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Abstract—Reducing power transmission is of primary im-
portance in future green cellular networks. First of all, the
induced reduction of the interference encourages the depyonent
of opportunistic radios in the same spectrum. Then, it diretly
implies a reduction of the energy consumption. At last, eledc
field radiations reduction mitigates the potential risks onhealth.
From a technical point of view, power control is however likdy
to degrade network performance. In this paper, we evaluatette
impact of power reduction on the coverage and the capacity of
cellular networks. We establish closed form formulas of ouge
probability by taking into account shadowing, thermal noise and
base stations (BS) transmitting power impacts. We quantifythe
transmitting power needed for different kinds of environments
(urban, rural) and frequencies and we show that the transmiting
power can be optimized according to networks characteristis
without decreasing the quality of service. We show at last tht
increasing the BS density results in a reduction of the globa
power density in the network.
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ratio of total other-cell received power to the total inceit
received power.

Working on the uplink,[[12] derived the distribution funati
of a ratio of path-losses, which is essential for the evanat
of external interference. For that, authors approximage th
hexagonal cell with a disk of same area. On the downlink,
[1] [2] aimed at computing an average OCIF over the cell by
numerical integration in hexagonal networks. [nl[11], othe
cell interference is given as a function of the distance ® th
base station (BS) thanks to Monte-Carlo simulations. Chan
and Hanly [10] precisely approximate the distribution oé th
other-cell interference. They however provide formulaatth
are difficult to handle in practice. Referencée [7] computes
the outage probability in presence of multiple log-normal
interferers, but assumes that all interference signale tias
same statistics and mobile location influence is not studied

Coverage studies in cellular networks, especially when
frequency reuse is one, often neglect the impact of noisis. Th

An important challenge of future wireless networks cosssisfs the case in[[10],[{11],[17]. In[]3] also, outage probalilit

in decreasing the base station (BS) transmitting powers wialculation does not consider thermal noise. This is a rea-
a limited impact on the quality of service. This limitationsonable assumption for typical output powers and in urban
allows indeed to decrease (1) the amount of interferencedhvironments. It is however questionable at high frequesci
the considered spectrum; (2) the energy consumption withrural environments or when BS output power is decreased.
aim of preserving the environment and reducing the cost of|n this paper, we give a new perspective on the influence
the network; and (3) the electromagnetic pollution in ortter of BS transmission power and thermal noise in different
mitigate potential risks on human health. For these reasoggvironments and for different frequencies. We derive edos
power control appears to be the main featurgmefen cellular  form formulas for the outage probability with and without
networks shadowing and we analyze the effect of decreasing BS power
However, a BS transmitting power limitation may have an coverage and capacity. We use the expressions of the OCIF
negative impact on the network performance and quality @fithout shadowing established inl [8] and with shadowing es-
service. Both interference and useful signal strength eddetablished in[[14] to calculate analytically the outage faioitity
decrease. In this paper, we propose an analytical approaclyy using a Gaussian approximation.
quantify at a click speed the impact of transmitting power on In the next section, we first introduce the model and
capacity and coverage. the notations. In sectiop]ll, we establish outage proligbil
The estimation of cellular networks capacity and coveragermulas. In sections_ IV andlV, we analyze the interference
mainly depends on the characterization of interferencéhigr factor and the thermal noise contribution. In secfiah VI, we
paper, we focus on the downlink, but the proposed framewaqgpkopose an application to green networks and show that it
can easily be extended to the uplink. An important parameierpossible to decrease the transmitting power of a wireless
for estimating interference is the other-cell interferefactor network with a limited impact on the quality of service.
f (OCIF). The precise knowledge of the OCIF allows the
derivation of outage probabilities and Signal to Interfere
plus Noise Ratio (SINR) distributions, needed for coverageWe consider a cellular radio system and we focus on the
and capacity evaluations. In this paper, we define OCIF as tth@vnlink. BS have omni-directional antennas, so that a BS

II. INTERFERENCE MODEL AND NOTATIONS



covers a single cell. If a mobile is attached to a statiobh and the transmitted power for M& P, , = S./gb u.
(or serving BS), we writéh = (u).

*

The foIIpwmg power guantmes are conS|der-ed: Py = - Vu (P + fuPy + Nun/gb)- (4)
e P, is the transmitted power from statiolh towards +ay,
mobile u (for user’s traffic), . .
« Py, = Puy + 5P, is the total power transmitted by From this .relat|on, the output power of BSan be computed
. ' as follows:
stationb,
e P.., represents the amount of power used to support Py = Peen +ZPb,uv
broadcast and common control channels, u

e gp. designates the path-gain between staticand mo- .
gt, g patn-g and so, according to Hd.4,

bile u,
e Dy, IS the power received at mobitefrom stationb, we N
can writepy , = Py gb u» _ Pech + 22 TTav; gbt,z (5)
o Sb.u = Py gbu is the useful power received at mobile b -3, 1:;1 (o + fu).
from stationb (for traffic data); since we do not consider T
soft handover, we can writé}, ., = Sy (u),u = Su- Note that this equation is valid for multiple SINR targetsian

We consider a reuse 1 radio system such as OFDMA thwus for multi-service networks sincg; is specific to uset.
CDMA. The total amount of power experienced by a mobilh the rest of this paper, we will however consider a single
stationu in a cellular system can be split up into several termservice ¢, = v* Vu) and an homogeneous network; (=
useful signal §,,), interference and noiseéViy,). It is common P, V5).
to split the system power into two terms; = Iint oy, + Lewt us In the following sections, we will consider two channel
where I, ., is theinternal (or own-cell) received power and models. Without shadowingy, ., = KT;Z. With shadowing,
Ieqt ., IS the external (or other-cell) interference. Notice thatgb_’u - KT;,ZAb’ where4, = 10-¢/10 is a lognormal random

we made the choice of including the useful sigfalin 7;,.;,., variable (RV) with logarithm mean and standard deviation

and, as a consequence, it has to be distinguished from th@B ando (dB) respectively ands is constant which depends
commonly considered own-cell interference. on the frequency.

With the above notations, we define the interference factorngise power can be expressed As, = NoW, where

the total power received from the serving BRu): f, = pandwidth.

lextu/Tint.u- The quantities, Ieot,u, andlin; ., are location nqey p) will be sometimes dropped when no confusion is
dependent gnd can thus be defined in any locati@s long possible, so that
as the serving BS is known.

In downlink, a coefficienty, may be introduced to account
for the lack of perfect orthogonality in the own cell. In a I1l. OUTAGE PROBABILITIES

CDMA system0 < « < 1, and in an OFDMA system = 0. . .
Y “ y For a given number of MS per celh, outage probability,

In this paper, we use the signal to interference plus noisg,,". . ! . .
ratio (SINR) as the criteria of radio quality:’ is the SINR P, is the proportion of configurations, for which the needed

target for the service requested by MS or required to BS oytput power exceeds the maximum output powgr>
obtain a minimum throughput in case of elastic traffic. Thi§mas'
figure is a priori different from the SINR evaluated at mobile 1
station ». However, we assume perfect power control, so p™ = pr qu"’hu > -9 —nal, (6)
SINR, = ~: for all users. With the introduced notations, o B
the SINR experimented by can thus be derivated (see e.g.
[4J) where Y = Pcch/Pmaaca 5 = ’7*/(1 + cw*) and hy =
o Su 1 #f*’%u The first term of the left hand side of the inequality
Y a(Lingw — Su) + Textw + Nin represents the impact of the interferences due to the otiser b
Wgtations of the system. The second term represents the impac
of the thermal noise and BS output power. We derigtehe
following term:

uw — Tbu-

u=0

In case of OFDMA, this equation is valid per sub-carrier.
can now express$, as:

,7*
u = —— Iin u Iez u Izn u N, Iin u)- 2 Tu = Ju hu 7
T+ oy Lint: (a+ Lewtu/Lintu + Nen/Lint.u). (2) fu+ @)
Using relationd;,,¢ » = Pogp.. and fu, = Izt w/Iine.w We can In order to compute the outage probability, we rely on the
write Central Limit theorem and use the Gaussian approximation.
= >4 Pigju 3) We have thus to compute the mean and standard deviation of
“ Ty

Pygb,u



A. Without shadowing A. Without shadowing

Let first assume that there is no shadowing. et and 1). Interference fgctor at distance,: Forgetting in this
or be the mean and standard deviationZof The outage Section the shadowing impact, Eg. 3 can be written:

probability can be approximated by: —
o = Tt i (14)
(n) 5% — npr —na ’ T
Pt =@ : (8) . . ) ) .
Vnor For a mobile at the distancg, from its serving base station,
) ) ) ) ] the interference factor can be written As[8] [13]:
Knowing mobile location-,,, the interference factor is here a
deterministic function. However, mobile locations arecam. fo= 2mppst” (2R, — )20, (15)
Hence, variablel’, is random and depends on the locations n—2

of the n mobiles in the cell. Without shadowing, we denot

w = r.) the interference factor an#l, = ho(r,) the i
tj;ermajlcof(emt)or. o(ru) tance between two neighbour BS. We hde— Rc\/2\/§/7r.

2) Integration over the cell arealn order to compute: ¢,
andoy,, we integratef, on a disk of radiusk.. As MS are
uniformly distributed over the disk of radiug., the PDF of

therel/pBS = 7R? represents the cell area apft,. the dis-

Without shadowing, we have thus:

BT = ffy + Hhg ) ris: py(r) = 20
o7 = 0}, +0p, +2E[foho] = 2ufophe,  (10) P e
2 : 2
where py, and oy, are respectively the spatial mean and Hfo = lB;/ r"(?Rc—r)Q*”R—Zdr
standard deviation ofy, un, and oy, the spatial mean and Z; 0 ) 0 e
standard deviation ok, and the expectation is taken on the _ 2T'mppskc <&) X
uniform distribution of mobiles over the cell area. n* —4 R,
2F1(77_2777+2777+37R€/2RC)3 (16)
B. Shadowing impact where »Fy (a,b,c, z) is the hypergeometric function, whose
Let us now consider the shadowing impact. For each IBtegral form is given by:
cation r,, f, is a random variable because of shadowing. T'(c) Lgb=1(1 — f)e=b-1
Mobiles are still assumed to be randomly located in the cell. 2Fi(a,b, ¢, z) = NOINCED) / 1= t2) dt,
Hence, variabld’, is random and depends both on shadowing 0
and on mobile location. Using the Gaussian approximatimn, tandI" is the gamma function.
outage probability is expressed as: In the same way, the variance ¢f is given by:
2 _ 2 2
P(n) Q 1—T§0 - NMT — no (11) UfU - E4[f20} - 'LLfo - o (17)
ou = ? 2 —n 2 e
t NG E[f2] = @rppsfe) (i) x
m+1)(n—-2)* \Re
where Mt arjd_ST are respectively .the spatial mean and o F1 (20 — 4,20+ 2,20 + 3, Re ).
standard deviation of the random variafilg. 2R,
With shadowing, we have: B. Shadowing impact
My = M+ My, (12) 1) Random variable z_;lt distance,: Let us now assume
2 _ 6. G2 om[fh oM+ M. 13 the presence of shadowing. Recall that the interferenderfac
St = Sj+ Sy + 2E[fuhu] = 2M; My, (13) s defined asfu = Ilewtu/Iintu. On one hand/fe,:. =

B .
where My, S¢, M; and S, are the spatial mean and stan—zﬂ'#b P95, is @ sum of lognormal RV. Such a sum can be

dard deviation respectively of random variablgs and h,,. lazlpproxw\r;vz_altsd by a[llrjotherr:ognormal distribution [3] using t
The expectation is taken both on shadowing variations angnton- flkinson([5] method. .
On the other handl;,+ ., = Pygp., is @ lognormal RV. As a

mobile location. In the next section, we now characterize th_ . ;
: ) ratio of two lognormal RV, the interference factfy can thus
interference factor more precisely.

be approximated by a lognormal RV with parameters and
sf. In(f,) is thus a normal RV expressed amy,a*s?),
IV. INTERFERENCE FACTOR ANALYSIS wherea = In(10)/10.

. . We introduced in[[14
In this section, we compute the mean and standard de- [14]

viations of f, without shadowing /s, and o;,) and with _ folra,2n)
. L(rua 77) - 2
shadowing {/; and Sy). fo(ra,n)



and According to Eq[ID and ag, and iy are not independent,
we need to compute:

Nl=

Trn0) = (L)@ — 1) +1) 7 N
Elfohal — B o ()" 26
and showed that [foho Praa K Folru)r] (26)
2N mpBs 9 9
mf = hl(fo(’l’u,n)J(Tu, 0’)), (18) = PmaacK(T] _ 2)E [Tun(ch - Tu) 77} )
a’s; = 2(a’c® —InJ(r,0)), 19
with
when received powers are uncorrelated. We also showed that R
N — 2n _ )27
Mo = (fo(rn)d (s, (20) Blporurl) = [ 2R~ )
2.2 _ 2 2 2 2
Jreorr 9 T ’ is integral can be expressed with a formula involving the
a“sy 2(a“c; —InJ(r,04)) + 2ta“c*, (21) Th | b d with a f | | h

when received power are correlated with a correlation coefflypergeometric function but it is not given here for the sake
cientt and acorrelated variancer? = o*(1 — t). of simplicity.

2) Integration over the cell areaWe now integrate the RV
f. over the cell area assuming a uniform distribution of thB. Shadowing impact

mobiles. The mear[f,] of the interference factor can be 1nq thermal noise factor is noi, = ho/Ap = hol0—/10,

written: At a distancer, from the serving BS, this is thus a lognormal

Re RV. Assuming uniform random mobile locations, we have:
My = [ Bl
0
= J(r,o)e® °r’'“—dr. 22
0 fO(T) (T‘ U)e Rg r (22) _ Mhoea202/25 (27)
In the same way, from Ed. 119, the variancefafis given and
by:
2 2 —2¢,/10] _ ar2
$? = E[f2]-E[f=E[f] - M} (23) sto= BREE [0/ ] - g}
_ 2 2\ 2a%0% 32
Bl = [Elnen = (Oho F b )T = My (28)
R. 20 2 According to Eq[IB and keeping in mind thAt and A,
= / (fo(r)J(r,0))*e* % gz dr. are not independent RV, we still need to comphfg, h.,:
0 e
B _
hoo— Nun 2z Ajri 29
V. NOISE AND POWER ANALYSIS ful = Pronk A2 21 (29)
mazx b b

Recalling Eq[T, the interference factor term has been fully ) )
characterized in the previous section. We now turn to th¥ith similar arguments as in sectin [V-B, we see tlfigh.,

thermal noise contributiort,,. can be approximated, at a given distamge by a lognormal
RV. Using the Fenton-Wilkinson method as in [14], we show
A. Without shadowing that the average value ¢f, h, at distance-, is given by:
In this simple caséeh, = hy = —2X:— is a deterministic N,
u Prran K1 " _ th 3a%02/2
function at a given distaneg,. We thus simply need to average Efuhulra] = P K forge 2. (30)
this value over the cell area in order to take into accountifaob
random locations. We are now able to integrate this equation over the cell area:
. Nth E[TW] R.
ph = Bl Blfuh) = [ Elfublrlp (r)dr (31)
2Ny RY 0 2,2
= — € 24 3a“0°/2
PmamK(T] =+ 2) ( ) _ 47TPBSNth€ > (32)

Praz KR2(n—2)
In the same way: R.
) / r? (2R, — r)* dr. (33)
oo = (o) B2 ’
Prnas KK Again, the last integral can be explicitly expressed with th
R?1 Nu \? (25) hypergeometric function but the expression is not detdike
n+1\PrwK ) for a reason of room.




VI. APPLICATIONS . s e

We present in this section applications of our analysis. We o
first show the influence of the BS output power on capacity
on one hand, on coverage on the other hand. Then, for a
typical output power, we give the inter-BS distance fromabhi
thermal noise is not negligible anymore. At last, we show
that BS densification reduces the global power density in the
network.

We consider urban and rural environments (see [Tab.|l [15]) i § :
and two frequency band940 MHz and2 GHz). We assume s ull B O 17 [ O

MS density p MS [MS/Km?]

voice service in a CDMA networky(t = —19 dB) and the g pover P e e e pover P e

following parametersiW =5 MHz, a« = 0.6, ¢ = 0.2, Ny =

174 dBM/Hz.+ = 0.5 n=3.41 Figure 1. Influence of the output power on capacity.
Table |

Urban (R =1Km) Rural (R =5Km)

PROPAGATION PARAMETERS " .

K (2 GHz) | K (920 MHz) | o (@B) | ¢ n
Urban | 49510 % | 62410 ° 6 05 | 3.41
Rural 0.88 151 7 05 | 3.41

Coverage range (Km]

A. Impact on capacity

Fig.[d shows the impact of the BS maximum transmitting
power on the system capacity. For a given valueRf,., .
the maximum number of MS per celh,;s, such that the £ T S R
outage probability is less than a target valueRjf, of 5%
is deduced from Ed._11. MS density jsss = nus/7R2.
Inter-BS distanceR,. is set tol Km in urban and5 Km in
rural.

This figure quantifies the loss of capacity observed when
transmitting power is decreased. For example, when powealf inter-BS distanceR. (and sopps) is constant, but the
goes from20 dBm to 10 dBm, capacity decreases frobnto effective coverage rangR. is now variable. Integrations over
1.5 MS/Km? (urban,920 MHz). It is also shown that output the cell area in sectiorls IV-B2 aid V-B are done on a disk
power can be limited without loosing capacity: 28 dBm of radius R.. DecreasingR. reduces the number of MS per
(urban,920 MHz), 39 dBm (urban,2 GHz), 26 dBm (rural, cell and diminishes the average power per user, so that ®utag
920 MHz), or 33 dBm (rural, 2 GHz), depending on the probability is decreased.

environment and the frequency band. In our study and for a given output powe¥,,., we search
Increasing the frequency decreases paraméferFor a the coverage range for which target outage probability is
given inter-BS distancelz. (e.9. 1 Km), the interference yeached. Results are illustrated in Hil. 2. For examplerban
factor f, is, in this case, unchanged. Only the noise angvironment and a2 GHz, whenP,,,., is less thar80 dBm,
power contributiom,, is affected. This explains why a highercoverage holes appear andRf,.. = 20 dBm, the coverage

output power is needed to reach the maximum capacity WhPa{hge is only800 m. This figure thus provides the minimum

frequency increases. BS power that ensures service continuity.
In rural environment, several effects appear comparedeo th

urban case. On one hand, sinBg is higher, more power is
needed in average per MS (seeHqg. 4 and the expressiay).of
On the other hand, a highé¢ (see e.g. EJ._24) and a Iowerurban’ onlyl an_d2 dBm can_be saved 320 and2 G.HZ' In .

o (see e.g. EG27 afd?) implies a higher capacity. With tﬁléral however, important gains can be made. While keeping

. . service continuity (coverage range »Km), it is possible to
chosen parameters, the increaseffhas a dominant effect
and explains the lower MS density. reduce the BS power from to 7 dBm at900 MHz and from

21 to 15 dBm at2 GHz. This gain is obtained at the price of
B. Impact on coverage a small degradation of the quality of service.

We now quantify the influence of the BS transmitting Of course, these figures depend on the chosen set of param-
power on coverage. We consider a fixed MS density eters and in particular on the propagation model. But they al
prs = 5.5 MS/Km? in urban andpyrs = 0.4 MS/Km? in show that our equations can provide very quick results on the
rural and we set the target outage probabilityR§),, = 1%. impact of power reduction on the network performance.

5 10 15 20
Maximum output power Pmax [dBm]

Figure 2. Influence of the output power on coverage.

We now study the effect of a small degradation of the quality
of service while setting the target outage &j,, = 5%. In
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Figure 3. Outage probability vs. half inter-BS distance. Figure 4. Power density vs. half inter-BS distance.
C. Thermal noise impact on outage We showed that these formulas depend on one hand on the

We now question the traditional assumption of neglectirigterference factor and, on the other hand, on the noise and
thermal noise in outage probability computations. We sBiS power contribution. This analysis allows the study of the
P.... = 43 dBm, which is a standard figure used in cellulacapacity and coverage of a cellular network at a click speed.
networks and we compare in Fig. 3 the outage probabilities ois an example of it, we studied the influence of the BS
tained with and without considering the thermal noise inipagower on the network performance. We showed that it is
We set the number of MS per cell, fixed per environment, suglossible to drastically reduce power emissions without ks
that outage probability i$>,, = 5% when noise is neglected.with a limited degradation of the quality of service. We also

When noise is neglected, outage probability depends neitlygantified the decrease of the network power density when
on K nor on the frequency band:{ = 0 in Eq.[8 andf, cell size is reduced.
does not depend oR’). Moreover, it is easy to show with an
analysis of Eq[C22 and 23 that varying the inter-BS distance

produces homothetic networks, and so, that outage pratyabill] A. J. Viterbi, A. M. Viterbi, and E. Zehavi, Other-Cell terference

does not depend OR. in Cellular Power-Controlled CDMA, IEEE Trans. on Commuations,
c L . L Feb/Mar/Apr. 1994.

On the contrary, when noise is not neglected, its contmouti 2] A. J. Viterbi, CDMA - Principles of Spread Spectrum Commization,

is increasing withR.. If we accept a error 0f.5% on the Addison-Wesley, 1995.

. - ] G. L. Stuber, Principles of Mobile Communications, 2nditton, Kluwer
outage, Fig[ B shows that noise cannot be neglecte®far Academic Publishers, 2001.

1 Km in urban andR, > 7 Km in rural at2 GHz. Limits are [4] X. Lagrange, Principes et évolutions de PTUMTS, Hermag05.
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