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ABSTRACT

Coordinated multipoint, or CoMP, transmis-
sion has been recognized as a spectrally efficient
technique for full frequency reuse cellular sys-
tems, in which base stations cooperate to reduce
or eliminate intercell interference. However,
there are still many obstacles before it can be
put into practical use. In this article, we first dis-
cuss the features of CoMP systems and channels
that are distinct from single-cell multi-antenna
systems. We then give an overview of state-of-
the-art approaches for coping with the factors
that limit the potential of CoOMP. A major issue
is the acquisition of channel state information,
which creates different challenges for TDD and
FDD systems. Another set of challenges arises
from the limited capacity available on the back-
haul connections between the cooperating base
stations. Both the fundamentals of possible solu-
tions and their relations to cellular standards are
discussed.

INTRODUCTION

Multiple-input multiple-output (MIMO) trans-
mission can greatly increase capacity when the
signal-to-interference-plus-noise ratio (SINR) is
high. In many practical systems (e.g., full fre-
quency reuse cellular systems), however, SINR is
low, especially near the cell edge. In these sce-
narios, increasing the number of antenna ele-
ments might not yield significant performance
improvement. For this reason, spectral efficiency
of cellular systems with MIMO is far below the
promised value.

Consider as a starting point a single-cell
MIMO system. For ease of exposition, from here
on we assume that each mobile station (MS) has
a single antenna, while the base station (BS) has
multiple antenna elements. In the downlink, the
BS can now form a beam, such that the desired
signal is concentrated at the location of an MS,
while minimizing (interfering) energy to the MSs
that do not want this signal. We note that beam-
forming is usually done based on the instanta-
neous channel realizations, not just on the
average directional characteristics of the chan-
nel. The BS can form multiple beams simultane-
ously, and thus provide multiple data streams to

the MSs at the same time. This is the principle
of multi-user MIMO (MU-MIMO). However,
MU-MIMO does not, by itself, alleviate the
problem of intercell interference (ICI). Without
coordination among different cells, the beams
formed by one BS might “point” toward an MS
in a neighboring cell, and thus provide concen-
trated interference energy to an MS of interest
(Fig. 1a).

To avoid the ICI, multiple BSs can be con-
nected via backhaul links so that they can collab-
orate and thus act as a single huge MIMO
system. This effectively eliminates ICI and fur-
thermore enhances the desired signal (similar to
macro diversity in soft handover), thus ensuring
high SINR even at the cell edge. This concept
was (to our knowledge) first elaborated in [1]
and has since then attracted broad interest in the
cellular industry, because it can improve both cell
average and cell edge throughput. Currently, it is
mostly known as coordinated multipoint (CoMP)
transmission, although BS cooperation and net-
work MIMO |[2] are often used synonymously. In
2008, a study item was started for CoMP in Third
Generation Partnership Project (3GPP) Long
Term Evolution (LTE)-Advanced; it is also a
part of Advanced WiMAX.We only consider
inter-BS CoMP, where multiple geographically
separated BSs cooperate. While intra-BS CoMP
(which exploits coordination between sectors cov-
ered by the same BS) has many aspects in com-
mon, its particular features are beyond the scope
of this article.

CoMP is generally divided into two cate-
gories: CoMP joint processing (CoMP-JP) and
CoMP coordinated beamforming (CoMP-CB),
depending on what kinds of information are
shared among BSs. An illustration of CoMP-JP
and CoMP-CB is shown in Figs. 1b and 1c.

For CoMP-JP, both data and channel state
information (CSI) need to be shared via back-
haul links between each BS and a central unit
(CU). The CU could be a separate entity, possi-
bly collocated with one of the BSs. Alternative-
ly, each BS can serve as a CU — a concept
called decentralized cooperation in the litera-
ture. This approach allows the cooperating BSs
to behave like a single large multi-antenna BS
with distributed antenna elements. The dis-
tributed array forms beams toward all the users
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in its coverage area (i.e., the cells covered by all
the cooperating BSs) simultaneously, employing
all available BS antennas for each beam. Conse-
quently, ICI is turned into desired signals. On
the downside, this approach places high
demands on the backhaul links and requires sig-
nal-level synchronization as well as data-level
synchronization among BSs.

In contrast, COMP-CB only needs the coordi-
nated BSs to share CSI and the scheduling infor-
mation. CoMP-CB, also called spatial ICI
coordination (ICIC), retains the concept of cells:

* Local channel of MSq: aq1hq4
* Cross channel of MS;: aq5hq5
* Global channel of MS;: gq = [a11hq1 @12h5]

Figure 1. lllustration of non-CoMP, CoMP-JP and CoMP-CB. For the CoMP
systems, BS; is the master BS of MS, from which the average channel gain is
stronger: a) non-CoMP: no coordination between BSs, and strong interfer-
ence might be caused to adjacent cell edge users; b) CoMP-JP: BSs cooperate
by jointly serving multiple users in their covered area; ¢) CoOMP-CB: BSs
cooperate by avoiding interference to adjacent cell edge users.

in each cell, the BS forms beams toward the
users in such a way that it not only increases the
desired signal strength towards the desired user
in its own cell, but also reduces interference
towards the users in the adjacent cells. In this
approach, each BS needs only the data for the
users in its own cell, as well as the CSI and
scheduling information of the adjacent cells.

This significantly reduces (compared to CoMP-

JP) the demands for backhaul links because

sharing CSI among BSs needs much lower capac-

ity than sharing data [3]. However, CoMP-CB
only passively avoids ICI rather than proactively
exploiting it.

While CoMP is useful — and challenging —
both for the uplink and downlink of cellular sys-
tems, we focus in this article on the downlink,
due to the fact that limitations of downlink trans-
mission speed are currently considered the more
important bottleneck of cellular communications.
Since the number of antennas available at the
(coordinated) large BS is much larger than that
on the (individual) MSs, CoMP-JP should be
used in conjunction with MU-MIMO transmis-
sion to fully exploit the abundant spatial
resources provided by the BS cooperative system.

Since the above description pointed out great
similarities of downlink CoMP-JP to single-cell
MU-MIMO, one might wonder why the mani-
fold and well explored techniques for imple-
menting MU-MIMO cannot be applied in a
straightforward manner. As a matter of fact,
there are three important obstacles to such a
simplistic approach:

* Single-cell MIMO differs in some subtle but
important aspects from a true CoMP-JP setup,
thus requiring changes in the transmission
strategies.

* The acquisition of CSI is more difficult in
CoMP systems.

e There are restrictions on the sharing of infor-
mation between the cooperating BSs due to
the limitations of the backhaul network.

In the following three sections, we deal with

those issues one by one.

SINGLE-CELL MIMO vs. COMP-JP

CoMP-JP differs from single-cell MIMO even if
the BSs are synchronized and connected with
perfect backhaul, which comes from the dis-
tributed BSs and practical limitations.

PBPC

It has been widely recognized that CoMP is
subject to a per-BS power constraint (PBPC),
while most of the optimization of beamform-
ing, scheduling, and power allocation for sin-
gle-cell MIMO is subject to a sum power
constraint (SPC). Since power cannot be
shared among BSs, directly applying the trans-
mit strategies optimized under SPC will lead
to optimistic results, especially for heteroge-
neous networks including macro, micro, and
pico BSs with very different transmit powers.
In homogeneous networks where multiple BSs
have the same transmit power, the transmis-
sion schemes designed for maximizing the sum
rate under PBPC perform close to those under
the SPC.
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Figure 2. CSI acquisition procedures in a) TDD and b) FDD CoMP systems, where the specific steps from SI to S5 are respectively

shown in each procedure.

ASYNCHRONOUS INTERFERENCE

Since BSs are not collocated, interference from dif-
ferent BSs received at each MS are asynchronous [4].
This cannot be compensated by the timing-advance
technique conventionally applied in cellular systems,
because the degree of freedom of the timing advance
is used up by ensuring that the signals from the BSs
arrive synchronously at a desired MS. For orthogonal
frequency-division multiple access (OFDMA) sys-
tems, this problem can simply be solved by prolong-
ing the cyclic prefix. Considering that cell size is
continually reduced and CoMP is more desirable for
high-density networks, even such a prolonged cyclic
prefix does not need to be very long.

DYNAMIC CLUSTERING
Due to the prohibitive complexity and overhead,
it is not possible to allow all BSs (which might
span a whole city) to cooperate. Moreover, a

CoMP system with many BSs in a network
exhibits negligible performance gain compared
to one where only a few BSs are cooperating [5,
Chapt. 7]. As a pragmatic trade-off, cooperative
clusters can be formed, within which several
adjacent BSs jointly transmit. Dynamic clustering
outperforms fixed clustering, but it leads to a
dynamic overall number of transmit antennas.
Considering the flexibility and scalability, chan-
nel training and feedback mechanisms need to
be redesigned for such a cooperative network.

NON-1.1.D. GLOBAL CHANNELS

The global channel for each MS in a CoMP-JP
system is a stacking of multiple single-cell chan-
nel vectors, as shown in Fig. 1b. The distributed
antennas yield a special non-independent and
identically distributed (i.i.d.) global channel,
where the average channel energies of the links
between multiple BSs and each MS differ. As a
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result, the statistics of the global channel depend
on the MS location (i.e., path loss and shadow-
ing). An ongoing research goal is to investigate
how such non-i.i.d. channel statistics and the
stacked channel structure can be exploited to
reduce the overhead to gather CSI for downlink
multiuser precoding and scheduling.

CHALLENGES RELATED TO
CHANNEL INFORMATION ACQUISITION

CSI at the transmitter (CSIT) is essential for all
kinds of CoMP transmission to obtain their full
benefits. It is well known that the performance
gain of MU-MIMO is largely dependent on the
CSIT quality, and the same holds true for CoMP.
To facilitate downlink spatial precoding and
scheduling, the CU needs to gather CSIT from
all coordinated BSs to all MSs in their serving
cells. In time-division duplexing (TDD) systems,
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Figure 3. The probability density function (PDF) of cos® 8; 0 is the angle

between the channels of two MSs located in different places d; and d,. The
global channels between two MSs in different cells (e.g., d; = —-100 m and d,
= 100 m) are orthogonal in high probability since cos? § — 0. By contrast,
the channels between two MSs in the same cells (e.g., d; = 100 m and d, =
100 m) have the same direction in high probability since cos; © — 1. When
both MSs are located at the cell edge (d; = d, = 0), their channel directions
are distributed uniformly within (0, 2m).

the CSI is estimated at each BS by uplink train-
ing via exploiting channel reciprocity. In fre-
quency-division duplexing (FDD) systems, since
uplink and downlink operate in different fre-
quency bands, the CSI is estimated at each MS
by downlink training, and then is fed back to the
MS’s master BS via uplink channels. The chan-
nel acquisition procedures in TDD and FDD
systems are illustrated in Fig. 2.

In this section, we assume perfect backhaul,
that is, the backhaul links connecting the CU
and multiple BSs within each cluster have unlim-
ited capacity and zero latency. With such an
assumption, CoMP-JP could realize the full
potential of BS cooperation transmission if the
global channels of multiple MSs were perfectly
available at the CU. We focus on various issues
associated with obtaining the global CSI in TDD
and FDD systems.

TDD SYSTEMS

Imperfect Channel Recirocity — TDD was expected
to be more desirable for CoOMP because it can
obtain CSIT by exploiting the reciprocity
between uplink and downlink channels. Unfortu-
nately, only uplink and downlink propagation
channels are reciprocal. The baseband equivalent
channel is no longer reciprocal due to the differ-
ent characteristics of radio frequency (RF)
chains used in reception and transmission in
practical systems.

Self-calibration is a popular antenna calibra-
tion method in single cell systems. It adjusts all
antennas at one BS to achieve the same RF ana-
log gain as that of a reference antenna, and
hence ensures a constant scalar ambiguity
between the uplink and downlink channels for
all antennas. As shown in Fig. 2a, the equivalent
downlink and uplink channels between BS; and
MS; are related by hy; = aqihyy y, where ay; is a
complex ambiguity factor. Such a scalar ambigui-
ty does not affect the performance of single-cell
single-user systems. However, when self-calibra-
tion is employed at each BS in CoMP systems, it
will lead to N;, ambiguity factors between the
uplink and downlink channels at different coor-
dinated BSs (i.e., o1 and oy, for the two BSs
CoMP illustrated in Fig. 2a). Then the global
equivalent uplink channel g; ;y and downlink
channel g; of MS; is related by g; = g1 yAq,
where A is the diagonal ambiguity matrix as
shown in Fig. 2a.

The multiple ambiguity factors in the global
equivalent channels lead to imperfect downlink
global CSIT even if the uplink channel estima-
tion is perfect. Such an ambiguity is more detri-
mental than channel estimation errors. Because
it is a kind of multiplicative noise rather than
additive noise, it will hinder co-phasing of coher-
ent CoMP transmission. Under some circum-
stances, sharing all data among BSs might not be
advantageous anymore, given such undesirable
multiplicative noise [6].

One possible way to avoid this dilemma is
over-the-air calibration. It has been applied in
single-cell systems to achieve the same goal as
self-calibration for one BS. In CoMP it can be
employed to calibrate the antennas among the
BSs, where the channel is estimated simultane-
ously through two different approaches:
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reciprocity of propagation channels, and mea-
surement on the downlink and feedback; knowl-
edge of those two channel estimates allows
multiple ambiguity factors to be estimated. The
performance of this method depends on the
accuracy of the channel estimation. To improve
the performance, the calibration needs to be
obtained from the measurements of multiple
uplink and downlink frames or multiple users.

In practice, the interference experienced at
the BSs and MSs are also not reciprocal. As a
result, the actual SINR to assist downlink modu-
lation and coding selection (MCS) should be
estimated at the MS, then fed back to the BSs.

Training Overhead — To estimate the global chan-
nel for downlink cooperative transmission, the
uplink training overhead is proportional to the
number of MSs and transmit antennas at each
MS, which is roughly N, times the overhead of
single-cell systems, where N, is the number of
the coordinated BSs. To ensure that the down-
link spectral efficiency gain over non-CoMP is
not “eaten up” by the uplink training overhead,
it is paramount to reduce the training overhead,
especially for relatively fast fading channels.

The trade-off between the performance gain
of CoMP-JP and the required overhead for
channel estimation is nontrivial. For a given
coherence time, the training length as well as the
number of cooperative BSs can be optimized
such that they maximize the net throughput
(excluding the uplink overhead). This trade-off
depends on the MS location and SNR as ana-
lyzed in [7]. Under which circumstances the ulti-
mate performance of CoMP-JP — with
optimized training overhead — will outperform
non-CoMP systems is still an open problem.

A simplified form of this parameter optimiza-
tion is a switching between CoMP and non-
CoMP transmission modes. For users that
require asymptotically zero training overhead
(e.g., static users), CoMP-JP always outperforms
non-CoMP transmission. For users requiring
high training overhead, the net data rate of
some cell-center MSs under CoMP transmission
may be even lower than non-CoMP. This sug-
gests developing transmission mode selection
either from a system perspective or independent-
ly from each MS’s perspective.

We can also reduce the required CSI by dif-
ferentiating what we use it for. For instance,
channel direction information (CDI) is essential
for MU-MIMO precoding, and the channel
norms and channel angles among MSs are essen-
tial for multi-user scheduling. If using full CSIT
(i.e., perfect instantaneous CSIT), the spatial
scheduling needs enormous training overhead
even in single-cell systems. Fortunately, in CoMP
systems, the channel orthogonality between MSs
is largely dependent on their locations, as shown
in a numerical result in Fig. 3. Intuitively, the
global channels of two cell-center users are more
orthogonal, since they are separated geographi-
cally. This indicates that for MSs in different
cells their average channel gains can be exploit-
ed for scheduling [8] and possibly even for pre-
coding. Since average channel gains vary slowly,
they can be obtained at longer intervals, so train-
ing overhead can be reduced accordingly.

1- Average quantization error

0.1 -G -Bit alloc. with ICS proposed in [10] |
: -3 -Bit alloc. without PA and with low complexity JCS
-A-Equal bit alloc. without PA and with ICS
0 1 1 T T T T T
8 10 12 14 16 18 20 22 24

Bsum (bit)

Figure 4. Average quantization accuracy of the global CDI, E {cos*(<h, h)},

v.s the overall number of bits for each user, By,,,, which is reproduced from
Fig. 6 in [10]. The number of coordinated cells Ny, = 2 or 3, each BS has
four antennas. An optimal bit allocation among the per-cell CDIs and the

phase ambiguity (PA) with independent codeword selection (ICS) proposed

in [10] is compared with other two feedback schemes: (i) optimal bit alloca

tion with a low complexity joint codeword selection (JCS) method, where only

per-cell CDIs are quantized and no bits are allocated for quantizing the PA;

(ii) the overall bits are equally allocated for the per-cell CDI quantization and

no bits are allocated for PA quantization, where ICS is used. “Without PA”
the legend means without PA feedback.

Non-Orthogonal Training— In CoMP systems, train-
ing signals for all MSs in multiple cells should be
mutually orthogonal to obtain optimal channel
estimation. However, in systems complying with
the LTE standard, the training sequences of
MSs in the same cell are orthogonal, but those
for the MSs in different cells are not orthogonal
(and are not identical). Orthogonal training for
the MSs in different cells demands intercell sig-
naling and protocols to coordinate the training
sequences among cells. From the viewpoint of
system compatibility and complexity, the training
sequences of MSs in different cells are preferred
to be non-orthogonal.

In fact, due to the non-i.i.d. feature of CoMP
channels, orthogonal training for intercell global
CSI may not be necessary. When the global
channel is estimated under a minimum mean
square error (MMSE) criterion, non-orthogonal
training for the MSs in different cells leads to
acceptable performance degradation for down-
link precoding [9].

FDD SYSTEMS

In order to save uplink resources for channel
feedback, the feedback is done using a quantiza-
tion codebook known at both the BS and MS.
Such limited feedback techniques have been
investigated extensively in the context of single-
cell MIMO.

In the following we consider the feedback of
CDI, which is essential for precoding. We do not
address the feedback of channel quality indica-
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Figure 5. Cumulative distributed function (CDF) of the net throughput of users

averaged over small-scale fading channels. We consider the urban macrocell
scenario of 3GPP. The path loss factor is 3.76, and the cell radius R = 250
m. The cell edge SNR (i.e., the received SNR of the user located at distance R

from the BS) is set as 5 dB, where the inter-cluster interference is regarded as

white noise. Ny, = 3, each BS has four antennas, and 10 users are randomly

placed in each cell. The downlink training overhead includes both the com-

mon and dedicated pilots. The overhead of CoMP-JP and non-CoMP sys-
tems occupy 28.1% and 12.6% of the overall downlink resources,

respectively, which are typical values in 3GPP. The systems where all users are
served by CoMP-JP or non-CoMP are also simulated, either with or without
considering the overhead. The performance of a mode switching method with
a distance threshold is shown. As addressed earlier, when the training over-
head is considered, it is shown that with CoMP-JP the net throughputs of the
cell center users become inferior to those with non-CoMP.

tion (CQI) facilitating user scheduling and MCS,
which largely depends on the employed beam-
forming.

The CDI quantization is chosen from a code-
book with unit norm vectors of size 28, where B
is the number of feedback bits. Each MS quan-
tizes its CDI, h, for example, by choosing the
closest codeword to the CDI as measured by the
inner product (which reflects the quantization
accuracy), |hh| = cos(£h, h), where h is the
quantized CDI. Then each MS feeds back B bits
to indicate the index of this codeword in the
codebook. It has been shown that for MU-
MIMO, quantization errors lead to severe
throughput limits at high SNR levels. The feed-
back overhead increases with SNR to ensure a
constant rate loss compared to the ideal case.

In CoMP systems, the dimension of the glob-
al CDI may vary dynamically, and the statistics
of the CDI depends on each MS’s location. This
implies that every MS needs a unique codebook.
This is unrealistic due to the prohibitive com-
plexity of generating codebooks as well as select-
ing the codewords. Considering network
scalability and compatibility, it is highly desirable
to design a per-cell codebook-based feedback
strategy, where the existing codebooks can be
reused to quantize each single-cell channel as
shown in Fig. 2b. Although such a structured

codebook is suboptimal, its performance can be
enhanced by representing the global CDI in an
optimal manner.

Feedback Overhead — To increase the network
spectral efficiency, a fundamental question is:
how much uplink overhead is required to achieve
the downlink performance gain of CoMP-JP
over single-cell MU-MIMO?

To reduce the feedback overhead, the non-
i.i.d. feature of CoMP channels should be
exploited. This can be realized by optimizing the
sizes of the per-cell codebooks. In [10], a scaling
law of the feedback overhead for each user in
CoMP-JP systems was provided. The analysis
showed that the feedback overhead of CoMP-JP
is about N, times of that of single-cell MIMO,
which depends on user location. When a user
has equal average per-cell channel gains, its
overhead is largest. When a user is in the cell
center, its overhead is less because only the
channels to one of the BSs is strong enough to
need a fine quantization (large size codebook).

Alternatively, we can switch the transmission
modes between CoMP-JP and non-CoMP, or
design spatial scheduling exploiting the channel
statistics, as in the TDD case. We can also
employ selective feedback [11], where the CSI of
weak links of each user are not fed back.

How to Represent the Global CDI

Codeword selection: Considering that a global
channel is a stacking of multiple per-cell chan-
nels, each MS can select codewords either jointly
to minimize the quantization error of global CDI
or independently to minimize the quantization
error of each per-cell CDI.

Independent codeword selection leads to
severe performance degradation for global CDI
quantization due to phase ambiguities among
per-cell CDIs, especially for cell edge MSs [12].
Such a phase ambiguity does not affect the per-
formance of a single-cell limited feedback
MIMO system. However, it introduces multi-
plicative noise to the downlink global CDI anal-
ogous to the imperfect channel reciprocity in a
TDD CoMP system. The phase ambiguities can
be either compensated by feedback or mitigated
by joint codeword selection.

On the other hand, simply selecting multiple
codewords jointly does not necessarily lead to
minimal quantization error of the global CDI. In
order to achieve this, the joint codeword selec-
tion should consider the structure of the global
CDI reconstruction, which affects the overall
quantization accuracy [12]. In addition, to enjoy
the optimality of the judiciously developed joint
codeword selection, its prohibitive complexity
needs to be reduced.

Codebook bit allocation: When we quantize
the global CDI with per-cell codebooks, the fea-
tures of the CoMP channel give rise to new
parameters that can be optimized. Since differ-
ent per-cell CDIs have different contributions to
the global CDI, we can allocate bits to different
per-cell codebooks. The optimal bit allocation
that minimizes the average global CDI quantiza-
tion error (i.e., 1 — E {cos?(<h, h)}) under an
overall constraint on the number of feedback
bits turns out to be similar to water filling: more
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bits will be allocated to stronger channels [10].
Moreover, since different users have very differ-
ent SINRs, we can also allocate the total number
of bits among the users to maximize the weight-
ed sum rate under an overall uplink feedback
constraints in the cluster.

In Fig. 4, we provide simulation results for
the average global CDI quantization accuracy of
several feedback schemes. It shows the impact of
the bit allocation among the per-cell CDIs and
the phase ambiguity as well as the impact of the
codeword selection.

Common Pilot Optimization — To facilitate channel
feedback and data detection at the MS, training
signals are transmitted for channel estimation,
which consume downlink resources for data
transmission. We can further distinguish
between:

e “Common pilots” for channel feedback, which
are transmitted from a particular transmit
antenna and allow the MS to estimate the
channel to this particular antenna

* “Dedicated pilots” for data detection, which
are transmitted for each data stream with the
same precoding settings as the actual user
data

For common pilots, the induced overhead grows

in proportion to the overall number of cooperat-

ing BSs, while for dedicated pilots, the overhead
is in proportion to the overall number of data
streams intended for all MSs, and thus does not
necessarily increase when CoMP is used.
Analogous to the uplink pilot optimization in

a TDD system, downlink pilot optimization that
maximizes net throughput is also a nontrivial
trade-off between the performance gain achieved
by CoMP and the reduced downlink spectral
efficiency resulting from spending additional
time-frequency resources on non-payload trans-
missions.

IMPERFECT BACKHAUL

In existing cellular systems, the backhaul links
among BSs are not perfect as assumed. On one
hand, a limited-capacity backhaul does not allow
BSs to share a large amount of data. On the
other hand, the CSI shared among BSs may have
quantization error and severe latency if the exist-
ing X2 interface (interface for communication
between BSs) in LTE systems is used. The back-
haul imperfection is even more severe in parts of
heterogeneous networks, such as femto-cells,
which hinders the application of CoMP. While
backhaul links can be upgraded by high-speed
optical fiber without technical challenges, this
creates very high costs to the operators and
therefore may not be realized in the near future.

The impact of limited-rate backhaul is largest
for uplink CoMP, since in that case (quantized)
analog signals need to be conveyed on the back-
haul. Although not as stringent as in the uplink
case, downlink CoMP-JP might also have to
reduce its throughput to accommodate the
capacity limitation of the backhaul links [5, Ch.
12.2]. In that case, it cannot achieve its full per-
formance potential.

For both TDD and FDD systems, outdated
channel information can considerably decrease

the effectiveness of CoMP. The latency of the
X2 interface (which arises from the IP-based
protocols in the backhaul networks), which cre-
ates delays in the distribution of the CSI to dif-
ferent cooperating BSs, may reach 10 ms and
more. This is more significant than the
turnaround time of a TDD system (or the feed-
back latency of CSI in an FDD system), which
creates delays between the measurement of CSI
and its availability at one particular BS. Recent
investigations have shown that CoMP-JP can
benefit more from channel prediction than non-
CoMP due to the non-i.i.d. channel feature [13].
If predicted channels instead of estimated chan-
nels are used for precoding, the performance
degradation of CoMP-JP will be largely alleviat-
ed.

In the following, we discuss several possible
approaches to mitigate the effect.

SWITCHING BETWEEN
DIFFERENT TRANSMISSION MODES

CoMP-CB needs much less backhaul capacity
than CoMP-JP, since it only shares the CSIT,
not the user data [3]. Considering that both of
these schemes are able to eliminate interference,
CoMP-CB may outperform CoMP-JP under
stringent backhaul capacity constraints [14].
Consequently, mode switching between these
two CoMP transmission modes — adaptive to
location and number of MSs — will provide bet-
ter overall throughput.

Another natural way is to switch between
CoMP-JP and non-CoMP. Since cell center users
experience lower ICI, they will not benefit as
much from CoMP as cell edge users. Intuitively,
we can simply divide the users in each cell with a
threshold based on their average channel gains.
Since only the users to be served by CoMP need
to share their data among the BSs, the backhaul
load can be controlled by judiciously selecting the
threshold. In Fig. 5, we provide simulation results
of mode switching, where the results for pure
CoMP-JP and pure non-CoMP schemes are
shown as a baseline, either with or without con-
sidering the training overhead. In the considered
simulation setting (as shown in the caption of the
figure), the distance threshold to divide the users
into the CoMP-JP and non-CoMP users is 90 m,
and 62 percent of the users prefer to be served
by CoMP. After mode switching, the backhaul
load is reduced by 27 percent.

Except for these “hard” mode switching
methods where all data of some cell edge users
are shared among the backhaul, partial coopera-
tion among BSs is possible where partial data of
all users are shared. For example, “soft” trans-
mit mode switching can be operated with rate
splitting, where the downlink data of each user is
split into common and private parts, and only
the common data is shared among the cooperat-
ing BSs [15].

INTERFERENCE COORDINATION

If the backhaul capacity is too limited, such that
no data are able to be shared among BSs, we are
faced with an interference channel problem in
information theoretic terminology. When only
CSIT is shared, each BS serves multiple MSs in

For the common
pilots, the induced
overhead grows in

proportion to the
overall number of

cooperating BSs,
while for dedicated
pilots, the overhead
is in proportion fo
the overall number
of data streams
intended for all MSs,
and thus does not
necessarily increase
when CoMP is used.
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Although various
innovative approach-
es have been
devised in the literc-
fure, the downlink
spectral efficiency
gain of CoMP is sl
obtained af the price
of a high uplink and
downlink overhead.
To provide high spec-
fral efficiency from
the network view-
point, many chal-
lenging issues
remain.

its own cell and coordinates with other BSs. In
such a scenario, PBPC is no longer a perfor-
mance limiting factor, and inter-BS calibration
in TDD systems is unnecessary.

CoMP-CB is one of the popular ways to coor-
dinate ICI. When full CSIT for MSs, both within
the cell and in adjacent cells, is available at each
BS, various criteria can be used to design the
precoding, such as zero forcing (ZF), MMSE,
and maximal signal-to-leakage-plus-noise ratio
(SLNR). To implement centralized beamform-
ing, scheduling, or power allocation, these chan-
nels need to be forwarded to a CU via backhaul
links. The disadvantage of CoMP-CB is its limit-
ed performance gain. When MU-MIMO precod-
ing is applied, the maximal multiplexing gain of
CoMP-CB equals the number of transmit anten-
nas at each BS, which is the same as single-cell
MU-MIMO systems.

To reduce the impact of outdated CSIT
caused by the X2 interface latency, statistical
CSIT (long-term averaged CSIT), such as the
angular power spectrum of the MSs in other
cells, or scheduling results can be shared among
BSs. It can also be combined with instantaneous
local CSIT for ICI avoidance. However, this only
performs well when each per-cell channel is
highly spatially correlated. Other CoMP-CB
schemes that take latency on the X2 interface
into account are described in [5, Sec. 5.3.2].

CONCLUSION

We have addressed fundamental limiting factors
that prevent CoMP from achieving its full poten-
tial, in particular the training or feedback over-
head to gather channel information, and the
backhaul constraints. We have briefly summa-
rized critical issues in channel acquisition and
typical ways to tackle the technical challenges in
TDD as well as FDD systems. Considering the
scenarios with imperfect backhaul, we have dis-
cussed possible ways to coordinate interference.
Although various innovative approaches have
been devised in the literature, the downlink
spectral efficiency gain of CoMP is still obtained
at the price of high uplink and downlink over-
head. To provide high spectral efficiency from
the network viewpoint, many challenging issues
remain to be solved, especially for large-scale
systems, including cooperative clustering selec-
tion, various ways of overhead reduction, trans-
mit strategy optimization with imperfect
backhaul links, and decentralized and distributed
realization.

REFERENCES

[1] A. F. Molisch, Internal Memo, AT&T Labs-Research,
2001; see also A. F. Molisch et al., “Method and Appa-
ratus for Reducing Interference in Multiple-Input-Multi-
ple-Output (MIMO) Systems,” U.S. Patent 7,912,014
(filed 2002, granted 2011).

[2] M. K. Karakayali, G. J. Foschini, and R. A. Valenzuela,
“Network Coordination for Spectrally Efficient Commu-
nications in Cellular Systems,” IEEE Wireless Commun.,
vol. 13, no. 4, Aug. 2006, pp. 56-61.

[3] D. Samardzija and H. Huang, “Determining Backhaul
Bandwidth Requirements for Network MIMO,” EUSIP-
CO, 2009.

[4] H. Zhang et al., "Asynchronous Interference Mitigation
in Cooperative Base Station Systems,” IEEE Trans. Wire-
less Commun., vol. 7, no. 1, Jan. 2008, pp. 155-65.

[5] P. Marsch and G. P. Fettweis, Coordinated Multi-Point
in Wireless Communications: From Theory to Practice,
Cambridge Univ. Press.

[6] S. Han et al., “Coordinated Multi-Point Transmission with
Non-Ideal Channel Reciprocity,” Proc. IEEE WCNC, 2011.

[7] J. Hoydis, M. Kobayashi, and M. Debbah, “Optimal Channel
Training in Uplink Network MIMO Systems,” IEEE Trans.
Signal Proc., vol. 59, no. 6, June 2011, pp. 2824-33.

[8] S. Han et al., “Channel Norm-based User Scheduling in
Multicell Cooperative Transmission Systems,” Proc. IEEE
GLOBECOM, 2009.

[9] X. Hou, C. Yang, and B. K. Lau, “Impact of Non-Orthog-
onal Training on Terformance of Downlink Base Station
Cooperative Transmission,” IEEE Trans. Vehic. Tech.,
vol. 60, no. 9, Nov. 2011, pp. 4633-39.

[10] F. Yuan and C. Yang, "Bit Allocation Between Per-Cell
Codebook and Phase Ambiguity Quantization for Limit-
ed Feedback Coordinated Multipoint Transmission Sys-
tems,” IEEE Trans. Commun., vol. 60, no. 9, Sep. 2012,
pp. 2546-59.

[11] A. Papadogiannis et al., “Efficient Selective Feedback
Design for Multicell Cooperative Networks,” IEEE Trans.
Vehic. Tech., vol. 60, no. 1, Jan. 2011, pp. 196-205.

[12] D. Su, X. Hou and C. Yang, “Quantization based on
Per-Cell Codebook in Cooperative Multi-Cell Systems,”
Proc. IEEE WCNC, 2011.

[13] L. Su, C. Yang, and S. Han, “The Value of Channel Pre-
diction in CoMP Systems with Large Backhaul Latency,”
Proc. IEEE WCNC, 2012.

[14] N. Seifi et al., “Coordinated Single-Cell vs. Multi-Cell
Transmission with Limited-Capacity Backhaul,” Proc.
IEEE ACSSC, Nov. 2010.

[15] R. Zakhour and D. Gesbert, “Optimized Data Sharing in
Multicell MIMO with Finite Backhaul Capacity,” IEEE Trans.
Signal Proc., vol. 59, no. 12, Dec. 2011, pp. 6102-11.

BIOGRAPHIES

CHENYANG YANG [SM’08] is a full professor at Beihang Univer-
sity, China. She was supported by the 1st Teaching and
Research Award Program for Outstanding Young Teachers of
Higher Education Institutions of the Chinese Ministry of Edu-
cation during 1999-2004. She is an Associate Editor for IEEE
Transactions on Wireless Communications and was Chair of
the Beijing chapter of IEEE Communications Society. Her
recent research interests include network MIMO, energy-effi-
cient transmission, and interference management.

SHENGQIAN HAN [S’05, M'12] received his B.S. degree in
communication engineering and Ph.D. degree in signal
and information processing from Beihang University in
2004 and 2010, respectively. From 2010 to 2012 he
held a postdoctoral research position with the School of
Electronics and Information Engineering, Beihang Uni-
versity. He is currently a lecturer ay the same school. His
research interests are multiple antenna techniques,
cooperative communication, and energy-efficient trans-
mission in the areas of wireless communications and
signal processing.

XUEYING Hou received her B.S. degree from Beihang Univer-
sity in 2007. She is currently working toward her Ph.D.
degree in signal and information processing in the School
of Electronics and Information Engineering, Beihang Uni-
versity. From September 2009 to June 2010 she was a vis-
iting student with the School of Electrical Engineering,
Royal Institute of Technology (KTH), Stockholm, Sweden.
Her research interests include cooperative communication,
channel estimation, and limited feedback techniques in
wireless systems.

ANDREAS F. MoLIscH [S'89, M'95, SM’00, F'05] (molisch@usc.
edu) is a professor of electrical engineering at the Universi-
ty of Southern California. His research interests include the
measurement and modeling of mobile radio channels,
ultra-wideband communications and localization, coopera-
tive communications, multiple-input multiple-output sys-
tems, and wireless systems for health care. He is a Fellow
of the AAAS and IET, an IEEE Distinguished Lecturer, a
member of the Austrian Academy of Sciences, as well as
the recipient of numerous awards.

74

IEEE Wireless Communications ¢ February 2013




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Cadmus settings for Acrobat Distiller 9)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 2400
        /PresetName (Cadmus_Flattener_Presert)
        /PresetSelector /UseName
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


