The Downlink Orthogonality Factors Influence on
WCDMA System Performance

Klaus Ingemann Pedersen and Preben Elgaard Mogensen

Nokia Networks
Niels Jernes Vej 10, DK-9220 Aalborg, Denmark
Email: Klaus.I.Pedersen@nokia.com

Abstract—The large scale statistics of the downlink orthogonality fac-
tor (OF) is adressed in this paper for typical urban macro cellular envi-
ronments for terminals with standard Rake receivers. It is found that the
OF improves as the user moves closer to the BS and the OF is positively
correlated with the shadow fading component of the radio channel. The
mean value of the OF is typically larger for users dominated by own cell
interference over other cell interference. These effects results in a larger
excess capacity close to the BS, compared to scenarios where the OF is
assumed to be constant within the cell.

1. INTRODUCTION

Let us consider the downlink (DL) of a wideband code divi-
sion multiple access (WCDMA) system, where signals trans-
mitted from the same base station (BS) are separated by means
of synchronized orthogonal codes. As orthogonal codes do not
have white noise properties, the total transmitted signal from
each BS is scrambled by a pseudo noise (PN) sequence, which
is unique for each BS. This transmission scheme is applied for
the UTRAN FDD system, where the orthogonal codes are de-
rived from the set of Walsh codes, while the BS specific PN
sequence is a Gold code [1]. Hence, in radio channels with no
time-dispersion the own cell interference is completely elimi-
nated after despreading. However, the orthogonality is partly
destroyed in temporal dispersive radio channels because time-
shifted versions of the orthogonal channelization codes are not
orthogonal.

The effect of using orthogonal codes for own cell user sep-
aration in WCDMA systems has been addressed by DaSilva
in [2]-[3], assuming a Rake receiver. Recently, the term Or-
thogonality Factor (OF) has been widely introduced and ac-
cepted as a measure of the degree of orthogonality between
own cell signals received by a particular user. Note that in
general the OF is different for each user in the system. The
OF is an important and useful parameter for simple capacity
assessments at system level [4], and radio network planning
in general [5]. The basic behaviour of the average OF and its
dependency on the temporal dispersion of the radio channel is
discussed by Passerini in [6]. Experimental results on the OF,
extracted from urban and rural field measurements are pre-
sented in [7]. The local statistics and time-variant behaviour of
the OF is addressed in [8] as function of the resolvable multi-
path compoments phase and amplitude variations of standard-
ized power delay profiles. In this study we investigate the large
scale statistics of the OF, assuming single antenna transmis-
sion from the BS and a Rake receiver at the user. Thus, users

with advanced receivers such as equalizers for improving the
OF are not considered in this study and neither is scenarios
with transmit diversity at the BS. In this context, large scale
statistics refers to the probability density function (pdf) of the
OF for all users in a cell, where the OF for each user is an
average over the radio channel fast fading. In this analysis, we
will focus on the OFs influence on the WCDMA system per-
formance. In deriving the large scale statistics of the OF we
use the stochastic delay spread model proposed by Greenstein
[10].

The paper is organized as follows. The downlink OF is pre-
sented in Section II. Greensteins delay spread model is out-
lined in Section III. The results for the large scale statistics of
the OF are presented in Section IV followed by a discussion of
the impact of these results on WCDMA system performance
in Section V. Concluding remarks are provided in Section VI.

II. THE DOWNLINK ORTHOGONALITY FACTOR

Using the downlink OF, the narrowband energy to interfer-
ence plus noise ratio after Rake finger combining for a partic-
ular user can be approximated as !
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where R, is the chiprate, Ry is the bit rate, P, is the re-
ceived power of the desired signal, P, is the total received
wideband power from the own cell BS, P,;e, is the total re-
ceived wideband power from other BSs, P, 5ise is the thermal
noise, and o € [0; 1] is the DL OF. Hence, @ = 1 indicates
that the orthogonality of the own cell signals is maintained
at the receiver, while 0 < o < 1 corresponds to the case
where the orthogonality is partly or fully destroyed. The term
(1 — «) is often referred to as the multipath loss factor of the
radio channel [6]. We will assume that the OF is averaged
over all combinations of channelization codes, so it does not
depend on the number of active users and the transmit power
per channelization code [8]. The OF is a function of the delay
spread function of the downlink radio channel, which can be
expressed in discrete form as
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Mn writing (1) we implicitly assume that all signals from the own cell BS
are transmitted under the same scrambling code, i.e. no secondary scrambling
codes are enabled.



where [3; and 7; is the complex amplitude and delay of the [-th
multipath component, respectively. The number of multipath
components is denoted L. For the sake of simplicity, we will
assume that
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where | - | denotes absolute value and 7, = 1/R, equals the

chip time, i.e. all the multipath components are resolvable by
the Rake receiver. From (2) we can express the average power
delay profile (PDP) of the radio channel,
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where E{-} denotes spatial averaging over the fast fading. The
OF also depends on the number of active Rake fingers (1/) and
the Rake finger combiner weights?. A commonly used Rake
finger combiner weight for the m-th Rake finger is [2]-[3]

Wy =06, Yme[l,2,...,M], (6)
where [-]* denotes complex conjugate. Thus, the combiner
weight in (6) is matched to the m-th multipath component.
However, in the case where orthogonal codes are used for tran-
mission, the optimal combiner weight for the m-th Rake finger
is given by

B
PO’UUTL ZZL:Ll;ﬁm |5l|2 + Pother + Pnoise

(N

Wy =

Note that (7) corresponds to ideal maximal ratio combining
(MRC), assuming that the thermal noise at each Rake finger
is identical. It is important to emphasize that the OF will also
depend on P,yn, Pother, and Pypise if (7) is used. If (6) is
used, the OF is only a function of h(7) and M. However, the
OF is reported to change less than 10% depending on whether
the Rake finger weights in (6) or (7) are applied [8].

Detailed expressions of the instantaneous OF are derived in
[8] for the case where either (6) or (7) is used. An approximate
formula for the OF is presented in [6] and [8] for the case
where it is averaged over the radio channel and P,,, >>
Pother + Pnoise’ i.e.,
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It is worth noticing from (8) that the phase averaged OF is only
a function of the relative power of the resolvable multipath
components and not dependent on the relative delay between
the multipaths. Throughout this paper, we will assume that
the number of Rake fingers (M) is selected so all resolvable
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2In this context, the Rake finger combiner weight referes to the complex
factor which is multiplied by the output of the Rake finger after despreading,
before Rake combining

multipath components within a window of 15 dB relative to
the strongest path are tracked.

From a WCDMA system perspective, the importance of the
OF depends on the interference ratio

— P Pown . (9)
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Hence, for G << 1 the OF becomes less important for the
value of p, while p becomes more dependent on the OF for
G>> 1.

III. DELAY SPREAD MODEL

There is a large body of results reported in the open litera-
ture that permits a statistical description of the PDP in differ-
ent environments; see [9]-[13] among others. This allows us to
further quantify the statistical behaviour of the OF. We will fo-
cus on outdoor typical urban macro cellular scenarios, where
the BS antenna is mounted above rooftop level while the user
is positioned in street canyons. A commonly accepted model
of the RMS delay spread (DS) in such environments is Green-
steins model [10], which suggests that (i) the local mean DS
is lognormally distributed at any distance, (ii) the DS is nega-
tively correlated with the radio channels shadow fading com-
ponent, and (iii) the DS increases by the distance between the
BS and the user. The DS at distance d between the BS and the
user can therefore be expressed as

or = T1d%y, (10)
where T is the DS at distance d = 1 km, € is a model pa-
rameter, and y is lognormal distributed random variable so
Y = logyo(y) is Gaussian distributed with zero mean and
standard deviation o,,. The model has been validated by nu-
merous independent measurement campaigns (see [11] among
others) and recently adopted in the COST259 radio channel
model [13]. The results presented in [11]-[13] furthermore
suggests that the local PDP can be approximated with an ex-
ponentially decaying function for typical urban macro cellular
environments, sO

P(1) x exp(—7/0,), (11)
where a o« b reads a proportional to b. Assuming that 7; =
[T, the large scale statistics of the OF can be obtained by
combining (8), (10), and (11).

For typical urban macro cells, the model parameters are
found to be in the range [10]-[13]: T} € [0.4;1.1] s, € €
[0.5;1.0], and o, € [2; 6] dB. The cross-correlation coefficient
between the shadow fading component (expressed in decibel)
and Y is typically found to be on the order of -0.7.

IV. LARGE SCALE STATISTICS OF THE OF
A. OF versus RMS delay spread

Given the PDP in (11) the OF is plotted in Fig. 1 versus the
DS. For this particular case it is observed that there is an ap-
proximate linear relationship between log,(«) and log; (o)
for an exponentially decaying PDP. The change in the slope at
o, = 200 ns is due to the change in the number of active Rake
fingers. We will refer to the function in Fig. 1 as « = (o).
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Fig. 1. OF versus the DS for an exponentially decaying PDP.

B. Distance dependency

Using the distance dependent DS model, it is possible to
plot the median value of the the OF versus the distance be-
tween the BS and the user. An example is shown in Fig. 2,
where T7 = 0.5 us with ¢ = 1.0 and ¢ = 0.5. It is observed
that the OF improves significantly as the user moves closer
to the BS. Users in the close vicinity of the BS have o ~ 1,
so the own cell interference is completed suppressed by the
use of synchronized orthogonal codes. However, the model
in (10) should be used with caution at small d, since the DS
close to the BS typically reach a minimum value of 50-100 ns.
To facilitate a simple description of the median OF at a given
distance d, the following function

1

is found to provide a good match to the results in Fig. 2. For
€ = 0.5 the least square best fit is obtained for £ = 2.9 (dashed
line). The simplicity of (12) makes it easy to include the effect
of distance dependt OF in link budget calculations, etc.

C. Correlation with shadow fading

The power of the desired user (P,se-) and the own cell
power (P,,,y) are propagated through the same radio channel
and are therefore also subject to the same shadow fading com-
ponent. This implies that during a shadow fade both P, .,
and P, are attenuated with the same order of magnitude
while the OF is likely to decrease due to the negative cross-
correlation between the shadow fading and the DS (i.e., loss
of orthogonality during a shadow fade). Contrary, a user on the
cell edge is more likely to be connected to the BS with domi-
nant shadow fading component and thereby also the BS which
offers the best OF. The cross-correlation between log,, (o)
and the shadow fading component (expressed in decibel) of
-0.7 [10]-[11] maps to a cross-correlation between log;, ()
and the shadow fading component of 0.7, due the approximate
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Fig. 2. The median OF versus the distance between the BS and the user.

linear relationship between log;(«) and log,, (o) as shown
in Fig. 1.

D. Cell pdf of the OF

As discussed in Section II the importance of the OF depends
on GG. We will therefore consider the pdf of the OF conditioned
on (G > x) experienced by users connected to the same cell,
i.e.,

p(a|G > x). (13)

Given (13) let us define the central moments of the conditional
pdf as

1
to(T) = / ap(a|G > z)da (14)
0

and

1
a2 (x) = a — o (2)]?p(a x)da.
2 (2) /0[ o () 2p(0]G > 2)dar. (1)

We extract (13) from Monte-Carlo simulations assuming a
standard network topology with three sector BSs as illustrated
in Fig. 3. Each BS is equipped with three 65 degree antennas
and a front-to-back ratio of 20 dB. The distance between BSs
is fixed at 1.5 km so the approximate radius of each hexagon
equals 0.5 km. The distant dependence pathloss between each
user and BS is is calculated from a simple single-slope model
with a pathloss exponent of 3.6. The standard deviation of the
lognormal distributed shadow fading component is 8.0 dB and
assumed uncorrelated in the links from different BSs towards
the same user and fully correlated between sectors on the same
BS. The cross-correlation coefficient between the shadow fad-
ing component and Y equals -0.7, ¢ = 0.7, and o, = 4 dB.
Users are assumed to be uniformly distributed in the network
and connected to the sector on the BS which corresponds to
minimum pathloss (incl. the shadow fading component). All
sectors are assumed to transmit with equal power. Statistics is
collected from one center cell, simulating the two surrounding
tires of cells to obtain the correct G-factor statistics.
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Fig. 3. Standard cell layout with three sector BSs.

The pdf of the OF is plotted in Fig. 4 for 77 = 1.0 us and
Ty = 0.5 ps, assuming x = 0. The pdf for 77 = 1.0 us is
more concentrated at lower values of the OF while the pdf for
Ty = 0.5 pus provides a larger spread of values. The presented
results clearly indicate that the experienced OF varies signifi-
cantly among the users in the cell. For comparison, measure-
ments of the OF in a large urban cell at 27 different user lo-
cations is reported to have a mean OF of 0.5 and a standard
deviation of 0.2 [7]. The measurements in [7] are mainly col-
lected from users located at the cell edge, approximately 1.5
km from the BS. Modeling of the OF within a cell with a con-
stant value is therefore a major simplification which may lead
to unrealistic results.
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Fig. 4. Probability density function of the OF experienced by users uniformly
distributed in a cell (z=0).

Fig. 5 pictures the conditional moments of the OF. As ex-
pected, the mean of the OF increases as function of z so users
with a high G-factor generally experience a higher OF. This
behaviour is mainly contributed by two effects; (i) Users with
a high G-factor are more likely to be closely located to the
serving BS and therefore experience a larger OF according to
(12) and (ii) users with a constructive shadow fade tend to have
a larger OF and G-factor. The trends in Fig. 5 are favourable
from a WCDMA system perspective, since a high OF mainly

is needed for larger values of G while the actual value of the
OF for small G becomes less important. The simulation re-
sults show that approximately 14% of the users experience
10log;,(G) > 10 dB while 46% have 10log;,(G) > 0 dB.
The cross correlation coefficient between log; ; (G) and the OF
over the entire cell is found to equal 0.61.
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Fig. 5. Mean and standard deviation of the conditional pdf of the OF within
a cell.

V. SYSTEM ASPECTS

The downlink cell capacity of a WCDMA system depends
on the required E; /Ny of the users, the total available transmit
power, the G-factor distribution of the users, and the noise
level. However, the capacity is also a function of the joint
distribution of the OF and G, as demonstrated in [4] where an
expression for the downlink load factor is derived. In order
to further illustrate how the OF influences the performance of
WCDMA systems, we will consider the offered bit rate to a
user, who is moving from the cell edge towards the BS. This is
a very simple example where the user is assumed to be moving
along the trajectory described by the broadside direction of
the antenna in the cell (dashed line in Fig. 3). Given these
assumptions, the offered bit rate to the user as a function of
the distance to the BS (d) is obtained by re-arranging (1),

Rc/ppuser (d)
Pown(d)[l - O[(d)] + Pother(d) + Pnoise '

Ry(d) = (16)

The relative offered bit rate compared to the distance r, as-
suming a constant OF is expressed as,

_ Ry(d)
Q= I (17)
with
R, = R:/pPuser(r) (18)

Pown (T)[l - O/] + Pother(r) + Pnoise ’



where o is a constant OF. The power levels Pyser(d),
Pown(d), and Ppyper(d) at distance d are computed via sim-
ulations, assuming the cell topology in Fig. 3. In these
calculcations the shadow fading and fast fading is disabled,
y = 1, and the transmit power towards the user is assumed
constant so P, (d) only varies due to the deterministic dis-
tant dependent pathloss. The results are reported in Fig. 6 for
Ty = 0.5 us, e = 0.5, & = f(0.50 us), o/ = f(0.25 us),
and o = f(0.13 pus), where f() is the function reported in
Fig. 1. The corresponding G-factor is plotted in Fig. 7. It is
observed that the relative offered bit rate increases as the user
moves closer to the BS due to the larger value of G as shown
in Fig. 7. The results of the distance dependent OF show that
relative offered bit rate increases by a factor of 19 at d = 100
m, compared to d = 1000 m.
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Fig. 6. Relative offered bit rate as a function of the distance betweeen the BS
and the user.

The results for the distance dependent OF and o =
£(0.25 us) will most likely result in the same average bit
rate within the cell, assuming that users are uniformly dis-
tributed and served equally. However, if more advanced
packet scheduling schemes are studied where users in favor-
able conditions (high G and «a) are served more frequently,
then the results for the distance dependent OF and a =
£(0.25 pus) will deviate significantly. This further underline
the importance of modeling the behavior of the OF correctly.
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Fig. 7. G-factor as a function of the distance betweeen the BS and the user.

VI. CONCLUDING REMARKS

The downlink OF is an important metric for simple capac-
ity assessments of WCDMA systems, link budget calculations,
and radio network planning. It is found that the OF tends to
improve as the user moves closer to the BS. The OF is posi-
tively correlated with the radio channels shadow fading com-
ponent, so the orthogonality is likely to be degraded during a
deep shadow fade. Simple examples are provided in order to
demonstrate the importance of modeling large scale statistics
of the OF correctly to obtain realistic results.

However, it should be emphasized that when the OF de-
grades, the potential gain from Rake finger diversity increases.
The trade-off between a good OF and improved Rake finger
diversity has not been addressed in this study.
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