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Analysis of Spatial Multiplexing Gain in a Two-cell MIMO
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ABSTRACT

In this paper, we provide a general expression of spatial multiplexing gain (SMG) for two mutually interfering
multiple-input multiple-output (MIMO) broadcast channels, referred to as MIMO-IBC, when some of user messages
are made available to base stations through a common noiseless backbone line. The MIMO-IBC has two base stations
and multiple users, each equipped with multiple antennas, where independent messages are transmitted over fixed
channels. From the derived results, we observe the variation of the SMG with respect to the presence of a
coordination as well as various antenna distributions, and compare the derived result to the SMG of the case with

full cooperation among users.

I. Introduction most multipoint to multipoint communication
scenarios is still an open problem!". Alternatively,
Although there is recent interest in multipoint some approximations are needed to evaluate the

to multipoint networks, the capacity region of system capacity performance. The number of
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degrees of freedom (DOF) provides the capacity
scaling behavior at the high signal-to-noise ratio
(SNR)  regime®.  The

converges to zero as SNR goes to infinity. The

approximation  error

DOFs of various multiuser multiple-input multiple
output (MIMO) systems have been determined by
several researchers”™”. Especially, the DOFs for a
two-user MIMO interference channel (IC) and a
two-cell interfering multiple-input single-output
(MISO) broadcast channel (BC) have been derived
in [2] and [5], respectively. Figure 1 describes the
structure of both systems. Note that [2] and [5]
address the DOF in terms of exploiting space
dimensions under the assumption of full channel
state information (CSI) at all nodes.

Authors in [2] focus on the two-user MIMO

IC where transmitter ¢ with 7} antennas has a

message for receiver ¢ with /7, antennas

(1=1,2), which will be referred to as
(7}, R,, Ty, R,) IC in this paper. They provided
the precise number of the DOF on the MIMO
IC. Note that in the two-user MIMO BC with
7, + 7., transmit antennas and £;, £, receive
antennas, the distributed processing at the receiver
side does not cause any loss on the DOF
compared to a point-to-point (PTP) MIMO
channel with 7} + 7, transmit antennas and
R, + R, receive antennas™®'”. In the MIMO IC,
however, there may be a significant loss on the
DOF due to the distributed processing at both
transmitter and receiver sides.

Recently, an expression of the DOF for two
mutually interfering broadcast channels (IBC) was
derived as a function of arbitrary numbers of
transmit antennas and users”. The IBC where

each transmitter equipped with 7 antennas sends

messages to its corresponding f?; single-antenna
(1=1,2) is
(7}, R,, Ty, R,) IBC. The IBC differs from the

receivers referred to as

MIMO IC in a sense that /7, receive antennas in

cell ¢ are disconnected and cannot cooperate with
each other. Although one might think that the
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Fig. 1. System Configurations

DOF of the IBC would be the same as that of
the MIMO IC, the derived result shows that
disabling receive cooperation of the MIMO IC
causes a DOF loss for certain antenna
configurations.

Since it is not trivial to analytically derive the
DOFs in many IC environments, we consider a
spatial multiplexing gain (SMG) measure. Here,
the SMG is defined as the pre-log factor of the
sum rate of the system when linear transceivers
are only spatially exploited. Since the DOF of the
two-user MIMO IC allows only integer values
with respect to the number of antennas', we can
readily show that the SMG of the IC is the same
as the DOF presented in [2]. From [11] and [12],
we can extend the previous analysis of the
two-cell IBC to the case of multiple-antenna
users, which will be referred to as MIMO-IBC to
distinguish from the IBC with single antenna
users. The derived SMG expression of the
MIMO-IBC is a general equation including the
SMG results of the IC and the IBC.

In this paper, we consider a coordinated
message sharing method to compensate for the
SMG loss caused by the distributed processing
between two base stations. Message sharing in the
manner of coordinated base stations assumes that
one base station’s message is made available
non-causally to the other base station through a
common noiseless backbone line*'. Here, we
derive the SMG for the MIMO-IBC in the
presence of various coordinated scenarios. By

utilizing the results of [7] and [15], we explore
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the SMG variation caused by the nature of
coordinated base stations in the MIMO-IBC. Thus,
we offer a quantitative analysis on how the SMG
is compensated by the coordination between two
base stations as well as how the SMG can be
limited by the distribution of user antennas.

The remainder of this paper is organized as
follows: In Section II, we introduce the
MIMO-IBC model and the definition of the SMG.
In Section III, the SMG of the MIMO-IBC with
a coordination is derived, and also analyzed. The

paper is closed with conclusion in Section IV.

II. System Model

In this section, we describe a system model for
the MIMO-IBC illustrated in Figure 2. Each base
station (BS) equipped with A/ antennas supports

its corresponding K users with /V antennas

(2=1,2), which will be referred to as
(M,K,N,M,K,N) MIMO-IBC. Also, we

represent the [-th user in the i-th cell as user

378

(4,1). Denoting yl(i) as the signal vector received

by user (,1), the MIMO-IBC is mathematically

described as
ylm = Hzmxm + ng)x(ﬂ + ngﬂ

ey

(i)

where X' stands for the signal vector of length

M transmitted from BS ¢, nfi) is the additive

Gaussian noise for user (i,l) with unit variance,

Hl(i) denotes the /N XA/ channel matrix from

BS ¢ to user (i,/) and Zl(l) indicates the
channel matrix representing the interference from

BS i to user (i,]). Here we define 1=2 and

2=1. It is assumed that the channel elements

are sampled from independent identically
distributed (i.i.d.) complex Gaussian random
variables with zero mean and unit variance so
that the probability of the channel being
rank-deficient converges to zero. Also, all channel

realizations are assumed to be perfectly known at
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all nodes. Although the elements in Hl(i) are
generally distributed with power larger than those
in Zl(i) due to a path loss, we consider the most

challenging case where all of them have unit
power. This situation arises for users located in
cell boundaries.

For realistic implementations, we consider a
space-division multiplexing system with linear
transceiver in the two-cell environment. The

maximum sum rate for given power constraint P

max

is denoted as R;X(P). The total power

constraint / should be satisfied such that

2
YN EIxD1I* < P. Finally, different from the
i=1

definition of the original DOF with respect to the
sum capacity, the SMG of the MIMO-IBC is
defined as

RITI ax (P)

L lim —= 7
MIMO-TBC = 111 ,
! P—o log(P)

which provides the pre-log factor of the
MIMO-IBC with respect to the maximum sum
rate  F25n X(P). Due to the page limitation, we
omit the specific equations of the transceiver and
the sum rate used in here. Refer to [12]. Unlike
our assumptions of the system model, the
transceiver structures optimized under certain

constraints might produce different SMG results.

Il. Impact of Coordinated Base Stations
on the Spatial Multiplexing Gain

In this section, we consider the MIMO-IBC
model in the presence of the message sharing
scenarios between two BSs. Especially, we focus
on the situation of the coordinated message
sharing through a common and noiseless backbone
line between BSs. For simplicity of presentation,

we define the indicator function as [lpg, =1 if

BS ¢ knows the user messages of BS E, I/I/}(”,

and [Izg; =0 otherwise, and also represent

(1—1Iy4;) as Igg;. A specific coordinated

message  sharing scenario is labeled by

(1351, I5g,). First, we will show an expression
of the SMG for the (7},R;, Ty, R,) IBC with
(1551, I555]. Then, by utilizing the SMG results
of the IBC and the IC with coordination in [7]
and [15], respectively, we characterize the SMG
of the (M,K,N,M,K,N) MIMO-IBC with
coordination.

From [7], the SMG of the (Tl,Rl,TQ,RQ)

IBC with or without coordinated BSs is given as

e, By 1, Ry

(Iss1 V Ipsz)(T1 + 1)
+(Igs1 L Ipse)max(71y,15),
= min Ry + Rs,
max (1] + IgsaTo, Ra).
max(Ty + Igsi 11, 1)

@

where V and 1 denote the OR and NOR
operators, respectively. This result means that the
IBC system with [1,0] or [0,1] coordination
scenarios can achieve the SMG of the IC with
the corresponding transmit coordination regardless
of the antenna configurations. Here the SMG of
the (7, LR, T Q,RQ) IC with coordinations is

derived in [15] as

7]1[?351-[852] (Tl. Ry, 15, Rg)

= 1min D+ Iy, I + 1o,
- Ipso max(1Y, Ry), Ipsy max(1y, By) |

3

Especially, for the [1,1] case, the
(Tl,Rl,TQ,RQ) IBC model reduces to a

single-cell MISO BC with 7} + 7, BS antennas
and R, + R, users, which has the SMG of
min (7, + 7y, R, + R,).

Additionally, for the [0,0] case, it is important
to notice that the SMGs of the IC and the IBC

with (7] 1, Ry, TQ,RQ) configuration are given as
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7]](:(TI.R1.T2.R2)

= min L+ 1o, B+ R,
o max (1Y, Re), max(1s, Fy)

“4)

mec (11, Ri,Ta, R2)
~ in max(1y,15), Ry + Ra,
- max(1y, Ro), max (1>, Ry)

®)

respectively. Setting 7; = M and R, = K;N

?
(1=1,2) in (4) and (5), we observe that the
IBC can achieve the SMG of IC as long as
M = min (KN, K,N) lack of
[51

despite the

receive cooperations™. In other works, disabling
receive cooperation of the IC causes a SMG loss
for certain antenna configurations. Here, since the
MIMO-IBC can be considered as a system with
partial receive  antennas

cooperation among

compared to the IBC, it follows

MBC = 7MIMO-IBC < 1IC OF TIBC < IMIMO-IBC = 7JIC
for M < min(K N, Ky N),

MIBC = MIMO-IBC = Hic  otherwise.

(0)
Therefore, we are interested in the SMG
derivation for the case where the number of total
user antennas in each cell is greater than that of
the BS antennas in (6). From this starting point,
we can derive that the SMG in the

(M, K\N,M,K,N ) MIMO-IBC is exactly given
[12]
as .
IMIMO-IBC (‘1_[ KN, M, I(gﬂ“r)
= min {2;\[. (K| + K5)N, max(M, N)}.

@)
Now we can readily analyze the SMG of the
MIMO-IBC in the presence of coordinated BSs.

From (2) and (3), we can characterize the SMG

equations at the same antenna configurations as

380

rh[é(o] = r]l[é % — min (T1 + 15, Ry + Ry, max(T7, Rz))
r]I[B)(l] = ’fl[c' } = min (Tl + Ts, Ry + R, max(Ty, Rl))
r]I[B'C] = 7]1%'1] = min (Tl + 15, Ry + Bg).

As a result, if there exists at least one

coordinated BS,

performance loss in the context of the SMG

the IBC does not incur a
compared to the IC with coordinations.
Furthermore, as distributed receive antennas cannot
increase the SMG, it is also possible for the
(M, KN, M, K,N) MIMO-IBC with

coordinations to achieve the SMG of the

K1=3 and K2=N=2
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Table 1. Comparison of the SMGs for IC, IBC and MIMO-IBC with (M, K\N,M,K,N ) for various coordinations

‘ No. ‘ Condition ‘ Coordination ‘ SMG
1 [{s1 = 0, Ipsa = 0]
2 o Igsy = 1,Ips2 = 0
M = min(K1N, K2N) [ _} MBC = TMIMO-IBC = 7)IC
3 [/Bs1 =0, Ipsa = 1]
4 [Ips1 = 1. Ips2 = 1]
5 [fBs1 = 0, Ipsa = 0] | mBc = MMmMoIBC < 7IC
6 T =1,Igso =0
N < M < min(KiN, KoN) |88t = L Tes> = 0
7 [Is1 = 0,Ipsa = 1] | "MBC = TMIMO-IBC = 7IC
8 [/s1 = 1. Igsa = 1]
9 [{gs1 = 0,Ipsa = 0] | mBc < fMIMO-IBC < 7IC
10 T =1,Igs20 =10
M < min(K{N, K3N) Mo N <o | Bst =L sz =0
11 [Igs1 = 0, 1Ipso = 1] | MBC = MMIMO-IBC = 7IC
12 b =1,Iggp =1
M< N [7Bs1 = 1, Ips2 = 1]
13 [fBs1 = 0, Ipsa = 0] | mBc < MMIMOIBC = 7IC
14 T =1,Igso =0
OM < N [{Bs1 . Ipsa = 0]
15 [fps1 = 0. Ipso = 1] | MBC = TMIMO-IBC = 7/IC
16 [fBs1 = 1, Ipsa = 1]
(M K\ N, M,K,N ) IC with the same can see that some of the SMG loss from
coordinations except when [0,0] and distributed processing is recovered by allowing

M < min (KN, K,N)[12]. As derived in [12]
for the case of [0,0], the (MKlN,MKQN)
MIMO-IBC results in a SMG loss compared to
the IC only if A< min(K,N, K,N). In

summary, we provide the SMG for the
MIMO-IBC with coordinations in the following
corollary.

Corollary 1. The SMG of the MIMO-IBC with
coordinated message sharing at the BSs is given
by

It 2 (M, K N, M, N
M, (K, + K2)N,
Ipsy max(M, K1 N), Igso max(M, Ko N),
(Igs1 L Ipso) max(M, N)

= min

In Figure 3, plot

e lsed (0K N, M, K,N) as a function
of the number of BS antennas for the case of
K, =3 and K, = N=2. From this figure, we

we

coordinated  message between  two
distributed BSs (also see [16]). However, for all
coordination scenarios, the SMG cannot be greater

than min (20, (K, + K,)N).

[[BSI ’ [BSZ]

mnios oM, Ky N, M, K, N) with respect to
the number of user antennas for the case of
M=4, K, =3 and K, = 2. Especially, when
N =4, the SMG the MIMO-IBC

induced by partially disabling receive cooperation

sharing

Figure 4 shows

loss of

is significantly recovered by the coordinated BS.
Based on (2), (3) and Corollary 1, a couple of
observations can be made about the SMG, which

are summarized in Table 1.

IV. Conclusion

In this paper, a two-cell multiuser MIMO
downlink system has been modeled as two
mutually interfering MIMO broadcast channels.

Studying the MIMO-IBC brings out some

381
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interesting aspects of multicell multiuser MIMO
transmission scenarios since the IC and the IBC
are special cases of this channel. Motivated by
the earlier work about the IC and the IBC, we
have investigated the SMG with the transmitter
cooperation as well as the distributed receive
antennas. From a coordinated message sharing
scheme, we have shown that if one of two BSs
is a coordinated one, the SMG of the MIMO-IBC
has no degradation compared to the IC with full
receive cooperation. For the future work, finding
expression of the DOF of the
MIMO-IBC with

channels would be a challenging and meaningful

an exact

time-varying/frequencyselective

work.
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