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Recently, the remarkable capacity potential of multiple-input multiple-output (MIMO) wireless communication systems was
unveiled. The predicted enormous capacity gain of MIMO is nonetheless significantly limited by cochannel interference (CCI)
in realistic cellular environments. The previously proposed advanced receiver technique improves the system performance at
the cost of increased receiver complexity, and the achieved system capacity is still significantly away from the interference-free
capacity upper bound, especially in environments with strong CCI. In this paper, base station cooperative processing is explored
to address the CCImitigation problem in downlinkmulticell multiuserMIMOnetworks, and is shown to dramatically increase the
capacity with strong CCI. Both information-theoretic dirty paper coding approach and several more practical joint transmission
schemes are studied with pooled and practical per-base power constraints, respectively. Besides the CCI mitigation potential,
other advantages of cooperative processing including the power gain, channel rank/conditioning advantage, and macrodiversity
protection are also addressed. The potential of our proposed joint transmission schemes is verified with both heuristic and realistic
cellular MIMO settings.

Keywords and phrases: base station cooperation, cochannel interference, dirty paper coding, macrodiversity, rank deficiency,
vector broadcast channel.

1. INTRODUCTION

In the past few years, demand for broadband wireless data
access has grown exponentially. For example, existing third-
generation networks provide up to 2Mbps indoors and
144 kbps in vehicular environments; while the minimum
speed currently targeted for fourth-generation systems is
10–20Mbps indoors and 2Mbps in moving vehicles. Re-
cently, the remarkable capacity potential of multiple-input
multiple-output (MIMO) systems has been unveiled [1, 2].
A (flat-fading)MIMO channel, typically modeled as amatrix
with independent and identically distributed (i.i.d.) complex
Gaussian entries, provides multiple spatial dimensions for
communications and yields a spatial multiplexing gain. At
high signal-to-noise ratio (SNR), Shannon capacity can in-
crease linearly with the minimum number of transmit and
receive antennas.

However, achieving the predicted enormous capacity
gains in realistic cellular multiuser MIMO networks could

be problematic. First, for realistic cellular systems, the shar-
ing of common system resources by multiple users and the
frequency reuse among adjacent cells will bring in cochan-
nel interference (CCI), which may greatly diminish the ad-
vantages of MIMO systems [3]. Another problem in achiev-
ing these dramatic capacity gains in practice, especially for
outdoor deployment, is the rank deficiency and ill-condition
of the MIMO channel matrix. This is mainly caused by the
spatial correlation due to insufficient scattering and antenna
spacing [4, 5], and sometimes by the “keyhole” effect even
though the fading is essentially uncorrelated on each end of
the channel [6]. Finally, the effect of the large-scale fading,
largely neglected in current MIMO study, may also induce
negative impact on the anticipated performance.

The study on the performance of interference-limited
multicell multiuser MIMO attracted research attention only
recently [3, 7]. The study in [3] indicated the ineffective-
ness of a MIMO system in an interference-limited environ-
ment, when CCI is treated as background noise. Motivated

mailto:hzhang@ncsu.edu
mailto:Huaiyu_Dai@ncsu.edu


BS Cooperation in Multicell Multiuser MIMO 223

by this study, multiuser detection (MUD) and turbo de-
coding have been explored to significantly improve the per-
formance of MIMO systems in a multicell structure [8, 9].
Such advanced receiver techniques improve the system per-
formance at the cost of increased receiver complexity. While
they are readily applicable today at base stations (BSs) or
access points (APs) for uplink processing of wireless net-
works, they still impose challenges for the design of mobile
stations (MSs) in downlink communications, which is con-
sidered to be the bottleneck for next-generation high-speed
wireless systems. Furthermore, it is also found that there is
a significant performance gap between the obtained MUD
capacity and the single-cell interference-free capacity upper
bound, especially in environments with strong CCI. This
advocates a need to devote more system resources for per-
formance enhancement in the downlink multicell multiuser
MIMO networks.

The idea naturally arises to move the CCI mitigation
to the transmitter (BS) side on the downlink, where com-
plex structure and advanced processing can be more easily
accommodated, if channel state information (CSI) can be
obtained at the transmitter side either through uplink es-
timation or through a feedback channel, for low user mo-
bility scenarios such as indoor or outdoor pedestrian en-
vironments. Moreover, as multiple users in multiple cells
are involved, cooperative processing at relevant BSs can be
exploited. This approach is feasible, as in the current in-
frastructure that is common to both cellular communica-
tions and indoor wireless internet access, the BSs and APs
in the system are connected by a high-speed wired back-
bone that allows information to be reliably exchanged among
them. This approach is also reasonable, as in environments
with strong interference, a mobile usually experiences several
comparable and weak links from surrounding radio ports,
where soft handoff typically takes place in current CDMA
networks. In this scenario, cooperative processing among
relevant ports transforms the obstructive interference into
constructive signals, which should offer large performance
improvement. Joint transmitter preprocessing for single-cell
multiuser MIMO communications has aroused much re-
search interest recently (see, e.g., [10, 11, 12]). BS cooper-
ation approach is proposed in [13] to enhance the down-
link sum capacity (throughput) with single-input single-
output (SISO) systems employed in each cell, by implement-
ing dirty paper coding (DPC) proposed in [14]. In this pa-
per, both information-theoretic DPC and some more practi-
cal joint transmission schemes will be studied with coopera-
tive multicell BSs for downlink multiuser MIMO communi-
cations. Our analysis in general provides an upper bound for
achievable performance with BS cooperation, which defines
a common benchmark to gauge the efficiency of any practical
scheme. The key contributions of this paper are summarized
as follows.

(i) A common framework is proposed for the study of
joint transmissions with cooperative BSs for downlink
multicell multiuser MIMO networks with both pooled
and individual power constraints.
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Figure 1: A multicell multiuser MIMO system with Nb = 3, K = 3.

(ii) The potential of BS cooperative processing on
CCI mitigation is explored from both information-
theoretic and practical signal-processing standpoints,
and is shown to significantly outperform the advanced
receiver techniques and conventional noncooperative
signaling.

(iii) Other advantages of BS cooperative processing are also
addressed, including power gain, channel rank/
conditioning advantage, and macrodiversity protec-
tion.

(iv) Simulations results with both heuristic and realistic
scenarios have been provided to demonstrate these ad-
vantages, and some practical concerns including syn-
chronization issues are carefully addressed.

The rest of the paper is organized as follows. The sys-
tem model and problem formulations are given in Section 2.
The concept of BS cooperation together with theoretical
and practical joint transmission schemes is discussed in
Section 3. Other advantages of BS cooperation including
power gain, rank/conditioning advantage, and macrodiver-
sity protection are further addressed in Section 4. Some prac-
tical concerns are discussed in Section 5 and numerical re-
sults are provided in Section 6 to verify the main points of
this paper. Finally, Section 7 contains some concluding re-
marks.

2. SYSTEMMODEL AND PROBLEM FORMULATIONS

Suppose in general that there are K cochannel mobile users
arbitrarily distributed in the downlink multicell system, with
Nr being the number of receive antennas at each MS, and
Nt the number of transmit antennas at each BS, respec-
tively. Suppose that Nb is the total number of cochannel ad-
jacent BSs in the system; so (Nt ,Nr ,Nb,K) can be used to
represent the overall system, as in Figure 1 for a case with
Nb = K = 3. With nondispersive flat-fading assumption,
let {Hb, j}Nb

b=1,
K
j=1 be the small-scale fading channel matrix

from BS b to MS j with zero-mean unit-variance complex
Gaussian entries (assuming rich scattering); and let {ab, j}
be the corresponding large-scale fading coefficients with
a2b, j = PLb, jSb, j , where PLb, j = β0d

−γ
b, j represents the path

loss, with β0 a propagation constant, db, j the propagation
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distance, γ the path loss exponent, while Sb, j denotes the
shadow fading, typically modeled as a log-normal random
variable with standard deviation σ . Note that on the down-
link, if MS j is in cell b, ab, jHb, j represents an in-cell channel;
otherwise, it is an intercell channel.

2.1. Traditional noncooperative scenario
with single-cell signaling

In this scenario, a mobile only communicates with its own
BS, while a BS may accommodate multiple mobile users.
A single-user matched filter front-end is implemented at
the mobile receiver to convert the received waveform into a
discrete-time signal [15]. Let bj (bj ∈ {1, . . . ,Nb}) represent
the associated BS of user j. The equivalent discrete-time re-
ceived signal of user j after matched filtering and sampling
can then be expressed as

y j = abj , jHbj , jx j +
∑
k �= j

abk , jHbk , jx
′
k− j + n j , j = 1, 2, . . . ,K ,

(1)

where x j is the transmitted signal intended for user j, and
n j is the background noise. In (1), the interference signal
abk , jHbk , jx

′
k− j can come from any BS including bj (when

bk = bj). We assume that the matched filter at MS j can syn-
chronize with the signature waveform of its desired signal,
but not with the waveforms of the signals intended for other
users. So we use x′k− j to represent the equivalent discrete-time
transmitted signal intended for user k and asynchronously
received at MS j after matched filtering, which is a certain
linear combination of two temporally consecutive symbols
of xk. The background noise is assumed to be circularly sym-
metric complex Gaussian with covariance matrix Φn = N0I,
where I denotes an identity matrix. Transmit signals for all
K users are assumed to be mutually uncorrelated, and inde-
pendent of the background noise. In general, a preprocess-
ing Nt × Lj matrix T j is applied to the transmitted data for
user j as x j = T js j , where the Lj × 1 vector s j represents
the actual data intended for user j, assumed to have i.i.d.
complex Gaussian entries with zero mean and unit variance
(E(s jsHj ) = I). The signal intended for user j is transmitted

with a power of E[Tr(x jxHj )] = Tr(T jTH
j ) = PU− j . If there is

no CSI available at the transmitter, the power is equally allo-
cated among Nt transmit antennas at each BS with

T j =
√

PU− j
Nt

I. (2)

Otherwise, the transmitter precoding at each BS can be de-
signed as

T j = V jΛ j , (3)

where V j collects the first Lj right singular vectors of the
desired channel matrix abj , jHbj , j , and Λ j is a diagonal ma-
trix representing the powers allocated for each eigenmode of

user j with the power constraint PU− j . To maximize the mu-
tual information for user j, the water-filling algorithm can
be used for power allocation. However, it is easy to show that
equal power allocation among the Lj nonzero eigenmodes of
abj , jHbj , j will result in a negligible capacity loss compared to
water filling, especially at high SNR regime. Therefore, the
following transmit signaling is often employed for simplic-
ity:1

T j = V j

√√√√PU− j
L j

I. (4)

A lower bound for single-cell signaling schemes can be
derived with the conventional single-user detector, which
simply treats CCI as an additive white Gaussian noise. The
spectral efficiency for user j with this conventional single-
user detector is then given by [8]

Rj−conv = log

∣∣∣∣∣∣∣I +
a2bj , j(

N0 +
∑

k �= j PU−ka
2
bk , j

)Hbj , jT jTH
j H

H
bj , j

∣∣∣∣∣∣∣,
(5)

in which T j can be designed using (2)–(4) based on the
availability of CSI at the transmitter. On the other hand, the
single-cell signaling interference-free upper bound unrealis-
tically assumes no interference at the receiver of MS j:

Rj−single cell = log

∣∣∣∣∣I +
a2bj , j

N0
Hbj , jT jTH

j H
H
bj , j

∣∣∣∣∣

=
Lj∑
l=1

log
(
1 +

Pl
N0

λ2l

)
,

(6)

where the second equality follows from the singular value de-
composition (SVD) of abj , jHbj , j .

The receiver MUD schemes proposed in [8, 9], includ-
ing the group linear minimum mean square error (MMSE)
detector, the group MMSE successive interference cancella-
tion (SIC) detector, and the adaptive multiuser detector, can
improve the performance of MIMO systems in a multicell
structure. However, they require MS j to know not only its
desired channel, but also the interfering channels, and some
receivers may need to detect both the desired and interfering
signals. They can be readily implemented at BS for CCI miti-
gation on the uplink, but may still be impractical for current
MS on the downlink because of their complexity. Further-
more, it is found in [8, 9] that the performances of the mul-
tiuser receivers are still far from the interference-free upper
bound (6), especially in environments with strong interfer-
ence, which indicates a need to exploit more system resources
for throughput enhancement.

1Note that signaling (4) is equivalent to (2) for full-rank channels, but
significantly different otherwise.
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2.2. BS cooperation scenario

For BS cooperation schemes, the transmit signal for each user

is spread over all Nb BS. Then x j = [x[1]Tj , x[2]Tj , . . . , x[Nb]T
j ]T ,

where x[b]j is the transmitted signal intended for user j from
BS b. With the assumption that the transmitter knows the
propagation delay for each BS-MS pair, x j can be precom-
pensated for the different delays from different BSs to MS j.
So MS j can still receive a synchronized x j :

y j = HE jx j +
∑
k �= j

HE jx′k− j + n j , (7)

where

HE j =
[
a1, jH1, j , a2, jH2, j , . . . , aNb , jHNb , j

]
Nr×NtNb

, (8)

and in x′k− j = [x[1]
′T

k− j , x[2]
′T

k− j , . . . , x[Nb]′T
k− j ]T , x[b]

′
k− j represents

asynchronous reception of x[b]k at MS j, given that xk can-
not be precompensated for MS j during joint transmission.
In this scenario, the transmit matrices {T j} are of the di-
mension NtNb × Lj , and {T j}Kj=1 are designed only based

on the characteristics of {HE j}Kj=1, which are assumed to
be constant over a much longer period than the largest de-
lay among all BS-MS pairs in the system, with the qua-
sistatic fading channel assumption. So {T j} are constant
during this time period and we have x′k− j = Tks′k− j , where

s′k− j = [s[1]
′T

k− j , s[2]
′T

k− j , . . . , s[Nb]′T
k− j ]T , and s[b]

′
k− j is the correspond-

ing asynchronous reception of the substreams in sk trans-
mitted from BS b, as discussed above. Therefore, (7) can be
rewritten as

y j = HE jTs[ j] + n j , (9)

where T = [T1,T2, . . . ,TK ]NtNb×
∑

k Lk , and sT[ j] = [s′1− j
T , . . . ,

s′j−1− j
T , sTj , s

′
j+1− j

T , . . . , s′K− j
T]∑

k Lk×1. For simplicity, we still
assume that {s′k− j} have i.i.d. complex Gaussian entries with
zero mean and unit variance.

The key problem of joint transmit processing among co-
operative BSs is to jointly design a transmit matrix T to mit-
igate CCI and enhance the system spectral efficiency with ei-
ther a pooled power constraint

E

[ K∑
k=1

Tr
(
xkxHk

)] = Tr

( K∑
k=1

TkTH
k

)
≤ Pt , (10)

or more practical per-base power constraints

E

[ K∑
k=1

Tr
(
x[b]k x[b]Hk

)]

= Tr
(
T[b]T[b]H

)

= Tr

( K∑
k=1

T[b]
k T[b]H

k

)

≤ PB−b, b = 1, 2, . . . ,Nb,

(11)

where T[b] and T[b]
k are the rows in T and Tk corresponding

to the transmit antennas at BS b, respectively. In our study,
since MS j is not interested in correctly detecting sk, for k �=
j, the design of the joint transmit matrix T is actually not
affected by the asynchronous receptions of interfering signals
and {s′k− j} can be simply viewed as the data of some virtual
synchronous interfering users.

3. JOINT TRANSMISSION TECHNIQUESWITH
BASE STATION COOPERATION

As seen in Figure 1, by cooperating the Nb adjacent BSs, the
downlink of a (Nt ,Nr ,Nb,K) multicell multiuser MIMO sys-
tem forms a vector broadcast channel (BC), in which the
NT = Nt ×Nb transmit antennas are distributed among the
Nb radio ports (or BSs). Unlike traditional BC with colocated
MIMO channels, the channel gains from any two antenna el-
ements at different BSs are independent. With BS coopera-
tion, the system resources can be pooled together for more
efficient use. In particular, the severe CCI problem can be
effectively controlled and significant performance improve-
ment can be achieved. Meanwhile, the complexity at MS can
be significantly reduced.

In the following, the potential of cooperative processing
for system capacity enhancement is first studied from a the-
oretical standpoint, by extending the DPC approach with a
pooled power constraint (10) to the downlink multicell mul-
tiuser scenario. Then some more practical suboptimal trans-
mission schemes with more practical per-base power con-
straints (11) will also be investigated.

3.1. Performance upper bound: dirty paper
codingwith pooled power constraint

For a systemwith perfect data and power cooperation among
Nb BSs, we can implement the throughput-achieving DPC
[2, 14], at the vector BC formed by cooperative BSs, to obtain
a system performance upper bound. Note that with the asyn-
chronous vector BC model (7), we apply DPC in a slightly
different way, where the encoder for the “current” user needs
to noncausally know not only the encoding of “previous”
users and associated CSI, but also the corresponding prop-
agation delays to precancel the interference from “previous”
users. The rate of each user and the (optimal) sum rate can
then be expressed as

Rπ( j)−DPC(T)

= log

∣∣∣N0I +HEπ( j)

(∑
k≥ j Tπ(k)TH

π(k)

)
HH

Eπ( j)

∣∣∣∣∣∣N0I +HEπ( j)

(∑
k> j Tπ(k)TH

π(k)

)
HH

Eπ( j)

∣∣∣ ,
(12)

SRDPC = max
Tr(TTH )=Pt ,π


∑

π( j)

Rπ( j)−DPC(T)


, (13)

where T is given in (9), and π(1),π(2), . . . ,π(K) represents a
certain user ordering. By applying the duality of the BC and
multiple-access channel (MAC) [16], (13) can be obtained
by calculating the sum rate of a dual MAC with the same
total power constraint Pt. Iterative numerical methods that
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jointly optimize (13) on the dual uplink were proposed (see,
e.g., [17, 18]) based on the iterative water-filling algorithm
proposed in [19]. Furthermore, it is shown that (13) is actu-
ally the saddle point (with worst-case colored noise) of the
Sato’s bound, which is the sum rate of a heuristic cooperative
system where both transmitters and receivers can cooperate
with each other, given by [20]

SRSato = max
Tr(TTH )≤Pt

log

∣∣Φn +HTTT
HHH

T

∣∣∣∣Φn

∣∣ , (14)

where HT = [HT
E1,H

T
E2, . . . ,H

T
EK ]

T and Φn is the noise co-
variance matrix.

In [13], the concept of DPC on cooperative BS is pro-
posed with a simple scalar channel for each cell. A subop-
timal algorithm, DPC with linear preprocessing (LP-DP), is
exploited to simplify the optimization procedure involved in
(13), with a negligible performance penalty. It is also proved
that LP-DP is asymptotically optimal at high SNR [21]. For
the special case of K = Nb, we can extend LP-DP to our mul-
ticell MIMO vector BC scenario as in Appendix A. In short,
by applying LQ decompositions and DPC, we can get K par-
allel interference-free channels for the K users, with the sum
rate

SRLP-DP =
K∑
j=1

Lj∑
l=1

log

∣∣∣∣∣1 +
Pj,lλ

2
j,l

N0

∣∣∣∣∣, (15)

where Pj,l and λj,l are the allocated power and singular
value for the lth nonzero eigenmode of user k’s virtual
interference-free channel, respectively.

DPC with per-base constraints is much more involved, as
the MAC/BC duality does not hold any more. DPC has not
been shown to achieve the capacity region or even the sum
capacity with constraints (11). Complex iterative multistage
numerical methods for cooperative DPC with constraints
(11) are proposed in [2, 22, 23], in which a small piece of
power is invested to a certain selected user until one of the
BS reaches its power constraint. The path gains correspond-
ing to this BS are then set to zero in subsequent stages so that
no further power is allocated to these antennas. In general,
(11) is more strict than (10), so a performance degradation
is expected.

Although the DPC scheme with a pooled power con-
straint gives us a simple performance upper bound for BS
cooperation, some unrealistic assumptions are made, such
as the noncausal knowledge of interference sequence at the
transmitter, which motivates the exploration of more prac-
tical joint transmission schemes, as will be discussed in the
following.

3.2. Suboptimal joint transmission schemes for BS
cooperationwith per-base power constraints

DPC is an information theoretical approach that can demon-
strate the potential of joint transmission with cooperative
processing. In this part, several suboptimal but more prac-
tical joint transmission schemes with the more practical per-

base power constraints are exploited for better understand-
ing of the achievable performance gains of BS cooperative
processing in practice. Essentially these techniques are coun-
terparts of correspondingmultiuser detectors, some of which
have been revisited in the colocated MIMO context recently
[10, 24, 25]. These suboptimal joint transmission schemes
will be compared with both the receiver MUD approaches
[8, 9] and DPC approaches in Section 6.1. In general, the fol-
lowing expression holds true for the spectral efficiencies of
user j with these joint linear transmission schemes (except
TDMA):

Rj−subopt(T)

= log

∣∣∣∣∣∣∣I +

N0I +HE j


∑

i�= j

TiTH
i


HH

E j



−1

HE jT jTH
j H

H
E j

∣∣∣∣∣∣∣,
(16)

where different schemes correspond to different choices of
transmission matrices {T j} or T with the constraints (11).
As discussed in Section 2, the design of {T j} only depends
on {HE j}, but not on the transmitted signals, so the asyn-
chronous receptions in (7) assume no influence on such de-
signs, if precompensation for each user’s data is implemented
at the joint transmitter. Intuitively, compared with DPC, (16)
may induce more transmit power inefficiency, as T is respon-
sible for the mitigation of interference from both “previous”
and “subsequent” users, and per-base power constraints are
implemented instead of a pooled power constraint.

Before discussing these suboptimal joint transmission
schemes in detail, we first propose a simple algorithm for de-
signing T with per-base power constraints. Let LT =

∑K
k=1 Lk

be the overall number of data streams of K users. Suppose
that a preliminary joint linear transmit matrix GNbNt×LT is
given, whose designs will be introduced in the sequel. Our
design of T with per-base power constraints (11) is given by

T = G·Ω, (17)

whereΩ is an LT×LT diagonal matrix with diagonals {µl}LTl=1,
each representing the allocated power for the corresponding
original data stream. Since typically LT � Nb and there are
only Nb per-base power constraints in (11), we can further
divide {µl}LTl=1 intoNb groups, each with LT/Nb elements hav-
ing the same value:

Ω = blockdiag
(
µ1I,µ2I, . . . ,µNbI

)
. (18)

Further define

QNb×Nb =




∥∥∥G[1]
1

∥∥∥2
F

∥∥∥G[1]
2

∥∥∥2
F
· · ·

∥∥∥G[1]
Nb

∥∥∥2
F∥∥∥G[2]

1

∥∥∥2
F

∥∥∥G[2]
2

∥∥∥2
F
· · ·

∥∥∥G[2]
Nb

∥∥∥2
F

...
...

...
...∥∥∥G[Nb]

1

∥∥∥2
F

∥∥∥G[Nb]
2

∥∥∥2
F
· · ·

∥∥∥G[Nb]
Nb

∥∥∥2
F



, (19)
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where G[b]
j is an Nt × LT/Nb submatrix in G, correspond-

ing to the transmit weights at BS b for the jth group of data
streams as defined above. Let P = [PB−1,PB−2, . . . ,PB−Nb]

T be
the per-base power constraint vector. Then we can calculate
Ω by solving the linear system equation

µ = [µ21,µ22, . . . ,µ2Nb

]T = Q−1P. (20)

When an infeasible solution (µ does not have all positive en-
tries) is obtained, we can refine it as

Ω = µI, µ = min
b=1,2,...,Nb


 PB−b∥∥G[b]

∥∥2
F


, (21)

where G[b] is the rows of G corresponding to transmit anten-
nas at BS b. Note that (20) can utilize the full power at each
BS, while in (21), only the BS satisfying the minimum value
can transmit with full power and any other BS transmits with
a power less than its power constraint. Nonetheless, it has
been shown that designs with per-base power constraints in-
cur insignificant performance loss for linear joint transmis-
sion schemes compared to the corresponding designs with
pooled power constraint, thus demonstrating the applicabil-
ity of these joint transmission schemes in realistic cellular
communications. These suboptimal schemes are illustrated
as follows.

TDMA

The simplest way of totally eliminating CCI is to imple-
ment time-division multiple access (TDMA) in the multicell
downlink. At each time slot, the network services one single
user, and all the antenna elements and transmit power are
employed for such transmission, with the precompensation
of different delays. The spectral efficiency of user j with joint
TDMA signaling is then given by

Rj− TDMA = 1
K

log
∣∣I +HE jTT

HHH
E j

∣∣, (22)

with the joint transmission matrix T = G·Ω exclusively
designed for user j. During the time slot for user j, the
preliminary transmission matrix can be expressed by G =
[0, 0, . . . ,V j , . . . , 0], in which V j collects the first Lj right sin-
gular vectors of HE j . Since (19) is singular, the diagonal ma-
trixΩ is calculated by (21) to satisfy the per-base power con-
straint as discussed above. As is already known, from the sys-
tem capacity viewpoint, it is beneficial to serve multiple users
simultaneously and actively control the CCI rather than to
allow one single user to occupy the whole system resource
exclusively. This is also verified from our numerical results in
Section 6.1.

Single-user eigenbeamforming

This approach can be viewed as the counterpart of the con-
ventional single-user detector (see (5)), which implements
eigenbeamforming for each user with respect to the corre-
sponding channel matrix without considering the CCI. Thus
we have G j = V j , where V j is defined as in the TDMA

scheme, and G = [G1,G2, . . . ,GK ]. Compared with single-
cell signaling systems, this scheme only achieves a power
gain, which will be introduced in Section 4.1.

JT-ZF

Joint transmitter zero forcing (JT-ZF) approach can be
viewed as the counterpart of the multiuser decorrelator,
which employs a pseudoinverse of HT = [HT

E1,H
T
E2, . . . ,

HT
EK ]

T with

G = HH
T

(
HTHH

T

)−1
, T j = G j·Ω j , (23)

where Ω j is the corresponding jth Lj × Lj diagonal block of
Ω. With this approach, we can easily get

HE j·Ti =

ΩiI, i = j,

0, i �= j.
(24)

Then (7) can be rewritten as y j = Ω js j + n j , and inter-
ference from both other users and other substreams of the
same user are eliminated simultaneously. Just as ZF receivers
eliminate the interference at the expense of noise enhance-
ment, ZF transmitters generally increase the average transmit
power by the same factor. Furthermore, in the rank deficient
scenario whereHTHH

T is singular, this approach cannot even
be applied. These observations naturally motivate the joint
transmission design based on MMSE criterion.

JT-MMSE

Recalling the tradeoff between interference cancellation and
noise enhancement for its receiver counterpart, joint trans-
mitter MMSE (JT-MMSE) makes a good tradeoff between
interference cancellation and transmitter power efficiency,
whose preliminary joint transmission matrix is given as

G = HH
T

(
HTHH

T +
N0

Pt
I

)−1
. (25)

JT-decomp

For this approach, the preliminary transmission matrix for
user j can be described as

G j = V jV′j , (26)

where V j includes the right singular vectors corresponding
to the null space (zero singular values) of HT− j = [HT

E1, . . . ,
HT

E j−1,H
T
E j+1, . . . ,H

T
EK ]

T , and V′j includes the first Lj right
singular vectors of the virtual channel H′

E j = HE jV j . HT− j

usually has a nonzero null space, so HEiV j = 0, i �= j, can
be guaranteed. Interference from all other users is cancelled,
and we obtain a set of equivalent parallel interference-free
subchannels {H′

E j}.
The joint transmitter null-space decomposition (JT-

decomp) approach generally outperforms JT-MMSE and JT-
ZF at the cost of extra complexity, as will be seen in our nu-
merical results. There is again a potential problem with this
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approach in the rank deficient scenario. If HE j is rank de-
ficient, there will be a higher chance that null(HT− j) over-
laps with null(HE j), whichmeans that the equivalent channel
H′

E j may have reduced channel rank or even null rank (when
null(HT− j) = null(HE j)). Fortunately, as we will illustrate in
the next section, this will rarely happen in our distributed
multicell MIMO setting, as compared to the traditional colo-
cated MIMO.

4. OTHER ADVANTAGES OF BASE
STATION COOPERATION

With BS cooperation, all antennas of the relevant multicell
BSs can be jointly employed for data processing and trans-
mission. In some sense, it is equivalent to a single giant BS
or processing center. The key differences from the single-cell
scenario with colocated antennas at one BS are the widely
distributed antennas and independent large-scale fading ex-
perienced for each link between a mobile-port pair. Besides
its potential in CCI cancellation, BS cooperative processing
assumes other advantages in multicell MIMO communica-
tions, as indicated below.

4.1. Power gain

Considering a single-user interference-free channel with a
transmit power constraint PU− j with BS cooperation, the
channel changes from an Nr × Nt matrix abj , jHbj , j to an
Nr ×NtNb matrix HE j , so we get a channel power gain. Typ-
ically Nt is larger than Nr on the downlink, so both matri-
ces have a rank of Nr in rich scattering environment. From
the single-user spectral efficiency expression (6), based on
the fact that

∑
i λ

2
i = ‖H‖2F , it is easily seen that with the

same channel rank, power constraint, and power allocation
algorithm, the higher the channel power, the larger the spec-
tral efficiency. Specifically, the equivalent single-user chan-
nel power for single-cell interference-free channel abj , jHbj , j

is given by a2bj , jE[‖Hbj , j‖2F] = a2bj , jNtNr , while the single-user

channel power with BS cooperation is given by E[‖HE j‖2F] =
(a2bj , j +

∑
b �=bj

a2b, j)·NtNr . Note that by comparing the above
two equations, the relative power gain is significant if MS
j has comparable links to adjacent BSs, which represents a
strong CCI case. It will typically result in a parallel shift of
the spectral efficiency versus SNR curve at high SNR.

In general, for joint transmission schemes, transmit ma-
trix T uses a portion of the total power for interference mit-
igation, and the per-base power constraint (11) may also re-
duce the available power. Such transmit power inefficiency
may compromise the power gain achieved by BS coopera-
tion. This effect is sometimes eminent for suboptimal linear
joint transmission schemes in Section 3.2, as will be shown
in the numerical results of Section 6.1.

4.2. Channel rank and conditioning advantages

The capacity of a MIMO system is determined by the char-
acteristics of the channel matrix H. Clearly r = rank(H)
is one such important factor which determines the number

of parallel subchannels that can be opened up for indepen-
dent communications. In rich-scattering environments, full
rank can be assumed and essentially r = min(Nt ,Nr) more
bps/Hz are obtained for every 3 dB increase in power. How-
ever, in some extreme environments (e.g., the keyhole prob-
lem [6]), a MIMO system will lose its capacity advantage
(spatial multiplexing gain) over a SISO system, even though
other advantages like diversity and array gains may still pre-
serve. Another important factor influencing the MIMO ca-
pacity is the channel condition number κ = maxi λi/mini λi,
or more generally the singular value distribution of the chan-
nel matrix. Noting that equal power allocation achieves op-
timal performance at high SNR in the full channel rank case,
we conclude from (6) by Jensen’s inequality that a channel
with κ = 1 has the largest capacity, with the same power
constraint. In rich scattering environment, channel matrix
H is assumed to have normalized i.i.d. complex Gaussian en-
tries and thus is well-conditioned. In realistic environments,
H may get ill-conditioned due to fading correlation, result-
ing from the existence of few dominant scatterers, small an-
gle spread, and insufficient antenna spacing [5]. From (6), we
see that those subchannels with λ2l � 1 are essentially of no
use, even though the channel still has a full rank.

In a typical outdoor urban scenario, antenna arrays at the
BSs are elevated above urban clusters and far away from lo-
cal scattering, while mobile terminals are surrounded by rich
scatterers, and the number of independent paths is limited by
few far-field reflectors [4]. Therefore, the downlink channel
matrix with colocated transmit array can be modeled as

H = cHwAH
t , (27)

where At collects the dominant transmit array response vec-
tors, Hw is a normalized white Gaussian matrix, and c is the
normalization factor. In this case, the channel matrix may be
both rank-deficient and ill-conditioned, determined by the
propagation and system parameters.

For BS cooperation in multicell MIMO, the overall
transmit array is distributed among cooperative BSs, so in
the equivalent channel for user jHE j = [a1, jH1, j , a2, jH2, j ,

. . . , aNb , jHNb , j], {Hb, j}Nb

b=1 (all modeled as (27) for out-
door deployment) are independent of each other. The
overall number of independent links is then given by∑Nb

b=1 rank(Hb, j), which is guaranteed to be at least equal to
Nb. If Nb ≥ Nr , HE j will always have a full rank. Further-
more, the channel conditioning will not be greatly degraded
even if transmit fading correlation happens at each BS, as the
fading between different transmit antennas at different BSs is
still uncorrelated.

Because of the channel rank and conditioning advantages
with BS cooperation, joint transmission schemes in Section 3
will not significantly degrade, compared to single-cell signal-
ing with colocated antennas. In particular, the chance that
JT-ZF cannot be implemented, or the chance that null(HT−i)
overlaps with null(HEi) for JT-decomp (refer to Section 3.2),
will be greatly reduced. These suboptimal joint transmission
schemes will be shown to even outperform the single-cell up-
per bound at high SNR for rank deficient channels.
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4.3. Macrodiversity protection
for shadowing channels

Shadowing in wireless channels is a position-sensitive factor,
which means that signals from transmit antennas co-located
at the same BS are generally subject to the same shadow-
ing, while those from different BSs are subject to indepen-
dent shadowing. Under severe shadowing, the capacity of a
single-cell MIMO with colocated antennas will degrade sig-
nificantly. On the other hand, cooperative BSs can provide
themacrodiversity protection for shadowing impairment be-
cause of their independency. Intuitively, the probability that
all subchannels ofHE j are under deep shadow fading is much
lower than that of a colocated MIMO channel. Macrodiver-
sity cannot increase the mean of the received SNR, but will
greatly reduce its variance. This resulting gain with respect to
the outage capacity will be demonstrated in Section 6.3.

5. SOME PRACTICAL CONCERNS

Previous studies, such as those in [2, 13, 22, 23], ignored
the issues of asynchronous receptions for tractable analysis.
In our study, we assume that the cooperative BSs can pre-
compensate different delays in x j , which results in its syn-
chronous reception at MS j, while interfering signals are still
received asynchronously. However, for some scenarios in-
volving fast-fading and/or high mobility, the precompensa-
tion may require too much system resource. When such joint
synchronization among different BSs is not available, we can
then either implement more complex signal processing based
on asynchronous systemmodels, which directs our future re-
search, or simply restrict our attention to the scenario where
cochannel users are all around the cell borders (e.g., around
point A in Figure 1) where soft-handoff takes place so that
the synchronous receptions of both desired and interfering
signals can be assumed. To summarize, our analysis in gen-
eral provides an upper bound for achievable performance
with BS cooperation, which defines a common benchmark
to gauge the efficiency of any practical schemes. This up-
per bound becomes rather tight when joint synchronization
among different BSs is available through, for example, GPS
devices. Clearly the system performance is improved at the
cost of significant system overhead related to CSI feedback
and information exchange, which should be carefully justi-
fied in specific scenarios.

6. NUMERICAL RESULTS

In this section, simulation results are presented for both
heuristic and practical cellular scenarios to fully demonstrate
the potential of BS cooperation processing in downlink mul-
ticell multiuser MIMO networks. Sections 6.1–6.3 simulate
an ideal symmetric strong CCI scenario, which is similar
to the Wyner’s model [13, 26], and reveals the achievable
performance bounds for BS cooperative processing schemes;
meanwhile, Section 6.4 investigates the performance advan-
tage of BS cooperation over traditional single-cell signaling
schemes in a realistic cellular scenario.

6.1. Performance under Rayleigh fading

A simple symmetric three-cell scenario (2, 2, 3, 3) multicell
MIMO network with three cochannel users located in three
different cells (Figure 1) is considered, which may represent
TDMA, FDMA, or orthogonal CDMA. We also assume that
a2b, j = 0.5 (no shadowing), for all b �= bj , normalized with

respect to the in-cell large-scale fading {a2bj , j}3j=1 = 1, with-
out loss of generality, which represents a strong CCI scenario.
For single-cell signaling schemes, data for each user is trans-
mitted with an identical power {PU− j}Kj=1 = P. Rayleigh fad-
ing is assumed. Optimal DPC (13) is obtained through the
numerical algorithm in [17], and LP-DP is implemented ac-
cording to Appendix A. Pooled power constraint is imposed
for DPC schemes with Pt = 3P, while per-base constraints
(11) are enforced for all the other suboptimal BS coopera-
tion schemes. The sum rates of BS cooperation schemes and
Sato’s bound are divided by three to represent the average
rate per user, for a fair comparison with the single-cell sig-
naling schemes. Also, the lower and upper bounds in single-
cell approaches, (5) and (6), and the spectral efficiency of the
optimal multiuser receiver from [8] are given for reference.
The rate curves averaged over all fading states (ergodic rates)
are plotted in Figure 2 with respect to average transmit SNR
per user, given as ρ = P/N0.

From Figure 2, we see that the performance of the
optimal multiuser receiver is still significantly away from
the single-cell upper bound. On the other hand, the DPC
schemes for BS cooperation result in a significant perfor-
mance gain over the multiuser receivers, and they even out-
perform the single-cell upper bound and approach the Sato’s
upper bound at high SNR. Particularly, the approximate
2 bps/Hz gap between the Sato’s bound (as well as DPC
schemes) and single-cell upper bound at high SNR, which
is resulted from the power gain, can be verified through their
equivalent channel power evaluation (see Appendix B).

As discussed in Section 4.1, suboptimal joint transmis-
sion schemes reduce interference at the expense of trans-
mitter power inefficiency, which may compromise the power
gain and may result in a performance worse than the single-
cell interference-free upper bound. This can be observed in
Figure 2. Nonetheless, all these suboptimal joint transmis-
sion schemes except the single-user eigenbeamforming sig-
nificantly outperform the multiuser receivers, thus verify-
ing the capability of BS cooperation in practical deployment.
Furthermore, from Figure 2, we can see that the JT-decomp
approach outperforms JT-MMSE at the cost of extra com-
plexity, and that JT-ZF converges to JT-MMSE at high SNR,
which is a well-known result. TDMA performs worse than
JT-ZF at high SNR, where JT-ZF’s interference cancellation
advantage becomes more eminent, which confirms our pre-
vious prediction.

It is not difficult to prove that power gain is the major
factor influencing the spectral efficiency at low SNR. There-
fore, the single-user eigenbeamforming with BS cooperation
is better than the receiver MUD at low SNR because of its
power gain; but it gets worse at high SNR because it does
not actively mitigate the interference. The gap between the
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Figure 2: Spectral efficiencies for Rayleigh fading ((2,2,3,3) symmetric scenario).

single-user eigenbeamforming with BS cooperation and the
conventional single-user detector is the same as the gap be-
tween Sato’s bound and single-cell upper bound due to the
power gain.

6.2. Rank deficient case

Now we use the same parameter setting as in Section 6.1, ex-
cept that the channel model of (27) is used for {Hb, j} with
one dominant path, so the ranks of {Hb, j} are one. From
Figure 3, we can see that the spectral efficiencies of single-
cell signaling schemes and the single-cell upper bound de-
grade (cf. Figure 2) because of the reduced channel rank.
Notice that different rank results in different slopes of the
rate curves. From Figure 3, we can see that there is a 2
more bps/Hz spectral efficiency gain for every 3 dB trans-
mit SNR increase for BS cooperation schemes, while there
is only a 1 bps/Hz gain with the same transmit SNR increase
for the single-cell upper bound. That is why JT-ZF and JT-
decomp can even outperform the single-cell upper bound
at high SNR, as the spatial multiplexing gain compensates
the power inefficiency. Thanks to channel rank and condi-
tioning advantages with BS cooperation, performances of all
joint transmission schemes do not deteriorate significantly in
this deficient channel (cf. Figure 2), including the otherwise
problematic JT-ZF and JT-decomp schemes.

6.3. Macrodiversity

In this simulation, besides the path loss as defined in
Section 6.1, shadowing effect is considered for {ab, j} which

are independent for different BSs. p = 10% outage capac-
ity is evaluated for the same (2, 2, 3, 3) symmetric scenario
as above. In Figure 4, we compare the outage spectral effi-
ciency of the single-cell interference-free upper bound with
that of the BS cooperation scheme JT-decomp (26), with
the shadowing standard deviation σ ranging from 6 dB to
15 dB. Rayleigh fading is again assumed for {Hb, j}. Because
of the macrodiversity protection, we can see that the outage
spectral efficiency of JT-decomp is much more robust than
that of the single-cell upper bound when subject to shadow
fading outperforming it at severe shadowing scenarios.

6.4. Simulation of a realistic cellular scenario

We now further consider a more realistic (2, 2, 3, 3) system
in which users with low mobility can be arbitrarily located
so that average CCI for each user will be reduced compared
with the scenario assumed in Sections 6.1–6.3. Suppose that
in a realistic downlink scenario as in Figure 5, three BSs use
the same frequency band. By using 120-degree sectoring in
each cell, we are interested only in the shadowed area in
which three users are uniformly distributed. The radius of
each cell is 1000m, which represents an urban scenario. We
only consider the interference from three BSs. Signals from
other far away BSs can be approximately treated as additive
white Gaussian noise. Rayleigh fading is assumed for small-
scale fading. For the large-scale fading a2b, j = PLb, jSb, j , an

urban-area-based path loss expression PLb, j = β0d
−γ
b, j is em-

ployed with β0 ≈ 1.35 × 107 and γ = 3 [27], while shadow
fading Sb, j is simulated with σ = 8dB.
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Four schemes are simulated: (1) conventional single-user
detector(5); (2) the optimal multiuser receiver in [8]; (3) JT-
decomp (26) with precompensation; (4) JT-decomp without
precompensation. Identical power constraint for each BS is

assumed, with transmit SNR of 25 dB at each BS. Note that
due to the path loss, the received SNR associated with the
in-cell signal for MS at the cell borders will be weak and
comparable with the interfering signals. For conventional
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Figure 5: A realistic three-cell scenario.

single-cell signaling schemes (schemes (1) and (2)), a mo-
bile user selects its associated BS with the largest path gain
including the shadowing effect, and the power constraint at
each BS is equally allocated to the in-cell users; while for the
other two BS cooperation schemes, we use (20)–(21) to re-
alize the power allocation. In scheme (4), with synchroniza-
tion concerns, if db, j − dbj , j < ∆, which corresponds to the
case when user j is located around point A or the cell bor-
ders (bold solid lines) in Figure 5, we can add BS b to the BS
set ofMS j denoted as β j . We assume that signals transmitted
from BSs in β j can be synchronously received at MS j, so JT-
decomp is applied only if more than one user have the same
BS set. Otherwise, single-user eigenbeamforming at cooper-
ative BSs within β j is implemented. On the other hand, joint
transmission can always be conducted regardless of MS loca-
tions for scheme (3). Also for comparison, an interference-
free scenario is drawn with the same per-user power as in
schemes (1) and (2), which unrealistically assumes that the
signals for three users each with single-cell signaling are or-
thogonal so that they do not interfere with each other, and
the per-user rate is similar to (6).

Figure 6 shows the cumulative distribution functions
(CDF) of the throughput for these schemes. We can find that
the advantage of BS cooperation (scheme (3)) is still signif-
icant, although reduced a little from the strong CCI case in
Figure 2. scheme (3) performs worse than the interference-
free case because of its transmit power inefficiency. scheme
(4) with ∆ = 300m performs almost the same as scheme
(2). Note that based on our parameter setting, for most of
the cases, JT-decomp cannot be implemented. However, in
practical urban cellular systems, where Nt is much larger
than Nr and more users can be processed simultaneously,
the chance of BS cooperation will get larger, so it is expected
that scheme (4) will perform much better. Given the above
analysis, together with the fact that scheme (2) is not prac-
tical for MS, joint transmission without precompensation
still assumes substantial advantages over single-cell signaling
schemes.

For comparison, we assume another case in which three
users are uniformly distributed within 500m around point
A in Figure 5. In this scenario, average CCI becomes much
stronger and BS cooperation can be applied with a much
higher chance for scheme (4), resulting in the prominent
performance gain of scheme (4) over scheme (2), as shown
in Figure 7. Note that scheme (3) now outperforms the
interference-free case because of the increased power gain,
as discussed in Section 4.1. From the above observations,
as joint transmission is most beneficial for strong CCI sce-
nario, in reality, we can assign different sets of channels to
near users (e.g., within 500m of a BS) and far users (be-
yond 500m), so they do not interfere with each other. We
apply joint transmission only to the far cochannel users and
go back to traditional transmission and detection for the near
users. This scheme is especially applicable for indoor wireless
access, which does not involve much mobility.

Therefore, we can conclude that BS cooperation schemes,
either with or without precompensations, exhibit great ad-
vantage over single-cell schemes in realistic cellular applica-
tions, especially when CCI is strong.

7. CONCLUSIONS

In this paper, cooperative processing at multicell BSs is
introduced to address problems inherent on the down-
link of cellular multiuser MIMO communications. In par-
ticular, the capability for CCI cancellation, power gain,
channel rank/conditioning advantage, and macrodiversity
protection for BS cooperation are illustrated and verified. Al-
though these advantagesmay not be achieved simultaneously
and may compete with each other, there is still an optimistic
prediction on the overall system performance improvement,
which reveals the great potential of BS cooperative processing
onmeeting the ever-increasing capacity demands for wireless
communications.

APPENDICES

A. EXTENSIONOF LP-DP APPROACH IN [13] TO
MULTICELLMIMO VECTOR BC SCENARIO

If K = Nb, with the LQ decomposition of HT ,

HT =



HE1

HE2
...

HEK


 = LQ =



L1,1
L1,2 L2,2 · · ·
... · · · . . . · · ·

L1,Nb · · · · · · LNb ,Nb


Q, (A.1)

where L is lower triangular and Q is unitary, and each block
Li, j is an Nr ×Nt submatrix. We can get

HE j =
[
L1, j ,L2, j , . . . ,L j, j , 0, . . . , 0

]
Q. (A.2)

By defining v = QTs[ j] = [vT1 , v
T
2 , . . . , v

T
K ]

T , (4) can be re-
written as a virtual vector BC:

y j =
[
L1, j ,L2, j , . . . ,L j, j , 0, . . . , 0

]
v + n j , (A.3)
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Figure 6: CDFs of schemes (1)–(4) for users uniformly located in the shadowed area of Figure 5.
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Figure 7: CDFs of schemes (1)–(4) for users uniformly located within 500m of point A in Figure 5.

where submatrix L j, j represents the virtual channel matrix
through which virtual signal v j is transmitted to MS j; and
Li, j represents the virtual interfering channel matrix from

“previous” users. With DPC, if the encoder of user j knows
the noncausal virtual sequences of interference from user 1
to j − 1, the mutual information for user k is the same as if
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the interference does not exist at all [14]. Then we can get K
virtual parallel and noninterfering subchannels as

y j = L j, jv j + n j , 1 ≤ j ≤ K. (A.4)

Each such virtual channel can be further decomposed into
parallel substreams by SVD: L j, j = U jΣ jVH

j . With a similar
approach as (13), the joint transmission matrix can be ex-
pressed as

Ts[ j] = QHv

= QH




V1Λ1s′1− j
V2Λ2s′2− j

...

V jΛ js j
...

VNbΛNbs
′
K− j



=⇒ T

= QH



V1Λ1 0 · · · 0

0 · · · ...
...

0 · · · · · · VNbΛNb


 .

(A.5)

The sum rate achieved by LP-DP is then given as in (21):

SRLP-DP =
K∑
j=1

Lj∑
l=1

log

∣∣∣∣∣1 +
Pj,lλ

2
j,l

N0

∣∣∣∣∣, (A.6)

where λj,l represents the lth nonzero singular value of the vir-
tual channel L j, j , and Pj,l can be the result of water filling or
equal power allocation.

B. THE APPROXIMATE 2BPS/HZ
POWER GAIN IN FIGURE 2

We can compare Sato’s bound and single-cell upper bound
at high SNR. Because HT has full rank (rank = 6), for Sato’s
bound, the average per-user rate approximation at high SNR
is

1
K

SRSato = 1
K

rank(HT )∑
l=1

log
(
1 +

Pl
N0

λ2l

)

≈ 1
K

rank(HT )∑
l=1

log
(
Pl
N0

λ2T−l

)

= rank
(
HT
)

K
log

(
Pt

rank
(
HT
)
N0

)

+
1
K

rank(HT )∑
l=1

log
(
λ2T−l

)
.

(B.1)

Similarly, the per-user rate for single-cell upper bound is

R1−single cell =
rank(Hb1,1)∑

l=1
log

(
1 +

Pl
N0

λ21−l

)

≈
rank(Hb1,1)∑

l=1
log

(
Pl
N0

λ21−l

)

= rank
(
Hb1,1

)
log

(
P

rank(Hb1,1
)
N0

)

+
rank(Hb1,1)∑

l=1
log

(
λ21−l

)
.

(B.2)

We have rank(Hb1,1) = 2, rank(HT) = 6, K = 3, and
Pt = 3P in our simulation. Therefore, the first summands in
(B.1) and (B.2) are equal, and the gap between them is then

1
K

SRSato−R1−single cell

= 1
K

rank(HT )∑
l=1

log
(
λ2l
)−

rank(Hb1,1)∑
l=1

log
(
λ2l
)

∼ 1
K

rank
(
HT
)
log


 1
rank

(
HT
) rank(HT )∑

l=1
λ2T−l




− rank
(
Hb1,1

)
log


 1
rank

(
Hb1,1

) rank(Hb1,1)∑
l=1

λ21−l




= 2 log
(
24
6

)
− 2 log

(
4
2

)
= 2 bps/Hz,

(B.3)

given E(
∑rank(HT )

l=1 λ2T−l) = E(‖HT‖2F) = 24, E(
∑rank(Hb1,1)

l=1 λ21−l)
= E(‖Hb1,1‖2F) = 4 based on our parameter setting.
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