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Abstract—Wireless local area networks (WLANs) are becom-  On the other hand, there has been a lot of effort on charac-
ing denser and thus interference-limited due to heavy traffic from terizing capacity of interference channels in terms of degr
a number of adjacent access points (APs) and stations (STAS)'of-freedom (DoF) which is also known as multiplexing gain.

We propose a novel interference management technique for . . - )
overlapping basic service sets (OBSSs) in such WLANSs, which Especially, interference alignment (IA) has received math

intelligently applies an opportunistic interference alignment (OIA)  tention because of its capability of achieving the optimaFD
concept to WLANs. Each BSS has an AP and multiple STAs, in interference channels [3]. Subsequent studies have rshow
and operates with a carrier sensing multiple access (CSMA) that IA is also useful in various wireless multi-user netkgr
protocol as commercial IEEE 802.11 WLANS. Both APs and |,ding MIMO interference channels and cellular netveork

STAs are assumed to have multiple antennas. Specifically, the . : ;
proposed OIA framework consists of physical (PHY) and medium N Particular, the 1A techniques applied to cellular neteeor

access control (MAC) layer techniques: transmit beamforming have received much attention [4], [5] while they have also
and opportunistic medium access, respectively. First, each STA practical challenges such as arbitrarily large frequeimgt
performs transmit beamforming which minimizes generating domain symbol extension [4] or limited number of operat-
interference to other BSSs at the PHY layer. Second, each ing cells [5]. A novel concept of IA callecbpportunistic

STA sends packets to its serving AP only when its generating .
interference to other BSSs is smaller than a pre-determined IA (OIA) was recently proposed for cellular networks, which

threshold at the MAC layer. Through extensive simulations, intelligently combines opportunistic user scheduling dAd
we show that proposed OIA scheme significantly outperforms techniques [6]-[10]. OIA was shown to asymptotically aghie
existing schemes in terms of system throughput. Note that the the optimal DoF if the number of users in a cell is beyond
OIA scheme operates with adistributed manner based on local 5 certain value, i.e., if a certain user scaling condition is
channel state information at each STA and does not require any

coordination among BSSs, leading an easier implementation in guarantegd.. .
practice. The existing IA techniques proposed for cellular networks
Index Terms—WLANS, Interference alignment, CSMA, IEEE  are centrally controlled by base stations and, hence,deita
802.11ax, beamforming modifications on the IA techniques are needed for their
applications to random access networks (RANs) such as
l. INTRODUCTION WLANSs. The IA techniques were applied for RANs under

two mechanisms: point coordinated function (PCF) [11] and

IEEE 802.11 wireless local area networks (WLANS) haveistributed coordinated function (DCF) [12]. In [11], APeea
been widely deployed due to simplicity and efficiency, andssumed to exchange a certain information through (wired)
most wireless service providers increase investment teneixt backbone network in order to realize IA while such a wired
their public WLAN service areas for offloading cellular databackbone may not exist in practice. The IA technique progose
As a result, a new WLAN standard is being investigated im [12] is applicable only when STAs have different number of
order to improve spectral and power efficiency in both indo@ntennas, and the performance gain is limited when STAs have
and outdoor environments, which is named IEEE 802.11ax [¥jmilar number of antennas. It was shown that the IA techmiqu
Many technologies are being considered such as advanced achieves the optimal average DoF in a single RAN [13].
multiple input multiple output (MIMO), massive MIMO, However, the interference among overlapping RANs was not
multi-user MIMO (MU-MIMO) in both downlink and uplink, considered. The application of OIA in slotted ALOHA systems
hybrid automatic repeat request (HARQ), various multiplexvas investigated in [14].
ing schemes, interference management, in-band full-duple In this paper, we propose a novel OIA technique to
MIMO, advanced medium access control (MAC) protocolseduce the interference among overlapping WLANs which
etc. Among them, the interference management becomes operate under DCF mechanism with carrier sense multiple
of the most important techniques since WLANs are expectadcess (CSMA). It was shown that thepersistent CSMA
to be more crowded due to a number of adjacent access posystems successively emulates the commercial IEEE 802.11
(APs) and stations (STAs) [2]. WLAN systems [15], and thus we model the WLANs with



the p-persistent CSMA protocol. Specifically, the proposethaximally M/ STAsS' simultaneous transmissions. When it
OIA framework consists of physical (PHY) and MAC layercomes to the OBSSs where tiid STAs may be served in
techniques: transmit beamforming and opportunistic nradiwdifferent BSSs, the MPR is still valid and each AP is capable
access, respectively. Therefore, the proposed OIA can difedecoding theM streams while it is only interested in the
regarded as a cross-layer solution for the CSMA systemtgansmissions from the STAs in its BSS. Then, undergthe
Note that the proposed OIA significantly outperforms thpersistent protocol, the average throughput of the all GBSS
existing schemes in terms of system throughput even if dan be obtained as

operates under a distributed manner and does not require any M
coordination among APs. Z mp™(1 — p)NK_mP}q\f}]:\?
Il. SYSTEM MODEL R = =1 2
R L e TR

We consider an uplink CSMA system consisting/ofgeo-
metrically overlapping basic service sets (OBSSs). Hethee, where PMER denotes each packet's success probability when
communication behavior of each BSS may interfere the othefere existn STAs’ simultaneous transmissions in the OBSSs.
due to the broadcasting nature of the wireless channel.dn eqlote that in the right hand side of (2), the numerator is the
BSS, N STAs are communicating with an AP where eachverage number of success packets in each slot while the
STA hasL antennas to transmit signals which are receivattnominator is the average slot duration. In practigg"R
by M antennas at each AP. The time is equally divided by a function ofm and M and decreases as increases
o-duration sensing slots when there is no packet transmissisr A/ decreases due to the reduced DoF. For the analytical
from all STAs in the OBSSs while the packet transmissiorspression ofPMER with Rayleigh fading channels, interested
occupy the time duration df if there exists at least one STA'sreaders may refer [16], [17].
transmission. At each slot, each STA transmits a packesto it
serving AP with a probability,, while keeping silence with a IV. INTERFERENCENULLING

probability 1 — p. Due to the random access, there inevitably In this section, we propose an interference nulling (IN)
happens simultaneous transmissions from multiple STAte N%cheme which is designed on top of MPR. First, each AP
that the simultaneously transmitting STAs may be served ifines 5-dimensional signal space to receive signals from

dlfferent[lB]?Ss. Ml _ the STAs in its BSS. Hence, the beamforming veatdi!

, _Let Hk,’ €C denotfe the channel matrix frqm STAjs designed to make each transmitting STA's signals aigivin
j in the i-th BSS to APk (in the k-th BSS) wherei,k € ¢ he signal spaces of the other APs be zero so that inter-BSS
{1,...,K} andj € {1,..., N}. Then, provided that there exist; +arference could be eliminated. Lety = [Up1, ..., Ups]

at least one STAs' packet trzjat?s[ni_ssions in the OBSSS, € the matrix utilized by thé-th AP to extract the signals
received signal at AR, y, € C**, is expressed as at the S-dimensional space. Note that,; € CM*! for

K N l € {1,2,...,S} is orthogonal to each other anjdi, ,;||*> = 1.
V=3 > HwEdg bl fld) 4oy (1) Then,w(*] should satisfy
i=1j=1 T CNT S NT
where 117l € {0,1} is the indicating function of the activity {(U{{H[lj]) o (Ungg—Jl]) ’ (UﬁlHEﬂ) ’
of STA j in the i-th BSS.Il"/] becomes zero if the STA is N
silent while becoming one if the STA is transmitting packets -, (U%H%]]) ] wll = .
Therefore, we hav®r{Il"/] = 1} = p. Note that the number 3)

of active STAs may vary slot by slot due to the random acces,e to the limited number of antennas at the STAs, the

Assuming that each STA transmits a single streaf] e C  dimension of the signal space at each APshould satisfy
denotes the information stream of SJAn thei-th BSS while he following constraint so that (3) has solutions:

wli-il denotes its beamforming vectar, € CM*! represents
the additive Gaussian noise at AR Each AP periodically S < Inin{ L M}. 4)
transmits training signals so that each STA can estimate the -1

local channel gains to thd{ APs based on the reciprocal
property of the wireless channel. Note that SiTA the j-th
BSS only knowsHEj’J] for k € {1, ..., K} but not the channel

One interesting property of IN is that it can inherit the
advantage of MPR. Let; = Y% 1% and s = 1% s,

. (31 € {0,1} is the indicating function of the activity
ains between other STAs and APs. where /1 € {0, 9
g of STA j in the i-th BSS as defined in Section Il. Then the
I1l. M ULTI-PACKET RECEPTION MPR capability shows the following two usages in IN.

Even in a single BSS environment, the collision mitigation1) If s < M, all the APs can perform MPR and subtracts
among STAs is always a key research issue in designing the the signals designed to it.
random access based CSMA systems. It is known that multi2) If s; < S, thei-th AP can decode the signals from the
packet reception (MPR), which is generally implementable STAs in its BSS. Note that the number of simultaneously
with MU-MIMO techniques, is an efficient solution [16]. If STAs in other BSSs — s; does not affect the-th AP’s
each STA transmits a single stream, each AP is able to support decoding performance as their arriving signals are zero.



However, if s > M ands; > S, the i-th AP is hard to Second, it performs SVD fo& "7,

decode the the arriving signals due to the limited available

DoF. Reflecting those phenomena, the average throughput of Gl = bl slidlylid], (7)
IN can be expressed as follows:

where Q7] and V1! are unitary matrices an&lJ! is

s
Ry =K - {Z m(N>pm (1 7p)N7m P%ER a diagonal matrix whose elements in the diagonal are the
= \m singular values.
M N N In order to minimize the interference to other APs’ signal
+ ). m- (m>pm(1 p) " space, the beamforming vector is chosen to the one corre-
m=5+1 sponds to the minimum singular value, i.e.,
= N(K —1) j N(K—-1)—j pMPR
_ v . . 2 ..
JZ:;) < J )p 1=2) Fmbian ng% = argn{,iﬂ HGW]VH - V[LW]' 8)

/A=) + 1= (1= p)NKT}, o ,

(5) Note that such Beamforming minimizes the interference gene
where P)'';R denotes the packet success probability wheated by each STA. Whefi < £, this beamforming makes
there arem STAS' simultaneous transmissions while eacthe interference signals be zero. Thus, the proposed Ol is i
AP setsS-dimensional signal space to receive signals. In thiistinguishable from IN. Moreover, whe$ > ﬁ the STAS’
bracket of the numerator in (5), the first summation showsansmissions may cause interference to the packet reospti
the average number of success packets decoded from dhether APs. We call such interference as leakage interéere
S-dimensional signal space of each AP while the secoiidlF). Such interference may reduce the successful degodin
summation shows the number of success packets obtainedhlgbability at the APs. In the next section, we will introéuc
the MPR decoding with the AP'$/ available spaces. Thean opportunistic transmission mechanism to further reduee
denominator still shows the average slot duration. It sthdwel effect of LIF on packet receptions. It should be noted that th
noted that the proposed IN has limited applications due¢o thonstraint shown in (4) does not apply to OIA.
constraint as shown in (4).

V. OPPORTUNISTICINTERFERENCEALIGNMENT B. Opportunistic transmission mechanism

The constraint shown in (4) limits the application of IN In this section, we propose an opportunistic transmission
in practice. To overcome this drawback, in this section w&echanism to further reduced each STAs interference to
propose OIA which consists of two parts: the singular valui@her BSSs at the MAC layer. Different from conventional
decomposition (SVD)-based beamforming at the physic@pportunistic transmissions in random access networkstwhi
layer shown in Section V-A and the opportunistic transnoissi @m to maximize the signal strength received at the AP [18],
mechanism at the MAC layer shown in Section V-B. Specithe proposed mechanism applies the opportunism based on the
ically, the SVD-based beamforming minimizes each STAigterference to other cells.
interference to other BSSs while the opportunistic trassion We first define the amount of LIF as follows:
mechanism allows the STAs showing relatively small interfe

ence other BSSs to transmit in each slot. 2

K
DI LN ©

A. SVD-based Beamforming k=1,k#i

As IN, each AP still setsS-dimensional signal space to
receive signals transmitted from the STAs. However, indte
of perfectly nulling the interference to other BSSs, the ST.
perform the SVD-based Beamforming to minimize the amou{ﬁ
of interference to other BSSs. Again, ldj, = [ug 1, ..., Ug 5]

g/herew[sig]g is obtained from (8). Each STA observes LIF for
a long time to store the corresponding cumulative distidiut
nction (CDF) as a lookup table. In each time slot, based on
e channel estimation and the CDF table, each STA calculate
. o . its LIF value and, then, finds the corresponding CDF value.
be the matrix utilized by thé-th AP to extract the signals at If the CDF value is smaller tham, it transmits packets.

the S-dimensional space. . As the CDF values are uniformly distributed in [0,'1}he

Ffor STg‘j |nfth”(az-th Eﬁst ti?e Sr:/?r'b?siﬂ be?lm;(r)]rrrlrr;g t'ﬁransmission probability still remains asA smallerp means
periormed as Tollows. FIrst, 1L constructs the channel Matr, ¢ er LIF and, therefore, results in a higher successful

Gl which interferes the signal spaces of other APs Fecoding probability at the APs

follows: .
Let P,EL”IJA denote the packet success probability each AP
Gl _ (UHH[i,j])T (UH H[i,j])T when there aren STAS' simultaneous transmissions in its
th A Nt A BSS while there exist§ more STAS’ transmissions in the
T - \1mT
(U i) (U
rll et INote that it is not an assumption. Any CDF of a continuous ramdo
(6) variable has the value in the range [0, 1] and is uniformlyritisted.



other BSSs. Then, the average throughput can be expresse a5

—+— MPR

M
N —%— IN, (OIA, S=
row= 10 { S ()= nan
me=1 m 2l ——oIA, s=3 ]
M—-m
N(K_l) j N(K—-1)—j MPR %
Z ( i )p](l —p)NE=D=7 . pMPR £ 15 |
Jj=0 S
S =
N o ]
N(K—-1) -
Z (N(K.— 1)>pj(1 _p)N(Kfl)fj ) Pglf osh |
j=M—m+1 J
/{Q=p)NE o+ [1 - (1 -pNEIT}. 0 ‘ ‘ ‘ ‘
(20) 0 0.05 01 0.15 02 0.25 03
In the bracket of the numerator in (10), the first summatic P
shows the average number of success packets from the MPR _
decoding with all M available spaces of each AP while Fig. 1. Throughput ovep.

the second summation shows the average number of success
packets observed from th&-dimensional signal space when
the total number of simultaneous transmissions is largan th

M. The denominator is the average slot duration. Compar

to IN, the proposed OIA has no constraint as (4).

VI. PERFORMANCEEVALUATION e —— MPR I
. . . a —*—IN, (OIA, S=1)
We consider a network scenario that consistskof= 3 ié 16l —e—oAs=2 ||
OBSSs each of which ha¥ = 10 STAs and one AP. The & —=—OIA S=3
APs and the STAs are all have 3 antennas, V.= L = 3. :i 14} ,
All the STAs are assumed to show the average received sigr g
to-noise ratios (SNRs) of 0 dB at APs, i.e. interferencetkohi Foier b

scenario. The APs perform zero-forcing (ZF) MIMO decodin

to receive signals. The successful packet decoding is asbur ir I
whenever the received signal-to-interference-plusenoatio .
(SINR) exceeds the threshold @tiB. The channel is Rayleigh 03 pe=t o
fading and the channel gain is independently changed o

another value for each packet transmission. For the propose

OIA, each STA performs the SVD-based beamforming in Fig. 2. Throughput ovev.

each slot and transmits its packet based on the opportinisti
transmission mechanism. Due to the random accesg- of
persistent protocol, the number of interfering STAs vaslkes ~ Fig. 2 shows the maximum cross-layer average through-
by slot and it also affects the packet decoding behavioret tAut performance by varying the sensing slot size Each
APs. We performed simulations with MATLAB and examinedymbol in fig. 2 is obtained by numerically searching the
the performance by observing more thad® 7. Otherwise maximum throughput over all possibievalues. As expected,
specified, the sensing duration is setsto= 0.05 while the the throughput decreases asincreases for all the schemes.
packet transmission time is set o= 1. However, the throughput of OIA with a larger signal space
Fig. 1 shows the cross-layer average throughput perfde.g.S = 3) is insensitive tar. Due to the large transmission
mance by varying the transmission probabiljty We can probability which results in the maximum throughput with
observe that OIA shows much better performance than ot@tA, the channel is always busy & — p)* is quite small
schemes while MPR shows the worst. By varyimgwe can and, consequently, the size of shows less effect on the
observe that there exists optimal value that maximizes tH@goughput performance as shown by (2), (5) and (10). In
throughput for each scheme. OIA tends to achieve the magpntrast, the throughput of MPR largely depends on the size
mum with a largep as it can accommodate more simultaneou® the sensing duration.
transmissions in OBSSs. For OIA, three casesSef 1,2,3 To investigate the effect of the SVD-based beamforming
are considered and the setting 6f = 3 shows the best and the opportunistic transmission mechanism indiviguall
performance. The maximum throughput of OIA with= 3 is we consider two schemes which only reflects one of the two
2.005 packetd’ while that of MPR is 1.045 packefs/Hence, functions: OIA without transmit beamforming (OIA w/o BF)
OIA can enhance the throughput by 91.9% compared to MRRd OIA without the opportunistic transmission (OIA w/o
in the sce nario considered. OT). Fig. 3 shows the average throughput over varying the
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Fig. 3. Cross layer throughput over p.
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Fig. 4. Throughput over K.

transmission probability. The size of signal space is set [tfb]
S = 3. The maximum throughput of ‘OIA w/o BF’ is 1.1217
packets!” while that of ‘OIA w/o OT’ is 1.5253 packet$l.
Hence, we can conclude that the transmit beamforming HA

VIl. CONCLUSION

In this paper, we proposed a novel opportunistic interfer-
ence alignment scheme for OBSSs wittpersistent CSMA
protocol. First, OIA applies the SVD-based beamforming to
minimize each transmitting STA's interference to other B&86
the physical layer. Second, OIA further reduces the amofunt o
interference by opportunistically allowing the transrioss of
the STAs who show relatively small interference to other 8SS
at the MAC layer. Through extensive simulations, it was stow
that the proposed OIA protocol significantly outperforme th
conventional schemes in terms of system throughput even if
it operates with a distributed manner.
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