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Abstract— Collision mitigation is one of classical research throughput performance. However, in this work, the effefct o
issues for wireless local area networks (WLANSs). Recently, downlink traffic on the system performance was not consid-
multiple-input multiple-output (MIMO) transmission techniques — greq. Since the multi-user MIMO-based scheme is only agplie
have been widely deployed in wireless systems, while a multl-usert th link. the AP has | h | tunities i
MIMO-based collision mitigation scheme in uplink WLANs was 0 e_up Ink, the aslessc an.ne access oppor u_n les
proposed by authors, and we showed the scheme is very efficientdownlink compared to the conventional WLANs and it may
for the uplink performance. However, for an infrastructure-based result in a severe performance degradation in downlinksThu
WLAN, we observe a significant performance unbalance problem an unbalance problem between uplink and downlink becomes
between uplink and downlink, compared to the conventional more critical in these multi-user MIMO-based WLANS.
WLANS. Moreover, access point (AP) yields lower throughput A weighted fairness problem between uplink and downlink
performance than each contending station(STA). In order to slve g X .p - P .
this unbalance problem between uplink and downlink, we adopt has been discussed in conventional WLANs. Even if AP
a modified CWmin adjustment scheme and a random piggyback and STAs have the same channel access opportunities based
scheme to the multi-user MIMO-based WLANs. We also develop on DCF in infrastructure-based WLANS, this DCF protocol
an analytical model to evaluate the performance of multi-user causes a fairness problem between downlink and uplink when

MIMO-based WLANSs in a saturated traffic environment. The th STA tending i link. To i tigate th
result shows that the random piggyback scheme performs more ere are many S contending In uplink. To Investgatie the

efficiently for the multi-user MIMO-based WLANS. fairness and priority issues among STAs, Qiao and Shin[9]
modified the DCF and presented a priority-based fair MAC (P-
. INTRODUCTION MAC) protocol which selects the minimum contention window

Distributed coordination function (DCF) has been widelfCWmin) size for each wireless station to reflect the rela-
deployed in IEEE 802.11 wireless local area networks/e weights among data traffic flows. Banchs and Perez[10]
(WLANSs) as a medium access control (MAC) protocol duproposed a distributed weighted fair queuing (DWFQ) as an
to simplicity, low cost and efficiency[4]. The DCF is basea@xtension of the DCF to provide weighted fair queueing in
on carrier sense multiple access with collision avoidan®LANs. Vaidya et al[11][12] presented a distributed fair
(CSMA/CA) where a binary exponential backoff scheme ischeduling (DFS) approach by modifying the DCF to allocate
used as a collision avoidance mechanism. Although this D®&ndwidth in proportion to the weights of the flows sharing
can avoid some collisions in WLANS, collisions may occuthe channel. Gacet al. [13] improved the VolP capacity
more frequently as the number of contending stations(STA®) WLANs by adjusting the EDCA parameters of the AP.
increases in a basic service set (BSS). This collision prabl Jeonget al. [14] proposed a scheme that uses different means
is considered as a key factor which degrades the systefmbackoff distribution to achieve weighted fairness betwe
performance[5]. Thus, there have been several studies uplink and downlink. A token based piggyback scheme and a
enhancing the collision mitigation performance at MAC layedynamic ratio adjustment based piggyback scheme were also
[6]-[8]. proposed in [14] and [15], respectively.

Multiple-input multiple-output (MIMO) transmission teeh  In this paper, we first develop an analytical model to inves-
nigues have been widely deployed in wireless systems. Zhdigate the uplink and downlink throughput unbalance proble
et al[1] adopted the concept of multipacket reception to thef the multi-user MIMO-based WLANs. Second, in order to
WLANS. Jin et al]2][3] also proposed a collision mitigation solve the unbalance problem, we modify and adopt a CWmin
scheme in uplink WLANs using multi-user MIMO antennasdjustment scheme and a random piggyback scheme, which
at an access point (AP). In this cross-layered design, thvere typical throughput balancing solutions in converdlon
AP utilized a MIMO technique to simultaneously decod®/LANs, to the multi-user MIMO-based WLANS, and discuss
the multiple transmitted frames from multiple STAs. As ghe suitableness of each scheme for the multi-user MIMO-
consequence, this scheme significantly enhances the uplidsed WLANS.



[4DIFS ™

\\ sm 1\» Y1 STAL BUSY
\Q/ n1% L —
STA1 nai 2 Leorss
Z/ STA2 BUSY
h2:

Fig. 2. Modified CSMA/CA protocol in uplink

Y%
\Q extended to the case of multiple transmit antennas at ea&h ST

STA2 AP If the AP can estimate the channel coefficients, it can recove
(a) Simultaneous transmission of the STAs the transmitted data streams from different STAs by using
MIMO decoding techniques, such as zero forcing, minimum
mean square error and maximum likelihood. Fig. 1(a) shows
an example of a multi-user MIMO-based collision mitigation
scheme in case aff =2 and N = 2.

On the other hand, Fig. 1(b) shows a collision between AP
and STAL. Since the AP is in transmit state, it cannot recover
the data stream from the STAL. Furthermore, the destination
STA2, of the data stream from the AP, also cannot recover the
data stream because it only has one receiver antennas.ihus,
the case of the simultaneous transmission between the STA an

STA2 the AP, it should be considered as a collision. This colfisio
(b) Collision of the STA and the AP between uplink and downlink traffic is not considered in the
previous work [1]-[3] and we will analyze it in this paper.
Fig. 1. A multi-user MIMO-based collision mitigation scheme uplink In order to support simultaneous transmissions of STAs,

WLANS the legacy CSMA/CA protocol needs to be slightly modified.

. . . ) . As shown in Fig. 2, the AP can correctly recover the two
The re.st of this paper is organized as fo'IIows. Ip SeCt'O[ ansmitted data and it has to send two ACK frames conse-
Il, a multi-user MIMO-based WLAN syst_em IS des_cnbed an ently to each STA within the SIFS time. Since the data
the corr_espondmg performance analysis model is propos nhsmission time for each STA is different, the ACK frames
In Section lll, in order to solve the unbalance Iorc’blen}:onsequently have to be sent after the complete transmigkio

usmg. a dgswed downlink and uplink throgghput ratio, Both data frames. If the receiver can recoérsimultaneous
CWmin adjustment scheme and a random piggyback sche fta streams, it has to send ACK frames to each STA. In

are adopted and their throughput performance is evaluat s paper, each STA is assumed to have a unique preamble

Finally, conclusions are presented in Section IV. chosen from an orthogonal preamble sequence set. Hence, the
Il. MULTI-USERMIMO-BASED WLAN S AP can estimate the channel coefficients of each STA.

A. System Model B. Performance Analysis

Various MIMO transmission techniques have recently beenBianchi [5] proposed a simple discrete-time Markov chain
adopted in wireless systems in order to achieve high sp€DTMC) model to compute the throughput in a saturation
tral efficiency. For WLANSs, the IEEE 802.11n specificatiorraffic environment for conventional IEEE 802.11 WLANS.
was standardized to adopt a single-user MIMO scheme[lB8ased on this DTMC model, we extended it and analyzed
Although the single-user MIMO scheme can support higihe performance of the multi-user MIMO-based collision
transmission data rate, it cannot solve a collision problemitigation scheme in uplink WLANs [2][3]. In this section,
among STAs during frame transmissions in WLANs and thee further extend the analysis by considering uplink and
performance enhancement is limited. In order to mitigate tllownlink traffic. We consider a network environment where
collision problem, Jiret al[2] proposed a multi-user MIMO- AP is located at the center of a basic service set (BSS) and
based collision mitigation scheme which adopts a multi-use-contending STAs communicate with the AP. In order to
MIMO scheme to resolve the collisions at physical layer. Thevaluate the performance in MAC layer, we simply assume
performance between this collision mitigation scheme &ed tthat there is no transmission error except collisions, dmed t
IEEE 802.11n system was compared in [3]. payload size and its transmission time are identical foheac

If M(M > 2) STAs simultaneously transmit data, then &TA and AP.
collision occurs in conventional WLAN systems. In the multi- For each STA, letr be the transmission probability and
user MIMO-based collision mitigation scheme, we assume tha be the backoff stage transition probability that the STA
each STA has one transmit antenna and the APY@¥ > retransmits the previously transmitted frame. Since tleeee
M) receiver antennas for simplicity. This model can be easiiyo channel errors, the backoff stage transition probgbigit



the same as the collision probability. If an AP can receivehe probability P/ 4 that there is transmission only from
up to maximum N uplink, simultaneous transmissions, aP in a time slot is expressed as

transmission failure occurs when there are more thén

simultaneous transmissions. From the viewpoint of a given Py ap = 10(1 —7)". (7)
backoff procedure with retry limitR, we can obtain the

relationship between andp, based on the DTMC model in The collision probabilityP:¥¢, in which there are simultane-
5], ous transmissions from more than STAs in a time slot or

there is a collision between AP and STAs, is written as
2(1 _ pR+1)
L 1 . ) n

W1 = 28 £ WD )]+ (1 =) P =(l-m) S Prami-(1-17 (8
where W represents the minimum contention window size
CWhin. The termL is the maximum number of doublings ofThe average payload size for a uplink successful transomissi
the CW, which is identical tdog, { (CWiax +1)/(CWwin+  in data transmission time is obtained as
1)}

Let 1o andpg be the AP’s transmission probability and stage
transition probability, respectively. With the same remas for
the STA, we can obtain

T =

m=N-+1

N
Eulpayload = > m - P} s, - E[Payload],  (9)

m=1

where E[payload] is the average payload size for each STA.

R+1
To = 2(1 - pO ) ~ The average payload size for a downlink successful transmi-
W (1 = 2Lpf+Y) 4 W[ (2p0)i] + (1 _p§+122) sison in the data transmission time is expressed as
As shown in Fig. 1(b), since the transmission of AP is only Eqpayload = Py, apE[Payload). (10)

successful when there is no transmission of the STAs, a stage
transition occurs for the AP with the following probabilitfy Then, the average uplink and downlink throughput can be

any STA transmits data to the AP: obtained as
po=1—(1-1)", ®) Throughpug, — E,[payload 1)
l - .
If the AP can receive up to maximumV simultaneous [length of a time sldt
transmissions froniv STAs together, for each STA, a backoff
stage transition can occur when there are more tién- 1) Throughpuy, = E;[payload (12)

STAs transmitting data at the same time among remaining
(n—1) STAs. Furthermore, a simultaneous transmission from
any STA also fails if AP is in transmit state, as shown iWwhere Eflength of a time sldt is the average length of a
Fig. 1(b). Thus, the relationship between 7, and p from time slot which can be backoff slot time, successful data
this viewpoint is, transmission time, or collision time. It can be expressed as

Nl 1 El[length of a time sldt
p= T0+(1_7'0) 1-— Z ( )Tm(l _ T)n—l—m . (4) o
" = (1 o P:Tyb)o- + PtT>AP + Zm 1 tr STATtT + qucha

(13)
where the probability thatn STAs transmit frames simulta-\yhere o is the backoff slot timeT/AF is the data frame

l(wszolu)sly E"‘lmor‘? thle remainin@ — 1) STAs is expressed asyransmission time at the AP and it is expressed as
Tm AL m
We can numerically solve Eqs. (1) - (4) for the transmission Tt‘,?.P:DataTz'me+ SIFS + ACKtime+DIFS.
probabilitiesT and 7, and backoff stage transition probabili-
tiesp andp,. From these obtained valuesandr,, the system 7} is the time duration used to simultaneously transmit
performance can be calculated. First, the probabifify* that frames including overhead and it is expressed as
there is transmission from either STA or AP in a time slot is
expressed as Ti"=DataTime+m-(STFS + ACKtime)+DIFS.

E[length of a time sldt

m=0

P =1-(1-71)1-7)" (5) T. is the time duration used due to a collision through
simultaneous transmissions from more th&nSTAs or the

The probability Pyl s 4 that there are simultaneous transmissimyitaneous transmission between AP and STAs, and it is
sions fromm STAs in a time slot is written as expressed as

n —m
PtT,STA =(1-1) <m> (1 —T7)" ™ (6) T. = DataTime+ ACKtimeout + DIFS.



TABLE |

MAC LAYER PARAMETERS 0.12 0.8
DIFS 34pus oal 07
SlotTime 9us ’
SIFS 16us 06}
ACKtime 44 us % 008t -
ACKtimeout 60us 5 £ o5f
PHY overhead 2Qus g g
CWhin 15 § 0.06 S 04f
CWnax 1023 2 é
Retry limit 7 é 0oal g 03f
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Fig. 3. Throughput performance of the uplink and downlink

C. Numerical Result

Table | lists the MAC layer parameters based on the IEEE 5 10 15 20 25 30 35 40
802.11a[17] specifications. We evaluate the performance ¢ Number ofSTAs
the multi-user MIMO-based WLAN system in the case of
saturated traffic environment. The data rate is fixed to aesing
rate. of 24Mbps and the frame Size€ 1S 1QOObytes. AP has the same channel access probability as each STA, the
Fig. 3 shows the uplink and downlink throughput per-_ . . L .
. : : . ratio of downlin to uplink is1/n. However, when it comes
formance obtained from both analysis and simulation. The

number of receiver antennas at the AP varies from 1 8the multi-user MIMO-based collision mitigation scheme,

i . ; . It becomes significantly low when there are more than 10
3. The analytical results agree well with simulation result :
i . - .. . STAs. Thus, there is a severe unbalace problem between the
In uplink, the multi-user MIMO-based collision mitigation

scheme yields much better performance than the convehtingtIink and downlink for the multi-user MIMO-based collisio
Y P igation scheme and, consequently, balancing the thmowty

. . omi
.WLAN(N =1). The throughput enhancement is more s|gn|{-:c the uplink and downlink is more important for the multi-
icant as the number of receiver antennas at the AP increases.

However, in downlink, the scheme shows lower throughpllftSer MIMO-based collision mitigation scheme.

performance than the conventional WLAN as the number of ||| THROUGHPUTBALANCING SCHEMES FOR

receiver antennas at the AP increases. Since, the simaitane MULTI-USERMIMO-BASED WLAN S

transmission from both the AP and STA is considered as a ) )

collision in downlink, as shown in Fig. 1(b), there are moré- CWmin Adjustment Scheme

collisions at the AP and, consequently, AP has less suadessf Since the AP and STAs have the same channel access

transmission opportunities compared to the STAs. opportunities based on DCF in infrastructure-based conven
Fig. 4 shows the transmission probability and collisiotional WLANs, AP has a reduced channel access ratio of

probability for the AP and STA when there are two receivel/n compared with the: STAs when there are STAs in

antennas at the AP. The AP has lower transmission probalilBSS. This unbalance problem have gotten attentions [9]-

ities and higher collision probabilities than STA. [14]. Most of the previous work were based on adjusting the
Fig. 5 shows the throughput performance ratio of dowlink toCF parameters. In this section, based on the analysis model

uplink. In the case of the conventional WLANS$(= 1), since in Section II-B, we attempt to find the appropriate CWmin size

Fig. 5. Throughput performance ratio of downlink to uplink



from STAs in SIFS intervals. If there are simultaneous trans
missions fromm STAs in uplink, the AP hasng random
transmission opportunities in which the AP can transmit its
first [mg| frames and one additional frame with probability
mq — |mq]. Here |z] denotes the largest integer value that
is equal to or smaller thar:. The uplink and downlink
throughput performance ratio can be controlled by adjgstin
the parameterg. An example of frame exchange between
uplink and downlink is shown in Fig. 7. There are two
STAs’ simultaneous transmissions, and, correspondirigby,
AP has2q random transmission opportunities after the STAS’
transmissions. In Fig. 7, sincE2q| = 1 and the randomly
generated variable is smaller thag— |2¢|, the AP transmits
5 10 15 20 25 w0 3% 40 two frames.

Number of STAs The analysis model of the random piggyback scheme for
the multi-user MIMO-based WLANS has to be modified from
the model in Section 1I-B. The AP has more transmission

of each STA for the required uplink and downlink throughpd?pportunities due to the random piggyback scheme and the

value of each STA

min

Ccw

Fig. 6. CWmin size of each STA for the downlink/uplink ratio of 1

ratio in the multi-user MIMO-based WLANS. average payload size in a data transmission time in downlink
We define the ratio between downlink and uplink throughp(®
as N
Throughpuj, Ey|payload = <Ptr,AP +> q-m- Pﬂ,sm) -E[Payload].
¥ = Throughpuy, m=1 (16)
Py ap On the other hand, there is no change in uplink average

ZZH me P payload size: Thus, the downlink and uplink throughput per-
= ; (14) formance ratio is

To(1l — 7)™ 1
= _ o(1 —po)
ETNn:1 m(1 — 7'0)(:1)7"”(1 — 7)n—m P = - 1=p) +q. (17)
171 —po) ] ) . ]
= E—T(l ) The AP can adjust the piggyback probabilityo achieve the

desired ratioy. In case of N =1, sincers = 7 and py = p,
where the second equation is obtained from Egs. (9) awé haveq = — 1. In case ofN > 2, Since%% -0
(10), and the third equation is derived from Egs. (6) and (7s shown in Fig. 5, the AP can approximate=~ ¢. Thus,
Then, we can calculate the CWmin size of each STA for the the conventional WLANS, in order to achieve the desired
required downlink and uplink ratia)>. We can numerically ratio, the AP has to be aware of the number of active STAs in
solve Egs. (2)-(4) and Eq. (14) farandp. Substituting these the BSS. However, in the multi-user MIMO-based WLANS,

values into Eg. (15), which is obtained from Eq. (1), we cathe ratio also can be achieved without the knowledge about

calculate the CWmin size of each STA, the number of active STAs.
9 (1—2p)(1 + pfi+h) Moreover, the random piggyback scheme modifies the dura-
W' = (; - ) pIL— (2p)F] + (1 — 2p)(1 — 2LpRH1)’ tion of the channel access time when thererargimultaneous

(15) transmissions in the uplink.

Fig. 6 shows the CWmin size of each STA when theT’ﬂzDataTz’meer(SIFS+AC’Ktz‘me)+DIFS

downlink/uplink ratio is one. The CWmin sizes almost lingarl +q-m-(SIFS + DataTime + SIFS + ACKtime).
increase as the number of STAs increase. For the multi-

user MIMO-based collision mitigation scheme, the slope (\{]Vith.above. modifications, the throughput performance can be

the CWmin size over the number of STAs is steeper th&ptained with Egs. (11) and (12).

conventional WLANS. c
In order to adjust the CWmin size at STAs, we can estimate ] )

the number of active STAs by observing the unique MAC Th_e system parameters are set to the same as in Section II-

addresses from the transmitting frames at the BSS or by otfterFi9- 8 shows the total throughput performance of both the

Numerical Result

estimation algorithms in [18]. CWmin adjust_ment scheme and t.he random piggypack scheme
) when the desired throughput ratio between downlink and up-
B. Random Piggyback Scheme link is one. For the random piggyback scheme, the throughput

In addition to AP’s general channel access mechanism, teighancement is significant with increasing the number of
AP also can access the channel just after the transmissioeceiver antennas at the AP, compared to the conventional



1<2¢ <2 and rand(0,1) < 2q —| 2¢ |

IDIFS I'stFs SIFS SIFS SIFS SIFS SIFS -DIFS
DATA1 ACK1 DATA(AP) ACK DATA(AP) ACK
STA1L BUSY 4 aP) (aP)
DIF: I'siks SIFS SIFS SIFS SIFS SIFS DIFS
STA2 BUSY DATA2 ACK2 DATA(AP) ACK DATA(AP) ACK
(AP) (AP)

Fig. 7. An example of random piggyback scheme
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