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Abstract

Multi-user MIMO technology makes it possible for wirelessdes to successfully receive multiple
packets from simultaneous transmitters in wireless nédsvdks it can provide more transmission oppor-
tunities without causing collisions, the network throughperformance can be dramatically improved.
In this letter, we propose a medium access control (MAC) qualt which allows more nodes to
opportunistically transmit packets even though they daemohange any control packets for transmission
coordination if the AP can concurrently receive more paskete to the multi-packet reception capability.
Through extensive simulations, we show that the propose® M£otocol achieves significantly higher

throughput performance in multi-user MIMO wireless netkgor

Index Terms

MAC protocol, multi-user MIMO system, transmissions cdoedion.

I. INTRODUCTION

In conventional wireless local area networks (WLANS), reodan receive only one packet at a
time, while two or more concurrent transmissions causeaaket reception to fail: this is known
as packet collision. However, as the technology level oftruder multiple-input multiple-output
(MIMO) and multi-user detection (MUD) increases, it has dr@e possible for wireless nodes

to successfully receive multiple packets from simultarsewmansmitters. The mixed signal from
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simultaneous transmissions can be properly separated enatield, and is preferred because it
enhances the achievable throughput performance. The maximmber of packet transmissions
that can be successfully decoded is defined as multi-paekeption (MPR) capability (denoted
by M).

However, most traditional MACs have been designed withawt eonsideration for MPR
capability and do not function well in multi-user MIMO bas®d_ANs. Consider an AP with
MPR capability that can receive multiple packets simultarsty, but if the CSMA/CA based
IEEE 802.11 DCF protocol is applied, the AP attempts to makg one successful transmission
for each channel contention. For example, once a set of noalesmits RTS packets first, all the
other nodes are prohibited from sending data frames umhtihalon-going transmissions finish.
As a result, the multi-user MIMO based wireless channel gewutilized. Therefore, new types
of MACs, which take multi-packet reception capabilitiemiconsideration, are highly desired for
multi-user MIMO WLAN:S. In this letter, we propose a MAC pretd, which allows nodes that
have not won in channel contention to opportunisticallysrait packets when the AP informs

them it has vacant channel space for multiple packet remepti

[1. SYSTEM MODEL AND MOTIVATION

We consider an uplink case for one-hop networks, where ooesagoint (AP) is located at
the center of the network and the other transmitters ardddcaround the AP. We assume that
the AP hasM multiple antennas while each transmitter has one antemthid system, the

mixed signal §) from N multiple transmitters can be expressed as
y =Hs+w, 1)

wheres = [sq, s9, -+, sy]T andy = [y1, 2, -+, yu]? denote the transmitted and received
signal vector, respectively. Als®] is the channel matrix and- is the channel noise. Here, the

channel matrixtI can be written as
H:[hhh@u“' 7hN]7 (2)

whereh; = (hy;, ha, -+, hay)T denotes the channel coefficient betweeth user and the AP
with M antennas.
We consider a multiuser OFDM-based WLAN system as a prddiiti2R-capable system.

Here, we assume that each frame includes an orthogonaingasequence in the preamble



in order to make it possible for APs to estimate the channeffictents as like IEEE 802.11n
standard. Once an AP obtains the channel coefficients frertraining sequences, it can properly
decode the mixed signal from simultaneous transmitterstla@al simultaneously serve users
at a time. Note that each carrier in the multiuser OFDM systeay have a different modulation
so that each node can transmit at a different transmissien[$&

In the MPR-capable networks, several MAC protocols havenh@meposed in order to im-
prove the throughput performance in [1]-[4]. For exampleaizg [1] proposed the multi-round
contention mechanism, with which an Afits for a sufficient number of transmission requests
from contending stations by giving them multiple contentichances in order to fully exploit
packet reception capability. In [2], Zhergal. proposed an adaptation mechanism to fully exploit
the packet reception capability. In this protocol, eachenmdrequired to have exact knowledge
about MPR capability and contending nodasfore it sends the initial request control packet
(i.e., RTS packet).

In this letter, we propose a MAC protocol, which permits dm@otchance for stations that have
not won in channel contention to simultaneously transmakpts at the same time when the
intended transmitter is sending a data frame. In other worddes may have a second chance

of sending data frames during a single transmission duratio

[1l. PROPOSEDMEDIUM ACCESSCONTROL PROTOCOL

A. Overview

The detailed procedure of the proposed MAC protocol is dsvial:

(S1) When nodes sense that the channel is idle, each nodeeimdiently performs a back-off
mechanism like the IEEE 802.11 DCF protocol. The node withgmallest back-off
number transmits an RTS frame to the AP first. Note that thelbmurof nodes sending
RTS packets can be equal to or more than one.H a@tenote the set of nodes sending
RTS packets simultaneously. We also definas the number of nodes sending RTS
packets, i.e.k = |K]|.

(S2) After the AP successfully receives the RTS frame, theiddntifies the number of
vacant channel spaces, which is equalié — k), and then broadcasts a CTS frame

including the channel space information.
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Fig. 1. Operation example of the proposed channel accesscpto

(S3) On receiving the CTS frame, a setwaihining nodes that sent the RTS frame begins
to send a data frame. At the same time, the ottadidate nodes can transmit with
a probability of p; if their transmissions end no later than the longest trassiom
duration (denoted by,,) among K, i.e., 7, = riré%gq(n) where7; is the transmission
duration ofi-th node.

(S4) Once the AP finishes receiving all the on-going transimiss, it immediately sends

the ACK frame.

Figure 1 shows the example operation of the proposed protwcthis example M is set to
two. In Figure 1, Tx1 is the first transmitter that has sentRi& packet in the first transmission
chance, and after receiving the CTS packet, Tx3 decidesatwsinit packets in the second
transmission chance. Therefore Tx1 and Tx3 are transittata packets simultaneously during
a single transmission duration.

As shown in the above example, our proposed channel accesxprimproves the channel
efficiency of multi-user MIMO WLANS. In the proposed protadcib collision happens, the nodes
retransmit the packet by using the same back-off mecharsstetailed in the IEEE 802.11 DCF.

We emphasize here that after collisions occur, all the gackes lost.

B. Determining the transmission opportunity (p;)

In the proposed protocol, in order to fully utilize the mipicket reception capability\{)

without causing packet collisions, we need to determineaygropriate level of transmission



opportunity ;).
First, we assume that packet length is geometrically disteid with a mean of /q. The

geometrical distribution function is given by
P{L<Il}=1-(1-q), (3)

where L is the random variable for packet lengthjs the packet length, and the geometric
distribution parametey is assumed to be given in advance. Then, the distributiontim of
the transmission durationis expressed a®{t < 7} = P{L <r,7} =1— (1 —¢q)"" wherer,

is the transmission rate of the nodes belonging to a gioaps. Here,G is the set of available
groups according to the transmission rates. Suppose teawitining node belongs to a group
w. Then, the estimated number of candidate nodes that haveesdaration tham,, in a group

g (denoted bycy) is obtained by

g = Ng(1 = (1 —q)"™), (4)

g

where N, is the number of candidate nodes belonging to group G and is assumed to be
readily available to the AP. Therefore, the total numberaffdidate nodes:{) is computed by
=3 e
We now consider the probability thatmultiple transmissions exist amontj candidate nodes
in the second chance of transmissions. This probabilitipfied a binomial distribution and is
given by
PLx =)= (7 Jpii= ", G=0n e ©)

where X is a binomial random variable indicating the number of cdath nodes deciding to
transmit withp.

Note that if more than{/ — k) candidate nodes access the channel simultaneously, then a
the frames including: frames being transmitted by the winning nodes are collide#ting the
effect of these collisions into consideration, the expégtayload (denoted by/(p;)) for the

second chance of transmissions is derived as follows:
M-k ~ 1
M(p»:ZP[X:j]-(j-Hk-g) (6)
=0

where ! denotes the average packet size of candidate nodes. Sughatstne winning node

belongs to the groupw consisting of N,, nodes with the transmission rate of. Then,! is



obtained as follows:
_ Ny, c¥ .
weg geg

WhereZ;” is the average packet size of the candidate nodes belongitigetgroupg when the

winning node belongs to the group, and is given by
o _ Jo* " 2a(l —g)*Mda
g rg .1 )
1= —g)w
In (6), the optimal transmission opportunity (denotedfyy= argmax;, ¢ ;; M (p:)) that maxi-

(8)

mizes M (p;) can be numerically obtained.

As a practical solution, we can appropriately chogsesuch that the expected number of
the candidate nodes deciding to transmit would be equal ¢ovdtant channel space (i.e.,
E[X] = M — k). Note thatE[X] is given byc" - p, since X is a binomial random variable in

(5). Then the transmission opportunity is expressed as

y(M —k)/c¥ for k<M

0 otherwise,

Pt =

where v is a tunable parameter. When is set to close to 1, the candidate nodes would
aggressively transmit packets but may experience a nunfbearssmission failures because it
happens that the number of simultaneous transmissionstasnitaneously larger thad/ — k).

In contrast, agy is set to a lower value, the channel would not be fully uttizBlote that there
exists a tradeoff between channel utilization and colfistzcurrence. Therefore, should be
carefully chosen, and in fact, it needs to be adjusted wispeet to)/ and N.

Based on the computed value pf the candidate nodes efficiently decide whether or not
to transmit packets. Specifically, while the winning nodegib to transmit data frames, the
candidate nodes are allowed to transmit packets with a prlitiyaof p;, which is specified in
the CTS frame broadcast by the AP.

IV. NUMERICAL RESULTS

To evaluate the performance of our proposed protocol andhacenit with that of the IEEE
802.11 DCF protocol and two other existing MPR protocolsai@dis method [1] and Zheng’s
method [2]), we carry out various simulations using MATLAR. the simulations, we assume

that every node independently generates its data packktamgeometric distribution, and the
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Fig. 2. Throughput performance w.r.t. the number of nodes.

average payload is 1500 bytes. Also, the wireless netwgpksabe in the IEEE 802.11n mode
that employs a MIMO-OFDM system. In this simulation, fouffelient transmission rates are
used for each groug: 15, 60, 120, and 150 Mb/s in IEEE 802.11n mode, and each drasphe

same number of nodes, i.éV,=N/|G|. The tunable parameteris set to 0.8 in our simulations.

Figure 2 shows the simulation results of throughput peréoroe with respect to the number
of users (V). We vary N from 0 to 40 users, whild/ is fixed to 5. As shown in Figure 2, our
proposed MAC protocol outperforms the other MPR protocalsaell as IEEE 802.11 DCF.
This is due to the fact that the candidate nodes may transakets to fully utilize the packet
reception capability under the proposed protocol.

Figure 3 depicts the throughput performance with respet¢hd¢opacket reception capability
(M). In Figure 3, the throughput obtained by the IEEE 802.11 D@&de is not improved
althoughM increases. The reason is that the wireless channel fails fally utilized under the
IEEE 802.11 DCF mode. However, the throughput obtained bypoaposed method gradually
increases ad/ increases. This implication is that the multi-user MIMO d&é@svireless channel
is more efficiently used by allowing more nodes to transmitkgés in a single transmission

duration.
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Fig. 3. Throughput performance w.r.t. the packet receptapability.

V. CONCLUSION

We studied the issues of improving the aggregate througbpunulti-user MIMO based
WLAN systems. In particular, we focused on the fact that theelss channel is under-utilized
in the CSMA/CA based channel access protocol. To prevestittéfficient channel use, we
proposed a MAC protocol for coordinating simultaneous graissions, in which the candidate
nodes can transmit packets on receiving the CTS packetgththhey have not sent RTS packets.
Through various simulations, we showed that our proposéémse significantly improves the
throughput performance in multi-user MIMO based WLANS.
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