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Abstract—Multiantenna radio systems allow accessing the
channel in diversity or spatial multiplexing (SMUX) mode. Ade-
quate switching between these modes according to current channel
conditions was shown to yield significant performance improve-
ments while requiring little feedback from the receiving side.
We present a transmission concept for the downlink of a
multiuser multiple-input–multiple-output orthogonal frequency-
division-multiplexing (MU-MIMO-OFDM) system aiming at
high user rates with limited feedback demands. An extended
score-based scheduling (SB) approach ensures fair-resource allo-
cation to the users, whereas transmission mode switching is used to
guarantee high user rates. The degree of fairness of the scheduler
can be adapted by adequately configuring a weighting function
for the scores. Comparison with single-mode schemes reveals
substantial throughput gains of the adaptive switching concept.
Furthermore, targeting maximum throughput, we show that a
considerable proportion of the capacity of the MIMO broadcast
channel (BC) can be achieved with a comparatively low amount of
required feedback.

Index Terms—Multiple-input multiple-output orthogonal
frequency-division multiplexing (MIMO-OFDM), multiuser
systems, resource allocation, score-based scheduling (SB), spatial
mode switching.

I. INTRODUCTION

THE SPATIAL dimension of the multiple-input–multiple-
output (MIMO) radio channel can be accessed in spatial

multiplexing (SMUX) or spatial diversity transmission mode.
While in SMUX mode multiple data streams are simultaneously
transmitted via the radio channel, the diversity mode utilizes
the independent propagation paths between different antenna
pairs to improve the quality of the signal transmission. Early
results from investigations on system level [1] indicated that
the mode achieving the highest spectral efficiency depends
on the actual channel and signal conditions experienced by
a user. Later, this relationship was substantiated by the fun-
damental tradeoff pointed out between diversity and SMUX
mode in [2]. This crucial finding motivated the development
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of an adaptive transmission system that selects the transmission
mode depending on the actual channel quality to improve the
error rate performance for fixed data rate transmission [3], [4]
or to increase the spectral efficiency [5]–[8]. In those works,
the channel conditions are evaluated at the receiver’s side,
and the decision on the mode together with a channel quality
identifier (CQI) is fed back to the transmitter, resulting in little
feedback demands. While the aforementioned concepts benefit
from adapting the transmission to the instantaneous channel
conditions, it was shown in [9] that the capacity can also
be enhanced if the mode selection is based on the long-term
channel statistics represented by the covariance matrix of the
MIMO channel.

In recent years, the focus in MIMO communications has
been shifted from point-to-point links to multiuser links [10].
The available multiuser diversity [11] in those systems enables
further enhancements of the achievable spectral efficiency.
The key idea is to assign the simultaneously transmitted
streams of the SMUX mode to different users, thus enabling
space-division multiple access (SDMA). The capacity of the
MIMO broadcast channel (BC) exploiting SDMA transmission
has been shown in [12]–[14] to be achievable with the
dirty-paper coding (DPC) technique [15]. For individual user
constraints like desired target signal-to-interference-plus-noise
ratios (SINRs), a framework for the optimum solution of the
multiuser downlink beamforming problem has been presented
in [16]. All those solutions are based on the assumption that full
channel state information (CSI) is available at the base station
(BS). In recent work [17], information theory analysis revealed
that, for the low-SNR regime, it is optimum to transmit a single
stream to a single user only, whereas with increasing SNR,
support for additional SDMA users should successively be
added. This result already suggests that mode switching can
also be beneficially applied in multiuser MIMO systems.

For proper application of SDMA, information on the state of
each user’s channel is required at the BS. As the availability
of full CSI from all the users at the BS is hardly possible in
frequency-division duplex systems, solutions based on limited
feedback, which provide partial CSI to the BS, have been
introduced [18]. A promising concept with comparatively low
demands on feedback is opportunistic beamforming [19], where
the BS generates random precoding vectors (beams). These are
evaluated at the user terminals (UTs) in terms of their reception
SNR, which is then reported to the BS. In case of a high SNR
value, it is likely that the selected precoding vector points close
into the direction of the actual channel, thus yielding the desired
partial CSI. While the original concept was designed for the
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transmission of a single stream to a single user, a solution for
SDMA has been introduced in [20], where the BS provides
sets of unitary beams that are simultaneously served with equal
power. In this latter work, it was proposed that the UTs deter-
mine the SINR for each received beam and convey the index of
the best received beam, together with the corresponding SINR
value to the BS, which then assigns each beam to the user
achieving the highest rate. It was shown that for a large number
of users, the achievable downlink capacity of this system scales
similarly as the capacity of the MIMO BC does.

To ease system implementation, fixed instead of random
beams can be used, as suggested in proposals for next-
generation radio systems [21], [22]. As the fixed beams are
available at any time, the user does not have to wait until a
beam that matches his channel conditions is provided, and thus,
potential latency problems can be avoided.

While [19] and [20] exclusively support a single transmis-
sion mode, initial performance results on mode switching in
multiuser links based on a fixed set of unitary beams have
been presented in [8], where the throughput performance of
a 2 × 2 MIMO configuration with two users was compared
with a 4 × 2 point-to-point link. Further results for single-
antenna UTs have been presented in [23] and [24], where
the switching problem was formulated in terms of a balance
between multiuser diversity and multiplexing gain. Feedback is
given in terms of CQI for all the provided beams, which is still
a comparatively small amount. Reference [23] further reports
significant performance gains compared with the single-mode
schemes [19], [20], revealing that the mode-switching concept
has a high potential, particularly in cases where the number of
available users is not exceptionally large (sparse network [10]).

In a multiuser system, we have to care for fairness in the
resource assignment process. In particular, it has to be ensured
that resources will also be assigned to users experiencing
relatively poor channel conditions. This can be achieved by
applying scheduling policies at the BS that are tailored to meet
predefined fairness constraints. One of these policies is the pro-
portional fair scheduler [19], which enables each user to realize
a constant fraction of his total achievable rate. The score-based
scheduler proposed in [25] represents an efficient heuristic
approach that aims to assign to all users the same amount of
resources. In case all users are experiencing identical fading
conditions, the scheduler asymptotically achieves proportional
fairness. The set of resources to be scheduled can arbitrarily
be defined over all dimensions (time/frequency/space) and can
flexibly be adapted to any latency constraints. Due to these
properties, the approach enables a simple and efficient resource
allocation process, which makes it a favorable solution for
employment in practical systems.

The motivation for the work presented in this paper was the
development of a practical concept for downlink transmission
in a real-time multiuser MIMO orthogonal frequency-division-
multiplexing (OFDM) system, aiming at high throughput while
meeting the desired fairness constraints within a predefined
time frame. Therefore, we extend the score-based scheduling
(SB) approach for the support of spatial mode switching,
including SDMA access. Precoding based on fixed beams is
adopted to obtain partial CSI at the BS. As opposed to existing

work in the field [23], we assume UTs with multiple antennas,
which enable interference suppression to improve the SINRs
of the received beams. Assuming linear receivers, the UTs
determine the achievable per-beam rates for the different spatial
transmission modes and convey information on their preferred
beams and the corresponding rates per mode to the BS via
a low-rate feedback channel. This serves as the input for the
extended score-based scheduler, which implicitly selects the
spatial transmission mode per user. By introducing a weighting
of the user-specific scores generated by the scheduler, we can
adapt the targeted degree of fairness, which is illustrated with
the example of equal rates for all users. The capabilities of
the scheduling concept are numerically analyzed for a 2 × 2
MIMO configuration, showing that mode switching, as well as
enabling SDMA access, lead to substantial performance gains.
The downlink capacity achievable with the proposed system
concept for the 2 × 2 MIMO configuration is finally compared
with the capacity of the MIMO BC based on full CSI. This
comparison reveals that the proposed system concept is capable
of realizing a large proportion of that BC capacity.

This paper is structured as follows: The system model
and the fundamental ideas of the concept are sketched in
Section II. Section III provides a brief overview of the applied
fixed beamforming concept, which is termed the grid of beams
(GoB). In Section IV, the concept of adaptive downlink with
fair multiuser scheduling is described in detail. The system
is then investigated on link level, i.e., for multiple users in a
single (isolated) cell, for the exemplar case of a 2 × 2 MIMO
configuration in Section V. Section VI draws some conclusions.

II. SYSTEM MODEL

We consider the downlink of a broadband multiuser MIMO-
OFDM system, where a BS with Nt antennas communicates
with K UTs equipped with Nr antennas each. The BS provides
B ≥ Nt fixed beams bi, which are used for spatial precoding
of the transmission signals (GoB concept, presented in [26]).
We assume a uniform transmit power allocation over all sub-
carriers; hence, the transmission equation for each subcarrier’s
signal is given by

r = HCs + n (1)

where H is the Nr × Nt-dimensional MIMO channel, and C
is the precoding matrix comprising Nt of the B beams bi

with unitary property, which may simultaneously be active. The
transmit vector s contains up to Nt nonzero transmit symbols
with constant transmit power E{sHs} = Ps, i.e., the power Ps

is uniformly distributed over all nonzero transmit symbols in
s. Finally, n is the noise vector with Nr circularly symmet-
ric complex Gaussian entries, and its covariance is given by
E{nnH} = N0 · I. E{·} is the expectation operator, (·)H is
the conjugate transpose operator, and I represents the identity
matrix.

Transmission is based on a slotted time structure, where
each slot is constituted of several consecutive OFDM symbols.
The total transmission resources of a slot are given by the
subcarriers available for signal transmission. By subdividing
the signal bandwidth into single subbands confined to a fixed
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number of consecutive subcarriers, we partition these transmis-
sion resources into blocks, which are denoted as chunks in the
following. The chunks form the basic scheduling resources that
can individually be assigned to distinct users. Each chunk is
separately processed, and thus, the spatial transmission mode
may individually be selected per chunk. The supported spatial
modes are termed as single stream (ss) and multistream (ms),
which relate to the diversity mode and the SMUX mode,
respectively. Due to the multiple antennas at the UTs, a single
user can also receive multiple spatial streams in ms mode. To
differentiate between the two cases in ms mode, where the
available spatial streams are assigned either to a single user
or to multiple different users, the terms single-user MIMO
(SU-MIMO) and multiuser MIMO (MU-MIMO) are used,
respectively.

The channel is assumed to be perfectly known at the re-
ceiving UTs only. Based on the GoB, the UTs can evaluate
the channel per chunk and determine the rates they are able to
achieve in the different spatial modes with each beam. Beams
achieving the highest rate are selected for potential transmis-
sion. Each user conveys information on the beam selection per
spatial mode and the achievable rate per beam to the BS, which
then carries out the user-scheduling process. To further simplify
the concept, we assume linear equalization techniques are being
applied at the multiantenna receivers. Hence, to recover the ith
symbol si within vector s, we multiply the received vector r
with the equalization vector wi according to

ŝi = wH
i r. (2)

In this paper, we consider maximum ratio combining (MRC)
for ss mode and minimum mean square error (MMSE) equal-
ization for ms mode. For these techniques, closed-form expres-
sions for the postdetection SINRs1 of the spatial streams exist,
facilitating the evaluation and proper comparison of the rates
that can be achieved with the different spatial modes.

The applied scheduling process is based on the SB strategy
[25], which is a simple heuristic process aiming to assign each
user his best resources from a set of resources defined over
arbitrary dimensions: The resources of each user within the
set are ranked by their quality, and corresponding scores are
assigned. The BS then assigns a resource to the user providing
the best score. On average, this scheduling strategy assigns an
equal amount of resources to each user. For identical fading sta-
tistics, each user can thus realize a constant fraction of his total
achievable rate, yielding (asymptotically) a degree of fairness
similar to that of the proportional fair scheduler [19]. In our
research, we confine the set of resources to those comprised in a
transmission slot. Hence, all users will be scheduled within the
same time slot, and the SB translates to an even distribution of
the chunks over all users. In this paper, we consider two kinds of
fairness constraints: First, fairness in terms of an equal number
of resources being assigned to the users. Hereby, we account
for the users’ capabilities to support transmission of multiple
spatial streams in ms mode, i.e., users supporting ms mode are

1The postdetection SINR is the SINR of the useful signal achieved after
equalization.

correspondingly assigned more spatial streams than users sup-
porting ss mode. On the other hand, we show in Section IV-E
that the fairness target of the score-based scheduler can be
altered by introducing a weighting of the scores. As an example,
we tune the scheduler to achieve fairness in terms of an equal
rate for all users in the system.

III. PRECODING: THE GRID OF BEAMS

In this section, we will give some details on the proper
choice of vectors constituting the GoB: The GoB concept itself
can be understood as a quantization scheme for the precoding
vectors to be used for signal transmission. It is well known
that the optimum choices of precoding vectors in SU-MIMO
links are the eigenvectors of the matrix product HHH. The
optimum quantization of these vectors in uncorrelated MIMO
Rayleigh fading channels has been elaborated in [27] for diver-
sity transmission and in [28] for SMUX transmission. For the
Rayleigh fading assumption, it follows an isotropic distribution
of the eigenvectors in the Nt-dimensional vector space of
HHH. Under this condition, the authors in [27] formulated
the problem of finding the optimum quantization vectors as a
subspace-packing problem in the manifold of all linear sub-
spaces of this vector space, which is called the Grassmannian
manifold. By using a suitable distance metric, the optimum set
of quantization vectors for diversity mode is found as the one
where the minimum distance between any pair of these vectors
is maximized. For SMUX mode, the optimum solution is a
set of unitary Nt × Nr matrices, which are found in a similar
fashion, but based on different distance metrics.

However, due to the per-antenna power constraints encoun-
tered in practice, it is desirable to use beams for precoding that
uniformly distribute the power over the transmit antennas. In
the literature, this is termed equal gain transmission (EGT).
Quantization of precoding vectors for EGT has been studied in
[29], where it was shown for uncorrelated Rayleigh fading that
a set of Nt unitary vectors is sufficient to guarantee achieving
the full diversity gain of the channel H. To obtain B = rNt

suitable precoding vectors for EGT, with r being an integer
specifying the number of unitary beam sets with Nt beams, the
authors in [29] propose to take the first Nt rows of the rNt-
dimensional discrete Fourier transform (DFT) matrix. These
precoding vectors are commonly referred to as DFT beams.

In practice, MIMO channels are often spatially correlated to
some extent so that the uncorrelated Rayleigh fading assump-
tion, which was the basis for the investigations previously men-
tioned, does not hold in general. One of the major differences
is that, in correlated channels, the distribution of the channel’s
eigenmodes is biased. This has a direct impact on the achievable
spectral efficiency, which has been studied in [30]. In that work,
it was shown that in case of an isotropic input (equal power
per active beam, Nt beams simultaneously active), the channel
correlation diminishes the achievable spectral efficiency com-
pared with Rayleigh fading. As opposed to that, it was also
shown that, for a nonisotropic input (less than Nt beams are
simultaneously active), the spectral efficiency can be improved.

If the channels are spatially correlated, then the dominant
eigenmodes are concentrated around the dominant eigenvector
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Fig. 1. Structure of the two-step procedure constituting the adaptive transmission concept. (a) Step 1: Channel evaluation and determination of the scores at the
UT. (b) Step 2: Resource scheduling with transmission mode selection at the BS.

of the channel’s covariance matrix RH = E{HHH}. If the
channels between transmit/receive antenna pairs have the same
statistical properties—which is a common assumption also
for realistic MIMO channels—then RH is a Toeplitz matrix
with Hermitian property, i.e., RH

H = RH , with a real-valued
diagonal and, in general, with all entries being nonzero. The
dominant eigenvector of a matrix with these properties is close
to the Nt-dimensional vector with equal-weighted entries. This
vector fulfils the properties of an EGT vector, suggesting that
precoding based on DFT beams as previously described may
be a suitable choice for the case of correlated MIMO channels
in particular.

In a multiuser scenario, a solution achieving near-optimal
performance is to simultaneously serve multiple users on their
dominant channel eigenmodes [31]. This result suggests that
the same preceding quantization techniques can also be deemed
suitable in the multiuser context.

Preceding remarks suggest that DFT beams are a conve-
nient choice for GoB-based precoding in practical systems,
and hence, we have also adopted them for our research. For
SMUX transmission, we only allow sets of unitary beams to be
active simultaneously, as precoding matrices of this kind were
shown to optimize various performance measures in single-
user links (see [4] and references therein). Hence, the beams
provided by the BS are constituted from r independent sets
of Nt unitary DFT beams, i.e., B = rNt. For example, for
Nt = 2, the r = 2 unitary DFT beam sets C1 and C2 that will
be used as precoding matrices in (1) are given as

C1 =
1√
2
·
[

1 1
i −i

]
, C2 =

1√
2
·
[

1 1
1 −1

]
(3)

where the B = 4 beams bi, i ∈ {1, . . . , B} are given as the
columns of the two matrices.

IV. SCHEDULER WITH SPATIAL MODE SELECTION

We will now describe the adaptive transmission concept,
which is based on a two-step procedure illustrated in Fig. 1.
It consists of a channel evaluation unit at the side of the UT
(step 1) and the resource scheduling and transmission mode
selection unit at the BS (step 2). In step 1, a user carries out
a chunk-wise evaluation of the different transmission modes
and determines the achievable rates per beam. The single per-
beam rates from all modes over all chunks are then ranked
by their quality, and corresponding scores are assigned. This
also yields a ranking of the single chunks of that user. The
scores are used by the BS in step 2 to individually assign the
beams in a chunk to the users and to make a final decision
on the transmission mode per chunk, which is taken under the
premise of guaranteeing a high throughput for each user. Note
that the chunk-wise selection of the transmission mode allows
simultaneously serving users in different modes, enabling an
improved link adaptation and, thus, a higher user throughput.

A. Channel Evaluation at UT, Step 1

Based on the actual channel H, a UT determines for each
transmission mode the beams it can achieve the highest data
rate with. Evaluation is separately carried out for each chunk,
which is represented by the different layers in Fig. 1(a).

In ss GoB mode [upper branch of Fig. 1(a)], a single beam
is assumed to be powered with full transmit power Ps. At the
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receiver, MRC is used, where the equalization vector for beam
bi is defined as wi = Hbi. Based on MRC, the postdetection
SINR for each beam bi can be determined according to

SINRss(i) =
Ps

N0
‖Hbi‖2, i ∈ {1, . . . , B} (4)

where ‖x‖2 = xHx is the square of the Euclidean norm of
vector x. The equation yields the SINR for a single subcarrier
signal. The SINR for the entire chunk can be obtained by
determining an effective SINR from the per-subcarrier SINRs
of that chunk, which can be based on the methods introduced
in [32]. However, if the channel conditions do not considerably
vary over the frequency width of a chunk, it may be sufficient to
determine the SINR for the center subcarrier within the chunk
only. Once the SINR values for all B beams are obtained, the
achievable rate rss(i) per beam bi can be determined by using
a suitable mapping function M(·) as

rss(i) = M (SINRss(i)) .

The beam favored for ss mode is the beam achieving the
maximum rate, i.e., Rss = maxi rss(i).

In ms GoB mode [lower branch of Fig. 1(a)], Q ≤ Nt unitary
beams are served in parallel with equal transmit power Ps/Q
per beam. As r unitary beam sets of dimension Nt are provided,
there exist a total of M = r

(
Nt

Q

)
sets of unitary beams of

dimension Q. The following evaluation is separately performed
for each set of beams m ∈ {1, . . . , M}: To recover the data
stream transmitted on the ith beam of set m, which is denoted
as bmi, i ∈ {1, . . . , Q}, we use the MMSE equalizer. The
corresponding MMSE equalization vector is defined as

wmi =Z−1Hbmi

Z =
QN0

Ps
· I +

Q∑
k=1

HbmkbH
mkH

H . (5)

The postdetection SINR for each beam bmi is then given by

SINRms(m, i) =

∥∥wH
miHbmi

∥∥2

wH
miZwmi −

∥∥wH
miHbmi

∥∥2 . (6)

From the SINR values obtained for the chunks from (6), one
can determine the achievable rate per beam by again applying
the mapping function: rms(m, i) = M(SINRms(m, i)). The
beam set m̄ preferred for ms transmission is the beam set that
comprises the beam achieving highest overall rate,2 i.e.,

m̄ = arg max
m

(
max

i
rms(m, i)

)
.

Once the beam set is selected, the Q per-beam rates belong-
ing to that set are stored, yielding Rms,i = rms(m̄, i), whereas
all other may be discarded.3

2This criterion for beam set selection for MU-MIMO mode has also been
suggested in [33].

3It is clear that this approach is suboptimum; however, it keeps the re-
quired feedback demand low and, thus, forms a suitable solution for practical
application.

For Nt > 2, the number of active streams Q supported in
ms mode may be in the range of {2, . . . , Nt}. In this case, the
evaluation branch for ms mode in Fig. 1(a) may be processed
for each single value of Q, yielding a set of rates Rms,i for each
of these ms mode options.

B. Determination of the Scores

In the following, the score concept is introduced. Therefore,
let u be the chunk indices, and let U be the total number of
available chunks. The scores are used to rank the per-beam
rates Rss(u) and Rms,i(u) of each user over all chunks U
according to their quality. We use a single score set S for the
ranking of the user rates from all transmission modes to enable
an implicit selection of the transmission mode within the SB
process following in step 2. However, this approach requires
a direct comparison of the single per-beam rates from the dif-
ferent spatial modes, whereby it must be taken into account that
each mode supports a different number of simultaneously active
beams. A practical solution to enable the desired comparison
with simple means is the introduction of a weighting factor w,
which is used to weight the rates of the ms mode to account
for its SMUX capability. For a proper choice of w, we will take
into account some basic considerations.

As we aim for a high-user throughput, spatial mode selection
should follow the rationale to favor ss mode whenever the user
rate can be expected to be larger than the rate expected in ms
mode. Consider that if a user globally decides for ms mode with
Q active beams, the available spatial streams compared with ss
mode are increased by a factor Q. As a general result from that,
we can assume that the user will also be assigned Q times the
streams he would get if he globally selected ss mode. Hence, we
can conclude that decision in favor of ss mode should be taken
if the rates for the different modes in a single chunk u fulfil

Rss(u) > Q · max
i

Rms,i(u) (7)

suggesting w = Q as a suitable choice for the weighting factor
of per-beam rates in ms mode.

We now return to the generation of the user scores. The
per-beam rates from ss mode Rss(u) and the weighted rates
from ms mode Rms,i(u) from all chunks U are aggregated into
one vector, which is sorted by magnitude in descending order.4

The indices within the sorted vector represents the score ς of
each beam.

Optionally, the user may use the scores to make a preselec-
tion of his best chunks and of his preferred mode per chunk u,
which could be a suitable measure to further reduce the amount
of required feedback.5 For all the selected chunks, the user
finally feeds back the achievable rates for the beams supported
by the desired transmission modes and the corresponding beam
indices.

4In the case of multiple resources yielding identical rates, these are ordered
in random fashion.

5This kind of user-driven chunk selection has also been suggested in [34].
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C. Resource Scheduling at BS, Step 2

The second step of the process consists of resource schedul-
ing with implicit transmission mode selection and is carried out
at the BS, which collects the feedback information from the K
users [see Fig. 1(b)]. As a first step, it recovers the scores ςk for
user k from the provided rates over all U chunks. Hereafter, the
scores are partitioned according to the transmission mode they
refer to, yielding ςk

ss(u) and ςk
ms(u, i), respectively. Resource al-

location with transmission mode selection is then successively
carried out for all chunks. Hereby, an individual set of users is
selected per chunk, and the number of beams assigned to each
user is continuously tracked.

For each chunk u, the user selection process is separately
carried out for each transmission mode. For ss mode [upper
branch of Fig. 1(b)], the favored user is the user providing the
minimum score for that mode,6 e.g.,

k(u) = arg min
k∈{1,...,K}

ςk
ss(u) ∀u ∈ {1, . . . , U}.

The lower branch of Fig. 1(b) illustrates the user selection
for ms mode. Here, users that chose the same beam set m
are possible candidates for MU-MIMO access and are thus
put into one group, forming the user set K. In each group
m ∈ {1, . . . , M}, each of the Q available beams is assigned
to the user providing the minimum score for that beam as

k(u,m, i) = arg min
k∈K

ςk
ms(u, i) ∀i ∈ {1, . . . , Q}.

Obviously, this user selection implicitly includes the SU-
MIMO access mode, as all spatial streams will be assigned
to the same user if he provides the minimum scores for all Q
available beams. After user selection has been carried out for all
groups, we pick the group m̃ containing the user with minimum
score as

m̃(u) = arg min
m

(
min

i
ςk(u,m,i)
ms (u, i)

)
.

Finally, we compare the scores of the users selected for
the different transmission modes in chunk u and select the
transmission mode embracing the user with minimum score.
In essence, selection of the transmission mode and beam set
for each chunk is thus dictated by the user providing minimum
overall score. The decision on the mode and the user allocation
per chunk is then signaled forward to the UTs, who accordingly
configure their receivers.

Remark: Although the concept of the scheduling process
has been developed for an isolated cell scenario, where only
intracell interference from simultaneously active beams is taken
into account in (4) and (6), the scheme can readily be employed
in a multicell environment. The only modification required
is to substitute the noise figure N0I in the MMSE equalizer
to an interference-plus-noise correlation matrix that takes into
account the intercell interference. Evaluation of the scheduling
concept in a multicell environment has been carried out in
[35]–[37].

6In the case of multiple users providing identical scores, the stream is given
to the user assigned the least beams so far.

D. Feedback

For the evaluations carried out in Section V, we assume
the UTs to feed back the information on the achievable rates
per evaluated transmission mode for all available chunks (full
feedback). For practical applications, the concept offers a high
potential for further feedback reduction, as the score-based
ranking allows each user to preselect his best chunks and his
preferred mode to be served with. However, a score-based
preselection of the transmission mode may result in a severe
performance loss, which is illustrated by the following two
examples: If the number of users in the system is small (sparse
network), then it may occur that no MU-MIMO partner can be
found for a user who provided the best score for the ms mode. In
this case, this user could be served either via multiple beams in
SU-MIMO mode or, alternatively, in diversity mode. To achieve
the highest possible throughput for that user, the final mode
selection should be based on his achievable rate—which also
requires the availability of the ss rate at the BS. On the other
hand, if a user prefers ss mode, but an ms user is selected,
the former could still be assigned resources if he provided
appropriate rates for the ms mode.

As the scheduling process only aims at assigning each user
his best resources, it is certainly not economical to let the users
report on all available resources, but on their best chunks only.
These can easily be selected after the scores have been deter-
mined by the UTs, which is related to the suggestion in [34] de-
noted as Top-M feedback. Furthermore, a similar selection can
also be done for the rates referring to the transmission modes
in a chunk, including the options for different Q. For example,
for Nt = Nr = 2, a practical solution could be to let the users
report two rates: 1) the best ms rate enabling MU-MIMO access
and, additionally, 2) the ss rate (enabling diversity mode) or the
next ms rate (enabling dual-stream SMUX for that user). The
adequate choice of the second rate to report could be based on
the higher rate achievable with diversity mode or dual-stream
SMUX mode.

Moreover, the frequency-selective feedback information for
the utilized transmission band will be highly correlated so that
proper compression techniques can conveniently be applied,
yielding a further reduction of the required feedback per user.
Elaborating on the adequate amount of total required feedback
is an interesting field for further studies but lies out of the scope
of this paper.

E. Fairness Steering

As the same score set is used to rank the available resources
for every user, the score-based scheduler will, on average,
evenly distribute the available resources over all users (see
also [25]). For identical fading statistics, each user will be
able to realize about the same fraction of his total achievable
rate. However, one can think of applications where it might be
desirable to distribute the resources with a different scheduling
target. Forcing our proposed scheduler to assign the resources
according to such an altered target can easily be achieved by
applying a user-specific weighting of the scores determined at
the BS (step 2 of the process). As this weighting will have a
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direct impact on the degree of fairness the scheduler is able to
establish, we denote this process as fairness steering.

As an example, we will present an algorithm targeting at
equal rates for all users in the time slot. Assume that the achiev-
able rates of all users are known. To go for equal user rates,
the resources can be redistributed over all users by following
the “Robin-Hood principle,” where resources are taken from
high-rate users and given to low-rate users to improve their
realizable rate. Specifically, this can be achieved by weighting
the scores of the users by a factor proportional to the achievable
rate of each user. This results in the fact that high-rate users are
considered less frequently in the resource scheduling process
in favor of the low-rate users, and therefore, the latter will be
assigned more resources than the high-rate users. To develop
a suitable algorithm for fairness steering, we will firstly derive
some basic relations based on the average behavior of the score-
based scheduler. These are then used as a guideline for the
development of an algorithm tailored to approach the equal-rate
target in an iterative fashion.

Let Rk be the achievable rate of user k ∈ {1, . . . , K}. If no
weighting of the scores is applied, then the scheduler assigns
on average all users the same amount of resources u so that
the average rate per resource for user k can be given as Rk/u.
Now, let wk and wl be the weighting factor of the kth and lth
user, respectively, and let x = wk/wl be their ratio. Then, we
can conclude that user l will be considered within the resource
scheduling process by factor x more frequently than user k. As
a result, the average amount of resources ul assigned to user
l will be by factor x larger than the amount of resources uk

assigned to user k. It follows that

ul

uk
= x =

wk

wl
. (8)

With the weighted scores, the scheduling yields the new
achievable rate R̄k for user k, which can be approximated by

R̄k ≈ uk · Rk/u. (9)

The target rate R̄k should be identical for all users, and
therefore, we have R̄k = R̄l ∀k 	= l, With (8) and (9), we obtain

wk =
Rk

Rl
· wl. (10)

If we define user l as the reference user, whose weighting
factor we set to unity as wl = 1, then the weighting factors
for all users k can simply be obtained from the ratio of their
achievable rate Rk and the achievable rate of the reference
user Rl.

Evidently, the obtained result cannot directly be applied to
our scheduler, as some relations have been simplified and hold
for the average behavior of the scheduler only. However, we can
use it as a guideline for the construction of an iterative weight-
ing and scheduling process, which enables us to approach the
equal-rate target in a stepwise manner. In each iteration, the
closeness to the equal-rate target is checked by determining
the deviation of each user rate from the mean rate over all users.
The stopping criterion is fulfilled if this deviation cannot fur-

ther be decreased. The iterative algorithm is described as
follows.

1) Run the scheduling process with unweighted scores,
yielding an achievable rate Rk for each user.

2) Determine the mean rate R̄ over all users, i.e., R̄ =
(1/K)

∑K
k=1 Rk.

3) Calculate the sum of deviations between user rates and R̄,
i.e., D =

∑K
k=1 |Rk − R̄|.

4) Determine Rmin = mink Rk as the reference rate.
5) Normalize all rates to the reference rate, i.e., R̄k =

Rk/Rmin.
6) Determine the weighting factors wk = q · R̄k + (1 − q),

where q ∈ [0, 1] is a tuning parameter used to control the
strength of the weighting.

7) Multiply each user’s score vector with corresponding wk.
8) Rerun the scheduling process.
9) Determine D for the new obtained rates Rk.

10) If D is smaller than the previous value, then go to step 4;
else, use the resource assignment from the previous itera-
tion and end the process.

The tuning parameter q used for the weighting factors is
intended to enable smooth transitions of the scheduling re-
sults from successive iterations, as this better accommodates
the heuristic nature of the scheduling process. Certainly, the
parameter q will also influence the convergence speed of the
algorithm, as the stopping criterion will be achieved faster for
a large q. However, it can be expected that a smaller q in return
will achieve a better final result in terms of a smaller deviation
D, which will be confirmed by the simulation results presented
later in Section V. Eventually, there will be a tradeoff between
convergence speed of the algorithm and quality of the result.

V. INVESTIGATIONS ON LINK LEVEL

The properties of the scheduler with transmission-mode
switching are investigated in a single-cell link-level simulation
environment with multiple users. These kinds of link-level
investigations enable an isolated examination of the system
behavior depending on fixed SNR conditions, which are as-
sumed to be common for all involved users. Thus, we are able
to gain insights into the basic relationships that influence the
performance of multiuser MIMO communication systems. As
our main interest here is to illustrate the fundamental behavior
of the adaptive system concept, we focus on the simplest MIMO
configuration with Nt = Nr = 2 antennas. For performance
results for MIMO configurations of higher order in realistic
environments, see [35]–[37].

A. Link-Level Assumptions

We assume K UTs being equipped with Nr = 2 antennas
each and a BS with Nt = 2 antennas, which provides the two
unitary DFT beam sets C1 and C2 introduced in (3). The
possible ms modes are thus the two-user MU-MIMO or the
dual-stream SU-MIMO. We use the channel model provided by
the European WINNER project (WIM) in its configuration for a
wide area urban macro scenario. This model assumes a uniform
linear array of copolarized antennas; the antenna spacing is set
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to 4λ at the BS and to 0.5λ at the UTs, yielding a low degree
of correlation between the paths emanating from the antennas.
The mean channel power is normalized to unity; channels for
different users are independently modeled. The mean reception
SNR is thus Ps/N0 for any user. An OFDM system with
1024 subcarriers spanning a bandwidth of 40 MHz is assumed,
accommodating 128 chunks of eight subcarrier width. To obtain
the per-stream SINR γ for the different transmission modes per
chunk, (4) and (6) are calculated for the subcarrier in the center
of the chunk7 based on ideal knowledge of the channel H.

For a given SINR value γ, the corresponding achievable rate
can be determined via the Shannon information rate log2(1 +
γ). To obtain rates that are closer to those achievable in practice,
we instead use a quantized rate mapping function, which was
introduced as a component of the WINNER link to system
interface, presented in [38]. This rate-mapping function is based
on a puncturable low-density parity check code with constant
block length of 1152 bits and supports the fixed symmetric
modulation formats up to 64 quadrature-amplitude modulation
(64QAM). The discrete steps of the mapping function are
derived from the SINR values required to meet a block error rate
performance of 10−2 in an equivalent additive white Gaussian
noise channel. As both the block length of the code and the
modulation formats are limited, the rates supported by the
mapping function are confined to a minimum rate of 0.5 and a
maximum rate of 5.538 bit/s/Hz. This former value corresponds
to binary phase-shift-keying modulation with a code rate of 0.5,
whereas the latter is achieved with 64QAM modulation with a
code rate of 24/26. All simulation results are obtained from a
total of 10 000 independent channel realizations.

B. Performance of Spatial Mode Switching

First, we examine the system performance of the adaptive
system when only the beam set C1 is available. We focus on
the low-SNR regime Ps/N0 = 0 dB, which is relevant for cell-
edge users, where we expect the benefits from switching to
ss mode to become prominent. First, the results are based on
Shannon information rates. Fig. 2 presents cumulative distribu-
tion functions (cdf’s) of the achievable user throughput divided
by the signal bandwidth (left) and the spectral efficiency in the
cell (right) for K = 10 users. Focussing on the user throughput
(left), we first point out that all users achieve nonzero rates, so
indeed all users in the system are conveniently scheduled. We
compare the adaptive system described above to a system exclu-
sively supporting either ss or ms mode. For the user throughput
(left), we observe that the performance of the adaptive system
slightly benefits from switching in the region where the cdf is
above 0.5. Further, for the cdf region below 0.2, the single-
stream curve is nearly identical with the multistream curve,
and hence, no gains from switching can be realized here. This
observation can be explained as follows: Recall that a beam in
ss mode is served with double the power used for a multistream
beam. In the low-SNR regime, where the noise dominates the
interference from simultaneously active beams, we can thus

7Note that with the chosen set of system parameters, the channel variations
over the frequency width of a chunk can be considered negligible.

Fig. 2. CDFs of the achievable (left) user throughput and (right) spectral
efficiency in the cell based on Shannon information rates. Beam set C1,
K = 10 users, and SNR = 0 dB.

Fig. 3. System performance based on quantized rate mapping function. Sys-
tem setting as in Fig. 2.

expect that the SINR of the selected beam for ss mode is about
twice as large as the SINR γ for the corresponding beam in ms
mode. Moreover, in ms mode, the amount of beams assigned to
each user is twice as large as in ss mode. As

log2(1 + 2γ) ≈ 2 log2(1 + γ) if γ 
 1

holds, the rates achievable with the two different modes are
nearly identical. Considering the spectral efficiency within the
cell (right subfigure in Fig. 2), we observe that the adaptive
system significantly benefits from the mode switching over the
entire cdf region.

Fig. 3 depicts the performance curves for the same setting,
but this time the quantized rate mapping function is used.
For the user throughput (left), we observe here that the cdf
of the adaptive system represents a hull curve of the two
single-mode schemes. As the minimum supported rate to be
assigned is bound here to 0.5 bit/s/Hz, the adaptive system
now significantly gains from switching to ss mode if the SINR
conditions are low (see the left region of the cdf curve). The cdf
of the adaptive system is quite close to the cdf only supporting
ss mode, suggesting that this mode is predominantly chosen at
low SNR. Considering the spectral efficiency in the cell (see the
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Fig. 4. Median spectral efficiency in the cell for different system configura-
tions. Quantized rates, K = 10 users, and beam set C1.

Fig. 5. Probability of mode selection versus SNR. Dark lines: ss mode; light
lines: ms mode. Legend and system setup as in Fig. 4.

right subfigure in Fig. 3), we observe that only the left tail of the
adaptive system’s cdf approaches the curve of the pure ss mode.
In the remaining region, substantial gains from mode switching
become visible.

In the next step, we will examine the system behavior for
varying SNR. Therefore, we focus on the median spectral
efficiency in the cell based on quantized rate mapping, i.e.,
the value determined from the cdf for a probability of 0.5.
Furthermore, we draw our attention to the probabilities of mode
selection, which reveal the dominantly chosen mode depending
on the SNR conditions. Fig. 4 depicts the median spectral
efficiency in the cell versus the SNR for different configurations
of the adaptive mode-switching system. The corresponding
probabilities of mode selection are found in Fig. 5. The different
configurations are as follows:

1) MU-MIMO, two beam sets: Similar to MU-MIMO,
chunk adaptive (see next entry), but here, the two beam
sets C1 and C2 from (3) are available.

2) MU-MIMO, chunk-adaptive: Adaptive system as de-
scribed in Section IV with chunk-wise selection of the
spatial mode, i.e., a user may simultaneously be served in
different modes.

3) MU-MIMO, fixed scheme: For each user, a fixed mode
and, in case of ss mode, a fixed beam are selected.
Therefore, each user sums up the rates of his best beams
in ms mode and the rates of all beams in ss mode over
all chunks of the frequency band. By considering the
weighting factor w for ms mode, decision is taken in favor
of the mode (and beam) achieving the highest sum rate.

4) SU-MIMO, chunk adaptive: MU-MIMO option is
switched off, i.e., ms mode reduces to SMUX to a single
user. Now, only one user is served per chunk in either ss
or SMUX mode.

5) SU-MIMO, fixed scheme: Fixed mode and, in case of ss
mode, fixed beam per user. Selection is based on the mode
(and the beam) achieving the highest sum rate over the
entire frequency band.

Reading this list from bottom to top, the different configura-
tions can be understood to successively add additional degrees
of freedom in the spatial domain to the user selection and
resource allocation process. Figs. 4 and 5 clearly show that
these additional degrees of freedom do not only successively
increase the achievable system performance but also promote
the selection of the ms mode. The crossing point of the prob-
ability curves for the ss and ms modes in Fig. 5 highlights
the point in the SNR region where the ms mode becomes the
dominantly selected mode. Most interestingly, Fig. 5 reveals
that, by activating MU-MIMO (configuration 3), this crossing
point is shifted by about 8 dB compared with configuration 4
to an SNR of about 1.5 dB. This result underlines that the MU-
MIMO mode is the key to support the transmission of multiple
data streams in the spatial domain already at low SNR. Together
with the throughput gains shown in Fig. 4, the high potential
of MU-MIMO to increase the overall system throughput is
substantiated. Configuration 2 shifts the crossing point further
to the left to an SNR below 0 dB. The throughput, however, is
thereby only slightly increased. A significant additional gain
in throughput can be achieved if an additional beam set is
provided by the BS (configuration 1), which amounts to about
5% compared with configuration 2. The crossing point in Fig. 5
is also shifted further down to about −1.5 dB.

Close inspection of Fig. 5 further reveals that, with increasing
degrees of freedom, the probability curves exhibit a steeper
slope and more rapidly approach the upper and lower boundary
areas with increasing SNR. In particular, for the leftmost ss
curve (MU-MIMO, two beam sets), we observe a rapid decline
that falls below a probability of 0.1 above 5 dB SNR, suggesting
that the adaptive system tends to behave similar to a system that
uses a fixed mode in the low and high SNR regime, respectively,
with a switching point set at a fixed SNR level. This conjecture
is confirmed in Fig. 6, where we compare the median cell
throughput for configuration 1 (adaptive MU-MIMO, two beam
sets) with a similar system exclusively supporting either ss or
ms mode, as done at the beginning of this section. The figure
reveals that the adaptive system represents a hull curve of the
performance of the two single-mode systems, which turns out
to be very tight.

We conclude this section with the important observation that
with proper application of the MU-MIMO mode, users can
conveniently be served in the ms mode even if they experience
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Fig. 6. Median spectral efficiency in the cell achievable with two beam sets
and comparison to single-mode systems. Quantized rates and K = 10 users.

Fig. 7. Fairness steering toward an equal-rate target based on iterative al-
gorithm with tuning factor q. μ—mean required number of iterations. K =
10 users, and SNR = 10 dB.

relatively poor SNR conditions.8 Thus, the MU-MIMO mode
establishes a win/win situation for low- and high-rate users
competing for a frequency or time resource: A low-rate user
can now be served without blocking this resource for any high-
rate user who can support a rate on any of the available beams.

C. Steering the Fairness to Equal Rates

In this section, we examine the behavior of the scheduler
when we apply the fairness steering option to achieve an equal-
rate scheduling target, as described in Section IV-E. We use
different tuning factors q and compare the achievable distrib-
ution of the user rates and the required number of iterations.
Investigations have been carried out for a mean SNR of 10 dB,
which is equal for all K = 10 users in the time slot. The cdf’s
representing the rates of the successfully scheduled users are
depicted in Fig. 7. We observe that, for any choice of the tuning
factor q, the fairness-steering process seems to conveniently
operate, as the cdf significantly gains in steepness and thus
approaches the equal-rate target, which would be represented

8In a cellular system, these are the users at cell edge.

Fig. 8. Comparison of the downlink capacity for various systems versus SNR.
K = 10 users, and Shannon information rates. bs—beam sets; scheduling:
MT—max. throughput, SB—score based.

Fig. 9. Scaling of the downlink capacity with number of users at SNR =
10 dB. Same legend as in Fig. 8.

by a vertical line. It is interesting to note that the median
user throughput does not change due to the applied weighting,
highlighting the convenient practicability of the proposed score
weighting.

Taking a closer look at the curves for different q reveals that
choosing a smaller value enables a better match of the equal
rate target, as a steeper cdf of the user rates can be achieved. The
price we pay for this is an increased number of iterations, whose
expected value μ grows from 3.4 for q = 1 continuously to 5.2
for q = 0.5. For the application considered here, the choice of
q = 0.75 would probably be well suited, as it achieves a cdf that
is quite close to the desired target while requiring a moderate
number of iterations.

The price we have to pay for the improved fairness is a loss
of the achievable spectral efficiency in the cell. For the case
considered here, where all users have the same mean SNR, the
loss is negligibly small, as it only drops by 3%. However, it
should be noted that this loss will substantially be larger in real-
world scenarios, where the mean SNRs of different users are
likely to be significantly different.
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D. Capacity Scaling of the Adaptive System

Finally, we examine the downlink capacity achievable with
the adaptive system and compare it with the upper bound, which
is the capacity of the 2 × 2 BC when full CSI is available at
the receivers and the transmitter. As mentioned in Section I,
the capacity of the BC was shown to be achievable with the
DPC technique. In [39], an algorithm was presented to compute
it in an iterative manner for any given set of flat-fading user
channels. While maintaining equal-power distribution over all
chunks, we use this algorithm to compute the optimal user
allocation and the corresponding precoding matrices per chunk
to obtain the upper bound for the (flat-fading) capacity of the
BC, which is depicted in Fig. 8 versus the SNR for K =
10 users. The achievable downlink capacity of our adaptive
system is obtained by applying Shannon’s information rates
and carrying out maximum throughput scheduling (MT) based
on the reported rates at the BS, which selects, for each chunk,
the user (single stream) or the user constellation (multistream)
that achieves the highest throughput. In Fig. 8, we observe that,
for an SNR above 0 dB, the capacity of our adaptive system
utilizing partial CSI achieves a constant fraction of the capacity
of the BC, which amounts to about 80% if one beam set is
available. Utilization of two beam sets provides an extra gain
in capacity of about 5%. Additionally, we included the capacity
of the single-input–single-output (SISO) channel achieved in
an equivalent scenario. While we observe here that the capacity
of the BC scales with factor 2 (corresponding to min(Nr, Nt))
compared with the capacity of the SISO channel in the high
SNR range, the capacity of our adaptive system (with one beam
set) achieves a factor of 1.6. For comparison, we also added the
spectral efficiency achievable with the fair SB technique. It can
be seen that the price we have to pay to obtain user fairness
within one time slot is only marginal, as the loss in spectral
efficiency is only about 5%.9

To see potential gains in the downlink capacity compared
with other well-known limited-feedback schemes, we further
compare the adaptive system to two multistream approaches
with Q = 2 simultaneously active beams, which we denote as
A1 and A2. For both approaches, we assume the beam set C1

to be available only. A1 is the approach presented in [20] and is
sketched as follows: Each receive antenna at the UT is treated
as an independent receiver. Hence, the per-antenna reception
SINR is calculated for each beam, assuming that the other beam
interferes. For each antenna, the UT feeds back the best beam
together with the corresponding SINR, and the BS assigns each
beam to the user having provided the highest SINR value for it.

In A2, we consider a multistream system where the UTs
simply carry out MRC for each received beam, i.e., nothing
is done to actively combat the interference. The corresponding
postdetection SINR can be determined by (6), with the MRC
equalization vector wi = Hbi. Feedback and beam assignment
are then carried out as in A1.

9Note that this loss may substantially increase if users with different mean
SNRs are considered. This scenario has been in the focus of the investigations
presented in [35]–[37].

Remark: For the 2 × 2 MIMO setup considered here, the
feedback required for the adaptive system is 50% larger than
that for the two systems A1 and A2, as in addition to the
two per-stream rates in ms mode, the rate for the ss mode
has to be reported. Within these investigations, however, the
amount of feedback has not been taken into account, as the main
focus here lies in the achievable downlink capacity relative to
the capacity of the BC. A similar framework for this kind of
performance evaluation has also been used in [40].

In Fig. 8, we observe that A1 achieves a significantly lower
performance than the mode-switching system—a result similar
to that found in [23] for single-antenna UTs. The relative
difference in throughput increases with increasing SNR, as
A1 suffers from interference between active beams, which is
actively suppressed in our adaptive system by the MMSE equal-
izer. The throughput of A2 is quite close to the performance
of the adaptive system in the low-SNR region. Obviously,
this is due to the fact that, in the low-SNR region, the noise
dominates the interference from the other spatial stream active
in ms mode. In this case, the MMSE solution approaches the
MRC solution, yielding similar postdetection SINRs for both
equalizers, which finally translate into a similar throughput
performance. For increasing SNR, however, the performance
of A2 significantly degrades and approaches the throughput of
A1. As in the former case, A2 suffers here from the interference
between the simultaneously active beams.

In Fig. 9, we examine the downlink capacity for a constant
high SNR = 10 dB for a variable number of users. First, we
compare the capacity of the adaptive system (MT) with the
achievable spectral efficiency of the fair-scheduling approach
(SB). Although the loss in throughput to provide the desired
fairness is again not exceptionally high, we observe that the
gap between MT and SB scheduling increases with increasing
number of users. This is not very surprising, as with a growing
number of users, the probability of a user experiencing poor
channel conditions increases, who imperatively has to be served
by the system based on fairness. The support of these users
by the fair scheduler thus costs a growing proportion of the
maximum sum capacity.

Next, we focus on the scaling of the downlink capacity versus
the number of users and compare it with the other reference
systems. In [20], it has been shown that the BC capacity for
independent and identically distributed Rayleigh fading chan-
nels scales for a large number of users with Nt log log(NrK).
This growth has also been plotted in Fig. 9, and we observe
that the capacity of the BC for K ≥ 10 users and the corre-
lated channels considered is similarly scaling. For our adaptive
system, it has been shown in the previous investigations that at
SNR = 10 dB, the ms mode dominates the selection (compare
with Fig. 5). In this case, the use of the MMSE equalizer
reduces the spatial degrees of freedom at the receiver from
Nr = 2 to 1 [41], resulting in a capacity scaling equivalent to
Nt log log(K) [20] for the setup given here. The plot of this
growth in the figure shows a convenient agreement with the
scaling of the corresponding efficiency curve of the adaptive
system for K ≥ 10 users.

We also plot the capacity of the SISO system, which roughly
grows with a slope of log log(K) [20] and is, thus, less steep
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than the adaptive system. We observe that the capacity-scaling
factor relative to the SISO system of 1.6 is achieved by the
adaptive system for K = 10 users, remaining about constant for
further increasing K. Finally, comparing the adaptive system to
the reference systems A1 and A2, we observe that the adaptive
system achieves a significantly higher downlink capacity, high-
lighting the gains that can be achieved by using the additional
receive antennas to actively suppress the interference from
other active beams. Note that A1 exhibits the same scaling over
the number of users as the BC capacity, as has been shown in
[20]. In the depicted range of users, the MRC-based system A2
exhibits the steepest slope over all curves, suggesting that for
a large number of users, its downlink capacity approaches the
capacity of the adaptive system. This is reasonable, as we can
expect that, for a large number of users, we can find a user in
the active set whose MRC equalization vector is close to the
corresponding MMSE equalization vector, which is the receiver
architecture used in the adaptive system.

VI. CONCLUSION

We have presented a concept for the downlink of a multiuser
MIMO-OFDM system combining spatial transmission mode
switching with a fair scheduling approach. Based on unitary
fixed beamforming, the users report information on the rates
they can achieve for distinct beams in the supported transmis-
sion modes via a low-rate feedback channel. According to the
given feedback, the BS then selects the transmission mode per
frequency resource and assigns each user the beams yielding
the highest rates. As an example, performance evaluation has
been carried out for a 2 × 2 MIMO configuration, revealing
significant gains in spectral efficiency and in user throughput
due to mode switching. It turned out that MU-MIMO transmis-
sion, where the spatial beams are assigned to different users, is
the key to enable simultaneous transmission of multiple spatial
data streams even at low-SNR conditions. If multiple beam sets
are provided, then the gains from instantaneous mode switching
vanish in most parts of the SNR region, and the system turns
into a pure SMUX system in the higher SNR range. We further
introduced a fairness steering that can be configured to realize
a desired fairness target the scheduler is supposed to provide;
its potential has been shown with the example of an equal-
rate target. Finally, the achievable downlink capacity of the
adaptive system has been compared with the capacity of the
SISO and the MIMO BC and of two limited-feedback reference
systems supporting MU-MIMO but no interference suppres-
sion. This comparison illustrated that the system effectively
achieves high performance, significantly outperforming that of
the two reference systems. The scheduling concept introduced
here can readily be employed in a multicell environment, where
users with different mean SNRs are present, as investigated
in [35] and [36]. Note that the elementary functionality of
the proposed system concept has already been tested in real-
time experiments, which have been conducted in a real-world
broadband mobile communication environment; for details, see
[37] and [42].

Final Remark: The concept proposal presented here goes
beyond the current standardization of 3G Long-Term Evolution
(LTE) [21]. In particular, we allow each user to select the spatial

mode and the beam to be served on individually per chunk,
whereas in LTE, each user is supposed to make a selection
for the entire band (similar to the fixed scheme configuration
in the list given in Section V-B). Further, feedback in LTE is
supposed to be given for sets of contiguous chunks instead of
individually per chunk. Both measures significantly reduce the
required feedback but clearly come at the cost of decreased
system performance.
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