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Analysis of the Decoupled Access for Downlink
and Uplink in Wireless Heterogeneous Networks

Katerina Smiljkovikj, Petar Popovski and Liljana Gavrigka

Abstract—Wireless cellular networks evolve towards a hetero- and DL is [5], where coverage probability and throughput are

geneous infrastructure, featuring multiple types of Base tions  analyzed for dynamic TDD networks enhanced with Device-
(BSs), such as Femto BSs (FBSs) and Macro BSs (MBSSs). Ao-Device (D2D) links.

wireless device observes multiple points (BSs) through wtt it . . L
can access the infrastructure and it may choose to receive ¢h This letter focuses on the analytical characterization of

downlink (DL) traffic from one BS and send uplink (UL) traffic ~ the decoupled access by using the framework of stochastic
through another BS. Such a situation is referred to agecoupled geometry [[6]. We use the same association criteria aslin [4].
DL/UL access. Using the framework of stochastic geometry, We perform a joint analysis of the DL and UL association,
we derive the association probability for DL/UL. In order to using the same realization of the random process that thescri

maximize the average received power, as the relative dengit ; . .
of FBSs initially increases, a large fraction of devices cluses spatial deployment of the BSs and devices. The analysis

decoupled access, i.e. receive from a MBS in DL and transmit IS performed for a two-tier cellular network, consisting of
through a FBS in UL. We analyze the impact that this type of Macro BSs (MBSs) and Femto BSs (FBSs). This is used to

association has on the average throughput in the system. obtain the central result of the paper, which is the set of
I ndex Terms_Heterogeneous networks’ decoup|ed down- aSSOCIatIOH pI’ObabI“tleS fOI’ dlfferent DL/UL Conﬂgums
link/uplink, average throughput. The analytical results are closely matching the simulation

and provide interesting insights about the decoupled adces
terms of e.g. fairness regarding the UL throughput. Conmigini
novel results from this letter with already available résul

In the quest for better wireless connectivity and highén the literature, we provide an analytical justificationtbe
data rates, the cellular network is becoming heterogeneopBenomenon of decoupled access compared to current DL-
featuring multiple types of Base Stations (BSs) with diéfer based association in heterogeneous networks.
cell size. Heterogeneity implies that the traditional tsigges The letter is organized as follows. Section Il describes
in cell planning, deployment and communication should B8e system model. In Section Ill, we derive the association
significantly revised[1]. Since the number of BSs becomé@sobabilities and the average throughput. Section IV gttes
comparable to the number of devicé$ [2] and the deployméntmerical results and Section V concludes the paper.
pattern of the BSs is rather irregular, there are multiples BS
from which a device can select one to associate with. Il. SYSTEM MODEL

The key issue in a wireless heterogeneous setting is the wayVe model a two-tier heterogeneous cellular network. The
in which a device selects an Access Point (AP). The authdegations of BSs are modeled with independent homogeneous
in [T] and [3] indicate that the AP selected for downlink (DL)Poisson Point Processes (PPPs). We®s¢o denote the set
termed Downlink AP (DLAP), is not necessarily the same axf points obtained through a PPP with intensiky, where
the Uplink AP (ULAP). The current cellular networks use @ = M for MBSs, v = F for FBSs andv = d for the
criterion applicable to the DL for association in both direcdevices. Similarly, we usé@, with v € {M, F,d} to denote
tions, i.e. a device selects the BS that offers maximal $ign#e transmission power of the nodeThe variables: y;, 2 €
to-Interference-plus-Noise Ratio (SINR) in the DL and theR? denote the two-dimensional coordinate of MBS and FBS,
uses the same BS for UL transmission. When DEAR.AP, respectively. The analysis is performed for a typical devic
we say that the device hasdacoupled access. There are two located at the origin, which is the spatial poirng = (0, 0).
main drivers for decoupled access: (1) the difference inaig By Slivnyak’s theorem[[7], the distribution of a point prase
power and interference in DL as compared to UL [1]; anth R? is unaffected by addition of a node at the origin. The
(2) the difference in congestion between BSs [3]. Decoupl@adwer received by a typical device in DL from a BS located at
DL/UL access has been considered[ih [4], where the authatse ®,, wherev € {F, M} is denoted by Sp. The power
devise separate criteria for selection of DLAP and ULAPRgceived by a BS from the typical device in UL is denoted by
respectively, and demonstrate the throughput benefitsibg usS, ;. These powers are given by:
real-world data from planning tools of a mobile operator- An - —a. . —a
other related work that considers different associationgli Sop = Poha, o5 Sou = Pahe, .| @

where||zy/|| and||zr| are distances from the points, €

K. Smiljkovikj and L. Gavrilovska are with the Ss Cyril and Medius Uni- ®,; andzp € ®p to the origin respectively and is the
versity in Skopje, Macedonia (e-mai{katerina, liljang @feit.ukim.edu.mk) ’ :

P. Popovski is with Aalborg University, Aalborg, Denmark-rieil: path |QSS_ eXponenta( > 2): hwu i$ inde_pendent equnen—
petarp@es.aau.dk) tially distributed random variable with unit mean, repireseg

. INTRODUCTION


http://arxiv.org/abs/1407.0536v2

IEEE WIRELESS COMMUNICATIONS LETTERS 2

Rayleigh fading at the point,. Each receiver in the system 1000 . e
has a constant noise power @f. %0 Region2
The DL SINR when the device is associatedv®S is: 800] .
— 700 2 a FBS
SINRUD = P’”hxv H‘T’U” “ , £ 69 . o ¥ ;
Y Pohay g™+ Y Puba il " +o? i o5
;€D \{zy} T, €Dy > 400 a % o
2 200 -

where v,u € {M,F} and v # wu. With the notion of
typical point located at the origin, UL SINR is calculated at
the location of ULAP. This involves calculation of distasce S - Bewe T
between the interfering devices and ULAP, which complisatie__.
the analysis because none of them is located at the origir'f\fJ
The problem is solved by using the translation-invariance . o . o
property of stationary point processes, by which the preees Otherwise, the device is associated to FBS. Ket= 22l
® = {2,} and®, = {x, +«} have the same distribution for 1 he distribution ofX, fq!lows from th_e null p_rob_ablllty qf
all z € R? [[7]. Thus, translation of the points for the samé”_3 PPP_[U]' the probability that thege IS no pointin the_carcl
value of z preserves the process properties. We use this Wh radiusz, i.e. Pr(X, > z) = e~""»*". The pdf of.X, is:
shift the points for the distance between the typical device fx, () = QﬁAvxe*le’Q,z >0 (7)
and ULAP such that the ULAP becomes located at the origi
The interfering devices are modeled by thinning the RRP
in order to take into account that only one device per BS acts .
an interferer, using the same resource as the typical df8lice 1), Casg L DLAP%ULAP:MBS The_probabmty th?t a
By thinning, we randomly select fraction of points from théjev'Ce will be associated to MBS both in DL and UL is:
original point process [7] with probability = % The Pr(X;* > EX};&;X&Q > X% (8)
thinned process is denoted &g, with density A\;, = pA4. Py
The presence of a device in a Voronoi cell of a BS forbids thssuming Pr < Py, it follows that Pr/Py < 1. There-
presence of other devices and introduces dependence amfong, the intersection of the events is the region defined by
the active devices. However, this dependence is weak, ¥g," > X, denoted as Region 1 on FIg. 1. The association
shown in [8], and it is justified to assume independent PR#Pobability of Case 1 is calculated as:

. 1: Association regiong{y;=46 dBm, Pr=20 dBm,a=4).

Ebr two-tier heterogeneous network, there are four passibl
%{meinations for choosing DLAP and ULAP:

for the active devices. The UL SINR aBS is defined as: Pr(Casel) = Pr(X;® > X7%) =
Pahy ”zv”_a o0 by
S|NR75]: z - :/ 1—-F Nd ,,:7]\4 9
ZI) Pihg, |lz4]|~* + o2 3) ; (1= Fxp (@m)) fxp (@ar)dan PP €)
€M The derivation of the remaining cases follows the same pro-
. A NALYSIS cedure and we thus only provide the final results.

2) Case 2: DLAP=MBS and ULAP=FBS. Case 2 defines

The analysis is divided into two mutually related parts . -
We first derive the association probabilities for DL/UL angeppupled access s.|nce DLARILAP. The association prob-
ability is defined as:

afterward use them to evaluate the average throughput. P
Pr(X;~ > P—FX;Q;X];;“ < X7%) (10)
A. Association Probability M
H Tofi B —a —a
In DL, the device is associated to the BS from which i‘{hidoma.ln that satisfies both eventsys X < X;" <
receives the highest average power. In UL it is associatéd-" and is denoted as Region 2 on Fig. 1. The association
to BS to which it transmits with the highest average powdprobability for Case 2 is equal to:

The average power is obtained by averaging over the received Pr(Case?) — Ap AR

signals given by[{1) with respect to the fading. This is fiesti r(Case2) = Ar 4+ A P\ 2/ (11)

as the fading-induced variations can lead to ping-pongtsfe Ap + (p_ﬁf) Am

in the association process. The average received signarpow 3) Case 3: DLAP=FBSand ULAP=MBS The association

in DL and UL are: probability for Case 3 should satisfy the following conalits:
IEh [SU,D] = Pv H‘TUH “ ;Eh [SU,U] = Pd ||'Tv|| “ (4) X]\}a < &X;a N X];[a > X;a (12)

ULAP will always be the closest BS at distange, ||, where Py

v € {M,F}. The DL case is more complicated siné is The intersection[{12) is an empty set and therefore the prob-
also variable. Let:) be the closest point to the origin fromability of DLAP=FBS and ULAP=MBS s Pr(Case3) = 0.
the setd,,, with v € {M, F'}. The device is associated to 4) Case 4: DLAP=ULAP=FBS: The probability for asso-
. . R P ciating to FBS in both DL and UL is defined as:
MBS in DL if Py ||2%,|| " > Pr||=%|| (5) Pus
. . —a —a —a 5 M y-a, —a —Q
MBS in UL if Py |25, " > Pa|=%]| 6) Pr(Xp® 2 5 X" Xp® 2 Xor) (13)
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Since Py;/Pr > 1, the intersection of the events ), > associated to FBS located af the interfering FBSs are at

%X&a, denoted as Region 4 on Figl 1. The associatian distance greater that and the interfering MBSs are at a

probability for Case 4 is equal to: distance greater tha(rPM/PF)l/”‘ x.
AR The average downlink throughput can be also calculated in
Pr(Cased) = o\ (14) " a more elegant way by using the following:
AF+ (P_IZ) Am Lemma 1. (Equivalent downlink model) A two-tier hetero-

geneous model is equivalent to a novel homogeneous model

with BSs deployed by PPR,, with intensity \y/p =
Ov+Ar) (P B+ e AMA%F). Then, the average

throughput in DL can be calculated as:

B. Average throughput

The average throughput for devices associatecB® with
v € {M, F} in mL direction usingnL association rules, with

m,n = D for DL andm,n = U for UL, is calculated as: N ) o N
L Rp (yin) = = log,(1 +’yth)/677th0' 2y
Romn(7tn) = 37—1085(1 + %n)Pevm(n) ~ (15) Nur / 1)

where ~,, is target SINR, P,,, is the probability that 2 Aprpwe” (ROt DT 2 gy

the instantaneous SINR i; greater _thwg and Nv,n_ is the where NMF _ )\d/XMF_

average number of associated devicesv®&% and is equal

to Ny, = Madun/A, With A, , being the association Proof: The DL signal power at the typical point can be
probability for vBS usingnL association rules. Using therepresented as; S= Zh |lzyr| ™ * = hHZ_%wMF‘ -
association probabilities derived in Sectibn 1I-A, ,, is

expressed as:

hlymr| ™, where Z is a discrete random variable with two
possible valuesPy; and Pr, with probabilitiesPr(Py,) =

Ay,p = Pr(Casel)+ Pr(Case2) A/ (Aar + Ar) andPr(Pr) = Ar/(Aar + Ar), respectively.
Arpp = Pr(Case3)+ Pr(Cased) The pointszp are from a PPRp,, with dens_ityAMF =
Ay = Pr(Casel)+ Pr(Case3) AM+Ar. By eqmyalence 'ghNeorerE[lLO], the s2pat|a| pointsr

' form new PPP with densityy r = Ay rE [2%/]. ]
Apy = Pr(Case2)+ Pr(Cased) (16)

The average throughput in UL without decoupled access is
In order to calculate the average throughput in a two-tiealculated using DL association rules given by (5):
network, we first need to calculate the distribution of the
) ' : . -~ R =Ry A R A 22
distance to the serving BS, which depends on the association v (in) w00 (i) Ao + Rev.p (i) Ak (22)
process. For DL association rules, given By (5), the pdf ef thvhere Ry,u,p(v:n) and Rey,p(v:,) are evaluated as:
distance to the serving BS is derived in [9] and is given by: oo

1 _unote®
2Ty — Py 2/ 2 R, = ——log,(1 P
b = 2 (e g Reslw) = tos () [
v,D 0

For UL association rules, given bifl(6), the pdf of the distanc emmManl@rm) et pe ydr (23)
to the serving BS is given by: It can be observed that the distribution to the serving BS and

fxoo(@) = 27y re— AotAu)me? (18) the association probabilities are from DL associationgule

o v,U The average throughput in UL with decoupled access is:

The average throughput in the DL is calculated as: Rllij(%h) _ R‘ziu,U,U(%h)AM.,U 4 RdF,(J,(}(%h)AF.,U (24)

Ro(in) = Rar.o.0(vin) Art.o + Rep,p (n)Arp (19) o R,v.u(nn) and Rhy s (vi,) are evaluated as:
where Ry, p,p(vn) and Rep p(vu) are expressed by the s
general formula given by (15). Using the approach derived in _,
[9], we derive the final expression for the average throughpu = vV

Y o2

1 _
(ven) = N—U|Og2(1 +%h)/€ fa X

in DL on vBS: o 0) )
1 27\, e” MMM fy p(z)dr (25)
Ru.p.p(ven) = N—|092(1 Jr%h)A T X _ _ N .
v,D v,D Remark 1 (Equivalent uplink model)A two-tier HetNet
i e (o a (B2 r(@ryen))ra? model with homogeneous devices is represented by an equiv-
/6 7 o (ot hu(7)7) Ottenine? g (20)  alent homogeneous model with BSs deployed by PPP & /5
0 with intensity Ay = Ay + Ap. Thisis a consequence of the

00 . UL association rule, which is based on path-loss only. Then,
where (e, vin) = 7" [ 1r=zdu. The key point in the average throughput in UL can be elegantly calculated as:

—2/a

o0

the evaluation is the fo“gwing observation: if the deviee i ~d 1 _2note®

associated to MBS located at the interfering MBSs are Ry = e |Og2(1+7th)/e e x

at a distance greater than and the interfering FBSs are 0

at a distance greater thaPr/Py)"/ z; if the device is oAy pare~ AMEFAIGE(en,))ma® g, (26)
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Fig. 2: Joint association probabilities for Cases 17,646 Fig. 3: UL throughput gain analysis, compared with an ac-
dBm; Pr=20 dBm;a=4). curate simulation of devices (acc. sim.) and approximation

by independent active devices (approx. sinP),£46dBm;
The throughput gain for Case i € {1,2,3,4}, is defined Pr=20dBm;P;=20dBm;a=4; Ap=10Axs; 0°=10""%).
as the ratio between the throughput achieved with and withou

decoupling and is denoted aéCasei). The average through- V. CONCLUSION
4 . . . . . .
put gain is calculated ag — 3" Pr(Casei)(Casei). This letter conS|d_ers the pro_blem of device association in
= a heterogeneous wireless environment. The analysis is done
using models based on stochastic geometry. The main result
IV. NUMERICAL RESULTS is that, as the density of the Femto BSs (FBSs) increases

caompared to the density of the Macro BSs (MBSs), a large

to the percentage of devices that will be associated with tErlgction of devices chooses to receive from a MBS in the
ownlink (DL) and transmit to a FBS in the uplink (UL).

pgrt|cular case. Figl2 shows the_ as_souatlon_ probalsﬂft]_)e This is the concept oflecoupled access and challenges the
different densities of FBSs and it gives an important infor- : ; 2
. ) . common approach in which both DL and UL transmission are
mation about DL/UL decoupling. The percentage of devices . : i
associated to the same BS. It is shown that the decoupling
that choose decoupled access of Case 2 (DL through MBS a . .
. . . . . of DL and UL can be used as a tool to improve the fairness
UL through FBS) increases rapidly by increasing the dersity .
. X . -.in the UL throughput. Part of our future work refers to the
FBSs. As the density of FBSs increases further, the prababil : o . :
architecture for decoupled access, which includes siggali
for decoupled access starts to decrease slowly at the &xpénsan d radio access protocols
increased probability for Case 4. There is a region of irstere P '
for A with a high percentage 60% of devices for which the
decoupled access is optimal. As /Ay, — oo, the probability

of decoupled access will go to zero. [1] J. G. Andrews , “Seven Ways that HetNets are a Cellulaadigm Shift,”

; ; ; ; IEEE Comm. Mag., Mar. 2013
FIg.B shows the throughput gain for the devices assomat[gfj F. Boccardi, R.\?Vg. Heath, A. Lozano, T.L. Marzetta and &p&vski, “Five

to (M/F)BSs and the average gain. There is a difference pisruptive Technology Directions for 5GIEEE Comm. Mag,, Feb. 2014
between, on one side, the accurate simulation of the devid:iésCh(ijh-Li?tl. C. Rowell, S. Han, Z. Xu, G. Li and Z. Ean, “Tovas Green

: ; ; ; : and Soft: A 5G perspective[EEE Comm. Mag., Feb. 2014
WIth PPP (I)d’_ and, on the other side, its _approx_lmatlon b 4] H. Elshaer, F.Boccardi, M. Dohler and R. Irmer, “Dowriand Uplink
simulation of independent PRP, for the active devices only. Decoupling: a Disruptive Architectural Design for 5G Neth&” Avail-
While the UL coverage probability with DL/UL decoupling is | able: http://arxi\llaorg/absll;]l05-1852 § )

; ; : _ H. Sun, M. Wildemeersch, M. Sheng and T. Q. S. Quek, “D2D En
strlcFIy superlor, the Conges“on, of the BSs affects t,heu,t_’h hanced Heterogeneous Cellular Networks with Dynamic TD&vail-
put in a different manner. Basically, FBSs have signifigantl  aple:[hitp:/7arxiv.org/pdf1406.2752v1.pdf
small DL coverage and therefore associate very small numi@rH. (leIISaWy, E-I Hossair:j, and M. lf*aenlggi, “Sto%hastic Geinylrlmior

: : : Modeling, Analysis, and Design of Multi-Tier and Cognitiveellular
of devices compar_e(_j to MBSs, but each device gets hlgher Wireless Networks: A Survey,fTEEE Comm. Surveys & Tutorials, Vol.
throughput. It is visible that fory,=2 dB the throughput 15, No. 3, 2013
achieved on MBSs is 40 times higher with decoupling, whilg] S. N. Chiu, D. Stoyan, W. S. Kendall and J. MecEBnchastic Geometry

; ; ; : and Its Applications, 3rd ed. John Wiley and Sons, 2013
the throughput achieved on FBSs is 5 times lower wi ] T.D. Novlan, H.S. Dhillon and J.G. Andrews, “Analyticahodeling of

decoupling. The average throughput gain is always posiltive "~ yplink cellular networks,1EEE Trans. on Wreless Comm., Vol.12, No.6
can be concluded that by DL/UL decoupling the devices witBl H.-S Jo, Y. J. Sang, P. Xia and J. G. Andrews, “Heterogesetellular
low SINR (located in Regions 1 and 2) achieve significant Qﬁgﬁfﬁég& fT'f;']bs'eorf?,'\" fggtgggchgﬂplrif‘?\l”;"’leoidggzs”\”?
improvement, at the expense of marginal decrease in the Wb] B. Baszczyszyn and H. P. Keeler, “Equivalence and cafspa of
throughput of the devices in Region 4. This suggests that heterogeneous cellular networkS/DN Workshop on Cooperative and
decoupled access can be used as a tool towards achieving'®ogenecus Cellular Networks, 2013

fairness among the accessing devices.

The association probabilities for each of the cases arel eq
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