1 M 1
=logg M+ — | 7+1— - - = =
LS WOTH AR D DI D DI
=1 i=M—N+1
(49)
5 = 05772, M = max{M,N}, and N = min{M,N}.

Furthermore, the power offset of the X channel with
(2k, 2k, 3k, 3k) antennas with respect to a MIMO Rayleigh
channel with 4% transmit antennas and 6k receive antennas is
equal to

3 1 1
S Lot L ogy(a) +logy(1 - ) 50)

in 3-dB units.

Proof: In this case, the transmit filter Q, is randomly
chosen from OC2k*2k independent of H1; and Ho;. In addi-
tion, the receive filters ¥1; € OC?**2F and Wy, € OC2F*2k
are independent of Hq; and Hq, respectively. Therefore, the
matrices H 11 and Hoq, defined in (42), have Rayleigh distribu-
tion. Similar arguments are valid for Elg and ng. Therefore,
the system is decomposed into two broadcast subchannels,
each with the Rayleigh distribution. Hence, the sum-rate of
the MIMO broadcast subchannel, viewed from transmitter ¢, is
approximated by [20]

2k[logy (Pt) — Loo(2k, 2K)] + o(1). (51)
By summation of the approximated formulas for the two MIMO
broadcast subchannels, (48) is obtained.

In [19], it is proven that the power offset for a MIMO
Rayleigh channel with M transmit and N receive antennas is
obtained by (49). By substituting M = 4k and N = 6k in (49),
and subtracting (49) from (48),(50) is derived. O

V. JOINT DESIGN

Therdecomposition'schemes proposediiniSection I1I simplify
the signaling design and the performance evaluation for the X
channels. However, such decomposition schemes deteriorate the
performance of the system because: 1) W,q, 7.t = 1,2, are
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chosen such that the interference terms are forced to be zero,
while the statistical properties of the interference should be ex-
ploited to design these filters, ii) @,, ¢ = 1,2 are chosen ran-
domly, while the gain of the channel matrices in the different
directions should be considered in choosing @,, t = 1, 2. For
example, consider an X channel with (2,2, 3, 3) antennas. In
Section III-A, the receive filters ¥,.;, 7, = 1,2, are chosen
such that the interference of each broadcast subchannel over the
other one is forced to be zero. In low-SNR regimes, the perfor-
mance of the system is improved by choosing whitening filters
for W, r,t = 1,2, instead of zero-forcing filters. In high SNR,
the whitening filters converge to zero-forcing filters, and the re-
sulting improvement diminishes. Note that in the X channel with
(2,2,3,3), the transmit filters Q,, t = 1,2, are such that the
entire two-dimensional spaces available at transmitters one and
two are used for signaling. Therefore, we cannot improve the
signaling scheme by modifying Q,, t = 1, 2.

In a system with (3, 3, 3, 3) antennas, the same arguments for
W,.;,r,t = 1,2 are valid. In this case, the transmit filters Q,, t =
1,2, are chosen randomly, therefore the signaling space at each
transmitter is confined to a randomly selected two-dimensional
subspace of a three-dimensional space. One can take advantage
of the degrees of freedom available for choosing @, to find the
signaling subspaces at transmitters one and two for which the
channels offer the highest gains.

Optimizing the filters @, and ¥,,, r,t = 1, 2, depends on the
signaling scheme employed for the MIMO broadcast or mul-
tiple-access subchannels. On the other hand, designing the sig-
naling schemes for the subchannels depends on the selected fil-
ters. Therefore, we have to jointly develop the design parame-
ters. In what follows, we elaborate a joint design scheme based
on a generalized version of zero-forcing dirty paper coding (ZF-
DPC) scheme, presented in [21], for the resulting broadcast
subchannels in Scheme I. In this scheme, the number of data
streams g4, 7, = 1,2, and also integer parameters .., r,t =
1,2 are selected as explained in Section III-A. In addition, we

use filters @, and \Ilit, 7,1, in a similar fashion as shown in
Fig. 1, but with a different design.

According to the generalized ZF-DPC, explained in [21] for
MIMO broadcast channels, the vectors 8;, t = 1, 2, are equal to
linear superpositions of some modulation vectors where the data
is embedded in the coefficients. The modulation matrix V; €
ocmetnz)X (i) jg defined as

Vo= [of" 0, ufrete)] (52)
where 'vgi), i =1,..., 1t + p2t, denote the modulation vectors,

employed by transmitter ¢, to send 1, data streams to receiver
one and po; data streams to receiver two. The vectors 81 and 8
are equal to

.§1 = V1d1
52 = V2d2

(53)
(54)

where the vector d; € C (n1etp2e)x1 represents the fi11; + pot
streams of independent data. The covariance of the vector d; is
denoted by the diagonal matrix Py, i.e., E'[dtdj] =P, t=1,2.
At transmitter ¢, the data streams which modulate the vectors
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vgl), i =1,...,p0, and i = phy + phy + 1,00 par + phy,
are intended for the receiver one, and the data streams which

modulate the vectors vgl), i = py + 1,00, 4, + ph, and

i = p1r + ph + 1, par + poe, are intended for receiver
two. We define d;; and d»; as
_ o, -
dlt — dt(l . /1’11) (55)

di(pyy + pog + 1 pan + o)

and

dyy = [ di(pyy + 1y + )
di(par + ph + 1 pan + po21)

(56)

which represent the data streams, sent by transmitter ¢ to re-
ceivers one and two, respectively. The modulation and demod-
ulation vectors are designed such that the data stream ¢ has no
interference over the data stream 7 for j < ¢. Choosing the code-
word for the data stream j, the interference of the data stream j
over data stream ¢ is noncausally known, and therefore can be
effectively canceled out based on the dirty-paper coding (DPC)
theorem [22]. However, if the data streams ¢ and j are sent to
the same receiver, none of them has interference over the other,
and DPC is not needed. Atreceiver one, to decode d11, the signal
coming from transmitter two, i.e., H15V12d>, is treated as inter-
ference, therefore, the covariance of the interference plus noise
Ry, is equal to

R = ﬁ12V2P2V;rI~112 +1 (57)

where H 12 is defined in (107). The received vector y; is passed
through the whitening filter \IfJf1 = R,}*. The output of ¥,
is passed through the filter U;; which maximizes the effec-

tive SNR. The design of U L, r,t = 1,2, is explained later.
Similarly, to decode ds; at receiver two, the signal from trans-
mitter two, i.e., Ho2V od> is treated as interference. The re-

ceived vector ¥, is passed through the whitening filter ‘I’; =
R, ?, where

Ry = I}22V2P2Vlﬁ22 +1. (58)

The output of \Il;r1 is passed through the filter U. ;fl which maxi-
mizes the effective SNR.

Let us assume that the modulation matrix V5, the covariance
matrix Ps, and the transmit filter @, are known, therefore, one

can compute \Il]lL1 and \Il];l. In the sequel, we explain how to
choose @, V1, P1, U1, and Uy;.

The following algorithm is proposed to compute the columns
of the matrix Q, € OCM *(1+121) The proposed algorithm
is greedy in the sense that in each step, the direction along
which the corresponding link has the highest gain is added to the
columns of the matrix @ . In the algorithm, the following four
sets of vectors are sequentially included in the columns of Q;:
i) the 117, mutually orthogonal directions for which the equiv-

alent channel matrix \IILH pwhassthe-highest.gains, ii) the pf,
mutually orthogonal directions for which the equivalent channel
matrix W5, Ho; has the highest gains, iii) if u11 — 117, # 0, a set
of directions such that N(Hsy) € Q(Q), iv) if o1 — phy # 0,
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a set of directions such that N(H1;) € Q(Q,). Each set of vec-
tors are chosen orthogonal to the previously selected columns.
In what follows, we detail the algorithm in four stages.
Stage 1 .
* Choose qgl), i =1,...,u, as p); right singular vec-
tors (RSV) corresponding to the p}; largest singular

values of the matrix ¥, H;.

Stage 11
* Choose ®1 = [¢1,...,bu,, yps—p,] such that
[®, qgl)./ .. ,qg”“)] forms a unitary matrix.

¢ Choose q’gi), 1 = 1,..., by, as the pbH; RSVs corre-
sponding to the p5, largest singular values of the matrix
vl Hy . |
o Let qgﬂnﬂ) = qu,gz)’ i=1,..., puh.
Stage II1 .
o If pyy — p; # 0, then choose ¢\, i =y + phy +
1,..., 11 + phy, such that

0 ([qgl)7 o ,qguu-l—uél)])
=Q ([qgl),”.7q§u§1+u'z1)7N(H2l)}) .

Stage IV ‘
o If pio1 — iy # 0. then choose ", i = pu11 + jihy +
1,..., 11 + po1, such that

Q ([qgl), ... ,qg‘“lﬂ”l)])
-0 ([q§1)7 . 7q§’“1+"51>7N(H11)D .

The intuition behind this order of dimension selection is as
follows. Consider transmitter one. 11 and j9q space dimen-
sions are needed to send p11 and po1 data streams to receivers
one and two, respectively. However, p11 — pf; out of uyp di-
mensions and pio1 — 15, out of po1 dimensions have to be chosen
from N(H 1) and N(H 1), respectively. In this algorithm, p},
and 5, dimensions are first chosen in a recursive and greedy
manner to exploit the highest gains through the channel ma-
trices Hq; and H oy, respectively. Then, the transmit space is
extended to include p17 — pf; and poy — ph, dimensions from
N(H,;) and N(H 1), respectively. Apparently, if this order is
changed and the dimensions are selected initially from N(H 1)
and N(H 1), then we may lose the dimensions which provide
highest gains through H1; and H;.

After computing @, the broadcast subchannel with H; and
H,,, defined in Section I1I-A as H,, = \IlilH,,lQl, r=1,2,is
formed. Here, we explain how to choose the modulation and de-
modulation vectors for this broadcast subchannel, based on the
scheme presented in [21]. In the scheme presented in [21], the
modulation vectors for different users can be selected iteratively
in a specific order. Here, the modulation vectors are selected in
the following order: i) 111, modulation vectors for receiver one,
ii) p1h; modulation vectors for receiver two, iii) p11 — p; mod-
ulation vectors for receiver one, iv) 21 — 15, modulation vec-
tors for receiver two. Here is the detail of the proposed scheme
to find the modulation and the demodulation vectors.

Step one-Choosing 1/}, modulation vectors for receiver

one

www.manaraa.com



3466

1) Respectively choose 'v( ) and 'u,gll), 1 =1,...,u4,as

RSV and left singular vector (LSV), corresponding to
p . (3) -
the 4th largest singular value o, of the matrix H;.

Therefore, we have [23]

o = HuoP), =1, (59)

o Hypol)

u) = = i=1 (60)
011

With the above choice of the matrix @1, it is easy to see
that 'ugl) is equal to the column 7 of the identity matrix
I(#11+H21)><(H11+H21)’ fori=1,..., /Llll'
Step two—Choosing 15, modulation vectors for receiver
two
1) Define

1
[’ug)7 7

o

(I—‘n)

("“-H“l_”“) such that

(1) (p11+p21— #11)] forms a

7‘P1 )t 7(P
unitary matrix. Then, define H 21 as

(H11+H21*H,11)} . (61)

Hy =H [‘Pl1)7 P

2) Respectively choose Eéil) and uéLl) as the RSV and LSV,
corresponding to the uth largest singular value agbl) of

the matrix Ho;. Therefore, we have

U _||H21”21|| i=1,..., 1 (62)
ul) = 21(1)21 =1,..., 1. (63)
021
Then, let
vgl‘ll‘l‘i)
[‘Pll), . Apl”““zr”/“)l o, =1 b
(64)

It is easy to see that with the aforementioned choice
of Q, 'vg”“—m is equal to the column p}; + ¢ of the

MatrixX L, o) (urn4par)» FOT 0 = 1,0 iy
Step three—Choosing 117 — p}; modulation vectors for

receiver one ’ !
) (,unerl*Hu*“zl) such that

1) Define <p§ e
[ §1)7 L vgﬂu'ﬂizl), ‘Pgl)7 . 7<‘ogﬂll‘l‘lt2l—ﬂ'11—M/21):|

forms a unitary matrix. Then, define Hy as

(p11+por—pyy —piag)

(pg1)7 e 7‘P2
(65)

2) Respectively choose "’ll) and 'u,( +151) a5 the RSV
and LSV, corresponding to the z”b largest singular

ﬁll = H11 [

value of the matrix Hi;, denoted by a( tH “) for

it =1,..., 11 — pty;. Therefore, we have

(7«“1‘["11) _ ||H’11”(7’)” 71 = 1, oo 11 — l’l’lll (66)
Hllﬁ 4

llﬂm) (z+ﬂ11)’ i L — e (67)
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Then

"2 BERERL ')
i=1,..., 111 — piq-

,U(N/u'l‘ﬂ/zl‘l") |: (1) (N11+H21—H'11—N/21):| ﬁ(’i)
1 11>

(68)

Step four—Choosing /121 — (15, modulation vectors for re-
ceiver two

1) Define  ¢5 7, such

[’Ugl), v (H11+H21) <P;(), )7 . ¢§N217/1"121)]

unitary matrix. Then, define Fm as

(1) (Hzl—ﬂél)

that
forms a

h:i|>>

(69)

=Hy [ 2 ‘P;(awl_#/zl)] -

2) Respectively choose 'v;l) and u, as RSV

and LSV, correspondlng to the Lth largest singular

(1+N21)

value of the matrix H 11, denoted by aéH'“ 21 for

i=1,..., 21 — phy. Therefore, we have
(L+u>1) ||H21'v21|| 1=1,..., 421 —/1/21 (70)
= _(
uliH) % i=1,. o1 — . (71)
Then, let
vgﬂll+ﬂél+i) - [(pgl), .. ,¢§,’L217#;1)} igl):
t=1,..., 11 — /t/11~ (72)

As shown in [21], by using this scheme, the broadcast
channel, viewed from transmitter one is reduced to a set of
parallel channels with gains 0l1)’ 1 = 1,...,pu11 and aél),
7 = 1,..., puoy1. For power allocation, the power P; can be
equally divided among the data streams or the water-filling
algorithm can be used for optimal power allocation [24].

Similar procedure is applied for transmitter two to compute

Q,, Vs, Ui, Ugs, Py, where

Ry =Ho\V\P.VIH! +1 (73)
vl, =R} (74)
R =H,V,\P.VIHI +1 (75)
vl, =Ry, (76)

Note that to compute Q,, V'1, and P17, we need to know @,
V5, and Py (¥11, and ¥y, are functions of @,, V5, and P5), and
vice versa. To derive the modulation vectors, we can randomly
initialize the matrices, and iteratively follow the scheme, until
the resulting matrices converge. Simulation results show that the
algorithm converges very fast.

It is possible to improve the decomposition Scheme II, pre-
sented in Appendix I, by jointly design the filters.

VI. SIMULATION RESULTS

In the simulation part, we assume that the entries of the
channel matrices have complex normal distribution with zero
mean and unit variance.
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Fig. 6. The sum—capacity of point-to-point MIMO channel with four transmit and six receive antennas, and the sum-rate of the X channel with (2, 2, 3, 3) antennas

achieved based on decomposition Scheme I.
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Fig. 7. The sum-rate of the X channels using ZF-DPC scheme over the decomposed channels, the sum-rate of the X channels achieved by jointly designed
ZF-DPC scheme, and the sum-rate of the interference channel with three and four data streams.

Fig. 6 shows the sum-rate versus power for a X channel
with (2,2,3,3) antennas, where the decomposition scheme
presented in Section III is employed. Therefore, the achievable
sum-rate is indeed equal to twice of the sum—capacity of a
MIMO broadcast channel with two transmit antennas, and two
users each with one antenna. The sum—capacity of the MIMO
broadcast channel is fully characterized in [25]-[27]. To com-
pute the sum—capacity, the effective algorithm presented in [28]
isvutilizedwAsrarcomparisonj thercapacityof a point-to-point
MIMO channel with four transmit; and six receive antennas
is depicted. It is easy to see that both curves have the same
slope (multiplexing gain). In addition, as expected by (50), the

sum-rate of the X channel has 6.2-dB power loss in comparison
with that of the MIMO channel.

Fig. 7 shows the sum-rate versus power for an X channel with
(2,2,3,3) and (3, 3, 3,3) antennas, where ZD-DPC scheme is
used. Asitis shown in Fig. 7, for the case of (2, 2, 3, 3) antennas,
the joint design scheme has better performance than the de-
composition scheme in low-SNR regimes. The improvement is
mainly due to utilizing whitening filters instead of zero-forcing
filters. It is easy to see that in the high SNR, the whitening fil-
ters converge to zero-forcing filters. Note that in this case, opti-
mizing @,, t = 1,2 offers no improvement. The reason is that
the entire two-dimensional space available at each transmitter is
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utilized and there is no room for improvement. As depicted in
Fig. 7, for the case of (3, 3,3, 3)-antenna X channel, the joint
design scheme has better performance as compared with the de-
composition scheme in both high- and low-SNR regimes. The
improvement relies on the fact that in this case at each trans-
mitter, a two-dimensional subspace of the three-dimensional
space is needed for signaling. By using the scheme presented
in Section V, a subspace for which the channel gains are op-
timal is chosen. Note that the sum-rate of the (3, 3,3, 3)-an-
tenna X channel, where the decomposition scheme is applied, is
the same as that of (2, 2, 3, 3)-antenna X channel. The reason is
that in this case, the matrices @, and @, are randomly selected
from the set of 3 X 2 unitary matrices. Therefore, the resulting
system is equivalent to a (2, 2, 3, 3)-antenna X channel.

Fig. 7 also shows the curves of the sum-rate versus the total
power for (2, 2, 3, 3)-antenna interference channels for two sig-
naling scenarios. In the first scenario, each transmitter sends
two data streams to the corresponding receiver. Each receiver
employs optimal whitening filter, treating the signal coming
from the other transmitter as interference. In this case, there is
only one interference-free dimension available at each receiver.
Therefore, the rate of one of the data streams sent by each trans-
mitter linearly increases with the logarithm of the total power,
while the rate of the other data stream converges to a constant
number. Therefore, this scheme achieves the overall MG of two.
In the second scenario, transmitters one and two send two and
one data streams, respectively. 2/3 of the total power is allo-
cated to transmitter one and the rest is allocated to transmitter
two. In this case, two of three space dimensions at receiver one
is available for the signal coming from transmitter one. In addi-
tion, one out of three space dimensions at receiver two is avail-
able for the signal coming from transmitter two. Therefore, this
scheme achieves the overall MG of three. As mentioned ear-
lier, this is the optimal MG for (2, 2, 3, 3)-antenna interference
channel, which is less than achievable MG by the corresponding
X channel.

VII. CONCLUSION

In a multiple-antenna system with two transmitters and two
receivers, a new noncooperative scenario of data communica-
tion is studied in which each receiver receives data from both
transmitters. It is shown that by using some linear filters at the
transmitters and at the receivers, the system is decomposed
into two broadcast or two multiple-access subchannels. Using
the decomposition scheme, it is shown that this signaling
method outperforms other known noncooperative schemes in
terms of the achieved multiplexing gain. In particular, it is
shown that for a system with (131257, 13 [2E]] . N, N)
and (N, N, {% L%H , L% L%JJ) antennas, the multiplexing
gain of [4X| is achievable, which is the MG of the system
where full cooperation between the transmitters or between the

receivers is provided.

APPENDIX |
SCHEME - JI-DECOMPOSITION-OF-THE-SYSTEM INTO
TwO MULTIPLE-ACCESS SUBCHANNELS

This scheme is indeed the dual of the scheme one, detailed in
Section III-A. As depicted in Fig. 3,,in this scheme, the parallel
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transmit filters Wq; and Wy, are employed at transmitter one,
and the parallel transmit filters W15 and ¥y, are employed at
transmitter two. Therefore, the transmitted vectors are equal to

81 =Uq1811 + ¥or89 )

89 =Wi2812 + W89 (78)
where 8, € C*t*! contains p,+ data streams from transmitter
t intended to receiver r. The transmit filter ¥1; nulls out the in-
terference of the j11; data streams, sent from transmitter one to
receiver one, at receiver two. Similarly, the transmit filter Wo;
nulls out the interference of the y12; data streams sent from trans-
mitter one to receiver two at receiver one. In a similar fashion,
at transmitter two, the two parallel transmit filters ¥oo and ¥qo
are employed.

At receiver r terminal, the received vector is passed through

the receive filter Qi , where Q, € OCN*(Hrithr2)

5, =Qly,, r=12 (79)
The functionalities of the receive filters Q,, t = 1,2, are i)
to map the received signal in a (p,; + f4r2)-dimensional sub-
space, which allows us to null out the interference terms by
using transmit filters ¥,.,, v, ¢ = 1,2, and ii) to exploit the null
spaces of the channel matrices to attain the highest MG.

Similar to the previous section, it is shown that if the num-
bers of data streams 4, 7, ¢ = 1,2, satisfy a set of inequali-
ties, then it is possible to deign @, and ¥,.; to meet the desired
features explained earlier. Consequently, the system is decom-
posed into two noninterfering MIMO multiple-access subchan-
nels (see Fig. 4).

Next, we explain how to select the design parameters in-
cluding the numbers of data streams i, 7,¢ = 1,2 and the
transmit/receive filters. Again, the primary objective is to pre-
vent the saturation of the rate of each stream in the high-SNR
regime. In other words, the MG of the system is p11 + p12 +
H21 + p22.

Similar to the previous subsection, we define the parameters
Cre, Tt = 1,2, as follows:

* (11 denotes the dimension of Q(HTlQQ);

* (91 denotes the dimension of Q(H%lQl);

* (12 denotes the dimension of Q(H %2Q2)

* (92 denotes the dimension of Q(H{,Q,).

To facilitate the derivations, we use the auxiliary variables
M, N!,and pi.,, forr,t = 1, 2. For each case, the variables M
and N/ are computed directly as a function of M; and N, for
r,t = 1, 2. Then, the auxiliary integer variables p..,, 7.t = 1,2,
are selected such that the following constraints are satisfied:

>

fn sy Ry iy < M, (80)
Moy © Py oy 4 pha < My (81)
Moot fiag + pys + pyy < My (82)
Mio = fiag + piyo + poy < My (83)
{11+ phe < Nj (34)
pg + gy < N3 (85)
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Each of the first four inequalities corresponds to one of the pa-
rameters u.,, 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 ..., r,t = 1,2, for each case, ji,¢,
r,t = 1,2, are computed as function of p,, r,t = 1, 2.
Similar to Scheme I, to achieve the highest MG, we choose
pil.g, 7t = 1,2 subject to (80)—(85) such that s/, + p15 + iy +
ho 1S maximum.
Next, for each of the four cases, we explain the following.
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 (80)—(85), how to compute pi,+, r,t = 1,2.
iii) How to choose the receive filters @,, t = 1, 2.
iv) How to compute (¢, 7, = 1, 2.
Having completed these steps, the procedure of computing

the filters ‘Ilit, r,t = 1, 2, is similar for all cases. Later, we will
show that this scheme decomposes the system into two nonin-
terfering multiple-access channels.

Scheme II-Case I: My > My > N1 > No:

In this case, the system is irreducible Type II. Therefore, the
equivalent system is the same as the original system, i.e., N|. =
N,,r=1,2and M] = M,, t = 1, 2. Using the above parame-
ters, we choose p.,, r,t = 1,2, subject to (80)—(85). Similar to
Scheme I-Case I, we have p,.c = pl.,,r,t = 1,2.Q, and @, are
randomly chosen from OC™! X(wirtui) andg OCN2 X (B21+h22)
respectively.

According to the definition of (,.+, 7, = 1, 2, it is easy to see
that

Ci1 = o1 + pro2,  Ciz2 = pa1 + 22,
Co1 = pa2 + p11, G2 = p11 + fi2-
Scheme II-Case II: My > Ny > My > Ny:

In this case, at the receiver one, the signal coming
from transmitter two does not have any component in

the (N; — My)-dimensional subspace N(HIQ). This sub-
space can be exploited to increase the number of data
streams sent from transmitter one to receiver one by
N; — M, without restricting the available signaling space
at transmitter two and at receiver two. Consequently, the
system is reduced to a system with (M, M}, Ni, Nj)=
(My — {N; — My}, My, Ny — {N; — M5}, N5) antennas, or

(86)

M{ = My + My — Ny, My = My, N{ = Ms, Nj = N,.
(87)
It is easy to see that M{ > M} > Ni{ > NJ, i.e., the original
system is reducible to Type II. We choose p!.,, 7.t = 1,2, sub-
ject to (80)—(85). Then, we have

pa1 = phy + N1 — Mo, pag = po, plo1 = iy, oz = oy

(88)
Q) is chosen as
Q, e oCN ¥l Q=[5 5] (89)
where
Dre@eiadi=1b) 5 N(HJ{Z) (90)
B, c oM X utne) w3 D

Q, is randomly selected from @C 2> *(21 Fh22)
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It is easy to see that

Ci1 = po1 + p22, G2 = po1 + po2, Co1 = fa2 + fi1,

Co2 = 1/11 + p12. (92)

Scheme II-Case III: My > N1 > No > M and
My + My > Ny + No:
In this case, at receiver one, the signal coming from trans-
mitter two has no component in the (N — M5 )-dimensional sub-

space N(H 1[2) This subspace can be exploited to increase the
number of data streams sent from transmitter one to receiver one
by Ny — M, without restricting the available signaling space at
transmitter two and at receiver two. In addition, at receiver two,
the signal coming from transmitter two has no component in the
(N2 — M5)-dimensional subspace N(H ;T2) This subspace can
be exploited to increase the number of data streams sent from
transmitter one to receiver two by [N, — Mo, without restricting
the available signaling space at transmitter two and at receiver
one. Therefore, the reduced system has (M, M4, N7, N5) an-
tennas, where
M{ :M1+2M2—N1—N27 Mé:M27 N{ :M27
N} = M. (93)

M{ > M} > N{ > NJ. Therefore, the original system is
reducible to Type II. After choosing u.,, r,t = 1,2, subject
to (80)—(85), we have

pa1 = pyg + Niv— Mo, po = pias po1 = phy + No — Mo,

H22 = 1/22- (94)
Q) is chosen as
Q, € OCJ\T1><(;111-|-H21)7 Q, = [X1,X,] (95)
where
5, cochx M=) s e N(ml) (96)
%, € OcN x (#ia+hz) Yol¥. CH)
Q, is chosen as
Q, € OC]\72><(;L21-‘1-H22)7 Q, = [B3,24] (98)
where
5, cocNX(Na=) o N(H;) 99)
24 EOCNQX(;L'21+#22), 24J_23. (100)
Therefore, we have
Cu1 = pior + pio2, G2 = pgy + pio2, C1 = praz + pua,
(22 = piy + paz. (10D)

Scheme II-Case IV: N1 > My > My > Nzﬂi M+
My > Ny 4 No:
In this case, i) (N1 — M>)-dimensional subspace N(H 12) is
utilized to increase the number of data streams sent from trans-
mitter one to receiver one by (N7 — M), ii) (N1 — Mq)-di-

mensional subspace N(H,) is utilized to increase the number
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of data streams sent from transmitter two to receiver one by

(N1 — My). Therefore, we have
Mi =My + My — Ny,
N{ =M+ My — Ny,
pa1 = phy + N1 — Mo,

.0 — /
H21 = Moy,  H22 = Ho2

My = My + Ms — Ny,

Nj = Ns,

pa2 = phe + N1 — My,
(102)

where M{ > M} > Nj > NJ, ie., the original system is
reducible to Type II. @, is chosen as

Ql c OCNIX(H11+”21)7 Ql — [21722] (103)

where

£, € OCMXMNi=Ma4N-0) 5y e N(HL,) UN(H],)
(104)
(105)

2, EOCNIX(IL/M'H‘/U), LY.

Q, is randomly selected from OC Nax(p21+122) p this case, we
have
Ci1 = po1 + p22, C12 = po1 + p2a, Co1 = phs + pa1,
(o2 = w1 + p12.  (106)
The next steps of the algorithm are the same for all above
cases. We define

H.,=QH,. rt=12 (107)
U, € OCM-*(Mr=Crt) 1.4 — 1.2, are chosen such that
Uyl I?; (108)
¥, L H, (109)
v, L B, (110)
Uy I?L. (111)

According to the definition of (,.;, we can always choose such
matrices. Clearly, any signal passed through the filters \IllL1 and
‘If]lL2 has no interference at the output of the filter Q. Similarly,

any signal passed through the filters \Il;r1 and W,, has no inter-
ference at the output of the filter Q,. We define

H.,=H.,%V,., rt=12 (112)
and

w, = Qlw,, rt=1,2 (113)
This system is decomposed into two noninterfering multiple-ac-
cess channels: i) the multiple-access channel viewed by receiver

one with channels H{; and ﬁlz, modeled by (see Fig. 4)

Y = Hy1511 + Hya815 + 1 (114)

and ii) the multiple-access channel viewed by receiver two with
channels Hs; and H 5, modeled by (see Fig. 4)

Uy = Ho1801 + Hoos15 + 5. (115)
ACKNOWLEDGMENT

The authors would like to thank the anonymous reviewers for
thoughtful comments.

IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 54, NO. 8, AUGUST 2008

REFERENCES

[1] G.J. Foschini and M. J. Gans, “On limits of wireless communications
in a fading environment when using multiple antennas,” Wireless Per-
sonal Commun., vol. 6, pp. 311-335, 1998.

[2] I.E. Telatar, “Capacity of multiple-antenna Gaussian channels,” Europ.
Trans. Telecommun., pp. 585-595, Nov. 1999.

[3] W.Yuand W. Rhee, “Degrees of freedom in multiple-user spatial mul-
tiplex systems with multiple antennas,” IEEE Trans. Commun., vol. 54,
no. 10, pp. 1747-1753, Oct. 2006.

[4] S.A.Jafar, “Degrees of freedom in distributed mimo communications,”
in Proc. IEEE Communication Theory Workshop, UT, 2005.

[5] S. Vishwanath and S. A. Jafar, “On the capacity of vector Gaussian
interference channels,” in Proc. IEEE Information Theory Workshop,
Austin, TX, 2004, pp. 365-369.

[6] M. Costa and A. El Gamal, “The capacity region of the discrete memo-

ryless interference channel with strong interference,” IEEE Trans. Inf.

Theory, vol. 33, no. 5, pp. 710-711, Sep. 1987.

A. Carleial, “A case where interference does not reduce capacity (cor-

resp.),” IEEE Trans. Inf. Theory, vol. IT-21, no. 5, pp. 569-570, Sep.

1975.

X. Shang, B. Chen, and M. J. Gans, “On the achievable sum rate for

MIMO interference channels,” IEEE Trans. Inf. Theory, vol. 52, no. 9,

pp. 4313-4320, Sep. 2006.

S. Ye and R. S. Blum, “Optimized signaling for MIMO interference

systems with feedback,” IEEE Trans. Signal Process., vol. 51, no. 11,

pp. 2839-2848, Nov. 2003.

[10] S. Shamai (Shitz) and B. M. Zaidel, “Enhancing the cellular downlink

capacity via co-processing at the transmitting end,” in Proc. IEEE Ve-

hicular Technology Conf., May 2001, vol. 3, pp. 1745-1749.

G. J. Foschini, H. Huang, K. Karakayali, R. A. Valenzuela, and S.

Venkatesan, “The value of coherent base station coordination,” in Proc.

Conf. Information Sciences and Systems (CISS), Baltimore, MD, Mar.

2005.

A. Hgst-Madsen, “Capacity bounds for cooperative diversity,” IEEE

Trans. Inf. Theory, vol. 52, no. 4, pp. 1522-1544, Apr. 2006.

M. A. Maddah-Ali, S. A. Motahari, and A. K. Khandani, “Signaling

over MIMO multiple-base systems: Combination of multiple-access

and broadcast schemes,” in Proc. IEEE Int. Symp. Information Theory,

Seattle, WA, Jul. 2006, pp. 2104-2108.

M. A. Maddah-Ali, S. A. Motahari, and A. K. Khandani, Communi-

cation Over X Channel: Signalling and Multiplexing Gain Univ. Wa-

terloo, Waterloo, ON, Canada, Tech. Rep. UW-ECE-2006-12, 2006.

[15] S. A. Jafar, Degrees of Freedom On the MIMO X Channel—The Op-
timality of the MMK Scheme, 2006, [Online]. Available: http://arxiv.
org/abs/cs.IT/0607099

[16] N. Devroye and M. Sharif, “The multiplexing gain of MIMO X-chan-
nels with partial transmit side-information,” in Proc. IEEE Int. Symp.
Information Theory, Nice, France, Jun. 2007, pp. 111-115.

[17] S. A. Jafar and S. Shamai (Shitz), “Degrees of freedom region for the
MIMO X channel,” IEEE Trans. Inf. Theory, 2007, submitted for pub-
lication.

[18] S. Shamai (Shitz) and S. Verdd, “The impact of frequency-flat fading
on the spectral efficiency of CDMA,” IEEE Trans. Inf. Theory, vol. 47,
no. 4, pp. 1302-1327, May 2001.

[19] A. Lozano, A. M. Tulino, and S. Verdd, “High-SNR power offset in
multiantenna communication,” IEEE Trans. Inf. Theory, vol. 51, no.
12, pp. 4134-4151, Dec. 2005.

[20] N.Jindal, “High SNR analysis of MIMO broadcast channels,” in Proc.
IEEE Int. Symp. Information Theory, Adelaide, Australia, Sep. 2005,
pp. 2310-2314.

[21] M. A. Maddah-Ali, M. Ansari, and A. K. Khandani, “An efficient sig-
naling scheme for MIMO broadcast systems: Design and performance
evaluation,” IEEE Trans. Inf. Theory, submitted for publication.

[22] M. Costa, “Writing on dirty paper,” IEEE Trans. Inf. Theory, vol. IT-29,
no. 3, pp. 439441, May 1983.

[23] R. G. Horn and C. A. Johnson, Matrix Analysis.
Cambridge Univ. Press, 1985.

[24] R. G. Gallager, Information Theory and Reliable Communication.
New York: Wiley, 1968.

[25] S. Vishwanath, N. Jindal, and A. Goldsmith, “Duality, achievable rates,
and sum-rate capacity of Gaussian MIMO broadcast channels,” IEEE
Trans. Inf. Theory, vol. 49, no. 10, pp. 2658-2668, Oct. 2003.

[26] P. Viswanath and D. N. C. Tse, “Sum capacity of the vector Gaussian
broadcast channel and uplink-downlink duality,” IEEE Trans. Inf.
Theory, vol. 49, no. 8, pp. 1912-1921, Aug. 2003.

[27] W. Yu and J. Cioffi, “Sum capacity of vector Gaussian broadcast chan-
nels,” IEEE Trans. Inf. Theory, submitted for publication.

[28] W. Yu, “A dual decomposition approach to the sum power Gaussian
vector multiple access channel sum capacity problem,” in Proc. 37th
Annu. Conf. Information Sciences and Systems (CISS), Baltimore, MD,
Mar. 2003.

(7]

(8]

(91

(1]

[12]
[13]

[14]

Cambridge, U.K.:

www.manaraa.com



