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Abstract — Performance evaluation of antennas used in
the a mobile radio channel is a non-trivial task because of
the multipath propagation inherent to this type of chan-
nel. A useful measure of the performance of a given
antenna is the mean effective gain (MEG) which is the
mean received power relative to some reference. In this
paper computation of the MEG is investigated based on
measurements of the 3D signal distribution in an indoor
environment, where the transmitter is placed outside, as
in a typical urban micro cell. A main advantage of the
method used is that performance testing of different an-
tenna designs in an environment can be carried out with
a single propagation measurement and measurements of
the antenna radiation patterns. In the paper MEG results
are given for different receiver locations in the building
for three typical cellular handset antennas and the re-
sults are verified with propagation measurements made
directly with the antennas.

I. INTRODUCTION

It is widely recognized that the mobile radio channel is
an important issue in wireless transmission systems, such
as a cellular system. A main cause of the problems is
the multipath propagation that takes place in the chan-
nel generally making the channel both time-dispersive
as well as time-varying [1]. A major concern in sys-
tem design is the amount of power that a receiver an-
tenna collects from the propagation environment. It has
been shown previously that the power received for the
same multipath conditions can vary up to 10 dB from
one user of a mobile phone to another [2], indicating
that the amount of received power is sensitive to what
the (effective) antenna pattern looks like. The MEG is
a useful measure for evaluating the performance of an
antenna in a scattering environment. The MEG is the
power received by the antenna with respect to some ref-
erence [3]. In [4] it is shown how the MEG can be com-
puted from measurements of the power distribution in
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space and knowledge of the antenna radiation pattern.
This has the advantage of allowing the computation of
the MEG for a specific antenna without propagation mea-
surements once the power distribution in the environment
is known. The current paper presents MEG results for
today’s typical handset antennas based on measurements
of the 3D signal distribution inside an office building lo-
cated in a micro cell environment. The MEG results for
three different antennas are compared to power measure-
ments made directly with the three antennas.

II. MEASUREMENTS

The investigations were carried out using a dual channel
correlation sounder for measuring the complex channel
impulse responses observed on the down-link between
a base station and a mobile user in an urban environ-
ment. A center frequency of 1.89 GHz was used and the
sounder had a bandwidth of approximately 20 MHz. The
sounder has an instantaneous dynamic range of approxi-
mately 30 dB and an overall dynamic range of 80 dB.

The measurements were performed in an urban envi-
ronment in the city of Aalborg with the transmitter on
the roof of a twelve-story building which is higher than
most of the surrounding buildings. The receiver was lo-
cated approximately 700 m away inside a four-story of-
fice building and uses a dual polarized narrow-beam horn
antenna (beamwidth about 30°) mounted on a position-
ing device controlled by step motors. The device, hence-
forth referred to as the pedestal, allows steering the horn
antenna direction into a desired combination of azimuth
and elevation angle. The direction of the horn antenna is
controlled by an acquisition program collecting the mea-
surements. For each position of the receiver a series of
impulse response (IR) measurements was obtained with
the antenna pointing in 72 x 15 directions, i.e., all com-
binations of the azimuth angles 0, 5°,10°, ... ,355° and
the elevation angles 40°,45°,50°, ... ,110°, where the



directions are given in usual spherical coordinates. IRs
for both the 6- and the ¢-polarizations were measured si-
multaneously. Each series of such measurements, subse-
quently referred to as a record of measurements, charac-
terizes in 3D the actually received signals as seen by any
antenna located at the same position. For these measure-
ments it is assumed that no signals arrive from directions
outside the measured set of directions and furthermore
that the channel is essentially constant during the mea-
surement duration of about 12 min. On each floor of the
building three records of measurements were obtained
inside the same room, where the measurement locations
were separated by approximately 1.5 m.

In each room where the pedestal measurements took
place, a number of measurements were also made with
a commercially available GSM-1800 handset. The hand-
set has been modified to include a back mounted patch
antenna in addition to the build-in helix/whip antenna.
The patch antenna was designed for minimum radiation
towards the user’s head. The antennas are connected to
the sounder via cables, and two antennas are measured
at a time. The patch is used twice and denoted as ei-
ther ‘Patch(W)’ or ‘Patch(H)’ depending on which an-
tenna it is measured together with. The handset measure-
ments were made by carrying the handset fixed with a
tilt of 54° from vertical to a wooden stick, imitating free
space conditions (the person carrying was not near the
handheld). The handset was carried along a square path
of some 2 m by 4 m around the three positions where
the pedestal measurements were made. Approximately
102 IR measurements were made while the handset was
moved, corresponding to about 2 rounds.

On all levels the rooms in which the measurements were
made had windows towards the transmitter, except on the
first floor where the windows were in the opposite direc-
tion. All the measurements were made in a non-line-of-
sight situations.

III. MEAN EFFECTIVE GAIN

The received signal can be modeled as a linear convo-
lution of the transmitted signal with a complex IR h(7)
assumed to be time-invariant. Using that the signal re-
ceived by an antenna is a weighted integration of the sig-
nal distribution in space [1], it is straightforward to verify
that the IR can be written as

M) = § Ba(@)As(,7) + Es(@ Ao 1) 0 (1)
where Ejy and Ey are the complex electric field compo-

nents of the antenna, and Ay and Ay describe the sig-
nal distribution for the two polarizations as a function of
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the solid angle 2 and delay 7. Ay (€2, 7) may be viewed
as a directional IR for the §-polarization, and similarly
Ay(Q,7) for the ¢-polarization. Denoting the expecta-
tion operator by &(-), the total received power is given
by

Prc = [ €(00)P) dr = § IEA@PQo()
+Es(PQs()d2 (2

where Qo(2) = [ &(|4s(%2, 7)|?) dr and similarly for
the ¢-polarization. In arriving at (2) it was used that
€[46(Q, 1AL, 7)] = €[l 4s(Q, T)I*]6(Q - Q)
and similarly for the ¢-polarization. The cross-terms
e[44(Q,7)A3(¥',7)] = 0. These assumptions can be
verified given that the phases of Ag/4 are independent

for different angles and furthermore independent of the
amplitude. A power density function can be defined as

Py () = Q(£2)/Cl
@=fmmmn

where Py () and Cy are defined similarly. Cy and Cy
represent the power available in the environment for the
two polarizations, and hence a measure of the effective-
ness of the antenna is

ﬁmmwﬁmn+x

+ IE¢(9)|2P¢(9)— a3

G—- rec
Co+C'

where x = Cy/C} is the cross polarization ratio (XPR).
The G quantity is named the MEG.

IV. MEASUREMENT PROCESSING

The MEG computations are based on the pedestal mea-
surements using the horn antenna. The horn antenna has
two outputs, one for each polarization, with essentially
no cross-coupling, and hence the output of one port can
be written as [c.f. (1)]

v(A;T) = %E(A; MARQ,7)d2 4)
where v(A; 7) is the IR measured in the direction A =
(A, i), E(A,Q) is the electric field pattern of the horn
pointing in the A direction and A is the angular IR, both
for either the 8- or the ¢-polarization. Applying the same
assumptions as used for arriving at (2) the total expected
power at one of the antenna ports is

QW = [ eQuain) dr = § IEGRFQ) do
S)



where () is defined as above for one of the polariza-
tions. The power |A(Q, 7)|? is not expected to change
significantly within a local area and therefore Q () ~
[14(Q,7)|? dr, i.e., Q(2) can be computed from a sin-
gle pedestal measurement. Note that this changes the
meaning of ‘mean’ in MEG, as defined by [4]. The MEG
values are computed using (3), where Ey /¢ 18 the mea-
sured handset antenna pattern.

Although the horn antenna used for the pedestal mea-
surements has a narrow beamwidth the measurements
obtained with sampling intervals of only 5° in both az-
imuth and elevation angle cannot be considered indepen-
dent. Eq. 5 can be approximated as

Q) =806 D D |EQ 156, 8)PQ(6, ¢) sin(6)
0 ¢

where Ag and Ay are the angular sample intervals. Thus
the measured @' in direction A may be seen as the output
of a 2D linear filter, where the filter IR is the determined
by the horn antenna pattern. Since the channel is constant
during a pedestal measurement () can be obtained from
the horn antenna output by performing a deconvolution
of the antenna pattern. The measurements of @' can be
written as a matrix equation,

y=Bx+e 6)
where y is a column vector of the Q'(A, pt) values for the
different measurement directions, B is a matrix contain-
ing the measured horn antenna pattern for all directions,
and e is a noise vector. z is a column vector with the
desired samples of (). From this model it is seen that Q@
can be found by solving the matrix equation in (6) for
z. In general the B matrix may be singular and there-
fore Tikhonov regularization is used to obtain useful re-
sults [5]. In this method the solution Z is found as

N-—-1 o 'lLTy
¥ = L Ly, )
o; +a o0;

I
=}

i

where ¢;’s are the N singular values of B, u; and v;
the corresponding singular vectors, and & = a,aq, is
a regularization parameter. An optimum value of , is
chosen according to the principle of generalized cross-
validation [5]. a, # 1 is used to investigate the sensi-
tivity to the « parameter. Due to noise, model inaccu-
racies efc., the deconvolution may result in negative &
elements. Since the # elements represent power quanti-
ties this is non-physical. In this work the negative values
are simply truncated to zero.

From each handset record about 10° IR measurements
are obtained corresponding to different positions along
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the path. For each of the IRs the received power is com-
puted and the mean value of the instantaneous power
values is then used as the power for the current an-
tenna/position combination. For both pedestal and hand-
set measurements back-to-back measurements of the
measurement system are used to correct differences in
branch power due to imperfections in the measurement
system.

V. RESULTS

Fig. 1-2 shows MEG curves computed from the pedestal
measurements and the measured handset antenna pat-
terns by rotating each pattern in azimuth and for each 5°
rotation (3) is evaluated. No deconvolution of the horn
antenna was used for these plots. Each polar plot con-
tains MEG curves for one antenna on all floors, where
three curves are shown for each floor, corresponding to
the shifted pedestal measurements. As expected, the
changes in MEG for the different positions on the same
floor are small. Furthermore, it is noticed that the curves
for Patch(W) and Patch(H) are very similar.

The different shapes of the MEG curves are a result of
a combination of the 3D power distribution and the an-
tenna pattern. On all the floors the direction for most
received power is towards the windows, which is in the
same direction for all floors except on the 1st, where it
is in the opposite direction. This is clearly visible on the
MEG curves. The variation in MEG over azimuth angle
is generally quite small, say 2-3 dB, which may be ex-
plained by the relatively small directivity of the antennas.
The helix is the one closest to being omni-directional in
azimuth as noticed especially for the ground floor mea-
surements. On the other hand, in the #-polarization the
patch antenna is quite directional with a min/max ratio
of about 10 dB at 8 = 90°, but this is to some degree
compensated for by the more omni-directional, and of-
ten larger, gain in the ¢-polarization.

In Tab. 1 the mean power obtained form the handset mea-
surements is shown relative to the power of the Patch(W)
antenna. Similarly, Tab. 2 contains the mean values for
the MEG results, relative to the values for the Patch(W)
antenna.

Floor | Patch(W) | Whip | Patch(H) | Helix
Gnd 0.0 2.6 -0.3 34
Ist 0.0 3.6 0.1 4.5
2nd 0.0 2.8 0.0 3.3
3rd 0.0 1.3 —-0.6 1.6

Table 1: Mean received power in dB for handset mea-
surements, normalized to the mean power for Patch(W).
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Figure 1: MEG values for Patch(W) and Whip. No de-
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Floor | Patch(W) | Whip | Patch(H) | Helix

Gnd 0.0 0.3 -0.2 1.2

Ist 0.0 11 -0.2 2.0

2nd 0.0 —0.6 -0.2 0.2

3rd 0.0 -0.9 —0.2 -0.1
Table 2: Mean pedestal MEG values normalized to

Patch(W). All the values are in dB and no deconvolution

is used.

The mean MEG is computed as first the mean over dif-
ferent azimuth angles and then a mean value is computed
from the mean values obtained at the three positions on
each floor. Clearly, the numbers in Tab. 1 and Tab. 2 do
not match. However, the difference, shown in Tab. 3, re-
veals a structure with a nearly constant offset for each
floor. In this light the handset antennas were examined
and it was concluded that the patch antenna has changed
in between the handset measurements and the antenna
pattern measurements. This is a likely cause to the off-
set.

Patch(H). No deconvolution.
90-5 aB

270
Helix. No deconvolution.
90—5 dB

Figure 2: MEG values for Patch(H) and Helix. No de-
convolution was used.



Floor | Patch(W) | Whip | Patch(H) | Helix
Gnd 0.0 2.3 -0.1 2.2
Lst 0.0 2.5 0.3 2.5
2nd 0.0 3.3 0.3 3.2
3rd 0.0 2.2 ~0.4 1.8

Table 3: Offset in dB of the values in Tab. 2 from the
values in Tab. 1.

To investigate the influence of horn antenna pattern on
the 3D measurements, deconvolution has been tested.
Tab. 4--5 shows the results, that can be compared to Tab. 2
where no deconvolution was used. Deconvolution only
plays a minor role most likely because of the small di-
rectivity of the handset antennas masking the directional
resolution of the 3D measurements.

Floor | Patch(W) | Whip | Patch(H) | Helix
Gnd 0.0 0.7 -0.2 1.6
Ist 0.0 1.1 -0.2 2.1
2nd 0.0 -1.1 -0.2 -0.3
3rd 0.0 —-04 -0.1 0.6

Table 4: Mean MEG values normalized to Patch(W). All
the values are in dB and deconvolution with o = 1 is
used.

Floor | Patch(W) | Whip | Patch(H) | Helix
Gnd 0.0 0.6 -0.2 1.5
Ist 0.0 1.2 -0.2 2.1
2nd 0.0 -1.0 -0.2 -0.3
3rd 0.0 —-0.6 —0.2 0.2

Table 5: Mean MEG values normalized to Patch(W). All
the values are in dB and deconvolution with o, = 5 is
used.

VI. CONCLUSION

3D wide-band measurements of the received signals in
an indoor office environment have been obtained, where
the transmitter was placed about 700 m away, mimick-
ing an urban micro cell scenario. From the 3D measure-
ments and measurements of three handset antenna radi-
ation patterns MEG values were computed for different
azimuth rotations of the antennas on four floors of the
measured building. The antennas are typical for today’s
handsets: a whip, a helix, and a patch antenna. Mea-
surements were also conducted directly with the handset
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antennas and the received power differences for the an-
tennas were compared to the MEG differences. There
seems to be a good agreement, but strictly affirmative
conclusions cannot be drawn because of problems with
one of the antennas. Furthermore, deconvolution of the
horn antenna used for the 3D measurements was tested
and found not to be necessary for these antennas.
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