
INTRODUCTION

Interference is the limiting factor in cellular
radio systems. The Global System for Mobile
Communications (GSM) typically reduces inter-
ference by avoiding the same frequency again in
the next cell. In order to increase spectral effi-
ciency, the frequency reuse factor has been
reduced down to unity in the Universal Mobile
Telecommunications System (UMTS), that is,
the same resources are assigned in adjacent
cells. The severe intercell interference is
whitened by spreading the data over the entire
system bandwidth and scrambling them with a
cell-specific sequence. In high-speed downlink
packet access (HSDPA), terminals provide regu-
lar feedback about their mean channel and inter-
ference situation using a channel quality
indicator (CQI). Depending on this CQI, the
entire system bandwidth can be assigned tem-
porarily to the particular terminal that has the
best channel. If we consider the terminals in a
cell as a virtual antenna array, this scheduling

approach is similar to selection combining and
exploits what is called multiuser diversity [1].
Note that the CQI may include information
about the interference. Assigning the channel to
the user with the best CQI can be regarded as a
technique to actively handle the interference.

The downlink of the Third Generation Part-
nership Project (3GPP) Long-Term Evolution
(LTE) is based on orthogonal frequency-division
multiple access (OFDMA). It has the potential
for enhanced interference reduction compared
to previous systems based on code-division mul-
tiple access (CDMA). At least for stationary
users there is no more intracell interference,
since orthogonal frequency-division multiplexing
(OFDM) waveforms remain orthogonal after
passing through a multipath channel. As a novel-
ty, we can exploit the multipath nature of signal
and interference channels in the scheduling pro-
cess. Simply speaking, one assigns those parts of
the spectrum to a user where simultaneously the
desired signal is strong and the interference
weak. In addition to the time-domain scheduling
already used in HSDPA, groups of subcarriers
can be assigned to users according to the fre-
quency-selective signal and interference condi-
tions.

Multiple-input multiple-output (MIMO)
techniques use multiple antennas at both the
base station (BS) and the terminal. MIMO is
expected to contribute substantially to the
enhanced capacity of LTE. Note that OFDM
simplifies the signal processing for MIMO. Sim-
ple MIMO algorithms for flat fading channels
are sufficient for channel equalization [2]. To
maximize the benefits of the new air interface,
our objective is to minimize the effects of inter-
ference by means of joint radio resource man-
agement for multiple users in a cell exploiting
the new degrees of freedom in the frequency
and space domains. Our approach is similar to a
spectral decomposition of the colored interfer-
ence and adapting the transmission accordingly.

Let us first define essential requirements for
the downlink MIMO medium access control
(MAC) layer. Resource assignment needs fair-
ness in a cellular network in order to guarantee
the best throughput for all users. With oppor-
tunistic approaches as in [1] a user at the cell
edge is never served. A common implementation
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is proportional fairness: In the mean, the user is
assigned a constant fraction of the rate he could
realize if he was alone in the cell. To realize low
packet delays, which are a general requirement
of LTE, the possibilities of resource assignment
are rather limited in the time domain. For traffic
with high priority a free resource shall always be
available for a user having poor channel condi-
tions. For critical real-time multimedia services
such as videoconferencing, instantaneous fair-
ness may be desirable. The score-based sched-
uler provides good heuristics to realize these
objectives [3].

Feedback reduction is a second requirement
for cellular mobile radio systems. A terminal has
low power (e.g., 200 mW) and is expected to
bridge distances of several kilometers at the cell
edge. This is reached by reducing the bandwidth
assigned in the uplink and increasing the spec-
tral power density accordingly when moving
from cell center to cell edge. Last but not least,
the mobile radio channel changes rapidly, and
feedback is needed at high repetition rates. Each
feedback bit costs battery power and spectral
resources; thus, limited feedback is paramount.
Here we consider feedback on the order of sev-
eral tens of kilobits per second, which may be
feasible even at the cell edge. With such a low
rate it is possible to feed back a coarse charac-
terization of the MIMO channel as a function of
frequency based on a CQI for several spatial
transmission modes and certain groups of sub-
carriers.

Efficient spatial adaptation is a third require-
ment. A MIMO system can in principle select
the operation point in the diversity gain vs. mul-
tiplexing gain plane [4] by using a particular
transmission mode according to the channel con-
ditions. Such MIMO mode switching is helpful
to achieve the best possible transmission rate in
a mobile scenario. Diversity transmission is
favored in low-rank channels having, say, a free
line of sight (LOS) to the BS, while multiplexing
is preferred when the rank is full and the effec-
tive signal-to-interference-and-noise ratio
(SINR) is at a sufficient level. Sometimes higher
throughput may be realized if not all the streams
are used for spatial multiplexing. Selection can
be based on the achievable rates for various spa-
tial transmission modes calculated at the receiv-
er side. The preferred mode and corresponding
rates are fed back to the BS where the radio link
is optimized [5]. Refer to [6] for an initial pro-
posal of frequency-selective MIMO mode switch-
ing. Single-cell performance with two-user
support is investigated in [7], and fair scheduling
for multiple users in [8]. Multicell performance
is analyzed in [9]. Physical and MAC layer imple-
mentation and early field trials are reported in
[10].

Two more requirements not currently met by
LTE Release 8 (R8) are needed. Knowledge
about the interference could be obtained from
the covariance matrix of the received signals.
However, such estimation is not precise enough.
The temporal variation of the covariance can
hardly be tracked in a mobile scenario, and the
potential gains are ruined [11]. As a way out, we
propose to synchronize the BSs (e.g., by GPS or
over the network using the IEEE 1588v2 stan-

dard [12]) and provide cell-specific reference sig-
nals. At each terminal, the channels to the
strongest BSs are estimated [13]. The covariance
is then calculated from these multicell channel
estimates.

The article is organized as follows. We start
with the spatial mode switching concept and
describe our instantaneously fair scheduling
algorithm. We highlight two recent observations:
First, the more statistically independent degrees
of freedom we offer to assign spatially multi-
plexed streams (e.g., frequency-selective feed-
back, multiple users, multiple beams), the higher
the probability of using the multistream mode.
Next we show that if the channel to the interfer-
ing cells is known in addition to the serving one,
the estimation error for the achievable rate on
the MAC layer is significantly lower. The system
can be loaded less conservatively, and this trans-
forms into an overall throughput gain. For these
reasons, the spectral efficiency is significantly
enhanced. The MIMO capacity scaling for point-
to-point links, proportional to the minimum of
the numbers of transmit and receive antennas,
can also be approximated in this way in the mul-
ticell scenario. Real-time implementation and
laboratory as well as field trials are described to
show the feasibility of our approach.

THE SPATIAL MODE
SWITCHING CONCEPT

The concept is based on a fixed grid of beams
provided by the BS consisting of a number of
beamforming vectors b given in a predefined
codebook (Fig. 1, left). The physical layer sup-
ports two principal transmission modes: single-
stream (ss) mode for spatial diversity where a
single user is served exclusively on one beam,
and multistream (ms) mode for spatial multi-
plexing where independent data streams are
transmitted in parallel on multiple beams. For
each supported mode, a terminal determines the
achievable rates per beam and conveys this
information to the BS. The setting of the modes
can be selected individually for each available
frequency subband, also referred to as a resource
block (RB).

In particular, for the ss mode, the effective
post-equalization SINR is determined for each
beam b after optimum combining at the termi-
nal. From the SINR, the achievable rate per
beam is estimated. The highest beam rate togeth-
er with the corresponding beam index is then fed
back to the BS.

For the ms mode, we extend the common
optimum combining (OC) approach to separate
spatially multiplexed streams at the terminal
side. Optimum combining provides the best filter
weights for isolating a desired signal out of the
co-channel interference from all other signals
like intra- and intercell interference. At the BS,
we allow Q beams to be simultaneously active.
Active beams are taken from the columns of the
unitary matrix B, also called a beam set in the
following. The codebook may contain multiple
such sets. The rate supported on each of the Q
spatially multiplexed streams is estimated. The
per-stream rates for the particular matrix B from
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each of the Q available beams is assigned to the
user providing the minimum score for that
beam. Obviously, this user selection also
includes classical SU-MIMO, as all streams may
be assigned to one user. After user selection has
been carried out for each of the available beam
sets, we pick the set containing the user with the
minimum score. Finally, we compare the mini-
mum of the scores provided by the selected ms
user(s) with the score of the user favored in ss
mode and select the mode yielding the total
minimum.

SINGLE-CELL RESULTS
As already mentioned, an in-depth performance
analysis of the spatial mode switching concept is
reported in [7, 8]. Here we highlight a more
recent observation revealing why the spectral
efficiency of this scheme is substantially higher
than SU-MIMO transmission as suggested in
LTE R8. In our single-cell analysis we have
grouped 10 users on a ring around the BS; that
is, the average signal-to-noise ratio (SNR) is
identical for all users. Normalized channels are
obtained from the 3GPP SCME channel model
in the urban macro scenario. Terminals and the
BS are each equipped with two antennas. The
model assumes a uniform linear array of co-
polarized antennas where antenna spacing at the
BS is four wavelengths, yielding a minor correla-
tion between antenna signals. User channels are
modeled independently. A bandwidth of 18 MHz
is used, accommodating 100 RBs of 12 subcarri-
ers width each. We have used the unitary beam
sets C1 and C2 defined in [14]. Potential ss
transmission selects a single beam out of the
available beam sets and allocates the entire
power to that beam. In ms mode the transmit
power is distributed equally over the Q active
beams. Potential ms modes are either MU-
MIMO, where one stream is assigned to a first
user and the second stream to a second user, or
SU-MIMO, where both streams are assigned to
the same user.

In Fig. 2 the probability of ss and ms trans-
mission is compared as a function of the SNR
for different scheduler constraints. Note that
better spectrum utilization and higher through-
put is typically achieved if the probability of ms
mode is increased. In the first two curves (SU
fixed and SU adaptive), an RB is always exclu-
sively assigned to one user, which is still allowed
to choose diversity or multiplexing as transmis-
sion mode (SU-MIMO). For the fixed configura-
tion, transmission mode as well as the beam set
is fixed per user. Selection of the fixed mode and
beam set is based on the highest sum rate over
the entire frequency band. Hence, a user reports
RB-specific CQI and global PMI. For the adap-
tive configuration, the user is allowed to choose
the transmission mode and beam individually
per RB. By comparing the curves of SU fixed
and SU adaptive in Fig. 2, it is observed that the
crossing point between the ss and ms probability
moves by 3 dB to lower SNR by allowing fre-
quency-selective mode selection.

A striking shift of the crossing point is
observed if MU-MIMO is enabled. For the fixed
configuration, the crossing point is remarkably

shifted from 13 dB down to 2 dB with 10 users.
For the adaptive configuration, the crossing
points of the MU curves shifts below 0 dB. Note
that the curves considered so far have used only
beam set C1. If two beam sets are enabled (left-
most curves in Fig. 2), the crossing point shifts
to –2 dB. Throughput gains resulting from fre-
quency-selective MU-MIMO with 10 users in 20
MHz in a single cell are between 24 and 30 per-
cent at low and high SNR, respectively (not
shown).

MULTICELL RESULTS AND THE
IMPACT OF CHANNEL ESTIMATION

By introducing this scheduling approach, the
likelihood of the ms mode is remarkably
enhanced in the particular range of interest for
cellular systems with full frequency reuse. One
may expect, therefore, that users are preferably
served in multiplexing rather than in diversity
mode even at the cell edge. This would imply
that cell edge users could be served in a spectral-
ly more efficient way.

Let us first mention a difficulty introduced by
the above mentioned option to select variable
beam sets, which has a positive effect in a single
cell. In a multicell environment fast beam set
selection would destroy the causality in the
scheduling process. If the set chosen in an adja-
cent cell changes rapidly, the interference is no
longer predictable in the cell of interest, and
rescheduling should take place. As a conse-
quence, we abstain from using this option on a
short timescale in the multicell case in favor of
making the interference more predictable. Beam
set selection may be used on a longer timescale
(e.g., for optimizing the cell geometry). Further-
more, for calculating the SINR we have assumed

�� Figure 2. Probability of mode selection for ms mode (red) and ss mode
(blue) vs. SNR. In the legend SU means that RBs are always exclusively
assigned to a single user, while MU means that multiple users can share an
RB. The word fixed means that the spatial mode of a user is set constant for
the whole frequency band, while adaptive means that the spatial mode of a
user may change per RB.
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For the ms mode two data streams are transmit-
ted in parallel using polarization multiplexing,
and a linear MIMO MMSE filter is implement-
ed at the terminal side. The transmitter and
receiver can be switched between ss and ms
mode in each RB and each scheduling interval
by an adaptive data mapping unit at the BS [10],
while a vector and a matrix are applied as filter
weights at the receiver, respectively, according to
control information provided with the data.

In the uplink, contiguous subcarrier blocks
are assigned to a user. Data are passed through
a discrete Fourier transform (DFT) prior to
mapping them onto the frequency domain. Our
test terminal radio frontends have two transmit
antenna ports. Cyclic delay diversity (CDD) is
used in combination with MRC at the receiver
to overcome power limitations. The terminal is
remotely synchronized to the BS (i.e., the fre-
quency offset is precompensated in the uplink).
Timing advance is measured using a terminal-
specific sequence and steered dynamically over
the downlink control channel. For more details
of the physical layer implementation refer to
[15].

At the MAC layer, and in the 2.5, 5, 10, and
20 MHz modes the frequency-time grid is subdi-
vided into 6, 12, 24, and 48 RBs, respectively. A
RB consists of 25 subcarriers and 7 OFDM sym-
bols each. 144 complex data symbols are mapped
into each RB; other resources are used as pilots.
In 20 MHz mode, up to 48 RBs can be assigned
to an individual user on each transmit antenna.
All RBs assigned to a particular user in a slot
form a variable-length TB. Going beyond LTE
R8 we have enabled a finer granularity of adap-
tation to the frequency-selective channel by also
allowing adaptive modulation and adaptive
MIMO mode selection within a TB: each RB
may be loaded with different modulation for-
mats from quaternary phase shift keying
(QPSK), 16-quadrature amplitute modulation
(QAM), and 64-QAM, and operated in either
diversity or multiplexing mode.

Coding is performed over all RBs assigned to
a user in a TB. Supported code rates are 1/2 and
3/4; the minimum word length is 432 bits, corre-
sponding to the smallest TB size. Convolutional

coding was chosen to reduce the hardware effort.
It is critical for the performance to interleave all
bits in one TB and realize frequency diversity in
this way even if adaptive modulation is used
within the TB.4 At higher mobility the delays in
the feedback and control loop become long com-
pared to the coherence time, and resource
assignment might be outdated. Note that the
interleaved adaptive modulation enables both
significant throughput gains at low mobility and
diversity gains at high mobility. For further
mobility support, the SINR threshold of QPSK
(denoted on-level) can be modified depending
on the bit or packet error rates. The thresholds
for other modulation formats are coupled to this
level. If the error rate increases (e.g., because of
higher velocity), the on-level is increased dynam-
ically. The overall rate is then reduced, and the
link is stabilized at a lower data rate.

We have implemented proprietary feedback
and control channels. For both ss and ms modes
the achievable rates on both antenna ports are
quantized by 8 b/3 RBs. In 20 MHz bandwidth
this gives 128 bits of frequency-selective feed-
back information transmitted each 10 ms (i.e.,
12.8 kb/s). The information is mapped on a short
control TB in a particular slot and transmitted
using binary PSK (BPSK) modulation with rate
1/2 over the shared uplink channel. The down-
link control channel is transmitted in a dedicated
slot containing the complete downlink and uplink
resource map for an entire radio frame. A pro-
prietary compression format called Tetris is
used. In principle, the corners of the resource
areas assigned to a user in the time-frequency
map are transmitted, not the detailed informa-
tion for each RB. Control information is trans-
mitted with QPSK rate 1/2 in single-stream
mode using CDD at the transmitter and MRC at
the receiver.

The hardware is shown in Fig. 4. BS equip-
ment for one sector is placed in an outdoor
housing (Fig. 4, left). Radio front-ends include
two transmit-receive chains and the dual amplifi-
er and combiner unit containing the duplex fil-
ters. The RF unit is coupled to the LTE signal
processing unit (LSU) via common public radio
interface (CPRI) operating at 1.2 Gb/s. The

4 For final resource map-
ping, rate matching of
allocated resources and
modulation and coding
schemes is implemented.

�� Figure 4. Testbed hardware. Left: base station hardware for one sector. Center: antenna setup on top of the TUB main building. 
Right: test terminals in the measurement van.
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range from less than 1 km in typical urban areas
with dense buildings up to 5 km when the LOS
is free.

In order to illustrate the potential of the pro-
posed multiuser MIMO approach, we consider
the selection probabilities for the ss and ms
modes in two different distance regions, both
valid for realistic cellular deployments. The ter-
minal positions have been sorted according to
their distance, between 300 and 1200 m and
more than 1200 m away from the BS, respective-
ly. For comparison we include results obtained
from system-level simulations, where multicell
interference has been taken into account.

In Fig. 6 (bottom left) the distributions of the
measured SNR for the two distance groups are
compared to the statistics of the SINR in the
multicell scenario for individual RBs. Our mea-
surements realize situations typical for users in
good and average channel conditions in a multi-
cell scenario. We have placed in each scenario

either a single user or 10 users at a constant dis-
tance from each other travelling jointly along the
track. The single-user rate as a function of posi-
tion is shown in Fig. 6 (top). Note that there are
only a few blank pixels along the track where the
link is lost. All other positions are included in
the statistics.

The mode selection probabilities are given in
the table embedded in Fig. 6. With only one
user at large distances of d > 1.200 m, 18.7 per-
cent of RBs are assigned in ss mode, while for
80 percent ms mode is used. Compared to the
relations illustrated in Fig. 2, this is surprising at
first glance, since in 60 percent of the locations
the SNR is lower than 15 dB here. However, the
high ms probability even at lower SNR may be
attributed to the cross-polarized antennas used
in our field trials. In fact, they help the terminals
realize a higher rank of the MIMO channel
compared to the co-polarized antennas used in
our simulations.

�� Figure 6. Top: achievable data rate with one user in a single sector with 20 MHz bandwidth. Bottom left: cumulative distributions of
the measured SNR in two distance ranges and the SINR in a simulated multicell scenario. Bottom right: multisite test network in Berlin.
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