IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. , NO., 2014 1

Performance Analysis of Two-tier Wireless
Networks with Dynamic Traffic, Backhaul
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Abstract—During the last years, mobile cellular networks have both users and operators. Users improve their quality of
witnessed an enormous growth in the carried data-traffic volume. service (QoS), while operators can manage the growth of
The current networks’ features are not enough to cope with this traffic without the need to deploy new network infrastruetur

traffic trend and the concept of small cells has emerged as a
feasible solution to increase the network capacity. However, the Moreover, the SAPs send the backhaul data to the cellular

deployment of small cells introduces several technical challengesOperator network over the user land-lines [2], thus allgvin
such as the cross-tier interference between the macrocell antié  operators to release resources of their own backhauls fier ot
small cells, or the use of the subscriber land-line to send the ysers connected to the macrocell.
backhaul data. In this paper, an analytical model is proposed (0 o the perspective of the small cell connectivity prigrit
study the impact that the user traffic dynamics, the mobility of . .
macrocell users, the scheme chosen to associate macrocell gsertWo typ(_es of users are definedSjall cell User¢SUs) which
to the small cells and the changing available capacity of the are registered in the small cell and can always connect to the
small cells backhaul have on the system performance. To make small cell, i.e., they are the rightful users; Macrocell Users
the solution of the model computationally feasible, we exploit the (MUs) which are not registered in the small cell. Depending
time-sc_ale decomposition approach. In most practical scenarios, on the Registration Policy (RP) at the small cell, they might
the arrival and departure rates of trafﬂc flows are much larger be allowed to connect to the small cell or not. In addition. a
than the rate of events associated with the mobility of macrocell ] ) . : 3 ’
users. Then, flows perceive that macrocell users are still. This US€r land-line is shared by theand-line UsergLUs), which
model is applied to identify the scheme to associate macrocell are non-cellular users that generate traffic carried by dinees
users to the small cells which maximizes the performance |and-line connection that the SAP uses as a backhaul.
perceived by the small cell users. The deployment of small cells introduces several technical
challenges [2], [6], [7]. One of the most crucial performanc
limiting factors is the cross-tier interference betweer th
macrocell and the small cell [8], [9], [10]. This problem has
N the last years, mobile cellular networks have experienceden widely addressed in the literature and many approaches
a major growth and progress due to a change in the wagive been proposed, which, for example, involve the use
today’s society creates, shares and consumes informatiofh.power control [11], [12], [13]; or advanced spectrum
The increasing popularity of some applications has lead teanagement techniques [14], [15]. The level of interfeeenc
a spectacular growth in the carried data-traffic volume ameérceived by SUs is influenced by the number of MUs allowed
it will continue to grow as mobile systems are expected to connect to the SAP. Hence, besides using power control or
support a larger variety of multimedia services. Moreovespectrum management, the interference can also be managed
according to recent surveys [1], the traffic which is expeétte by allowing strong MUs interferers to become associated to
produce the bulk of the network load will mainly occur indoortthe SAP [16], [17].
Unfortunately, the current networks’ features are not ghou The RP is a key mechanism to regulate the access of users
to cope with this development paradigm. In this context, the the small cells. This mechanism provides different I\l
novel concept of small cells [2], [3], [4], [5] has emergedbriority to SUs and MUs, allowing the small cell to control
as a solution to increase both network capacity and indoghich users can have access to it. Three basic RPs have been
coverage. defined [16]: i)closed accessonly the subscribed users, i.e.
Small cells provide service to small geographical areas atitk SUs, have access to the small cell (MUs cannot connect
require low-cost and low-power base stations called Smé&dl the small cell); ii)open accessall users can make use of
cell Access Points (SAPs). These SAPs are installed by tiey small cell (in that sense, there are no differences leztwe
users for better indoor voice and data reception and ben&ls and MUs); and iihhybrid accessa limited amount of
the small cell resources are available to MUs, while SUs
Copyright (c) 2013 IEEE. Personal use of this material is pteti haye no restrictions. The hybrid access mode is proposed
However, permission to use this material for any other purpasest be
obtained from the IEEE by sending a request to pubs-permisgéeee.org. as a trade-off between open and closed access modes [18],
The authors are with the Department of Communications, Uritaers [17], [19]. Depending on the system resources, users traffic
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carefully configured in order to guarantee a certain degfeegmall cell by a fractiony; (1 > v > --- > v > 0) of
QoS to the SUs. its maximum value (i.e., the value with no interference)eTh
To the best of our knowledge, the small cell architectutetal achievable bitrate reduction is then obtained by ragldi
has been mostly studied considering a static traffic settitfge contributions of all MUs in each interference region. To
in which there is a constant number of infinitely long flowdlustrate this point, consider the following simple exdepet
under transmission. In contrast, in this paper we considerfia= 2, v; = 0.08, 2, = 0.03, and letR, be achievable bitrate
dynamic scenario where terminals generate finite flows tHatthe small cell. If there were 2 MUs inl; and 5 MUs in
randomly arrive to the system and eventually terminate. As4 (all of the them connected to the BS and continuously
result, the number of flows and the load of the system vatgansmitting), then the bitrate that a single SAP user can
dynamically over time. In [20], we introduced a preliminaryachieve is(1 — 2-0.08 — 5 - 0.03) R; = 0.69R;. To keep this
version of this approach. However, there we restricted & thxample simple, constraints to the bitrate of SAP usersrothe
time scale of flow-level dynamics, and the position of temfsn than interference have not been considered. In Sectiob,|ll-
was considered static. The new model proposed here cossidbe rest of relevant constraints as well as the fact that this M
the time scales beyond flow-level dynamics. Moreover, is thtonnected to the BS are not transmitting all the time arertake
extended approach it is also contemplated that the posifioninto account to obtain Eq. (20).
MUs inside the macrocell can vary over time. Without loss of generality, we consider that the BS and the
The major contribution of the new analytical model is tha®AP are in the abscissa axis symmetrically situated respect
it considers in an integrated way: i) the traffic profile ofhe origin. If the distance between the BS and the SAP,is
the users, ii) the number of MUs and their mobility patterrihe BS is at(—%,o) and the SAP a(%,o). Let d be the
iii) the number of SUs, iv) the interference of MUs ovedistance between the BS and an MU(aty) connected to
SUs, v) different MUs registration policies in the SAPs, anthe BS, andd’ the distance between this MU and the SAP;
vi) the traffic activity of the LUs. To make the analyticalsee Fig 1. These distances can be written as:
model computationally tractable, we exploit its time scale I 5
decomposition [21]. In most practical scenarios, the alriv ) ; D
and departure rates of traffic flows are much larger than thd — (1: N 2) Ty 4= (x a ) v @
rate of events associated with the mobility of MUs. Then, .
flows perceive that MUs are still. This technique considgrab, The trapsmlssmnC power of an MU connected to the BS
reduces the computational cost, which allows us to evalu ep_roportlona_l tod°, where ¢ IS the path-_lossf exponent.
the performance of different RP and to identify the policgtth imilarly, the interference that th's. MU (which is con_nette
maximizes the performance perceived by SUs. Moreover, the BS) produces at the SAP is inversely proportional to

; ; ; : . d’>. As a result, the Signal to Interference Ratio (SIR) at the
this work we also validate the analytical model by simulatio . P ; . .
y y SAP, which determines the uplink achievable bitrate for the

This paper is organized as follows. In Section I, we describ . . ] .
the interference model proposed. In Section lll, we prese TR connected to the SAP, is proportional'toand inversely

the system model used to evaluate the performance of R]ré)portlonal tod*, that is

small cell. Then, in Section IV we define the time scale 7\ ¢

decomposition approach and apply it to our system model. In SIR x <d> . (2)
Section V, we discuss the numerical results and validate the

analytical model by simulation. Finally, Section VI conges  Then, the thresholds; < 6> < --- < dx— divide the
the paper. macrocell into interference regions as:

d/
Il. INTERFERENCE MODEL Ai = {(x’y) P01 S e 6i}’ (3)

We analyze the performance of a small cell which igith 5o =0 anddx = oco.

inside a macrocell. We consider the uplink direction, but ou The border betweem; and A, is given by the points
study is independent of whether the uplink or downlink ishered’/d = §;, i.e. by the curve given by the points where
considered. It is well-known that the path-loss is a dominathe quotient of the distancesand d’ is constant. Then, we
factor in the reduction of the received signal power. Hettoe, are searching the points:, ) where:

interference produced by an MU connected to the BS upon
the SAP will depend on the distances from this MU to the Ve —=D/22+y2/\/(x+D/2)> +y>=6i. (4
SAP and the BS. According to these distances, i.e., accgprd'kgu
to the amount of interference caused to the SAP by the

rther manipulation of this expression results in

MUs connected to the BS, we consider different interference D(§2 4 1) 2 4(2)252

regions within the macrocell.We defidé regions denoted by (w + 2521_1> ?= ﬁ, (5)
A;, 1 =1,2,--- /K. MUs connected to the macrocell base ¢ g

station (BS) cause the strongest interference when lodatedyhich is a circumference with center:

A, and the weakest interference when locateddin. The Do

interference caused to the SAP by each active MUAin 3 (67 +1) 0 (6)
contributes to the reduction of the achievable bitrate ia th -1 )7
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Fig. 2. State transitions of the CTMC which models the backhau

The load generated by the LUs is modeled by a finite-state
Continuous Time Markov Chain (CTMC) with states. The
transition rate from statg to state;’ is denoted byg; ;/,

3,5 =1,2,---,.J (see Figure 2). When the CTMC is in state
j the available bitrate in the backhauld$, whereC; > Cy >

-+ > (Cj > 0. The minimum bitrate reserved to the SAP in
order to avoid starvation is given kY ;. Our model does not
impose any limitations on the pattern of possible transgio
Fig. 1. Different interference regiong = 3. between the states of the CTMC. For the sake of illustration
we consider a scheme in which the traffic generated by LUs
resembles TCP behavior: increases in the utilized bantwidt

and radius 9D, occur one step at a time, but it can drop several steps at once,
2 K3
— 7 o . . .
07 — 1] ") 5., 120 if j'>j or ji=j-1, ®)
: : . . . 33" TR .
Notice that ifo; = 1, the curve is the perpendicular bisector =0 if j/<j-1L

of the segment which connects the BS and the SAP pointsyote that the proposed wireless network system model

i.e., itis the ordinate axis. In Figure 1, an example With= 3  gefined later in Section I1I-D is independent of the model

regions withD = 70, 6, = 3/2 andd, = 9/4 is shown. used to characterize the backhaul traffic, and any Markovian
We consider that MUs can be associated either to the Bgckhaul traffic model might be used. The fitting of the

or to the SAP, and that any user (terminal) can be either iqlg ameters of the backhaul traffic model from real traffi@dat
or active, i.e. it can be idle or uploading a data flow. In thig, ot of the scope of our study [23], [24].

work, we evaluate two schemes to associate MUs to the SAP.
For each scheme we determine the performance obtainedey .

L .MU association scheme
the users connected to the SAP. As it will be apparent later, _ . _
the proposed wireless network system model is independenfEach user (MU or SU) can be either idle or active. When
of the interference model used, as far as it is based on f#ive, itis uploading an elastic flow, which correspondthto
number of mobiles in each macrocell region. This has beerfransfer of a digital document. If the uploading occurs tigto

common assumption in the literature [22]. the SAP (BS) we say that the user is associated Fo the SAP
(BS). Let H be the number of SUs permanently registered, or
lIl. SYSTEM MODEL associated, to the SAP. L&t be the total number of MUs in

! \
We begin this section by describing the backhaul traﬁ{@eet fne_”bi”t‘:f‘g totthae| :L‘]‘nr:;’:: gff &Agjias_s‘;ﬁtfn? f:_ebiAp'

model. Then, we present the RP at the small cell, the mobiliﬁ;{e number of MUs ind. which are associated to the SAP
model and the system model, which considers the interferen _ ‘ v / _ '
the mobility of MUs and the backhaul load. A summary of aIIhen’M = 2_;m; and M’ =3, m;. Note thatm, may vary

. . . : ver time due to the mobility of MUs.
the parameters introduced in this paper appears in Table | INve consider three interference regiod§ £ 3). The MUs
Section V. '

in A; and A, are considered to be close enough to the SAP to

become candidates to be handed over from the BS to the small

A. Backhaul traffic model cell, while those ind; are not n} = 0). We also consider that
The traffic going through the SAP competes with the LUWUs in A3 do not produce interference to the SAR, & 0).

traffic for the wireline bandwidth. We assume that prioritfObviously, if there are still users iA,, users ind, cannot be

is given to LUs’ traffic since it is the primary reason forassociated to the SAP (i} < m; thenm} = 0). At a given

the Internet access service subscription. Nevertheléss, itime, the number of users associated to the BS, and to

assumed that there is a minimum bitrate that the SAPs woutl® SAP,n,, are given by

be able to get at anytime in order to prevent starvation asal al

to guarantee that the SUs can get access to the voice service

at anytime. This is required as the SUs may not have land-line

telephone subscription nor a sufficiently good coveragenfro In this work, we study two different schemes to associate

the BS. MUs to the SAP, that we denote by A and B. In Scheme A,

/ /
Ny = M1 + Mo +Mm3 —mq — Moy,

ns = H +m/ +mj.

)
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P12 P23 Let A; denote the total arrival rate to nodé;. Then, A;
M Ny N3 are the solution to the flow balance conditions:
Pb21 P32 5
Fig. 3. Equivalent closed queuing network for the mobility rabd A= Z Ajpjia i=1,---,3. (14)
j=1

It is known that these equations are not independent ancehenc
they cannot be solved to uniquely find the. However, the
A;’s can be obtained up to a multiplicative constant. et

m) = min(v,my); mH = min(v —mi,ms), (10) be a particular solution of Eq. (14). We assume that= ),

wherev is a fixed parameter that defines the maximum numb%rr]OI then, we solve Eq. (14) to obtak} and Aj as:

of MUs that can be associated to the SAP.vIf= 0 the Ay =pa+ Ay and A% = . (15)

RP is closed accessand hybrid accessotherwise ¢ > 0);

in practice, however, a sufficiently high value of(so that  \We have a three-node closed network of quasi-reversible
m1 + mg < v can be guaranteed in all practical situationgjueues, and the steady-state distribution of the number of
would amount to aropen acces®RP. If v < m;, ther MUs  customers in each nodg(r), is given by [25]:

associated to the SAP are iy. Otherwise, all the MUs in

A, are associated to the SAP and the rest of MUs up &oe () = P(0) (Afm)™ (A3m)™2 (Ajrs)™ (16)

in A,. Note that the number of MUs associated to the SAP my! mea! mg!

W'." he Iess_ tharw only when M+ ma 1S lower thanu._ln where P(0) is obtained by normalization. This distribution is
this case, since only the MUs ia, and 4 can be as;ouated known to be insensitive to the residence time distributians

to the SAP, there will be exactly:, +m; MUs associated to each node, i.e. it only depends on them through their means.

the number of MUs associated to the SAPAn and in A,
are given by:

the SAP.
In Scheme B, lek € [0, 2] be a parameter that determines
my andm; as follows, D. System model

m’ = min ([k-mi],m1), Each user (MU or SU) can be either idle or uploading
b= [(r—1)-ma] ]+’ (1) an elastic flow, Both, the periods of time that users are idle
between two consecutive uploads and the size (in bits) of
where the notatioriz] © £ max(0,z) is used. Then, no MUs the flows generated by users form sequences of independent
are allowed to connect to the SAP fer= 0. The number and identically distributed random variables. The lifetirof
of associated MUs to the SAP is half of the MUs 4 for 3 flow will depend on its size and on the amount of available
k = 0.5, all MUs in A; for x = 1, all MUs in A; and half resources, which vary with time. For the sake of mathemiatica
of the MUs in A, for x = 1.5 and all MUs inA; and A, for  tractability, we assume that the duration of an idle period i
x = 2. Note that the RP isclosed acceswhenr = 0, hybrid  exponentially distributed with meah/«. Likewise, the size
accesswvhen( < k < 2, andopen accessvhenx = 2. of a flow is also exponential with mean
We model the proposed system using a multidimensional
C. Mobility model process. The states of this process are represented byatbe st

We consider that the residence time of an MU in a certa#gCtor
region A; before entering another one is generally distributed. s = (m1,ma, ms, T, j, 21, 22, 23) , an
We denote by, the rate of transitions from regianto region
i—1 (i =2,3), and by, the rate of transitions from regionwheremi denotes the total number of MUs in regiagh and
i to regioni+1 (i = 1,2), as represented in Fig 1. We model_;™m: = M; z < n, denotes the number of active users
the mobility of MUs by an equivalent closed queuing networRSsociated to the SAP); denotes the state of the backhaul,
with K = 3 nodes and a constant numberidfMUs roaming With the corresponding available bitra€g;, j = 1,2,-- -, J;
inside the BS coverage area. We denote\ay N, and N3 the and z; < m; — m; denotes the number of active MUs in
three nodes of the closed network, as shown in Fig. 3. Eadh which are associated to the BS. For convenience, we will
node N; is of the infinite-server type. simplify the notation and writes = (13, z, j, 2).

Let 7 = (1, ma, m3) be the vector whoséth component ~ The maximum bitrate in the macrocell (small cell) that
gives the number of users aV; and p;; be the routing could be achieved by employing all the macrocell (small
probabilities fromN; to N;. The routing probabilities can becell) resources and assuming a sufficiently high Signal to

obtained from the region transition rates as Interference plus Noise Ratio (SINR) &, (). Due to
the impatience of users [26] the minimum bitrate of users

P12 = P32 =1; pog = L; P21 = Az . (12) is restricted to ber,,, and due to hardware limitations of
p2 + Ao p2 + A terminals the maximum bitrate of users #g,. While the

Let 7; be the mean residence time . Then, maximum bitrater,; is imposed by hardware limitations and

1 1 1 is a hard bound, the minimum,, is a design target and might

T = T3 = —. (13)

T P L As not be guaranteed at all times, as discussed later.
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The throughput obtained by each active MU associated /. SOLVING THE SYSTEM MODEL THROUGH TIME SCALE

the BS at state is given by: DECOMPOSITION
) R, In most practical scenarios, the arrival and departuresrate
$m(s) = min | 7y, o+ 7o + 2 (18)  of flows to and from the system are much larger than the rate

f events associated with the mobility of MUs, i.e., changes
Bm one interference region to another. Then, flows peeceiv

The th hout obtained b h active SAP . that MUs are still. This allows us to decompose the model
€ throughput obtained by each active USET IS COfefined by (17) in the previous section into two independent

strained by: i) hardware limitations; ii) the interferemmjs__e_zd models. We refer to them as the fast time scale subsystem
by the MUs connected to the BS upon the SAP; and ii) th(?‘ZTSS) and the slow time scale subsystem (STSS). Then, the

ava|labl_e backhaul resources. In order to determine the_tcutnp tationary probability distribution for the complete syt 7,
of the interference caused by the MUs on the ach|eva§ given by
I

bitrate at the SAP, we use the interference model describe
Section II. Since each active MU connected to the BS obtains (1, z, j, ) = p(m) - p(sf|(m)), sf=(x,5,2), (23)
an equal bandwidth share, the average fraction of time that a . .

flow is using the BS resources in statés given by: and the set of feasible states is given by

: S:={s: mz7eN} zjeN 2<X; j<J
m . 1 ) ’ ’ = 9 =
ne(s) = ml(s) = min 7ﬂ7 _ . (29) (24)
Ry, Ry 21+ 220+ 23 7z < Zy; Zmi = M},

Then, the throughput at the SAP is reduced by the fraction

ne(s) - (1121 + Y222) due to the interference produced byvhereX =ng, Z; =mq—mj, Za = ma—mj andZz = mg.

active MUs. Taking the three constrictions into accoung th The stationary probability distribution for the FTSS

throughput obtained by each active SAP user at stigggiven p(sy|(172)) must be found for each combination of MUs in

by: the interference regions. That is, a different CTMC for the
R c. FTSS must be solved for each state of the ST&S. (For

$s(s) = min {TM’ ?S [1—n(s) - (21 4 1222)] T, ;} . the STSS, the movement of users over different interference

20)

Note that each active MU receives an equal share of t
available BS radio resources.

regions does not depend on the flow dynamics. Therefore, its
stationary probability distribution is given by (16).
For the FTSS, let s (sy, ;) be the transition rate from
E. Admission Control Scheme r NS = implici
: state sy to states’; conditioned onni. For simplicity, we
We consider admission control at the flow level, both atenote these transition rates py. Then,
the SAP and BS. A flow from an SU or an MU associated

to the SAP is accepted to the small cell if, after acceptance, as(sg)(ns —z)a sy =85 +eq
all ongoing flows in the small cell obtain a bitrate equal or zds(sy)/o s =s5— ey,
larger thanr,,. Wher.1.a flow is not gccepted, it is lost. Let Bj.j sy =sp+ (' —J)es,
as(s) be the probability that a flow is accepted by the SAP 1 (sp)(my —mh — 21)a s = 55+ eg,
and a,, ;(s) the probability that a flow from a terminal in bm(ss))o o —sr—e
interference regiom; is accepted by the BS, both at state ¢, = 17m s , /f o o
Also, let e, be an 8-dimensional vector with laon thek-th am2(85)(ma —mh — z9)a 8% = sp +er,
position and0’s elsewhere. Then, these probabilities can be 22¢m(sf)/o s/f = sy — ey,
expressed as: am,3(sp)(ms — z3)a s = sy +es,
1 it gu(s+es) > rm z¢m(ss)/0 sy =8y —es,
as(s) = . - (21) 0 otherwise
0 otherwise
_ Recall thatg; ;; are the transition rates due to variations
ani(s) = 1 if ¢nm(s+espi)>rm (22) in the backhaul bandwidth occupied by LUs, as defined in
0 otherwise Section IlI-A.

Note that a flow is not forced to terminate if, after accepte?SThe average bitrate obtained by users associated to the SAP

its throughput falls below-,, and it is served with an unac- Us or MUs) is thus given by:

ceptably low QoS, due, for example, to a drop in the backhaul D aes TPs(s)m(s)

available capacity. Elg,] = > ses (s) )
Observe also that the cardinality of the state space of this

CTMC can become very large, and its solution might become:‘let l;ls ggnt?[the b)PbbthgI't;)lo::hklrt']gzhproba?lllty.ln'the Stm?".
computationally unfeasible. However, if the time scale £, which 1S the probability that the system 1S in a state in

which terminals move from one interference region to anoth\glh'Ch the SAP will not accept the flows generated by the users

is much slower that the traffic flow dynamics, time Scalgssomated to it. Then,
decomp(_)sition can be used to greatly redu_ce the compughtion P, = Z (1 —as(s))m(s). (26)
complexity associated to the CTMC solution [21]. sES,m<n,

(25)
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TABLE |
MODEL PARAMETERS
Parameter Symbol Value
— Interference
8 Distance BS-SAP D 70m
2 Distance BS-MU d -
P~y Distance SAP-MU d’ -
o Number of interference regions K 3
- Interference region A; -
a3 Region interference thresholds 61,02 3/2,9/4
S Interference penalty V1,72 0.8,0.4
a Backhaul
c % — =80 Number of states of the CTMC J 3
[ a= State of the backhaul j 1,2,3
\ {“ ---0=100 Transition ratej — 5/ Bjj See Table II
\\\\\\\ a=120 Backhaul bitrate staté Ch 100 Mbps
3(‘) 3 6 9 1‘2 1‘5 Backhaul bitrate stat@ Co 50 Mbps
. Backhaul bitrate stat8 Cs3 6 Mbps
MUs associated to the SAP,v Association Scheme
Association parameter Scheme A v 0,1,---,15
Fig. 4. Association Scheme A. Average throughput of userscised to Association parameter Scheme B K [0,2]
the SAP, Eps], as a function ofv for different values ofx. Number of SAP MUs M’ Depends onv or k
Number of BS MUs Nm Depends orv or k
Total number of SAP users g Depends orv or k
. umber of MUs inA; m; Varies over time
Let £ be the set of states where the active users connectedyumber of SAP MUs inA; m! Varies over time
to the SAP are served with a bitrate lower than the minimum, my =0
Number of active SAP users x Varies over time
L:={scS: s) < r. V. 27 Number of active BS MUs im4; z; Varies over time
{ ;o 9s(s) <rm} (27) MoBiy
The probability that active users associated to the SAP arelransition ratei — i — 1 A 8- 10;4811
d with a bitrate lower than the minimum and therefore Lo oion rate: = i+ 1 K 10778
se_rve wi - ) uth Routing probability Dij See Eq. (12)
with low QoS is obtained as System
Total number of SUs H 6
Pgos = Z 71-(5), (28) Total number of MUs M 15
ey Maximum Macrocell bitrate R, 500 Mbps
Maximum Small cell bitrate Rs 100 Mbps
Maximum user bitrate M 100 Mbps
V. NUMERICAL EVALUATION Minimum user bitrate Tm 1 Mbps
s Mean flow size o 800 kbits
To show the flexibility and featurgs of the proposed mod_el, Mean duration of an idle period 1/a 0.01s
we evaluate the performance perceived by the users asibciat State vector s -
to the SAP in different scenarios. First, in section V-A, the_Performance parameters
. f the tw hem r dt iate MUs to th Fraction of time an MU uses the n;(s) -
|mpagt of the two schemes proposed to associate S 10 thess resources (in state)
SAP is evaluated. The optimal association approach with the Throughput of an MU connected to ¢y, (s) -
be used in Section V-C to evaluate the impact of the backhaulthe BS (ins) .
ffic. Finallv. in Section V-D luate the i t thae Throughput of a SAP user (in) Ps(s) -
tral ic. Finally, in Section V-D, we evaluate the impac Mean throughput of SAP users E[és] )
mobility of MUs has on the performance perceived by SUs. Small cell blocking probability B, -
A list of all model parameters and their values, unless Small cell low QoS probabilty  FPgos -
otherwise specified, is given in Table I.
In Table II, the transition rate matricgs; ;-] are set to obtain TABLE Il
different load conditions. In scenaricthe average LUs traffic [8;i7] FOR DIFFERENT BACKHAUL LOAD SCENARIOS
is light, in scenari@ it is me(_jlum, ar_1d in scenariit is hea_lvy. Scenario 1 Scenario 2 Scenario 3
The backhaul average available b|tra_tes for the th_ree sosna light medium heavy
are:89.8, 53.1 and14.4 Mbps, respectively. Numerical results ~—¢ 5 1 —51 50 1 —41 1 40
are obtained for scenarip unless otherwise stated. 40 -50 10 0 -5 5 5 -5 50
0 50 —50 0 40 —40 0 10 —10

A. Impact of the scheme used by the SAP to associate MUs

We consider the association schemes defined in Sec-
tion IlI-B. For Scheme A, Fig. 4 shows the evolution of th@n average, therefore the mean throughput perceived byra use
average throughput of users associated to the SBf,{) associated to the SAR(¢;]) is higher.
with the maximum number of MUs that can be associated toFor a givenc«, the throughput first decreases, reaches a
the SAP (). Each curve corresponds to a different duratiominimum and then increases until it reaches a maximum,
of the idle period1l/«. Note that the load offered by usersbeyond which it decreases again. As expressed by 0),
increases withv. Whena is smaller, i.e. longer idle periods,depends on two somehow opposite effects. It decreases as
the capacity of the system is shared among less active ugtrs number of users associated to the SAP increases, i.e. as
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the denominator: of (20) increases. On the other hanti,

increases as more MUs from regioAs and A, get associated
to the SAP, i.e. the available capacity of the SAP increases
when the number of interferers decreases. We refer to the firs &
one as thévandwidth sharing effecaind to the second as the & 4'5!‘
interference reduction effect 2

Three parts can be observed for each curve in Fig. 4. In the I \ ,¥
first one, the bandwidth sharing effect dominates ang,E[ s 4
decreases as more MUs get associated. In the second one, tr g: A
interference reduction effect dominates and Fjincreases as 3 ER % %
more MUs get associated upto a maximum. In the third one, £ 35 — =80
E[¢;] decreases again as more MUs get associated. The effec % ,,,,, ---q=100
in the third part is due to the fact that when the numberofmMus | .., a=120
associated to the SAP is large, further MUs associationg mos 3(‘) 05 1 15 2
likely corresponds to MUs imd,, which contribution to the ' K '

SAP interference is lower that those ih . Observe also that
whena is low, i.e less loaded systems, the maximum fap f[ Fig. 5. Association Scheme B. Average throughput of userscéated to
is achieved when MUs are not allowed to connect to the SARE SAP: Bbs]. as a function ofs for different values ofa.
i.e. closed access RP. However, whers high, the maximum
Igrtfe[qﬁg]A'; izcgllgggiovizznrrfgiigﬂrmnbri:rr?:)el\r/lgfs “‘;’I‘Zzoicr:a:ﬁr%alistically, the lognormal distribution is chosen [27]he

. : . uration of an idle period and the size of a flow are also
system. In this case the RP follows a hybrid access. Final

te that d t be d dt hi th onsidered to be lognormally distributed [28], [29]. Foeth
note thal asx decreases, must be decreased 'o achieve feognormal distributions of the residence time, flow idleipdr

maximum throughput. This is because for less loaded samnar; nd flow size, their means coincide with the means of the

(8), aréd (;hter(ta)fore the .|ntte(;f(taretrr1]ce,sz:l>qwer. dThetn,t!eTs M rresponding exponential distributions used in the aitally
are needed 1o be associated o the N order 1o balance o) - However, their coefficients of variation are seRto

advantage of less interference and the penalty of the baitiolwi In Figures 4 and 5, the results of the analytical model are

sh'f;mng effec'.[. i Sch B Fig. 5 sh th reﬁgresented using lines, while the results of the simuiatio
th or hasstoc}la lon Se er_n? dt, th'g's SNOws fe ?vera represented using crosses. For each simulation gdaint,
roughput of users associated to the SAJR;]) as a function simulations are executed ari% confidence intervals are

of . Recall that n Scheme B the maximum numbe_r of Mu§hown. Observe the excellent agreement between the axadlyti
that can be associated to the SAP is a non-decreasllng fnnc%)]d simulation results. In addition, the results seem tgesig
of x. As before, each curve corresponds to a differant that the stationary distribution of the CTMC that models the

For a givena, we see again the same behavior Observ%gstem dynamics might be insensitive to the flow size and idle

with Scheme A. Whenx is small, the highest throughput is.. et : : ;
time distributions. The formal proof of this fact is outsithe
achieved when no MUs are associated to the SAP, i.e. closs(-g%pe of the paper P

access. However, when is high, the highest throughput is
achieved whens = 1, i.e. when all the MUs inA; are )
associated to the SAP and no MUs ih, are associated to C: Impact of backhaul dynamics

the SAP, which corresponds to a hybrid access. Again, thisFigure 6 shows Ef;] as a function ofx, for the three
can be explained in the same way as in Scheme A. For higifferent backhaul load scenarios shown in Table Il. As ex-
a, the interference reduction effect due to the associatfon pected, the higher the LUs traffic, the lower the throughput
MUs in A, does not compensate the additional bandwidechieved by the SUs. In Scenarlg where the LUs traffic

sharing effect. is light, the highest throughput is achieved when all MUs in
From now on, we only consider Scheme B, as it outperform#s, are associated to the SAP. In Scendjovhere the LUs
Scheme A by achieving a largéf[¢.]. traffic is medium, associating more MUs to the SAP reduces

the throughput. Clearly, associating more MUs increases th
available wireless capacity of SAP users, but the capacity
bottleneck is now the backhaul. Then, adding more MUs
In order to validate the assumptions made in the analytiaahly strengthens the bandwidth sharing effect. For Scenari
model concerning the movement of users and the traffic where LUs traffic is heavy, the average throughput also
generated by them, extensive simulations have been paecreases as increases, falling even bellow the minimum
formed deploying more realistic mobility and traffic pro§ile r,, = 1 Mbps. This figure clearly shows the importance of
A discrete event based simulation program implemented taking into consideration the backhaul state when defirtieg t
C has been developed to mimic the system dynamics. TihdUs association scheme.
is, by generating flows that arrive and terminate, random idl The evolution ofP,, the blocking probability of the flows
times at flow terminations and random movement patterns fgenerated by users associated to the SAP, as a function of
users. To model the residence time in the three regions marés shown in Fig. 7. Each curve corresponds to one of the

B. Validation of the analytical model
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Fig. 7. Blocking probability of the users associated to thd>%&s a function of the ratio\ /. for different values ofs.

of k for different backhaul scenarios.

three different backhaul load scenarios shown in Tablehe T SAP), whereas for high values of/ . the opposite situation

blocking probability is zero when no MUs are allowed toVill be observeq. _ _
connect to the SAP. As the minimum available bitrate at the AS observed in Fig. 8, the lower the ratly's, the higher
backhaul isC; = 6 Mbps, this guarantees that @l = 6 SUs the throughput, as less interference is produced by MUs at
will get the minimum rater,, = 1 Mbps when no MUs are the SAP. Clearly, in this scenario, associating more MUy onl
associated. As expected, in Scenatjiavhere the LUs traffic Strengthens the bandwidth sharing effect which decredmes t
is high, the blocking probability increases rapidly as Mutroughput. The opposite is also true, the higher the rgfjo,
are associated to the SAP. A|SO’ note in F|g 6, particulaﬁ e hlghel’ the number of interferers close to the SAP, which
in Scenario3, that Ef,] would be much lower if no flow decreases the available capacity. However, now assagiatin
admission control would be exercised. more MUs strengthens the interference reduction effecthwvhi

slightly increases the throughput.
In Fig. 9, Py,s, the probability that users associated to the

SAP are served with low QoS, is shown again as a function of

Let \ = Xy = A3 andpu = pu1 = pe. In Fig. 8, Epps] is the ratio\/u. For any curve withx > 0, the lower the ratio
shown as a function of the ratid/u. SinceA/u = \a/pu2 =  A/p, the lower probability of being served with low QoS, as
p21/pas, this ratio can be interpreted as the number of timdsss interference is suffered by the SAP. For a bof ratio,
that an MU in A, moves toA; (i.e., closer to the SAP) per the higher the value of, the higher the probability of being
each time an MU ind; moves toAs (i.e., closer to the BS). served with low QoS. This occurs because when interferers ar
Therefore, for low values ok/u, on average, more MUs will far away, associating more MUs only reinforces the bandwidt
be located inA3 (closer to the BS) than iml; (closer to the sharing effect with not much gain in interference reduction

D. Impact of MUs movement
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