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Co-channel Interference Assessment for Line-of-Sight and
Nearly Line-of-Sight Millimeter-Waves Cellular LMDS
Architecture

Shayan Farahvash and Mohsen Kavehrad,1 FIEEE

Behavior of co-channel interference in fixed wireless cellular systems, such as millimeter-waves
Local Multipoint Distribution Service (LMDS), is different compared to what has been established
for mobile microwave systems. This is due to utilization of a high-gain antenna for the subscriber. In
this paper, first the analysis of signal-to-interference ratio (SIR) is presented for line-of-sight and
nearly line-of-sight LMDS architecture. In this analysis, the effects of precipitation and foliage
attenuation and depolarization have been considered. These two parameters have negligible effect
on the microwave mobile systems but in millimeter-wave range are among the most important fac-
tors in the link budget. To mitigate the fading due to shadowing by buildings and trees, a highly
overlapped architecture and macro-diversity are proposed. After analysis of downlink SIR in pre-
viously proposed cellular systems, a cellular architecture is proposed based on polarization inter-
leaving and frequency segmentation which has a much higher SIR yield. The statistical assessment
of SIR is accomplished by assuming lognormal distribution for the received signals.

INTRODUCTION

It has long been known that a major bottleneck
in delivering multimedia services to the telephony sub-
scribers is the low capacity local loop. With ever-increas-
ing demand for higher capacities, the need for broadband
local loop access is transformed from a convenience
to a necessity. Providing service in such a broadband
access loop using a wireless approach has the advan-
tages of network being rapidly deployable and cost-
effective. In fact, the cost-effectiveness of the wireless
broadband local loop was the most important driving
force behind the promotion of such systems. The eco-
nomic advantages and speed of deployment of the PCS
and cellular phone systems encourage an extension of
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the same technology to broadband wireless local loop.
Originally, pursuing this concept did not get much atten-
tion due to the unavailability of enough radio band-
width to deliver wideband services and the fact that the
lower microwave frequencies were already overcrowded.
Recently, FCC auctioned more than 1 GHz of bandwidth
in the millimeter-wave region for the deployment of a
so-called local multipoint distribution service (LMDS).
This unprecedented huge available spectrum is another
incentive to consider the wireless technology in general,
and the LMDS, specifically, as an attractive way of real-
izing a broadband local loop.

The wireless channel in millimeter waves is a very
harsh transmission medium. A signal transmitted in mil-
limeter wave frequencies is subject to severe attenua-
tion by rain and foliage and a high degree of depolar-
ization [1–6]. To overcome this attenuation and have
an acceptable fade margin, the utilization of high-gain
antennas in an LMDS link seems inevitable. Such a high-
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gain antenna drastically reduces the multipath-induced
delay spread to values well below 10 ns [3]. In addi-
tion, such an antenna in millimeter-wave frequencies is
much smaller than its counterpart in the microwave fre-
quencies and therefore can be conformed at subscriber
premises, easily. Incorporating these antennas in LMDS
links, however, makes the link highly susceptible to
shadowing by buildings or trees [6]. If the direct path
between the base station and the subscriber antenna is
obstructed by an object which covers the first Fresnel
zone, the receiver can not gather a descent signal for fur-
ther processing.

In cellular wireless networks, it has long been
known that the limiting factor for the system perfor-
mance is co-channel interference [7]. It is safe to say
that LMDS, with a high frequency reuse, is no exception
to this rule. However, the behavior of signal-to-interfer-
ence ratio (SIR) in cellular LMDS is very much differ-
ent from what has been understood for traditional mobile
systems operating at lower microwave frequencies, due
to the following reasons. First, the presence of a high-
gain antenna makes the influence of some of the inter-
fering sources more pronounced than others, i.e., those
sources in the direction of the antenna’s main beam have
more disturbing effect than the ones behind it. Second,
no clustering concept seems to be feasible in LMDS
mainly due to the fact that the demand on the bandwidth
for the local loops is so high that the available bandwidth
can not be used partially in each cell. Hence, by default,
in each cell, all the available bandwidth must be used at
least once [8, 9].

The subject of co-channel interference evaluation
and its relation to frequency reuse factor, cell shape,
diversity scheme, has been an active research area since
early 80’s [7], [10–15]. Calculation methodology for
average signal to average interference ratio (S/ I ) in cel-
lular architectures is based on the assumption that the
large-scale variation of the signal can be represented
by a lognormal distribution and its average value obeys
a power law model. To address the statistical behavior
of SIR, Cox [7] evaluated the sum of identically dis-
tributed interference power levels by means of a Monte-
Carlo study and computed an outage probability for a
mobile located in the corner of either a hexagonal or a
square cell. Yeh and Schwartz developed an analytical
approach to calculate the cumulative distribution func-
tion of the sum of lognormally distributed interference
signals and then used the results to evaluate the cumu-
lative distribution function (CDF) or SIR [10]. Later,
they showed that actually a three-branch macro-diver-

sity scheme can achieve 11 dB improvement in SIR over
the case of centrally-located base stations with omni-
directional antennas [11]. In another important obser-
vation they found the mobile-to-base and the base-to-
mobile SIR statistics to be almost identical in all cases
they studied. Although, there is a general agreement that
the Schwartz-Yeh method provides a fairly accurate esti-
mate for the moments of total interference, but in recent
years, there has been some arguments on the accuracy
of this method in predicting the CDF of SIR and it was
shown that some simpler methods offer a better accuracy
under certain conditions [12].

Assessment of the co-channel interference in fixed
cellular systems generally, and for LMDS specifically,
considering the effect of both rain fading and foliage
depolarization, is the subject of this paper. It should
be noted that our case study is for line-of-sight (LOS)
or nearly line-of-sight situations where the foliage is
the main reason for shadowing. Because our simula-
tions involve finding both outage and S/ I, we choose
the Shwartz-Yeh method to find the moments of sums
of lognormal random variables.

The organization of the paper is as follows. In Sec-
tion II, we propose a highly-overlapped cellular archi-
tecture for mitigating the shadowing using the well-
known concept of macro-diversity. Section III is devoted
to calculation procedures for the co-channel interfer-
ence in LMDS. Here, we will outline some of the spe-
cific relations for finding the rain attenuation and cross-
polarization-discrimination (XPD) in millimeter-waves.
Based on this formulation CDF(SIR) and S/ I for several
different cellular LMDS architectures are analyzed and
presented in Section IV and V. Also, we will propose a
methodology for designing cellular systems with higher
SIR values, using polarization interleaving and frequency
segmentation.

I. LMDS CELLULAR ARCHITECTURE

In this section, we propose a cellular architecture for
an area which is supposed to be covered by an LMDS
infrastructure via the well-known concepts of cellular
designs and frequency reuse. A complete coverage of an
area is possible by different cell shapes. To convey the
basic concepts, we assume the cell shape to be square
with four base stations at the corners of each cell. The
other cell shapes and different strategies of base station
placement have been investigated earlier ([13, 14]) and
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our work can be extended to these structures, easily. Fur-
thermore, results of [7] show that, in general, difference
between the performance of the two systems with two
different cell shapes are smaller than the difference due
to the uncertainty in other system parameters. Each base
station is assumed to be equipped with four 908 sector
antennas. It has been shown that square shape cells with
four antennas in the four corners have the best relative
coverage factor among all other cellular shapes [14].

The existence of a highly directional antenna (more
than 30 dBi gain) makes an LMDS link highly vulner-
able to shadowing. A well-known countermeasure for
shadowing is macro-diversity where any receiver has the
ability to access multiple transmitters. For LMDS, we
consider a highly-overlapped cellular architecture and a
maximum selection combining approach. This situation
is shown pictorially in Figure 1(a). In Figure 1(b), the
same situation is shown in a more schematic way.

Such a simple macro-diversity scheme can sig-
nificantly increase the chance of having an acceptable
desired signal level. To find improvements gained by

macro-diversity, first a channel model must be estab-
lished. Lognormal statistics have been the dominant
choice for modeling the shadowing in widely different
propagation media. It has been shown that a lognor-
mal distribution represents the measured data better than
Rician, albeit there could be a near-LOS path between
the transmitter and the receiver [3, 18]. In macro-diver-
sity, a subscriber will measure the power from each base
station and selects the one with the highest power avail-
able (maximum selection diversity). Considering a log-
normal distribution, one can find the improvement in the
average received signal power for an L-branch maximum
selection combining system. The cumulative probability
distribution function (CDF ) of the desired signal is sim-
ply the multiplication of CDF values of the received sig-
nal from each base station [19]. For the worst case point
in the center of the cell, where the signals from all base
stations have the same average power, this will be the
CDF of one signal raised to a power L. In this case, CDF
of the received signal can be obtained from

Fig. 1. (a) Four branch diversity using 908 sector antennas to overcome the shadowing by buildings and trees. (b) The schematic picture of macro-
diversity. Each subscriber has the opportunity to choose one of the four corner base stations.
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Fig. 2. Improvement in the desired signal power using maximum
selection macro-diversity for lognormally distributed signals and for
FS(s) c 0.5. L: number of diversity channels.
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where S1 is the average value of signal power in one
of the branches and j is the dB standard deviation of
the lognormal channel model. Figure 2 shows the SNR
improvements in comparison with the case when there is
no diversity (L c 1) as a function of the standard devia-
tion of lognormal distribution and for a fixed probability
of signal reception. Improvement in signal power due
to macro diversity for a certain value of FS(s) can be
assessed using
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The standard deviation of the received signal is a
major factor in determining the amount of improvement.
In microwave wireless systems, a typical value of stan-
dard deviation is between 8 dB to 12 dB [17], which for a
four branch diversity promises 10 dB improvement in the
SNR. For millimeter waves propagation, this value is not
very well known. However, it can be inferred that due to
the vulnerability of these signals to any kind of shadow-
ing, the standard deviation for millimeter waves should
be larger and therefore the macro-diversity is more suit-
able in increasing the available SNR.

By nature, a highly-overlapped structure suffers
from co-channel interference, specially if the entire
available bandwidth is to be used by all corner base sta-
tion antennas. In fact, due to the high capacity expected
of LMDS, it is assumed the entire bandwidth should be
made available to the cell subscribers. That is, in each
cell, we have to have a frequency reuse of at least 1. Fre-
quency reuse is defined as the number of times the avail-
able bandwidth is used within a particular cell. This is in
direct contrast with lower microwave frequency services
where only part of the available spectrum is used in each
cell and by using the clustering concept, the interfer-
ence level in the whole structure is minimized. It can be
argued that migrating from micro-cellular to a pico-cel-
lular architecture can relax this condition. However, due
to the relative cost-effectiveness, micro-cellular architec-
tures are claimed to be optimum [8, 9]. Hence, micro
cellular systems are the preferred choice in this paper.

II. CO-CHANNEL INTERFERENCE
CALCULATION OVERVIEW

The reuse of radio frequencies makes co-channel
interference a fundamental consideration in micro-cellu-
lar radio systems. In fact, for almost all cellular systems,
a limiting factor in the performance is the co-channel
interference and not noise. It is universally accepted that
the SIR is a good measure by which one could evaluate
the level of interference in a cellular radio system. Since
both the desired signal and interference vary randomly,
a more meaningful performance measure is the expected
probability that the SIR is below an acceptable level (out-
age probability). The objective of this section is to pro-
vide an overview on calculation procedure for obtain-
ing S/ I and outage. The existence of high-gain antenna
and rain fading are two important parameters that make
the LMDS distinct from its lower frequency counterparts
and therefore they should be integrated in this procedure.
Also, considering that there are many system proposals
for LMDS which use both horizontal (H) and vertical (V)
polarizations, it is imperative to incorporate the depolar-
ization into these calculations.

A. Desired Signal and Interference Power

Except for a constant factor, the average desired sig-
nal from a base station can be obtained according to a
well-known radio link formula:
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S1 c 10 log10 � PtGbGsLrain

rm

XPD − 1
XPD � (3)

where Pt is the transmitted power and Gb and Gs are
the gain of base station and subscriber antennas respec-
tively, m is the attenuation exponent in power law model,
XPD (Cross-polarization discrimination) is a quantitative
measure for depolarization and Lrain is the attenuation by
rain. Modeling the wave propagation in an urban envi-
ronment has been the subject of many research papers
[1–6]. Reports on the typical values for m in power law
model, however, are rare. Recently, it has been shown
that m is a strong function of vegetation density in the
area and the base station antenna height [3]. Specially,
the antenna height can drastically reduce the value of m.
This is mainly due to the fact that at higher antenna lev-
els, the probability of blockage by trees will be reduced
and therefore the millimeter-wave signal will experience
less attenuation. In our calculations, we consider m to
have values between 4 to 6, representing an area with
low to moderate density of foliage [3, 9].

The effect of rain attenuation in millimeter-wave
communication systems is an active research area [11].
For our purpose, we use the following heuristic formula
which has wide acceptance [8]

Lrain c −aRb(dB/ Km). (4)

In equation (4), R is the rain rate in mm/ hr and con-
stants a and b are different for different polarizations:

ah c 0.187, bh c 1.021 (5.a)

av c 0.167, bv c 1.0 (5.b)

It can be seen that the difference between the rain
attenuation of different polarizations is insignificant, e.g.,
for a rain rate of 10 mm/ hr the difference is only 0.3
dB/ Km. Therefore, to simplify our calculation, we only
use the horizontal polarization values to calculate the
rain attenuation.

For rain, XPD can be found via the semi-empiri-
cal relationship provided by CCIR [4]. Another main
source of depolarization is vegetation. In fact, experi-
mental results show that the depolarization by trees is an
order of magnitude larger than the corresponding values
for rain depolarization [3]. Figure 4 shows the compar-
ison between XPD due to rain and vegetation. As it can
be seen, vegetation depolarization is the dominant fac-

Fig. 3. Interference sources and simplified antenna pattern in a cellular
architecture for LMDS. The subscriber is assumed to be at the center
of central cell equipped with a high-gain antenna. Cell shape is square
and only the first tier of surrounding cells is shown.

tor and therefore in our calculations we neglect the rain
effect, compensated for by the higher gain of the anten-
nas used, in nearly line-of-sight cases. Furthermore, XPD
is a very weak function of co-polarized attenuation and
therefore as another simplifying assumption, we consider
a constant value of XPD c 16 dB for our calculations.
In fact, Figure 8 of reference [3] clearly shows that most
of the measured data values are actually around a XPD
value of 16 dB.

The average received power from j-th interference
source can be written as
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for a cross-polarized source

Ij c 10 log10 � PtDbDsLrain

rm

XPD − 1
XPD �

for a co-polarized source

(6)

where Db is the directivity of the interfering base station
antenna in the direction of subscriber and Ds is the direc-
tivity of the subscriber in the direction of the interfering
base station. A simplified radiation pattern of the antenna
is shown in Figure 3, where antenna has only two side
lobes with constant side lobe level of SLL (dB). Follow-
ing this simplifying assumption on the shape of the radi-
ation pattern of antenna, D can be either G or G.SLL or
zero;
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Fig. 4. XPD for rain and foliage. Rain depolarization is found for zero
tilt and elevation angles [4]. Foliage depolarization is shown as a linear
fit to the measured data [3].

D c {G |v | ≤ vL/ 2
0 |v | ≥ vS/ 2
G.SLL Otherwise

(7)

The values of G, SLL, vS, vL for base station antenna
and for subscriber antenna are shown in Table 1. vL is
roughly the beamwidth of the antenna and vS is the angu-
lar span of the non-zero values for the antenna pattern.
Pattern of an antenna in real world can have a very com-
plex shape and equation (7) is an abstract expression for
it. It should be noted that our case study is for line-of-
sight (LOS) or nearly line-of-sight situations where the
foliage is the main reason for shadowing. The experi-
mental results in [3] show that when a tree is obstructing
the LOS path, for many cases, it is in the far field region
of the antenna. Therefore using free-space values of G
and SLL seems to be reasonable. Finally, using equation
(7) has this implicit assumption that all the non-line-of-
sight interfering base stations are equally important. This
renders our simulation to be a worst case analysis which
is in harmony with the rest of this paper, as we shall see.

B. Calculating S/ I and CDF(SIR)

Having set the equations for finding the signal
power and the co-channel interference, the next task is
to find the main sources of interference. In our analysis
of the downlink interference, only the first tier of inter-
fering base stations are considered and effect of farther
stations are assumed to be negligible. In addition, the SIR
is found at the so-called worst point [7] at the center of
the cell. Without loss of generality, we assume that the
desired base station is at the upper left corner of cen-
tral cell in Figure 3. Different sources of interference
can be partitioned to near and far according to their dis-
tance from the worst point (Figure 3). Due to the narrow
beamwidth of the subscriber antenna and its nearly zero
back-to-front ratio, the interference contribution of many
sources in the first tier are negligible and contribution
of some far co-channel interference sources are actually
more than the near ones. The interference contributions
from different sources are considered to be independent.
For each interfering base station, the average received
power can be found using (6). As stated earlier, the sta-
tistical behavior of the transmitted signal from any base
station can be described by a lognormal random vari-
able with an average value calculated from a power law
model. For the total interference power, we need to find
a new random variable as the sum of a finite number of
lognormally distributed random variables.

I c 10 log10�∑
j

10Ij / 10� (8)

In the literature, there are two different approaches
to find statistical behavior of this random variable. In a
simplistic approach, considering the fact that the number
of interfering transmitters is large and they are indepen-
dent of each other, central limit theorem is valid and the
total interference is assumed Gaussian. Using a more rig-
orous approach, it has been shown that the sum of two
lognormal random variables is best described by another

Table I. Antenna Characteristics for Base Station and Subscriber

v8L v8S G(dB) SLL(dB)

908 Base Station Antenna 90 190 15 −20
Subscriber Antenna 2.4 190 35 −20
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lognormal variable. Hence, the sum of finite number of
lognormal variables is lognormal, too. To find the sta-
tistical parameters (mean and variance) of the sum of
finite number of lognormal RV’s we used the Schwart-
Yeh method [10]. Despite the recent arguments on the
accuracy of this method for estimated CDF, it is safe
to say that for moments of total interference (includ-
ing the power) it provides more accurate results and
therefore it can be used when such calculations are con-
cerned [12]. In addition, Figure (7) of [12] shows that
although outage probability values found by using the
simpler Wilkinson’s is fairly accurate but Schwartz-Yeh
method can provide almost the same accuracy. Consid-
ering the total interference to be a lognormal variable,
its average and standard deviation (i.e., I and j I) can be
found through an iterative approach described in [10]. It
should be mentioned that finding the average and vari-
ance of composite lognormal variables using this method
is slightly sensitive to the order of combination and some
error must be tolerated when using the results. Consid-
ering the signal and total interference independent, CDF
of the dB value of SIR can be calculated according to
[11]

FSIR(sir) c 1 − ∫
+∞

−∞
f S(s)FI(s − sir)ds (9)

where the probability density function of signal can be
found using equation (1) and the total interference, as
mentioned, is lognormal:
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Also, S/ I can be found easily by subtracting the
total interference power from the average value of the
desired signal power in a macro diversity scheme;

S/ I c ∫
+∞

−∞
s f S(s)ds − I. (12)

As a special case, if we consider the signal and
interference values deterministic (j c 0), then S/ I can
be written in terms of S/ I for each individual interfering
source as

S/ I c 10 log10
10S/ 10

∑j
10 Ij / 10

(13)

Using equation (13) has this definitive advantage
that the calculation of S/ I will be independent of vari-
ance of the received signal which is not very well-known
at millimeter-wave frequencies. Later in the paper, it
will be demonstrated that using equation (13) provides a
lower bound on S/ I, i.e., for any non-zero variance, S/ I
will have more than the above value.

III. S/ I IN LMDS CELLULAR SYSTEMS

Using the formulation developed in the previous
section, our intention in this section is to calculate
the downlink S/ I for different frequency/ polarization
assignments to the base stations and to identify the
major sources of interference in an LMDS cellular sys-
tem equipped with a directive antenna for subscribers.
Through this analysis, the main interference sources are
identified and some guidelines in designing an architec-
ture with maximum S/ I are obtained. The full statistical
treatment of the problem is presented in the next section.

S/ I is a strong function of frequency reuse in the
system. Due to a high capacity demand on LMDS, here
it is assumed that a frequency reuse of 4 is the required
minimum, i.e., each corner base station uses the entire
available LMDS bandwidth. This assumption prohibits
the use of clustering concept in LMDS cellular systems
and gives it a distinct feature in comparison with con-
ventional mobile cellular systems. A better use of band-
width resources is possible by assigning both polariza-
tions and the whole available spectrum to each of the
corner base stations, i.e., a frequency reuse of 8. Figure
5 shows two cellular systems with a frequency reuse fac-
tor of 4 using a single polarization. To synthesize a cel-
lular system with a frequency reuse of 8, we can overlay
these two figures so that each sector antenna is equipped
with two transmitters, each using the whole bandwidth
on either H or V polarization. Figure 6 shows the S/ I
for j c 0 and for two different cellular architectures as a
function of attenuation exponent in the power law model
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Fig. 5. Cellular architectures with single-polarization and frequency reuse of 4. H and V letters at corner of each square-shape cell represent a base
station with corresponding polarization using the entire available bandwidth and equipped with a sector antenna.

(m). Apparently, for both architectures the level of inter-
ference is unacceptably high. It should be remembered
that LMDS is proposed to provide a broadband wire-
less access for data communication and therefore S/ I in
this system should be much higher than the conventional
mobile cellular architectures for voice transmission. To
have a base for comparison, from now on we call the
cellular architectures in Figure 5 the reference architec-
ture.

Investigating the contribution of different sources to
the total interference, it can be seen that the main sources
of interference are the near interferers, i.e., those that are
in one of the corners of the relevant cell. Between all the
far interferes, the one that is in the adjacent cell directly
in front of the subscriber’s antenna main beam is the
most problematic one. This source becomes less impor-
tant as the medium becomes more attenuative. Due to a
subscriber’s highly-directive antenna, the effect of other
far interferers are very small. Based on these observa-
tions, other cellular architectures are proposed whereby

Fig. 6. S/ I for the reference architectures of Figure 5 (frequency reuse
of 4) and for their overlay to form a system with frequency reuse of 8
by using both polarizations. Horizontal axis is the exponent in power
law model. (j c 0)

using the intracell and intercell polarization interleaving,
co-channel interference is reduced. Figure 7 shows sam-
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ples of such architecture with a frequency reuse of 4 and
Figure 8 shows S/ I (j c 0) along with S/ I from the
reference architecture. As it can be seen, performance
improvement of several dBs is possible.

For increasing the S/ I to a higher value, band-
width segmentation and polarization interleaving must
be incorporated in a cellular architecture, simultaneously.
For this purpose, the available bandwidth can be divided
into four different segments. For systems with a fre-
quency reuse factor of 1, each bandwidth segment can be
assigned to one of the corner base stations and to avoid
interference from the far interferers, the corresponding
base station can be assigned to a different bandwidth
segment. Four of such architectures are shown in Fig-
ure 9, where no polarization interleaving was applied to

them, individually. To obtain a cellular architecture with
a higher frequency reuse, the architectures in Figure 9
can be overlaid. For instance, a frequency reuse of 2 can
be obtained by overlaying Figure 9(a) and (b) and fre-
quency reuse of 4 can be implemented by overlaying all
the configurations in Figure 9. To obtain the latter with a
higher S/ I, we use the following general design guide-
lines. For any corner base station, the available band-
width is used only once and adjacent bands are trans-
mitted on different polarizations. Also, with respect to
the desired base station in the center cell, the near and
far sources of interference should not be in the same fre-
quency band or at least they should be on different polar-
izations.

Figure 10 clearly shows that following the previ-

Fig. 7. Four samples of cellular architectures with frequency reuse of 4 and polarization interleaving.
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Fig. 8. Similar to Figure 6 but for two samples of cellular architecture
in Figure 7.

ous guidelines can significantly increase the S/ I. A close
inspection of Figure 10 reveals that the proposed archi-
tecture promises 5 to 10 dB improvement in the S/ I
for the range of desired m’s when compared with the
reference architecture where no polarization interleav-
ing or bandwidth segmentation is used. As it can be
seen from Figure 8, in a similar situation, the previously
proposed configurations with a simple polarization inter-
leaving promise only 2 dB to 3 dB improvements. There-
fore, the overlay of configurations in Figure 9 represents
a system with a high frequency reuse and at the same
time an acceptable S/ I value. This combination is totally
beyond the reach of any mobile system and it can only
be obtained in a fixed cellular system where the appli-
cation of high-gain antennas for the subscribers is fea-
sible. If the quality requirements in the system demand a

Fig. 9. Four Cellular architectures with frequency reuse of 1 and polarization interleaving.
Each corner base station has a two-part designator: the letter shows the assigned polarization
and the number represents the bandwidth segment.
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Fig. 10. S/ I for individual cellular architectures of Figure 9 and their
combination to form a new architecture with a higher frequency reuse.
(j c 0)

higher value for the S/ I, the base station antennas with
smaller angular span can be used, e.g., instead of four
sector antennas in each base station, one can use 16 sec-
tor antennas. It should be mentioned that such a solution
is not suitable to a mobile system when any increase in
the number of base station sector antennas will increase
the hand-off rate. On the other hand, for the fixed cellu-
lar systems hand-off is not an issue and at least theoreti-
cally the angular span of the base station antenna can be
as small as the subscriber antenna.

Figure 11 shows the variation in S/ I for the refer-

Fig. 11. Effect of the standard deviation of received signal on S/ I for
the combination of architectures in Figure 9 with a frequency reuse
factor equal to 4.

Fig. 12. Effect of the XPD on S/ I for the combination of architectures
in Figure 9 with frequency reuse of 4 and j c 5 dB.

ence architecture and the proposed system in Figure 9 for
different values of the standard deviation of the received
signal. As it has been stated before, for a particular archi-
tecture, the values found for j c 0.0 dB are the min-
imum values and as the variance is increased, a larger
S/ I is reached. However, this improvement has a satura-
tion behavior and for example the difference between the
values for j c 5.0 dB and j c 10.0 dB is small. In any
case, the performance of the system with bandwidth seg-
mentation and polarization interleaving always remains
superior to that of the reference architecture.

Obviously, the effectiveness of polarization inter-
leaving in our proposed system is a function of the depo-
larization by the medium. Therefore, it is instructive to
investigate the influence of XPD on S/ I. It has been
stated in [3] that the most serious impairments were mea-
sured consistently in conifer tree stands where average
XPD at 28.8 GHz was 9 dB for a foliage depth of 60 m.
Figure 12 illustrates the variation of S/ I for three val-
ues of XPD. Clearly, the proposed system maintains its
superiority over a very wide range of XPD values.

IV. OUTAGE PROBABILITY FOR CELLULAR
LMDS SYSTEMS

In previous sections, we only dealt with S/ I. Over a
fading channel, however, average values can be mislead-
ing and a better assessment of SIR is possible by calculat-
ing outage or finding the CDF of SIR. That is, the prob-
ability of SIR being smaller than certain threshold value.
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Fig. 13. CDF of SIR for Reference architecture and for combination
of architectures in Figure 9 with frequency reuse of 4 and for m c 6.

In this paper, CDF of SIR is found based on numerically
computing equation (9) and finding the statistics of the
total interference via Schwartz-Yeh method.

Figure 13 shows the CDF for SIR for the worst
case point and for two different cellular configurations.
Again, the superior performance of the architectures in
Figure 9 is clear. For example, for a CDF c 0.01, the
optimal configurations of Figure 9 promises at least 10
dB improvement, for the range of standard deviation
between 5 dB to 10 dB, when compared to the reference
architecture with the same capacity.

The final simulation results of this paper are shown
in Figure 14 which shows the effect of medium atten-
uation on the SIR. As it can be predicted, Figure 14(a)
shows that cellular systems working in a lossy medium
are less susceptible to interference. This is due to the
fact that as the medium becomes more attenuative, the
contribution of the far interferer (Figure 3) diminishes.
However, this is not true for the near interferers. Distance
from the worst point to the desired base station is equal
to the distance from this point to the near interferers and
therefore any change in the attenuation of the medium
would not change the contribution of these interference
sources to the total SIR. This can be seen clearly in Fig-
ure 14(b) where the relation between SIR and rain atten-
uation is investigated. It can be seen that as the medium
becomes more attenuative, i.e., at higher rain rates (R),
CDF (SIR) tends to decrease and eventually saturates to
a value set only by the near interferers. This is a very
important observation because it shows during rainfall,

Fig. 14. Effect of medium attenuation on the CDF of SIR (a) for dif-
ferent attenuative media and j c 10 dB, R c 0 (b) for various rain rates
and m c 6, j c 10 dB.

signal level drops but system becomes less susceptible
to interference. Therefore, cellular systems can generate
a higher level of interference to compensate the effect of
power loss and maintain the initial service quality pro-
vided to the subscribers.

V. CONCLUSIONS

The results presented in this paper clearly demon-
strate that although co-channel interference is a funda-
mental issue in fixed cellular systems but due to utiliza-
tion of high-gain antennas, it is possible to have signif-
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icantly higher capacities by reusing the available band-
width several times.

The case study that we chose for our simulations
is for line-of-sight and nearly line-of-sight LMDS archi-
tecture. In this regard, the related propagation issues in
millimeter-wave frequencies like rain and foliage depo-
larization and attenuation are reviewed and it is claimed
that depolarization by foliage is an important obstacle
in reusing the bandwidth twice for each sector antenna.
Following this argument we analyze S/ I to show that a
simple polarization interleaving, as a remedy for increas-
ing the S/ I, is not effective enough. We show that further
improvement in S/ I is possible by actually segmenting
the available bandwidth. Using polarization interleaving
and assigning these bandwidth segments to base stations
in an intelligent manner shows around an order of mag-
nitude improvement in S/ I.

Analysis of CDF (SIR) confirms the above conclu-
sions. Also, we show that during a rainfall or when the
medium is subject to a high foliage attenuation, the main
contribution of the interference is from near interference
sources.
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