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Resumo - O uso de soft-handoff pode ter um impacto sub-
stancial no enlace de descida de sistemas CDMA, reduzindo
sua capacidade. Isto depende fortemente dos pardmetros uti-
lizados no procedimento de handoff. Neste artigo avaliamos
este impacto para diversos conjuntos de valores de parfime-
tros. Inicialmente estimamos a capacidade do sistema € a
possivel influéncia do soft-handoff em termos do mimero mé-
dio de estagOes bases sirnultaneamente ero contato com uma
estacdo mével. Em seguida determinamos mais precisamente
o efeito de algoritmos de handoff e de parimetros especificos.
E obtida uma solugao analftica para um sisterna CDMA. gené-
rico ¢ & simulado o procedimento de handoff da norma I8-95
com o objetivo de de estimar o tréfego efetivo suportado pelo
sistema

Abstract - The use of soft-handoff may have a substantial
impact on the downlink of cellular CDMA systems, by re-
ducing its capacity. This depends heavily on the parameters
used in the handoff procedure. In this paper we estimate this
impact with several sets of parameter values. First we esti-
mate the system capacity and the possible influence of soft-
handoff in terms of the average number of base stations simul-
taneously in contact to a mobile station. We then proceed to
determine more precisely the effect of particular handoff al-
gorithms and parameters. An analytical solution for a general
CDMA system is derived and the IS-95 handoff procedure is

.. simulated in order to estimate the effective traffic carried by
* the system
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1. INTRODUCTION
Soft-handoff is a well known technique used in mobile
CDMA systems[1,2], which allows a mobile staticn to com-
municate with more than one base station simultaneously dur-
ing handoff. This makes a seamless handoff possible, besides
providing a better signal quality due to macro-diversity [1].
The employment of this technique has very little impact on
the capacity of the uplink, since the same signal is transmit-
ted by the mobile station, whether it is in soft-handoff or not.
However, the same will not be true for the downlink. In this
case, the same signal will be transmitted by two or more base
stations, thus increasing the overall interference and conse-
quently decreasing the capacity.
38

It is generally considered that the uplink capacity is much
smaller than the downlink capacity, and that the former is thus
the lirpiting resource in CDMA systems. The use of soft-
handoff however, can reduce the capacity of the downlink to
such an extent that it becomes the limiting factor, depend-
ing on the handoff procedure and parameters. This situation
is highly undesirable, and it is therefore interesting to deter-
mine the real effect of the soft-handoff in the capacity, and its
dependence on the handoff parameters.

The effect of soft-handoff in CDMA systems has been
studied recently in several papers [3,4,5]. In [3,4] the mar-
gin required to meet a constant call reliability is determined,
using both soft and hard handoff. In [3] an analytical solu-
tion is derived for the uplink, while in [4] results are obtained
through simulation considering the handoff procedures from
GSM and IS-95. In [5] an analysis of the effect of soft hand-
off in the downlink capacity was made considering only the
overlapping regions between different cells. In this paper we
present an analysis of the downlink capacity with soft hand-
off, considering a propagation model that includes path loss
and shadowing, as well as the mfluence of different handoff
parameters and procedures.

In section 2 a brief analysis of the capacity in CDMA sys-
tems for both up- and downlink is made. In section 3 we con-
sider a general handoff model and obtam an analytical solu-
tion for the change in capacity due to soft-handoff. In section
4 we use the handoff procedure and parameters defined in IS-
95, and obtain results through simulation. A brief conclusion
is presented in section 5

2. CAPACITY IN CDMA SYSTEMS

The capacity of CDMA systems has to be investigated sepa-
rately for the up- and dowmlink, due to their different chacac-
teristics, which may be summarized as follows:

e In the downlink all users are synchronized, which al-
lows the use of orthogonal codes. It is true that due to
multipath propagation, the orthogonality cannot be guar-
anteed at reception, yet nevertheless some performance
gain can be expected. In the uplink, a chip synchroniza-
tion of every user would be very difficult to implement,
since each user has a different varying propagation de-
lay, and random codes are therefore used.

e Power conirol is a more important issue in the wplink,
since the signals from different users withstand different
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path loss and fading. This is not the case in the down-
link, where there is a single source and only a power
allocation procedure is generally implemented.

e In the IS-95 standards coherent demodulation is em-
ployed in the downlink only, relying on the transmission
of a pilot signal by the base station. In the uplink a non-
coherent modulation technicue is employed. This means
that a higher signal-to-interference ratio is required in
the uplink than in the downlink for the same desired bit
error rate,

2.1. Uplink Capacity

An analytical estimation of the uplink Ezlang capacity of a
CDMA system was presented in [7] considering inter-cell in-
terference and imperfect power conirol. The capacity is de-
fined as the traffic level for which a certain outage probability
requirement is satisfied. It is assumed that an outage occurs
when the interference power spectral density at the receiver 18
greater than a certain threshold f. The condition that outage
does not occur for a data rate R and % users in a single cell is
given by:

k
Z'UiEb;R+ NoW < L)W

=0

6y

where Ep, is the bit energy of the i-th user, v; ia a
Bernouilli random variable with Pr(n = 1) = p representing
the voice activity of the 4-th user, Ny is the white noise power
spectral density and W is the transmission bandwidth.

Defining e = Fj /I, equation (1) can be rewritten as

k
Z=> we< —W—(1 -) 2)
=1

— R
where 77 = No/Iy. A typical value for this parameter, also
used in this paper is 7 = 0.1 [7]

The received signal-to-interference ratio e; for user ¢ is
. imodeled by a log-normal random variable with mean m, = 7
dB and standard deviation s, = 2.5dB.

Since Z is the sum of % independent random variables with
same distribution, an approximation by the central limit the-
orem can be made as long as % is large. In that case, Z
can be assumed to have a normal distribution and the gutage
probability depends only on its mean and variance. Defining
Z' = Ze~P™ where § = 0.1in10, the outage probability for
a one cell system is given by:

. A— E(Z")
ezl

where Q{.) is the modified complementary error function,

3)

- ("R) (1—n)
A= S (4)
and for a traffic level A/ Erlang

B(z') = el

&)

The interference fromm the neighbor cells is equivalent to
increasing the interference by the factor (1 + f), wheref is
the other-cell interference factor, typically 0.55 for a path loss
exponent n = 4 and a shadowing standard deviation o =
8dB [7]. It can be included in this analysis if we substitute
the equivalent traffic (A/g) = (A/u)(1+ f) in equations (5).

The use of soft-handoff has little infinence on the uplink
capacity, since the mobile station will transmit the same sig-
nal no matter how many base stations it is in contact with, It
is argued in [1] that the uplink capacity will be increased by
the use of soft-handoff, since the mobile station will always
be controlled by the best server, and hence transmit with less
power. This, however can be the case also with hard handoff,
and is not necessarly true with soft-handoff, but depends on
the handoff algorithm. Anyway, this would affect the inter-
ference factor f, and the value of (.55 has been calculated
with the assurnption of control by the best server.

Var(Z') = ﬁpe%&”) ,

2.2. Donwlink Capacity

The estimation of the downlink capacity is not as straightfor-
ward as for the uplink, Here we follow the development in
[1].

Suppose that a fraction 1 — 3 of the total power transmitted
by any base station is allocated to paging and broadcast chan-
nels, then each of the &, users in this cell receive a fraction
B¢, of the ransmitted power, under the condition

ku
S <1
=]

We consider that the interference from the users in the same
cell is reduced by an orthogonalization factor k. In case per-
fectly orthogonal codes are used h = 0, but, as already men-
tioned, due to multipath propagation, full orthogonality can-
not be maintained at the receiver, so that a value k < 1 should
be emnployed (A value 2 = 1 would be employed for random
codes). Now let the toral power from base station 7 received
by user ¢ be Sg,, and suppose that user i, controlled by base
station 1 receives interference from J base stations (the back-
grownd noise can be ignored, since power saving is not as
critical as in the uplink and hence the transmitted power is
usually much higher than the noise power). Then, the bit en-
ergy to interference power speciral density ratio for the ¢-th
user can be written as

©6)

0/ J
(h+ ZSji)/W
=2

The system is deemed to be in outage if there is no solution
to equations (6) and (7) such that the required E,/Io can be
sustained for all users. Assurne that the sarue ratio of bit en-
ergy to interference density I'pz, L is required by every user.
Remembering that the users are active intermittently and in-
verting equation (7) we reach the following expression for the
outage probability -
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In[1] the Chernoff bound on the outage probability is cal-

culated, but an estimation based on the central limit theorem
is also feasible here. Equation (8) can be rewritten as

Ku
Fout =Pr [Z vi(h+ ;) > 6%} ®
=1
where
J
S5
= 81
Ko= I E 10)
Ipr
Now let z; = v;(h + ¥;), them the outage probability can
be expressed as

Ky
Poys = Pr [Z z > ﬁKo] =

i=]1

oo K,
eSS s o
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Soft-handoff has a great influence in the downlink capacity,
since the same signal will be transmitted by several base sta-
tions simultaneously, increasing the interference. This may
be alternatively viewed as an increase in the effective traffic
level in each cell. Let us define the parameter g as the average
number of base stations that are simultaneously in communi-
cation with any single user at any given time. If the actual
traffic levelis A/ p per cell, we may say that the effective traf-
fic level will be (\/p)g per cell on the downlink

‘We can thus assume that the mumber of signals transmit-
ted in a cell is a Poisson random variable with parameter
g(A/p). For high traffic levels the probability that few sig-
nals are transmitted is low and, by applying the central limit
theorem, we can obtain the following approximation for the

outage probability
o= (gA/p)ke—aMk (ﬁKo - kE)
P = 12
D o= (12)

where

Z= Ela] = p(h+ Elw))

0% = Varlz] = p(h® + 2hEfyd] + E]) - p*(h+ E[ygg
40

Erlang Capacity of Narrowband CDMA

10% e
__;‘ 10—2 I i .-‘.._,.-' 4
T g, . A~ 1
= F s
| K 2 Uplink {f =055)
= W Downlik h=1,g=1)
4 - - -~ Downlink (h=1,g=1.3)
10 3 <erre DoV (h=05,8=1)
7 + 4 + Downlink h=0.5,g=2)
—_— ; . . ]
] 15 a0 25 30 35 40
Traffic per cell (Erlmg)
Erlang Capacity of Broadband CDMA
100 | ' o
:g:wl -
-]
2
[
- 10% |
(=4
4 -
a Uplnk §=055)
X[...... . Downlink o=1,g=1)
't |- _ - - Downlmkf=1,g=13)
* Downlik ¢=05g=1)
+ + + Downlnk =05 5=2)
1 L 1, 1 L i p— §
0 250 300 350 400 4SD 500 S50 600

Traffic per Cell (Erlang)

Figure 1: CDMA system capacity.

An analytical solution for E[y;] and E[yZ] is very diffi-
cult to obtain, but simulation results for a path-loss exponent
n = 4 and a shadowing standard deviation ¢ == 8 dB indicate
values of Bfy;] == 0.5125 and E[y7] = 1.025. With these
values we can numerically calculate the outage probability
according to equations (12) and (13). Some results are shown
mmFig. 1.

Fig.1 shows curves of ontage probability versus traffic per
cell for the up- and downlink. It can be seen that the capacity
in the downlink is much higher than in the uplink, speciaily if
soft-handoff is not taken into account. It can be said that the
uplink is the limiting factor in the system capacity, as usu-
ally stated [7]. It is however clear from the above analysis,
that depending on the value of g, the downlink may limit -
the system capacity. If we consider non-orthogonal codes in
the downlink a factor g up to 1.3 can be accepted without ca-
pacity losses. With orthogonal codes the downlink capacity
is much higher, even if full orthogonality is not maintained
at the reception. In Fig.1 for example, for a orthogonality
gainh = (.5 the allowable value of g was increased to 2. This
however has to be viewed carefully, since the gain obtained
with orthogonal codes is difficult to quantify and is heavily
dependent from the channel model. It can be also noticed
that the results are similar both for the narrow and for the
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Figure 2: General handoff algorithm.
wide band cases.

It is desirable that many users be in contact with more than
one base station, providing receiver diversity and seamnless
handoff as often as possible. On the other hand the average
number of base stations in contact with a single mobile station
cannot be too high, or capacity losses can be expected. Based
on the above results, we assume that values of g between 1.3
and 1.4 should be aimed at, In the following sections we ad-
dress the problem of determining the value of g and how this
factor is affected by different handoff schemes and parame-
ters. :

3. GENERAL HAND-OFF MODEL

In this section a general handoff method will be investigated
analytically. Let us first consider a two cell system. We as-
sume that a mobile will be in soft-handoff with both cells if
the reception level of both pilots is above a certain thresh-
old. If we assume that all pilots are transmiited with the same
power, wemay compare only the fading between the base sta-
tons and the subscriber. Letting o be the value of the fade
between base station i and the mobile station, we may then
consider that a mobile will be in soft-handoff if

Qy,Qp >y 14)

where « is the threshold value, This is illustrated in Fig 2

We consider the propagation model used in [1], where the
fading between a subscriber in a position with coordinates
(z,) and base station 1, in dB, is given by

a;(z,y) = ~10mlog [ri(z,y)] +a€ +bE;  (15)

where r;(z, y) is the distance between (z,y) and the base
station 7, e is the path loss exponent, £ and £; are independent
Gaussian random variables with variance o2 and zero mean,
that represent the shadowing effect; £ is the same for every
cell, and £; is a shadowing component relative to the -th cell;
a and b are parameters such thata® + =1, < 1.

If we consider that the mobile location coordinates (z, y)
are random variables with joint probability density function
fzy(X,Y) ina certain region Sp, the probability Pgyr that a
subscriber is in soft-handoff is given by

Figure 3: Two cells system

Pog = /:/ fz,y(X,Y).Pr{ag,al]dXdY (16)
Sp

where

Priog, 1] = Prieo(z,y) > 7, a1z, y) > iz, 9)=(X, )]

Due to the symmetry of the problem, we may consider only
the raobiles located in 80 Sy in Fig. 1, We also assume a uni-
tary distance from the center of a cell to the border between
cells, so that the mean signal fading will be 0 dB in relation
to both cells for a user located in M

In order to enable an analytical solutior, we make a =0
and b = 1, so that the shadowing fades for different cells are
mdependent. Considering that the subscribers are uniformly
distributed within SO, and taking M as the origin, we have

0 (=+1/v3
Peg — / 2v3Q (m(2,%)) Q (p1(z,v)) dady
B
an
where
+ 10mlogro(z,
po(z,y) =1 70l )
o
+ 10mlogr (=,
Pl(‘r)y) = X g 1( y)

a

This analysis can be easily extended to a system with three
or more cells. In this case the probability that a mobile is in
soft-handoff with all N cells is given by

0 (=+1)/v3 Ny
Psgy = 2v3 [] Q (pr(z,v))dzdy  (18)
2% =0
where
+ 10m logri(z,
pe(z) = 2 g7k, Y)

[«

The traffic increase ¢ due to soft handoff is calculated as the
average nmumber of base stations in soft handoff. We assume
that the probability that the user is in communication with
more than three base stations at the same time is very smail,
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Figure 4: Values of g for differentes parameters

and calculate the value of g for a three cell system, based on
equations (17} and (18}, as follows.

3z PriSH among all 3 cells| + Pr[No SH]
+3 = Pr[SH between any 2 cells]

= 3zPsg, +1— (Psw, + 3(Psg, ~ Psx,)
+223(Fsa, — Psu,)

= 3Psm, — Psm, +1 (19

where Psyy, and Fgme are respectively the probability of
soft-handoff among 3 and 2 cells. The results are shown on
Figure [?], assuming m = 4. We can see that the choice of
the handoff threshold -y is highly dependent on the shadowing
variance.

4. HANDOFF ACCORDING TO THE
IS 95 STANDARD

In this section we evaluate the reduction in the traffic capac-
ity due to soft handoff in 18-95 CDMA. According to the 1S-
95 standard, different base stations transmit a different pilot
. signals, which are in fact based upon the same pseudo-noise
sequence, but with different delays, These pilot signals are
constantly monitored by each mobile station, and the handoff
is based on measures of the downlink signal-to-interference
ratio. The algorithm defined in the IS-95 relies on a set main-
tenance procedure. All the pilots in the system are partitioned
in the following sets:

e Active Set : contains the pilots of every base station in
simultaneous communication with the subscriber.

e Candidate Set: contains all pilots whose signals are
strong enough for a good communication, and are there-
fore candidate to become active.

o Neighbor Set: contains the pilots of every base station
that is adjacent to the main station, but whose signal is
not strong enough for communication.

e Remuaining Set : contains the pilots of every other base
station in the system,

42
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Figure 5: Handoff algorithm in IS 95.

The above sets are constantly updated depending on the
following parameters

¢ T_ADD: is the threshold level that a pilot signal must
exceed, for it to be moved into the Candidate Set.

e T _DROP, T_TDROP: If the level of a pilot belong-
ing either to the Active or Candidate Set drops below
T_DROP for at least T_TDROP seconds, it is excluded
from its present set.

o T_COMP : If the level of a pilot belonging to the can-
didate set exceeds the level of any pilot belonging to the
Active Set by at least T_COMP * (,5 dB, it will be in-
cluded in the active set.

e Ngn @ is the maximum number of compenents in the
active set.

At the begimning of any call, the Active Set is initialized
with the pilot having the greatest received power. The Can-
didate Set is mitially empty, the Neighbor Set contains the
pilots of every geographically neighbor cell, and the Remain-
ing Set, of every remaining cell ini the system. An example of
a 18-95 handoff procedure is shown in Figure 5.

The pilot level is measured by the signal-to-interference
Sp/I, where Sp is the pilot signal received power and I is the
interfering power. Considering an N-cell system, all trans-
mitting with the same power on the downlink, and assuming
that a fraction § of each base station’s power is dedicaied to
the pilot signal, we have that the received level of the Oth cell
pilot is given by

5
7

_ Beg Q0)

N-1
(1—B)oo+ Z‘i &

where o is the fading between the subscriber and the -th
cell.

In order to obtain the value ¢ we must obtain the average
number of elements in the Active Set Due to complexity of
the algorithm, this calculation has been done through com-
puter simulaion. We have considered tre same paropagation
model presented in the previous section, but this time we have
considered @ = b = 1/ +/2. We have assumed that each mo-
bile moves with a constant speed, which is a uniform random
variable between m 0 and 100 km/h, and in a fixed direction,
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Figure 6: Value of g in relation to T_ADD and T DROP.

which is also a uniform random variable, between 0 and 2.
The duration of each call is an exponential random variable
with mean : min. Besides the model so far presented, we have
also considered that the fading has a spatial correlation. This
is simulated following the Gudmundson model [6], by which
the fades from two points distanced d from each other, in re-
lation to the sarne base station, have a correlation given by:

Efa(po)alpr)] = o” exp(—d/do)

where dy is a constant that determines the rate of decay
with the distance.
In this simulation we have considered an urban environ-
-ment, with dg = 150 m, m = 4, ¢ = 8 dB and a distance of
- 4 &an between adjacent base stations. Typical system param-
- - eters, based on field tests and simulations [4] are: T_ADD =
_ -16dB, T_DROP = -20dB, T_COMP = 2,5dB and T_DROP
= 5s. These values were taken as reference in the simula-
tions, and in each of the graphs shown below results for vari-
ation over one single parameter are shown.For variations over
T_ADD, T_DROP is kept as T_ADD - 4 dB, The results are
shown in Figures 6, 7 and 8

In Figure 6 we observe that the value of g increases with
the decrease in both T_ADD and T _DROP. This can be ex-
pected, since in this case the conditions for a pilot to be can-
didate for soft handoff are loosened. We must remember that
these parameters represent the minimum level required for a
goed quality of transmission, and therefore there is not much
margin for a reduction in these parameters below the typical
values,’

It can be noticed in Figure 7 that the value of g increases
with a decrease in T_COMP, since in this way the candidate
pilots are more easily moved into the active set. We can also
see that the lower the value of T TDROP is, the smaller is

@1
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Figure 7: Value of g in relation to T_TDROP and T_COME.
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Figure 8: Value of g in relation to Ng,,

the value of g obtained, but the system is not very sensitive 10
variations in this parameter.

In Fig. 8 we observe that very little or no change occurs
when we vary the parameter Ng,, above 3, and this is due to
the fact that it is very unlikely that the mobile will be in soft-
handoff with more than 3 base stations. It can also be seen
that for typical values the increase in the downlink effective
traffic will be around 40%.

5. CONCLUSIONS

We have seen in the results presented in this paper that the
employment of soft-handoff may cause 2 substantial decrease
in the downlink capacity of CDMA systems, and may even
dominate the overall system capacity, since even though the
capacity of the uplink is about 30% greater than that of the
dowmlink, this extra capacity can be lost by an increase in the
effective downlink traffic. Nevertheless, in order to have a
more accurate picture of the problem, we must consider that
the proportion of users in soft handoff will in practice vary in
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time, and the decrease in the downlink capacity may eventu-
ally be even higher than the one shown in this paper, which
took only average values into account. It is therefore nec-
essary to carefully choose the appropriate handoff parame-
ters, so that the system capacity is not substantially decreased,
while maintaining the performance improvements that can be
obtained with soft-handoff. An estimation of the downlink
capactty decrease for different handoff algorithms and param-
eters was carried out in‘this paper, and the results presented
here may hopefully shed sorme light on this issue.
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