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pico cell

Abstract—Recently heterogeneous base station structure has coverage area
been adopted in cellular systems to enhance system throughip
and coverage. In this paper, the uplink coverage probabiliy for
the heterogeneous cellular systems is analyzed and derived
closed-form. The randomness on the locations and number of
mobile users is taken into account in the analysis. Based oine macro
analytical results, the impacts of various system paramets on
the uplink performance are investigated in detail. The corectness
of the analytical results is also verified by simulation resiis.
These analytical results can thus serve as a guidance for $gm
design without the need of time consuming simulations.
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|. INTRODUCTION

. . . Fig. 1. A heterogenous cellular system with two
The ever increasing demands for high data rate and low tie%S of base Staiogs and range expgnsion.

outage probability have driven researchers around thedworl
to keep developing new technologies for wireless communi-

cations. Heterogeneous cellular system with various tdrs

base stations (BSs) is one of those new technologies prapoggnodes and has been adopted recently to analyze a number of

recently to increase coverage and system throughput [1].Wireless systems ir_[4]=[10], the uplink coverage probbil

practical heterogenous cellular system as shown in I:ig_|slderived in closed-form. The correctness of the analltica
involves two tiers of BSs: macro BSs and pico BSs Witﬁasults is verified by simulation results and the impacts of
the deployment of pico BSs, the system throughput in ho\fgrious sy;tem p_arametg_rs on the coverage probability are
spots and/or the coverage in black holes can be significartiycussed in detail. Specifically, the benefits of deployneén
improved. Usually pico BSs transmit at a lower power compapic© BSs and range expansion are theoretically justifiedby t
ing to macro BSs so that significant interference to the iexjst analytical results. This analytical result provides ancédfit

macro BSs is avoided. However, this low power transmissidffy © e\(aluate thg performance under _VariOl_JS settings and
of pico BSs limits mobile users from connecting to them. [HUS Provides a guidance for system design without the need

order to compensate this low power transmission, a powdrlime consuming simulations.
offset is generally adopted to favor the selection of pico The rest of this paper is organized as follows. System model

base stationg [2]. This scheme is called cell range expansify introduced in Section Il. The probability distributiors

Although the benefit of heterogeneous cellular systems wifie distances between a mobile user and its closest macro

range expansion has been justified by some simulations@? PicO BSs are analyzed in Section Ill. With the probapilit

theoretical analysis for such systems which can providediptributions of the distances, the uplink coverage prdinab

guidance to system design is still lacking. is then derived in closed-form in Section IV. In Section V,

In this paper, the uplink coverage probability for a heterdhe gnalytical resuIFs are verified by simulat.ion re_sultsl an
geneous cellular system with two tiers of BSs and range dR€ impacts of various system parameters including power
pansion is analyzed. Due to high mobility of mobile users arfifseét and intensity of pico BSs are discussed in detailaliin
random deployment of pico BSs, the locations and numbé&gnclusions are drawn in Section VI.
of pico BSs and mobile users are essentially random. Such
randomness is taken into account in the performance asalysi
This is significantly different from most of the analysis for A heterogeneous cellular system with two tiers of base
cellular systems which only consider fixed topology of BSstations, i.e., macro and pico base stations, is considetads
and mobile users[]3]. Based on the theory of stochaspeaper. Generally macro BSs are placed in a planned manner
geometry which is a powerful tool in modeling the randomnessd distributed deterministically. A widely used hexadona

Il. SYSTEM MODEL
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coverage area generally assumed that the signal can be successfully de-

of a macro tected/transmitted when the SINR is larger than a predesain
cell when there threshold, which is a system parameter depending on modu-
is no pico BS lation and coding schemes.

In the considered cellular system, each mobile can be
served by either a macro or a pico BS. In practice, BS
selection is performed based on the strength of the received
downlink reference signals from the base stations. In omler
avoid frequent handover due to temporary fading effect, the
downlink reference signal strength averaged over a ceitag
period is taken as a metric for BS selection. It means only
path loss effect will be taken into account in BS selection
and the user will connect to its closest base station if BSs

transmit at the same power. Denoting distances between a
3 h typical user and its closest macro and pico BSsrasand
macyo i pico BS user ro respectively, the typical user will connect to the closest
macro BS if Piry % > Pory @, otherwise it will connect to
Fig. 2. A hexagonal cell with two tiers of BSs the closest pico BS. In order to alleviate the load of macro

BSs and expand the range of pico BSs, a practical range
expansion method [2] is adopted here and the BS selection

. . is conducted based on an offset power criterion. Speciicall
i e oo oo o s e P Use il comnet (0 1 closet macto BS on
ir T > PArs~ %, whereA is the power offset, otherwise

2. The radius of the hexagonal cell is denoteddasnd the it will connect to its closest pico BS. Since the distances;of

transr_mssmn power of macro BSs 3. Or_‘ the other hand, andr, are key factors for BS selection and uplink performance
the pico BSs are usually employed to increase the system

: ! . nalysis, their distributions will be derived first in thexhe

throughput in hot-spots or to improve the coverage in bla ction
holes. The number of pico BSs is variable and their locations '
are also irregular. It is thus reasonable to model them as a
stationary Poisson point proce®$ with intensity of \,. The
pico BSs generally transmit at a low transmission power  As stated above, the macro BSs are located at the center
with P, < P;. Similarly, due to high mobility of mobile users,and vertexes of a regular hexagon as shown in Fig. 2. Due
the users are assumed to form another stationary Poissoh p@ the symmetry of the hexagon, only an equilateral triangle
processph” with intensity of\,. Without loss of generality, the with macro BSs located at its vertexes (as shown in Fig. 3) is
mobile users are assumed to transmit with the same powerr@guired to consider for the analysis of the distancbetween
Fo. a mobile user and its closest macro BS. Since mobile users

For an arbitrary transmitter locatedzatthe channel betweenform a stationary Poisson point process, they are uniformly
the transmitter and its destination locatedratonsiders both distributed in the considered area of the triangle. Theegfo
the small scale Rayleigh fading effect and path loss effédw. the distance; between a mobile user and its closest macro BS
channel power gain is then modeled /as.((|z — z[) where can not be larger thad/\/3 and the cumulative distribution
hs. captures the Rayleigh fading effect and is modeled as function (CDF) ofr; equals
exponential random variable with unit mean, whiler — z|)
denotes the path loss and is givenlyr — z|) = ||x — 2|~ Fi(r)=P(r <r)= i 2)
with path loss exponent of. Since the path loss exponent B S
is larger than 2 in most casels [14, > 2 is adopted here. where S is the area of the triangle OED in Fig. 3 antlis
The signal power received at the destination can then Bf area of the intersection of the triangle OED and the union
formulated ash,.P;/||z —z||*, i = 0,1,2. Consequently, of three circles centered at the vertices of OED with radius
the uplink signal-to-interference-and-noise ratio (S)N& a Clearly, the area of the triangle OED (i.&5) is \/§d2/4
mobile located at and its associated BS locatedzais given and the sectors OLQ, EKN and DPM will not intersect with

IIl. THE DISTANCES TO THE CLOSEST BASE STATIONS

by B each other when their radiuses are less téh It is easy to
SINR. — heoPollz — 2|~ (1) obtain the area of the union of the three sectors (i%9.as
S he, Pollr — 2|7 4 02 A =3 x T= whenr < d/2. It follows that in this case, the
z €29/{z} probability thatr; < r is given by
where Y hy., Po|lz — 2|~ ® represents the interference 3w g 2
s€80/(z) _ _ . Pim<n =" =2(L)r<d2 @
from other mobile users and? is the noise power. It is V3 g2 V3\d
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probability is the complementary of the outage probabibity
a mobile user and has been widely adopted as a performance
metric for system evaluationl[4].][6],[12]. Since each niebi
user could access to either its closest macro BS or to itesios
pico BS, the uplink coverage probabiliB,. can be written as
the sum of two probabilities: the probabiliy,, .. that the
user connects to its closest macro BS and conducts a sugicessf
transmission and the probabilii,,,. that a user connects to

D its closest pico BS and conducts a successful transmission,
namely

Fig. 3. Distribution analysis of. P,—P,.. + Ppsuc- (9)
Here a successful transmission means the signal can be suc-
Whend/2 < r < d/\/ﬁ, the derivation of the intersectingcessfully decoded by the receiver, i.e., the correspon8iNgR
area of A is a little bit more complicated. Considering thds larger than a predefined threshold. In the following, the t
overlapping area3 of the three sectors OLQ, EKN and DPMprobabilitiesP ;... andP ... will be derived individually.
as the gray area shown in Fig. 3, after some tedious geometriéccording to the definitionP,,,s,. can be formulated as

calculations, we have the overlapping area as 1
PQA «
d d 42 Pmsuc = ET1,T‘2 1 ro > 2 1 1 (71 > Tl) )
B =3x [r?arccos — — —/r2 — — | . 4) !
2r 2 4 (10)
It follows that whend/2 < r < d/+/3, the area of the union where T3 is the threshold above which macro BSs could
of the three sectors (i.e4) is given by decode successfully, and is the received SINR at the user’s

closest macro BS and equals

d d | d?
A=nmr /2 3 x <r arccos 7~ 3 r 1 ) () = hiPol(r1) (11)

I +N ’

Therefore, the probability of; < r whend/2 < r < d/v3 whereN is the additive noise poweh, denotes the exponen-
can be expressed as tially distributed channel power gain between the user &d i

2 2 2 d closest macro BS, anfi represents the received interference

P(ri<r)= il (Z) - 4\/§(C) arccos — as
V3 I 2" I > he Pl ) (12)
/122_3d2 1= zz; L 00 (| T — Z4))-
+ + (6) 2; €20/ {2}

Finally, the CDF ofr; can be written ad17) as shown on thé" (12), = represents the location of the typical ust,/{z} is
top of next page. the set formed by the points @ exceptz, andz denotes the

With respect to the distance of between a mobile userlocation of the closest macro BS concerned. Since the event
and its closest pico BS, the probability that< r equals the r, > Q)P;_IA “r1 is independent with the event > T3, the

probability that there are no pico BSs in the circle centerggtobability corresponding to the closest macro BS1d (10) ca
at the user with radius. The CDF ofry can be derived as be rewritten as

follows PAN
2 (o3
Fy(r) =P (ry < 1) = 1-P{®*(B(2,7)) = 0} = 1—e 27" Prmsuc = Er, [P (rz 2 (71) mlm) P (y1 = Tifry)
(8) (13)
wherez is the location of the mobile useR(z,r) is a circle  Based on[{A1)P (v, > Ti|r1) can be reformulated as
centered at with a radius ofr and ®?(B(z,r)) denotes the N

number of pico BSs inB(z,r). P (1 > Tarm) = P (h1 > Ty (I + N) |7,1)
In the following section, these distributions will be used t Pyl (r1)

analyze the uplink performance of the considered heteroge- B | T};Ill(jlz;m (14)
nous cellular systems with macro and pico BSs. - h
IV. UPLINK PERFORMANCE ANALYSIS Since cellular networks are generally interference dotetha

In this section, the coverage probability of the considerd® additive noiseN can be neglected. Based dnl(12) and
uplink heterogeneous cellular system, which is defined as th!VNyak Theorem regarding to the interference! [12], we can
probability that a mobile user can successfully commugica¥€t r2s 2,
with its associated BS, is analyzed. In fact, this coverage Py > Thlr1) = e asmEn/@ 11T (15)
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Fi(r) = 7l
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Meanwhile, we have

1
PyAN @ o
P Z( = > r1lry :/
Pl (PzA/Pl)l/o‘Tl

2
PoA\ & 2
e ()7

dFQ (7’2)

= ; (16)
Putting [I5%) and[(16) intd (13), we have
d
Vs 272xg PoA\ 2 2
— —==_20___T oc T 2 > )y
Pmsuc — /6 (a51n(27r/a) e 2( ) ) ldFl(Tl)a
0
(17)

Using integration by parts and with the CDFafin (@), (I17)
can be derived as

V3d?
d
ﬁ2K
—/—1/12T%—3d27’167K’r1d7’1
d
0
<
3
8V3K d
+/ V3 1% arccos —e_KT%drl, (18)
d2 27‘1
0
where K equals
2
271'2)\0 PQA o
S R A 19
asin (27/a) t 2< P > (19)

5’

0<r< %
r\2 d V12r2—3d2 d d (7)
(4\/_(3) arccos 5- — ﬁ) 5<r< Vel
L(c+1,2) = cl(c,z) +a%® and T (3,22) = 7 —

V7 (1-2Q (V2z)), whereQ(.) is the @ function, the third
term can be further given as

2K
7\/127’% — 3d2T187KT%dT1 =

(1-2@( %dz))—e K (22)

Substituting [[2D) and [{22) into[{ll8) and after tedious
computation, we finally can get the probability cor-
responding to the closest macro B%,,.u., as [2B)

as shown on the top of next page, wheig
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Similarly, the probability that a user connects to its chise
pico BS and conducts a successful transmission is given by

PAN®
Ppsuc = Er1,r2 [1 <r2 < ( ; ) Tl) 1 (’72 Z TZ)
1
(24)

where Ty is the threshold above which the pico BS can
successfully decode the user’s signal, andis the received
SINR at the user’s closest pico BS and defined as

_ thol(Tg)
Ihb+ N

In (29), h2 denotes the channel power gain between the user
and its closest pico BS, anf] is the interference seen at the

(25)

Based on 2.322 iri [13], the second term in the right hand Slgﬁ:o BS and defined as

of (I8) can be rewritten as
d
v 4K 2
T K’I" Y
6 tdrj=———
J V3P " U VBRK

2

(1 — eiKé) — ﬁ
(20)

Similarly, with 3.382 in [13], the third term in the right hdn
side of [I8) can be derived as

oK e
7\/127‘%-36#7‘16 Krigpy =
Kd?
5 (0 (20)-r(355)). @
2 2" 12

d2
e K5,

gk

12
Kd

l\’)

whereT (.,.) is the upper incomplete gamma function de-
= [e t*"'dt. With the properties that

fined asT'(c,x)

Iy =

>

2;€29/{z}

hmzipol (|.I'—Zi|), (26)

wherez represents the location of the typical user &g {z}

is the set formed by the points & exceptz, while = denotes
the location of the closest pico BS. Under the interference
dominated cellular system and based on Slivnyak Theorem
[12], we can get

P(y2 2 Talrs) =€ ~ e T w3, (27)

With (21), the probabilityP,.,. can be written as

@ PZA

_d_
V3 Pl

psuc /
0

(™

27r>\

e SR TR "3 dF, (r2)dF (r1).

(28)
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Based on [[7) and [18), and following a similar S,MULATTA,‘?L]E,;TT'NGS
derivation as that for Pmsu_c, the  probability %~ 306 X 10=3
Ppsue can eventually be derived a32:[29), where Mo 766 X 107
4 PyA %( 27 AgTo @ ) 2 T 1
V3 - 2] )xykﬁ T
P’¢ = [ r}arccos ;e (%) ) L !
1 " d 50 /v/3
2
Putting [23) and[{29) intd{9), the coverage probability can P /Py 100

then be directly obtained.

V. NUMERICAL RESULTS AND DISCUSSION

In this section, computer simulations are conducted tdericoverage probability, the power offset is suggested to e se
the correctness of the analytical results and investigate €qual to the ratio between the transmission powers of macro
performance of the two-tiers heterogenous cellular syste@ind pico BSs. This is not surprised since under this setting,
Simulation parameters are set as shown in Table . the pico BSs deployed for coverage improvement can serve

Fig. 4 shows the coverage probability versus the pow#te mobile users with equal probability as the macro BS.
offset A. It is clear that the analytical results match well with The effect of the intensity of pico BSs on the coverage
the simulation results, demonstrating the correctnesshef tprobability is next investigated and the results are shawn i
analytical results. Furthermore, the coverage probgbifit Fig. 5. Here the x axis in the figure denotes the intensity of
creases with the power offset and achieves its maximum whgigto BSs normalized by, shown in Table I. It is shown that
the power offset equals t&; /P, i.e., 20dB. The coverage the uplink coverage probability increases with the intgnef
probability drops slightly when the power offset is largleaih  pico BSs as expected. This result demonstrates the benefit of
20dB. It means that in order to achieve the maximum uplingico deployment for the cellular coverage improvement.
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Fig. 4. uplink coverage probability vs. power offset.

VI. CONCLUSIONS

(4

(5]

In this paper, an analytical approach to performance aisalys

for heterogenous cellular systems was proposed based on the
theory of stochastic geometry. The uplink coverage prdibabi

(6]

was derived in closed-form and its correctness was verifjed b
simulation results. From the analytical results, the intpad
both pico deployment and range expansion on the system’s
uplink performance were investigated. It has been fount tha
in order to achieve the maximum uplink coverage probability8]
the power offset should be set equal to the ratio between the
powers of macro and pico BSs. Meanwhile, the results have
theoretically justified the benefit of the deployment of picol®]
BSs.
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