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SUMMARY  Todays cellular systems reach their limits for data rate due
to the continuously increasing amount of subscribers using wireless ser-
vice for business purposes or in leisure time (smartphone effect). Thus, re-
cent research focuses on concepts for interference management for cellular
OFDMA systems. This paper addresses various techniques related to this
topic, while considering the concepts with lowest complexity and backhaul
costs as promising candidates to be applied first. Starting from interference
canceling receivers over multi-user MIMO using fixed precoding to multi-
cell interference estimation, which improves the precision of link adapta-
tion, we discuss closed-loop cooperative transmit beamforming using mul-
tiple base stations grouped into a wireless distributed network (WDN),
which is denoted as coordinated multi-point joint transmission in the 3GPP
LTE-Advanced standardization. It is obvious, the more sophisticated these
techniques are, the higher the demands for feedback and backhaul become.
Performance results are provided by employing multi-cell simulations ac-
cording to recommendations from 3GPP. In addition, feasibility of coordi-
nated multi-point joint transmission is demonstrated in a real-time proto-
type setup, i.e. in the Berlin LTE-Advance Testbed.
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1. Introduction

In order to satisfy the continuously increasing demands
of emerging wireless services, future mobile cellular net-
works will operate with full frequency reuse and higher
base stations (BSs) density to achieve high spectral efficien-
cies. However, inter-cell interference becomes soon a lim-
iting factor. Transmission techniques such as hybrid ARQ,
adaptive modulation and turbo coding as well as multiple-
input multiple-output (MIMO)-orthogonal frequency divi-
sion multiplex (OFDM) and multiuser scheduling reach a
network performance that can hardly be enhanced further
from a single-cell point of view.

Recent research investigates concepts for combating
the effects of cochannel interference (CCI) in mobile net-
works by using MIMO techniques [1]. These concepts
cover interference canceling receivers, multi-user MIMO
(MU-MIMO) (Fig. 1(a)) and finally closed-loop cooperative
transmit beamforming using multiple BSs, which is denoted
as coordinated multi-point (CoMP) joint transmission (JT)
in the 3GPP LTE-Advanced standardization (Fig. 1(b)). The
more sophisticated these techniques are, the more feedback
is required. Note, for CoMP channel state information at
the transmitter (CSIT) is required. This can be achieved
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(b) CoMP transmission.

(a) Transmission according to LTE.

Fig.1 From codebook based, decentralized transmission to coherent,
joint transmission of collaborative base stations.

by measuring the channel in reverse direction and exploit-
ing reciprocity in time division duplex (TDD) systems. In
frequency division duplex (FDD) systems, which is in the
focus of this paper, the channel is measured in the downlink
direction and channel state information (CSI) is fed back in
the uplink.

For the scheduling in one cell, user equipments (UEs)
provide feedback on their signal to interference and noise
ratios (SINRs) in the form of so-called channel quality
indicator (CQI) values for subgroups of subcarriers denoted
as physical resource blocks (PRBs). These CQIs correspond
to a specific spatial transmission mode, which is indicated
by the precoding matrix indicator (PMI). When multiple
users are served on the same PRB, the spatial multiplexing
(SMUX) transmission mode [2] is generalized from single-
user MIMO (SU-MIMO) to MU-MIMO transmission.

As a first extension towards multi-cell processing, ad-
jacent base stations are synchronized and multi-cell demod-
ulation reference signals (DRS) are introduced. They enable
interference-aware equalization at the UE and improve the
SINR estimation accuracy, leading to a more precise link
adaptation at the BS side [3].

The system performance can be further improved, by
introducing multi-cell CSI feedback from the UE to the
serving BS. Thus, BSs can determine the optimal beam-
forming weights for the set of users multiplexed on the same
PRB in adjacent cells. Early concepts considered a huge
centralized wireless distributed network (WDN), where all
BS antenna are connected via a fast backhaul link to a cen-
tral unit (CU) [4]-[7]. Non-linear signal pre-processing,
known as dirty paper precoding [8], was shown to achieve
the broadcast channel (BC) capacity [9],[10]. By allow-
ing full coordination among the whole network and thus
removing the complete interference, the system throughput
is lower-bounded by the performance of isolated cells [11].

Copyright © 2010 The Institute of Electronics, Information and Communication Engineers
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In theory, this yields a block diagonal receive covariance
matrix. Of course, this requires additional feedback over-
head, since each UE has to convey the full multi-cell MIMO
channel coefficients measured at the antenna ports of the
serving cell in addition to the CQI. An extension of the
block diagonalization concept called multi-user eigenmode
transmission (MET) is proposed in [12]. It assumes a linear
transmission strategy based on zero-forcing beamforming
in combination with Eigenmode feedback from each UE.
The Eigenmode concept was shown to reduce the peak-to-
average power ratio (PAPR) for linear precoding [13] as well
as for non-linear Tomlinson-Harashima precoding (THP)
[14]. In general, by limiting each user to report its strongest
eigenmodes only, feedback may be reduced.

There are several arguments in favor of limiting the co-
ordination to a cluster of cells. Realistic wave propagation
implies that inter-cell interference is spatially limited to the
nearest-neighbor cells. Beside the typical urban path loss
exponents in the order of 3 to 4, interference is rather local-
ized if 3D radiation characteristics of real-world BS anten-
nas are included [15]. These antennas form a narrow beam
with a half-power beam-width of roughly 6° in elevation and
60° in azimuth covering one sector (Kathrein 80010541).
Moreover, the beam can be tilted down to limit the effec-
tive cell size. Therefore, we assume that a high fraction
of the CoMP gains could be realized already with small or
medium size clusters of coordinated base stations. This is
another way to reduce the overhead. The number of orthog-
onal pilots for the multi-cell channel estimation, the effort
for the feedback over the uplink and the backhaul traffic for
the information exchange between the BSs essentially scale
with the cluster size. On the other hand, there is always a
residual interference floor from non-coordinated cells sur-
rounding the cluster. Thus, the performance depends criti-
cally on the cluster size and the interference scenario. We
intuitively approach the information-theoretic limit of fully
coordinated cells if the cluster size tends to infinity.

At this point, we need to clarify the usage of three dif-
ferent terms: decentralized, centralized and distributed. In
case of a decentralized system concept, each BS is assumed
to have no feedback information, in particular no CSI, from
other BS’s users. In contrast, the centralized system con-
cept assumes full CSIT shared among all BSs in the cluster.
And finally, the term distributed indicates that a specific sys-
tem concept can be implemented in a distributed manner, i.e.
without a central unit (CU).

The paper is organized as follows. Section 2 introduces
the system model which is valid for precoded downlink
transmission for a scalable cluster size K. In Sect. 3, the pre-
coding matrices are constructed according to the codebooks
defined for long term evolution (LTE) systems and potential
key drivers for decentralized interference management are
discussed and evaluated in a system level simulator. The
simulation results from Sect.3 are considered as a refer-
ence case for the following paragraphs. Section 4 describes
a concept for distributed CoMP JT, where Sects. 4.2 and 5
evaluate its performance by using multi-cell simulations and
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demonstrate its feasibility in a prototype field trail system,
i.e. the Berlin LTE-Advanced Testbed. The paper is con-
cluded in Sect. 6.

2. System Model

We consider a cellular OFDM downlink where a central site
is surrounded by multiple tiers of sites. We assume each
site to be partitioned into three 120° sectors, i.e. a set £
consisting of L = |£] sectors in total. Each sector consti-
tutes a cell, and frequency resources are fully reused in all
L cells. Each cell is controlled by a BS. If CoMP JT is al-
lowed, the data to each user is simultaneously transmitted
from multiple BSs. In order to limit the overhead related
to joint processing techniques, BSs are grouped into subsets
of cells denoted as clusters, refer to Fig. 1(b). K represents
the set of cells included in a given cluster and K = |K]| de-
notes its maximum dimension. Joint processing is only al-
lowed between BSs belonging to the same cluster, whereas
BSs belonging to different clusters are not coordinated and
thus produce residual inter-cluster interference. Further, we
assume disjoint clusters, i.e. a given BS cannot belong to
more than one cluster operated at the same time/frequency
resource. For OFDM systems, the overlap of multiple clus-
ters can be achieved conveniently in the frequency domain.
Hence, in the ith cluster, there are K BSs, each one equipped
with N7 transmit antennas, and a set of M,; multi-antenna
users, each equipped with Ng receive antennas. This cluster-
user constellation is valid for a particular resource and may
vary over time and frequency. In addition, we assume a
scheduling instance, which selects a specific set of active
users M c M, within the cluster, with M = | M| being the
number of active users. In particular, the subset M; com-
bines those users experiencing highest channel gain to the
kth BS. The downlink MIMO-OFDM transmission system
is described on a per sub-carrier basis

y = H,C;Px +n, (1)

where H; is the MNg X KN7 channel matrix, C; is the
KNr x KNr precoding matrix and P; is the power alloca-
tion matrix of dimension KNy X KNr; x denotes the KN7x 1
vector of transmit symbols; y and n denote the MNg X 1 vec-
tors of the received signals and of the additive white Gaus-
sian noise (AWGN) samples, respectively, with covariance
E[nn”] = 0'51. E[.] is the expectation operator.

Depending on the deployment of the BSs and the ac-
tual position of the UE, the user will receive interfering
signals sent to other users in parallel to its desired signal.
Appropriate antenna downtilting at the BS side helps to ad-
just the effective cell size to a desired value. This keeps
cochannel interference (CCI) localized, i.e. the interference
mainly comes from adjacent cells with respect to user’s ac-
tual position [15]. The users inside the cluster are served by
signals jointly emitted from KNy transmit antennas, where
K - Nr > M - Ng. Assuming a linear precoding strategy,
there can be KNy data streams coherently transmitted by
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using specific precoding vectors (beams). In particular, the
KNr x KNy precoding matrix C; = [b;; -+ b; ] contains
the precoders b;,, designed for each of the users in M. Cor-
respondingly, the beams constitute the columns in the pre-
coding matrix C;.

For further analysis, we assume the i-th cluster is sur-
rounded by L — K BSs evoking non-coordinated CCI. Thus,
the received downlink signal y,, at the UE m in the cellular
environment is given by

M
Yn = Hi,mbi,m VPimXim + Z Hi,mbi,j VPijXi,j
— =1

h,, J#Fm

n

Ny
+ Z Z H; by j\/prjx,;+n 2

vl =1
leL\K !

Zy

The desired data stream x;, transmitted to the mth user
from the ith cluster is distorted by the intra-cluster and inter-
cluster interference plus noise aggregated in ¢, and z,,, re-
spectively. H; ,, spans the Ng X KNy channel matrix for user
m formed by the ith cluster and p;,, is its power allocation.
Thus, £, denotes the interference generated within the clus-
ter. The achievable SINR is estimated at each UE, according
to

|WZH1 mbi m|2pi m
SINR,, = m — . ,

12 IWHH,; b 1 pij + Wi 2,2 ] W,
Jj=1,j#m

3)

with w,, being the combining weights at the receiver, e.g.
maximum ratio combining (MRC) or optimum combining
(0C) [16].

3. Decentralized Interference Management
3.1 Concept

At first, we investigate a practical solution for decentral-
ized interference management, where BSs are not required
to exchange any user payload data. Thus, we consider to
use fixed beams for transmission as depicted in Fig. 1(a).
Assume that all BSs provide Q fixed unitary beam sets
C,,w € {1,...,Q}. For the case of Ny = 2 and Q = 2
the beam sets are based on the pairs of orthogonal columns
in the first two rows of the 4-DFT-matrix according to [17]

I |11 1 I {1 1
cmgli o] el e
In general, each beam set contains Ny fixed precoding vec-
tors (beams) b,,, with u € {1,...,Ny}. Terminals are as-

sumed to report their preferred precoding indices, i.e. PMI,
in combination with corresponding post-equalization SINRs
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via a low-rate feedback channel, refer to Fig.3(a). There-
fore, each UE assumes its preferred MIMO transmission
mode, i.e. single-stream or multi-stream’ transmission. It is
quite obvious, that the system performance depends on the
granularity of the feedback in all dimensions, i.e. the number
of combined PRBs, the granularity of the SINR quantization
which enables more or less precise adaptation to the chan-
nel using a set of modulation and coding scheme (MCS) and
the granularity of the codebook used for the spatial precod-
ing over multiple transmit antennas’".

For OC, which also known as as interference rejection
combining (IRC), we use the interference-aware minimum
mean square error (MMSE) receiver:

wg/[MSE = puR;yl Hi,u (®))

The required channel plus interference knowledge may be
obtained by multi-cell channel estimation based on block-
orthogonal pilot symbols, denoted as DRS. Our proposal
is to multiply subsequently transmitted pilots symbols by
a cell-specific sequence c;,(n). The maximum number of
transmitted pilot symbols N defines the number of orthogo-
nal channel groups, which may be resolved by correlation
with the given code. In order to reduce the interference
within one sequence group, we can maximize the distance
between cells using the same sequence [18].

— =
hiu = Zo chmy" () (©)
Note, we have to ensure that reference signals from multiple
BSs are transmitted coherently and are received within the
given cyclic prefix (CP) at the UE. Thus, downlink trans-
mission has to be synchronized [19]. The covariance matrix

of the multi-cell MIMO channel is given by

—~ —~H

R, = Zhl,jhl,j (7

VL)

According to the feedback provided by each UE, i.e.
CQI and PMI, each BS can independently adapt to a de-
sired entry in the codebook in order to serve their users in
an optimized way. The selected scheduling policy should
operate in a decentralized manner, which helps to reduce
deployment complexity and delays in the system. Further-
more, frequency-selective multi-user scheduling can pro-
vide significant gains by exploiting both, frequency and
multi-user selection diversity. A favorable solution, which
tends to assign each user his best resources, is the score-
based scheduling policy described in [20]. Clearly, the pro-
cess is of heuristic nature, and hence the global scheduling
target of assigning each user an equal amount of resources
is achieved on average only or if the number of available re-
sources tends to infinity. In [21] it was extended to cover

"Where multiple streams can be transmitted to a single user,
i.e. SU-MIMO, or to multiple user, i.e. MU-MIMO.

"'In general, the gap to Shannon information rates is the smaller
the coarser the granularity of any such quantization is.
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Fig.2  Downtilt angle is set to 10° at 32 m BS antenna height. The main lobe hits the ground at %ISD
for ISD = 500 m, resulting in the best user geometry. The inter-site distance (ISD) is varied from 250 m,
over 500 m up to 1750 m. White dots indicate the range where the path loss model is not valid and thus
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Fig.3  (a) Quantized SINR values, i.e. CQIs, are provided by the terminal for possible transmission
modes using a narrow band feedback channel. In addition the best beam indices, i.e. PMISs, are reported
to the base station. (b) Error in the SINR estimation process at the UE side, under the assumption
of knowledge on interference power only or estimation of channel coefficient to the most prominent
interfering BS sites. (c) Diversity gains from multiple users and frequency selective scheduling.

MIMO mode switching. In order to keep the dominant
CCI predictable, we have to assume, that BSs in a cluster
know a change in downlink power allocation. This might be
the case, if BSs change the MIMO transmission mode from
multi-stream to single-stream transmission or vise versa. In
the case of coordinated scheduling/beamforming (CS/CB)
[22], [23], multiple BSs can be grouped into a cluster K,
where all K BSs can jointly optimize the selection of entries
from the codebook. Note, in general this leads to a con-
strained selection of frequency and spatial resources, where
a limited set of resources may be reused at all BSs in %K.

3.2 Multi-Cell Simulation Results

The concept of decentralized interference management
without CS/CB is evaluated in a triple-sectored hexagonal
cellular network with L = 57 BS sectors in total. All sec-
tors operate at the same frequency band, i.e. the frequency
reuse factor equals one. We employ the wrap-around tech-
nique, which ensures that the interference scenario is com-
plete and follows independent, identical distributed (i.i.d.)
statistics for all users. The different channel matrices are
generated by employing the widely used spatial channel
model extended (SCME) [24] with urban macro scenario pa-
rameters [25] and 3D BS antenna characteristics. Figure 2

depicts the achievable user geometries as a function of the
ISD while keeping the downtilt angle fixed to 10°. With de-
creasing ISDs, the cellular system becomes more and more
interference limited. On the other hand, with larger ISD the
system becomes noise-limited. Throughout all simulation
results in this paper, we set the electrical downtilt to 10° and
the ISD to 500 m. The resulting main lobe range of %ISD
is a favorable property, since it yields a relatively high cell
isolation and thus leads to best performances for the case of
non cooperating BSs.

Figure 3(b) depicts the estimation error for different de-
gree of channel plus interference knowledge, which is used
as inputs for the equalization process from (5) and (3). In
particular, it shows the ratio of the estimated versus the theo-
retical available SINR when using both, simple interference
power estimation or received interference covariance esti-
mation based on multi-cell DRS, with N = 12 in a quasi-
static channel. Thus, by employing OC with adequate chan-
nel knowledge, we can significantly improve the estimation
accuracy of SINRs at the receiver side and thus improve the
precision of the link adaptation process.

Figure 3(c) depicts the cumulative distribution function
(CDF) curves for the system spectral efficiency using adap-
tive modulation and coding per PRB, while assuming the
MCS levels as defined for LTE. Further, we assume an error-
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free link-adaptation, i.e. a perfect SINR estimation. For ref-
erence purpose, we include results for interference-limited
single-input single-output (SISO) as well as a MIMO 2 x 2
transmission. In the case of the SISO setup, the system
utilizes only a single spatial dimension. The system with
Ny =2 transmit antennas can offer an additional spatial
layer and thus can serve M = 2 different users instanta-
neously on the same PRB. Accordingly, the spectral effi-
ciency is increased by = 90% if the spatial layer assign-
menet is carried out in a round-robin manner. The sys-
tem performance can be further improved if the layer as-
signment is done while taking the CQI feedback into ac-
count. Hence, the CQI-aware score-based solution outper-
forms both other reference cases with a relative throughput
gain of Ag-; = 1.3 and Ag-; = 2.5 compared to round-robin
and SISO case, respectively”. For the case of the score-
based resource assignement, the spectral efficiency may be
further improved by Ag=1m=5 = 3.1, Ag=1.m=10 = 3.5 and
Ag=1m=20 = 3.8 with respect to the SISO setup, where the
additional index M denotes the total number of active users
in M. For further details on the performance evaluation in-
cluding channel estimation errors refer to [3], the feasibility
of the concept in a real-time prototype is described in [26].

4. Distributed Coordinated Multi-Point Transmission
4.1 Concept for CoMP Joint Transmission (JT)

In modern mobile networks, there is a general tendency of
using distributed signal processing. The adaptation to the
time variation of the wireless channel can be much faster
if it is performed directly in the serving BS. For downlink
CoMP, we reduce the overall delay in the closed transmit-
ter adaptation loop if the waveforms are generated at the
serving BS. Concepts for a distributed implementation of
CoMP, where the serving BS cooperates with a small subset
of BSs, Fig. 1(b), in its direct vicinity are reported in [27]—
[32]77. Recently, we have reported on a first real-time im-
plementation [33], [34] of downlink CoMP demonstrating
its feasibility. Terminals are assumed to estimate the multi-
cell CSI in the downlink using CSI reference signals (CRS),
refer to Fig. 4(b). Subsequently, UEs deliver CSI feedback
in combination with CQI values to their serving BS. Next,
BSs in the cluster exchange the CSI as well as scheduled
user data over a low-latency signaling network denoted as
X2 interface (X2 interface) [35]. Precoding weights for the
joint beam-forming are determined at each BS. The rele-
vant set of weights is applied to the data signals and in this
way, the transmitted waveforms are obtained locally. Sim-
ilar to the centralized approach, the desired signals sum up
constructively while the mutual interference inside the clus-
ter is canceled. We emphasize that under the assumption of
low Doppler shift, i.e. for low mobility or even static users,
the backhaul bandwidth required for sharing the user data
between cooperating BSs is much higher than the one re-
quired for updating the channel estimates within the clus-
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ter. Let us assume an average throughput per cell denoted
as rate, hence, each BS has to receive the scheduled user
data for its own UEs according to that data rate. Further, we
consider that hybrid automatic repeat request (HARQ) pro-
cesses for each user in the active set of users M are running
decentralized at each BS k. Thus, each BS has to perform
the channel coding with a given code rate'™ according to
the CQI feedback provided by the users in M;. According
to (8), all remaining BSs K — 1 in the cluster K convey their
coded user data over the backhaul to the k-th BSTTt, Thus,
the backhaul overhead scales linear with the number of BSs
exchanging their scheduled data in the cluster.

-1
K—) (8)

traf fic = %(1 +
code_rate
According to Fig.4(b), the CoMP JT process is split
into three phases:

1. Phase I: Channel Feedback.
Each user performs a cluster-wise channel estima-
tion using CRS. Each user equipment (UE) gen-
erates multiple-input single-output (MISO)-CSI [12],
[32],[36] according to

hi,m = UZHi,m, (9)

where the Euclidean norm equals |lv,ll, = 1. Be-
sides, v,, is always used to denote the linear combin-
ing scheme to generate CSI MISO feedback. For our
results obtained in Sect. 4.2, we assume an eigenmode
based feedback scheme known as MET, which was ini-
tially proposed for MU-MIMO transmissions [12] and
was later extended to cover the CoMP case [32]. In
essence, each user is assumed to multiply its channel
matrix H;,, = U;,Z;, Vi, by the Hermitian of the
left dominant eigenvector (10), i.e. the column vector
u; ,, included in U; ,, which corresponds to the strongest
Eigenvalue in X, ,,, i.e. v, = W, ;.

hi,m = ugnHi,m = uZnUi,mZi,mvgn = /li,mvgn (10)
Note, for the trials in Sect.5 we employ a simple re-
ceive antenna selection.
The channel information is fed back in conjunction
with the expected post-equalization SINR

“Where the index K = 1 indicates, that each sector operates
independently, i.e. cluster size is equal to 1.

""Note, the length of the CP limits the tolerable backhaul la-
tency in the centralized approach. For distributed downlink CoMP,
latency is more related to the ongoing aging process of the CSI
while it is exchanged over the backhaul. A few ms may be toler-
ated for slowly moving UE. Hence, capacity and latency require-
ments for the backhaul are significantly relaxed compared to the
centralized approach.

"For the results in Sect. 4.2 we set this rate to 1/2.
17t Assuming a virtual local area network (VLAN) topology, data
packets can be directed to multiple recipients.
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Fig.4 (a) and (b) Distributed downlink CoMP: True and effective multi-cell channel. The pre-coder

T
C = [(Ci,l)T (C,-,Z)T] for coherent joint transmission can be calculated distributively, while each BS
uses the rows corresponding to its antennas. (c) Performance results as a function of the cluster size K.
Channel Feedback is assumed according to the MET concept (10).

hi i biml?Pi
) _ | i,mOim i,m
N et a

Therefore, each user assumes a power allocation p;,, as
well as a precoder according to Em = [hi,m]H /I 2
and no intra-cluster interference, since this interference
will be removed by the joint precoder. In particular, the
achievable SINR (11) together with the CSI (9) is then
conveyed to the serving BS.
2. Phase II: Distributed precoder calculation.

A scheduling instance in the cluster combines a total
number of KNy = MNy MISO channels to a com-
pound MIMO channel matrix’. In the following, each
BS is responsible for a specific sub-band of the over-
all bandwidth where CoMP JT is employed. There-
fore, BSs exchange their user payload data as well as
the collected CSI and combine the channel feedback
h; yr7,, to a compound virtual MIMO channel matrix of
size M X KNr according to (12).

T
Hoirruar = [(hi,MTl)T (hir,)" ... (hi,MTM)T] (12)
Subsequently, each BS determines the linear precoder
for their specified sub-bands but for all KNy antennas
of the cluster according to (13).
C = H! (HvirtualHH )_l . (13)

virtual virtual

Finally, all BSs in the i-th cluster perform the coher-
ently precoded downlink transmission, where each BS
is using the weights corresponding to its own transmit
antennas (Tx antennas). In order to meet the per an-
tenna power constraint (PAPC), we use a simplified ex-
pression for matrix +/P; from [37], where the transmit
power per antenna is chosen according to the row ele-
ment in C; with highest norm. Note, this power alloca-
tion typically results in only one BS antenna transmit-
ting with maximum power, and hence, the remaining
KN7 — 1 antennas transmit with less than P,,,./Nr.

3. Phase III: “Intra-cluster-interference-free” data re-
ception at the terminal side.
In this step, each UE performs its own preferred spa-
tial equalization strategy g,,. Therefore, each user may

select the same weights as used in Phase I or may per-
form the equalization using the optimal linear receive
combining weights from (5). The post-equalization
SINR is determined by (3) and is used as inputs for
the link adaptation.

4.2 Multi-Cell Simulation Results

The combined receiver-transmitter concepts described
above are evaluated in the same multi-cell simulation frame-
work as used in Sect.3.2. In particular, we determine the
system performance by assuming a dynamic and user driven
clustering method. However, the system does not utilize
any additional gains from multi-user scheduling, i.e. active
set of users is selected according to the following metric:
A set M = M, of active multi-antenna terminals is uni-
formly distributed in the i-th cluster of the cellular environ-
ment. The user selection for each cell is done by a round-
robin scheduling policy, yielding a set of users M; of size
[Mi| = N7. Note, the users in M, experience highest chan-
nel gain to the k-th BS, i.e. all users are connected to a mas-
ter BS. In addition, all user sets M are disjoint for different
BSs k € K. Further, we emulate a cluster selection which
is user-centric and dynamic over frequency: the K strongest
channel gains of the users in M are the ones of the K BSs
within the cluster. Results are provided for different clus-
ter sizes of K € {1,2,3,4,5,10}. All results in Fig. 4(c) are
based on an equal per beam power constraint with a PAPC
[37], which is aligned with the assumptions made in LTE.

4.2.1 Performance of Reference Cases

For reference purpose, we include the performance results
for interference-limited SISO as well as a MIMO 2 X2 trans-
mission from Sect. 3.2. For Ny = 2, two active fixed beams
are sent to M = 2 different users in a round-robin manner or
taking CQI feedback into account.

"With a proper user selection, the mandatory full rank condi-
tion of the compound channel matrix can be frequently met in the
multi-point-to-multi-point channel with independent links [37].
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4.2.2 Gain from CSI Feedback and CoMP Transmission

CSlI-aware precoding within a given cluster reduces the
interference experienced at each UE. Therefore, we use
the well-known multi-user eigenmode transmission concept
(10). In case of CSI feedback and zero-forcing (ZF) beam-
forming at a single BS, i.e. K = 1, with subsequent OC pro-
vides a system gain of Ag—; = 2.5 and Ag-; = 1.0 compared
to SISO and score-based beam assignment, respectively.
Note, there is no additional gain from CSI based ZF beam-
forming and a cluster size of K = 1. This mainly caused by
the two facts: First, we assume a simplified PAPC, which
leads to an suboptimal power allocation where only one an-
tenna transmits with full power and all others are scaled ac-
cordingly [37]. In contrast, in the case of fixed precoding
from Sect. 3 all BS antennas transmit with full power. Sec-
ond, within the score-based spatial layer assignment (refer-
ence case), multi-user diversity is used to assign both users
to these fixed beams. In the case of ZF beamforming, both
users are directly served on orthogonal beams. In both cases
the inter-cell interference is not affected.

In the next step, we increase the cluster size for
the CoMP system and the gain from MET attributes to
AK:2 = 27, AK:3 = 32, A[(:4 = 36, AK:5 = 3.8 and
Ag=190 = 4.6 w.r.t SISO case. Note, the gap between Shan-
non information rates and a practical link adaptation accord-
ing to LTE attributes to 4.3 bit/s/Hz/sector for K = 10. Con-
cluding, we observe that the median sector spectral efficien-
cies are increased by 220%, 280% and 360% for coordinat-
ing 3, 5 and 10 cells, respectively. However backhaul re-
quirements per feeder link increase as well, i.e. by 5, 9 and
19 bits per bit-on-air-interface assuming a fixed code rate of
1/2, for the coordination of 3, 5 and 10 cells, respectively.
Altogether, significant gains from coordination have already
been realized by using small clusters, despite the residual in-
terference from non-coordinated clusters.

For K = 10 the estimated median traffic for user (pay-
load) data exchange per backhaul link will exceed a value
of 120bit/s/Hz. This is only a rough estimate according
to (8), where rate is the median sector data rate in bit/s/Hz
for CoMP transmission using the MCS from LTE. The back-
haul traffic consists of the transmitted data over the air inter-
face and the required user data exchange from K — 1 other
BSs. Since, BSs have to coherently transmit the same data,
i.e. using the same MCS, we consider the BSs to exchange
their coded user payload data and independent mapping to
identical QAM symbols. For sake of simplicity, we assume
here a code rate of 1/27.

5. Field Trials in Berlin LTE-Advanced Testbed

In this section we describe our initial real-time implementa-
tion and testing of distributed CoMP JT in the downlink of
an LTE-Advanced trial network. Enabling features such as
distributed synchronization [19], cell- and user-specific pi-
lots and a fast backbone network in which users are served
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with data, terminals feed back multi-cell CSI and base sta-
tions exchange scheduled data have been implemented and
tested in real-time on top of an existing LTE trial system, i.e.
in the Berlin LTE-Advanced Testbed. We have implemented
the scheme shown in Fig.4(a) with 2 BSs, 2 UEs having
2 antennas each in FDD mode using 20 MHz bandwidth in
the down-link and 10 MHz bandwidth for each UE in the
uplink at 2.68 and 2.52 GHz, respectively. For more imple-
mentation details, please refer to [33],[34]. Interference-
limited transmission experiments have then been conducted
using three multi-cell transmission modes. As a lower
bound, we use no coordination between the cells but apply
per-antenna rate control with interference-aware equaliza-
tion at the terminal. Second, by using distributed downlink
CoMP, the mutual interference between the cells is can-
celed. Third, we study isolated cells as an upper bound
where the interference from other cells is switched off. Tri-
als over the air are described here for indoor and outdoor-to-
indoor scenarios covering both intra- and inter-site CoMP.
For an outdoor-to-outdoor scenario refer to [34]. We de-
scribe impressive observations regarding the reduced out-
age at the cell edge and demonstrate the huge overall per-
formance improvements when using CoMP JT instead of
interference-limited transmission. Clearly these gains are
obtained only in the absence of interference from non-
coordinated cells. The performance in presence of residual
CCl is investigated in Sect.4.2. Nonetheless, the follow-
ing experiments demonstrate that the implementation chal-
lenges of downlink CoMP can be overcome and that simi-
larly high gains as predicted by the theory can be realized in
practice.

5.1 Setup and Scenarios

Scenarios comprise indoor and outdoor-to-indoor configu-
rations, refer to Fig. 5(a). Indoors, both BSs are located in
the same lab. In the outdoor-to-indoor scenarios, we trans-
mit from two BS sites and select two sectors either at the
same site or at two different sites in order to realize intra-
and inter-site cooperation, respectively. Sites are located
on the Deutsche Telekom Laboratories (TLabs) building at
Ernst-Reuter-Platz (84 m antenna height) and on the Techni-
cal University of Berlin (TUB) main building, Strae des 17.
Juni (43 m, see Fig. 5(a)). The estimated height of buildings
in the area is in between 25 and 35 m. For more insights,
refer to [26]. Sites are interconnected by optical fibers de-
ployed in the campus with a length of 4.5km. The X2
interface signaling over the fiber is based on 1 Gbit/s Eth-
ernet.

For indoor and outdoor-to-indoor scenarios, both UEs
are located on the 11th floor at the Fraunhofer Heinrich
Hertz Institute (HHI). We placed both UEs at the south front
of the building with the windows facing towards both base
stations either in the same lab or in two different labs which

"Here we do not consider additional overhead due to CSI ex-
change, which would be only a small part of the overall traffic re-
quirement [38].
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Fig.5 (a) Scenario for field trials. (b) For a specific sample of the QAM constellations, measured
data rate and received power (red represents a low and green represents a high power level) at both UEs
in an interference limited or CoMP scenario. (¢) Measurement results for an indoor, an intra-site and an
inter-site deployment. Measured throughput for interference-limited transmission (dashed), coordinated

multi-point (solid) and isolated cells (dash-dot).

are 25 m separated. UE; is at a fixed location. In order to
capture the local fading statistics, UE; moves at low speed
with approximately 3 cm/s. In our implementation, UE; is
always assigned to BS1 and UE, to BS2, i.e. handover is
not performed. For performance evaluation, we consider
the overall statistics from UEs placed in the same lab and
different labs.

5.2 Measurement Results

Indoor and outdoor-to-indoor results are plotted in Fig. 5(c).
For the current setup, we have a single user assigned to BS1
and a single user assigned to BS2. If we place both UEs at
the cell border between BS1 and BS2, both interference sce-
narios are very similar and thus, similar throughput statis-
tics are obtained. In Fig.5(c) we show the throughput only
for UE,. First, as a lower bound, we realize interference-
limited transmission using an identity matrix as an indepen-
dent precoder for BS1 and BS2, in combination with OC at
the receiver side. In this case, we have single UE assigned
to each BS. Due to limited hardware, the trial system can-
not utilize multiuser diversity gains in the frequency selec-
tive scheduling, as discussed in Sect. 3 which implies higher
outage probability. Next, we have used CoMP JT transmis-
sion from both sites with a fixed number of four streams on
the air. Finally, as an upper bound, we consider the case of
isolated cells where the interference from the other cell is
present, i.e. either BS1 or BS2 is switched of.

In the indoor scenario, both BSs are received with the
same average power in a rich scattering environment. The
average SINR is around 0dB in both cells simultaneously.
Due to multiple reflections in the room, however, both the
signal and the interference experience fading. Statistically
independent fading of both signals creates a crucial through-
put situation for a UE: When moving the UE by a few cm
only, we can realize situations where either the signal chan-
nel is strong while the interference is in a fade, and cor-
respondingly the serving BS assigns data transmission in

a certain part of the whole frequency band, as well as the
reverse situation where the interference channel is strong
while the signal is in a fade so that no more data are usually
transmitted. Note, the BS assignment is always kept fixed,
i.e. BS1 serves UE; and BS2 serves UE,. As a consequence,
the terminal suffers from bad SINR conditions and thus the
outage probability amounts to 50%. Thus, the data traffic
is not continuous but frequently interrupted when moving
through the lab and the user experience may be quite poor.

If CoMP is enabled in such a bad interference scenario,
we observe significant improvements for the data through-
put. Despite the critical interference situation and although
the data rate still varies, CoMP removes outage completely.
Using CoMP in such indoor deployments, provides 18 times
higher data rates for UEs with respect to the interference
limited setup. Note, we realize approximately 78% of the
rate achievable in the isolated cell setup.

Next consider the intra-site scenarios. It is typical in
the distributed multi-cell network that path losses are not
equal for different pairs of BSs and UEs. Nonetheless,
the basic observations remain similar. In the interference-
limited case, again there is significant outage. Using CoMP,
in contrast, both UEs can realize 30% of the peak data rate
on average. Note, in this scenario both UEs are placed in
the same building, while both serving BSs are situated at
the same site, i.e. same antenna pole. In this case, signals
transmitted from both sectors show high correlation [39].

The performance in the inter-site scenarios is superior
compared to the intra-site scenarios, despite distributed syn-
chronization of both base stations. Studies of the underly-
ing channel correlations suggest that the higher data rates
observed with CoMP in the inter-site scenarios may also be
attributed to the lower transmit antenna correlation [39] if
terminals are not sufficiently separated in the deployment.
However, in [34] we demonstrate, the difference between
intra-site and inter-site CoMP transmission is rather small
when UEs are placed at different buildings or streets in the
scenario, i.e. each UE is dominantly served from a different



3236

BS sector.
6. Conclusion

In this paper, we investigated promising techniques for
interference management in future cellular OFDMA sys-
tems. The concepts range from independent scheduling in
each cell, over downlink interference estimation to coor-
dinated multi-point joint transmission, where multiple BSs
are grouped into a wireless distributed network (WDN).
In particular, by using multi-cell simulations, we demon-
strated significant gains from a first extension towards multi-
cell processing, where adjacent base stations are synchro-
nized and multi-cell demodulation reference signals are in-
troduced. Both enables interference-aware equalization at
the UE and improves the SINR estimation yielding a more
precise link adaptation at the BS. Finally, we introduced a
centralized scheme for coordinated multi-point transmission
in the downlink of next generation mobile networks. There-
fore, we consider coordinated multi-point joint transmission
inside a limited cluster of cells forming an intra-cluster in-
terference free island. This island is surrounded by multiple
non-coordinated cells. Again, by employing multi-cell sim-
ulations, we evaluated the system performance and demon-
strated significant gains from coordination, which can be re-
alized by using small clusters, i.e. gains in the order of 200%
to 300% for coordinating 3 to 5 cells, respectively.

However, the implementation of such coordinated
multi-point algorithms is considered as rather complex, we
demonstrated its feasibility in a first prototyping real-time
implementation using the Berlin LTE-Advanced Testbed.
Coherent interference nulling was demonstrated over the air
while a number of essential network operator requirements
have been met. We used distributed synchronization and
linked base stations using standard Ethernet. The high la-
tency requirements for the information exchange are met us-
ing commercially available network equipment based on the
IEEE 802.1q VLAN standard. In our inter-site scenarios,
we demonstrated downlink CoMP over 20 MHz bandwidth
at 500 m inter-site distance. This is the proof of concept that
downlink CoMP can be integrated into the distributed LTE
system architecture.

In order to make the promising CoMP technology ma-
ture for next generation mobile networks, ongoing studies
concentrate on concepts for efficient user grouping, dynamic
clustering of base stations [40], [41] as well as concepts to
reduce the loss due to impairments caused by delayed chan-
nel feedback.
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