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Characterization of Radio Wave Propagation Into
Buildings at 1800 MHz

E. F T. Martijn and M. H. A. J. Herben

Abstract—This paper presents results of signal strength mea-
surements at 1800 MHz in four office buildingsin The Hague, il-
luminated by an outdoor base station with an antenna above the
rooftop. The objectives of these experiments are to study the be-
havior of thereceived signal strength at different floor sof abuilding
and todeter minethemain char acteristicsconcerning cell cover age,
namely, signal attenuation and variation within these buildings. It
isshown that largefluctuationsoccur between averagesignal levels
in line-of-sight (LOS) and non-L OS areas of multifloor buildings.

Index Terms—1800 M Hz, building height, building penetration
loss, cellular radio, outdoor-to-indoor propagation, propagation
loss measurement, UHF radio propagation.

I. INTRODUCTION

N persona wireless communication systems, a great deal

of theradio coverageinside buildingsis still being provided
withtheuseof basestations(BS) located outsidethebuildings. In
addition to the signal degradation on the outdoor radio channel,
the mobile station (MS) of a user inside a building at ground
floor will experience extra attenuation and the effects of indoor
multipath propagation, whichwill deterioratethe signal-to-noise
ratio even more. The building penetration loss (hereafter, simply
called the building | oss) is defined as the difference between the
averagesignal strengthinthelocal areaaround abuildingandthe
average signal strength on the ground floor of that building. The
term ground floor used here is equivalent to the American first
floor used by Ricein hisoriginal definition [1]. Theroomlossis
defined as the difference between the average signal strengthin
the outdoor area adjacent to aroom located on the ground floor
of abuilding and the average signal strength in that room. The
building loss is calculated by averaging al room losses on the
ground floor. For radio planning purposes, the building or room
lossfactor can be used as an addition to the predicted signal loss
for the surrounding local area. At higher floors, the received
signal strength will be in general higher than at the ground
floor. Thisisimportant for radio planning because it may cause
higher interference levels at higher floorsin global system for
mobile communications (GSM) cells. In order to modd this, the
propagation loss at higher floorsis often related to the building
loss by means of aso called floor height factor.

To study the building loss, floor loss, and floor height factor,
signal strength measurements were carried out in and around
four office buildings (here denoted as B1 to B4, see Fig. 1)
in The Hague. The experiment was carried out in a GSM 1800
cell on the downlink channel. In this particular experiment, in-
door measurements at ground level could be performed only in
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Fig. 1. Right: panoramic views of the four buildings seen from the BS.
Left: amap of the site in The Hague.

building B4. Therefore, the measurementsinside the other three
buildings were performed at the first floor and higher. The main
building materialsof B1, B2, and B3 arereinforced concrete and
uncoated glass, while B4 is made of brick and uncoated glass.

In Section |1, the experimental setup is presented and, in
Section 111, the main measured results are discussed. Section 1V
treats empirical modeling and the conclusions are given in
Section V.

Il. THE EXPERIMENT

The measurements were done in two cells of atri-sector site
with aradius of approximately 1 km (see Fig. 1). The transmit
antenna (BS) was located above rooftop at 40 m height and the
effective isotropic radiated power was 51 dBm. The Ericsson
Test Mobile System (TEMS) Light GSM Measurement System
(BS) was used to measure the normalized received signal power
RxLev given by

RxLev = P.(dBm) + 110 [dBm). (@)

Theaccuracy of themeasured Rz Lev is+1dB. Themeasure-
ment rangeof thereceived signal power P, isfrom0dBmto—110
dBm, where —110 dBm is the noise floor. P, isthe average re-
ceived signal power measured within oneslow associated control
channel (SACCH) multiframe of approximately 480 ms. In total
approximately 100 samples are taken within one SACCH mul-
tiframe. This averaging means that the recorded signal strength
cannot be used for small-scale signal characterization. The mea
surementsweredoneby anindividual walkingintheofficerooms
(after working hours) and carrying the BS at aheight of approx-
imately 1.5 m. In every room, the total measurement time was
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TABLE |
OVERALL RESULTS PER FLOOR OF THE FOUR BUILDINGS

Building | Tx-Rx |Height | Outdoor Indoor Building

[m] [m] RxLev |[dBm]|Rx/lev [dBm]|loss [dB]

Mean [SD [Mean |SD |Mean |SD

B1 fl 130 53 2 40 2 13 2
B1 13 14 41 3
B1 5 48 4
B1 7 26 49 6
B2 fl 465 43 1 38 4 5 4
B2 f4 48 8
B2 {7 27 51 6
B3 fl 365 57 5 53 7 4 i
B3f2 54 5
B3 f5 58 9
B3 f6 60 5
B3 {7 59 3
B3 18 58 6
B3 f9 58 9
B3 f10 a7 4
B3 f12 41 53 6
B4 {0 745 - 42 9 30 7l 12 4

—t—fd4 LOS
—@—f4 NLOS
—d—f7 LOS

——f7 NLOS

75

RxLev [¢Bm]

Fig. 2. Cumulative probability distribution for LOS and NLOS areas on floor
4 and floor 7 of building 2.

about one minute, giving approximately 120 Rz Lev samples
per room distributed over the accessible area within the room.

I1l. EXPERIMENTAL RESULTS

In Tablel, theaverage Rx Lev measured both inside theroom
and outside the building and the corresponding standard devia-
tion (SD) are presented per floor. The average building loss and
its SD given are calculated over the average values of al the
room losses on the lowest floor of the buildings. The low losses
for the buildings B2 and B3 are aresult of a difference in out-
door path loss (e.g., due to diffraction at buiding B1) between
the first floor and street level. An indoor measurement at the
ground floor would have given a more accurate building loss.
For building B1, whichislocated just in front of the transmit an-
tenna, the difference between measurements at street level and
the first floor due to the antenna radiation pattern is less than
1 dB. Also the large scale effect of other structures or vegeta-
tion is expected to be the samefor the first and third floor of B1.
Therefore, we can assume that the building loss measured here
iscloseto the loss that would have been measured indoor on the
ground floor. The results presented in Table | are in accordance
with the those from other studies done at 1800 MHz [2], [4].
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Fig.3. Mean Rx Lev valuesmeasured in roomson thefirst floor (ground floor
for building B4) and values measured outdoor in the street adjacent to the room.

In Table I, alarger SD of the received power can be noticed
for most floors when compared to the outdoor SD. Thisis be-
cause in reality there is a difference in wave propagation for
different parts of a building, for instance one or two sides could
be in line-of-sight (LOS) with the transmitter while the other
sidesarein non-LOS (NLOS). Infour cases, namely on thefifth
and seventh floorsin building B1 and on the fourth and seventh
floorsin building B2, asignificant difference was measured be-
tween the average signal strengthin LOSand NLOS areas. This
isillustrated in Fig. 2 with the cumulative distribution functions
of samplestakenin LOS and NLOS areas of the fourth and sev-
enth floors of building B2.

Thiseffectislessnoticeableonlower floors. Ontheother hand,
acertaindependencecanbefoundbetweenthemean Rz Lev mea-
suredinaroomat thel owest floor andthemean R Lev measured
inthe streets adjacent to the corresponding room. The calcul ated
correlation coefficient fromtheresultsshowninFig. 3equals0.7.
Thismay indicate that at lower floorsthe signal ismainly deter-
mined by outdoor propagation effectscombinedwiththe penetra-
tionlossesthrough thelocal external wall, whileat higher floors,
thereceived signal strengthismainly influenced by theillumina-
tion angle and internal structure of thefloor.

In practice, it is not possible to calculate or predict a pen-
etration loss at higher floor levels using an outdoor reference.
The floor-height factor can be used to give an estimate of the
received signal level at higher floors. The floor-height factor (or
floor-height gain) is defined as the difference between the av-
erage Rz Levs of two consecutive floors. Since all the buildings
considered have approximately the samefloor height, the factor
is given in decibels per floor. In Fig. 4, the difference between
the mean Rx Lev measured indoor and the mean Rz Lev mea-
sured outdoor is plotted. For the buildings B1, B2, and B3 there
isapositive trend for increasing floor level, for building B3 the
trend becomes negative above the seventh floor. Linear regres-
sion using the least square method gives the slope coefficients
shown in Table 1. These figures are in accordance with results
found in other studies [3]-{5]. The coefficient of determination
R? asdefined in [6], indicates a good fit to the data.

There are, however, some aspects to be considered. First, the
differenceinmean Rx Lev betweenfloors3,5,and 7inBlcanbe
explained asan effect caused by the radiati on pattern of thetrans-
mitting antenna. Second, theantennaradiation pattern, which has
an electrical downtilt of 6°, causes a decreasein signal strength
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Fig. 4. Difference between the indoor mean RxLev and outdoor mean
RaLev for dl floors of the four buildings.

TABLE 11
ESTIMATED FLOOR HEIGHT FACTORS FOR BUILDING B1-3 UP TO FLOOR 6
AND FOR B3 FOR FLOOR 7 THROUGH 12

Building Floor height factor | R
{dB/floor)

Bl 1.7 0.9

B2 2.2 0.9

Bi<T7 1.4 1.0

B3=>6 -1.1 0.9

when moving upwardsin the buildingsB2 and B3. Nevertheless,
anincreasein signa strength isnoticed. This can be regarded as
an effect resulting from propagation in the surrounding environ-
ment, the urban clutter. In an urban area, the lower floors are af -
fected by the“ depth” of their position in the area. The waves ar-
riving at lower floors encounter more diffraction, reflection, and
scattering than waves arriving at the higher floors. After the sev-
enth floor, we notice anegative decibel/floor value. Thisis prob-
ably thepointwherethenegativecoefficient causedby theantenna
radiationpatterntakesover fromthepositivecoefficient causedby
departure from the clutter. Also, as shown earlier, there are sub-
stantial differencesin the average received signal strength when
comparing roomsat L OSand NLOS on higher floors. Therefore,
even though it can be said that, in general, thereisan increasein
the average signal strength when the receiver is moved upwards
inabuilding (uptofloor seven) inreality thisincreaseisnot linear
and can be attributed to different causes.

At the beginning of this section some cumulative distribu-
tions of measured samples were presented. Normally, these
sampleswould contain both small scalefading effectsaswell as
large-scale fading effects, however, as shown earlier the small
scale characteristics are averaged out for a great deal by the
measurement equipment. Therefore, it can be expected that the
large-scalesignal fluctuationswill dominatethestatistical nature
of thesedistributions. It hasbeenwell establishedinliteraturethat
the logarithm of local mean is normally distributed in outdoor,
indoor, and outdoor toindoor propagation aswell [1], [4]. For the
verification of thisdistribution the groups of dataweretoo small
todoachi-squareanaysis. Therefore, agraphi cal test making use
of rank-ordered stati sticswas chosen to check whether thedatais
normally distributed or not [ 7], [9]. In thistest, the percentage of
exceedanceisconvertedtoaparameter Q; insuchaway that if the
randomvariableisnormally distributed thenew cumul ativedistri-
butionfunctionisastraightlinewiththemeanvalueof therandom
variableat Q; = 0. Theslopeof thelineisrelated tothevariance
of the random variable. Fig. 5 shows the measured distribution
functions for four floorsin building B1 together with reference
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Fig.5. Cumulative probability distribution of Mean Rx Lew for four floorsin
building B1.

Ratlew

Fig. 6. Cumulative probability distribution of Mean RxzLev for three floors
in building B2.

curvescorrespondingtoanormal distributionwiththesamemean
value and variance as the measurements. For the first and third
floor, a relatively good fit can be noticed indicating a normal
distribution. However, in the case of floors5 and 7, the measured
sampl esliescatteredaroundthestraightlines. Fig. 6 showsthat for
building B2thereisnoclosefittothenormal distribution. It seems
that the data points are divided in two subgroups for each of the
threefloors. Thedivisionof thehigher floorsinto LOSandNL OS
areas was already noticed in the previous sections. However, the
differencesin mean Rx Lev between LOS and NLOS areas are
lesspronounced at lower floors.

IV. MODELING

Most of the models devel oped for the prediction of path loss
in the case of radiowave propagation into buildings have used
the technique proposed by Rice [1]. First, the median signa
level inthe neighboring streetsis predicted and then the building
lossisadded asafactor. Our objectivewasto test thewell known
model of Hata[8] and the above mentioned technique. Despite
therestrictionsgiven for thismodel, it has been extensively used
with success. The calculated path lossis defined as

L}) = Pt + Gt — Lt — R.’L’Le’l} + 110 [dBm] (2)

with the receiver antenna gain GG,. and receiver cable losses L,
set to 0 dB. To indicate the accuracy of the model the predic-
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Fig. 7. Top view of theillumination of a building according to (5)—7).
tion error is calculated. The prediction error is the difference

between the calculated path loss and the measured path loss.
The root mean sgquare of this error is

n

1 A
E E (Lpredicted - Lmeasured)

i=1

2

RMSE = [dB] (3

where n isthetotal number of rooms considered. The data con-
sisted of theaverage Rz Lev calculated outsideand inside atotal
of 53 rooms at the first floor level (ground floor for building
B4) and the average Rz Lev caculated inside 90 rooms for the
higher floor levels. In the case of building B1, corrections were
made to the data to account for the effect of the radiation pat-

tern of thetransmit antenna. We cal cul ated the root mean square
error (RMSE) for the modified Hata model given by

Lpata_penetration = 29.39 + 34.411log(d) + w1 + w2 + w3[dB]

4
at afrequency of 1800 MHz and receiver height equal to 1.5 m.
The parameter w, is acorrection factor used to fit the equation
to the outdoor measurements, w», accounts for the penetration
loss at ground floor and w3 represents a constant floor height
factor for the first floor. First, the minimum RMSE found for
the outdoor path losswas 5 dB with w; = —6 dB (we = w3 =
0 dB). Then, by varying only w- and keeping w; = —6 dB
and w3 = 2 dB a minimum RMSE of 5 dB was found with a
penetration loss we, = 12 dB. Finaly, the path loss was esti-
mated for al rooms at all measured floors with the same wy,
wy and ws = 2 dB/floor. The lowest error in this case was 8
dB, indicating a further increase in prediction inaccuracy when
considering only d and constant correction factors.

Another approach is to include parameters such as the angle
of illumination and building properties that may influence the
building loss. Properties such asthe floor area, number of rooms
and number of penetrated internal walls [3], [4], [10]. From
this category the COST231 model for building penetration was
tested against our measurements. With the exception of only two
cases, al floors of the buildings have at least one side that has
LOS, therefore, only the COST231 LOS version is considered
here. At 1800 MHz the model is

Lcost_Los =37.5+ 20log(S + d) + W, + WG,

2
. (1 — g) + max(T'y,T'2) [dBm] (5)
where
Fl = W, -p (6)

Fg:a-(d—2)-<l—§>2. )

The angle of incidence # and the distances D, S and d are
illustrated in Fig. 7.

W. isthelossintheexternally illuminatedwall atanangled =
90°, W@, istheadditional lossintheexternal wall whenf = 0°.
W; isthelossintheinternal wall sand p isthenumber of penetrated
walls. The factor « is the transmission loss inside the building
givenin decibels per meter . First, the best fit of the model to the
datais calculated keeping the wall losses within the boundaries
asrecommended by COST. Theseare: W..: 4-10dB, W;: 4-10
dBand WG..: 20dB. A minimum RMSE of 8 dB isreached with
W, = 10dB; W; = 6dB; WG, = 20dBanda = 3dB/m.
Next, also the wall loss parameters were varied beyond the rec-
ommended boundaries. The calculated minimum RMSE was 6
dBwithW, = 20dB; W; = 2dB; WG, = 10dBanda =
1.1dB/m. Theerror calculated herefor higher floorsis smaller
thanthe RM SE calculated for all floorswiththe Hatamodel.

V. CONCLUSION

In this paper, measurement results taken in office buildings
situated in The Hague have been presented. These measure-
ments show that large fluctuations can be observed between
signal levelsreceived in different parts of a building. While on
the lower floors the large-scale fluctuations (in dBm) follow a
normal distribution, significant differences have been observed
at higher floors between LOS and NLOS areas. Therefore, the
rel ationship between the floor height and extragain with respect
tothegroundfloor level isnot linear and depends on factorssuch
as the radiation pattern of the BS antenna and the local urban
clutter. A comparison of the Hata model and COST 231 model
shows that slight improvements can be achieved when consid-
ering the illumination and layout of multifloor buildings.

ACKNOWLEDGMENT

The authors would like to thank A. Mawiraand KPN Mobile
for the opportunity given to perform this work.

REFERENCES

[1] L.P Rice, “Radio transmissioninto buildingsat 35 and 150 MHz,” Bell
Syst. Tech. J., val. 38, no. 1, pp. 197-210, 1959.

[2] A.F. deToledo, A. M. D. Turkmani, and J. D. Parsons, Estimating cov-
erage of radio transmission into and within buildings at 900, 1800, and
2300 MHz, in |IEEE Personal Commun., vol. 5, pp. 4047, Apr. 1998.

[3] “Digita Mobile Radio Toward Future Generation Systems,” Eur. Com-
mission—COST Telecommun., COST Action 231 Final Rep., Brussels,
Belgium, 1999.

[4] A. M. D. Turkmani and A. F. de Toledo, “Radio transmission at 1800
MHz into and within multistory buildings,” Inst. Elect. Eng. Proc.-1, val.
138, no. 6, 1991.

[5] W.J. Tanisand G. J. Pilato, “Building penetration characteristics of 880
MHz and 1922 MHz radio waves,” in Proc. 43rd | EEE \ehicular Tech-
nology Conf. 1993, Secaucus, NJ, 1993, pp. 206—-209.

[6] S. B. Vardeman, Satistics for Engineering Problem Solving.  Boston,
MA: |EEE Press/PWS, 1994, pp. 106-108.

[7] A.Mawira, “Variability of Monthly Time Fraction of Excess of Atmo-
spheric Propagation Parameters,” Ph.D. dissertation, Eindhoven Univ.
Technal., Eindhoven, The Netherlands, 1999.

[8] M. Hata, “Empirical formulafor propagation loss in land mobile radio
services,” |EEE Trans. \eh. Technal., vol. VT-29, pp. 317-325, Mar.
1980.

[9] E.J.Gumbel, Satisticsof Extremes. New York: ColumbiaUniv. Press,

1967.

P.J.Barry and A. G. Williamson, “Modeling of UHF radio wave signals

within externally illuminated multi-story buildings,” J. IERE, vol. 57,

no. 6, pp. S231-S240, 1987.

(10

Authorized licensed use limited to: Eindhoven University of Technology. Downloaded on May 10,2010 at 12:48:32 UTC from IEEE Xplore. Restrictions apply.



