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Abstract—Information theory predicts huge performance gains
in terms of spectrum efficiency by using cooperative transmission
from multiple base stations. Cooperation eliminates inter-cell
interference and it enables a higher channel rank. The isolated
cell capacity is an upper bound for unlimited backbone capacity,
infinite signal processing power and infinite channel feedback. We
discuss a combined physical, medium access control (MAC) and
network layer approach targeting minimal implementation loss
while relaxing assumptions. It is based on frequency-selective
channel quality identifier (CQI) reports to the serving station
selecting the right user(s) on a given resource with best signal to
interference and noise ratio (SINR). Such scheduling is performed
independently in each cell. In adjacent cells it forms a group of
users whose mutual interference is smaller than on average. The
task of cooperative transmission is to further reduce the mutual
interference within this group. In a multi-user system, the group
shares only part of the spectrum. Feedback can hence be limited
to the granted resource blocks. Based on virtual pilot sequences
we reduce the pilot overhead and use a suitable mirror feedback
scheme in addition. Altogether the feedback overhead is reduced
by 2 orders of magnitude.

I. INTRODUCTION

Cooperative transmission refers to multiple base stations
serving jointly a set of users scheduled onto the same resource
in their respective cells. Using cooperative signal processing,
the interference among the cells is reduced. For this reason,
base stations exchange data signals. Channel information is
measured at the terminal side from broadcast pilot signals and
fed back to the base station. The principal concept has been
proposed in [1, 2]. See also a performance analysis in [3] and
a recent review article [4]. A measurement-based analysis is
provided in [5].

Current cellular systems are interference-limited at least for
small inter-site distances between 500 m and 1 km typical
for the deployment of the Universal Mobile Telecommuni-
cations System (UMTS) in urban areas. In the information-
theoretic limit cooperative transmission could reach the bound
of isolated cells [6] if we provide unlimited backbone capacity,
infinite signal processing power and infinite channel feedback.
The backbone may be realized using optical fibers between
the base stations or replacements as microwave and free-
space optics. Signal processing power becomes increasingly
available at low cost [7]. However, feedback is ultimately
bounded. The transmitter power of mobile terminals limits
the achievable up-link capacity over cellular distances. Battery
power is limited as well.

In this paper, we develop a high-level implementation
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Figure 1. Principle of distributed cooperative transmission.

concept for distributed cooperative transmission. We discuss
essential ingredients such as synchronization of base stations,
multi-cell channel estimation, efficient feedback of channel
state information (CSI) and propose an integrated protocol ar-
chitecture for the physical, MAC and network layers realizing
a distributed cooperative cellular system.

The paper is organized as follows. Section II introduces
the distributed implementation concept. In Section III, syn-
chronization of the base stations is considered. Section IV
describes how to get the CSI efficiently to cooperative base
stations. Section V investigates distributed cooperative trans-
mission, the role of the effective channel and the benefit
of user-specific pilots. Section VI summarizes the proposed
cooperative transmission protocol.

II. DISTRIBUTED IMPLEMENTATION

One of the keys to introduce cooperative transmission into
modern cellular systems is that the cooperative algorithm can
be implemented in a distributed fashion, see [8]. In early work,
e.g. [1-5] cooperative beam-forming has been performed at
a central unit having all channel knowledge and where all
data streams are available. Transmitted signals are jointly
precoded and then distributed to the base stations acting
merely as remote radio heads distributed across the service
area. However, modern cellular networks as the Long Term
Evolution (LTE) of the Third Generation Partnership Project
(B3GPP) have a flat and no traditional hierarchic architecture.
Base stations act as autonomous network nodes. There is no
central unit where cooperative processing could be done.
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Figure 2. Options for data flow synchronization at cooperative base stations
in the 3GPP LTE/SAE network. Left: Multicast on S1, Right: Unicast on S1,
distribution over X2.

There is a straight forward distributed implementation of
the cooperative processing, see Fig. 1. Each base station
acquires global channel knowledge i.e. about all terminals
served by adjacent base stations. The 3GPP LTE network
(see Fig.2) is made of a star-like feeder network denoted
as S1 and an additional meshed X2 network over which
base stations can communicate with each other. The CSI
can be exchanged over this X2 interface between cooperative
base stations and the cooperative signal processing can be
performed redundantly in each cooperative node. Next the data
are provided synchronously at the interface to the physical
layers in each base station. Each cooperative node applies
only the locally relevant beam-forming weights to the streams
and forms the locally transmitted signal in this way. Such
a distributed implementation is fully equivalent to central
processing, i.e. the desired signal d; in Fig. 1 is maximized
at the terminal T1 and the interference due to co-channel
transmission of dy to T2 is suppressed at the location of T1.

III. SYNCHRONIZATION

For distributed cooperative transmission, we need better
synchronization than in current cellular networks. At first, base
stations act coherently, like in a single-frequency network.
Hence, the carrier frequency in the radio front-ends and
the overall symbol and frame clocks must be synchronized
for all base stations. This can be realized using the global
positioning system (GPS). GPS-locked Rubidium reference
clocks can achieve an accuracy below 10~!! relative to the
center frequency. The frame start can be synchronized with a
mean and maximum jitter of 10 and 30 ns, respectively, using
the common one-pulse-per-second (1PPS) signal. This is more
than sufficient for cooperative transmission. In a commercial
system, the master clock of the base station may be directly
phase-locked to the GPS to reduce costs [9]. For indoor base
stations, the GPS can be replaced by network synchronization
using the IEEE 1588v2 protocol. It is based on a GPS-locked
grandmaster and slave units at each base station [10], [11].

Synchronization of the data flow is required in the dis-
tributed approach. Basically there are two options. In the first
approach (Fig.2, left) the stream of a user is multi-cast from
the advanced gateway (aGW) over the S1 feeder network to
the cooperative base stations. In this way, a particular data
packet may arrive asynchronously over the network at each
base station, denoted as enhanced nodeB (eNB), since the
routing delays can be different. A potential solution for this

full CSI feedback [1 ms]
20 Mhz, 2x2 MIMO
7 cells, 100 RB
8 pilots/Tx/RB
5 bit quantization
for Re(H) and Im(H)
feedback = 224 Mbit/s

mirror feedback [1 ms
20 users/cell, each 5 RB
20 Mhz, 2x2 MIMO
8 pilots/Rx/RB
5 bit quantization

for Re(H) and Im(H
feedback = 800 kbit/s

Figure 3. Feedback estimation in a simple interference scenario.

problem is to insert time stamps in the data packets already
at the aGW. Next one replicates the MAC controller in each
cooperative base station and synchronizes all replicas with the
original controller in the serving base station using an X2
protocol based on time stamps.

A second approach is shown in Fig. 2, right. Data packets
are sent as unicast from the aGW over S1 to the serving eNB,
where the unique MAC controller for this user is situated.
There is an additional X2 data path between the eNBs, over
which ready-to-send data can be copied with controlled timing
from the master to the slave eNB also involved in the cooper-
ative transmission. Copied data are accompanied by implicit
or explicit mapping information on which resources they are
transmitted. In this way, data to be transmitted at a slave
eNB can be provided synchronously with the transmission at
the serving eNB. This approach may be simpler in terms of
hardware effort and implementation.

IV. CHANNEL STATE INFORMATION AT THE BASE STATION

Cooperative beam-forming requires the estimation of large
numbers of channel coefficients from the serving and interfer-
ing base stations to each terminal. For a first estimate of the
feedback overhead, consider a simple interference scenario in
Fig. 3. A way how to estimate the channel for multiple cells
is described in the next subsection. With 7 cells, 2 transmit
antennas each, 100 resource blocks (20 MHz bandwidth in
3GPP LTE), 8 pilots per antenna in each resource block and
10 bit quantization for the channel coefficients one would
arrive at an unthinkable feedback rate of 224 Mbit/s with
an update interval of 1 ms. In the following we describe a
way how this rate can be reduced by more than 2 orders of
magnitude without significant loss of relevant CSI.

A. Virtual Pilots

The virtual pilot concept in Fig. 4 reduces the pilot overhead
at the cost of mobility [12]. Pilots in sectors are assumed
orthogonal. Each site is identified by one sequence out of an
orthogonal set. Common pilots are scrambled over time by
this site-specific sequence. One simply takes all pilots in a
slot and multiplies them with a given chip from the sequence.
There is a particular sequence assignment to base stations, see
Fig. 4. The idea is based on partial cross-correlation. For some
sequences families with length L, e.g. Hadamard or DFT, there
are subsets of sequences being mutually orthogonal already for
window lengths being an integer fraction of L. In general, we
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Figure 4. Virtual pilots are used for multi-cell channel estimation. Left and
Center: Sequences and cell plan. Right: Performance for 5 strongest channels
(Top-1 to Top-5) as a function of the correlation window length.

identify closer base stations by sequences being orthogonal in
a shorter window while more distant base stations differ by
sequences which need a longer window.

Consider the hexadecimal sequence numbers at the sequence
list (Fig. 4, left) and their assignment in the cell grid (center).
With window length 2, the next horizontal row of cells is
orthogonal to the row of the reference cell (using sequence 0).
With window length 4, in addition, the diagonal rows oriented
in 30° direction (north over east) are orthogonal as well. On
average, the longer the correlation window, the more distant
potential base stations having the same sequence are situated.
The mean square error (MSE) of the five strongest signals
is shown in Fig. 4 (right). The MSE of the two strongest
signals is below -20 dB with a correlation length of 8 slots
corresponding to 4 ms in the 3GPP LTE. The five strongest
channels are estimated with the same accuracy using window
length 16, i.e. 8 ms. In this time, the channel has to be almost
static. The virtual pilot scheme introduces no additional pilot
to estimate the multi-cell channel. Estimation based on virtual
pilots requires a fine synchronization of the carrier frequency
at the terminal side, see [12].

B. Mirror feedback

A terminal receives a superposition of virtual pilots from
multiple base stations, weighted by their respective channels.
Separating all channels at the terminal using a sliding window
correlation circuit may be beneficial for the interference reduc-
tion e.g. using optimal combining. Here we are interested in
getting the CSI in the most compact form to the base station.
Therefore it may be practical to feed the received pilot signals
regularly back to the base station, as if one would use a mirror.
Received pilots are simply quantized and packed in up-link
transport blocks and sent to the serving base station via a
granted up-link channel.

The task of the multi-cell channel estimation has in fact
been shifted here to the base station. It receives the mirror
feedback and performs a sliding window correlation to extract
the interference situation at the terminal. The extracted channel
information is distributed to all cooperative base stations via
the X2 interface, see Fig. 1.

C. CQI-based user grouping

So far it has been assumed that CSI feedback is provided
over the entire system bandwidth. At this point we observe

down-link up-link
downlink CSI of co-channel terminals

4 _, - —

<1ms <1ms

serving base| virtual serving base
pilots interterer | ——|station (master)
mirror

feedback

Figure 5. Mirror feedback is provided based on the received superimposed
virtual pilot sequences from multiple base stations. Multi-cell channel esti-
mation is performed at the base station.

the highest potential for feedback reduction. It comes from
the presence of multiple users in the system.

Note that full-bandwidth CSI feedback is needed for optimal
user grouping. The aim of user grouping in a multi-cell
channel is to identify users with mostly orthogonal channel
vectors, where one such vector contains the channel coeffi-
cients between all base stations and a terminal. In theory the
number of users goes to infinity, one always finds a user group
with orthogonal channel vectors. In practice, the number of
users is limited. There is always a residual interference which
can be reduced by cooperative signal processing. In order to
agree upon a user group, autonomous cooperative base stations
would need to exchange exhaustive request-to-cooperate and
confirm messages.

There is a simpler way to identify almost orthogonal channel
vectors in adjacent cells in an independent manner. Therefore
consider a combined physical and MAC layer approach.
It needs basic understanding of rate-maximizing and score-
based schedulers in cellular systems [13-16]. This kind of
schedulers typically assigns a given resource to those user(s)
in a cell for which the SINR is maximized. In other words,
users are scheduled onto a resource where the interference is
already smaller than on average. Such scheduling is performed
independently in adjacent cells, and the natural result is a user
group scheduled on the same resources in adjacent cells so that
the selected users experience the minimal mutual interference.
No communication between the base station is needed to find
this optimum. The users in each cell estimate their signal
and interference channels, determine the SINR and provide
frequency-selective CQI feedback, accordingly.

Hence, the idea is to perform frequency-selective multiuser
MIMO scheduling independently in each cell based on CQI
feedback prior to the cooperative signal processing. Selected
users already experience the minimum mutual interference
as far as the interference can be reduced using fixed beam-
forming in combination with optimal combining as considered
in [17]. The users found in this way have nearly orthogonal
channel vectors. Cooperative signal processing can thus be
regarded as a second step of the transmitter and receiver
optimization reducing the residual interference.

This approach has another interesting implication since it
reduces the feedback remarkably: Mirror feedback can be
provided only for those resources granted to the users by their
serving base station. With a typical number of 20 users per
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Figure 6.  Characterization of the interference scenario before and after
interference-aware multiuser scheduling. Displayed is the Top-N power statis-
tics obtained from the sorted received powers in each channel snapshot.

cell assigned an equal amount of resources, accordingly the
CSI feedback can be reduced by a factor of 20.

Let us finally estimate the required feedback rate again. A
terminal having 2 receive antennas gets on average 5 resource
blocks in 20 MHz bandwidth. There are 8 pilots per receive
antenna in each resource block and we use 10 bit quantization
for the pilot signals to be mirrored back to the base station.
With these numbers we obtain a feedback rate of 800 kbit/s
with an update interval of 1 ms. This number is more realistic
for cellular radio. The saving compared to the initial scheme
is 280:1, i.e. more than two orders of magnitude. Additional
savings are possible using differential feedback encoding.

i=1...I Precoding k=1...K Terminals

matrices/vectors

The effective channel.

Figure 7.

V. COOPERATIVE TRANSMISSION
A. The effective channel

Here we investigate how the interference scenario on
granted resources is altered compared to the situation expe-
rienced on average. In order to quantify these gains, we refer
to the Top-IN power distribution before and after scheduling,
see Fig. 6, where N denotes the N*" strongest signal.

Top-N distributions are obtained as follows. Sort the power
received from all base stations in a snapshot of the channel.
The strongest signal is the serving station while the other sig-
nals are considered as interference. Now create a statistics of
the sorted powers over a large number of channel realizations.
This statistics tells us how weak a second- or third-strongest
interferer is on average compared to the serving cell. At the
MALC layer, resources are granted according to the score-based
scheduler [15] assigning each users it’s best resources (We
have assumed 20 users in each cell). In this way, the actual
SINR on a given resource is enhanced.

We have studied this using a multi-cell simulator with 19
sites having three sectors each. The power in each sector is
+34 dBm. The channel is derived from the extended spatial
channel model (SCME) for the urban macro scenario with
non line of sight (NLOS), see [18]. In Fig. 6 (top), the Top-N
statistics for a single-input single-output (SISO) link in each
cell is shown. The median of the strongest signal (green line,
-95.3 dBm) has 6.2 dB more gain than the next signal (-
101.5 dBm). Due to the frequency-selective scheduling, the
best-server power is increased and interference is reduced.
The Top-2 median (Fig. 6, center, -103.2 dBm) is now on
average 11.2 dB below the serving signal (-92 dBm) indicating
a gain of 5 dB. A similar value is found for a 2x2 multiple-
input multiple-output (MIMO) link in each cell. Due to the
second stream in each cell, the interference signals are denser
compared to the SISO case. At the receiver, optimal combining
based on perfect CSI is used. The median of the second signal
(Fig. 6, bottom, -104.1 dBm) is now on average 11.1 dB below
the serving signal (-93 dBm) indicating a similar scheduling
gain as in the SISO scenario. Cooperative signal processing
should take these scheduling gains into account. Rather than
operating on the original multi-cell channel G, see Fig. 7, the
effective channel Gy including the fixed pre-coding in each
cell indicated by matrices P » and the optimum combining at
the terminal indicated by matrices W » may be used.
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B. Secondary Pilots

If the terminal processing is unknown at the base station, we
may need a second set of pilots identifying the data streams
in each cell. Secondary pilots can be designed similarly
like virtual pilots. They are passed through the fixed beam-
former P; 5 like data signals. While the terminal filter W o
is obtained from the multi-cell channel as described above,
cooperative signal processing is then based on mirror feedback
obtained from the secondary pilots. In this case, cooperative
signal processing removes interference between data streams.

VI. COOPERATIVE TRANSMISSION PROTOCOL

The proposed cooperative transmission protocol is sketched
in Fig. 8. We consider a master station transmitting virtual
pilots enabling multi-cell channel estimation and calculation
of the frequency-selective CQI feedback for single- and multi-
stream (ss/ms) transmission. Based on such feedback, re-
sources are assigned in each cell individually. The resource
assignment is maintained if cooperative transmission is used.
Next primary or secondary virtual pilots are transmitted and
the mirror feedback is provided by the terminal. Over the X2
interface, CSI and data are fused at the serving base station.
The multi-cell channel is estimated and cooperative transmis-
sion weights are obtained. The achievable signal quality at
the terminal is predicted by the serving base station and the
throughput is assigned accordingly. The protocol is supported
by the slave stations so that data can be transmitted jointly.

VII. CONCLUSIONS

In this paper, an attempt has been made to introduce the
promising joint transmission ideas into the network architec-
ture of the next generation of cellular radio. A cross-layer
approach reveals that the commonly feared increase of pilot
and feedback overheads can be avoided, however at reduced
mobility. The proposal is to use virtual pilots and to provide
mirror feedback for the resources assigned by the independent
scheduling prior to the cooperative transmission. In this way,
users are already grouped so that the mutual interference is
minimized. The cooperative signal processing removes then
the residual interference in this group. The frequency-selective
multiuser MIMO concept based on CQI feedback has been
integrated into the cooperative transmission protocol providing
a safe fall-back if the critical backbone requirements cannot
be met due to link outage or missing infrastructure.
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