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Angular Power Distribution and Mean Effective
Gain of Mobile Antenna in Different Propagation
Environments

Kimmo Kalliola, Kati Sulonen, Heikki Laitinen, Outi Kivekas, Joonas Krogerus, and Pertti Vainikdibember, IEEE

Abstract—We measured the elevation angle distribution and the performance of a handset antenna, whose orientation relative
cross-polarization power ratio of the incident power at the mobile  to the direction and polarization of the incident field is unknown.
station in different radio propagation environments at 2.15-GHz Several methods have been proposed for determining the perfor-

frequency. A novel measurement technique was utilized, based X h - . L
on a wide-band channel sounder and a spherical dual-polarized Mance of a mobile antenna in realistic propagation conditions.

antenna array at the receiver. Data were collected over 9 km  The random-field measurement (RFM) method [1]-[4] is
of continuous measurement routes, both indoor and outdoor. pased on measuring the mean received power level of the
Our results show that in non-line-of-sight situations, the power ntenna on a random route in a typical operating environment.

distribution in elevation has a shape of a double-sided exponential . . . .
function, with different slopes on the negative and positive sides of The mean effective gain (MEG) of the antenna is obtained as

the peak. The slopes and the peak elevation angle depend on thethe ratio of the mean signal levels of the test antenna and a
environment and base-station antenna height. The cross-polariza- reference antenna. The effect of the user holding the handset

tion power ratio varied within 6.6 and 11.4 dB, being lowest for on the antenna gain can be easily analyzed with this method
indoor and highest for urban microcell environments. We applied [5], [6]. The method is naturally closest to reality, but it is

the experimental data for analysis of the mean effective gain tim nsumin ince the r tability of the m rements i
(MEG) of several mobile handset antenna configurations, with e consu g, since (ne repeatability of the measurements 1S

and without the user's head. The obtained MEG values varied POOr, and statistical significance can only be achieved by doing
from approximately —5 dBi in free space to less than—11 dBi extensive measurements in all possible operating environments.
beside the head model. These values are considerably lower thanThe RFM method can be simplified by using a field simulator
what is typically used in system specifications. The result shows 1 produce an artificial scattering environment in an indoor
that considering only the maximum gain or total efficiency of the facility [7], [8]. This makes the measurements repeatable, but it
antenna is not enough to describe its performance in practical . L L=l o N e
operating conditions. For most antennas, the environment type IS not evident that the conditions resemble a realistic operating
has little effect on the MEG, but clear differences exist between environment.
antennas. The effect of the_user_’s head on the MEG depends on |, [9], Taga derived a general expression for MEG. Using the
Lhe gnt?nna type and on which side of the head the user holds the formulas presented in [9], the MEG of an antenna in a certain
anaset o . ~environment can be computed based on the three-dimensional
méﬁﬂgxalféﬂf;ﬁg?aﬂli?;ﬁngﬁ'ffzﬁﬁﬁﬁgi Q)ia:]rzjﬁ]fgectlve 9ain,  (3.p) gain pattern of the antenna and the average angular distri-
' ' ' bution of incident power in the environment. The power distri-
bution must be known in both azimuth and elevation, and sep-
|. INTRODUCTION arately for horizontally ¢-) and vertically 0-) polarized field

HE gain of a mobile handset antenna is a critical pararﬁgmponc_ants. Also, the_ cross-polarization power ratio (XPR) is
T eter in cellular network design. Due to the large variety d‘feeded in the Ca'C‘%'at'O”- .

mobile phones used in networks, it is very important that their The clear benefit of the computational method for deter-
antenna performance be able to be evaluated reliably. The trdBj0ing the MEG is that it is fast and repeatable. In addition to

tional definition of antenna gain is not adequate for evaluatidgl: it has been used in [4], [5], and [10]. Currently, the draw-
back is that there is little information available on realistic field
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In this paper, we present experimental results of the elevatic 0=90"  /Incident wave
power distribution (EPD) and XPR at the mobile antenna in dif- z /
ferent radio environments at 2.15-GHz frequency. The measur !

ments were performed using a wide-band radio channel sound Antenna
and a spherical dual-polarized antenna array. The measurem
method, described in [14], enables the full 3-D measuremel
of the spatial radio channel in real time, and thus the acquis
tion of statistically significant amounts of data. We compare twcd= 0°
parameterized models for the EPD: the symmetrical Gaussi¢? = —90°
function proposed by Taga [9] and the asymmetrical gener:
double-exponential function. We also present the fitted parar
eter values of both models for each measurement environmet

In addition, we apply the experimental results for MEG calcu-
lations of several practical mobile antenna configurations, witl
both measured and simulated radiation patterns. We consider t N )
dependence of the MEG on the usage environment and compz = N
the MEG of a handset antenna to the total efficiency, gain, an ¢=0°
cross-polarization discrimination of the antenna configuration.
Furthermore, we investigate the deviation of the MEG valu@®). 1. Spherical coordinate system.
caused by using the model instead of the measured EPDs.

0=-90°

any azimuth direction with equal probability. If the power den-
[I. MEAN EFFECTIVE GAIN sity function in azimuth is uniform and independent of elevation,

According to Taga [9], the MEG of an antenna can be e{€ jointangular power density functions reduce to

pressed using the 3-D power gain pattern of the antenna and the 0 &) — 9
angular power density functions of radiowaves in a multipath p(0:¢) = %p( ). )

environment, both defined separately for ﬂqandq}polanzed_ In contrast to the azimuth, no straightforward assumption can

L6 ) o .
field components. Also, the cross-polarization power ratio, e justified for the power distribution in elevation. Previously,

:lfaﬁég)n?frgﬁemiﬁat?];nc(::;jszﬁ;fzg(ljaqr}ifg(ljazzzaiinq?s\,\slgrs] E;(])nig few models have been presented. The first model by Clarke [16]

needed in the computation of MEG. The angular power dénse%ssumes t_hf':lt all energy is conce_ntrated in thg horizontal plane.
functionsps, (6, ¢) andp, (6, ) need to satisfy the following I%wever, itis kn(_)w_n to b(_e un_reallsuc atileastm urban environ-
condition: T ¢\ ments, where buildings give rise to multipath components from
: high elevation angles. Aulin [17] proposed a generalization of

2 m/2 Clarke’s model to a case where all energy does not travel in the
/0 /_Tr/2 Po (8, ¢) cos Bdbdg horizontal plane, but no data were available to verify the model.
or w)2 Also, [13], which proposes a family of functions to describe the

:/ / Py (0, ¢) cos fdfdp ~ Power distribution in elevation, lacks measurement data. In [9],

0 J-=x/2 Taga proposed the Gaussian density function and fitted the pa-

=1 (1) rameters to experimental data. However, he used only four mea-

. ) ) ] o sured points of the elevation power distribution, which is not
The spherical coordinate system is defined in Fig. 1. It Sho%cessarily sufficient to verify the distribution.
be noted that according to (1), the definition of the angular

power density functions differs from that of the joint probability

density function for the direction of arrivl(6, ¢), defined in
[15], which satisfies A. Measurement Setup

Ill. DESCRIPTION OFEXPERIMENTS

2r pn)2 We measured the angular power distribution separatef§-for
/ / f(0,9)dodgp = 1. (2) andg-polarized components of the incident field at the mobile
0 J—=/2 station in different propagation environments using the mea-

It follows by combining (1) and (2) that the relation betweefurement method presented in [14]. The method is based on

the angular power density function and joint probability densil? spherical array of 32 dual-polarized antenna elements and a
function for the direction of arrival is omplex wide-band radio channel sounder. At the base station

(BS), a wide-band signal was transmitted using a single fixed
p(0,4) = f.4) (3) Vertically polarized antenna. At the mobile station (MS), the
’ cos 0 signal was received separately from Gh@ndg-polarized feeds

It is natural to assume that when a mobile user moves raf-each of the 32 elements of the spherical array, using a fast

domly in any environment, the incident waves can arise frofif-channel radio-frequency switch. Approximately five snap-
shot$ of the received signal were sampled and stored per each
19 andg polarizations correspond to the vertical and horizontal polarizations
used in [9] in the plane perpendicular to the incidence angle 20ne PN sequence period from all 64 channels.
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TABLE |
DEFINITIONS OF ANGULAR POWER DIDISTRIBUTIONS. SUBSCRIPTSDENOTE POLARIZATIONS

Definition Azimuth Elevation

Py (@)= [ [|1;0.0.7) cos6atar Pi(0)= [ |1, 0.9.7) dgaz

Instantaneous power as
a function of incidence

angle. Py ()= [ [ |1, 0.9.7) costabar P (0)=[ [|h,0.0.7) dedr
70 9
13 R.(0) Ly £, 0)
P)=~ ‘ RO)=
Mfean rfalati\;e:' pq:;ver as (¢) N zf f[Pe, (¢)+ F,; (¢)]d¢ ( ) N .Zf HPOA[(9)+ F,; (9 )]cos 6d6
a function ot incidence N
angle. _ L ‘ I’¢,(¢) PO)= L B (6)
PO N 2ol | TN TR0 o oo
R AC) N 1C))
Power distributions in n0) § P,(¢)do Po(0) § P,(0)cos0d6
ZC‘IZ;LTX:;EH((‘;?DD)).Z‘M ) (¢) — RJ>(¢) p ( ): Py (9)
I YA " §R,0)cosado

wavelength the mobile moved, except for the highway macrbeam spacing in azimuth and elevation), as described in [14].
cell environment, where the number of snapshots per wav@nly such multipaths were accepted whose amplitude exceeded
length was between two and three. The center frequency veathreshold value of 6 dB below the highest multipath, in order
2.154 GHz and the carrier was modulated by a PN-sequenodilter out spurious signals due to sidelobes of the array. The
with 30-MHz chip frequency. Detailed information of the usedheasured sidelobe level of the array is approximatelp dB
Helsinki University of Technology, Institute of Digital Commu-in the case of two simultaneous multipaths [14], but the level
nications (IDC) channel sounder can be found in [18]. increases with an increasing number of multipaths.

During the measurements, the transmitting antenna wasThe amplitudes and phases of $ieand@-polarized compo-
placed in fixed locations corresponding to typical BS antenments of the incident waves were obtained by poinBhgnd
installations in different cellular radio network configurationsg-polarized beams in these directions. As a final result, we had
A modified commercial GSM1800 sector antenna with 10-dBor each measurement snapshot the angle resolved impulse re-
gain and 3-dB beamwidth of 80in azimuth and 28 in sponse, defined as
elevation was used in all cases except for the indoor picocell,
where the transmitting antenna was omnidirectional (vertica) ho (0, ¢,7) | _ - Gl | 50— 08 5
3-dB beamwidth 89, gain 2 dBi). It must be noted that thea[h(,,(a,qsm) ] B ; [a(w } (6 =00)8(¢ =)o (7 =)
radiation pattern of the transmitting antenna affects the signal a (5)
distribution at the receiver. The transmitting antennas wefghereh,, andh,, denote theéd- andg-polarized components of
chosen as typical examples of BS antennas used in existiig impulse response, respectively,; anday, are the complex
networks at cell configurations similar to the measured onesggplitudes of!"* multipath,§, and ¢, are the corresponding
obtain as realistic results as possible. elevation and azimuth angles, ands the delay.

The total spatial resolution of the measurement is determined
by the angular resolution of the spherical array of approximately

The delays, directions of arrival (DoAs), amplitudes, and(® and the 33-ns delay resolution of the wide-band channel
phases of botB- and@-polarized components of the incomingsounder. Thus the spatially separable blocks are truncated cones
waves at each measurement snapshot were found througth an opening angle of 20and length of 10 m, and the size
sequential delay-domain and angular-domain processing. Fiddtthe block increases with increasing distance between the last
the received signal of each antenna feed was correlated withcattering point and the array. The azimuth and elevation power
replica of the transmitted PN-sequence to obtain the compldistributions ford- and@-polarized wave components were de-
impulse response of the channel. The delay taps were thered from the angle resolved impulse response using formulas
identified by detecting the local maxima of the power-delagresented in Table I. First the instantaneous power versus inci-
profile averaged over the array elements. Correspondingdence angle was computed as a sum of the multipath powers.
each delay tap, there may exist one multipath componéltien the mean relative power versus incidence angle in one
or several components separated by their DoAs. Up to foamvironment was obtained by averaging over all snapshots in
multipath components per delay tap were estimated using the environment. The variation of the received power due to
beamforming scheme with precomputed array weights (farge-scale fading was compensated by normalizing the result to

B. Processing of Data
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TABLE I
AMOUNT OF COLLECTED DATA

Environment Route length Snapshots LOS NLOS
Indoor picocell (Airport) 260 m N =9800 40 % 60 %
Outdoor — Indoor (Office) 220 m N = 8300 0% 100 %
Urban microcell 3x%1200 m 3x51 000
22 % 78 %
(hps =3/8/13 m) =3600 m N=153 000
Urban macrocell
2560 m N=100 600 4 % 96 %
(hgs =21/27 m)
Highway macrocell 2500 m N =47 600 25+45" % 30 %
TOTAL 9140 m N=319 300 23 % 77 %

"LOS obstructed by trees

the total incident power at each point. Due to the large measuosit. The BS antenna was approximately 3 and 8 m above the
ment bandwidth compared to the channel coherence bandwidtiobile antenna for the two sites, respectively. The measurement
the fast fading of the total received power (sum of the multroutes include both corridors and office rooms, and the ceiling
path powers) was small. The distribution of the square root béight is in the range of 2.5-3 m in both buildings.

the total power agreed well with Rice distribution. The average The urban micro- and macrocell measurements were per-
fitted Rice factor varied fronk ~ 17 in the outdoor—indoor formed in the center of Helsinki, Finland. The spherical array
case tok = 60 in the urban macrocell case. Finally, the azwas located on a trolley, and the routes were driven along the
imuth and elevation power distributions (APDs and EPDs, reidewalks of the streets. Fig. 2 presents a map showing the BS
spectively) were obtained from the mean relative powers verqussitions and the measured mobile routes. The street grid in
incidence angle as presented in Table I. the measurement area is fairly regular, and the average street
width is approximately 15 m. The height of most buildings is
in the range of 20—-30 m.

In the microcell environment, the same mobile routes were
We performed measurements in five different radio enviromeasured for the same BS location with three different BS an-
ments. The environments, the approximate total route lengthsnna heights. The antenna was located on the sidewalk of a
and the numbers of collected snapshots are presented in Tabletteet and mounted on a person lift elevated at 3, 8, and 13 m
Also, the percentages of line-of-sight (LOS) and non-line-okbove the street level. The main beam of the antenna pointed
sight (NLOS) measurements are shown. The characteristic fagst along the street. The measurement routes included the main
tures of each environment are briefly described below. In &ltreet with LOS to the BS, the two parallel streets on both sides,
measurements except those of the highway macrocell, the splagid four transversal streets in front of the antenna (see Fig. 2).

ical array acting as the mobile station was mounted on a trollgshe BS—MS distance varied from 10 to 350 m.
where the center of the array was at a height of 1.7 m aboven the urban macrocell measurements, the BS antenna was lo-
ground level and the visible arc in elevation was from zenith iated on the rooftop of a building and pointed separately to two
approximately—60°. opposite directions in order to cover a larger area (see Fig. 2).
The indoor picocell measurements were carried out in tfde antenna heights from ground were 27 and 21 m, the former
transit hall of Helsinki airport. The omnidirectional BS antennbeing at, and the latter above, the rooftop level of the opposite
was elevated at 4.6 m above the floor level and located so thaildings. Photographs showing the views from both macrocell
the visibility over the hall was good. The BS—MS distance varieghtenna installations can be found in [19]. The BS—MS distance
from 10 to 150 m. The portion of LOS measurements was sigaried from 50 to 750 m. Due to the limited sensitivity of the
nificant, on the order of 40%. measurement system, we were not able to measure propaga-
The outdoor—indoor measurements were performed in twion distances corresponding to the radii of the biggest urban
different office buildings, both having four floors and officemacrocells. However, our measurement distances are in line
rooms next to the outer walls made of brick. In both sites, the B@th many current urban site configurations in cellular networks
antenna was placed on the rooftop of the neighboring buildirigday.
The average distance from the BS to the mobile routes was in th& he highway macrocell measurements were carried out in an
range of 50—100 m. The short distance was forced by the limitgdlustrial area in Espoo, Finland. The BS antenna was located
sensitivity of the measurement due to the losses in the switchimg top of a building next to a junction of a ring road with a lot

C. Measurement Environments
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Fig. 2. Measurement routes in the center of Helsinki.

of traffic. Few large buildings exist in the area, and for most a§ moving. The third maximum at left (99is due to propaga-
the routes only trees obstruct the direct LOS path. The BS dion via crossing streets. The routes were by chance chosen so
tenna height was 17 m. The measurement routes included tiat the BS is almost always at the left-hand side when looking
transversal ring road and the crossing road. The BS-MS dis-the moving direction of the mobile. If this had not been the
tance varied from 50 to 1200 m. In these measurements, ttase, the obtained azimuth power distribution would have four
spherical array was mounted inside a person car, on the fromixima with angular separation of @dn the macrocell case
seat, and at the height of the passenger’s head (1.3 m). It misy. 3(b)], the APD is closer to uniform than in the microcell,
be noted that the metallic chassis of the car has a significantledt the left-hand side of the distribution (angl¥s - - + 180°)
fect on the angular distribution and polarization of the electridearly dominates. As in the microcell, the reason for this is that
field at the antenna inside the car. However, it is common nowtite routes were not random. However, since a real mobile user
days to use mobile handsets inside vehicles, which makes thisay turn around or cross the streets at any angle, uniform dis-
practical scenario. tribution is the only justified assumption for the azimuth power
distribution averaged overrandomroute in any environment.
Fig. 3 shows that in both urban micro- and macrocell cases,
IV. STATISTICAL DISTRIBUTION OF INCIDENT WAVES the differences between te andg-polarized distributions are
A. Experimental Azimuth Power Distribution small.
_ W_hen_a rr_10bi|e antenna moves along a rgndom route, unifogn Experimental Elevation Power Distribution
distribution is the only reasonable assumption for the power dis-
tribution in azimuth. However, to illustrate the radio propagation In contrast to the azimuth, it seems obvious that the elevation
in urban environment, we present two examples of measungalver distribution depends on the environment type as well as
power distributions in different environments. Fig. 3 shows then the BS antenna height and BS—MS distance. Fig. 4 presents
APD in urban microcell §gs = 3 m) and urban macrocell the mean relative power versus elevation angle in different en-
environments. It can be seen that the distributions are notvabnments. Also, the average of all distributions is presented.
all uniform, but that some directions are more probable thdie figure demonstrates that the EPD depends on the environ-
others. This is due to the fact that the measured mobile routesent and the BS antenna height. In all environments dominated
are not random in nature but are parallel and perpendicularip NLOS channels, the shape of the EPD is similar for angles
street canyons (see Fig. 2). In the microcell case [Fig. 3(a)], tbese to horizontal plane: the power decays roughly exponen-
highest maxima are produced in directions closeé’tard 180, tially on both sides of the peak of the EPD, until approximately
i.e., the directions of the street canyon along which the mobilés of the peak power. Both the slope of the exponential decay
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Fig. 3. Mean azimuth power distributions. (a) Urban microdels = 3 m.
(b) Urban macrocell. Mobile moving direction i§ ¢——P- (¢), ———P4(¢)).

and the shape of the EPD outside the main lobe depend on'tR
environment. It should be noted, though, that in all envirof!
ments, most of the power is concentrated in small positive
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The elevation power distribution is described by the median
elevation angle{/y), mean elevation angl@), and rms eleva-
tion spread ¢y), defined as
Mo

My, so that/ (6)

p(0)cos0df -1
J—m/2 2

_ /2
0 :/ Op (0)cosbdfd  (7)
J—m/2

/2 _
ag:/ [0 — 8] p(6) cos b6
J—m/2
8

wherep(0) is eitherp, (6) or py(9). The parameters of the mea-
sured EPDs of all environments are presented in Table Ill, from
which the following observations can be made.

1) The rms elevation angle spread is larger for horizontal
polarization in all environments.

2) In all outdoor environments, the mean elevation angle is
higher for horizontal polarization. In the indoor picocell,
the situation is the opposite, due to the large portion of
LOS measurements.

3) In all environments, the mean elevation angle is higher
than the median, i.e., the distribution is asymmetrical so
that the spread is larger for high elevation angles than for
low angles.

4) Inthe urban environment, the mean and median elevation
angle, as well as the elevation spread, increase when the
BS antenna height increases. A clear step in mean values
can be seen between BS antenna heights of 8 and 13 m in
the urban microcell case.

C. Model for Distribution in Elevation

It is proposed in [9] that the EPD has Gaussian shape in an
urban environmentwhen no LOS exists between the MS and BS.
However, as was observed in the previous section, the distribu-
o is often not symmetrical about its peak value but decreases
ore rapidly on the negative side. Particularly, this seems to
at_a the case for BS antenna heights larger than 10 m, which is
mon for outdoor base stations also in urban environments.

evation angles. This is in agreement with measurements by G 5 s th d EPDGaolarization | b

and Brandt [20], who showed that most of the power is concend: ° Presents the measure Iofarization In an urban

trated in elevation angles lower than®l&bove horizontal level. macrpcell environment together with two best fit distribution
In the indoor picocell measurements, a significant portion g’mcuons. ) )

the mobile routes contains LOS, which can be seen i+pe- 1) Gaussian function:

larized EPD in Fig. 4(a) as peaks in the angle range of 10-20 -9 )2 o

above horizontal plane. The LOS components with high eleva-  p () = A; exp [——20] , Be€ [——, —} )
tion angles make the main lobe of the distribution wider also 20 22

in the highway macrocell measurements. In the urban outdoorz) General double exponential functién

case, the EPD becomes asymmetrical and more power is re-

ceived at high elevation angles when the BS antenna is raised Ay exp [_@] , 0€e[-%.60]

above the rooftop level. The negative slope of the EPD changes p (¢) = (10)

Ay exp [—M} , fe [90,%] .

o

hardly at all. For large antenna heights, also the XPR decreases

for increasing elevation angle. In the urban macrocell case, th L .
XPR is approximately 0 dB for elevation angles abové.60 In (9) and (10)p (6) is eitherp, (6) or py (), 6 is the peak
[?vatlon angle, and parameters o—, and ot control the

In the indoor picocell and outdoor—indoor cases, the receivé ) o
power outside the main lobe is notably higher than in the outdogh€@d Of the functions. Coefficientsy and A, are set so that

measurements, most likely due to reflections from the ceilingl) IS satisfied.
Similarly, the.effect of the car can be seen as distortions in they; e spread parameters- ando+ are equal, the double exponential func-
EPD of the highway macrocell. tion is called Laplacian function.
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TABLE Il
EPD PARAMETERS (P, / P}) AND XPR

Environment M, 0 o, XPR
Indoor picocell 2.1°/1.1° 3.8°/1.9° 8.7°/10.7° 7.0dB
Outdoor — Indoor -1.0°/-0.9° 0.6°/1.8° 8.1°/14.6° 10.7 dB

Urban microcell:

hps=3m 0.7°/1.5° 2.2°/3.5° 5.4°/7.8° 11.4 dB
hgs =8 m 1.3°/1.6° 2.4°/2.6° 6.2°/8.5° 11.4dB
hgs =13 m 2.7°/13.1° 4.6°/5.7° 6.9°/9.9° 11.1dB
Urban macrocell 7.2°/13.8° 11.2°/17.1° 11.9°/18.5° 7.3 dB
Highway macrocell 4.5°/6.4° 6.6°/10.9° 10.4°/14.5° 6.6 dB
Average of all 2.0°/3.7° 4.4°7.5° 9.0°/14.7° 9.0 dB
environments
10" - —

: x  Measured 1

S S LU AR L = General double |]

..... eXpOﬂentlal

e CERRERREERE CERREEEEES e N . Gaussian

relative power
—
o
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1 1

20 40 60 80

1

0
0[]

Fig. 5. Example of two EPD models. Measurement data from urban macr@gellarization.

As can be seen in Fig. 5, in the case of an asymmetrid¢ains by minimizing the squared approximation error (SAE) of
EPD, the fitted symmetrical Gaussian functidgh (= 5.0°, the fitted curves, defined as

o = 7.6°) does not give an accurate description of the EPD. In- x/2
stead, the fitted general double exponential functiign£ 2.2°, SAE = [psit (0) — Dmeas (0)]2d9 (12)
o~ = 3.9°, 07 = 17.8°) gives an accurate match with mea- —7/2

sured data for values larger than 0.7% of the peak value. To finthere ps: and pmeas are the modeled and measured distribu-
a representative statistical model for the elevation power dissns, respectively. Table IV presents the best fit parameters and
tribution, and to study the effect of the model on the obtainexpproximation error of both functions. It can be seen that for
mean effective gain of a mobile antenna, we fitted the measumdst environments the SAE of the double exponential function
power distributions in each environment to both model funés smaller than that of the Gaussian function, which indicates
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TABLE IV
BEST-FIT PARAMETERS OFEPD MODELS (P.. / P})

Gaussian furiction General double exponential function

, , . SAE ; o . SAE
Environment 0, I°] o [°] [xle?] 0, [°] o [ 6 [ [xle?]
Indoor picocell 2.812.0 5.9/7.1 1.9/0.9 2.0/2.2 6.9/10.5 9.4/10.0 09/1.4

Outdoor — Indoor 0.2/-0.2 3.9/5.8 1.4/3.0 0.2/-0.2 5.4/8.1 5.5/8.3 0.5/1.6

Urban microcell:

hgs =3 m 1.4/2.0 3.3/42 1.3/2.3 1.6/1.4 4.6/4.9 4.4/7.0 0.7/0.2
hgs =8 m 2.0/2.2 4.6/49 0.7/0.9 1.8/2.0 5.9/6.3 6.7/7.1 1.0/0.6
hgs= 13 m 3.4/3.6 4.6/5.4 1.4/12.2 2.0/1.8 4.3/4.8 8.2/10.0  0.4/0.2
Urban macrocell 5.0/5.0 7.6/19.7  4.4/49 22120 39/46 17.8/374 02/0.7
Highway macrocell 5.0/5.8 4.7/6.7 3.4/5.0 6.0/6.0 8.0/9.6 5.7/100  3.5/29

Average of all

. 2.6/3.6 5.07.3 1.5/2.5 1.6/1.8 5.5/7.4 8.6/13.7  0.2/0.6
environments

that the former yields a better match with the experimental dataea at 800 MHz. The values are clearly lower than what we
The difference is clearest for the cases with largest BS antenmaasured at 2.15 GHz. According to measurements by Lee
heights (rban macrocell, urban microcell withgs = 13 m).  [22] and Taga [9], the XPR in an urban macrocell environment

In [9], Taga reported considerably larger values for the me#@between 4 and 9 dB at 900 MHz. This is comparable to our
elevation angle and standard deviation of the Gaussian distneasurements at 2.15 GHz, although the BS antenna height
bution derived from urban macrocell measurements in centeald BS—MS distance are considerably smaller. According to
Tokyo. However, the urban environment in Tokyo is quite difmeasurements by Lee and Yeh [22], the differences between
ferent from that of Helsinki, which could explain the differencethe two cross-coupling coefficient§ P — HP, HP — V P)
Also the BS antenna height in his measurements was signére less than 2 dB. This indicates that XPR at the mobile station
cantly larger (87 m) than in our measurements (27 and 21 m), in-comparable to the XPR at the base station. In [23], the mean
creasing the portion of power propagated over building rooftop§PR at the base station was found to be 7 dB in an urban

macrocell at 463 MHz when a vertically polarized antenna was

D. Cross-Polarization Power Ratio used at the mobile station.

In the case of vertically polarized transmission, the XPR i In our urban microcell and outdoor—indoor measurements,

i . .
defined as the power ratio 6f andg-polarized components of tﬁe_ range was congderably smallerthan in the above references.
his would explain the higher obtained XPR values, under

the mean incident field. The XPR was obtained from the megb i hat th b ¢ depolarizi flacti
surement data as the ratio of the integrals of the mean relafi)§ @ssumption that the number of depolarizing reflections

and diffractions on the propagation path increases when the
separation between the transmitter and receiver increases. In
§ P, (6)do [24], XPR at the base station was found to be close to 10 dB in
XPR= $ P, (0)d8" (12)  an urban environment at 1800 MHz, and building penetration
¢ had minor influence on the XPR. In the highway macrocell

The resulting XPR in each radio environment is shown ieasurements, the close scattering from the bodywork of
Table I1l. The highest XPR values are obtained in the urbdhe car most probably decreases the XPR. Also in the indoor
microcell environment; the XPR is approximately 11 dB fopicocell measurements, the low XPR value can be explained
all BS antenna heights. XPR is close to 11 dB also in tHY the high number of close-proximity scatterers around the
outdoor—indoor case. Instead, for the indoor picocell, urbapebile.

macrocell, and highway macrocell cases, the XPR is close to

7 dB. In the existing literature, few measurements of the XPR V. MEG COMPARISON OFHANDSET ANTENNAS

at the mobile station have been reported. In measurements pre- i :
sented in [21], the median “cross-polarization coupling,” Whicﬁ\' Evaluated Antenna Configurations

is equal to the reciprocal of the XPR, was found to be as highTo evaluate MEG as a parameter describing the handset an-
as—2.5 dB inside and-3.5 dB outside houses in a residentialenna performance, we picked three typical handset antennas:

incident power versus elevation angle (see Table I)



832 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 51, NO. 5, SEPTEMBER 2002

a commercial GSM1800 handset with an external meaiotal antenna efficiency, and cross-polarization discrimination
dered monopole antenna and simulated meandered monoi#leD) of each configuration. The cross-polarization discrimi-
(MEMO) and planar inverted patch (PIFA) antennas attachedtion is given by

to a handset model. In addition, we took an omnidirectional

discone antenna for reference. We measured the 3-D gain '02“ j':/i,z Go (8,¢) cos Hdfdg
patterns of the discone antenna and the GSM1800 handset in XPD = ———7 - (13)
an anechoic chamber with a grid of°1i both elevation and Jo" JZ%2 G4 (8, 9) cos Bdfdg

azimuth. The measurement frequency was 2154 MHz for the o ) _ ) _

discone and 1747 MHz for the GSM1800 handset. Althoudtl€ total antenna efficiency (including the dielectric losses due
the signal distributions were obtained from measurements'@the head model) is obtained by

2154-MHz carrier frequency, they can be assumed valid also

. . . 1 27 7r/2
at 1800-MHz frequency range; the frequqncy dn‘ference_|s SO - — / [Ge (6,0) + Gy (6, (/))] cos 0dd¢.
small that the same propagation mechanisms are effective for ar Jo  J_zp2
waves at both frequencies. The discone was measured in free (14)

space only, while the GSM1800 handset was measured botff [} réference level in the gain measurement of the GSM1800
free space and beside a model of a human head and should¥#8dset was the nominal maximum transmission power. Note
In free space, the handset was oriented vertically, but whidit thg MEG of an antenna in an artificial isotropic environ-
placed beside the model, it was tilted°6@om vertical to MENt—i-€., forps (6.9) = py(0,¢) = 1/dm, XPR = 1—is
correspond to a natural usage position. The handset toucf& al to the tptal antenna_efﬁmency divided by two. Based on
the ear of the model. The used model was Torso Phantom V le V, no direct connection can be found between the MEG

by Schmidt & Partner Engineering AG and was filled WithOT an anter_ma conflguratlon_and its total eff|C|en(_:y or gam._Fur-
o S thermore, it turned out that in most cases, the differences in the
brain-simulating liquid.

We simulated the 3-D gain pattems of the MEMO and PIFX'EG values could not be predicted directly by analyzing the

. o . . lane cuts of the radiation pattern. Only clearly negative XPD
by using a commercial finite-difference time-domain (FDTDEV P y y heg

XEDTD ion 5.1 Bio-Pro by R | Bot ith dominatingg polarization predicted low MEG values.
program ( , version 5.1 Bio-Pro by Remcom, Inc.). Bot Fig. 7 shows that the differences in MEG are clearly larger

antennas were attached to the top of a metallic chassis ac“”%(gﬁween antennas than between radio environments. This is un-
the b9dy of a mobile phone._ The simulations were pe_rform_ rstandable, since in all environments, most of the power is
both in free space and beside a head model. The simulajgReiyeq at small positive elevation angles (see Fig. 4). In ef-
frequency was 2154 MHz. In free space, the phone chasglg; the XPR seems to explain most of the environmental de-
were oriented vertically. Beside the head, they were orientgdngence of the MEG, as will be presented below. The reference
according to the intended use position specified by CENELE§scone has by far the highest MEG: close to 0 dBi in all environ-
[25]. The phone was tilted 74rom vertical and 10 from the  ments. This is due to its omnidirectional radiation pattern, high
ear toward the cheek, as described in [26]. A distance of 5 Mifficiency, and high cross-polarization discrimination. It should
was left between the head and phone chassis, correspondingd@oted that also the MEMO and PIFA have high efficiency in

the actual position of the metallic chassis of a mobile phongee space, but still their MEGs are significantly lower: on the
The used head model was an FDTD mesh with 2.5-mm voxglder of—5 dBi.

resolution remeshed from a standard human head and shouldetghen placed beside the head model, the total efficiency of
model obtained from the software provider. the MEMO drops by 5.9/4.6 dB, depending on the side of the

Inboth the measurements and the simulations, the head masigdd (R/L). At the same time, the average MEG drops by 2.2/4.7
was in upright position and the nose pointed toward positiB. Fig. 6(c) shows that th@-polarized pattern of the MEMO
y-axis (see Fig. 1). The patterns were measured and simulaiedree space has a minimum in the horizontal plane. Instead,
for the handset placed on both the right and left side of theside the head, the maximum of @wpolarized pattern is pro-
head, i.e., on the positive and negativexis sides, respectively. duced at the horizontal plane. On the right side of the h@ad,
The horizontal £y-plane) and verticala(z-plane) cuts of the polarization dominates, which partly compensates for the de-
power gain patterns of all antenna configurations are presentedased efficiency. For MEMO, the difference in MEGs on the
in Fig. 6. two sides of the head is 2.5 dB. For PIFA, the total antenna ef-
ficiency drops by 3.1/2.4 dB when placed beside the head, and
the MEG drops on average by 2.7/3.0 dB.

The average MEG of the measured GSM1800 handset in-

We computed the MEGs of all evaluated antenna configurereases by 1.3 dB when the handset is placed on the left side of
tions using [9, (6)]. The distribution of the incident power wathe head of the human body model, although the total efficiency
assumed uniform in azimuth. As the power distribution in el@rops by 3.3 dB from the free space value. On the right side of
vation and cross-polarization power ratio, we used the data dbe head, the average MEG is 4.5 dB lower than on the left side,
tained from the experiments and presented in Section IV. Figalthough the total efficiency is 0.3 dB higher. The maximum
shows the MEG of each antenna configuration in all radio emgain of the antenna configuration is almost the same on both
ronments, together with the average MEG and the total antergides of the head (note that in free space, the gain is lower). The
efficiency. Table V presents the average MEG, maximum gairgsult clearly indicates that maximum gain or total efficiency of

B. Mean Effective Gains of Antennas
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Free space

Beside head RIGHT

Beside head LEFT

(b) GSM1800

833

Fig. 6. Gain patterns of evaluated antenna configurations. (a) Horizontal plane cut. (b) Vertical plane cétgetarization, — — ¢ polarization). The dotted

circles correspond to gain levels ¢, —15, and—35 dBi.

an antenna is not enough to describe its performance in practiehich are lower on the left side than the right (see Table V).
The opposite happens for the measured GSM1800, which had
When any of the two simulated antennas is placed on the l#fe antenna located on the opposite corner of the handset.
side of the head, the highest MEG values are obtained in envhe highest variation of MEG values between different envi-
ronments with lowest XPR (see Fig. 7). The behavior is parttpnments is obtained for antenna configurations with negative

environments.

explained by the XPD values of the antenna configurationsPDs.
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CX
Free space Besidehead RIGHT Besidehead LEFT
(c) MEMO
X X X
y .
X
Free space Beside head RIGHT Besidehead LEFT
(d) PIFA

Fig. 6. (Continued) Gain patterns of evaluated antenna configurations. (c) Horizontal plane cut. (d) Vertical plane ctgetarization, — — - polarization).
The dotted circles correspond to gain levelstd, —15, and—35 dBi.

It also has been observed previously [27] that the MEG bglical antenna and 3 dB for a patch antenna. In our analysis,
a handset antenna depends on the side of the head on wilehaverage decrease in MEG due to the user was 0.8, 3.3, and
the user holds the handset. In [27], the average user influerx® dB for the measured GSM1800 and the simulated MEMO
at 1800-MHz frequency was found to be a loss of 10 dB forand PIFA, respectively. However, we only modeled the head of
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Fig. 7. Mean effective gains of evaluated antennas.
TABLE V
EVALUATED ANTENNA CONFIGURATIONS
. 1 Gmax -
Antenna Tilt angle’ 1Mo [%] (dBi] XPD [dB] MEG [dBi]
Discone 0° 95 2.9 13.0 0.0
MEASURED GSM 1800 0° 56 1.5 4.6 -8.5
GSM 1800 + torso R 60° 28 3.7 -5.8 -11.7
GSM1800 + torso L 60° 26 4.0 -0.1 =72
MEMO 0° 100 3.8 -0.7 =5.1
MEMO-+head R 74° 26 2.8 0.2 -7.3
SIMULATED MEMO-+head L 74° 35 33 =5.1 -9.8
PIFA 0° 100 4.6 -0.2 -5.4
PIFA+head R 74° 49 4.3 -3.0 -8.1
PIFA+head L 74° 57 4.7 -5.6 -8.4

Tfrom vertical

the user (also the shoulders for the measured handset) andRutXPR, the values obtained directly from measurements (pre-
the hand or full body, which partly explains the difference. sented in Table Ill) were used. The average differences between
o the MEGs obtained for the measured and the two modeled EPDs

C. Effect of Model Distribution on MEG are plotted in Figs. 8 and 9. The MEG errors of both models are
To evaluate the two models for the elevation power distrémall: less than 0.5 dB for the Gaussian distribution and less
bution (see Section IV-C), we repeated the MEG computati¢han 0.1 dB for the general double exponential distribution. The
for the same antennas using the model distributions, fitted segéferences between the antennas (Fig. 8) are larger than the dif-
rately for each environment using parameters given in Table férences between the environments (Fig. 9). This can be under-
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Fig. 8. Difference of MEGs computed from measured and modeled EPDs. Average over environments.

0.5 T T T T T T I T
’ : —— General double exponential

0.4+ ........ e ........ —e— (Gaussian _

0.3

T

T T I

o
-
T

AMEG [dB]
o
T

_05 1 I I 1 L ) ! I
Picocell Outdoor- Microcell Microcell Microcell Urban Highway Average
indoor hgg=3m h_=8m h_=13m macrocell

Fig. 9. Difference of MEGs computed from measured and modeled EPDs. Average over antennas.

stood based on the results in the previous section, showing tlistribution becomes asymmetrical when the antenna is raised
the environment type has a quite small effect on the obtainadove the rooftop level in an urban environment. With lower BS
MEG. antenna heights, the power is concentrated only slightly above
the horizontal plane.

The measured cross-polarization power ratio was smallest in

We applied a novel technique for measuring the angular dig€oor picocell and urban macrocell environments, on the order
tribution and cross-polarization ratio of the incident power at traff 7 dB. A similar value was obtained also when the mobile an-
mobile station in different types of propagation environmentnna was placed inside a car in measurements on a highway.
This information is needed in the evaluation of mobile handskt urban microcell and outdoor—indoor measurements with rel-
antenna performance in realistic operating environments. Tavely short ranges, the XPR was fairly large: approximately
results show that in NLOS situations, the power distribution ihl dB.
elevation has the shape of a double-sided exponential function\We applied the experimental data for analysis of the mean
with different slopes on the negative and positive sides of tleéfective gain of several practical handset antennas. The MEG
peak. The slopes and the peak elevation angle depend on thevahues varied from approximately5 dBi in free space to less
vironment and base-station antenna height. We noticed that then—11 dBi beside the head model. These values are consid-

VI. CONCLUSIONS
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erably lower than the 0 dBi typically used in system specifi-[10]
cations, e.g., [28]. The result shows that considering only the
maximum gain or total efficiency of the antenna is not enough
to describe its performance in practical operating conditions. IifiL1]
all measured environments, the cross-polarization coupling was
fairly small, indicating that the polarization of a handset antenngt2]
should be matched to that of the BS antenna to obtain best per-
formance. However, the polarization of the antenna is sensitive
to the usage position of the handset, which should be consideré&t$]
in antenna design.

For most antennas, the environment type has little effect o4
the MEG, but clear differences exist between antennas. The
MEG also depends on the side of the head on which the user
holds the handset. Errors in MEG values caused by using ari§s]
of the two power distribution models instead of the measured, .
power distributions were small: on average less than 0.5 dB for
the Gaussian distribution and less than 0.1 dB for the gener&’]
double exponential distribution.

In this paper, we only considered the mean value of the eff18]
fective gain of a handset antenna. However, it is also important
to know the probability levels of which a certain portion of the [19]
total incident power is received. The measurements described
in this paper allow the analysis of such instantaneous reception
efficiency of a handset, as well as more sophisticated analysig0]
like estimation of polarization diversity gain, which are impor-

tant issues for further studies. [21]
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