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Forward-Link Soft-Handoff in CDMA
With Multiple-Antenna Selection
and Fast Joint Power Control
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Abstract—We consider forward-link soft-handoff with multiple  that if feedback from MS is permitted, selection transmit di-
antenna selection and fast joint power control at high data rates in  versity (STD) can provide better performance than others such
a cellular code-division multiple-access network, where signals are as time switched transmit diversity (TSTD) and space—time

directed to a mobile station (MS) from antennas located at the same - . . .
or different base stations. The total power transmitted to any mo- transmit diversity (STTD). However, those transmit diversities,

bile is divided among the active antennas selected according to thein general, are suitable to microdiversity. Fast power control on
momentary channel conditions so as to maximize the signal-inter- selected antennas can provide additional benefits and reduce the

ference ratio at each MS. Multiple-antenna selection is used to miti- offacts of interference in neighboring cells in CDMA cellular

gate the effects of both short- and long-term fading, and achieve the - . . .
best soft-handoff with respect to system capacity and complexity. systems [11], [12]. Winters [10] showed the diversity gain of

To achieve capacity gains with soft-handoff, we derive optimum transmit diversity by dividing the total transmit power equally
handoff thresholds corresponding to the optimum handoff region among multiple-antennas. Heikkinext al. [13] proposed an
in different cell environments. Numerical results demonstrate that  optimum power allocation scheme on the forward link, which

under high Doppler spread and large handoff-delay conditions, the ; ;
proposed soft-handoff employing two transmit antennas and the ![?;[r)]rson\:ieSsSi[;?]rformance beyond that provided by equal power

optimum handoff threshold achieves a significant gain in microcell ) ) )
environments, but not in macrocell environments. To improve the forward-link soft-handoff performance in

Index Terms—Power control, smart antennas, soft-handoff this paper, we employ multiple-antenna selection with fast joint

spread spectrum multiple access, wideband code-division multiple POWer control [14]. Multiple-antenna selection allows transmis-
access (CDMA). sion of the information signal on a subset of available antennas
at multiple BSs. If the antenna selection is performed across
different BSs, the selection interval should be kept large to
counteract long-term fading (soft-handoff), and otherwise, the
ORWARD-LINK soft-handoff is a technique whereby aselection interval should be kept small to counteract short-term
mobile station (MS) in transition between one cell anfhding. Therefore, this antenna selection technigue can mitigate
its neighbor receives the same data from both base statitms effects of both short- and long-term fading. Note that
(BSs) simultaneously (make before break) [1]-[5]. Such sothe respective information signals are power controlled to
handoff is employed in currently used code-division multiplebest meet the signal-interference ratio (SIR) requirements of
access (CDMA) systems and proposals, such as 1S-95 [6] andximal ratio combining (MRC) reception at the MSs. This
CDMA-2000 [7]. To improve the forward-link soft-handoffcan counteract multipath fading with fast Doppler spread and
performance in CDMA cellular systems, two techniques areduce the received interference, particularly on the weak
essential: transmit diversity and fast power control. Transnsignal components.
diversity is able to provide diversity benefits at a receiver The handoff-delay is the time required to execute a handoff
when multiple transmit antennas are available. Many recarijuest, including data transmission, handoff control informa-
publications report on the performance of transmit diversitjon transmission, channel switching, and network switching
[8]-[10]. The performance of a number of transmit diversitjs]. This handoff-delay affects the system capacity in different
schemes was examined and compared in [8] and [9], showitgl environments. Several basic cellular structures can be con-
sidered: macrocells, microcells with line-of-sight (LOS), and
, e A od Feb microcells with nonline-of-sight (NLOS). For microcells with
oL e AT 2 2001 et Felnary L 2002 sccenif 05, he effectsof handoff-delays become partcularly impor-
approving it for publication is A. Annamalai. This work was supported@nt. In general, when an MS is moving at a high speed, handoff-
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cross a given set of threshold&ased on the pilot information whereH
transmitted from the BS and received by the MS, the network
orders the BSs to add or remove the transmission. However, tHig
soft-handoff algorithm is performed between each MS and the T
serving BSs based on a fixed handoff threshold and equal powe'r[Cm»J% i1,0(n); G ji1,1(n)y ooy Gnygoi, po1(n)]” (2)
control on multiple active antennas, which results in high rej,q A7 is the transpose of.

ceived interference at each MS and increases the probability Oﬁere,Hm,i(d) is the path loss and long-term channel re-

(n) € CP*L is represented by

m, j, 4,1

3.4, 1(n) =/ Hum,i(d)

SIR outage. _ _ sponse between thigh MS and thenth BS, defined as
The goal of this work is to analyze the soft-handoff with mul-
tiple-antenna selection and fast joint power control, and deter- Hom,i(d) (@) = Lom,i(d)(aB) + &m, i(d)(ap) 3)

mine the optimum soft-handoff threshold, which potentially of-

fers better performance with the practical values of hando#n€reLm, i(d) andé,, i(d) represent the path loss and shadow

delay. Under practical handoff-delay conditions, multiple-arfading measured in decibels, respectively. Finglly,;. i, 1, ,(n)

tenna selection and fast joint power control achieve the differdfi{(2) represents the short-term fading response fopthenul-

objectives. The objective of multiple-antenna selection for sof{Path between théth active transmit antenna at theh BS and

handoff s to mitigate the effects of both short- (due to the fast S9€ [th receive antenna at thietn MS, that can be expressed in

lection at the same BS) and long-term fading (due to the slow $8M$ Of inphase and quadrature components

lection at the different BSs), and achieve a soft-handoff leading o _ D 2 ~(Q)

to higher system capacity and lower complexity. The objective Gt p () = G i1, p (M) + 5o i p (1) (4)

of fast joint power control is to allocate the optimum transmis- |n the handoff discussion below, for the sake of simplicity,

sion power to selected active antennas, which achieves a reliaéedo not take into account the additive white Gaussian noise

connection with a sufficiently large soft-handoff region (due tgAWGN). We assume that the noise only results from the mul-

the handoff-delay) and reduces the probability of SIR outagetigle access interference from two BSs, due to other co-channel

the cell boundary. MSs. Also, we do not consider coding and interleaving at the
The organization of this paper is as follows. Section Il deransmitter and receiver.

scribes the system model. Section Il considers the soft-handoff

algorithm employing multiple-antenna selection and fast jointlll. SOFT-HANDOFF WITH MULTIPLE-ANTENNA SELECTION

power control. Section IV evaluates the numerical results. Fi- AND FAST JOINT POWER CONTROL

ZE"S%;)ﬁscuon V summarizes the paper by presenting our “OMy [14], we have discussed a technique for rapid transmit an-

tenna selection with a fast joint power control, which achieves a
significant capacity gain. However, this rapid selection system
is implemented under perfect selection conditions without con-

In this paper, we focus on a two-leg soft-handoff model whickidering the effects of handoff-delay. In fact, practical values of
is commonly accepted for handoff analysis [16]-[18]. It can beandoff-delay easily cause high link outage at the cell boundary
extended to soft-handoff with three or more legs. Here, we fdsetween the MS and the BS due to channel variation during the
mulate the handoff problem for the case of two B3% & 2, handoff-delay interval. In this section, we solve this handoff-
BSo, andBS;), separated byD;.:.; meters, with theith MS delay problem by designing a soft-handoff algorithm. We dis-
moving fromBS, to BS; along a straight line with constantcuss soft-handoff employing multiple-antenna selection and fast
speed as shown in Fig. 1. Each BS empldyntennas. = 2), joint power control in three different cell environments: macro-
and each antenna transmits data and a pilot to each MS. Weadls, microcells with LOS, and microcells with NLOS [19].
sume that there ark receive antennas at each MS, and each réhis soft-handoff uses an optimum handoff threshold which of-
ceivesP independent multipath components from each transnfiétrs the lowest probability of SIR outage. The motivation of this
antenna. We further assume that the channel response is cimeussion is to show how the performance achieved by the pro-
acterized by three independent phenomena; path loss variaposed soft-handoff system under practical handoff-delay con-
with distance, slow log-normal shadowing and fast multipatfitions can be optimized for different cell environments. The
fading [19]. In the following sections, three path loss modelsethodology discussed in this paper can be applied to other
for handoff discussion are considered; path loss in macroceBsft-handoff situations as well.
microcells with LOS, and microcells with NLOS.

The channel response vectdt,, . ;(n) € CPL*1, corre- A. Available Antenna Selections

_ B, ;.i(; _
sponding to path loss, short-term fading and long-term fadingThjs section presents the available antenna selections which
between théth MS and thejth transmit antenna at theth BS,  gpecify alternative groups of antennas on which the signals to

Il. SYSTEM MODEL

can be written as a served MS are jointly controlled. In Fig. 1, two BSs serve
H,, ,(n) each MS, and each BS and MS employs two antennas. Here,
” - - - T we assume that antenn&g andA; are located aBS,, and an-
= [, ji000), By jaa(n), o Hyy s na(m)] (1) tennas3, andB; atBS;. With antenna selection itis possible to

IThe soft-handoff threshold, in recent practical systems such as 1xEV—I§\¢|eCt one-of-four (hard-handoff), two-of-four (ha_rd handoff or
[15], is assumed to be 6 dB in macrocell environments. soft-handoff), and four of four (soft-handoff) active antennas.
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BS, BS, The function of the two factors is quite different. The former

8 ilot 0 Pilot 1 g guarantees that each MS receives sufficient power, and the latter
MS; ensures that all MSs experience the same SIR level.
é é In terms of fast joint power control, first, each MS transmits

| i the control informatioh «,,, ; ;(n) and A;(n) to M serving

d ] aotal d R 0D .
Diotal BSs through reverse dedicated channels at power control inter-

vals (1.25 ms), which are forwarded to the mobile switching
center (MSC). Then, the MSC calculates the power control
factor 3;(n) according to overall\;(n). By using a,,, ; i(n)
VH(t T and 3;(n), the MSC allocates the transmission power to the
; jth active antenna at theth BS for theith MS at the ratio of

aZ, i i(n) - Bi(n).
L Hy (t+T,) C. New Soft-Handoff Algorithm

SHO Entry SHO Exit
Decision Implement

¥ SHO Entry SHO Exit
H (t))>_ Implement Decision

v Hy(to+T) Hy(t)

+——— SHO Region ——!

MS Received Pilot Level (dB)

First, let us define the difference between the channel re-
sponses received at thith MS from two BSs corresponding to
Fig. 1. System model and average received signal strength in microcell mth loss and shadow fad'ngﬂiomﬁl,i (d)(dB)’ as
macrocell environments.

Asy iy (d) @y = Ha,i(d) — Ho,i(d). (7)

Nevertheless, our proposed system always selects two actiggording to the definition of long-term fadiry,,, ;(d) as in
antennas, regardless of whether soft-handoff is or is not us€?).and (7) yields

The reason for this is that use of two transmit antennas not only d — A d) - A d 8
achieves high capacity gain, but also simplifies the implemen- o7+ (d)(am) o e1.:(4) cor:(d) - (8)

Time

tation of soft-handoff. whereA¢, ;¢ ,(d)andAg, ; ., ,(d) are defined as
Two active antennas can be selected from the same BS or dif-
A d) =& :(d) — & i(d 9
ferent BSs. The former corresponds to no handoff, which im- o.0:60.0(4) =€1i(d) = &o.i(d) ©
plements slow antenna selection. Here, two active antennas are Ay s z0 (d) =Ly i(d) — L1,:(d). (20)

I‘Q’;![E?tcegr?etse\grgshg n:(;zf-_r?aer!?j):);n\?vrr:/iilhfmz?f%ront]sB?als-t-;hneten The difference between the channel responses received at the
P : P "R MS from two BSsA, ., #. ,(d), as defined in (8), is com-

selection. There, after soft-handoff decision one active antenn(,jlared with a predetermined soft-handoff threshold to make a

can be fast selected at every frame interval from the two an- S
tennas at each B&S,, or BS. soft-handoff decisioh[15].

The soft-handoff state is entered or exited when the absolute
value of Ay, , #, ,(d)@p) is less than a predetermined soft-
] o handoff thresholdyry (6ry = 0 dB means hard handoff). We

During an antenna selection interval the selected antennas{€s,me that the soft-handoff decision is made at every handoff-
main unchanged and fast joint power control is employed [14g|ay interval, 7},. We further assume in our discussion that
This fast joint power control utilizes two power control factorsMo_|eg soft-handoff is employed with two active transmit an-
sayam, j,i(n) andf;(n). The first faCtOfO‘m;L_i(”) is used 10 tannas. As mentioned before, there are two reasons for selecting
control power transmitted from thgh transmit antenna at the g active transmit antennas. One is that two transmit antennas

B. Fast Joint Power Control

mth BS to theith MS, as given by achieve higher capacity gain. The other is that selection with two
N 4 active transmit antennas is easy to implement. The soft-handoff
. i(n) = 1H,,, ;,:(n)ll (5) 2lgorithm with multiple-antenna selection is detailed as follows.
m, j,i =

No Handoff, if| Ay, . 2, .(d)] > étu: The data signal is
transmitted on two active antennas, both at the same BS, while
whereH,, ; ;(n) is the estimate of H,, ; ,(n) as defined in the MS is traveling from distancé to d + Dj,, whereD;, =

E, 0,3 (N4 + [ 1, () 1

(2). T}, xv, andv is the MS velocity. In this case, two active antennas
The second factgs;(n) is used to control transmit power forare selected either froBS if Ay, , 7, ,(d) < —éw, orfrom
theith MS, as given by BSy if Ayy o1y ,(d) > 6ra.

Ai(n) Soft-.Handoff, iﬂAHO,.iTHM(dﬂ < brH: .The data signal is
Bi(n) = 54— (6) transmitted on two active antennas, at different BBS,(and
S Ay(n) BS1), while the MS is traveling from distancéto d + Dy,.
1=0 Each active antenna can be selected from the two antennas at

whereN is the number of MSs and;(n) is the reciprocal of  3ror the sake of simplicity, we do not consider any errors in the transmitted
received SIR for theéth MS. power control information.
4The use of hysteresis cannot reduce the probability of SIR outage, but avoids
2The standard deviation of estimation error for short-term fadinthe ping-pong effect due to fluctuation of channel response. In this paper, we
Cm, 4,11, »(n) as defined in (4) is 0.24 if 20% pilot power is taken into accountlo not consider hysteresis for predetermined soft threshold. The discussion of
[21]. hysteresis on soft-handoff can be found in [21].
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Remain
in Soft Handoff

In Soft Handoff

SHO-ENI
SHO-EXD
No-Handoff ﬁ Soft Handoff

A

HHOI Hard Handof

Delay

SHO-END: Soft-Handoff Entry Decision
SHO-ENI: Soft-Handoff Entry Implementation
SHO-EXD: Soft-Handoff Exit Decision HHOD: Hard-Handoff Decision
SHO-EXI: Soft-Handoff Exit Implementation HHOI:Hard-Handoff Implementation

Fig. 2. The state diagram for soft-handoff and hard-handoff.

the same BSKS, or BS;) at every data frame interval},, type of mechanism (see R-CCCH in [7]). Because of possible
within the handoff-delay]},. This fast antenna selection mit-collisions (multiple simultaneous transmissions which the BS
igates the effect of short-term fading. The decision for this fasannot simultaneously receive), the time of retransmission
antenna selection is made at every data frame interval baséduld be randomized so that the retransmissions will not
on the channel response generated by averaging the estingatbéde again. This process results in a variable handoff-
vector ofH,, ; ;(n) over the data frame intervel,. Gener- delay between handoff entry decision and handoff entry
ally speaking, the handoff-delay is much longer than the d&taplementation.
frame interval, i.e.T}, > T,. For example, the handoff-delay In terms of hard handoff with a variable handoff-delay, the
for Global System for Mobile Communications (GSM) is abouBS is switched and the data signal is transmitted by the selected
480 ms while the data frame is only 4.615 ms [22]. active BS after the all BSs receive the correct handoff control
1) Objectives of Multiple-Antenna Selectiofiwo objec- information$ Since this process has a hard-handoff-delay be-
tives are achieved by multiple-antenna selection. One is teen handoff entry decision and handoff entry implementation,
determine the handoff mode at handoff-delay intervals (4§ Performance depends strongly on the value of handoff-delay.
handoff mode or soft-handoff mode). The other is to determine!mplementation of soft-handoff is more complex than that
the active antenna at a BBY, or BS;) at data frame intervals Of hard-handoff. When soft-handoff entry is required from an
in soft-handoff mode. Handoff mode determination is mad¥S (Soft-handoff entry decision), the selected BS waits for an
by MSC, at handoff-delay intervalE, (slot selection). In the interval corresponding to the soft-handoff-delay and then im-
soft-handoff mode, one active antenna is selected from tRigMents the soft-handoff entry. In this soft-handoff mode, the
antennas located at each BS at data frame inteffalgfast Same data signal modulated by the appropriate BS code em-

selection). As a result, multiple-antenna selection can mitigd?Ying the optimum joint power control is transmitted from two
the effects of both short- and long-term fading. active antennas at two selected BSs. Coherent combining of the

2) Objectives of Joint Fast Power Controlthe main different signals is performed by each MS receiver. When soft-

objective realized by fast joint power control is to allocate thgandoff exitis required from an MS (soft-handoff exit decision),
optimum transmission power to the selected active antennast currently active BSs wait fo_r aninterval corresponding to the
terms of soft-handoff, there exists an important additional o 9 t-handoff-delay, and then implement .the soft-handoff exit.
jective. Soft-handoff, in general, has a handoff-delay proble _utS|de.the soft-handoff mOde’ the data §|gnal .m_odulated by the
If the handoff-delay is large, the soft-handoff process cann%?lp.mp”ate BS E:jofde employm_g the optimum joint polwer gon—
follow the rapidly changing channel, resulting in degradettﬁo is transmitted from two active antennas at one selected BS.
system performance. Since the update raté(.) for fast joint ) .
power control is much higher than the switching ratg,) ©D- Analysis of Probability of SIR Outage
for soft-handoff (i.e.,l}, > T, > 1)), a reliable decision can 1) Probability of SIR Olﬂge,P(fﬁt)(d + d,), Out of Soft-
be achieved only if the soft-handoff region is large enoughlandoff: Based on the probability of SIR outage as a func-
Therefore, joint fast power control is advantageous to a saibn of Ay, , %, ,(d), as generated in Appendix |, we derive
handoff system when the handoff-delay is large. the probability of SIR outage as a function of MS traveling dis-
3) Implementation of Soft-Handofffo consider the effect of tance,d. Here, we derive the result for the no-handoff state.
handoff-delay on the soft-handoff/hard-handoff comparison, Wde derivation under soft-handoff condition will be discussed
discuss the handoff implementation with reference to the stateSection 111-D-2.
diagram shown i.n Fig. 2 . °In this paper, for the sake of simplicity, we consider a handoff process with
Once_ handoff_ is requwed, _the MS has to transmit the handgff ) \ciant handoﬁ_delay' '
control information to its desired BS through a reverse CoOmmonsg; the sake of simplicity, we do not consider any errors in the transmitted
control channel (R-CCCH). The R-CCCH uses a slotted Aloandoff control information.
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For no-handoff as discussed in Section IlI-C, the following By substituting (47) into (17) the probability of SIR outage
inequality holds: under no-handoff condition, as in (16), can be derived as

[Ho,i(d) — Ha,i(d)] > orn. 1) PUP(d+d,)
This inequality can be separated into two parts 1 >
quality p p = / o [~Da o rn (A + dy)]
VT og  J_

Ho,i(d) —Hy, i(d) > éta  or Ho,i(d) — Hi i(d) < —dTm.
(12) ( Ago i1, 4 (d+ d")>
- exp

The Case ofy,(d) — Hi,:(d) > 6ru: In this case, ac- 152
cording to (3), (9) and (10))¢, ,,¢, . (d) can be represented as ¢

Afo,iafl,i(d) S Aﬂo,i,ﬁl,i(d) - 6TH~ (13) . Q (A['O"’['l“(d) + 6TH — ph’Ago‘“El‘z (d+ dn))

V2(1 - p?
Thus, under the condition of (13), the probability of SIR outage (1=ri) o
is given by “dAg, ;.6 (d+dy). (18)

PP (d+dy) 2) Probability of SIR Owtge, PC)(d + d,), in
o Ay ey ,(d)—brn Soft-Handoff: In the soft-handoff state as described in
/ / fyuo [Awy. ., 7. (d+dy)]  Section 111-C, the following inequality holds:

P[Ac e (d), Do rer (A +dy)] [H1,i(d) = Ho,i(d)| < orn (19)
) dAEo,i,fL.i (d)dAfo,iafl,i (d + dﬂ) (14) and thus, we may have
where fNHO [AHO,inl,i(d)] is the probability of SIR Aﬁo,i,£1,i(d) + orm > Afo,ufl.i(d) > Aﬂo.nﬁl,i(d) —Orm.
outage with respect to the parametehy, . x, ,(d) (20)

in no-handoff state as generated in Appendix [Therefore, the probability of SIR outage under the condition of
p[A . e (d), Agy e, ,(d+dy)] is the pdf relative to a (20) is given by
jointly Gaussian distribution as derived in (47) of Appendix I, Acy e
andd,, is the MS traveling distance with the range between p<5 (d+dy) / / o
Thv and2Th

By substituting (47) into (14), the probability of SIR outage v [A (d+d )]
under no-handoff condition, as in (13), can be derived as SHO [SHo, 5, M, s "

Po(:[ltl)(d +d, ) "p [Afo,i7§1.i(d)7 AEO.i:fl,i(d + dn)]
dAgOluEl’L(d)dAEO‘LvEl’L(d—i— dn) (21)

(d)+bru

i

Arg ey, (d)=brn

= f { A 0.y Hi s d+d
2\/_05 / w0 [Asty 1. ] where fsuo [Ax, ., 1, . (d)] is the probability of SIR outage

A2 (d+ dy) with respect to the parametéXy, , 3, ,(d) in soft-handoff
exp ( £0.i,61. " ) mode as generated in Appendix |.
By substituting (47) into (21), the probability of SIR outage
) under the soft-handoff condition can be derived as

405

. Q (_ALO.iyLI,i(d) + 0T + phAEO.i-,ELi (d + dn)

V2(1 = p?) o¢ P§ﬁ2(d+d )
’ dAEo,i,fl,i(d + dn) (15) = / fsuo [AHO Hi (d +d, )]
. . 2\/_ o¢ v
whereQ(-) is theQ-function. )
The Case ot ;(d) — H1,:(d) < —6tu: In this case, ac- _ AL e (dtdn)
cording to (3), (9), and (10X\, .. ¢, ., (d) can be written as xp 4"5
Ago'i’&”(d) z ALO"i’ ﬁl’i<d) + 6TH. (16) ALo.i,£1,i(d) - 6TH - phAEo.i-,ELi (d + dn)
Thus, under the condition of (16), the probability of SIR outage 2(1-p?) o
is given by
Aroicy,(d)+6rn — YAV (d+d,)
(n2) _ 0,i:K1,i 0,i,81,i
P (d+d Q
v(d ¥ dn) ( 2(1—pj) o¢
/ /A u fxuo [= A%, 1y (d 4 dy)] CdAg, s (d+dp). (22)
Lo v L1, (d)+érn

3) Probability of SIR Owge, P..:(7%), in Handoff-
P A6 (D), Bg g (d+ dn)] Delay: The total probability of SIR outage &l + d,,),
cdAgy e (d)dAg, ey (d+ dy). (17) Pow(d + dy,), can be obtained by combinin@" (d + d.,),
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P (d+d,), andP$)(d + d,,), respectively, derived in (15), TABLE |
(18) and (22) as NUMERICAL PARAMETERS USED IN THE CALCULATIONS FOR HANDOFF
Powe(d+dn) = PLD(d+ d)+ PO A+ d) + P+ dy). Number of BSs, 412
(23) Number of antennas per BS, J 2
Based on fspo |[Ax, . n, ,(d+d, and fxuO Number of antennas per MS, L 2
o 0,12, 1,1
[AHO. i Hi,i (d+ dn)] as generated in Appendix |, we Number of multipaths per antenna, P 2

calculateP,,+(d + d,,) as defined in (23). To obtain the average
probability of SIR outage as a function of handoff-delBy,
Pout(Tr), we integrate theP,..(d + d,) in the region of

Processing gain, G 32

Transmission rate 115.2 kbps

0 ~ (Dtotal — Di) for d and the region of},v ~ 2T}, for d,,, Threshold for SIR outage rate 5dB
as Total transmission power per cell, £ 1
_ 1 Data frame intervals 10 msec
Pout (Th) = Tho - (Dtotal — Dh) Power control intervals 1.25msec
2T v Diotal—Dn Standard deviation of estimation error 0.24
. . /0 P,.(d +d,)dddd,. (24) Doppler spread 90 Hz
U -

Fraction of pilot trans. power, 1 —p 20%

PN sequence chip rate 3.6864 Mcps

E. Analysis of Probability in Soft-Handoff Mode

Once the soft-handoff thresholdyy, is determined, the ) ) ) ) )
probability of being in the soft-handoff mode as a functioﬁnd microcells with NLOS, and Ricean fading for microcells

of the MS traveling distance], can be determined as well.With LOS. A fast Doppler spread of 90 Hz is assumed. To
The probability in soft-handoff mode is defined as the prot§-'mp“fy our S|mulat|or_15, we normalize the total transmission
ability that the MS stays in the soft handoff mode during th@OWer from two BSs, i.e£’ = 1. In order to study the prob-

soft-handoff-delay interval. We compare this probability t@Pility of SIR outage, we choose a desired SIR of 5dB for its

determine the soft-handoff region required for different cefireshold. The simulation is performed with data frame lengths
environments. of 10 ms and power control intervals of 1.25 ms. Moreover, we

According to the assumption of log-normal distribution ofSSUMe that the standard deviation of short-term fading channel

shadow fading under the soft-handoff condition as defined ientification error is 0.24 [21], which will degrade the system
(20), the probability in soft-handoff mod®syo(d) can be performance with fast joint power control and fast antenna

easily determined by selt_ection. We further assume that the est_imation of Iong-term
fading channeli; ;(d) is perfect. Table | lists the numerical
Psuo(d) parameters used in the calculations.
In terms of the long-term shadow fading, we consider the
Acrg,; E1.i<d)+6'l‘H . A
— / D [AE ¢ (d)] dA¢, ¢, . (d) convenient and realistic model suggested by Gudmundson [23].
0,i,81,1 0,i,S81,1 . ™ . .
Acry ;.cq 5 () =6rm ' ' Two sources of channel identification errors are considered: the

time delay due to the closed loop power control, propagation
~q Agy i ,,.(d)—brn Q Aro,i 21, (d)+0TnH and processing time, and the channel noise.
V20 V20,

(25) B. Path Loss Models

1) Path Loss in Macrocellsin macrocells, the following
wherep[Ag, , ¢, ,(d)] is the normal distribution, as given by modelis commonly accepted for the path loss [19], for distances
) ranging from 1 to 20 km, i.e.,

1 Afo.nfl,v(d)
p [Aﬁo.ufl.i(d)] rexp |[—————5—|. (26)

- - A

where 4 is a constantd (m) is the distance between theth

BS and theth MS, andwu is the propagation attenuation factor.

A. Simulation Model 2) Path Loss in Microcells:Two models for path loss in out-
The network simulated consists of two cells with two BSgloor microcells are considered; paths traveling LOS and NLOS.

each employing two antennas. Each antenna transmits datkOS: For ranges less than 500 m and antenna heights less

signals at a transmission rate of 115.2 kb/s, and a pilot with 20%&n 20 m, some empirical measurements have shown that the

total transmission power. The signals are spread by differéggeived signal strength for LOS propagation along city streets

PN sequences with a processing gain of 32. Each MS has @ be accurately described by the two-slope model [25]-{27]

receive antennas and each receives two independent equal

power multipath components. In different cell environments, Lo i(d) = 10logy, A i (28)

the multipath fading is different; Rayleigh fading for macrocells ’ dv (1 + %)’

IV. NUMERICAL RESULTS
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wherey andv are the propagation attenuation factors, and th 1e 0l ' ' ' .

parametei3 is called the break point and ranges from 150 tc
300 m. o

NLOS: Grimlund and Gudmundson [28] have proposed a5
empirical street corner path loss model. Their model assumg
LOS propagation until the MS reaches a street corner. TI2
NLOS propagation after rounding a street corner is modeled = ;
assuming LOS propagation from an imaginary transmitter thig
is located at the street corner having a transmit power equal &
the received power at the street corner from the serving B! AT
That is, the received signal strength is given by 1e:08

Macro-Cell

~n B8O
n 8>

Micro-Cell, LOS /

. —— T, = 0.01sec
['m,l(d) —0— T;, = 0.1 sec
A —— T, = 1.0 sec
Kp=0o0r2, C=15
10 loglo <dl/ 1 d “) ’ d < d. 1e-04 ! ! L L
( + E) 0 10 20 30 40 50
= Soft Handoff Threshold &y (dB)
log A 1 d>d
10logyq qv (1+d_c)u ’ (d—d )1/(1+ d_dc)u ’ > e Fig. 3. Probability of SIR outage as a function of soft-handoff threslald,
c B ¢ B in macrocell (Rayleigh fading), microcell with LOS (Rice factorgof, = 2),

(29) and microcell with NLOS (Rayleigh fading), for MS loading of 15, and various
specified values of handoff-delay, = 0.01, 0.1, and 1.0 s.

whered,. (m) is the distance between the serving BS and the
corner. . .
. * Microcells with LOS:
3) Parameters in Path-Loss Model#ased on the above g optimum soft-handoff threshold increases with in-

path-loss models, we define the following parameters. Th : 3 : : -
distance betweeBS, and BS; is 2000 m for macrocells c?easmg handoff-delay. Introducing this threshold significantly

and 500 m for microcells [19]. Based on the measuremereduces the probability of SIR outage. For example, when

t .
results as in [23], the correlation parametgy between two fhe handoff-delay reaches one second, the probability of SIR

. X : Ty -
fading signals separated by distanBefor macrocells is 0.82 outage using hard h:%ndoff 'S abouk310™". Th|s probalt_nhty
with D = 100 m. and for microcells is 0.3 with = 10 can be reduced to using soft-handoff with the optimum

m. In addition, according to [19], the standard deviation O§oft—handoff threshold. Therefore, soft-handoff is essential

long-term fadingr, for macrocells is 7.5 dB and for microcellsunOler conditions of large handofi-delay.

is 4.3 dB. We consider only one propagation attenuation factor:”'\]/l'croiells with fl:lhOSd: # threshold sianificantly i
for macrocells, i.e.;s = 4, but two factors for microcells, i.e., € optimum soft=nandolt threshold significantly Increases

4 = 2 andv = 4, with a break point3 at 200 m. Finally, the with increasing handoff-delay. For example, when the handoff-

distanced,. between the serving BS and the street corner f Ielay reaches 1 s, the optimum soft-handoff threshold is about

microcells with NLOS is assumed equal to the cell center, i. ~5 dB. In this case, the soft-handoff with the optimum threshold

d. = 9250 m significantly reduces the probability of SIR outage from %.4
¢ ' 102 (hard-handoff) to 1.5 1073, resulting in a large capacity
C. Evaluation—Optimum Handoff Threshold gain.

We examine the probability of SIR outage as a function ?{Tablellllststhe optimum threshold g for soft-handoff with

handoff threshold+yz with two-of-four active antenna selection gylelg? f(;;\_dmgéc_)r rr}actrg[c;ells_a;dfmlcrqcells Ylv'th .':Ihl‘fg ,Sand
using (24). The objective of this calculation is to investigate t icean fading (Rice factak'p = 2) for microcells wi '

relationship between handoff-delay, cell environment, and s ff various s_,pecmed values of the MS Ioadlng 0f10, 15, 20, and
handoff threshold ;. . From this table, we observe that the optimum threshpid

Fig. 3 shows the probability of SIR outage as a function ('ﬁ dependent on handoff-delay and cell environment, but almost

handoff thresholdy, in macrocells, microcells with LOS, andlndependent of the MS loading.

microcells with NLOS, for various specified values Bf = ) ]

0.01, 0.1, and 1.0 s. In this example, we consider the Rayleigh Evaluation—System Capacity

fading for macrocells and microcells with NLOS, Ricean fading In the previous section, we considered soft-handoff with

for microcells with LOS (Rice factor oK'z = 2), and the MS two-of-four active antenna selection. In this section, we first

loading of C = 15. From the results obtained in the differeninvestigate the optimum number of active antennas under prac-

cell environments, we make the following observations. tical handoff-delay conditions. Second, we evaluate the system
* Macrocells: capacity by using optimum-power-control or equal-power-
The optimum soft-handoff thresholéry is very low, near control. Finally, we discuss the capacity gainfer different

3 dB. Also, we find little difference in the probability of soft-handoﬁ-de|ayT}L at h|gh and low Dopp|er Spreads_
SIR outage between soft-handoff with the optimum handoff

threshold and hard-handoff. Therefore, soft-handoff with thl::‘7The capacity gain here is defined as the gain achieved by soft handoff

op.timum soft-handoff threshold does not achieve a Signiﬁce\mh an optimum soft-handoff threshold 1, as opposed to hard-handoff with
gain as opposed to hard-handoff. Srn = 0.
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TABLE I
OPTIMUM THRESHOLD 61y FOR SOFT-HANDOFF ON RAYLEIGH-FADING CHANNEL
(MACROCELLS AND MICROCELLS WITH NLOS), AND RICEAN-FADING CHANNEL
WITH RICE FACTORS OF K = 2 (MICROCELLS WITH LOS), FOR
V ARIOUS SPECIFIED VALUES OF HANDOFFDELAY T, = 0.01,0.1,AND 1.0

Cell Type Macro LOS NLOS
MS Loading Tn(sec) |0.01 0.1 1/001 01 1001 01 1
10 Srp(dB)| 3 3 4| 3 6 21| 3 9 37
15 bru(dB) | 3 3 4| 3 6 2| 3 9 35
20 Sru@dB)| 2 2 3| 3 5 19| 3 8 33
25 Srp@B)| 2 2 3| 3 5 18| 3 7 31
1e-01 T T 1e-01 T T

- —— Micro-Cell, LOS
-- Rice Factor Kg =2 -
SHO, 2/4 Trans.

1e-02

Micro-Cell, LOS

Rice Factor Kp =2 1e-03 ¢

Probability of SIR Outage
Probability of SIR Outage

Opt. Power Allocation
—o— T} =0.01 (sec)
--0--- Ty =0.1 (sec)
— - T, =10 (sec)
Equ. Power Allocation
—0— T}, =0.01 (sec)

- Tj, =0.1 (sec)

—a— HHO, 1/4,T}, = 0.01 (sec)
--a--- HHO, 1/4,T}, =0.1 (sec)
—& - HHO, 1/4,T;, =1.0 (sec)| | 1604 &

—o— SHO, 2/4, T}, = 0.01 (sec)
--0--- SHO, 2/4, T}, = 0.1 (sec)

—° = SHO, 2/4,T, =1.0 (sec) —0- T, =10 (sec)
8 SHO, 4/4
1e-05 . L 16-05 L !
10 15 20 25 10 15 20 25
MS Loading C MS Loading C

Fig. 4. System capacities for one-of-four, two-of-four, and four-of-fouFig. 5. System capacities for equal-power transmission and optimum-power
antenna selection in microcell with LOS (Rice facféi = 2). transmission for two-of-four active antenna selection in microcell with LOS
(Rice factorK' p = 2).

1) System Capacity for Different Antenna Selection
Schemes:Fig_ 4 shows an examp|e of the probab|||ty opne BS and far away from the other BS (because the received
SIR outage as a function of system loading for one-of-foupilot power is very low in the latter case). Therefore, to limit
two-of-four multiple-antenna selections, and four-of-fouthe probability of SIR outage as well as reduce complexity,
multiple-antenna transmission in a microcell environment wiffvo-of-four active transmit antennas is the best choice for
LOS. It can be seen that use of two-of-four multiple-antenfultiple-antenna selection under practical handoff conditions.
selection always outperforms one-of-four, and four-of-four, 2) System Capacity for Different Fast Power Control
even with a large handoff-delay interval. With four-of-fourSchemes:Fig. 5 shows an example of the probability of
multiple-antenna transmission, the system is always in hand8#R outage as a function of system loading for two-of-four
and capacity does not depend on the handoff-delay. withltiple-antenna selection with either optimum-power-control

handoff-delay of 0.1 s and an SIR outage rate limit of 50-3, ©F equal-power-control in a microcell environment with LOS.

the capacity gain achieved by two-of-four multiple-antenn@/® Observe that the capacity gaiat an SIR outage rate of
x 1072 is 0.3 dB with a handoff-delay of 0.01 s, 0.4 dB

selection relative to four-of-four multiple-antenna transmission. .
is 0.9 dB in microcells with LOS (1.1 dB in macrocells ancYV'th a handofi-delay of 0.1 s, and 1.5 dB with a handoff-delay

1.0 dB in microcells with NLOS). This gain grows to 2.0 dBof 1 s. Thus, microcells with a large handoff-delay provide
) . ’ he best environment to observe the capacity benefits of

(1.4 dB in macrocells and 1.0 dB in microcells with NLOS) .
compared with one-of-four multiple-antenna selection Wherptlmum-poyver-cqntrol. : :
' .3) Capacity Gain: In Fig. 6(a), we show the optimum soft-

the handoff-delay increases (for example one second), the 9N doff thresholdbry; as a function of the handoff-delagj,.
can be significant. As a consequence, with one-of-four antenna

selection, only hard-handoff is available, which degrades th&ln microcells with NLOS, the capacity gain grows to 0.4 dB with handoff-

f t th Il b d = ff t . . delay 0of 0.01 s, 0.5 dB with handoff-delay of 0.1 s, and 3 dB with handoff-delay
periormance & e ce oundary. Four-or-four transmissiQ, s, while the capacity gain in macrocells is only 0.5 dB regardless of the

leads to excessive channel estimation error when the MS is nearfdoff-delay, based on the analytical calculations.
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35 T 1 T T T T - T T T T
/ N\
o Doppler Spread = 90 Hz ° / Micro-Cell, LOS
230 2 of 4 Ant. Trans. S 3 / MS Loading C = 15
oé_ﬂ: —— Macro-Cell 4 E 0.8 - / Rice Factor K =2 [
(Rayleigh Fading) 5 :
% 25 - — — Micro-Cell, LOS g ° /
2 (Rice Factor = 2) K <3 / - dru=3 dB
8 | |- Micro-Cell, NLOS ) = A IS dn=6 dB
|‘E 20 1 (Rayleigh Fading) ) (?) 0.6 / — — ®m - 20dB i
5 ‘ / £ / / ‘
g / = / \
Ve o
3_:'_ 15 | P B S sl / \ |
2 - o
) _ o
§of - .
E e
) -7 02 i
5r e — -7 -
0 ! 0 L =
0.01 0.1 1 0 100 200 300 400 500
Handoff Delay T} (sec) Handoff Region d  (m)
a,
@ Fig. 7. Probability of being in soft-handoff mode as a function of MS
16 : . traveling distancel for an MS loading of 15, and various specified values of
| the soft-handoff threshold in microcells with LOS (Rice factoy, = 2).
14 Doppler Spread = 90 Hz [
& 2 of 4 Ant. Trans. ; / ] ]
ol —— Macro-Cell P delay. When the handoff-delad}, is one second, the capacity
c Lok . for macrocells is 1.4 dB, for microcells with LOS is 0.5 dB,
S oL | e e oS oo and for microcells with NLOS is 0.2 dB. Therefore, we can say
’5 (Rayleigh Fading) i that the soft-handoff does not achieve a significant capacity gain
§ gL 4 4 under the low Doppler spread condition. A gain is achieved by
/i soft-handoff only under the conditions of high Doppler spread
/0
6 S . and large handoff-delay.
7
4t e / 1 E. Handoff Region
, - g The soft-handoff algorithm employs an optimum handoff
-7 threshold which provides an optimum soft-handoff and offers
o p = the lowest probability of SIR outage. This optimum threshold,
0.01 01 1 determined based on the specified handoff-delay and the cell
Handoff Delay T, ~ (sec) environment, defines the soft-handoff region; if the threshold
(b) is large, the soft-handoff region becomes wide, and vice versa.

Fig. 6. (a) Optimum soft-handoff threshold-; versus the time delag),.  This soft-handoff region can be calculated by (25), based on

(b) Capacity gain achieved by soft-handoff as opposed to hard-handoff atipya predetermined optimum handoff threshold.

outage rate of 5x 10~2, and Doppler spread of 90 Hz on Rayleigh-fading . . . .
channel (for macrocell and microcell with NLOS) and Ricean fading channel Fig. 7 shows the handoff region for a microcell environment

(for microcell with LOS). with LOS. From this figure, we find that when the optimum
threshold is low, the handoff region is harrow. As the threshold

Using these optimum thresholds, we calculate the capacity gr?r?CheS 20 dB (correspondingp = 1 s), the handoff region

. oubles in width from 200-300 to 100—-400 m, where the prob-
gsxafgfg tlgg g;éwnrzﬁn'ggﬂ(sd(gl)am, atan SIR outage rate of ability in soft-handoff mode is near one at the cell boundary.

! : o From the analytical results, we also observe that the handoff
From the figures we observe that capacity gain in the macro-

cell environment is low (about 0.5 dB), almost independent groion increment in macrocells and microcells with NLOS is

; : . quite similar to that in microcell with LOS, except that macro-
the handoff-delayl},. In the microcell environments with a low . . . . .
. o cells show a wider region, while microcells with NLOS show
handoff-delay, soft-handoff does not achieve a significant ca- . .
) : . . a narrower region even using the same soft-handoff threshold,
pacity gain. As the handoff-delay increases, the capacity gain
becomes high. When the handoff-delay exceeds 0.8 s, the gaiff-
increment is extremely large. The reason for this is that when
the handoff-delay is over 0.8 s, hard-handoff does not achieve
the required outage even with a low MS loading, resulting in a We proposed a transmit antenna selection scheme with fast
large capacity gain between soft and hard-handoff in microceljsint power control, whereby the same data signal is trans-
Also, we investigate the capacity gain at the Doppler spreadtted on multiple selected active antennas at multiple BSs of
of 10 Hz. We find in this case that the capacity gains are all losw CDMA network. Based on this multiple-antenna selection

in the three different environments even with a large handofind fast joint power control, we have discussed the operation

V. CONCLUSION
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of a new soft-handoff algorithm under practical conditions. The active transmit antennas are located either on the same
Multiple-antenna selection under soft-handoff conditions caft or on the different BSs. The received SIRn) received at

be used to mitigate the effects of both short- and long-tertine ith MS, can be written as

fading. Fast joint power control provides a reliable connection

if the soft-handoff region is large enough. It ensures a suffi- £0B:i(n — ng)

ciently low probability of SIR outage at the cell boundary or at I';(n) = ¢

a street corner. To analyze the soft-handoff performance, a new Li(n)
methodology has been presented. This methodology is partly M—1J-1
based on the simulation of fast joint power control and fast : Z Z Re {me;i(n) -ﬂfmﬂ(n)
antenna selection, and partly based on analysis for soft-handoff m=0 j=0
with slow antenna selection. Numerical results in terms of the 5
probability of SIR outage reveal the following. ~

First, in terms of multiple-antenna selection, two-of-four ac- 'Hmvjai(n)} S i(n = nd)]
tive transmit antennas is the best choice under practical handoff
conditions. Optimum fast joint power control achieves a signif- £p M-1J-1L-1P-1
icant capacity gain over equal power control in microcells with = Z.(n) . Z Z Z Z Ym, j,i(N) - Hum, i(d)

1

long handoff-delay. m=0 j=0 1=0 p=0
Second, with short handoff-delay, no significant benefits re- R
sult from employing soft-handoff, even in the microcell envi- - Re {Cm,j,z‘,l,p(n) : C:;z,j,i,l,p(n)}
ronment. With a long handoff-delay at a high Doppler spread,
however, soft-handoff is beneficial in microcells, but unneces-
sary in macrocells. As a consequence, soft-handoff achieves a © O, g, i (00— mg) (30)
significant gain in the microcell environment under the condi-
tions of long handoff-delay and high Doppler spread, as opposed
to hard-handoff. At a low Doppler spread, the capacity gains gfgere
low in all the three cell environments. Contrary to the case of
high Doppler spread, the soft-handoff does not achieve a signif- Ii(n)
icant gain. Zi(n) = Bin—np (31)
Third, with respect to the handoff region corresponding ' ‘
to the optimum soft-handoff threshold, the determination @ndc,, ; ;(n) andg;(n) are the power control factors as de-
soft-handoff threshold depends strongly upon two factors: c@lied in Section 11I-B,£ is the total transmission power allo-
environment and handoff-delay. This optimum soft-handoffated to all MSs by two BSg, is the fraction of total cell site
threshold should be kept large so as to provide a large handgdiver devoted to MSs (- p is devoted to the Pi|0t5ﬂm,j,7;(n)
region and result in a low probability of SIR outage at the cgll ihe estimate ofl,, ; ;(n) as defined in W), it p(n)
boundary. _ _ _ is the estimate of,,,.; ; 1. ,(n) as defined in (4), anci” and
Finally, with respect to the implementation requirements, the« 516 the transpoéé of and conjugate transpose df re-
proposed soft-handoff requires higher complexity than hargpectively. Another parameter we need to specify,is;. ; (1),
handoff due to the processing overhead for multiple-antenna §&sich is used to indicate the active antenna. Namély, ifithe

2

lection (macrodiversity). transmit antenna at theth BS to direct to theth MS is ac-
tive, v, j,i(n) = 1, otherwiseyy,, ; i(n) = 0. Note thatRe(-)
APPENDIX | function in (30) is used to extract the real signal and reduce the
PROBABILITY OF SIR QUTAGE WITH RESPECT TO interference power by one half [20].
Awy i #y (d) Here, the normalized total interference powigfn) is given

The probability of SIR outage under the short-term fadin%y
channel condition does not lend itself to analysis, because it

depends on the channel identification error calculation, the fast M-1Jj-1L-1P-1M—-1J-1M-1P-1
joint power control, and fast antenna selection at the same BG(n) =& - Z Z Z Z Z Z Z Z Wﬁl,;,z(n)
We resort to the Monte Carlo simulation to determine it. m=0 j=0 I=0 p=0 m=0 j—o j=0 p=0

The contribution of this section is to offer the probabilities 2
of SIR outage fxuo[Ax, ,, 1, ,(d)] for no soft-handoff, and 'Xm,j(”) : [S‘Ee {Hﬁl,;,z,z,p(”) 'H:;L,j,i,z,p(“)H

fsuo[An,. ., . . (d)] for soft-handoff, with respect to the dif- M1 1 Lo Pl M1 J -1 M—1 P—1

ference between channel responsis,, . #, ,(d), based on _e. L

the Monte Carlo simulation. The resulting probabilities of SIR ¢ mZ:o ; ; ];] 'mZ:() ]go ; I;O Yin,3,3()
outage will be supplied to the soft-handoff analysis. Here, we

present the simulation method relative to the probability of SIR “Ym, j,i(n) - Hm,z(d)Hm, i(d)xm;(n)

outage for both no handoff and soft-handoff, and evaluate the . 2

simulation results. : [%e {C}J’,Z‘,l,;{;(n) G, i,z,p(”)H (32)
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wherey,,. j(n) is the normalized power transmitted from the '**® ' ' '

jth transmit antenna at theth BS, as defined by

No Handoff
c—1 . % Rayleigh Fading
Yo (1) = p - Y i(n) - fim) + Zo£ (33) 8
1=0 g
whereC is the MS loading,K and M are the number of ac- £ |77 7.0
tive antennas X = 2) and the number of BSsM = 2), § "PE==--" " E
o

respectively.
If the numerator and the denominator of (30) are divider [

by M3 ;(d), the SIR,T';(n), can be represented as a functior .| Optimum PC

of Ay, . %, .(d) instead ofH,, ;(n). Therefore, the equation ~ fr---77" — - jot4Trans.

(30) says that ifNy, . #, .(d) is given, the probability of SIR Equal PC
outage with respect td\y, , 7, .(d) can be determined by | 2 of 4 Trans.
computer simulation. 1e-04 ! L L ! s

20 -15 -10 -5 0 5 10

Here, we indicate the probability of SIR outage by a functiol
of fxmo[] with a subscript NHO meaning “no-handoff,” and
by a function of fsio[-] with a subscript SHO meaning “soft- @
handoff,” i.e.,

Difference Between Channel Responses AHon(d) (dB)

1e+00 T T T T T T
Soft Handoff 2 of 4 Ant. Trans.

i i —— Optimum PC
o[ty 1,10 (d)] = Pout[Asy 7, ()], Raviegh Fading | - | T Efual PO

if (70,0,i(n)="0,1,i(n)=10r0)
(34) 1e-01 F

fSHO[AHo,q,H1,7 (d)] = Pout [AHOJ,”H],1 (d)]7
otherwise. (35)

Probability of SIR Outage

Finally, a computer simulation of (30) yields the probability
of SIR outage as a function @, , #, ,(d), which is used for
soft-handoff analysis. In Fig. 8(a) and (b), we show an examp
of the probability of SIR outage on the Rayleigh-fading channe
for one-of-four and two-of-four active antenna selection witt
optimum power control, and two-of-four active antenna selec 103 , , , , , , ,

tion with equal power control. 20 -5 -10 5 0 5 10 15 20
Difference Between Channel Responses AHon(d) (dB)

1e-02

APPENDIX Il (b)
DERIVATION OF JOINT SHADOW FADING DISTRIBUTION Fig. 8. Probability of SIR outage as a function of difference between
P [A&J El(d): A&) El(d + Dh)] channel responses\y,, 7, (d), with (a) no handoff, and (b) soft-handoff,

) ) ) Rayleigh-fading channel with values of the MS loadihg- 10, 15, 20, and 25.
Let the shadow fading levels at timée the random variable,

§i(t)(am), and at timet + 13, be the random variable, (¢ + _ _ _
Ty)(a), WhereT), is the handoff-delay interval. Here, we firstwheresp is the correlation between two points separated by
prove that these two random variables are jointly Gaussian,distanceD andv is the velocity of the MS (m/s). Note that

given by T, = TN, whereT is the sampling duration andy;, is the
number of samples in the handoff-delay interval.
pli(t), &t +Th)] = 1 To prove two shadow fading samples separated by Tipt®
ill)s Gi h 27”7?, /1—p3 _bejoint Gz?ussialn atzj]hown in (36), let us consider the following
important formula
exp |- WO = 200G OG0+ T + E0+ T a0 P
202 (1 - pj) pl&(), &t +Th)] = p[E(0)] - p [+ Th)|E(H)]. (38)

whereo is the standard deviation ¢f(¢), andpy, is the corre- Thus, instead of proving joint Gaussian distribution as in (36)
lation coefficient between two shadow fading random variablégectly, we need prove thaf¢(¢)] and p[¢(t + T3)|&(t)] are
&(t) and¢;(t + Ty, ) separated by tim@),, and|p;,| < 1. Based both Gaussian distribution with the probability density function
on Gudmundsons experimental results [23], the correlation dgdfs}

efficient p;, can be represented as

[ e
ph = 6UDT1,/D (37) p[f(t)] - maf €xXp [ 20_2 ] (39)
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1
P&t +Tn)|&(t)] = m where
yi¥ea — —
¢ of = 1=r g [n2(Tk)] . (46)
6+ T~ pré(0))? L
- exp [— /2027(1?2)/ ] . (40) Therefore, according to the mean and variance as derived in
£ Ph (44) and (45) the conditional Gaussian pdf6f + T,) given
We event(t) as defined in (40) is proved for shadow fading.
Finally, according to the model of four random variables [24],
the pdf with respect ta\, ¢, (d) andA¢, ¢, (d + Dy,), as de-
l]jged in (9), can be easily derived as

In terms of (39), it is naturally that the Gaussian distributio
with zero mean and standard deviatiorsefis recognized due
to the assumption of log-normal shadow fading distribution.

In terms of (40), the Gaussian distribution is also natural d
to the assumption of log-normal shadow fading. We only needzchAE e, (d), Mgy ¢, (d+ Dy))
prove that this Gaussian dlstrlbutlon is centereg;&t(t) with
standard deviation of: /1 — p2 , as follows. / / p[Ag,. e, (d) + Eo(d), Eo(d), Agy e, (d+ Dy)

We first show that the mean 6t +7},) is centered at, ().

According to the generation method of shadow fading [23], we o(d+ Dy), &o(d + Dp)] déo(d)déo(d + Dy)
have the shadow fading samples as 1
=———— -exp|—{A} ., (D) +A]  (d+ D,
§TR) = p-€(T(k =D} + (1= p)-n{T(h =1} () 4m/1=7} o¢ (b hada @ D

where&(Tk) is the mean envelope level of shadow fading in =~ — 288¢, ¢, (d)Agy, ¢, (d+ Dp)} {407 (1 - pit) } 1]
dB that is experienced at discrete locatiosampled at every’ (47)
secondsp(Tk) is a zero-mean Gaussian random variable and

p is a parameter that controls the spatial decorrelation of the
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