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Abstract—Multiple Input-Multiple Output (MIMO) stands for
a wide set of multiple antenna technologies, which significantly
increase the capacity of wireless networks, without additional
bandwidth or transmission power. They are widely recognized
as methods that can meet the ever growing network capacity
requirements. With a MIMO physical layer (PHY), the trans-
mission channel gets a layered structure, which gives another
degree of freedom when scheduling transmissions. Support from
higher layers with a cross-layer approach that provides efficient
management of the channels spatial layers, can significantly
increase the networks performance on both link and system level.

A Multiple Access Control (MAC) protocol with the support
for multi-user (MU)-MIMO transmissions in Ad-Hoc WLANs
— multi-user-DCF (MU-DCF), has been previously presented.
In this paper we introduce channel aware scheduling for oppor-
tunistic channel usage and exploiting MU diversity. We evaluate
the benefits of the channel aware scheduling with respect to the
produced overhead for signaling, channel estimation and Channel
Quality Information (CQI) feedback.

I. INTRODUCTION

Quality of a radio link, deteriorated by fading and inter-
ference, can be significantly improved using link adaptation
methods in order to match the Physical layer (PHY) and other
protocol parameters to the time varying channel conditions:
e.g. choosing more robust PHY mode if the channel is in
bad state, or providing higher data rate when the channel is
in good state. In MIMO systems, link adaptation does not
include choosing only modulation and coding scheme, but
also the dynamic antenna usage. For dynamic switching to
the optimal MIMO scheme, average Signal-to-Noise Ratio
(SNR) value can be used as a decision criterion. Moreover, the
adaptation can be done with ”higher resolution”, by applying
it separately on each layer (stream) of a MIMO channel,
based on post-processing SNR values. In [1], link performance
of different MIMO schemes depending on average SNR has
been presented, as well as the stream level performance. In a
multiuser environment, an overall system performance can be
further improved with an appropriate scheduling mechanisms
which exploits MU diversity.

A MAC protocol based on IEEE 802.11 DCF [4] with
support for MIMO transmissions — MU-DCF, has been pre-
viously presented in [2]. Its main difference compared to the
future IEEE 802.11n standard [5] which also has multi-antenna
feature, is based on the support for MU-MIMO transmissions.
In this work we propose and evaluate a scheme for channel
aware scheduling in MU-DCF. We propose proportionally
opportunistic scheduling scheme which exploits MU diversity,
adapted to MU-DCF systems. Special attention is payed to the
protocol overhead for CQI feedback.

The paper has the following structure: in Section II we
give a description of MU-DCF. Channel aware scheduling is
introduced in Section III, describing methods to feed back CQI
and the applied Dynamic Priority Scheduler (DPS). For the
evaluation of the system implementing described scheduler,
simulations have been done for a random hotspot scenario,
and their results are presented in Section IV. In Section V we
draw conclusions and give an outlook to future work.

II. MU-DCF DESCRIPTION

MU-DCF [2] enhances IEEE 802.11 Distributed Coordina-
tion Function (DCF) [4] with MU-MIMO capability. It fa-
cilitates channel access with a four-way handshake procedure
with multiple users prior to the data transmission, as illustrated
in Figure 1. Prior to data transmissions, in the association
procedure, stations share among each other the information
about their hardware capabilities. Similarly as in IEEE 802.11
DCF, medium access in MU-DCF is based on Carrier Sense
Multiple Access with Collision Avoidance (CSMA/CA), with
a random backoff procedure. A station with pending data
frames draws a random number between 0 and Contention
Window Size (CW), which determines the duration of the
backoff timer in timeslots. After detecting the medium free
for a time interval equal to DCF Inter-Frame Space (DIFS),
the station counts down the backoff timer until it reaches zero
and initiates a transmission.
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Fig. 1. MU-MIMO Transmission

The IEEE 802.11 standard [4] includes an optional Request-
to-Send (RTS)/Clear-to-Send (CTS) handshake prior to the
transmission to alleviate the hidden node problem and reserve
the medium for the data transmission. Similarly, MU-DCF
uses extended forms of RTS and CTS - MU-RTS and MIMO-
CTS (M-CTS), not only to solve hidden station problem, but
also to exchange the information about multiple antennas.
The new frames are presented in Figures 2 and 3. Compared
to standard RTS frame [4], which has only one Receiver
Address field, MU-RTS frame has multiple receiver addresses
in order to be able to address multiple stations at a time. MU-
RTS also includes in the preamble the training sequence for
MIMO channel estimation. For multiple antenna support, both
extended frames have a new field: in MU-RTS it is called Pro-
posed Antenna Bitmap (PAB) and encodes the chosen subset
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of available antennas proposed for the following transmission.
The receiver of the frame confirms which antennas should
be active in Confirmed Antenna Bitmap (CAB) of M-CTS.
Afterwards, multiple frames are transmitted at a time, and they
are acknowledged by the receivers MIMO-ACK (M-ACK)
frames if correctly received. M-ACK, presented in Figure 4,
contains a new field for per-stream acknowledgments. Setting
the Network Allocation Vector (NAV) timer is done as in
the IEEE 802.11 standard [4], as well as the usage of inter-
frame spaces. In the following we describe the additional MAC
protocol functionality during a transmission cycle in MU-DCF,
compared to DCF. The transmission cycle is illustrated in
Figure 1.

• The transmission is initiated by the MU-RTS frame (see
Figure 2), which polls multiple receivers and proposes
the available antennas in the PAB field.

• Upon receiving the MU-RTS frame, the stations which
are present in the receiver list reply with M-CTS frames,
setting 1s in the CAB field for the antennas with the
acceptable post-processing SNR. The order of replies is
implicitly determined by the receivers’ order in the MU-
RTS frame.

• Upon receiving the M-CTS frame(s), the transmitter com-
piles the collected information, creates a MIMO frame
and transmits it.

• The stations which receive the MIMO frame, generate
M-ACK if they receive correctly at least one data frame.
The order of M-ACK frames is implicitly determined by
the order of data frames of the MIMO frame.

• When the transmitter receives the M-ACK frames, it
removes the acknowledged frames from the queue and
initiates another transmission. Unacknowledged frames
are retransmitted.
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Fig. 2. MU-RTS frame format
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Fig. 4. M-ACK frame format

All the control frames are transmitted using a scheme
which is supported by all the stations, independently on their
hardware capabilities, including the stations with only one
antenna.
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Fig. 5. MU-MIMO Transmission using OFDMA

It is worth noting that the stations which are not polled
can also be transmitted a data frame within a MIMO frame,
as illustrated in the Figure 1. This decision is made by the
transmitter which does the final scheduling after receiving the
M-CTS frames. Also, addressing a station in the MU-RTS
frame does not mean that there will be a data frame transmitted
to it in the next MIMO frame (e.g. if the channel is in bad
state).

The essential features of MU-DCF are:

• Simultaneous transmission of multiple frames which do
not necessarily have the common destination - MU-
MIMO.

• Alleviating hidden station problem in the MU case using
MU-RTS and M-CTS frames as replies to MU-RTS.

• M-ACK for acknowledging correctly received data
frames.

• MU-DCF supports fast link adaptation. It is scalable,
and provides backward compatibility, interoperability and
coexistence with stations with different number of an-
tennas (including single-antenna stations implementing
IEEE 802.11 DCF only).

In order to reduce the signaling overhead, multiple M-CTS
and M-ACK frames can be transmitted using OFDMA instead
of TDMA. The benefits of this approach were demonstrated
in [2], with the remark that the hardware complexity might
be increased. Therefore in this work we will analyze both
approaches.

III. CHANNEL AWARE SCHEDULING IN MU-DCF

The choice of a MIMO scheme used for a data transmission
in MU-DCF, as well as the order of transmitting the frames
present in the queue is a system design issue (random or
adaptive antenna selection, transmit or receive diversity to
increase the reliability of the transmission, spatial multiplexing
to increase the throughput etc.) MIMO scheme can be selected
based on the stations’ hardware capabilities, applications’
Quality of Service (Quality of Service (QoS)) demands, radio
propagation conditions, and current status of the network. As
for scheduling data frames, in [2] a DPS (channel independent)
was proposed for QoS support, and its benefits compared to
First In - First Out (FIFO) scheduler are shown.

In a MU environment and in the presence of CQI at the
transmitter, multi-user diversity can be exploited. By transmit-
ting data for users with the highest chances for a successful
reception, an overall rather than individual link throughput is
maximized.
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A. Prioritizing Data Frames

The simplest policy to transmit frames is in the order of
their arrival (FIFO order). For more efficient QoS support
when more Traffic Classs (TCs) are present, we assign each
frame a Dynamic Priority (DP), which determines its position
in the transmitter’s queue. In the MU case, most critical frames
are identified, independently of their destination. We use the
Largest Weighted Delay First (LWDF) scheduler [3]. QoS
requirements for the application of the receiver i are defined
by:

P (Wi > Ti) ≤ δi (1)

where Ti(t) is the maximum tolerable delay for the specific
application, Wi(t) is the time the first frame from connection i
has already spent in the queue, and δi is the allowed violation
probability. The priority assigned to the frame of the receiver
i is calculated using the following function:

priorityi = − log
δi

Ti
· Wi (2)

In order to improve the delay characteristic under low load,
we allow stations to transmit even before they have enough
frames in the queue. This fully exploits the channel capacity.
The station will try to postpone the transmission so that
possibly more frames can be transmitted, but not too much
to avoid that the frames with a limited lifetime get discarded.
The detailed description of this algorithm is out of the scope
of this paper.

B. Obtaining CQI

For obtaining the CQI at the transmitter, MU-RTS - M-
CTS frame exchange is used as described in Section II.
The receivers addressed in MU-RTS are the destinations of
the frames with the highest priority calculated using the
equation (2). Having information at the transmitter about the
channel of as many receivers as possible will without any
doubt have positive impact to the scheduler performance;
however, the more stations are polled for the CQI feedback, the
more overhead is produced. This is particularly critical when
sending the feedback using TDMA. The produced overhead
for TDMA and OFDMA replies is given in Figure 6 (using
the IEEE 802.11a PHY parameters listed in Table I). Besides
duration, another problem with TDMA occurs: the longer the
feedback procedure lasts, the less relevant CQI is, since the
interval between channel estimation and data transmission can
approach or even go beyond channel’s coherence time.

C. Frame-to-Antenna Mapping

After receiving M-CTS frames, data frames from different
receivers are mapped to antennas by the scheduler, based on
the obtained CQI, using the following procedure:

• For each receiver, the number of antennas with acceptable
post-processing SNR (n) is counted.

• The frames for the receiver with the smallest n are
scheduled first, by assigning them to the antennas based
on the received CQI: one frame per antenna, starting with
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Fig. 6. Produced overhead for obtaining CQI for both TDMA and OFDMA
systems, depending on the number of polled stations

the frame with the highest priority. The reason for this
strategy is that the receiver with the smallest number of
good antennas has highest probability to lose them if
other receivers are scheduled first. This is repeated either
until all the receivers with the known CQI have been
traversed, or until all the antennas have been assigned a
frame to transmit.

• If there are no more unscheduled receivers with the
known CQI, the frames with the destination whose CQI is
not know and with the highest priority using DP function
(2) are scheduled.

• If there are still free antennas, the frames with the
destination whose CQI is know and with the highest
priority using DP function (2) are scheduled.

• If there are still free antennas, and there are no more
frames in the queue, the transmission is started.

IV. SIMULATION RESULTS

In this chapter we present capacity analysis of MU-DCF
networks by stochastic event driven simulation. Both of its
flavors are studied: using TDMA and using OFDMA for
transmitting M-CTS and M-ACK frames. For the simulations,
MACNET2 simulator has been used. MACNET2 is an event
driven SDL/C++ simulation tool for performance evaluation
of Ad-Hoc WLAN protocols, developed at the Chair of Com-
munication Networks (ComNets), RWTH Aachen University.

We have used a hot-spot scenario with downlink connections
from an Access Point (AP) to 14 randomly located stations.
All the stations were assigned an equal fraction of the total
offered load. For the purpose of capacity analysis, the stations
are overloaded, and there are no delay requirements set by the
application. Other relevant parameters are given in Table I. We
analyze system’s capacity vs. SNR (by changing the transmit
power) for the following cases:

• no MU-RTS/M-CTS handshake is used, and also no
channel aware scheduling is performed (noSched-0),

• MU-RTS/M-CTS handshake is used (maximum 4 stations
are addressed in MU-RTS), but the scheduler still does
not take CQI into account (noSched-4),

• channel aware scheduler is present, and s stations are
polled to feed back their CQI, where s takes values 1, 4
and 8 (withSched-1, withSched-4, withSched-8).
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Fig. 7. Network capacity vs. SNR for different amount of CQI present at
the transmitter, with TDMA based CQI feedback

The simulation results are presented in Figures 7 and 8. In both
figures and for all the simulated configurations, the carried
load grows with SNR. The difference is in the saturation
point level, and the SNR value when this point is reached.
The higher the protocol overhead is, the lower the capacity.
Therefore the system performance is much better when using
OFDMA for signaling. Also, the more CQI is present at the
transmitter, the earlier the saturation point is reached.

TABLE I
SYSTEM PARAMETERS.

Parameter Value
Max. TxPower 17dBm

Noise Level −93dBm
Path loss Factor 3.5

Channel Bandwidth 20MHz@5.2GHz
Number of Subcarriers 48 Data + 4 Pilot

Symbol Interval/Guard Time 4µs/0.8µs
aSlotTime/SIFS/DIFS 9µs/16µs/34µs

CWmin/CWmax 15 slots /1023 slots
Data Frames PHY Mode 64 QAM 3/4(54Mb/s)

Control Frames PHY Mode 16 QAM 3/4(36Mb/s)
Load Type Poisson

Data Packet Length 1024 Bytes

Another observation that can be made is that the difference
in the performance between the cases when 1, 4 and 8 stations
are polled for CQI feedback in TDMA case before reaching
saturation is much smaller than that of the OFDMA case. The
reason is that the scheduling gain when having more CQI is
nulled by the higher signaling overhead needed for obtaining
the channel knowledge using TDMA.

In the low SNR region, in spite of the high overhead,
polling 8 stations for CQI gives the best performance. Since
average SNR is low, lower is the probability that a station can
successfully receive a frame; therefore searching for them in
a bigger subset (in our case 8) is beneficial.

Continuing the comparison of the three curves in the high
SNR region, it can be seen that the value of additional
CQI is being reduced, until the point when it only presents
overhead, since most of the receptions are successful with
high probability even without scheduling. Moreover, in this
region, the scheduler works almost fully in single-user (SU)
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Fig. 8. Network capacity vs. SNR for different amount of CQI present at
the transmitter, with OFDMA based CQI feedback

mode, since majority of the receivers hears the signal from
all the antennas with an acceptable post-processing SNR
value. For this reason, the curve showing the capacity without
MU-RTS/M-CTS handshake, working in MU mode, does not
outperform the system with the handshake, because of the
overhead produced by multiple M-ACK frames.

A somewhat more direct performance comparison to es-
timate scheduling gain can be done between the curves
”noSched-4” and ”withSched-4”. The scheduling significantly
improves the performance under low and medium SNR values,
but with very SNR values, the gain is again due to the lower
overhead since the scheduler operates in SU mode.

V. CONCLUSION

In this paper we have presented capacity analysis of MU-
DCF network in the presence of channel aware scheduling.
We have evaluated the scheduling gain with respect to the
necessary signaling overhead. It has been shown that on the
system level scheduling can significantly boost the network
throughput. However, scheduling gain highly depends on the
signaling overhead. For this reason using OFDMA for pro-
tocol signaling has been proven more beneficial compared to
TDMA. It has also been demonstrated that the value of channel
aware scheduling decreases with SNR, when even under bad
channel conditions (e.g. correlated fading) successful reception
can still be achieved with high probability.

The future work will focus on developing schemes for full
MIMO link adaptation, which will include adaptation in spatial
dimension, as well as adaptive modulation and coding, and
finding a (sub)optimal scheduler exploiting MU diversity.
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