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MIMO Gaussian X Channel: Noisy Interference Regime
Praneeth Kumar V. and Srikrishna Bhashyam, Senior Member, IEEE

Abstract—The  two-user multiple-input multiple-output
(MIMO) Gaussian X channel (XC) consists of two transmitters
and two receivers, with each transmitter having an independent
message to each receiver. The sum capacity of the two-user MIMO
Gaussian XC is determined in a noisy interference regime. This
sum capacity is achieved by using Gaussian codebooks for the
messages on both the direct links (or both the cross links) and
treating the interference from the cross links (or direct links) as
noise.

Index Terms—Interference channel, X channel, sum capacity,
MIMO.

I. INTRODUCTION

HE two-user Interference Channel (IC) consists of two in-

terfering transmitter-receiver pairs where each transmitter
has a message to its own receiver. The sum capacity of the
two-user scalar Gaussian IC in the noisy interference regime
was determined in [1]. In this regime, the cross links are
weak enough that using Gaussian codebooks and treating the
interference as noise is sum-capacity optimal. A similar noisy
interference regime was obtained for the two-user multiple-
input multiple-output (MIMO) Gaussian IC in [2].

The two-user X channel (XC) is a generalization of the two-
user IC where both transmitters have independent messages for
both receivers. Thus, there are four messages instead of two
messages. In [3], it was shown that in the noisy interference
regime the sum capacity of the scalar Gaussian XC is the
same as that of the scalar Gaussian IC. Therefore, treating
interference as noise and transmitting only two messages is op-
timal even for the scalar Gaussian XC in the noisy interference
regime [3]. In this work, we first obtain a similar result for the
MIMO Gaussian XC (see Fig. 1). We show that in the noisy
interference regime identified in [2] the sum capacity of the
MIMO Gaussian XC is the same as that of the MIMO Gaussian
IC. This is proved by appropriately using the genie chosen in
[3] along with the proof technique used in [2] for the MIMO
Gaussian IC. Then, the results for the multiple-input single-
output (MISO) Gaussian IC and single-input multiple-output
(SIMO) Gaussian IC in [2] are also extended to the MISO
Gaussian XC and SIMO Gaussian XC, respectively. Finally, the
sum capacity and the corresponding optimal power allocation
are determined for the symmetric diagonal MIMO Gaussian XC
in the noisy interference regime.

It should be noted that a single noisy interference region for
the IC corresponds to multiple noisy interference regions for
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Two user MIMO Gaussian XC.

Fig. 1.

the XC. Two such cases are where: (1) the cross links are weak
and the interference from the cross links can be treated as noise
while decoding the direct messages, or (2) the direct links are
weak and the interference from the direct links can be treated
as noise while decoding the cross messages. In the symmetric
diagonal MIMO XC, each of the parallel XCs could be in any of
the above two noisy interference regimes for the overall MIMO
XC to be in a noisy interference regime.

II. SYSTEM MODEL

We consider the two user MIMO Gaussian XC in Fig. 1,
which is same as the MIMO Gaussian IC except that each
transmitter has separate independent messages for both re-
ceivers. The MIMO Gaussian XC is described by the following
equations:

(1)
(1b)

y, =Hiiz + Hipxo + 21,
Yo =Ho1x1 + Hosxo + 29,

where x; is a t; x 1 vector, y,, z; are r; X 1 vectors, H;;
is 7; x t; channel matrix and ?;, r; are the number of an-
tennas at transmitter ¢, receiver j respectively. Noise vector
z; ~ N(0, I, «,) and is i.i.d. across time. The average power
constraint on the 7th transmitter over an n symbol duration is

1 n
~ ) B[zl € Qi @
k=1

where Q; = {Q; : Q; = 0,tr(Q;) < P}

Rate R;; is the rate of reliable transmission from transmitter
J to receiver ¢. An achievable rate over the MIMO Gaussian
XC is characterized by the rate 4-tuple (R;1, Ro1, R12, Ra2).
The capacity region is defined as the closure of all achievable
rate tuples, and the sum capacity is the maximum achievable
sum rate Rq1 + Ro1 + Rio + Rao.

III. SuM CAPACITY IN THE NOISY INTERFERENCE REGIME

The MIMO Gaussian XC is defined by the parameters {H;1,
Hy,H2,Hoo} and the power constraints {P;, P,}. Let
us denote the channel in Fig. 1 by GXC(Hyq, Hoy, Hyo,
Hyy, P, Ps).

Definition 1 (Dual Channel): GXC(Hay, Hy1, Hoo, Hyo,
P17P2) is the dual channel of GXC(Hll,Hgl,H12,H22,
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Py, Py) and is described by the following equations:

/ !/ !/ !
Y, :H212131 + H22w2 + zZq

/ !/ !/ !
Yo :Hle —+ H12w2 —+ Z9.

The dual channel can be obtained from the original channel by
re-indexing receiver 1 in the original channel as receiver 2 in the
dual channel, and receiver 2 in the original channel as receiver
1 in the dual channel. Messages W1, W4,, W{,, Wi, in the
dual channel are the same as messages Way, Wi1, Was, Wio
respectively, for the original channel.

Remark 1: (Ri1, Ro1, Ri2, Roo) is achievable in the
channel GXC(Hll, H21, ng, H22, Pl, PQ) if and only if
( /11, /21, /12, ’22):(R217 R117 RQQ, ng) is achievable in
the channel GXC(HQl, Hlla HQQ, H12, .Pl7 PQ)

Remark 2: GXC(HH, H21, H12, H22, Pl, PQ) and the dual
channel GXC(Ha1,Hy1,Hoo, Hio, Py, P;) have the same
sum capacity.

A. TIN Scheme

In the Treating Interference as Noise (TIN) scheme for
GXC(H;1,Ho,His,Hoo, P, P»), only the two direct mes-
sages Wy, Way are sent using Gaussian codebooks and the
interference is treated as noise at both receivers. Let R\, be
the achievable sum rate by treating interference as noise for

given Q1, Q2 and

(Q;,Q3) = argmax Ry, y(Q1,Qq). 3)

QicQ;,ic{1,2}

Another TIN scheme would be to send only the two cross
messages Wio, W, using Gaussian codebooks and treat in-
terference as noise at the receivers. This is the same as using
the TIN scheme with direct messages for the dual channel
GXC(Hz1,Hy1, Hop, Hyo, P, P).

B. Noisy Interference Regime

First, we determine the noisy interference regime where the
TIN scheme with direct messages is sum capacity optimal. The
noisy interference regime where the TIN scheme with cross
messages is sum capacity optimal follows directly by applying
the result for direct messages to the dual channel.

Theorem 1: If there exist matrices A1, Ag, 31 = 0,35 > 0,
full rank matrices (Q3, Q%) that solve problem (3), and they
satisfy the following conditions:

3 <T - A AT (4)
¥y <1 A S7'AT (5)
AT (H12Q§H1T2)71 Hyy —Hy =0 (6)
AT (H5Q(HE,) ™ Hyy — Hyp = 0, (7)

the sum capacity of the MIMO Gaussian XC GXC(H;q, Hoy,
His,Hoo, P, P») is achieved by the TIN scheme with direct
messages only, and is given by:

Coum =B7n (Q1, Q3) ®)

1
- 21 ‘I H,,Q,H”
Qe 2 8 [N Qe

% (I +HiQeHE,) |

1 ~1
+§log I+ HyQoHj, (I +H2 Qi H3,)) ‘ )

IEEE COMMUNICATIONS LETTERS, VOL. 18, NO. 8, AUGUST 2014

Proof: Consider the genie-aided channel with a genie
providing side information s1, W5, to receiver 1 and so, Wio
to receiver 2, where

sy =Hyzi +w,
sy =Hppxe + wo

Z; 1 A1
i)
Here, s; and s, are chosen as for the MIMO-IC in [2], and
W1 and W4 are provided to receivers 1 and 2 respectively as
in [3] for the SISO XC. Using Fano’s inequality, we have

n(Ri1 + Ri2 —¢€)
< T (Whiy, Wagsyt, 81, War)

(10)
=1 (Wi, Wiy, s7|[War) + I(Wi1, Wig; Way) (1)
(a)

= I (W1, Wag; T [War) + I (Wi1, Wig; y7|sT, Wa1)
(12)
= h(s7|Wa1) — h (87 |Wi1, Wiz, Woy)
+h(yy[st, Wa1) — h (y7[sT, Wir, Wiz, Way)
= h (s} |Wa1) — h (Ho12t + wi|Wiy, Wiz, Way)
+h(y7[st, Wai1)
—h(Hiz! + Higzy + 27[s], Wir, Wiz, Wa1) (14)

b
© b (s7War) = (w]) + h (y7]s7, War)

13)

— h(ngw;’ +z7f|w71‘,W12) (15)
(c)
< h(sy|[Wa1) — h(wf) + h(y7|s7) (16)
— h(Hppxh + 27 |w’, Wia)
= h(s}|Wa1) — nh(w1) + h (y7]s7)
—h (ngl’g + z?|w§‘, W12) (17)
(d)
< h(sy[Wa1) — nh(w1) + nh(y,glsic)
— h(ngw;‘ +Z711|’UJ711,W12) (18)

where step (a) follows from the independence of the messages,
step (b) follows from the deterministic encoding of Wy, Way
to 7, step (c) follows from the fact that conditioning reduces
the entropy, and step (d) is because the Gaussian distribution
maximizes the conditional entropy [2, Lemma 7].

Similarly, we have

TL(RQl + Roo — 6) <h (Sg‘ng) — nh(wg) + ’I’Lh(yzg|320)

7h (Hglﬂl? +z§|w§,W21). (19)
Adding (18) and (19), we have
n(Com ™ — 2€)
< [h (s7[Wa1) — h (Ha @t + 25wy, Wa)
+ [h(s3[Wi2) — h (Hizs + 27w, Wiz)]
= nh(wi) + nh(y,¢lsic)
— nh(wz) + nh(yscls2c), (20)

where CG4-X is the sum capacity of the genie-aided MIMO

XC. Now, consider the first term in (20).

h(8?|W21) —h (Hglw? + z§|w§, ng)
=h (H212137f + 1U7f|W21) —h (Hgliﬁ? + z§|w§, W21)

(:e) h (Hglm? + 1U71L|W21) —h (Hgl.’I}? + ’U?|W21)

f n n n n ~ T
(:) h (Hglml + w;y |W21) — h(Hgl.’I}l +wy + vy |W21)
=1 (@?;Hglx? + 'w? + f)ﬁng)

(9)
< T (f)?, H21$? + ’UJ? + ’l~J;L)



KUMAR V. AND BHASHYAM: MIMO GAUSSIAN X CHANNEL: NOISY INTERFERENCE REGIME

(h)
< —nl (v1; Horx16 + wq + 1)
= nh(slg) — nh(HgliBlg + ZQl’lDQ),

where v7 is the MMSE error in estimating z§ given wj
and v} ~ N(0,1 — A5 AT), and step (e) follows from
[2, Lemma 9]. In step (f), ¥} ~ N (0,1 — AxZ, AT — 3)
and is independent of w?7. Since the covariance matrix has
to be positive semidefinite, we get the condition (4). Step (f)
follows since w7 + o7 has the same marginal as v}. Step (g)
follows since v is independent of W5; and conditioning re-
duces entropy. Step (h) follows from the worst case noise result
[2, Lemma 8]. Similarly, the second term in (20) can also be sim-
plified and we get condition (5) in the process. Overall, we get
n (CGA_X —2¢) < [nh(sic) — nh(Haxig + z2|ws)]

+ [nh(sac) — nh(Hisxag + z1|w1)]
—nh(w1) + nh(yiglsic) — nh(wz) + nh(yaqls2c)

2
A _
= ZHI(%‘G; Yic: 8ic) = nRE Y (Q1, Qo).

i=1
Therefore, we have

CEA X <RE/N(Q1,Qz) forsome Q; € Q;
REI(Q1, Qo)

< max
Q.€Q;, 1e{1,2}

resulting in C$/h % = maxq,eq, ief1,2) REAX(Q1, Qa). At
this point, for a given Q1, Q2, the genie-aided outer bound
R%AA;X (Q1,Q2) is the same as the genie-aided outer bound
in [2] for the MIMO-IC. Therefore, the remaining steps that
involve proving that the genie does not increase sum ca-
pacity, i.e., proving the smart genie conditions (6), (7) and
REAY(Q1,Qp) = R n(Q1,Q5), where Qf, Q5 are full
rank matrices, are similar to [2, Theorem 1] and are not
repeated here. |

Theorem 2: If there exist matrices A1, Ao, 37 = 0,25 = 0,
full rank matrices (Qj, Q%) which solve problem (3), and they
satisfy the following conditions:

1 X1 — A3yt AT 1)
3y <1 —-AS'AT (22)
AT (HpQ3HE) ' Hy — Hyy =0 (23)
Al (H,QHT) ' Hip — Hap = 0, (24)

the sum capacity of GXC(Hii, Ha1, Hio,Hoo, P1, Ps) is
achieved by using the TIN scheme with cross messages only,
and is given by

Com =Ry (Q1, Q3) (25)
1
- 2 ‘I H,, Q,HY
Qiegil,%?{l,z} 5 081t 21QiHz,
1
X (I+H22Q2Hg2) ‘
1 -1
"‘5 IOg I + H12Q2Hr{2 (I + H11Q1H,{1) ‘ .
(26)

Proof: Apply Theorem 1 to the dual channel GXC(Hay,
Hi,,Hs,Hyo, P1, P5) and use Remark 2. [ |

1297

IV. SYMMETRIC MISO AND SIMO GAUSSIAN XCs

Now, we state the results for the symmetric MISO and
SIMO Gaussian XCs. The main difference between the
MISO and MIMO cases is in proving R%7 %(Qj, Q3) =
R¥, 5 (Q%, Q). However, given that the genie-aided outer
bound R%7% ¥ (Qy, Q2) in Theorem 1 is the same as the bound
in [2], this part remains the same as in [2, Theorem 2] and
[2, Theorem 3]. Therefore, the proofs are not included.

A. Symmetric MISO Gaussian XC

A symmetric MISO Gaussian XC can be simplified to the
following standard form [2] [4, Section 4.1]:

1 =d @y + helzy + 2,
y2 =hc'zy +dTxs + 22,

(27a)
(27b)

where d = [cos 6 sin6]7, 60 € (0, (7/2)),c = [1 0]T. Note that
(Q3, Q%) are unit rank matrices [5] in the MISO case and
not full rank as required in Theorems 1 and 2 for the MIMO
case. Here, we need to find sufficient conditions on h for the
TIN scheme to achieve sum capacity in the noisy interference
regime. Following an approach similar to [2, Theorem 2], we
get the following result.

Theorem 3: The sum capacity of the MISO Gaussian XC
GXC(dT, he™ he®,dT, P, P) is given by

. log [1 Pt 4 p2pgin? 0] . h>ho(6,P)
T oy 1+ st + Psin?o] h < hy(6, P)
(28)

where ho(6, P) and hq(0, P) are the positive solutions to the
(29) and (30), respectively.

1 . 9,\ [ cosf 1)?
(12 —sin?g) = (<= 1 T w0
! 1+h®P  hy)

Equation (30) specifies the condition under which sum capacity
is achieved using the TIN scheme with direct messages only.
Equation (29), which is obtained using the dual channel, spec-
ifies the condition under which sum capacity is achieved using
the TIN scheme with cross messages only.

B. Symmetric SIMO Gaussian XC

A symmetric SIMO Gaussian XC can be simplified to the
following standard form:

(31a)
(31b)

Y1 =dxq + hcrs + 21
Yo :hcml + dIQ + zZ2,

where d = [cos 6 sind]T, 6 € (0, (r/2)),c = [1 0]7. Follow-
ing an approach similar to [2, Theorem 3], we get this result.

Theorem 4: The sum capacity of the SIMO Gaussian XC
GXC(d, he, he, d, P, P) is also given by (28) where hg (0, P),
and hq(0, P) are the positive solutions to the equations (29)
and (30), respectively. Under these conditions, the SIMO XC
has the same sum capacity as the MISO XC.
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Fig.2. Lower and upper bounds on h for MISO and SIMO Gaussian symmet-
ric XC with P = 0 dB.

C. Numerical Results

The noisy interference regime for the MISO and SIMO Gaus-
sian XCs is illustrated in Fig. 2. If h is greater than ho(6, P),
or lesser than hi(6, P), the sum capacity is achieved using
the TIN scheme. This noisy interference regime comprises a
larger set of channels when compared to the MIMO IC result,
which has only the h4 (6, P) bound. The bounds for SISO XC,
a special case of MISO XC with § = 0, are: |h(1 + h2P)| <
0.5,|(1 + P)/h| < 0.5, and were derived in [3, Theorem 6.1].
As P — o0, ho(0, P) and hq(0, P) curves approach 1/ sin(6)
and sin(0) respectively.

V. SYMMETRIC DIAGONAL MIMO GAUSSIAN XC

In this section, we consider the case when Hqq, Hio, Hoq,
and Hys are n x n diagonal resulting in n parallel SISO Gaus-
sian XCs. For simplicity, we will focus on the case where each
SISO channel is symmetric. Further, let P be the total transmit
power constraint for each transmitter in the MIMO XC. If each
of the n parallel XCs is in the noisy interference regime for
SISO XCs, then the sum capacity of the diagonal MIMO XC
is achieved by treating interference as noise in each channel
and by optimally allocating power between the n channels. We
now determine the optimal power allocation that achieves sum
capacity in this noisy interference regime.

For each of the n parallel SISO XCs, either the cross links
could be weak or the direct links could be weak. Let h; denote
the channel coefficient corresponding the weak cross (or direct)
links and let the direct (or cross) links be 1. Since each channel
is in the noisy interference regime, we have 2h;(1 + h?P) < 1
for each 7. Let o; P be the power allocated by transmitter 1 to
the ith parallel X channel, and 3; P be the power allocated by
transmitter 2 to the ¢th parallel XC. For a given choice of a;’s
and (;’s, the sum capacity of the symmetric diagonal MIMO
Gaussian XC is

n

Ba) =Y Cx(hiyai, 8)

i=1

C(ala"'aanaﬁlv"' (32)

where Cx (h;,«;, 5;) is the sum capacity of the ith parallel
SISO XC in the noisy interference regime given by

1 OtiP
Cx (hi, a4, B;) = 3 log <1 + 1+h%’P>
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1
+§log (1 +

B: P
1+h30¢¢P - (3

The sum capacity of the symmetric diagonal MIMO Gaussian
XC is obtained by maximizing the above sum capacity in (32)
over all o;’s and 3;’s subject to > " ;o <1, 3" 3; <1,
a; > 0,and 3; > 0.

Theorem 5: The sum capacity of the symmetric diagonal
MIMO Gaussian XC is achieved by choosing «; = ; for each
7 and

VI+wPRERE 1) — (2n2+1)]"

2h2 (W2 +1)P

o =

(34)

with > 0 chosen such that > | o; = 1.

Proof: First, observe that Cx (h;,«;, ;) = Cx (hi, Bi,
«;). Furthermore, the component of the gradient of C'x (h;, «;,
B;) in the direction normal to the «; = (3; line can be shown to
be non-negative for a;; > 3; and 2h12(1 + hfP) < 1. Therefore,
«a; = (; is optimal. Now, we need to maximize

n n aiP
ZC’X(hi,ai,ai):ZIOg (1+1+h2OZ.P) . (35)

i=1 i=1

Since Cx (h;, oy, ;) is increasing in «;, the optimal «;’s in
(34) can be obtained using the Lagrangian dual and the Karush—
Kuhn-Tucker conditions. |

Remark 3: As expected, more power is allocated to a channel
with smaller h;, i.e., lesser interference. However, the solution
is different from standard water-filling since the first term in
(34) also depends on h; and does not correspond to a constant
“water-level”.

VI. CONCLUSIONS

Two noisy interference regimes were determined for the
MIMO Gaussian XC corresponding to the two TIN schemes:
one with direct messages only, and the other with cross mes-
sages only. Thus, the noisy interference regime of the MIMO
XC comprises a larger subset of channel conditions than the
noisy interference regime of MIMO IC. This larger regime
was illustrated using numerical results for MISO and SIMO
Gaussian XCs. The symmetric diagonal MIMO Gaussian XC
was also studied and an optimal power allocation determined in
the noisy interference regime.
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