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Abstract

This work compares different methods for perfor-
mance evaluation of mobile handsets. The total
radiated power (TRP) and Total Receiver Sen-
sitivity (TRS) are compared with the more gen-
eral mean effective gain (MEG) which is more
realistic since it incorporates information about
channel attenuation as function of direction, as
well as polarization properties.

Although some similarites were found, the re-
sults show that the TRP and TRS may be mis-
leading by many dB’s compared to the MEG.

1 Introduction

When evaluating the communication perfor-
mance of a mobile phone it is necessary to in-
clude the antenna, as the antenna has a large in-
fluence on the communication. This can be seen
from the fact that all mobile phones fulfill the
system criterion within the small tolerances al-
lowed, but still some phones have coverage where
others do not. This can be explained only by
the antenna, which is not included in the type
approval but of cause will be included in the real
life.

In the evaluation of the communication per-
formance of a mobile phone, the single most im-
portant parameter is the received signal power,
which is the focus of this work. The received
signal power depends directly on the transmit-
ted power and on the direction and polarization
at the transmitter as well as at the receiver —
the antenna radiation pattern. All this comes di-
rectly from Friis’ transmission law. The amount

of transmitted and received power depends for
any given antenna on the antenna efficiency and
the matching between the antenna and the trans-
mitter or receiver. This part can simply be mea-
sured in an anechoic room by measuring the
transmitted or received power in all directions
on a sphere and then integrated over the sphere.
This quantity is here defined as the TRP for the
transmitter case and TRS for the receiver case.

Inclusion of the direction and polarization
properties of the transmitted or received power
is more difficult in the case of a mobile phone due
to the multipath environment where the phones
typical are used.

Opposite to the case of e.g., a TV antenna the
signal is received from many directions and with
different polarizations. In order to find the re-
sulting received power knowledge of the distribu-
tion of the incoming power is needed as specified
by [1]. The the MEG defined in [2, 3] gives the
received power in the case of a scattered envi-
ronment with respect to a reference antenna and
will be used in this work. As discussed above, the
received power depends in principle on both the
antenna efficiency including the matching given
by the TRP and TRS, as well as the directional
and polarization properties, which is included in
the MEG. In this paper the difference between
the MEG and the TRP or TRS is investigated.

2 Mean Effective Gain

The signal received by a mobile handset antenna
can be modeled as a linear convolution of the
transmitted signal with a complex impulse re-
sponse (IR) h(τ) assumed to be time-invariant.
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Using that the signal received by an antenna is
a weighted integration of the signal distribution
in space [1], it may be verified that the IR can
be written as

h(τ) =
∮
S
eθ(Ω)Dθ(Ω, τ) + eφ(Ω)Dφ(Ω, τ) dΩ

(1)

where eθ and eφ are the complex electric field
received in the θ- and φ-polarizations of the
antenna, respectively, and where Dθ(Ω, τ) and
Dφ(Ω, τ) describe the signal distribution for the
two polarizations as a function of the solid an-
gle Ω and delay τ . The integration is over the
complete sphere surrounding the mobile handset.
Dψ(Ω, τ) may be viewed as a directional IR for
the ψ-polarization, where ψ is used to represent
either θ or φ. Denoting the expectation operator
by E(·), the total received power is given by

Prec =
∫

E
(|h(τ)|2) dτ

=
∮

|eθ(Ω)|2Qθ(Ω) + |eφ(Ω)|2Qφ(Ω) dΩ

(2)

where Qψ(Ω) =
∫

E
(|Dψ(Ω, τ)|2) dτ and unit

transmit power was assumed. In arriving at (2)
it was used that

E
[
Dψ(Ω, τ)D∗

ψ(Ω′, τ)
]

= E
[|Dψ(Ω, τ)|2]δ(Ω − Ω′)

The cross-terms E
[
Dθ(Ω, τ)D∗

φ(Ω
′, τ)

]
= 0.

These assumptions can be verified given that the
phases of Dψ(Ω, τ) are independent for different
angles and furthermore independent of the am-
plitude. A power density function can be defined
as

Pψ(Ω) = Qψ(Ω)/Cψ (3a)

Cψ =
∮
S
Qψ(Ω) dΩ (3b)

Cψ represents the power that would be rece-
vied by an ideal ψ-polarized, isotropic antenna.
Therefore, a measure of the effectiveness of the

antenna is

Γ =
Prec

Cθ + Cφ

=

∮
S
Gθ(Ω)Qθ(Ω) +Gφ(Ω)Qφ(Ω) dΩ∮

S
Qθ(Ω) +Qφ(Ω) dΩ

(4)

where Gψ(Ω) = |eψ(Ω)|2 is the gain in the ψ-
polarization. The mean effective gain (MEG)
quantity Γ is the ratio of actually received power
to the power that would be received by two ideal,
isotropic antennas. The MEG expression may
be interpreted as a weighted integration of the
power received from different directions, where
the integration weights are determined by the
handset radiation pattern.

For practical computations the surface inte-
grals in (4) are approximated using finite sum-
mations. Expressed in spherical coordinates the
integrand is assumed constant in angle intervals
of size ∆θ and ∆φ, respectively, and

θi = i · ∆θ φj = j · ∆φ (5a)

∆θ =
π

M
∆φ =

2π
N

(5b)

with i ∈ {0, 1, . . . ,M−1} and j ∈ {0, 1, . . . , N−
1}, and where θi is the ith spherical angle and φi
is the jth azimuthal angle. Note that the sphere
surface is sampled non-uniformly.

The MEG was derived above for the down-
link (DL) situation, but the expressions holds
for the uplink (UL) case also, except for a differ-
ent interpretation of (3).1 For the UL, Cψ is the
power that would be received at the base station
if an ideal ψ-polarized isotropic antenna was used
for transmission. This means that the MEG for
the UL case is the power received from the device
under test (DUT) as a ratio to the power that
would be received if two ideal isotropic transmit-
ter antennas were used in the same environment.

For the UL direction, Equation 4 may be seen
as a weighted integration of the power transmit-
ted by the handset antenna, where the weights

1The downlink is defined to be the link from the base
station towards the mobile. The uplink is the link in the
opposite direction.
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are determined by the mobile channel in terms
of Qθ(·) and Qφ(·).

Note that eψ(Ω) is the radiation pattern of the
handset antenna in both the UL and DL cases.
Also note that the UL MEG can be computed
even if the directional IR is measured in the DL
direction, since the channel is reciprocal.

3 Environments

Since the MEG is defined as a ratio, the absolute
power level in the environment is not important
for the MEG computation. Therefore only the
power density function Pψ(θ, φ) is needed [see
(3)] together with the cross polarization differ-
ence (XPD) defined as

χ = 10 · log10

(
Cθ
Cφ

)
(6)

The following subsections describe five models of
the environment which are used later for comput-
ing the MEG values for the measured handsets.

3.1 Rectangular Power Density

The rectangular power density function is con-
stant versus azimuth angle, and has a rectangu-
lar shape in the elevation angle. 2 Each of the
two functions are defined as

Pψ(θ, φ) =

{
Kψ, |θ − π/2| ≤ θc,ψ

0, otherwise
(7)

where 0 < θc,ψ ≤ π/2 defines the size of the non-
zero part. The constant Kψ is chosen so that
Pψ(·) integrates to one.

In this work two versions of the rectangular
power density model is used, one with χ = 0 dB,
and another with χ = 6 dB.

3.2 Isotropic Power Density

The isotropic power density model results in a
uniform weighting of the antenna pattern. It

2Note that in this work the elevation angle is defined
as the angle from the z-axis.

may be seen as a special case of the rectangu-
lar power density model with θc,θ = θc,φ = π/2
and an XPD of 0 dB.

It is noticed from (4) that for the isotropic
power density function the MEG is

Γ =
Prec

Cθ + Cφ
=
PTRP/TRS

Cθ +Cφ
(8)

where PTRP/TRS is the TRP or the TRS. There-
fore, apart from a normalization the TRP or
TRS may be viewed as a special case of the more
general MEG.

3.3 HUT Power Density

Using data from an extensive measurement cam-
paign the following parameterized model was
found reasonable for several different propaga-
tion scenarios [4].

In this model the power distributions for the
two polarizations are described by the same gen-
eral expression, but with different parameters,
and they are assumed to be invariant versus az-
imuth angle;

Pψ(θ, φ) = Pψ(θ)

=




Aψ exp

[
−
√

2(θ0
ψ − θ)

σ+
ψ

]
, 0 ≤ θ < θ0

ψ

Aψ exp

[
−
√

2(θ − θ0
ψ)

σ−ψ

]
, θ0

ψ ≤ θ ≤ π

(9)

where Aψ is a constant adjusted so that (9) in-
tegrates to unit power. The remaining param-
eters were derived from measurements; for the
outdoor to indoor propagation scenario the pa-
rameters are,

θ0
θ = 90.2◦ σ−θ = 5.4◦ σ+

θ = 5.5◦

θ0
φ = 90.2◦ σ−φ = 8.1◦ σ+

φ = 8.3◦

The XPD was found to be 10.7 dB.

3.4 MBK Power Density

This model has been derived from numerous
measurements of the incoming spherical power
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density in an urban environment, where in all
cases the transmitter was located outdoor and
the receiver inside a four story building [5, 6] In
this model the densities are seperable as follows,

P ′
θ(θ, φ) = P θθ (θ)P φθ (φ) (10a)

P ′
φ(θ, φ) = P θφ(θ)P φφ (φ) (10b)

with the θ and φ parts defined as

P θθ (θ) =
s2θθ

s2θθ + cos2(θ)
(11)

P φθ (φ) =




s2θφ
s2θφ + sin2(φ′)

, |φ′| ≤ π/2

aθ0, |φ′| > π/2
(12)

P θφ(θ) =
s2φθ

s2φθ + cos2(θ)
(13)

P φφ (φ) =




s2φφ
s2φφ + sin2(φ′)

, |φ′| ≤ π/2

aφ0 − bφ|φ′|, |φ′| > π/2
(14)

For convenience, this model defines the azimut
angle as

φ′ =

{
φ, 0 ≤ φ ≤ π

φ− 2π, π < φ < 2π

where φ is the azimuth angle used elsewhere in
this work.

In [5] the following parameters are provided
for the model

sθθ = 0.29 sθφ = 1.06 aθ0 = 0.16
sφθ = 0.44 sφφ = 1.18 aφ0 = 0.70 bφ = 0.11

These parameters were obtained from a least
squares fit of the model to a mean power den-
sity obtained from a large collection of measure-
ments. The XPD for the mean power density
was found to be 5.5 dB. Note that P ′

ψ(·) in (10)
generally does not integrate to one and must be
normalized.

4 Handset Antenna Radiation
Pattern Measurements

The purpose of the measurements is to ob-
tain the radiation pattern in all directions and

Figure 1: Phantom being mounted on the
pedestal.

both polarizations both for the UL and the DL.
To measure the radiation patterns correctly no
changes can be made to the phone as, e.g.,
adding a coaxial cable, because this will change
the radiation pattern by the coupling to the ex-
ternal cable [7]. Further, only by including the
transmitter (and receiver) in the phone the true
absolute value (in dBm) can be obtained as in-
fluence from the mismatch is taken into account,
e.g. load-pull from the power amplifier.

To measure the radiation patterns of the
phones a setup in the anechoic room at Aalborg
university including a GSM basestation emula-
tor was used, see Figure 1. The anechoic room is
10 by 7 by 7 meters and equipped with absorbers
to allow reflection free measurements in the fre-
quency range of mobile phones. A block diagram
of the setup is shown in Figure 2. The Phone
Under Test (PUT) is mounted on the pedestal
capable of moving in two axes to allow measure-
ments in all directions. The probe antenna is

4



Figure 2: Block diagram of the radiation pattern measurement system.

fixed some 5.5 meters from the PUT. The mea-
suring probe is dual polarized and one polariza-
tion at a time is both transmitting and receiving
as a normal basestation. The measurement is
automated and controlled by a computer via the
standard GPIB interface (IEEE 488).

The procedure of a measurement starts with
the basestation transmitting on its broadcast
channel, the phone is searching for a broadcast
channel and when it finds the broadcast chan-
nel, the phone locks to it and the basestation
make an alert to the phone. When the phone
alerts, the operator answers the call and a ‘nor-
mal’ speech connection between the base and
the phone is established. The phone is then
mounted on the pedestal at the rotation centre
after which the controlling program starts the
measurement. The program rotates the pedestal
to the first position and first polarization, the
basestation measures the received power (i.e.,
the UL power), waits some 1.5 seconds (corre-
sponding to 3 SAACH frames in GSM) and gets
the measured signal strength from the phone
(the DL power). Next, the controlling program
changes the polarization and measures again

both UL and DL power levels, and finally the
phone is rotated to the next point for measure-
ment.

When all points on the sphere are measured
the controlling program moves to the point and
polarization with the highest reported DL power
and starts to make a scan of how linear the phone
can measure the power. This is done by changing
the power transmitted by the basestation from
the maximum power in steps of 0.25 dB down to
the level where the phone measures RxLev = 0
(corresponding to −110 dBm). The measure-
ment of linearity can then be used to compen-
sate for the possible inaccuracy in power mea-
surements in the phone.

Some examples of the spherical radiation pat-
terns are shown in Figure 3.

To include the influence of the user, measure-
ments including a phantom torso mounted at the
pedestal were made (Figure 1). The phantom
is filled with a brain simulating liquid [8]. The
phone is attached to the left side of the phantom
with the earpiece at the position of the phan-
tom’s ear, and the phone bottom as close to the
mouth as possible. For this position the phone

5
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Figure 3: Measured radiation pattern for handset with retractable antenna (left), and radiation
pattern for small handset (right).

angle with respect to vertical is some 45◦, see
Figure 4.

Four GSM handsets were used which are com-
mercially available and represents the most im-
portant handset types used today. Handset A
and B are large handsets with external and in-
ternal antennas, respectively. Handset C and D
are small handsets with internal and external
antennas, respectively. Here ‘small’ handsets
are among the smallest handsets available today,
about 10 cm by 4.5 cm, and the ‘large’ handsets
are about 13 cm by 4.5 cm.

In addition some measurements were made
with a substitute antenna for handset D. This
antenna is a retractable whip antenna combined
with a helix. Measurements with this antenna
are labelled handset E (whip) and handset F (he-
lix).

All the radiation patterns were measured using
a angle increment of 10◦ in both azimuth and
elevation angle. GSM channel 698 was used in
all cases.

5 MEG Computations

Each handset is measured in the anechoic cham-
ber with the long axis of the handset oriented
along the z-axis and the handset top towards the
positive direction. The front of the handset (key-
pad side) is facing the negative y-axis, so that the
“width” of the handset is along the x-axis with

Figure 4: Phantom with handset mounted.

the right hand side towards the positive part of
the axis.

The MEG is computed using different rota-
tions of the handset antenna radiation patterns.
Each combination of the following angles are
used

µ ∈ {0◦, 15◦, 30◦, . . . , 345◦} (15a)
λ ∈ {0◦, 15◦, 30◦, 45◦, 60◦, 300◦, 315◦, 330◦, 345◦}

(15b)

where µ and λ are the rotation angles about the
z-axis and the x-axis, respectively. The rotation
is carried out first about the x-axis then about
the z-axis.

Since the grid of measurement points is not
preserved in the rotation it is necessary to intro-
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Figure 5: MEG values for handset B in free space, computed using the MBK model of the envi-
ronment for the DL.

duce interpolation. A standard two dimensional
linear interpolation was used.

For each combination of the rotation angles in
(15) the MEG is computed, resulting in a set of
MEG values for each handset measurement in a
given environment. An example of the MEG val-
ues computed for handset A is shown in Figure 5.
In this figure the MEG values are shown using
the color code given in the bar on the right. Each
polygon in the plot represents one combination
of azimuthal and elevation rotation angle.

6 MEG Dependence on Envi-
ronment

In Figure 6 and 7 the MEG results for the free
space case are shown for the DL and UL, respec-
tively, while Figure 8 and 9 show the results for
the measurements including the phantom.

In the figures the minimum and maximum val-
ues of the computed MEG values are shown as
the endpoints of a vertical line, one line for each
handset. Also shown on each line is the mean

value (shown with ‘×’) and a MEG value for a
specific rotation, see later, marked with ‘�’.

The results are presented in groups, one for
each of the environments defined in Section 3.

Comparing the results obtained with the
isotropic model with those obtained using the
rectangular window model (XPD of 0 dB) it is
noticed that the results are very similar. The
mean values are roughly identical, which is ex-
pected since the rectangular window covering the
θ-angles [45◦; 135◦] covers about 71% of the sur-
face area of the sphere. Hence, most of the
power will be included and as the XPD is zero
no weighting is introduced. Therefore the re-
sults will be close to the ones obtained with the
isotropic environment.

Because the measured radiation pattern is ro-
tated up to 60◦ in elevation angle some variation
in the MEG values are observed for the rectan-
gular window model, but only small changes are
noticed compared to the changes seen with the
two environment model derived from measure-
ments. The rectangular window model with an
XPD of 6 dB causes more changes, but the re-
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Figure 6: MEG for free space conditions in the DL direction. The minimum and maximum values
are shown as error bars.

sults are still far from to those obtained with the
HUT and MBK models.

Although the results obtained with the MBK
model and the HUT model have some similar-
ities, it is also clear that there are significant
differences in some cases. For example for hand-
set E in the free space case the two models result
in a MEG variation of about 2.5 dB and 6.4 dB
for the MBK and HUT model in the DL direc-
tion, respectively, and about 3.1 dB and 7.9 dB
for the UL direction.

Regarding the mean MEG values, Table 1
and 2 show the differences in the mean MEG val-
ues obtained with the various environment mod-
els compared to the isotropic case. For the free
space case (Table 1) all differences are within the
range −0.2 dB up to 1 dB.

The mean values are also quite small with the
phantom in case of the the rectangular window
model with an XPD of 0 dB, where all differences
are smaller than 0.4 dB. However, for the other
models larger differneces are found. In partic-
ular the HUT model results in differences from
−2.8 dB up to 0.8 dB.

Larger differences are expected for phantom
measurements and the non-isotropic environ-

ment models as compared to the corresponding
free space measurements. The phantom blocks
some of the power and effectively makes the radi-
ation patterns more directive than the free space
patterns. This casuses more changes in the MEG
when the handset is rotated and the environment
model is non-isotropic.

It is important to realize that even if the mean
values are identical for two different models of
the environment this does not imply that the
MEG values obtained with the two models are
identical for a specific rotation of the radiation
pattern.

For the free space an example is the rotation
of the measured radiation pattern with λ = 315◦

and µ = 0◦, corresponding to a tilt angle of 45◦ in
typical talk position. The MEG values obtained
with these rotations are shown on the vertical
lines in Figure 6–7 with a ‘�’. It is clearly not
possible to predict the MEG values shown with
the �-marks from the mean values.

The same is also true for the phantom mea-
surements. For the phantom measurements λ =
0◦ and µ = 0◦ is used since the handset is already
mounted at an angle of 45◦ on the phantom.
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Figure 7: MEG for free space conditions in the UL direction. The minimum and maximum values
are shown as error bars.

DL UL
Environment A B C D E F A B C D E F

MBK 0.1 0.3 0.3 0.4 0.6 0.4 0.1 0.3 0.4 0.5 0.3 0.5
HUT −0.2 0.5 0.9 0.7 0.4 0.7 −0.2 0.4 1.1 0.9 −0.2 0.9

Isotropic 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Rect, 0 dB 0.0 0.0 0.1 0.1 −0.1 0.1 0.0 0.0 0.2 0.1 −0.1 0.1
Rect, 6 dB 0.6 0.7 0.6 0.9 0.9 0.9 0.6 0.7 0.6 1.0 0.8 1.0

Table 1: Difference in mean MEG values with the isotropic case as reference, all values are in dB
and for the free space case.

7 MEG Dependence on Spher-

ical Sampling Density

The goal in this section is to study the effect of
reducing the number of samples in the spherical
radiation pattern, and thus the total measure-
ment time. However, by reducing the number
of samples some errors are introduced which is
a combination of errors due to insufficient sam-
pling of the antenna radiation pattern and errors
in the linear interpolation performed during the
rotation of the radiation pattern.

Originally the antenna radiation patterns were
measured with an angle increment of ∆θ = ∆φ =

∆ψ = 10◦. By omitting samples from the mea-
surements, the following values of angle incre-
ments were tested: ∆′

ψ ∈ {10◦, 20◦, 30◦, 60◦}.
Apart from the sampling density, the MEG was
computed in the same way as for the results pre-
sented in Section 6.

In order to limit the amount of data, results
are only shown for one specific rotation of the
handset — the same rotation as mentioned above
in Section 6, i.e., λ = 315◦ and µ = 0◦ for free
space measurements, and λ = 0◦ and µ = 0◦ for
the phantom measurements.

Table 3 and 4 show the results the isotropic
environment model as well as the MBK model
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Figure 8: MEG for handset including phantom in the DL direction. The minimum and maximum
values are shown as error bars.

DL UL
Environment A B C D E A B C D E

MBK 0.0 −0.8 −1.5 −1.1 −0.3 −0.0 −1.0 −1.4 −1.2 −0.5
HUT 0.8 −1.1 −2.8 −1.7 −0.6 0.7 −1.6 −2.6 −1.9 −1.0

Isotropic 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Rect, 0 dB 0.3 0.2 0.2 0.3 0.2 0.4 0.2 0.1 0.3 0.2
Rect, 6 dB 0.1 −0.7 −1.4 −0.9 −0.1 0.1 −0.8 −1.3 −1.0 −0.4

Table 2: Difference in mean MEG values with the isotropic case as reference, all values are in dB
and for the phantom case.

in the UL case. All values have been normalized
to the values at ∆ψ = 10◦

As expected, the results in both of the tables
indicate a generally increasing normalized error
for increasing values of ∆′

ψ. For ∆′
ψ = 20◦ and

∆′
ψ = 30◦ the errors are in the range −0.3 dB

to 0.0 dB for the free space case and −0.3 dB to
0.2 dB for the phantom measurements, and thus
quite small compared to the changes in MEG
observed in Section 6.

For ∆′
ψ = 60◦ the errors are somewhat larger,

up to ±0.6 dB for the free space case, and be-
tween −1.3 dB and 1.1 dB for the phantom case

8 Conclusion

The difference in TRP (and TRS) for the 5 rad-
ically different mobile phones is only some 3 dB,
which of course from a power consumption point
of view is significant, but it is low compared to
the variation in real use, as expressed by the
MEG. By not including the MEG obtained by
using realistic models of the incoming power, the
results of a validation or accreditation is ques-
tionable.

To obtain the correct MEG values the actually
user position is important as well as a realistic
model of the incoming power. The model of the
incoming power may vary significantly from one
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Figure 9: MEG for handset including phantom in the UL direction. The minimum and maximum
values are shown as error bars.

Isotropic MBK power density
∆ψ A B C D E F A B C D E F

10◦ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
20◦ −0.1 −0.1 0.0 −0.1 −0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
30◦ −0.2 −0.2 0.0 −0.0 −0.1 0.0 −0.1 0.0 −0.1 −0.2 −0.3 −0.2
60◦ 0.6 0.3 0.0 0.1 0.8 0.1 −0.1 −0.5 −1.0 −0.6 0.2 −0.6

Table 3: MEG for different sampling densities relative to MEG for ∆ψ = 10◦. Free space measure-
ments rotated with λ = 315◦ and µ = 0◦.

environment to another and it may be necessary
to define several models to cover the different
environments similar to e.g., the channel models
defined for the mobile systems.

The results show not only that TRP (and
TRS) is inaccurate and that the radiation pat-
tern of the phone is important but also that the
radiation pattern can be measured with a signif-
icantly reduced sampling compared to the basic
sampling of 10◦.
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