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Abstract—Present work proposes a theoretical statistical model of the downlink power consumption in
cellular CDMA networks. The proposed model employs a simple but popular propagation model, which
breaks down path losses into a distance dependent and a log-normal shadowing loss term. Based on the
aforementioned path loss formalism, closed-form expressions for the first and the second moment of
power consumption are obtained taking into account conditions placed by cell selection and handoff
algorithms. Numerical results for various radio propagation environments and cell selection as well as
handoff schemes are provided and discussed.

Index Terms: Cellular CDMA, Downlink, Power Consumption, Soft Handoff

I. INTRODUCTION

Code division multiple access (CDMA) have been adopted by narrowband 2G and
wideband 3G cellular wireless networks, due to its inherent virtue of providing a single
frequency reuse pattern. Since the available spectrum is shared among all active users, the
transmission power is the basic radio resource of CDMA based systems. In this context, power
consumption becomes the dominant performance evaluation figure that determines network
resource allocation and capacity.

Power consumption depends on the location of the mobile station (MS), traffic parameters
and the QoS requirements of each service, experienced interference level as well as cell
selection and handoff settings. Thus, the development of a power consumption model which
takes into account the aforementioned parameters is a prerequisite for efficient deployment of
CDMA networks. Typically, research activities on the area can be classified into those that
examine the uplink [1]-[8] and the ones referring to the downlink direction [1], [3], [9]-[18].
Taking into account the asymmetric nature of data flows, the downlink is most likely to be the
bottleneck point of CDMA networks. In addition, research studies of the uplink have provided
analytical methodologies concluding to closed form expressions [19], which can tackle both
hard and soft handoff connection modes. Typically, the downlink studies conclude to numerical
simulations [1], [13], [14], [19], assumptions that simplify the examined network scenarios [3],
[9], [12] or approximations that mainly resolve the complexity of calculations regarding soft
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handoff connection modes [9]-[11], [15]-[18]. Thus, modeling of the downlink in CDMA
cellular networks is a rather important but laborious task.

Several research studies, as mentioned before, have developed an analytical methodology
for the downlink performance evaluation but they resort to Monte Carlo simulations, when soft
handoff is taken into account [1], [13], [14], [19]. In [3], [10] and [12] an analytical framework
with closed-form expressions has been obtained but these works do not consider the soft
handoff option, which requires particular attention in CDMA networks. Both hard and soft
handoff connection modes are analyzed in [9] but the obtained closed-form expressions
estimate the minimum downlink capacity. In [11] the complicated sums of the log-normal
interferences that typically appear in soft handoff connection mode have been approximated by
a log-normal distribution, which concludes to closed form expressions regarding the downlink
capacity. Apart from the aforementioned approximation, the capacity evaluation in [11]
simplifies the impact of soft handoff assuming that interference contributed by the soft handoff
users is double, when compared with the hard handoff users. In [15] a rather efficient
calculation methodology is introduced, which can estimate downlink capacity and outage
probability considering both Active Set (AS) size and soft handoff option. The proposed
methodology provides general analytical expressions but it demonstrates a rather high
computational load, whereas the capacity calculations are possible using approximations
according to the Central Limit Theory. A soft handoff scheme aiming to minimize power
consumption and increase connection reliability is introduced in [16]. The proposed model in
[16] approximates the sums of log-normally distributed random variables appearing in the
various expressions as a single log-normal variable. Closed form expressions for the average
power consumption are provided in [17] but still the numerical implementation requires a
Monte Carlo simulation under soft handoff conditions and balanced power allocation for the
involved Base Stations (BSs). In [18] an alternative calculation methodology is introduced in
order to derive closed form expressions of the capacity at a certain outage probability.
Nevertheless, the former expressions were obtained using an approximation of the energy per
bit to interference ratio introducing a “macrodiversity non-orthogonality factor” and Gamma
approximations of the interferences and signals in soft handoff conditions.

According to the above mentioned description, the development of a theoretical statistical
model that facilitates performance evaluation of the downlink in cellular CDMA networks
becomes quite laborious, especially when soft handoff is considered. Approximating
assumptions or numerical simulations are typically employed in order to overcome the
complexity of analysis. The presence of sums of log-normally distributed random variables in
the various expressions is the major obstacle regarding the derivation of closed-form analytical
expressions. The present work proposes an alternative approach in order to overcome this kind
of complexity and conclude to closed form expressions. In particular, a Taylor series expansion
of the aforementioned complicated expressions is employed, which next makes possible a
straightforward calculation of power consumption moments. In fact present work demonstrates
the calculation procedure for the first two moments of power consumption, although in
principle affords calculation of higher order moments. The proposed calculation scheme can
integrate several realistic conditions including a best BS selection condition, the impact of a
soft handoff threshold as well as AS size. Overall, the present work provides a theoretical
statistical model, which attempts to balance efficiently between the assumptions that
oversimplify the examined network scenarios, the inaccuracies of the potential approximations
and the physical insight that a closed form expression may provide.
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Section II, describes the radio propagation model and the downlink power consumption
formulas for hard handoff (HHO), 2-way and 3-way soft handoff (SHO) connection modes.
Section III describes the conditions placed by cell selection and handoff schemes. In Section
IV, the calculation details for the first and second moments of the downlink power consumption
are discussed in details. Section V includes numerical results and verification tests regarding
the proposed calculation scheme. Finally, section VI summarizes the main conclusions and
discusses potential extensions of current work.

II. DOWNLINK POWER CONSUMPTION

The adopted radio propagation model assumes that fast fading can be compensated by
special reception techniques, e.g. rake receiver, thus it can be considered as a pure large scale
path loss model. In particular, path losses are solely determined by a path loss factor, which
determines the distance based losses, and a shadowing loss component, which demonstrates a
log-normal behavior. Thus, the power received from a transmitting BS can be determined by
the following expression:

P(r,)=r"210¢/10p; (1)

where r denotes the distance between MS and BS and Pr the BS’s total transmitted power; « is

the path loss factor and { denotes the shadowing losses as a zero-mean Gaussian distributed
random variable with standard deviation . The shadowing loss random variable for a certain

BS, i.e. BS;, can be further analyzed into two components, namely é/ i = af +b§i [13], [14].

The aé component denotes a part of shadowing that is common for all BSs and it represents the
environment near and around the MS, whereas b¢; denotes shadowing effects that depend on the
environment near and around BS. The constants a and b, fulfill the relationship a+b’=1,
whereas ¢; are considered as independent zero-mean Gaussian distributed random variables
with standard deviation o [12]-[14].

The network scenario under investigation considers center feed cells of hexagonal shape and
equal size. The interference and downlink power consumption analysis assumes an MS, which
camps in cell 1 with two tiers of neighboring cells around it, as Fig. 1 depicts. Intra-cell
interference calculations require only the knowledge of the distance r; between the serving BS)
and the MS. However, for inter-cell interference calculations, both distance r; and angular
position 6, as Fig. 2 shows, should be considered. The distance r; between MS and BS; varies

from zero to ~/3R cos(8))/2, whereas the angular coordinate ¢, varies from 0° to 360°. Due to

the hexagonal symmetry, throughout the remaining analysis only angular positions 6;=0° ~ 30°,
will be examined.

Power control function should under ideal conditions regulate downlink power consumption
in order to lock energy per bit to interference value to the target value [E}/I,]; required by each
service. Thus, by calculating interference level and assuming a perfect power control scheme,
downlink power consumption for HHO, 2-way and 3-way SHO connection modes can be
estimated as follows:

A) Hard Handoff Scenario

When a HHO connection mode is assumed, all downlink transmissions to other MSs within
the cell as well as in neighbor cells are considered interference. In principle, the proposed
model can tackle network scenarios with unequal traffic loads per cell and thus different
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transmit power level P, = O,P, per base station. However, in order to simplify model’s

analysis, we assume equal total downlink transmission levels Py in each cell (i.e. J, =1). In

this respect, power consumption for a single connection in cell 1 can be calculated as follows
[13]-[14]:

|:ﬂ:| :E rlfa'loé,l/IOPSI :>
19
b 1) 10 (B =Py )+ Y107,
=2
19
=Py =CX&Pr=C| D.X; |Pr=pPr @)
i=0,i#1

where C=vR[E,/I,]/W, Xy =1—u denotes intra-cell interference, X; = Cl’iIOb (&i=61)/10

denotes inter-cell interference and Cy; =(r /r; )%. Vector &=(&,....&,) denotes the

uncorrelated shadowing random variables of BS;s, v is the activity factor which applies to the
service under examination, R is the service data rate, W is the chip rate, u denotes the
orthogonality between the various transmissions and f; is the fraction of Py allocated for a
single link. For the sake of simplicity, in equation (2) and throughout equations (3) and (4), we

assume that (PT - Py ) = Pr as far as it concerns intracell interference calculations.

B) 2-way Soft Handoff Scenario

If we assume a maximal ratio combination capability (MRC) and a balanced power
allocation scheme ( Py = Py = P 1y ) among BSs in cell 1 and cell k, which participate in the

2-way SHO connection, then power consumption for a single connection in cell 1 is calculated
as follows [9], [13]-[14]:

- /10
Ep | | Ep| B W ”10[105l Psj N
I, |, Iy |y L1Io], VR a0 19 0l 110
(7-u)r@1090 /10 P 4+ 3" 7105 /10 pp
i=2
rg@108% /10 p
k sk 1 1
+ :>P1k=C —+—PT=
a0l /10 S £ 10 HEETXE Y
(7-u)r 1056 MO Pp 4+ " pm@10%: /10 pp = =
i=l,i#k
19 7! 19 7!
= Ct z Xi + ZYI PT = ﬁlkPT (3)
i=0,i#1 i=0,i#k

where similar to eq. (2), Yy =1-u, Y; = Ck’iIOb(fi ~$i)/10 gng Cri= (re /s )% Biiis the
fraction of Py allocated by each BS, which participates to the 2-way SHO connection.
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C) 3-way Soft Handoff Scenario

If we assume MRC reception conditions and balanced power allocation scheme (
P = Py = Py = P 1y ) between BSs in cell 1, cell k and cell /, which participate in the 3-

way SHO connection, then power consumption for a single connection in cell 1 is calculated as
in the previous cases [9], [13]-[14]:

Ey Ey Ep Ep W 10410 P,
T L L T T, T R 9 +
o 1t o1 o lk o 1] (]_u)rl—a10§’1/10PT+zri—a10§i/10PT
=2
rr 104 0P 1 1047P,
+ 19 + 19 =
(1-u)r 105 P+ Y 77 109 P (1-u)r 104" P+ D 179105710 P,
i=l,i#k i=1,i#l

-1 -1 -1
1 1 1 19 19 19
=P, =C, + + P. =C, X, | + Y. | + Z | |\P=B,P®
{X@ Y() Z@} ! (Z J (Z ] (Z ] T

where similar to eq. (2)-(3), Zo =1-u, Z; = C; ;107G =sD/10 and C;; =(r,/r;)*. Buu is
the fraction of Py allocated by each BS, which participates to the 3-way SHO connection.

At this point it should be mentioned that in principle, the proposed model can tackle both
balanced and unbalanced power allocation schemes by defining different weights on P, P,

and P, . Nevertheless, for simplicity reasons, in our analysis we assume equal weights on P,

P, and P,, yet without loss of generality.

III. CELL SELECTION AND HANDOFF SCHEMES

Cell selection and handover schemes influence the network performance [20], [21] and thus
current section will examine the conditions that are imposed in our calculations by the
aforementioned schemes. If cell 1 is the camping cell and assuming a best BS selection
condition, then the transmission of cell-1 will be the best among the candidate cells i (=2, 3,...,
19), i.e. £{&&-Ry; (R, =10log(C, ;)/b). The former condition describes an ideal cell selection
scenario and a perfect power control scheme. The addition of a hysteresis threshold
cst=10log(CST)/b can account for possible cell selection and power control imperfections e.g.
é:iSé:l-R]’ﬂ'CSt.

Apart from the above described conditions, the handoff algorithm is placing additional ones.
The handoff scheme considered here is one that accepts a maximum number of simultaneous
physical connections equal to the AS size. In addition, the algorithm places a SHO threshold in
order to accept a BS to join the AS. If SHO is not an option, i.e. AS=1, then the handoff
condition is identical to the cell selection one. However, if AS>1, then the HHO scenario
implies that the signal strength of all monitored BSs should not exceed the SHO threshold. The
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latter statement is expressed as &<&-R; -sht, (sht=10log(SHT)/b). Concluding with the HHO
mode, the following conditions apply:

$i <& —Ry; —sht, AS > 1 5)

& <& - Ry ; +cst, AS =1 (6)

If 2-way SHO conditions apply, then two simultaneous connections with BS; and BS occur.
If AS>1, then BS)’s signal is the strongest signal among the monitored ones and exceeds SHO
threshold. After some straightforward calculations, the former statements can be described as
follows:

51_R1,k_ShtS§k Sfl_Rl,k +cst, ke AS >1 7)
§i <&k —Ryi,ig AS(=2) (8)
§i <& —Ry; —sht,ig AS(=3) )

Finally, when AS=3 a 3-way SHO scenario applies and a single logical network link include
physical links with three BSs, e.g. BS,, BS; and BS,. BS;’s and BS,’s signal are the strongest
signals among the monitored ones and both exceed the SHO threshold. Assuming that BS;’s
signal is the weakest among the AS participants, then all other monitored signals should be
weaker than BS,’s signal. After some straightforward calculations the former statements can be
expressed as follows:

S — Ry k) —sht < Sy < 61— Ryxqy +ost, k(D) e AS (10)
§1 <&k — Ry, kand 1€ AS (11)
GiS¢ —Ry;.ig AS (12)

Concluding, it is worthwhile to mention that no restrictions are placed in non monitored
cells, which de facto do not participate to handoff process. In order to simplify the analysis
throughout the remaining analysis all cells in both tiers will be considered as monitored.

IV. DOWNLINK POWER CONSUMPTION STATISTICS

Three handoff schemes are considered in this section, i.e. AS=1, 2 and 3. In all following
calculations, the random shadowing loss values & are restricted by the cell selection and
handoff conditions discussed in the previous section. If AS=m and 2™ is the subset of random
& values, which allow MS to camp in cell 1, then 2™ can be expressed as

QM = .le U %-‘31"/3 Ukz;‘Ql’zl . Subsets .le , 'anl: and 'anIZl include all & values, which

conform to HHO, 2-way SHO and 3-way SHO conditions, respectively. The conditions for each
subset are established with eqgs. (5)-(6), (7)-(9) and (10)-(12) of section III. Apparently ‘Qllk =

1 _pn2 _
and 'Qlkl_“Qlkl =.
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The above discussed subsets correspond to all possible connection modes that may occur in
the cell under investigation i.e. cell 1. If the downlink transmitted power for a single user in cell
1 is P=fPy, then the actual point of interest in our calculations is the fraction £ of the total
transmitted power. The first and the second moment of § can be obtained as

PQE[B 1Ee Q1+ ) PQY)ELS, 1£e Q) ]+ ZP(Q’”,)E[,BW 1§ Q]

E[Bl e QM= ‘ (13)
PQMEIB 1§ Q1+ PQEIS 1E€ Q1+ PQ)EIB 1£€ Q]
E[f e Q"= k ke (14)

where P( m): P(.le )+ %P(sz )+ P(.an]:l )

k,l

Since the shadowing random variables &; are independent their joint pdf is
e\62/20%)
AGE Hfg &) H

and thus P (.le ) can be calculated as follows:

15)

19 a, (&) o0 19
P(") = Ifgl(fl) H ff.fn(fn dé) = Ifgl(51){1—[14(%(51),0)}6151 (16)
(%) l’l=2

where we define function A(x,y) as

Alx,y) = 262p2 1n(10)2 /2000 0.5+ 0.5 [ X "blnao)}}
(x,y) exp[y o n( )/ ]{ +0.5erf 0"\/5 y 10\5 (17)

and a,,(&))is the upper limit of inequality (5) or (6), when m >1 or m=1, respectively. In a

similar manner P(Q ) is obtained by the following expressions:

+oo a (1) 19
P(Q) = j fgq 5 [fe, (g’k){ HA(a,,(g”k),m}dg”K d&) (18)
b (&) n=2.n#k

where a(&;) and by(&)) is the upper and the lower limit of inequality (7), respectively. If m=2
then a,(&;) is the upper limit of inequality (8), otherwise a,(&)(=a,(¢;)) is the upper limit of
equation (9). In addition, if m=2 the integration over ¢ can be only evaluated numerically,
whereas for m=3 the integration over &, is evaluated analytically as [A(bi(&)),0)-A(a(&),0)].

With a similar manipulation P(HQ1 kl) is obtained by the following expression:

a (&) a; (&) 19
P(Q2m

+ o0
my= [fe G0y [fe, G| [ fe &) HAn<an<§z>,0>}§z &y rdg (19)

bk (é:l) bl(fk) n=2,n¢k,l
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where a,(&;) and bi(¢)) is the upper and the lower limit of eq. (10), /(<) and b(&)) is the upper

and the lower limit of eqs. (11) and (10), respectively, whereas a,(¢&) is the upper limit of eq.
(12).

A) HHO Calculations

According to equation (2) the first and the second moments of §; can be obtained as follows:

19 19 19 19

EA1=C Y EX) Ep=c2{ Y EX2]e Y Y Elx;x] 20)
i=0 i=0 Jj=0i=0
i#l i#l j#EL i#li#]

where for i#0

Cri
E[X;]=——1— [10706/10 A(a; (&)1 (&)d 21
[X;] ram ! fe, (GDA@; (G)DIT;(§))dé; @n
Elx 2]=—C12”' T107P41/5 12 (&) A (&) 2) T3 (&) 22)
i p(‘Qlln)_oo ‘fl l ’ 1
CLiCLj "1 —be, /5
E[x;x j]:P(TIm)_ 107040 15 DA EDDA@; G, a9

19 19
and I7;()= [[A@, .0, 1T;;&) = [[A@,(&).0). In addition, ELXgl=(1-w)

n=2.n#i n=2,n#i, j

P(.le) ,E[ X(% ]:(l-u)z/P(le) , E[XoX;]=(1-u) E[X;] with E[X]] given by (21) if we replace

Jj with i. The integration limits of the above expressions are the same with the ones appearing in
eq. (16).

B) 2-way SHO Calculations

According to eq. (3) the first and the second moment of S, , can not be evaluated by
employing the straightforward semi-analytical approach of subsection IV.A. In order to
overcome this constraint, S, is approximated by a Taylor expansion in the neighborhood of

E[X(9] and E[Y(&)]. Next, by omitting Taylor series terms higher than the second order we
conclude to (see Appendix I):

— szq{_ﬁ_ Nl O e N e e ?} o

X+Y [YH_/]B
B | fe Q=2 (17)4X2+()_(_)4Y_2+2(}17)2ﬁ/+2_ff/_ Hpu 16 91 Xy 03)
= [X+Y]4 X+Y G X+Y

where Y, I?,Xz, Y2 and XY correspond to E[Xlée -(21"13 , E[Ylée .Q{Z],
E[X? I{e QN1 E[Y? I{e 021 and E[XY|¢e Q[!1, respectively. Following a
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calculation scheme as in section IV.A, the above mentioned E[.] terms can be expressed as a
summation of all possible combinations of E[ X; ], E[Xl-2 1, E[ Xin 1, ELY; ], El Yiz], E[Yin
]and E[ X ;Y j] . Also, each E[.] term can be expressed in an integral closed form expression,

where the various integration limits are identical to the ones appearing in eq. (18). The E[X]]
expression is obtained as follows:

“k(fl)

c e [ 10 EOAW@E)DIL, (€)dE i %k
E[X ] =g [10 0 S ad i 26)
o J. 10Wf§k(§k)nk(§k)d§k,i=k
b (&)

If m=3 and i#k (i=k) the K" integral in eq. (26) can be evaluated as [A(bi(&1),0)-A(aw(&r),0)]
([AB(ED,1)-Ala(é)),D]). The ELY;] calculations are similar to eq. (26) with one difference,

namely, the term 1075¢1/10 5 transferred to the k™ integral as 107b¢% /10

+oo @ (§)  bg
[ fa€ndg [ 1070 £ (EOA@(ED DI (EDdE, i #1
Ci e b ()
E[Y]=—t—x o @7
‘ P(Q") too & a (&) b
[107 £ (6pdg [ 1010 £, (GO, (£)dE, i=1
—o0 b (&)

If m=3 the k" integral in eq. (27) can be evaluated as [A(Dy(&)),-1)-A(ar(¢)),-1)]. Similar to the
HHO case E[X,]= E[Y0]=(1—u)/P(.QI"IZ .
The E[ X i2] and EJ[ Yl-2] expressions can be obtained from eqs. (26) and (27), respectively,

if we substitute 10%261/10 and 10T0¢k/10 with 10%061/5 and 10%06k /5, respectively,
A(ad¢p),1) with A(ald),2) and [A(D(CD).E1)-A(a(S1), £D)] with [A(DK(S), £2)-Alaw(&), £2)].
Similar to the HHO case E[ X § = E[ Y 1=(1-u)"/ P(2]1) .

The terms E[X;X;] are described by the following integral expression:

ay (é])
co o= s | £ (EDAW@ () DA, (). DI, (E)dE i j#
EI:XIX/‘] :_Pl(’gzi;f) j 10 5 fg] (&)dé % : ill; " (28)
o J. 10 ffk (fk )A(ai(j)(é:k )’l)ni,j,k (fk )dé:k ,i(j) =k
b (&)
19
where /7; Jk (Sx) = H A(a,, (&1),0) . If j=3 and i, j#k (i or j=k) the k" integral in eq. (28) can

n=2,n#i, j,k

be evaluated as [A(bx(<1),0)-A(a(S1).0)] ([A(D(SD).1)-Ala( &), D).

The expression for the E[Y;Y]] term is given by the following equation:
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400 ak(fl) 7@
[ £:60dE [ 107 £, (EDA@ ) DA, (E) DT, (§)dE, i, j %1
Ck iCk, j o bk(fl)
EI:Y:YJ= P(’QM;X Hoo & @ (5) b, 29
100 £ 6dE [ 1075 L (G0, (0. DI (E)dE i) =1
—% h/<(§1)

If m=3 the k" integral in eq. (29) can be evaluated as [A(b(&),-2)-A(a(&r),-2)].
Concluding the 2-way SHO subsection the E[X;Y;] term is expressed below:

o bg @@ b i#k,
J.l() 10 f§| (.fl)d.fl J. 10 10 fé (‘fk)A(ai(‘fk)’1)A(aj(§k)’1)Hi,j,k(‘fk)d§k’{j¢1}
—o b (&)
4o b a (&)
[1070 £ €0 | 1, (E0Aa; (). DI, (E)dé fi=k, j#1} (30)
C.C, |~ be(&)
E[ XY, |=—1tix
TP e e
[ £2€0ag [ 107 1, (DA, E).DIL (E)dé {i %k, j=1}
—o0 b (§)
too (&)
[ £Gad | rGomyGodg {i=k.j=1}
—o0 b (§)

If i=j#1 and k, A(ai(&),1)A(a;(&),1) product should be replaced by A(ai(<y),2). Finally, if m=3
and i#k (i=k) the K" integral in eq. (30) is evaluated as [A(by(&)),-1)-A(aw(&),-1)] ([A(bi(&1),0)-
A(a($),0)D.

C) 3-way SHO Calculations

As it was discussed in the 2-way SHO case the first and the second moment of f;, can be
approximated through a Taylor expansion of eq. (4). If we omit Taylor series terms higher than
the second order the following expressions can be derived for the first and the second moment
of S (see Appendix II):

S 2[? ~(x)? }[(? +2)¥Z)?]
Al B VX272 [vexzendf

) 2[1/_2— (17)2}[(Y+Z)(Y2)2]_ 2[?— (Z)ﬂ[(?ﬁ)(??ﬂ]

2 -xvIxvey?
Xy +xZ+vZ[ XY +XZ+YZ[ Xy +xZ+vZ[

xz-Xzxz(¥)*  2lrz-vZz(X)? } a1

Xv+xZ+vZ] [Xv+xZ+7Z[
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2 _(vRlvad vz (2| vo4
g 1e (_@ _jzix () [v2) +[Y F [x2) )
W= i xz vz xv+xz+7z]' [x7+xZ+72]

[22—(2) }(XI_/)4 2[Xy - XYX7)2(Z)* +2:XZ—XZ](XZ)2(?)4 N

+
Xxv+xz+vz]" [xv+xz+vZ[ Xy +xZ+vz|'

L 2Avz-vz)vz)? (X)4+ oXYZ | ElBulSe 2 Xyz o)
[XY+XZ+YZ] Y?-FYZ-F?Z Ct Y?+ﬁ+?f

where Y, )_’, Z, X, Y-, Z2, XY XZ and YZ correspond to E[lee .le]
2 2
E[Ylfe ‘Qlkl E[Zlfe ‘Qlkl E[X |f€ ‘Qlkl E[Y Ife ‘Qlkl

E[22 |f€ ‘Qlkl E[XY | fe "Qlkl] E[XZ | fe ‘Qlkl] and E[YZ|§G .Ql’zl],respectively.
Following a similar calculation scheme as in previous sections, the above mentioned E[.] terms can

be expressed as a summation of all possible combinations of E[ X ; 1, E[ Xi2 1, E[Xin 1, E[Y;1, E[
Yiz],E[Yin],E[Zi],E[Zl-z],E[Zl-Z 1ELX;Y;) ELX;Z ;] and E1Y;Z ;] terms.

In details, E[X i ] and E [Yz ] terms are given by the following equations:

(&) (&)

[ faGodé | 1 (G)A@E) D, (§)dg i % k.1
b (&) b (&)
4o bE a () b a(gy)
E[X]=— = [10 10 £, (G)déxq [ 10 £, (§)dé, [ f;(§ML, (6)dE i=k &)
P(Qlkl) b (&) b (&)
ak(fl) a[(ék) L@
[ f€oag, [ 107 £, (&), ()dé,i=1
b (&) b (&)
oo @) bg @ (&)
[ £e€)dg [ 100 £, (E0ds, | (€)AW@ E). DT, (E)dE,i 1.l
—eo be (&) b (&)
C +oo b @ (5)  bg @ (&)
E[Y]=——x j 100 £ (G)dé [ 100 (G)dé, [ f: (G, (§)dg,i=1 G4
(Q 1) b (&) b (&)
+oo @ (5)  bg a(&)  bg
[ £:&ag [ 1070 £, Goag, [ 107 £ (G, (§)dE,i=1
—eo be (&) b (&)
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where the various integration limits in eqs. (33), (34) and throughout this subsection are the same as the
ones described in eq. (19). Apparently, the E[Z;] expressions are similar to the ones in eq. (34):

a(5) (&) bg

[ £©)dg [ f,Codg [ 107 £, (6)A@ (E), DI, (£)dS,i %1,k
- b (&) b (&)
C . 40 bE a.(5) q(&)  bé
E[Z]=——x{ [10° £, (&)dg [ f: (§)dE. [ 10 £, (50, (§)dE, i=1 (35)

P(Qlkl ) - b (&) b (&)
Foo ac (&) g, @ (&) b
[ £:€)dg [ 10 £, (§)dg, [ 1070 £ (&, (&)dS i=k
- b (&) b (&)

E[ Xiz 1, E[ Yl«2 Jand E[ Zi2 ] expressions can be obtained from egs. (33)-(35) if we replace Cl,i with
CPiv Cri» with CF ;. Cpy with CFy, A ) with A(a;,2) and 102061/10 10%bSi /10
IOibfl/lo with 10ib§1/5 1()ib§’</5 lOibé:l/5 As in previous cases, E[ X(=E[Y)|=E[Z
1=(l-w/ P(2{) . ELX§ 1=ELY§ 1=ELZ§ ) (luy’ P(2}))

The E[XX;], E[Y;Y;] and E[ZZ)] terms can be obtained from eq. (33), (34) and (35) if lO_bfl /10,
107061 /10 4nq 107061/10 4 replaced by 107b61/5 , 10706k/5 and 10741 /5, respectively. In
addition, if I and j#k and [ in eq. (33), I and j#1 and [ in eq. (34) and I and j#1 and k in eq. (35),

19
A(@(&),DIT;x (&) should be replaced by P(&)) = A(a; (£;),DA(a; (&) [TA@,(&).0)-
n=2,n#i, j,k,l

Furthermore, if i=k or [ in eq. (33), i=1 or [ in eq. (34) and i=1 or k in eq. (35), then 77, (& ) should be
replaced by A(a;($),1)11; (< ). Finally, if j takes the latter I values, the same expressions still apply if we

interchange 7 with j.

The cross product terms E[X,Y;], E[X;Z;] and E[Y;Z;] are expressed below:

Cy, k] too _bG a (&) _bsk a; (&)
Exy;]= =28 110710 fe gagy [ 1010 fe (EdE [ fz (EDPENAE,
P(‘Qlkl) —oo b (&) b (&)
(36)
Cy, l] a; (&) a(&)  _bg
Elx;z;]= T 0710 fe E0dE [ fe (Edée [ 1010 fe (EOPENAE G
P(“Qlkl)—“ b (&) b (&)
CriCrj a(G)  _ber aG) e
Epiz;l=— Tre g [ 1010 £ g | 10710 £z (2)PENE 39
lkl) —oo0 b (&) b (&)

where we assume i#k, [, j#1, [ and i#j in eq. (36), i#k, [, j#1, k and i#j in eq. (37) and i#1, [, j#1,
k and i# in eq. (38). If i=k or [ the lObgi /10 term is transferred to the k™ integral (thus
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IO_bfk/ 10 yanishes in eq. (36)) or to the [ integral (thus 107b¢1 /10 vanishes in eq. (37)-
(38)). In addition, if i=1 in eq. (38) lObgi /10 term is transferred to the 1% integral. In all
aforementioned cases P({;) converts to A(a(&), I (& ). If j=1 or [ the 10b§j / 10 term 1is
transferred to the 1% integral (thus 107261/10 yanishes in egs. (36)-(37)) or to the I integral. In
addition, if j=k in eqgs. (37)-(38) the 10b§f / 10 term is transferred to the k™ integral (thus

IO_bfk /10 vanishes in eq. (38)). In all aforementioned cases P(&;) converts to A(af(&),1)IT; (&
). Finally, if i=j#l in eq. (36), i=j# in eq. (37) and i=j#1 in eq. (38) then P({) converts to
A(af(&), DI (& ). Otherwise, if i=j=[ in eq. (36), i=j=k in eq. (37) and i=j=1 in eq. (38) then
the 10261/5 | 1026k/5 and 1041/ term appears in the [, k" and 1" integral, respectively,
whereas P(&) converts to 17, (&)).

V. NUMERICAL RESULTS & DISCUSSION

First, a comparison between the calculations of the proposed theoretical model and the
corresponding ones from an independent numerical simulation will be discussed. The

calculations have been performed with respect to the expected value E[fl £ € Q"] (= ,E ) and

the standard deviation \/E[,[J’Zlée[)m]—(E[,B@eQm])z (=0p) of power

consumption. The under examination scenarios include different MS positions (r,0), various
path loss factors (a) and standard deviations of shadowing losses (o), as well as different AS
sizes, cell selection thresholds (csf) and SHO thresholds (shf). The service parameters
correspond to a typical voice service in WCDMA UMTS networks: v=0.5, R=12.2 Kbps,
W=3.84 Mchips/s and [E}/I,]=4.4 dB. Finally, the orthogonality factor is u=0.9.

The numerical simulation model has been configured to generate 100.000 random
shadowing samples according to a log-normal pdf. For each sample the cell selection and the
handoff inequalities of Section III are examined, first to decide whether the sample refers to the
cell under examination or not and next to decide which of the three handoff conditions is
fulfilled. According to the latter criterion a power consumption sample is calculated using one

of the equations (2)-(4), and next ,5 and op is estimated using equations (13) and (14),
respectively. In order to facilitate a tabulated comparison between the numerical results and the
corresponding theoretical ones the results from 5 rounds of simulation runs have been averaged
and presented in Tables I, II and III. Each Table refers to a different scenario and proves that
theoretical and numerical estimations converge, which in turn proves the efficiency of the
Taylor series approximation.

Next, in order to demonstrate the potential benefits from the adaptation of the proposed
theoretical model the power consumption statistics will be further investigated. The under

examination numerical results are illustrated in Figs. 3-8. Figs. 3, 5 and 7 depict 3 for AS=1, 2
and 3, respectively, versus the normalized distance /R ,x. Figs 4, 6 and 8 depict O B for the

former scenarios.
Fig. 3 corresponds to a HHO scenario. According to the illustrated data £ tends to increase,

as expected, when the MS approaches the cell border. Near BS and up to a distance, B
increases, when o and ¢ take higher values. Nevertheless, this is not valid, when the MS
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approaches the cell border. Actually, close to the border a hostile propagation environment (i.e.
high o and o values) results to less power consumption. This behavior can be explained, if we
take into the account the possibility of handoff. Close to the border the MS tends to camp to
another cell instead of sustaining the degradation of a hostile environment. Actually, this is
more evident, when the cell selection criterion is more tight, i.e. cst=1 instead of cst=3, and
camping to another cell is encouraged. The comments from Fig. 4 are rather similar to the ones

in Fig. 3. The higher (lower) O B appears, when a and o take lower (higher) and the cell

selection algorithm decision criteria are relatively loose (tight). According to the
aforementioned comments the cell selection imperfections burdens the system, when the
propagation conditions are relatively good and AS=1. In such cases, the MS should be
encouraged to camp to a neighbor cell.

Fig. 5 illustrates the expected value of power consumption, when AS=2 and thus a 2-way
SHO is also possible. Fig. 5 also includes results for AS=1 for comparison reasons. According

to the illustrated data the highest values of 3 appear, when a and ¢ take low values as it was

already mentioned in Fig.3. If we compare AS=1 and AS=2 results, it appears that the choice of
AS=2 and more than this the encouragement of SHO is beneficial and this is more evident when
the MS approaches the cell border. Actually, when a and ¢ take low values and the MS moves
towards the cell border/corner SHO takes advantage of the good propagation conditions and

allows one neighbor BS to participate instead of being a strong interferer. Fig. 6 illustrates o B

numerical results for the network scenarios examined in Fig. 5. According to the illustrated
results, the option and more than this the encouragement of SHO reduces significantly O B at

least when compared to AS=1 scenarios. Concluding, the inclusion of a SHO option by setting
AS=2, provides significant benefits, in terms of reducing # and o B even in cases where the

MS is located relatively close to the BS.

Fig. 7 illustrates the expected value of power consumption, when AS=3 and thus a 3-way
SHO is also possible. According to the illustrated data the AS=3 choice gives slightly better
results, when is compared with the relevant results of Fig. 5 and particular with the case of =8
dB. However, the encouragement of SHO (sht=3 dB) provides a significant reduction, when

compared with the AS=1 and AS=2 choice and the case of 0=10 dB. Fig. 8§ illustrates O B for

the network scenarios examined in Fig. 7. According to the illustrated results and the
comparison with the relevant results in Fig.6, the choice of AS=3 and the encouragement of

SHO provides a significant reduction of O B and a location insensitive behavior.

Concluding the discussion on the aforementioned results it is worthwhile to mention that as
it has been found in similar research works the resource allocation on CDMA networks strongly
depends on the propagation conditions, the MS location and the various Radio Resource
Management (RRM) settings. Thus, an optimized network performance definitely requires a
cross layer approach and prediction models that can incorporate both physical layer and RRM
parameters.

VI. CONCLUSION

A theoretical statistical model that provides an estimation of the expected and standard
deviation value of power consumption in the downlink direction has been developed for
cellular CDMA networks. The proposed model supports the aforementioned calculations taking
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into account cell selection and handoff settings. In this context, present work contributes to a
cross-layer approach, by establishing a theoretical framework, which facilitates performance
evaluation and optimization of CDMA networks under specific radio propagation conditions as
well as RRM settings. Current work can be extended with future studies in several directions.
The most challenging future extension is to provide a joint pdf for power consumption based on
the capability to estimate power consumption moments. Furthermore, present work provides
estimations on a link level and thus an extension of the model in order to support performance
evaluation on a network level is also another interesting research direction. A cross layer design
approach aiming to develop an optimized soft handoff algorithm, which will take into account
the proposed model’s estimations, is another one possible future research topic. Finally, the
under consideration numerical results are based on several assumptions, which can be easily
rearranged. For example, it would be interesting to produce numerical results by taking into
account unbalanced power allocation schemes among the SHO links or unequal traffic loads per
cell.

APPENDIX I

In the case of 2-way SHO connections, ,31 , Power consumption metric can be expressed in the form

of the following function:

-1
(1, 1Y) _ XY
'B(X’Y)_(XJFY) X+Y

Using a Taylor expansion in the neighborhood of E[X(@]:Y and E[Y(@]:? , where Taylor series

(1.1)

terms higher than the second order are omitted, and next taking the average value of this expression we

conclude after a few straightforward calculations to:

- — 92 — — 92 _
) — ) _ V2|9 . =2 Y- 2197 ) =
AP )= AT+ - 302 L [ nex « -2 faorm]ex +

2E[x - X - Y)]a aY[ﬁ(){ Y)|x= ? (1.2)
where
5 oy @ _oAxp @ . 2XY

X, Y)pex =— 2L X, Y)pex =25 X V)hx =220 (13)
ol O IR — S IBX Y eer] %7 [ Y)hex Kol 1

By taking the square power of the above mentioned Taylor series expansion and omitting higher order

terms, we conclude, after some manipulation, to the following expression regarding £ lﬂ 2 (XY )J
2
BRX|=PX, mﬁ[(X—X)z]( [AxV]x= XJ +E[<Y—m2]( (A 1)|x= Xj "

F2E XX - Y)]( (B ))x= Xj [aaY[ﬁ(XYﬂ;fj}zﬁ(XY){E[ﬁ(XY)]—ﬁ(X,m} (14)

where
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APPENDIX II
In the case of 3-way SHO connections, :Blkl power consumption metric can be expressed in the

form of the following function:
BX,Y,Z)= (—+i+ I
X Y Z

Using a Taylor expansion as in Appendix II, we conclude after a few straightforward calculations to

HAX.Y.Z)|= ﬂ(XYZ)+E[(X—X>2] & BXY.2)S +E[<Y—n2] > [ﬂ<X YZ>]Y y
7=7

-1
] :L (H.l)
XY+XZ+YZ

+

Z=Z

N‘W\
+

(X.,Y, Z)]Y Y

+E[(Z —Z)Z]aaz—2 X + ZE[(X X)Y - Y)]— [B(Xx.Y, Z)]Y
=7 Z

[,[)’(XYZ)]Y y +2E[(Y Y)(Z- Z)] a [,[J’(XYZ)] :ff (I1.2)
=7

+2_E[(X X)(Z Z)]
=7
where
2 pxy. ol —- 2zflr+z) o2 By ol =- Axz) (X f)g, ,
a 7z (xv+xz+vz) 7=z (xv+xz+vZ)
o2 2 Bx. Y. D 2(x¥ ! t_) (I1.3)
0z> 7 (XY +XZ+YZ)
) i A1 N e R i 1
0X0Y 77 (Xv+xz+vz) ooz 77 (Xr+xz+7Z)
J— 3__
—[,B(X Y. 25 = __2(X Frz (IL.4)
o¥dZ }Z/:g (XY+XZ+YZ)3
Using the square power of the Taylor series expansions and omitting higher order terms, we conclude to
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2
HF(XY.2)]|=FXY.2)+Hx-X7|| [ﬂ(XYZ)XX +
2 o 2
2 2 =X
+E[(Y Y) ] [,B(XYZ)]Y v +E[(Z 7) ] [,B(XY Z)]Y |+
zZ=7 7=
2B - X - Y)] [Bx.y. A aY[ﬁ(X v.2)l 2 v |+
Z= Z 7Z=7
— =1 2 X=X X=X
+2E[(X—X)(Z—Z)] Py [B(X.Y, Z)]Z:§ = [,B(X Y, Z)]z:zY +
2By -7z~ Z)] sy D ai[ﬂ(X,Y,Z)]/YY:f +
24 7 24
Z=7Z =7
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Table 1. Theoretical vs Numerical Simulation Estimations for AS=1

AS=1
0=15°, r=0.6Rp.x | r=0.7Rpax r=0.8Rn.x r=0.9,,.:R r=1.0R .«

a=3,0=8,cst=1

Theoretical Model

B 0.0035164 0.0043695 0.0051464 0.0058282 0.0064095

o ﬁ 0.0032682 0.0037155 0.0040348 0.0042499 0.0043742

Numerical Model

B 0.0035124 0.0043708 0.0051283 0.0057727 0.0064118

O‘ﬁ 0.0032512 0.0036875 0.0040272 0.0041949 0.0043510
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Table II. Theoretical vs Numerical Simulation Estimations for AS=2

AS=2
6=30°,
r=0.6R .« r=0.7R ,ax r=0.8R ,ax r=0.9R ..« r=1.0R .«
a=3,0=8,cst=1,
sht=3
B 0.0031774 0.0036789 0.0040796 0.0043946 0.0046417
Theoretical Model
O'ﬁ 0.0017504 0.0018292 0.0018618 0.0018691 0.0018788
B 0.0031854 0.0036904 0.0040845 0.0044148 0.0046605
Numerical Model
O'IB 0.0017671 0.0018521 0.0018910 0.0019045 0.0019193

Table III. Theoretical

vs Numerical Simulation Estimations for AS=3

AS=3
6=0°,
r=0.6R .« r=0.7R ;;ax r=0.8R;ax r=0.9R,,.x r=1.0R .«
a=4,0=10,cst=1,
sht=3
B 0.0016295 0.0019904 0.0022905 0.0025476 0.0027399
Theoretical Model
O'ﬁ 0.0010969 0.0012158 0.0012493 0.0012537 0.0012392
B 0.0016487 0.0020319 0.0023516 0.0026368 0.0028613
Numerical Model
O'ﬁ 0.0011215 0.0012532 0.0013089 0.0013289 0.0013308
ol
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Fig. 1. The considered cellular network
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