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Abstract—We study the fair coexistence of scheduled and sensing and sends a reservation signal to grab the chaorrel fr
random access transmitters sharing the same frequency chael.  WiFi. In contrast, CSAT schedules transmissions accortting
Interest in coexistence is topical due to the need for emengg a specified duty-cycle, oblivious to the channel status wden
unlicensed LTE technologies to coexist fairly with WiFi. Havever, L ’ .
this interest is not confined to LTE/WiFi as coexistence is tansmission is S_ChedU|ed to start. We will see that these tw
likely to become increasingly commonplace in loT networks approaches are indeed two fundamental ways to ensure that a
and beyond 5G. In this article we show that mixing scheduled scheduled network has reasonable chances to transmit when
and random access incurs and inherent throughput/delay cas sharing a channel with random access transmitters. Fucdher
the cost of heterogeneity. We derive the joint proportionalfair results establish that these two approaches can be opénated

rate allocation, which casts useful light on current LTE/WiFi i | fai d show how thi b hi d
discussions. We present experimental results on inter-téoology a proportional fair manner and snow how this can be achieved,

detection and consider the impact of imperfect carrier senmg.  thereby providing significant input into current discussi@n

Index Terms—Coexistence, spectrum sharing, unlicensed LTE, their ability to ensure fair coexistence with WiFi.

LTE-U, LAA-LTE, WiFi, CSAT, LBT, LBE, proportional faires s. We note that interest in fair coexistence is not confined
to LTE/WiFi, but also includes coexistence of WiFi and the

TDMA access of Zigbee [4] as well as WiFi and WiMaX [5]-
[7]. It is also likely to be an important issue in the Interoét
Things (loT) context, where (i) Time-Slotted Channel Hoppi

In this paper we study the fair coexistence of sche@SCH) protocols may be expected to coexist with random
uled and random access transmitters in the same frequeacgess approaches, both of which are defined in the IEEE
band. Scheduled approaches transmit at regular instantsg0.15.4e-2015 standard] [8] and (ii) protocols such as the
time (slot/frame/subframe boundaries) whereas random accesgpcoming IEEE 802.11al ][9] will need to coexist with Low
methods use carrier sensing to divide time up into variabde- Power Wide Area (LPWA) networks such as SigFox and
slots. We focus on the resulting MAC layer interactions arndoRa [10]. More generally, we expect this kind of hetero-
on joint MAC design for coexistence. Our main contributiongeneity to become increasingly commonplace in the 5G era
are the following: (i) we show that mixing scheduled andand beyond given the expected opportunistic use of spectrum
random access incurs an inherent throughput/delay costhwhand the growing range of network access technologies.
we refer to as the cost of heterogeneifii) we develop
a joint throughput model for scheduled and random access
transmitters sharing the same balidi) we derive the joint
proportional fair rate allocation an(lv) we present experi- Coexistence among different technologies has tradition-
mental measurements demonstrating the impact of imperfafly been studied from an interference point of view, espe-
carrier sensing by random access transmitters and show ttiaily when coexisting devices have very different capaes
our analytic results can be extended to encompass this. such as in the case of coexistence among WiFi and Blue-

While fair coexistence of scheduled and random accesmth/Zigbeel[11]-+H13]. However, taking into consideoatthe
transmitters is of fundamental interest, it is particylddpical interactions among heterogeneous channel access meuosanis
due to the current interest in operating LTE in unlicensad particular between scheduled (TDMA-like) and random-
bands where WiFi is already widely deployed. Regulatoexcess mechanisms, allows for new insight and more scope
require mobile cellular operators to show that LTE, which ifor ensuring fair coexistence. Previous work on coexisenc
a scheduled protocol, can coexist irfa@r way with existing of scheduled and random access mechanisms has considered
WiFi networks, which use random access [1]. In this conteMViFi and the TDMA access of Zigbeél[4] plus WiFi and
traditional power control solutions are of limited use ahd t WiMaX [6]-[7]. However, this work does not aim at providing
requirement is to take into account the MAC layer interadio formal fairness guarantees. Recently, coexistence of fiHi
between the scheduled and random access approaches. LTE has started to attract considerable interest. The $ks

Two main LTE mechanisms for coexistence with WiFi aremploying legacy LTE in unlicensed bands without proper
presently under consideration. Nameligten Before Talk with  access control that ensures fair coexistence has been made
Load Based Equipment (LBT/LBE) and Carrier Sensing and quite evident in e.g[[14] (via simulations), |15] (via aysik)
Adaptive Transmission (CSAT) [2], [3]. LBT/LBE uses carrier or [16] (via experiments). The 3GPP’s study on LTE/WiFi

I. INTRODUCTION

II. RELATED WORK
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coexistence[[17] shows that the presence of unlicensed LTE busy idle

networks may degrade the performance of existing 802.11 ‘
stations if coexistence protocols are not efficient. Howewe :‘I_A_I’ o
this study the implementation details of the coexistencehlme T, 5 28 33 43T, T
anisms used are not specified. Nokia, Qualcomm and Huawei
have _presen_ted their own white papers on the tC@: [_[zlgly 1. llustrating transmission slots with variable tigi and with fixed
showing satisfactory results. However, once again, detdil timing of period § (scheduled transmitter). The shaded rectangles indicate
the implemented access mechanisms (LBT and CSAT) arfdable timing transmissions that start at tinigs & = 1,2,... and are of

. . . . qurationA;C = A (random access transmitter).
simulation models used in these papers are not public. Fair

coexistence of LBT has been studied [inl[2L]3[23]. However,

in these works the WiFi models used lack collisions angt ._ ; [T, Tx + Ay,) denote the aggregate time
idle periods. Faimess has also been studiedLin [24] for @ nied byB transmissions and define random varialilg

simplified version of the LBT scheme and without considefp,a+ takes value 1 whefj — 1) € 7 and0 otherwise. We are
ation of collisions between both technologies. Recenfl§] [ interested in the value Qfie := lim. . ZJ (1- X))
dle -— o0 J ]:1 2/

has studied how to jointly determine the channel selection,We can think of thed transmitters as periodically sampling

carrier aggr(_agation and fractional spect_rum access forTCSﬁLle channel at time§(j —1)3} andpiai. as the probability that

so that the |mpgct_ o W'_F'_ throughput is no more than th‘me channel is idle when they sample it. Assuming that the sta
of another coexisting WiFi network. However, they do n imes and duration§(T},, Ay), k = 1,2,...} form a mixing
consider the inherent heterogeneity cost and the resumﬁ'ﬂ)cess and that the sampling is not perturbing this process

model complexity doeg not allow for e>_<p|i_cit §o|ytion The[hen by [27, Theorem 2] the NIMASTA property (a generalisa-
present paper substantially extends our initial finding28], o of PASTA) holds andhi. is equal to the fraction of time

being both more general and taking account of important . K-1 _
g g g P Elg? channel is idlé.e. p;qic = limp o0 2=y T"*Tl (Ti+An)

?spects such as non-sz_;\turated stations and imperfect in ) Example: CSMAICA: Suppose that the sbeduled trans-
echnology signal detection. _ . : .
mitters A are silent (we will relax this shortly) and the random
access transmitterB consist ofn stations using CSMA/CA.
Letting 7, denote the probability that statiantransmits on
Our interest is in coexistence of scheduled and randeMMAC slot thenp, = 7 7 [[1, pzi(l = 73) is the
access networks in the same frequency band. In this SeCtB?E)bability of a successful transmission and=1— ps — pe,
we begin by considering the consequences for scheduiggh p, = [17_,(1 —7), is the probability of a collision be-
transmitters of being constrained to transmit at fixed sh0€$. tween transmissions. L&, denote the duration of a successful
transmission, including the MAC ACK, anf,, the duration
A. Idle Channel Probability at Periodic Sot Boundaries of a data frame without corresponding ACK i.e. of a colliding
Hansmission. Hence), = T}, for successful transmissions
ﬂ?d Ay = T, for collisions. When the transmissions form a
rdenewal process we then have that,

x
>

time

IIl. | MPLICATIONS OF HETEROGENEITY

Intuitively, when the random access transmitters are ngaki
efficient use of the channel, so leaving only a small amou
of idle time, we expect that the probability of a schedule
transmitter finding the channel idle at the start of an adibliss
transmission slot will be small. We formalise this intudni
as follows.

Consider a set of transmittetd that are constrained to
transmit in pre-defined time slof$j — 1)d,54), j = 1,2...
each of durationy (scheduled transmitters). This might, fo
example, correspond to a network where the fixed time slots
arise due to the use of a TDMA scheduler which dividesr;,, = T,,., +
time into slots and then schedules transmissions in these sl
Suppose now that these transmittérshare the radio channel 7, = 7}, +
with a set of transmittersB (random access transmitters)
which transmit during interval§l,, Ty, + Ag), k = 1,2..., wherengy,, is the number of bits per OFDM symbdl; is
with T1 > T, + A, and Ay the duration of thek'th the symbol durationy.,, is the number of packets aggregated
transmission. The start timeg .} are random variables thatin a transmission and the values of the various parameters
need not be synchronised with start timgs— 1)d of the are specified in Tablg I. We also sBfM] = ope + (ps +
pre-defined time slots used by transmittets The setup is p.)(DIFS + T},), whereo is the duration of a PHY slof[29].
illustrated schematically in Fid.] 1. Fig.[2(a) showsp;qi. calculated using[{l) vs the number

We begin by asking for what fraction of slot start times of packets aggregated in a transmission (effectively varyi
{(j —1)0, 5 = 1,2...} the channel is idle (i.e. there areT},) for a WLAN with n = 1 andn = 3 stations and)
no B transmissions in progress). This provides a measureddterministic (referred as “Periodic”) and equal 1060 ms.
the transmission slots where the transmittdrgean schedule The parameters used are detailed in Table;l; = 1,....,n
transmissions without interfering with the transmittéfsLet set to 1/16 and MCS configured ®-QAM 5/6 with 20

psTb + pCTfra

whereE[M] is the average MAC slot duration of CSMA.
To proceed we insert typical 802.11ac|[28] values ififo (1).
rNamer,

Pidle = 1

Nsym

’7.[/5 + nagg(del + Lmacfh + D) + Lt—‘ T

’VLS + Lack + Lt

Nsym

-‘ T57 Ty = Tha + SIFS + Tacky



TABLE | 05

PARAMETERSIEEE 802.11¢ [28] "~ [ Model (n=1)
o Simulations - Periodic (n=1)
. 0.4 ---Model (n=3)
Slot Dglrggon ) 394‘:73 x Simulations — Periodic (n=3)
SIFS 16 us ,03
PLCP Preamble+Headers Duraticf(.) 40 ps = x§
PLCP Service FieldI(s) 16 bits 02058
MPDU Delimiter Field qe1) 32 bits
MAC Header Cpac—1) 288 bits o1
Tail Bits (L¢) 6 bits '
ACK Length (Lack) 256 bits coecy
Payload D) 12000 bits 0 10 20 30 40 50 60
Number of aggregated packets in a WiFi transmission
(a) Without A transmissions.
MHz channel width. Also shown in Fif] 2(a) is the measured 0.5
. T . . . —Model
fractlorj of perlod|_c slot{(j —1)d,5 =1, 2,.. . } obtained by » Simulations  Periodic
numerical simulation and, as expected, it can be seen tept th 0.48 o Simulations ~ Uniform Quant.
are in good agreement ; x Simulations — Exponential Quant.
It can be seen from Fig2(a) that the value mfy. W03
is relatively small (in general< 50% and below5% for & | R
larger WLAN packet sizes), indicating that relatively few 02 °
. g . . . [e]
non-colliding transmission slots are available for use h t 01 ° o
scheduled transmitterd. ' .
ol Toal plten oot
10 20 30 40 50 60
B. Cost of Heterogeneity Number of aggregated packets in a WiFi transmission

An important consequence of the fact that,. is typically (b) With A transmissions (n=1).

small is that for transmitterd, which are restricted to transmitrig. 2. Probability of observing an idle channel at slot bitaries of fixed

2 perodic imes (- 1)0,) = 1.2, ) &t e great malorly B o e s vcagod ot Semttr

of the potential transmission times competing transmissi® runsnwﬁh 50 s time horizon. g

are already in progress. This means that for the transmitter

to have a reasonable chance to transmit at the start of a slot

boundary, they must either adt) Preemptively: transmitting overhead over a larger amount of data and increases network

at the start of a slot boundary regardless of the channeisstathroughput efficiency. However, increasing the durationdof

thus potentially causing collisions with transmittefs or transmissions will tend to increase the delay experienged b

(ii) Opportunistically: grabbing the channel when empty andhe B transmissions since these now need to wait longerifor

transmitting a reservation signal until the next slot baanyd transmissions to finish before they can start to transmie Th

(assuming the transmitteid can effectively detect A's trans- overhead incurred by use of heterogeneous transmissits slo

missionB, then a reservation signal will make transmittéts can therefore also be expressed as a trade-off betweenrketwo

refrain from accessing the channel). Note that Pneemptive throughput and delay.

approach can be identified with the LTE CSAT approach andIn summary, heterogeneity necessarily incurs a per-

the Opportunistic approach with LBT/LBE. Both cases incur atransmission overhead which can be alleviated by increasing

reduction of effective airtime since ifi) additional collisions the duration of the scheduled transmissions provided that

are generated, and so network throughput is lowered, whigndom access transmitters effectively detect those. In turn,

in (ii) the reservation signal reduces the airtime available fthat solution tends to increase the delay of the random access

data transmissions which again lowers network throudhputransmissions.

That is, the heterogeneity of the transmission slots used by

transmittersA and B necessarily incurs an overhead. C. Example Revisited: Random Scheduled Starting Times

~ We quantify this overhead in more detail later since it pacql that in the previous example we assumed that the

IS tech_nology—dependen_t, but for now we qote that pro,v'dggheduled transmitterd are silent. We now relax this as-

transmittersB can effectively detect transmitter$ (€.9. via  gmption. The trickiest case is when scheduled transmissio

carrier §ensmg), the _throughput overhegd_can be reduced PY.on pe detected by the random access transmilers.g.

increasing the duration of the transmissions by schedulgd carier sensing, and so the random access transmissions

stations A. This can be seen by noting that the overheads o pled to the scheduled transmissions. In this case the

is then a per-transmission one (either a single collisior ory\aASTA property does not hold. Nevertheless, we show be-

single reservation signal is incurred per transmissiomnde, |, that provided the time between scheduled transmissions

increasing the duration ofi transmissions amortises thisqitaphly randomised then simulations indicate that theghts
1\ will revisit this assumption later in SectigalVI. from the previous analysis generally remains valid.

2Note that in contrast to the airtime loss due to collisioi® teservation We begln by hlghllghtlng the 'mpaCt of co.uplllng be.tween_
signal could be used to transmit control or other informmatio the random access and scheduled transmissions via carrier



. . . scheduled A B random access scheduled A
sensing. Fld:|2(b) shows measurement@“gt obtained by nu- transmission idle slots B transmissions transmission

merical simulation for a setup similar to that in Sec{iocrAfl
and can be directly compared with FId. 2(a). The difference ¢ AD‘/\D i

is that now there is anl transmitter which starts transmitting

at a slot boundary regardless of the channel status and keeps t, t 4N

transmitting for a fixed duratio,, = 50 ms which is a «— T —>< L >< T, —>

multiple of the slot duratio = 1 ms. It then remains silent

for a periodToﬁ- seconds. Fig. 3. Schematic showing scheduled/random access trasiemitiming.
When T,¢ is deterministic and fixed af, = 50 ms

(labelled “Periodic” in Fig[R(b)), it can be seen thaty.

exhibits quite complex behaviour as the duration of the WLAM of duration Tog . := Sky1 — Sk — Ton, See Fig.[B.

transmissions is varied. Further inspection confirms thiat t From the insights obtained in Sectign] Ill, we assume that

is associated with interactions between theand B trans- random variableslog ,, £ = 1,2,... are ii.d with mean

missions induced by detection of transmissions by thé&3 T,g := E[T,z]. As we pointed out before, we also assume
nodes. Namely, due to carrier sensiiyytransmissions are that transmittersB use CSMA/CA. We further consider
deferred during eacli,, interval and then restart during thethat transmittersB are able to detect the channel as being
T, interval. TheB transmission behaviour following restartousy during a scheduled transmission with no error; so no
is constrained (there can be no ongoiBdransmissions at the CSMA/CA station starts transmission during7a,, period,
start of aT,g interval) and this leads to quantisation effectare will revisit this assumption later in Sectidn]VI. Note
related to the number of complefé transmissions that canthat there may be a collision at the start oflg, period
be fitted into theT,g interval. Observe that this quantisatiorwhen transmitterA starts transmitting while a CSMA/CA
effect is non-negligible even whehig is relatively long (¢ transmission is already in progress.
is set to50 ms in Fig.[2(b)).

For comparison, Figl]12(b) shows the corresponding datal) CSMA/CA MAC Slots: During the Tog . period when
whenT, is drawn randomly after each,, interval according transmitter A is silent following the end of &l,, period,
to uniform and exponential distributions with me&f ms, the random access stations perform their usual CSMA/CA
minimum 10 ms and rounded to a multiple af (labelled mechanism. This process partitions time into MAC slots Wwhic
as “Uniform Quant.” and "Exponential Quant.”, respectijel may be either an idle slot, of duratian or a busy slot, of
It can be seen that randomisiri,; largely removes the durationA (for simplicity, we assume here that both successful
quantisation effects and the measugegl. is once again in transmissions and collisions between th&ransmitters are of
good agreement witl{1). The analysis here indicates thathe same duration), wherA denotes the time to transmit a
is probably preferable to randomise the duration of Thg frame. We index these MAC slots during tfigg ;. period by

intervals to avoid quantisation effects. tg,tr +1,...,tk + N — 1, where the number of MAC slots
Nj = tp41 — ti in the Tyg ;, period is a random variable,
IV. FAIR COEXISTENCE see Fig[B. Note that at the end of tiigs ,, period there will

In this section we consider fairness for both of the fund
mental coexistence approaches noted in the previous sec
(Preemptive and Opportunistic), taking a proportional fair
approach. Since achieving fair coexistence is only of conce 2) CSMA/CA Events. Let Z, ; be a random variable which
when we want to make intensive use of the network resourctakes the value when a CSMA/CA stationj transmits in

eriod neednot be aligned with the CSMA/CA MAC slot

ﬁenerally be a partial MAC slot, since the end of ther i
%undaries, but;, + NV, indexes the last full MAC slot.

we consider in the following carrier sense random access,MAC slot t. We assume that thg, ;, t = 1,2,... are i.i.d,
mechanisms without carrier sense are well known to perforifi ; ~ Z; and letr; := Pr(Z; = 1). We also assume that the
poorly in these conditions, e.d. [30]. Zy;, j=1,...,n are independent.

Let X; be a random variable which takes the valughen
MAC slot t is busy ¢; ; = 1 for at least ong € {1,...,n}),

A. Throughput Mode and0 otherwise. TheX;, t =1,2,... are i.i.d, X; ~ X, with
We begin by developing a throughput model when transmif- . _ Pr(X =0) = [[_,(1— 7). Since theX;, t = 1,2, ...
tersA and B share the same wireless channel. We consider thg i.i.d and thel g ., k=1,2,... are also i.i.d. the number
Preemptive andOpportunistic approaches in a unified fashion,y, of MAC slots in theT)q » periodsk = 1,2, ... are i.i.d,
to simplify both the model and the later fairness analysis. x, ~ N. The duration of MAC slot is M, := o+ X, (A—0).

We consider a sindlescheduled transmitterd) sharing the The My, t =1,2,... are i.i.d, M; ~ M with E[M] = op, +
network with a set of: transmittersB. Let Sy, k = 1,2,...  A(1 —p,).

denote the times when scheduled transmissions start. Eac et Y, ; be a random variable which takes the value
. . . . . s3]

scheduled transmission is of duratidiy,, so the silent/off \\hen there is a successful (non-colliding) transmissioraby

interval between scheduled transmissiohsand k& + 1 cgMA/CA stationj in MAC slot ¢, and 0 otherwise. The

3The case of multiple scheduled transmitters will be disedskter in Yijo t = 1’2";', are iid, Ye; ~ Yj, With psucc; = .
Section1V-G. Pr(Yj = 0) = i=%pe. The number of successful transmis-




sions in thel,g 5 period isWy, ; = i’;f}fv"_l Y;; and the transmitter starts transmitting) with = (A/2)pexa.

mean rate in bit/s of a CSMA/CA statiofi iS Scema,j =

lim g oo %D whereD; is the number of data  Opportunistic Approach
Ui In the Opportunistic approach, we assume that the start

bits communicated by stationin a successful transmission. - : ) !
_ of an on period is aligned with a CSMA/CA MAC slot
3) CSMA/CA Throughput: The Wi ;, k = 1,2,--- aré  poyndary since the scheduled network must in this casetdetec

Lid, Wi, ~ Wj, and theTog p, k = 1,2,--- are also 1i.d, cSMAICA transmissions and can then ensure this. Therefore
Tost i ~ Tom (but note thalVy, ; andT,q x, are notindependent inqre are no partial MAC slots and

since the number of successful transmissions depends on the

duration of thek'th off period). TheWy, ;, Tog ., k = 1,2, - - E[Tog] = Tog- (4)
define a renewal-reward process and it follows thﬁt:
T wi—D;. We have thai[IW;] = E[V;]E[N] since Y;
and N are independent, anB[Y;] = psycc ;. It remains to
determineE[N] (the average number of full CSMA/CA MAC
slots in anoff period of transmitterd).

Let Toﬁ k= tk+Nk ! M;. That iS,TOﬁ'yk < Toﬁ'_’k is the
duration of that part of thelog , period occupied by full
CSMA/CA MAC slotsi.e. excluding any partial MAC slot  5) Scheduled Network Throughput: Let r» denote the
at the end of the period that may take place when transmitteainsmit rate in bits/s of transmitted. When the start

Equivalently, E[ off] = T.q¢ — ¢, where the average airtime
lost due to a partial CSMA/CA MAC slot before the start of
anon period is nowe; := 0. Also, the probability that the start
of an on period coincides with a CSMA/CA transmission is
just pixa = 1 — pe, that is, the probability of having at least
one CSMA/CA station transmitting in a given MAC slot.

A uses théPreemptive approach. It follows thaE[N]| = E]E[[I}\)ﬁ] time of anon period does not coincide with a CSMA/CA
since theM is independent ofV. Hence, transmission then the error-free transmission of trariemit
. is of durationT,,, i.e. rT,, bits are transmitted. When ttom
Sea = Psucc Efen] (2) start time coincides with a CSMA/CA transmission then we
T ope+ AL = pe) Ton + Tog * assume that the first fully or partially overlapping slotstiod
Observe thas;; := psgcclj Dj is just the usual eXpressmntransmission are lost. The precise behaviour differs fer th
for the throughput of a CSMAICA station (as in]29] for the’reemptive and Opportunistic approaches, as follows.

case of 802.11), but that this is now scaledé@*ip%fff Preemptive Approach

4) E[T.g): To complete the expression for CSMA/CA On average the start of a transmission from transmitter
throughput we requir&[7,¢|. We show in the following how A that collides with a CSMA/CA transmission occurs half-

to compute this for the two mechanisms considered. way through the CSMA/CA transmission, and so on average
the first A/2 seconds of the transmission from the scheduled
Preemptive Approach network are lost. Assuming that partial overlap of a schediul

Since in thePreemptive approach, transmitted transmits slot with a CSMA/CA transmission leads to loss of the whole
regardless of the channel status, a scheduled transmissitet, thenr(Z,,, — [5]5) bits are transmitted by transmitter
may start part way through a CSMA/CA MAC slot. In this4, whered denotes the duration of a pre-defined slot in the
case we might approximat&[T,¢] by E[T,g], and we can scheduled network. It follows that the resulting throughpu
expect this approximation to be accurate wWhBf,4] is when using théPreemptive approach is:
sufficiently large that any partial CSMA/CA MAC slots can Ton(1 = puea) + (Tom — [%](m)tw

be neglected. However, whéjT,g] is smaller it is necessary StxA =T -

to use a more accurate approximation E{tﬁ,ﬁ]. We adopt Ton + Tomr

the following. When the start timesy, k¥ = 1,2,... of T , (5)
the scheduled transmissions satisfy the lack of anti@pati Ton + Tonr

property, e.g. when the spacingy;1 — S; is drawn from where ¢, is the mean scheduled airtime during which
an exponential distributiori [27], then the transmissiomsnf collisions with the CSMA/CA transmitters occur, with
transmitter A satisfy the PASTA property. This is in turn incy, = [%](mxA.

line with the insights obtained in Sectidn 1MI-C. Then, the

probability that the start of a transmission from transenitt Opportunistic Approach

coincides with a CSMA/CA transmission jgxa = %. Since in this case the scheduled transmissions are aligned
Assuming that on average the start ofarperiod that collides with CSMA/CA MAC slots the duration of a collision between
with a CSMA/CA transmission occurs half-way through th&oth networks is simphA. Additionally, since the transmitter

CSMA/CA transmission, then A has to transmit a reservation signal until the next subframe
boundary of average duratidii.s = /2, useful data trans-
E[Ton] = E[Tor] (1 — pexa) + (E[To] — A/2)pexa mission only occurs durin@;,, — Tres and the number of bits

3) transmitted at eachn period when it suffers from a collision
with the CSMA/CA network isr (T, — max(Tres, [5]6)). It

1 is the average airtime lost due to a partial CSMA/CA MAGollows that the throughput achieved by the scheduled netwo

slot before the start of aon period (when the scheduledwhen using theéDpportunistic approach is:

= loff — C1,



The optmisation is convex and satisfies the Slater condition
hence strong duality holds. The Lagrangian is,

- = gtxA - gcsma, j
where nowey = max(Tres, [510)pixa + Tres(l — Pexa) is ; !
the mean scheduled airtime durlng_ w_h|ch collisions between + 0(5ixa — log q + log(Toy + c1 + €7))
scheduled and CSMA/CA transmissions occur and/or the

Ton — C2
xA — =, 6
oA " Ton + Toff ( )

n

scheduled transmitter sends a reservation signal. + Z Aj (Besma,j — log s; — 2 + log(Ton + ¢1 + eg))'
j=1
B. Proportional Fair Allocation The main KKT conditions are
We now derive the proportional fair rate allocation when —14+0=0, —1+X;=0 ] =1,.
transmitter A (scheduled) and then nodes of typeB
(CSMA/CA) share a channel and transmittdruses either (0 + Z)\ Toteiter Z)\ =0.

the: (i) Preemptive or (ii) Opportunistic approach.

Theorem 1 (Proportional Fair Rate Allocation)The propor- Thus, at an optlmurﬂ =L A=1j=1...,nand

tional fair rate allocation assigns the following fraction of e? on 11
channel airtime to full CSMA/CA MAC dots: Tonteciter ntl (11)

It can be verified (by inspection of the first derivative) tte
(7)  LHS is monotonically increasing if and so a unique solution
Z exists satisfying[(11). Letting* denote this solut|on the

Tig—c1  n
Ton+ Tl n+1

and the following fraction of airtime to the scheduled network: ~ proportional fairZ,g value is given byl*; = e* +¢;. The
. channel time fraction available for full CSMA/CA MAC slots
Tata g Taa L g s
Ton + T Ton+ T n+l 7 o
(@) o off _fl _ e _ n (12)
where T*; is the proportional fair mean off time between Ton+T5 Tontecat+e” n+l

scheduled transmissions, ¢, is the average airtime lost due  and the channel time fraction used by the scheduled network
to a partial CSMA/CA MAC dlot before the start of an on g

period (when the scheduled transmitter starts transmitting). T o T4 1
. off — ¢1 on 1

Proof: Let z = Tog — c1, 2 = log2, 3csmaj = Ton + 17 a Ton + 1% T+l
10g Scsma,j @Nd Sexa := log sexa. Then, -

(13)

_ Towr — 1 ~ z
Scsma,j = log Sjm =logsj+Z—log(Ton +c1 +€%), C. Discussion

The scheduled transmission tirfig, includes the reserva-

and tion signal and/or the airtime due to collisions betweereseh
Soen = log Ton — C2 — log(r(Ton — ¢2)) — log(Ton + 1 + €7). uled and CSMA/CA transm_ltters. Hencg,, +_c1_ is the t|_me
Ton + Tost spent transmitting plus the time spent on collisions, rexérn

It can be verified (by inspection of the second derivative) thS'gnals and partial CSMA/CA MAC slots. Lettir@os—c1)/n
log(Tyn + 1 +¢7) is convex inZ when T, + ¢, > 0. Hence, denote the airtimellocated to a CSMA/CA station, including

putting the network constraints in standard form, idle time and collisions with other _CSMA/QA nodes, thgn
Theorem[L tells us that the proportional fair rate allogatio
i equalises this airtime anf,,, + c;.
Sesma,j —logs; — Z+log(Ton +c1+€7) <0, j=1,...,n (9) That is, the airtime allocated to the scheduled network is
Sixa — log q + log(Ton + 1 4 €°) <0, (10) the same as the total channel time effectively used by the
CSMA/CA network divided among the number of CSMA/CA
whereq := r(Ton — c2), it can be seen that they are convexansmitters. This seems quite intuitive and is similar to
in decision variable$ sma,j, Sixa andz. previous proportional fair analysis for WiFi-only setts29],
The proportional fair rate allocation for the scheduled-nef31]; the most interesting point here is that the proposion
work is the solution to the following utility optimisation,  fair allocation assigns the cost of heterogeneity, i.e aifime
cost of a collision between transmittdr and the CSMA/CA
network and of any reservation signals, to the scheduled net
%mgai% JStxa Z Scsma, j work. On the other hand, the inefficiency of the random access
. mechanism (idle periods and collisions among CSMA/CA
st. Scsmaj —logs; —Z+log(Ton +c1+€”) <0, j=1,....,n nodes) is accounted for in the total effective channel tirhe o
Sixa — log g + log(Ton + 1 4 €7) < 0. the CSMA/CA network. Note that one immediate consequence
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Fig. 4. Proportional fair throughput allocation for diféet configurations of: and To,, while varying n.ge (effectively changing the packet size of WiFi
transmissions). Simulation results are average$00fsimulation runs with50 s time horizon.

of the cost of heterogeneity being accounted for in thera@ti This accounts for the interframe spaces defined in 802.11 as
allocated to the scheduled network is that bothRheemptive  well as for A now being different in the case of a successful
and Opportunistic approaches, when configured for a propotransmission versus a collision.
tional fair rate allocation, result in the same throughputthe 1) Cost of Heterogeneity: Fig.[4 shows the WiFi and LTE
CSMA/CA network. proportional fair throughputs when using CSAT and LBE.
The extension of this analysis to allow multiple users iResults are shown both for detailed packet-level simutatio
the same scheduled network (i.e. where all of these users ane for the throughput model presented in Secfion JV-A.
synchronised to the same set of transmit slots) is straightf These show the impact of varyirig,,, » and the number of
ward, and in this case the airtime allocated to a user agsdcisaggregated packets in a WiFi transmissien, (effectively
to the scheduled network is the same as tilldcated to a changing the packet size).
CSMAI/CA station (again accounting for the cost of hetero- It can be seen that the WiFi throughput is essentially the
geneity within the scheduled airtime). The case of multiplgame when using either CSAT and LBE for all configurations.
scheduled transmitters belonging to different networkslvé In contrast, however, the LTE throughput varies dependimg o
discussed later in Sectign VII. the coexistence mechanism used and the network conditions.
For example, we can observe a considerable decrease in
] . throughput when CSAT is used fdf,, = 10 ms and larger
D. Example: Unlicensed LTE and 802.11 WiFi packet sizes (see Fidsl 4a-c). Further inspectionaleve
We revisit here the example in Sectibn 1l[HA1 to illustratehat the reason for this is the increased collision proktgbil
the proportional fair allocation. As noted before, fieemp-  petween LTE and WIiFi transmissions when using CSAT
tive approach can be identified with the LTE CSAT approaatompared to LBE.
and theOpportunistic approach with LBT/LBE. We use the Collisions between LTE and WiFi are part of the cost of
same MAC parameters as in Sectibn TIIAL. Additionallyheterogeneity discussed in SectionTll-B, and in a propaé
for the LTE network throughput calculation we assume th#dir rate allocation are accounted for in the LTE channel
the Control Format Indicator (CFl) is equal to O (i.e. weirtime (by Theoreni]l). This cost of heterogeneity can be
assume that the control information is sent through th@ied reduced by increasing the durati@h, of each LTE transmis-
interface, which is in line with current 3GPP and LTE-Usion. For example, we can observe in F(gs. 4d-f that both the
Forum discussions). To obtain the proportional fair alttra CSAT and LBE schemes provide similar LTE throughput for
our throughput model is applied with[M] = op. + (T}, + T,, = 50 ms. However, the duration of LTE transmissions
DIFS)(1—p.) and in thePreemptive casepxa = %- will tend to increase the delay experienced by WiFi and we



consider this in more detail next. A. Ultility Fair Optimisation

2) Throughput vs Delay: Although increasing the duration  \when CSMA/CA stations are saturated their transmission
of the LTE transmissions improves LTE throughput and regtempt probabilityr; is fixed. However, for unsaturated
duces the cost of heterogeneity, it may also increase &g détationsr; depends upon both the offered load and the network
experienced by WiFi transmissions when WiFi stations defgfaq (since the latter affects the mean MAC slot duration) as
their transmissions while LTE transmissions are ongoing. Wye|| as any buffer dynamics. To extend our analysis to cansid
investigate the distribution of the MAC access delay of Wikiye case of unsaturated CSMA/CA stations we therefore make
packets when LTE uses CSAT and LBE in order to assess {jg following simplifying assumptions:
trade-off between LTE throughput and WiFi delay. 1. Small buffers. If the buffers are long, then during a

Fig.[8 shows the measured CDF of the WiFi MAC accesg  period unsaturated CSMA/CA stations may accumulate
delay whenn = 1, nage = 60 packets and foff,, = 10 MS  packets that are then transmitted during The period. That
andTo, = 50 ms. It can be seen that for a given valuel@, s, the transmission activity of the scheduled network can
the distribution of the WiFi delay is similar for both CSATherefore affect the transmission probability of the unsated
and LBE. We can also see that increasifig causes longer cgma/CA stations during th@.g period as it has an effect on
delays for a fraction of the WiFi packets (namely, those veho$,ter dynamics. In order to avoid consideration of thesfégbu
transmisison has been deferred while an LTE transmissiond%ami(;s’ which make the analysis much less tractable, we
in progress). Note that increasifg, while maintaining the 5ssume small buffers and neglect this effect. The throughpu
proportional fair configuration also causes the LTE netwoikodel in Sectioff VA then applies unchanged to the unsatu-
to access the channel less often, thaffig also increases (ated case.
correspondingly. Thg consequence of this is that a hig}"@.rpc constant at rate region boundary. Similarly to [32]
percentage of the WiFi packets can access the channel dugipg assume that at the boundary region the probability of a
Tor, experiencing short delays and so tiean WiFi packet  cgpva/cA MAC slot being empty can be considered constant
delay actually falls as the LTH,, increases. However, aj.e. p. = p. Wherep, is a fixed parameter. As noted in [32],

fraction of WiFi packets experience long delays. For examnpkyis approximation is generally accurate and involveselitt
for T,, = 10 ms it can be seen from Fifl 5 that aroungygs.

73% of the WiFi transmissions observe short delays, while \yjith these assumptions we have
for T,, = 50 ms, this percentage increases~®4%.

8csma,j = Tj + log Pe + log Dj — (0pe + A(1 — pe)))
+ Z—log(Ton + 1 +62)7 j=1,....n (14)

1
0.9F
0.8

where we have performed the change of variale= 7; /(1 —

0.7 . . ~
06f Tj) resultlng_ NPsuce,j = TjPes anda:. = log x. . .
u Rearranging the terms and putting the constraints in stan-
g 05 ] dard form, the proportional fair optimisation problem is:
0.4t j .
0.3F ___LBT Ton =10ms H max s s .
o2l __.CSATT =10ms || Scsma, i StxA txa F Z:l csma.g
' __LBTT_=50ms Z,&; 7=
0.1t _ H -
- CSATT,, =50ms s.t. Sixa — log g+ log(Ton +c1 +¢€%) <0, (15)
0 ‘ ‘ ‘ ‘ ‘ ‘
0 10 2 Wi:I{:li)DeIayL(t%s) % * 7 Scsma,j — (xj + lOg De + lOg Dj - 63(2) + Z) <0, (16)
'§csma,j - gcsma,jy S 07 .] = 17 ey (17)
Fig. 5. CDF of delay for WiFi nodes witlh = 1, nage = 60 packets and n
for different 7o, values. Results obtained fron®0 simulation runs with50 s log Z(l 4 ei'j) < —log pe (18)
time horizon. o - ’

where c3(2) = log(pe(c — A) + A) + log(Tyy + c1 + €7)
and constraint[{17) takes into account that the transnmissio
probability is bounded by the offered load at a station (dedo
) _ ) . by Scema ;). Note that the CSMA/CA transmission attempt
Fair coexistence is or_1|y relevant when one or more statioggybabilities are now included as decision variables j =
are saturated (are persistently backlogged and so alwaygs ha ', rather than being taken as constant as in the saturated

)

a packet to send). Otherwise, all stations can serve all gfce considered previously.

their offered load and there is no need to consider fairness

in resource sharing. The analysis in the preceding section ] ] ]

assumes that all stations are saturated and in this secffonProportional Fair Allocation

we extend consideration to situations where some CSMA/CAWe begin by showing that at an optimum, constrdint (18) is

V. NETWORKSWITH A MIXTURE OF UNSATURATED AND
SATURATED STATIONS

stations may be unsaturdfed tight.
“Extension to the scheduled network being unsaturated isused in Lemma 1. Sjppose c C. {1,---,n}, the set Pf CSV!A/CA
Section[VII. stations for which the optimal rate 37, . - < Scsma,; IS NOt



empty. Then at an optimum log Z;‘:l(l +e%i) = —logpe i.e. It remains to obtain\; for j ¢ C (for the set of unsaturated
L D, stations). We proceed by noting that the airtime used by

T, (Fz7) — Pe ; eai e A
() CSMAJ/CA stationj for successful transmissions is given by

j=1
Proof: We proceed by contradiction. Suppose thgt
j = 1,---,n is an optimum andogZ?zl(l + €%) <
— log p.. We can therefore increasg for one or more stations
without violating constrain{{18). Since for at least onatisin
constraint[(1l7) is loose, by increasing for that station then
constraint [(I6) becomes loose (since increasingncreases
the RHS of [I6) without changing the LHS). Constraifis (18) T* = 2'p A z* 1)
and [I6) are now both loose for that station and so we can esma,y e

]
1—7; peA z

ope + A1 —pe) Ton + 1+ 2’

(20)

Tcsma,j -

where pe = [[;_,(1 = 7) = m is the idle
probability. By LemmdllL at an optimum

4 Ton +c1 + 2%

InCreaseScsma,j- Butincreasingesma,; improves the objective with ¢, = (p.(c — A) + A). From the KKT conditions it
of the optimisation, contradicting the assumption that we aso|ows that \* = 2%v*p.. Hence
J J ' !

at an optimum. [ | .
With Lemmall in hand we can now state the proportional T* \* A z ) (22)
fair rate allocation: cmsd T yrey Ton + 01 + 2%
Theorem 2. The proportional fair rate allocation assigns the ' OF @ stationy € C'we kAnow that\j = 1 and so at an optimum
following fraction of airtime to the CSMIA/CA transmitters: T_c*sma,j = Tima,c = 5¢; Togers o= Observe thf}}t the optimal
B airtime T,,,, ; has the same value for glle C' sincev does
T —c1 ICl+ ngc J 19 not depend on i.e. all stations unconstrained by offered load
Ton + Tgﬁ, 14+ |C| + ngzc )\;f ’ (19) are allocated the same success airtime.TEor the statigns'
_ ) from the above analysis we havg = zs===& < 1 while
where C' is the set of saturated CSMA/CA stations (assumed csma,C

. . . . 1 . * T:sma j H * T:sma j
to be non-empty) and \; is the fraction of airtime used for stationsj € €' A} = pe=t = 1. That is, A} = g
by CSMA/CA station j relative to that used by a saturated for all stations, and this is just the fraction of airtime dse
CSVIA/CA dtation (so A} = 1 for saturated stations and by CSMA/CA stationj relative to that used by a CSMA/CA

A <1 for unsaturated stations). station unconstrained by offered load. ]

Proof: The optimisation is jointly convex in the decision
variables and the Lagrangian is, C. Discussion
n i It can be seen that Theordrh 2 reduces to Theddem 1 when
L=—58ua— Y Scomay + 0(5xa — log g +log(Ton + c1 + ¢7))  all of the CSMA/CA stations are saturated. Further, Thed@m
J=1 has an elegant channel time interpretation. Namely, iestat
~ . . _ - that the airtime allocated to the scheduled network is theesa
+ Aj (Scsma,j — (Tj + logpe +log Dj — c3(2) + 2 . .
; i 5= (@ Flogpe Flog D = es(2) + 2)) as the total channel time effectively used by the CSMA/CA

n n i network divided among aequivalent number of stations. This
+ > 5 (Scsma,j — Sesmay) +7v(log Y (1+€™) +logpe).  equivalent number of CSMA/CA stations is computed based
j=1 j=1 on the proportion of success airtime of an unsaturatecbstati
The main KKT conditions are: compared to a saturated one.

1407 =0, 14 AN =0, j=1,....n D. Example: Unlicensed LTE and 802.11

n o n We revisit here again the example in Section IV-D to
0 +> A;)m -> A =0, illustrate the results obtained in the analysis above wheret
=t t =t is a set of unsaturated WiFi stations. The same parameters as
P e’ o the former example are used except that here in order to avoid
(1 +e*) consideration of the impact of the buffer dynamics, we agsum
no aggregation. To compute, as well asr;, j = 1,...,n

Therefore at an optimum we haée = 1 andyu; =1— A% o 5 given WiFi configuration, we have used a standard
Letting ¢ C {1,--- ,n} be the set of CSMA/CA stations for ,,qavrated model [33], considering that the buffer sizeois
which the optimum raté;, ., ; < Scsma,; (the set of saturated | iaq to 5 packets of 1500 bytes.

stations), then *by complementary slackness we hgve- 0, Fig.[8 shows for CSAT the proportion of allocated channel
j € Cand soA} =1, j € C. Combining the above with the 6" anq successful airime for the cases whéjen —

KKT condition for Z we have that at an optimum, 3,/C| = 2 and,ii) n = 9,|C| = 5. In the former, the
o B T — o1 B |C] + ngc : unsaturated offered load equals 10 Mbps while in the latter

it is set to 3 Mbps. In the figure, théssigned Channel
Time proportion is equal td,,/(T,, + Tog) for LTE. In the

o5 . i case of WiFi, we define théssigned Channel Time to be
ey | DLt (1=Tos)/neq for a saturated WiFi station and (1—77%) /1eq

=1

Ton+ci+e”  To+Ty 1+IC1+ 200N

whereA; = y*
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0.35

[JAssigned Channel Time propagation indoors complex but also physical carrierisgns
[ISuccessful Airtime

03F i functionality is typically hardware-dependent.
0.251
5 o2 ] A. Transmission Detection in 802.11
E;m, The 802.11 standard mandates two types of detection of

ongoing transmissions, namely virtual carrier sensing and
physical carrier sensing. Virtual carrier sensing operaie
0.05p the MAC layer. Transmitters set a duration field in the MAC
o header and receivers set a Network Allocation Vector (NAV)
LTE WiFi Sat WiFi Unsat . . .
B B timer accordingly to mark the channel as busy for the dumatio
@n=3[Cl=2 requested in the transmitted frame. Physical carrier sgrisi

014 ‘ W carried out at the PHY layer and employs one or more of the
012 L Jsuccesstu Arime following methods: (i) Energy Detection, which declares th

channel to be busy when the received energy rises above a
specified threshold, (ii) Weak Carrier Sensing, which dstec
the presence of OFDM transmissions, and (iii) Preamble
Reception, which decodes the PLCP preamble to extract the
Length parameter which states the duration of the subsequent
transmission.

For detection of non-802.11 transmissions it is primarily
0 — TR W e physical carrier sensing using Energy Detection that msvegit

since virtual carrier sensing and Preamble Reception are

both 802.11-specific and Weak Carrier Sensing may also use
Fig. 6. Resulting airtimes using the proportional fair efiton result for 802,11-specific OFDM features. In general, Energy Detactio
different configurations of. and C' is the least sensitive form of carrier sensing as it makeofise
energy measurements instead of decoded information and is
therefore prone to false negatives unless the energy aetect
threshold is set sufficiently high.

Proportion

o
1=}
>

(b)n=19,|C| =5

for an unsaturated one, whitheq = |C| + >_,,c A} This
allows us to evaluate the channel tirakocated to a station,
although that includes empty periods and collision airtirfoe
WiFi, which are in fact shared among all WiFi stations. ThB. Testbed Hardware and Software Setup

successful airtime is also depicted in Hiy. 6 and it corresiso  We constructed a small test-bed to assess the ability of WiFi
t0 (Ton — ¢1)/(Ton + Tor) for LTE and to [20) for WiFi. devices to detect unlicensed-band LTE transmissions.

We can see in Fi§l6 how the solution of the proportional fair 1) LTE SDR Transmitter: We used an Ettus USRP B210
optimisation problem assigns equal channel times to LTE ap@ard, connected via an USB 3.0 interface to a standard
to a saturated WiFi station. We can also note the inefficienC (Intel Core i7) running Linux Ubuntu Trusty, with the
of the WIiFi channel access and how its cost is not shargfld dri ver and version 1.0.0 ofsrsLTEE which is a
equally among all WiFi stations but varies proportionally tfree, open-source LTE library for implementing both an UE
the offered load. and an eNodeB. The USRP board acts as eNodeB, con-

figured to use 100 physical resource blocks (i.e., 20 MHz

VI. IMPERFECTINTER-TECHNOLOGY TRANSMISsION  bandwidth) in the 5 GHz band, MCS index 0 and imple-

DETECTION menting a periodic duty-cycle channel access scheme,asimil
to the proposed CSAT coexistence mechanisml [34]. This

¢ As ?'t;eady hr_mr'ged, our TOCUS h_eretlsdo?_ ra&(?oi)én I?o(t:ce ds achieved by modifying ther sSLTE example program
ransmtiers which use carrier sensing fo detine SIOIS- &y o) exanpl es/ pdsch_enodeb. c to fix an active inter-

the foregoing analysis we have assumed that the randomsac 5 during which data is transmitted, followed by a silent

trar?sylltt%r.:, can u-se.the|r. Ci.meé .:,_ensmlg tab'l'té’ to a:jm]?dthperiod of random duration. The average total duration of the
scheduled fransSmissions In fixed ime siots and So deter thighy;, plus silent periods is set equal to 100 ms, and by rgryi

channel attempts while scheduled transmissions take .plat mean duration of the silent period we effectively varg th
In this section we now relax this assumption and consid&rJty cycle of the LTE link. The LTE transmission power is
imperfect sensing of scheduled transmissions by the randg[go varied '

access transmitters. 2) WIFi SDR Transmitter: To provide a baseline compari-

To .help mot|vate_th|s angly3|s we begin by gving a brlegon, in our experiments we also operate the USRP board as an
overview of the carrier sensing used by 802.11 transmitteds EEE 802.11a transceiferWe generate a similam-off WiFi
t_hen present _experl_mental measurements evaluatlng_tb_e-e ransmission pattern as the one used for the LTE transmissio
tiveness of this carrier sensing at detecting LTE trandomss
in the unlicensed band. Use of experimental measurementsis:github.com/srsLTE/SrSLTE

rather than simulations is important since not only is signa ®https://github.com/bastibl/gr-ieee802:11


https://github.com/srsLTE/srsLTE
https://github.com/bastibl/gr-ieee802-11
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DL E—— R R ... the LTE duty cycle is increased. These measurements therefo

i? i show that WiFi carrier sensing fails to work at lower LTE

transmit powers.
Be For comparison Fig. 7(p) shows the corresponding measure-
4 -i6
SDR TX Power (dBm)
(a) CSAT-based

[Busy
Duty cycle=0% Duty cycle=20% Duty cycle=40% Duty cycle=60% Duty cycle=80%

o
3
a

311¥as

Oreesvns — ments when the Ettus board is configured as a WiFi transmitter
It can be seen that the WiFi card correctly detects the medium
as being occupied by 802.11 transmissions for both values of

ds 4 the transmit power, closely following the duty cycle.

These measurements demonstrate that the Energy Detection
physical carrier sensing used by WiFi to detect LTE transmis
sions can be much less sensitive than the carrier sensinlg use

1.00-
by a WiFi station to detect WiFi transmissions.
& CCAstate L. . )
50 2 Besy D. Explicit Communication
I Receiving
The foregoing experimental measurements demonstrate the

Relative time
)
&
&

o
N
@

o
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-i6 4

Relative time
o

o
N
a

potential for much reduced sensitivity of random accessarar
sensing when detecting scheduled transmissions rathar tha

o
1=
3

-16 4 -16 4 -16 16 4
SR T ponet o) other random access transmissions, and therefore raise con
(b) 802.11a cerns regarding imperfect sensing of scheduled transonissi
Fig. 7. WiFi Atheros CCA states with an SDR CSAT-based imgatation When physical carrier se_nsmg. O]f scheduled trqnsm|SS|ons
and an SDR 802.11a implementation. by random access transmitters is imperfect then interéeren

(“collisions”) between scheduled and random access trans-

missions may increase substantially and so reduce network
in the same frequency channel and using the 6 Mbps M@3&oughput and quality of service. For example, in the ewntre
(which is the closest 802.11-compliant modulation and ©@di case where random access transmitters cannot detect &thedu
scheme to that of the LTE transmissions). Tdreoff WiFi transmissions at all then scheduled throughput is likelipeo
transmissions are generated by transmitting WiFi packets much reduced.
bursts during theon periods (with no idle time between One solution is to enable virtual carrier sensing via explic
packets, i.e. no DIFS and no random backoff), while remainicommunication between the scheduled and random access
silent during the randoroff periods. transmitters. This might be achieved, for example, by mod-

3) WIFi Receiver: WiFi channel sensing is performed by afying scheduled transmitters to transmit a signal dectelab

Soekris net6501-70 device equipped with an Atheros AR9399y the random access network at the start @f,a period to
based 802.11a card, running Linux Ubuntu (kernel 3.13) aa@inounce the duration of the transmission e.g. the schetdule
theat h9k wireless driver. We take advantage of this driver'gansmitter might send a WiFi CTS-to-self packet (a 802.11
monitoring capabilities to obtain the status of the medism #rame defined for backward compatibility). The use of ex-
detected by the wireless card. This is achieved by levegagiplicit communication using the CTS-to-self in the contekt o
at h9k’s 32-bit register counterédR_CCCNT, AR_RCCNT, unlicensed LTE and WiFi has been proposed[inl [34]. Upon
and AR_RFCNT, which count, respectively, the total numbesuccessfully receiving this signal, the CSMA/CA transarit
of cycles elapsed (with a 44 MHz resolution), the ones whevgll defer transmissions until the start of the n&xk interval.
the medium is marked as busy and the ones where thered@wever, when such explicit communication is used for inter
an ongoing frame. With this data, we are able to measure thetwork detection the explicit signaling is prone to loser F
“CCA state” of the wireless medium (a similar approach isxample this may occur when the scheduled and random ac-
also used byrRegMon [35]). cess transmitters begin transmission simultaneouslyeatttrt
of aT,, period, leading to a collision. In this case, the concern
is that random access transmitters will then be incapable of

C. Experimental Measurements
I:correctly decoding the signal sent by the scheduled tratesmi

Fig. [7(@) plots the measured “CCA state” at the Wi
receiver as the configuration (duty cycle and transmit ppwer
of the LTE transmitter is varied. We start by considering th- Throughput Model with Explicit Communication
case with -16 dBm transmit power. We note that, given the In this section we extend the throughput model in Sec-
small size of the testbed, for this configuration the signdbn [V-A] to include explicit communication between the
quality was very good (we confirmed this using another Ettisgheduled and random access transmitters at the start lof eac
board, configured as an unlicensed LTE UE). Nevertheless{i, period, e.g. via the scheduled transmitter sending a CTS-
can be seen that the WiFi card consistently marks the chanttekelf. The main difference from before is that we now need t
as roughly 90% idle even when the LTE duty cycle is 80%ake account of the fact that when a collision occurs at the st
When the LTE transmit power is increased substantially tf a 7,, period then the signal from the scheduled transmitter
4 dBm, it can be seen that the situation changes and the Wi-ilost and so the random access transmitters may continue
card now marks the channel as becoming increasingly busyta@nsmitting during th€,, period rather than deferring to the
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Fig. 8. Throughput with imperfect carrier sensing for difet configurations of. and T,, while varying n.gg (effectively changing the packet size of
WiFi transmissions). Simulation results are average$00f simulation runs with50 s time horizon.

scheduled transmission. For illustrative purposes weidens T, period, we have
the physical carrier sensing by the CSMA/CA network to be
completely ineffective to detect LTE transmissions. R B

A

1) CSMA/CA Throughput: We first note that the CSMA/CA E[Ton] = Tor = 5 (1= pe)pexa, (24)
throughput during al,, period is the same regardless of
signalling from the scheduled network. Namely, either the
CSMA/CA transmitters remain silent during thg, period,
and so no data is received, or the CSMA/CA transmissions2) Scheduled Network Throughput: For simplicity we
during theT,,, period collide with the scheduled transmissiongssume that the maximum idle space left between random
and are lost, again with no data being received. Howevagcess transmissions is smaller than the duration of a
when carrier sensing is imperfect then there may now beseheduled sloté. Thus, when a collision occurs at the
partial collision at the end of th&,, period that extends beginning of al,, period then all of the scheduled frames in
beyond the scheduled transmission duration, affecting theslot are lost and we have the following.
value of E[Toﬂr] (the mean time during which successful

here once agaipixa = (1}5[%A.

CSMAJ/CA transmissions are possible). Preemptive Approach
We transmit successfully durin@,, only in case of no
Preemptive Approach collision with a CSMA/CA station:

Assuming tha{i) on average the collisions at the end of the

Ton period occur half-way through a CSMA/CA transmission, Ton(1 — pixa)

(i) collisions at the start of th&,,, period are independent of StxA = T T (25)
collisions at the end of,, (which should hold whefl,,, > o on 7 Zoff
A) and (iii) these collisions occur with probability;, s = Opportunistic Approach
(I]E—[%A, then: Only the duratiorly,, — T;es adds to throughput as:
. — A
E[Toﬁ'] - Toﬁ' - 5ptxA(1 - thA) - Ap?xA' (23) SixA = T(Ton - Trcs)(} - ptxA) (26)
Opportunistic Approach Ton + Tos

Similarly as for thePreemptive approach but consideringwith pi,a = 1 — p. as in Sectiofi IV-A. Note that when there
that now partial collisions can only occur at the end of this not a collision with a CSMA/CA node thety = Tyes.
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F. Example: LTE and WiFi with Virtual Carrier Sensing been in progress for some time and that the times hidden

Using CTS-to-self as signalling approach, Hity. 8 shows tfigrminals attempt transmission are coupled to the dynamics
proportional fair result (as in Theorefh 1) obtained using-si of the transmissions they oyerhegr. We thereforg leave con-
ulations and the analysis of throughput presented abovis. THideration of channel allocation with hidden terminals otit
can be compared with Fil 4 but with the difference that Wighe scope of this work. It is perhaps also worth noting here
now only defers to LTE when no LTE/WiFi collision occurs aflat the prevalence of severe hidden terminals in real métwo
the start of thef.,,, period, i.e. assuming that WiFi only deferdd€Ployments presently remains unclear. While it is reddyiv
to LTE upon correct reception of the CTS-to-self. It can bgaSy 0 construct hidden terminal configurations in the b t
seen in Fig[B, that the throughput of WiFi remains pradmmexmblt gross unfawnes;, it may bg that such configuratioas
unchanged. However, the LTE throughput is severely pegalideSS common in practicgiv) Multiple Scheduled Networks:
for all configurations when using CSAT. The reason for thi{/¢ have considered a single scheduled transmitter which
is the considerably higher collision probability of CSATath May represent the case of multiple coordinated scheduled

LBE for the cases evaluated. Note also that LTE throughput4Sers/nétworks. However, the case of uncoordinated st#tedu
reduced compared to Figl 4 for LBE when= 9 due to the transmitters (as might be the case when they belong to eliffer

increase of the collision probability with the number of WiFOPerators) is challenging as results depend greatly on the

stations. Although the throughput in this case is not ascedu extent of the desychronisation of their slot boundariesn&o
as with CSAT, the performance degradation is considerabforks to coordinate scheduled transmitters in the contéxt o
One way to alleviate this in LBE might be for the LTE to"ViMaX include [38], [39].

transmit before the DIFS to allow WiFi stations to decode the

CTS-to-self, similarly to the approach described[in] [36]t b VIII. FINAL REMARKS

this is outside the scope of the present paper. In this paper we address the coexistence of scheduled and

random access transmitters in the same frequency chanael. W
VII. Scope show that there is an inherent cost due to the heterogeneity
In our analysis we have made a number of assumptiofi,channel access approaches. This cost is a per-transemissi
many of which can be fairly readily relaxedi) Lossfree one and can thus be alleviated by increasing the duration of
channel: Extension of our model to include channel losses Beheduled transmissions at the expense of increasing the va
straightforward. Namely, by reducing the success proltgbilability of the delay for random access transmissions. Weveler
with a packet loss probabilityii) Multiple Channels’Channel  the joint proportional fair rate allocation and demonstréiat
Bonding: Both the scheduled and the random access netwoifsthis the heterogeneity cost is accounted for the channel
may in general transmit across multiple channels. Howevaittime of the scheduled transmissions while the inefficyen
provided they occupy disjoint channels, we can solve tifé random access is accounted for in the channel airtimeeof th
allocation problem separately for each set of channelsgusif@ndom access network. We extend this analysis to consider
the model in Sectiol IV-A. That is, although we focus on dnsaturated random access stations as well as imperfect int
single channel here, the generalisation to multiple chisrige technology detection. We illustrate the application of our
immediate (iii) Unsaturated Scheduled Network: Extension of analysis to the fair coexistence of LTE and WiFi. Importgntl
the analysis in Section]V to the case in which the scheduleg show that, when optimally configured, both CSAT and
network is not saturated is straightforward if we ignorefeuf LBT/LBE, result in the same throughput to WiFi, providing
dynamics and consider boify, and7,s as random variables significant new insight on the current controversy on their
bounded by the offered load. ability to provide fairness to WiFi. We also show that, in
We have also made a number of assumptions which #&e@rtain circumstances, the heterogeneity cost is higher fo
less easy to relaxi) Completely Overlapping Channels: We CSAT, and thus the resulting LTE throughput is lower when
have considered that the channel widths used by the caexisttompared to use of LBT/LBE. We also show that in the case
networks completely overlap. The extension to smaller nean of imperfect inter-technology detection, the use of explic
widths is not straightforward as it is not clear the level gfommunication is more problematic in CSAT due to the
interference that each technology will cause to one anottggnerally higher probability of loss compared to LBT/LBE.
when using heterogeneous and partially overlapping channe
widths. Refer to[[3]7] for the case of unlicensed LTE and WiFi. REFERENCES
(i) Capture: Our model assumes that concurrent transmissions
result in a collision and the inability of the receiver to dde 1] D-e';';’l:% “J(fjfr‘]ae"”z‘g&summarympp workshop on LTE in unlicensed
the message. The main difficulty with including the capturgy ﬁ . Rahman, A. Behravan, H. Koorapaty, J. Sachs, and - B
effect in our analysis (where some receivers may succégsful  achandran, “License-exempt LTE systems for secondantrspecisage:

decode a colliding transmission) lies in specifying a iéa scenarios and first assessment,'1EEE Symposium on New Frontiers
9 ) P fy 9 in Dynamic Spectrum Access Networks (DySPAN), 2011, pp. 349-358.

physmal Iay(_er model and so we Ieave_ th'_s_ for fuwr_e VYQ“IK) [3] Qualcomm Technologies, Inc., “LTE in Unlicensed Spewir Harmo-
Hidden Terminals: Perhaps the most significant omission from  nious Coexistence with Wi-Fi,\Whitepaper, June, 2014.

our analysis is hidden terminals. The basic difficultieseher[4l X. Zhang and K. G. Shin, "Enabling coexistence of hetemepus
wireless systems: case for ZigBee and WiFi,” ACM International

arise from the fact that hidden terminals can start transigit Symposium on Mobile Ad Hoc Networking and Computing (MobiHoc)
even when a transmission by another station has already 2011, p. 6.



(5]

(6]

(7]

(8]

El

[20]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]
[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

L. Berlemann, C. Hoymann, G. Hiertz, and B. Walke, “Uelised
operation of IEEE 802.16: Coexistence with 802.11 (a) inretha
frequency bands,” iINEEE 17th International Symposium on Personal,
Indoor and Mobhile Radio Communications (PIMRC), 2006, pp. 1-5.
J. Kim, S. Park, S. H. Rhee, Y.-H. Choi, Y.-u. Chung, and ¥.
Hwang, “Coexistence of WiFi and WiIMAX systems based on Rfitest
protocols,” Sensors, vol. 11, no. 10, pp. 9700-9716, 2011.

K. Bian, J.-M. Park, L. Chen, and X. Li, “Addressing thedten
terminal problem for heterogeneous coexistence betweeM EDd
CSMA networks in white space,/EEE Transactions on Vehicular
Technology, vol. 63, no. 9, pp. 4450-4463, 2014.

IEEE 802.15.4e, “IEEE Draft Standard for Local and Mebtan Area
Networks. Part 15.4: Low-Rate Wireless Personal Area NedsviLR-
WPANS).” April 10 2015.

IEEE P802.11-Task Group AH, “Proposed TGah Draft Amerdti
2013.

M. Palattella, M. Dohler, A. Grieco, G. Rizzo, J. Torsné. Engel, and
L. Ladid, “Internet of things in the 5g era: Enablers, aretiitire and
business modelsJEEE Journal on Selected Areas in Communications
(JSAC), 2016.

R. Friedman, A. Kogan, and Y. Krivolapov, “On power aradughput
tradeoffs of wifi and bluetooth in smartphone&ZEE Transactions on
Mobile Computing, vol. 12, no. 7, pp. 1363-1376, 2013.

P. Vi, A. lwayemi, and C. Zhou, “Developing ZigBee Depinent
Guideline Under WiFi Interference for Smart Grid Applicats,” |[EEE
Transactions on Smart Grid, vol. 2, no. 1, pp. 110-120, March 2011.
L. Tytgat, O. Yaron, S. Pollin, I. Moerman, and P. Dentees‘Avoiding
collisions between IEEE 802.11 and IEEE 802.15. 4 througixistence
aware clear channel assessmeBtJRASP Journal on Wireless Com-
munications and Networking, vol. 2012, no. 1, pp. 1-15, 2012.

A. M. Cavalcante, E. Almeida, R. D. Vieira, S. Choudhugy Tuomaala,
K. Doppler, F. Chaves, R. C. Paiva, and F. Abinader, “Peréorce
evaluation of LTE and Wi-Fi coexistence in unlicensed b&nds| EEE
Vehicular Technology Conference (VTC Spring), 2013, pp. 1-6.

A. Babaei, J. Andreoli-Fang, and B. Hamzeh, “On the iotpaf LTE-
U on Wi-Fi performance,” in2014 IEEE 25th Annual International
Symposium on Personal, Indoor, and Mobile Radio Communication
(PIMRC), Sept 2014, pp. 1621-1625.

Y. Jian, C. F. Shih, B. Krishnaswamy, and R. Sivakum@goéxistence of
Wi-Fi and LAA-LTE: Experimental evaluation, analysis amgights,” in
IEEE International Conference on Communication Workshop (ICCW),
June 2015, pp. 2325-2331.

3rd Generation Partnership Project, “3GPP TR 36.883.Q.0 - Study
on Licensed-Assisted Access to Unlicensed Spectrum (Rel#a).”
“Nokia LTE for unlicensed spectrum,” White paper, Naki2014.
“Extending the Benefits of LTE-A to Unlicensed Spectrurivhite
paper, Qualcomm., 2014.

“U-LTE: Unlicensed Spectrum Utilization of LTE,” Whet paper,
Huawei., 2014.

Z. Ning, M. Saisai, X. Jing, Z. Bin, and Z. Wei, “Unliceed Spectrum
Usage Method for Cellular Communication Systems,1iiternational
Conference on Wireless Communications, Networking and Mobile Com-
puting (WMCOM), 2012, pp. 1-6.

S. Hajmohammad and H. Elbiaze, “Unlicensed spectrufiitisg be-
tween Femtocell and WiFi,” inl[EEE International Conference on
Communications (ICC), 2013, pp. 1883-1888.

F. Liu, E. Erkip, M. Beluri, R. Yanget al., “Small Cell Traffic Balancing
Over Licensed and Unlicensed Band€ZEE Transactions on Vehicular
Technology, 2014.

C. Cano and D. J. Leith, “Coexistence of WiFi and LTE inicensed
bands: A proportional fair allocation scheme,” IREE International
Conference on Communication Workshop (ICCW), June 2015, pp. 2288—
2293.

Z. Guan and T. Melodia, “CU-LTE: Spectrally-Efficiennhé Fair Coexis-
tence Between LTE and Wi-Fi in Unlicensed Band&EE International
Conference on Computer Communications (INFOCOM), 2016.

C. Cano and D. J. Leith, “Unlicensed LTE/WiFi CoexistenlIs LBT
Inherently Fairer Than CSAT?” imnEEE International Conference on
Communication (ICC), 2016.

F. Baccelli, S. Machiraju, D. Veitch, and J. C. Bolot, H& role
of PASTA in network measurement,” iIACM SIGCOMM Computer
Communication Review, vol. 36, no. 4, 2006.

IEEE Std 802.11ac, “Wireless LAN Medium Access ContidiAC) and
Physical Layer (PHY) Specifications. Amendement 4: Enhaeces
for Very High Throughput for Operation in Bands below 6 GHz,’
ANS/IEEE Sd 802.11ac, 2013.

[29]
[30]

(31]

[32]

(33]

[34]

[35]

[36]

[37]

[38]

[39]

14

A. Checco and D. J. Leith, “Proportional fairness in 802 wireless
LANSs,” IEEE Communication Letters, vol. 15, no. 8, pp. 807-809, 2011.
Y. Yang and T.-S. P. Yum, “Delay distributions of slattéLOHA and
CSMA," |EEE Transactions on Communications, vol. 51, no. 11, 2003.
A. Garcia-Saavedra, A. Banchs, P. Serrano, and J. WidiDestributed
opportunistic scheduling: A control theoretic approadiEEE Interna-
tional Conference on Computer Communications (INFOCOM), pp. 540—
548, March 2012.

V. G. Subramanian and D. J. Leith, “Convexity Condigofor 802.11
WLANSs,” |EEE Transactions on Information Theory, 2013.

B. Bellalta, M. Oliver, M. Meo, and M. Guerrero, “A simpimodel of
the IEEE 802.11 MAC protocol with heterogeneous traffic fljvis
|EEE Eurocon, 2005.

A. K. Sadek, T. Kadous, K. Tang, H. Lee, and M. Fan, “Exiieg
LTE to unlicensed band-Merit and coexistence,”|EEE International
Conference on Communication Workshop (ICCW), 2015.

T. HUhn, “A Measurement-Based Joint Power and Rateti@bter for
IEEE 802.11 Networks,” Ph.D. dissertation, Oxford Brookisversity,
2013.

V. Valls, A. Garcia-Saavedra, X. Costa-Perez, and DLelth, “Max-
imising LTE Capacity in Unlicensed Bands (LTE-U/LAA) whileairly
Coexisting with 802.11 WLANs,"IEEE Communication Letters. To
appear.

Y. Jian, C.-F. Shih, B. Krishnaswamy, and R. Sivakurt@pexistence of
Wi-Fi and LAA-LTE: Experimental evaluation, analysis amgights,” in
IEEE International Conference on Communication Workshop (ICCW),
2015.

M. M. Siddique, B.-L. Wenning, C. Gorg, and M. Muehleis “Spec-
trum sharing between IEEE 802.16 and IEEE 802.11 basedesgel
networks,” in IEEE International Symposium on a World of Wreless
Mobile and Multimedia Networks (WoWMoM), 2010, pp. 1-6.

M. Mihleisen, R. Jennen, M. M. Siddique, and C. Goi§EE 802.16
coexistence through regular channel occupation Eunopean Wireless
Conference (EW), 2009, pp. 211-215.



	I Introduction
	II Related Work
	III Implications of Heterogeneity
	III-A Idle Channel Probability at Periodic Slot Boundaries
	III-A1 Example: CSMA/CA

	III-B Cost of Heterogeneity
	III-C Example Revisited: Random Scheduled Starting Times

	IV Fair Coexistence
	IV-A Throughput Model
	IV-A1 CSMA/CA MAC Slots
	IV-A2 CSMA/CA Events
	IV-A3 CSMA/CA Throughput
	IV-A4 E[off]
	IV-A5 Scheduled Network Throughput

	IV-B Proportional Fair Allocation
	IV-C Discussion
	IV-D Example: Unlicensed LTE and 802.11
	IV-D1 Cost of Heterogeneity
	IV-D2 Throughput vs Delay


	V Networks With a Mixture of Unsaturated and Saturated Stations
	V-A Utility Fair Optimisation
	V-B Proportional Fair Allocation
	V-C Discussion
	V-D Example: Unlicensed LTE and 802.11

	VI Imperfect Inter-Technology Transmission Detection
	VI-A Transmission Detection in 802.11
	VI-B Testbed Hardware and Software Setup
	VI-B1 LTE SDR Transmitter
	VI-B2 WiFi SDR Transmitter
	VI-B3 WiFi Receiver

	VI-C Experimental Measurements
	VI-D Explicit Communication
	VI-E Throughput Model with Explicit Communication
	VI-E1 CSMA/CA Throughput
	VI-E2 Scheduled Network Throughput

	VI-F Example: LTE and WiFi with Virtual Carrier Sensing

	VII Scope
	VIII Final Remarks
	References

