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Abstract— Antenna pattern for both vertical and horizontal polarization varies with antenna’s
orientation angle. Varying antenna orientation is a common practice with advanced portable
wireless devices such as smart phones. This orientation variability affects its effective gain, which
has impact on performance of wireless communication system. In this work, we address effective
gain variability with antenna orientation. We present the well-known mean effective gain (MEG),
instantaneous effective gain (IEG) and stochastic effective gain (SEG). The data series of IEG
and SEG is used to extract their statistics as function of the orientation angle.

1. INTRODUCTION

Antenna characteristics, in particular its gain,have major impact on link quality and performance
of wireless communication system. Antenna gain is a crucial parameter in design of communi-
cation systems where direct line-of-sight (LOS) exists between transmitter and receiver such as
in microwave links, where both transmitter and receiver are fixed. Such communication links re-
quire maximum gain of antenna in pointing direction to the other communications end. For such
applications, the maximum antenna gain is a useful parameter to characterize and improve commu-
nications link quality. However, in other applications such as mobile communications, the mobile
terminal could be in any direction relative to the main pointing direction of maximum gain of the
fixed station (e.g., base station) antenna. The position of mobile terminal could be in LOS or
non-line-of-sight (NLOS). In LOS, direct signal may arrive to a fixed antenna from directions other
than that of maximum antenna gain and similarly with NLOS propagation conditions. It is well
known that in multipath environment, the effective gain of antennas cannot be characterized by
directive gain with sufficient accuracy. In multipath channel, the maximum directive gain can be
used to increase coverage in particular geographical regions but it does not maximize the gain in
a specific direction. Mean effective gain (MEG) has been introduced in literature [1-4] as a more
descriptive parameter for multipath propagation environment that accounts for mutual relationship
between antenna radiation pattern and strength of multipath components from different directions.
MEG is a statistical average measure over a series of measurements along a “route” that is consid-
ered as environment measure. The MEG of antenna is usually given in a single number for fixed
antenna orientation. This fixed number could be acceptable in in fixed antenna orientation but not
for variable orientation. Communication systems based on reconfigurable antenna adopt switching
between different antenna states in order to enhance its performance. Hence, neither directive gain
nor MEG are anymore good metrics that are needed for switching decisions. Switching between
antenna states has to be based on instantaneous information. This leads to the concept of instan-
taneous effective gain (IEG) [5], which is based on instantaneous signal power distribution. The
IEG is more suitable than MEG to applications, where antenna pattern switching takes place.

In this work, we present variability of MEG with average cross polarization ratio (XPR) and
antenna orientation in order to find the critical angle for half-wavelength dipole antenna, where the
MEG is independent of XPR and find parameters that affect the critical angle. We also present
variability of IEG with orientation angle for fixed and random parameters of vertical plane angle
of arrivals in terms of cumulative distribution function (CDF). The statistics of IEG in terms of
its mean are also presented as a function of inclination angle of dipole antenna. Then, we discuss
our investigations on the statistics and variability of SEG in order to provide more insight in its
variability with instantaneous XPRs and azimuthal and elevation angle of arrivals. We present how
the CDF and statistics of the SEG vary with antenna orientation angles.

2. EFFECTIVE ANTENNA GAIN

The advance in handheld wireless terminals such as smart phones and portable devices require
more care in antenna design due to dynamic variation of device’s orientations. The match between
directional radio channel response with polarization state and radiation pattern of antenna has
significant role in performance of wireless devices. Handling of smart phones and portable wireless
devices could have different orientation at dynamic convenience of a user. This makes it to have
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different angles relative to directional information of multipath components. This is reflected in
the interplay between the antenna pattern and multipath components for different polarizations.
This interplay can be characterized in the average sense by MEG of antenna, or in instantaneous
sense by IEG. However, both parameters are obtained from stochastic nature of the interaction of
antenna and arrived radio wave signals from different directions and polarizations. The MEG as a
commonly used statistical measure can be written as [1]

PT@C
MEG = ——— 1
Py + Py (1)

where P,.. is the average received power that is given as

Prec = ﬂ {PyS0 (2, ) Py (0, 9) + PpSy (Q, V) Py (6, $) } sin §dOd¢p (2)

and Py and P are the average received power of electric field of 0- and ¢-polarization states, since
any incident wave can be decomposed into two polarized components, Fy in vertical plane and
E4 in the horizontal plane, Sg(€2, ¥) and Sy (€2, ¥) are the 6- and ¢-components of radiation gain
pattern of antenna with orientation angle, ¥ (a, ), of inclination angle («) and tilt angle (3), Q is
direction of arrivals of radio waves in elevation plane 6, relative to z-axis and ¢ in azimuthal plane,
relative to z-axis. The average cross polarization ratio (XPR) is given as X PR = Py/P,, Py(0, ¢)
and Py(0,¢) are the weighted probability density function of angle of arrivals of the stochastic
components angular power densities. The MEG as a function of XPR is commonly used as this
ratio combines both Py and P,. It is given as [1]

MEG = //{14)-(?;3 0 (Q,0) Py (0, ¢)+1+)1(PR 6 (2, 0) Py (6, ¢>)}sin9d9d¢ (3)

It has been shown by many measurement campaigns [6] that XPR has a lognormal distribution for
different indoor and outdoor environments. Hence, the MEG for fixed orientation angle, ¥, can be
written to include of being a function of x as a random variable of XPR as follows

2
MEG — O/ O/ /0 {&(sem,\p)p@(eﬁw1@(%(9&)%(9,@}sinedxdedqb (4)

This formulation may be extended further assuming that W has a random distribution, which
makes it to have more integration levels, one is over random variable inclination angle («) and
other integration is over random variable tilt angle (). The weighted probability density function
of angle of arrivals has to satisfy

2r 2T
/ / Py (0, ¢) sin 0d0dp = / / P, (0, ¢) sin 0dfdg = 1 (5)
0 0 0 0

and can be given as [1]
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where 119 and pg, are the mean elevation angle of each 0- and ¢-wave distribution, respectively,
observed from horizontal direction and oy and o4 are their corresponding standard deviation of
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wave distribution, Ay and Ay, are selected to satisfy the above mentioned conditions in Eq. (5).
For IEG, the following parameters has to be instantaneous values, Pr..(t), P8(t) and Py(t) {i.e.,
XPR(t)}. The formulation to compute ISG is same as MEG but the values are instantaneous
values instead of average ones [5]. The IEG parameter combines the instantaneous interaction
of radiation pattern of antenna under test with propagation characteristics of the environment
relative to a reference antenna (e.g., isotropic) antenna. The impact of antenna on IEG depends
on antenna characteristics such as antenna pattern, polarization, orientation, etc.. The IEG is a
measure how a partial radiation gain interacts with a realization of a stochastic channel that varies
with varying directional informations and matching angles. It is shown in [4] that IEG is maximized
when antenna coefficients are equal to the complex conjugates of the expansion coefficients of the
incoming field of the spherical vector waves.

The formulation in (3) shows that the MEG is a mathematical averaging of the random func-
tions [6]:

XPR
o . SR
Geﬁ 1+ XPR\SH (Qa \I/) (9)
1
G? 3, (0, 0) (10)

«f 7 1+ XPR

This leads to definition of stochastic effective gain (SEG), which can be formulated as

SEG =Gl + G%, (11)
The mean of SEG can be expressed as
MSEG = E{SEG} (12)

where E{-} is the mean operator. The CDF of SEG as a function of antenna orientation angle
U can be obtained by Monte-Carlo method. The process is based on repeatedly generating large
number of multipath components with arrival angles (6;, ¢;) and cross-polarization of each path
is characterized by x;. Super-resolution analysis of multi-antenna measurement indicated that
XPR multipath components can be modeled with lognormal distribution as shown [7] for different
propagation environments. The SEG can also be characterized with second order statistics to a
measure to fluctuation of antenna effective gain. This detailed knowledge of effect of antenna is
also important for multiple antenna channels [8,9].

3. NUMERICAL RESULTS

In this work, the antenna orientation is simulated with antenna orientation angle, ¥, of antenna
pattern of a half-wave dipole of a mobile device with varying inclination angle of the antenna ()
and assumed tilting angle () be zero, which makes (€2, a) = Jp(£2, ) and Jy(2, o) = I4(Q2, V).
The f-component of antenna pattern, Jp(€2, ¥) and ¢-component of antenna pattern, Jy(€2, V),
can be written as [1]:

5 cos? (m(/2)

S (2, ) = 1.64 (cos 0 cos ¢ sin v — sin 0 cos ) 1= ) (13)
and )
Sy (2 @) = 1.64sin? ¢ sin? Q(M (14)

where ( = sin 6 cos ¢ sin a+cos ¢ cos a and the angle « is the inclination angle of the antenna element
from z-axis in the vertical zz-plane, ¢ is the azimuth angle relative to z-axis, 6 is the elevation
angle relative to z-axis, the coefficient 1.64 corresponds to the directivity of the half-wavelength
dipole antenna.

The presented simulation results are for indoor environment. It is assumed that the distribution
of azimuth angle of arrival is uniform distribution within angular range of (0, 27) for both polariza-
tions. The distribution of elevation angle of arrivals is assumed Gaussian with mean angle of arrival
o and pig for both #- and ¢-polarizations with standard deviation of og and oy, respectively. We
assume in the simulation that both polarization have same values of 1 and o (i.e., pg = py and
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og = 04), though they may not be same in reality. Figure 1 shows the commonly known behavior
of MEG for different values of average XPR and antenna inclination angle, when pg = pgy = 30°
and oy = o4 = 30°. The 0° inclination angle has lowest MEG with lowest tested XPR value. At
this angle, the MEG increases as XPR increases. The MEG in channels with negative average
XPR values varies in a slower rate as inclination angle moves from 0°. The MEG varies slowly
generally with inclination angle for positive average XPR values when compared to negative values
of XPR. Measurement data for indoor propagation showed that XPR values are generally positive.
Figure 1(b) shows a critical inclination angle that the MEG is independent of XPR, which is close
to (£60°). Detailed investigation showed that the critical inclination angle is a function of both
mean and standard deviation of angle of arrivals. Figure 2 shows the this critical inclination angles
as a function of both p and 0. We can see that space of critical angles is dominated by mainly
two degree, i.e., 60° and 55° at which the antenna patterns for both polarization are quite similar.
Figure 3 depicts behavior of IEG generated by large number of channel realizations where IEG is
computed for every channel realization. Each channel realization is generated by large number of
multipath components. Each signal is characterized by (0;, ¢;, x;), where 6;, ¢;, x; are elevation
angle of arrival, azimuth angle of arrival, and XPR value of radio wave signal ¢, respectively. The
Xi, instantaneous XPR, has lognormal distribution with mean of 8.7dB and standard deviation
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Figure 1: Behavior of MEG when pg = py = 30° and 09 = 04 = 30°.
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Figure 3: CDF of IEG. (a) Fixed pug = puy and og = 04, (b) random pg = py and g = 0.
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5.2dB. In order to investigate IEG, two different Monte-Carlo experiments have conducted; 1)
Fixed pg = pg and g = o, for all realizations; and 2) Random pg = pg and oy = o4 that differ
from realization to other. Figure 3(a) depicts CDF of variability oflEG with inclination angles for
two fixed parameters jig = iy = 0° for horizontal plane propagation and pg = p14 = 30° for oblique
propagation. Both data sets are generated for oy = o4 = 30°. We can see clearly that the mean
offset increases with inclination angle of antenna but also depends on mean direction of elevation
angle of arrival. The shape of CDF curves is still the same for different values of o but differ in
offset values. Figure 3(b) shows the CDF of variability IEG as a function of « for random gy = p
and o9 = o4 where offset value and shape of CDF curves change. The estimated mean of IEG
as a function of a for the three different sets of IEG realizations are depicted on Figure 4. The
horizontal propagation makes higher mean IEG for low values of o and lower gain than that of
oblique propagation at higher values of a. The mean of IEG for random iy = pg and o9 = o4 is
lowest for small values « but is higher for large a. The SEG realizations are generated by assum-
ing large number of arriving radio wave signals that follow particular statistical distributions in
azimuth and elevation planes as described earlier. Figure 5 shows CDF of SEG for different values
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Figure 4: Mean of IEG.
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Figure 5: CDF of SEG for different inclination angles and direction spread of elevation angle of arrival.
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of inclination angles for different values of standard deviation of elevation angle of arrivals (i.e.,
oy =og = 15° oy = og = 30°, oy = oy = 45°) as indicated on the figure. The curves are ob-
tained for puy = pg = 30° and instantaneous XPR has same parameters of lognormal distribution
stated earlier. The range of inclination angles are shown in Figure 4(a) (i.e., 0°, 10°, 20°, 30°, 40°,
50°, 60°, 70°, 80°, and 90°). This different inclination angles cause different antenna patterns for
vertical and horizontal polarizations, which lead to different levels of interplay between multipath
components of different values of (6;, ¢;, x;). The variability ranges of SEG with increasing incli-
nation angles reduces with increasing o for fixed u. The MSEG (given as mean gain on figure),
median and standard deviations of SEG of the CDF curves as function of inclination angles are
presented in Figure 5. The MSEG and median of SEG reduces with inclination angle for different
values of oy, og. The fluctuation of SEG around its MSEG increases with inclination angle with
higher oy, og.

4. CONCLUSION

This work has presented investigation resultson the critical inclination angle of half-wavelength
dipole antenna and showed that, based on Monte-Carlo simulation, it is a function of mean and
standard deviations of elevation direction of arrival. The common critical angle is close to 55° and
60°, where radiation pattern of both vertical and horizontal polarization are similar. Other critical
inclination angles are also observed. Statistical analysis of Monte-Carlo simulation of both IEG and
SEG have been presented. The mean of IEG reduces with increasing inclination angle of antenna
for fixed pg = py and oy = o4 and keep same IEG distribution, however, though the mean reduces
for random py = pg and og = o4 but the shape of the IEG statistical distribution also changes.
The mean, median of SEG reduces with inclination angle. The standard deviation of fluctuations
of SEG increases with inclination angles. The statistical results are for different values of angular
spread of elevation angle of arrival.
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