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Measurement and Modeling of Propagation Losses in
Brick and Concrete Walls for the 900-MHz Band

Daniel Pefia, Rodolfo Feiclsenior Member, IEERHristo D. Hristoy Senior Member, IEEEand Walter Grote

Abstract—The prediction of wall losses is a fundamental aspect crete walls with two reinforcing steel meshes. Such walls are
in the planning of cellular systems. The broad variety of building  sanctioned by the construction codes for some specific cases

materials and construction codes makes accurate attenuation of yjiding walls in countries with strong seismic activity, for
prediction very difficult without the support of specific con- example

struction data or measurements. In this paper, the attenuation
and equivalent electric parameterse and o of brick and doubly The paper centers on measurement procedures that do not re-

reinforced concrete walls are estimated for the 900-MHz band by quire sophisticated test equipment and on the validation of a
fitting simple ray tracing models to empirical transmission data. ~semi-empirical ray tracing modeling approach for finding the
The measurement setup is described, and extensive experimentaly 5| attenuation. It is proven initially that for the typical values
results justifying the quasioptical modeling are presented. of electric parametersands of a homogeneous wall and a fre-
Index Terms—Materials parameters, measurements, modeling quency of 900 MHz, the transmitted wave is quasiuniform, and
and simulation, RF propagation, RF system engineering. the use of classical ray tracing theory for studying reflection and
transmission phenomena is well justified. The multi-ray model
|. INTRODUCTION and its single-ray simplification for a lossy homogeneous wall
. - are outlined briefly. For the latter, the mismatch attenuation is
ﬁaDSEEIl_ Ié\il;l;ii\iﬂvr?':/?mpgzgta g?tlt(rzg tglr:r?r%?l; lg;dl;?gavr\:agj}reated separately from the.absorption attenuation. The numer-
al results show that the single-ray model works much better

lular telephone systems. The construction of walls is usua or transmission than for reflection. In the latter case, for thin

_based on architectural and s_tructural congderatlons, and S¥&/or low loss walls, its use is not recommended. The main
if the type of elements used is known, their influence on ele

. S ! : ““part of the paper is devoted to the description of empirical as-
tromagnetic waves is difficult to predict. Rigorous analytic pap P P

and numerical methods have been aoplied for studving mod Scts and to the evaluation of models. This includes a descrip-
- pp ying ion of the measurement setup, which is a noncoherent pulsed
of nonhomogeneous building walls, but most of them have ng

been contrasted by m red data. (for example. [11-I3 Trfr}s?nsmitter-receiver system that contrasts with more elaborate
een contrasted by measured data (for example, [1]-[3)). cqannel sounding systems and devices [7]-[10] employed for
I

computational requirements of these methods, when applléa ecting and processing the experimental data. Validation of

) . X ' co
to professional design tools for complex indoor communic he theoretical models is based on verifying their ability to pre-
ct attenuation for a given type of building wall over a wide

tion systems, are extremely high, and thus, their applicabili
ange of incidence angles. For this purpose, it is shown that the

in practice is still questionable. The through-wall propaga:
tion models presume that the configuration and constructi?&evam equivalent parameterando of the model can be de-
ved from simple measurements made for one or more walls

materials are known in detail. Present-day indoor propa

:'r?(: r?a(;r;vc\:/?cr; (;f:]%n t?;r?s;igi“éﬁlybwggﬁ Egdﬁzlt(s)tie;s:;brgpresentative of the type of construction under consideration.
. . y comp The evaluation of measurement data allows a comparison of the

offering the user the option of defining the electromagneti odeling accuracy for two types of walls: brick walls, which

wall parameters, [4]-[6]. As a whole, the investigations on ' '

the electromagnetic behavior of actual walls are rather scar an be expected to meet the assumption of homogeneous be-
and the re or?ed results are likely to be applicable onl tOﬁa%‘\vior reasonably well, and double steel mesh reinforced con-
P y PP Y 10 3ate walls, which would be expected to significantly deviate

Spec_'f'c 'pre of wall. It is in general necessary fo validate t.r}?om such behavior. The empirical data leads to the conclusion
applicability and accuracy of theoretical models by extensi

. . YRat in both cases, a very simple model allows good prediction
empirical testing.

; o . of the through-wall attenuation.
In this paper, the attenuation in brick and double remforcec] ugh-w vt

concrete walls is studied. The latter wall types were of spe-
cial interest to us because we were not aware of data for con-

Il. RAY MODELING OF TRANSMISSION THROUGH

. . ) . HOMOGENEOUSBUILDING WALL
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a) multi-ray model, which takes into account the multiple A X
reflection and refraction phenomena at the wall boundary T
planes [11], [12].
b) single-ray model for reflection (path, — R;) and for
transmission (patti; — ¢t — T'1). R, Wall
According to the classical ray technique, at the boundary
between two semi-infinite media, each uniform plane wave
gives rise to one transmitted and one reflected uniform plane
wave. For low-loss dielectric media, this assumption is accepted I
without discussion. However, in the case of a quasiconducting,
homogeneous building wall, the transmission wave is converted
into a nonuniform (hybrid) wave, and this requires the validity
of ray tracing modeling to be justified. For the nonuniform i
wave a modified propagation constant, = «,, + j0m IS 0
defined, which differs from the intrinsic propagation constant
v = «a + jp. Here,a,,, a, andg,,, [ are the corresponding I,
attenuation and phase constants.
The modified constants,,, and3,, can be calculated using
the following equations [13]:

(¥}

v
N

U 1 [[+Re(~? . . - -

<,3m ) = \/5 H—R:((’yzg] +32 sin? 0; + |,B§ sin? §; —~2 @ Fig. 1. Through-wall ray propagation models.
1

with @) theory for studying reflection and transmission phenomena is

well justified. In what follows, we use superscripts)(or (||)

to specify the type of polarization, perpendicular (vertical), or

)2 ) parallel (horizontal), where necessary. The wave reflection and

transmission coefficients at a boundary are marked by a sub-

script 1 (i.e., ask, and13) if the incident wave travels from

air to wall and by a subscript 2 (i.e., & andT5) if the wave

wherefly = w./Eopio is the free-space wave number. travels from wall to air. These coefficients, which are usually re-
We first note that the limited thickness of any wall is not iferred to as Fresnel reflection and transmission coefficients, are

agreement with the assumption of a semi-infinite medium, amslnd in classical texts on electromagnetics [15].

thUS, the conditions for the strict Val|d|ty of (1) are not met. Norma”y, the mu'ti_ray model of propagation is used for

Our analysis at cellular frequencies, for thick lossy walls, f@inding the total reflection and transmission coefficierts

normal wave incidence have shown that the first reflection yd 7 of a flat homogeneous wall. The equations for their

the output bOUndaryZ( = d) contains less than 10% of theca|cu|ati0n are given in [11] and [12], for examp|e_

power transmitted through the input boundagy<£ 0). This  |n the case of the single-ray transmission model, the ampli-

suggests that the effect of the interior reflections should not dgde reflection coefficient (which is designated &sis equal

grade considerably the accuracy of calculations that are bagg@g, |. The amplitude transmission coefficietit)(can be ex-
on the assumption of a semi-infinite wall, where such reflectiopgessed in the form

do no exist. We next apply the theory of the nonuniform plane

wave outlined above for checking the degree of wave nonuni- T = Tyx A (3)
formity in a lossy building wall. This was done numerically

at 900 MHz by contrasting the values of the modified and itwhereTi, = |T1T»|. The amplitude attenuation factdr, due
trinsic propagation constants,,, 3,, and«, 3, respectively, only to the wall absorption losses along the inner transmission
for a concrete wall with measured parametefs= 6.25 and patht is given as an exponential attenuation function, or

o = 0.037 S/m [14]. It was found that fo¥, = 90°, the

maximum relative difference between the modified and intrinsic A=e ", (4)
attenuation constarft«,, — «) /a] - 100 (in percent) is quite

small (about 7%), whereas the corresponding phase constan{i2, 71 is the Fresnel transmission coefficient at the plane
difference[(3,, — 8) /6] - 100 (in percent) is almost zero for z = 0, equal tol;- orTl”, depending on the polarizatiot; is

all angles of incidence. Similar results have been obtained the Fresnel transmission coefficient at the plare d, which is

a wall with parameters corresponding to brick wall: = 4.6  equal tol;- 0rT2”. Here, the coefficient®; andT; account for
ando = 0.0175 S/m [9], [10]. Therefore, it can be reason-the attenuation due to the mismatch between air and wall media
ably assumed that in walls with relatively small conductivity, thenly or, equivalently, the attenuation, if the same wall is thought
transmitted wave is practically uniform at typical mobile comto be a lossless dielectric plate £ 0). For a lossless homoge-
munications frequencies, and the use of the classical ray-traciays wall embedded in air, it is easy to derive the transmission

o-Tr

« — |1 -1 o
<ﬂ>_w foofry | 9 <+1>+ 1+<w55
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coefficientT’;» for both polarizations, as a function of andé;, Ot T T T T T T T 1
or ~ 2F |
@ 4+ reflection ~
4cosb;\/ e, —sin’ b; g
TS = iVer - (5) g
. 9 3)
(COS 0; + /e, —sin Hi) E.q:)‘ -8
3 -10
and ?-j -12 transmission
T 14 -
4 0,1/ e, — sin’ 6; 5
Tll‘2 = ErCOSTiV er ! 5| (6) g 16 - 11}ulti-ray ........... N
(57, cosb; + /e, — sin? 9i> E -18 F single-ray -

| 1 | 1 | | | | |

Itis seen that in the single-ray model, the mismatch attenuation 23 4 5 6 7 8 9101112
. . Relative permittivity
can be treated separately from the absorption attenuation. As we
ShOVY _Iater’ this p_rop_erty can be very U_S_erI in practice for tr}—‘?g. 2. Transmission and reflection coefficient versus permittivity.
empirical determination of the conductivity.
Examples of numerical comparisons between the multi-ray

and single-ray models are shown in Figs. 2 and 3 for a wall of @ OF ' ' '

thickness 27 cm, frequency 890 MHz, and normal wave inci- = RIS T

dence. Fig. 2 illustrates the dependence of reflection and trans- g 40 N . .

mission coefficients on permittivity in a range from 2 to 12, with g 6 reflection /L ]

o = 0.05 S/m as a parameter. It is seen that in the typically g I Y N

quoted range for,. = 3t0 9, the transmission coefficient varies = 1o L ’ -

by less than 3 dB. Fig. 3 shows the transmission and reflection _5:_;’ -121

coefficients versus conductivity fa. = 6. It is seen that the § -4 ] —

transmission coefficient changes by around 16 dB for the typical E 16 multi-ray oo -

range of values fos (0.01 to 0.1 S/m) quoted in the literature § 18 single-ray

[8], [10], [18], [19]. = 20 ' ' ' ,
Calculations of the transmission coefficient as a function of 0 002 004 006 008 01

wall thickness, for different ande, as parameters, have also Conductivity (S/m)

shown a small difference between the values predicted by che 3 Transmission and reflection coefficient ver Aductivit

two models. For example, if = 0.05 S/m andsr — 6, and if 1. 5. ansmission al eflection coetiicient versus conductivity.

the thickness ranges from 10 to 50 cm, the attenuation difference

varies from 0.7 to 0.05 dB. For the thickness of 27 cm, it is abowthere . and P, are the powers at the receiver and transmitter

0.1 dB. antenna output and inpufs,. andG, are the receiver or trans-
Similar results have been obtained for oblique wave indimitter antenna gain, respectively; ané the distance between

dence and for other typical valuesmfe,., andd as parameters. receiving and transmitting antenna, corresponding to line-of-

The conclusion can be drawn that for brick and concrete walgight distance in free space.

the single-ray model performs adequately for transmission, The measurement setup described in what follows is basically

whereas for reflection the use of the more accurate multi-raymed at the determination of power attenuation for a range of

model would be more appropriate. angular positions. From this, the power transmission coefficient

T? as a function of the incidence angle is determined, and the
1. M ODIFIED FRIIS EQUATION AND MEASUREMENT OF equivalent parametees ando that best fit the measured atten-
THROUGHWALL ATTENUATION uation versus angle curve are obtained.

We first note that the predicted attenuation can only be ex-

As was shown in the previous section, in the case of typicghcted to reflect average values for any given real situation. In
brick and concrete walls, the simpler single-ray transmissigiis sense, the basic assumption of a homogenous wall mod-
model can be used without significant loss of accuracy in Cogreq py equivalent parameters corresponds to assuming that the
parison to the multi-ray transmission model. ~ deviations from this ideal condition can be treated as a random
~ We next modify the Friis equation for a free-space wirelesgriaple. Therefore, for each wall tested, multiple measurements
link in order to account for the through-wall power loss exyere performed at various horizontal and vertical antenna posi-
pressed by the power transmission coefflciéﬁt(_or T_2 inthe  {ions for each angle of incidence to obtain average and deviation
case of the single —ray model). This equation is written here {3 To simplify the measurement procedure, the transmitting
logarithmic form in order to use standard decibel units, or  gnq receiving antennas were kept at a constant distance from the

wall. For a fixed transmitting position, the receiving antenna was
P,.(dBm) = F(dBm) + G¢(dB) + G,.(dB) + 20log,o T’ moved on a path parallel to the wall. Thus, if for normal inci-

—201log;, f(MHz) — 20log,,7(m) 4+ 27.6 (7) dence the distance between transmitting and receiving antenna
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error due to the change in propagation direction inside the wall

neglected. Practical considerations also limit the measurem: | Calibrated RF | | ~ Double
Generator Balanced Mixer

range to angles of less than°70 i

To isolate the effect of multipath propagation signals, a widt

band measurement system was implemented, based on the

riodic transmission of very short RF pulses, demodulated at t

receiver with a microwave detector. A pulse duration of 10r , , Dipole

was used. At the frequencies of interest for cellular systems, t | antenna

far-field condition is met at very short distances; therefore, tt L

path length for the measurement link may be quite small. Fort Bandpass Pin RF Digital

half-wave dipoles used as transmitting and receiving antenn l’ Filter Detector || Osiitﬁf;izpe

is g, then for this setup; is equal tory / cos §;. Here, the small
P =24dBm

A2 Dipole
antenna

Transmitter

Pulse Generator f= — = — — — = — — — — — — —
Trigger signal

h 4

the far-field conditions are easily fulfilled for the minimum patt

length used: 1.3 m. Thus, free space loss can be kept small, :

power/sensitivity requirements for the measurement system can _ _

be quite modest. The system used is described in Fig. 4. Sthf: 4 Transmiter/receiver.

dard commercial elements were used to build the transmitterand . . |

receiver. The detector power to voltage conversion characteridfjitimization of the average r.m.s. errar,,, , (over the angle

was first determined, and the whole system was calibrated unfkfncidenced;) was chosen. We thus define

free space propagation conditions prior to each measurement 1 — 5

session. The input power at the transmitting antenna termingisn.s(dB) = '\/N > [Pin(8:), (dBM) — Py, (6:), (dBm)|

P, was 24 dBm, and the total receiver gain was adjusted ac- 0

cording to specific conditions to avoid amplifier saturation and forf; =0°,2°,...,70° (9)

to keep the received power within the detector’s operating range. ) . o

To allow an easy comparison of the results, however, all pOV\},@ ereN is the number of angular positions, which in our case

measurements as well as the values predicted by the theorefﬁzﬂqual to 36. , .

models are specified at the detector terminals, after rescaling,bAS' for any given angle of incidence, the above r.m.s. error

the receiver gain of 37.2 dB. This implies modifying (7)to 'S ase_d on an average of 12 measurements, th(_e r.m.s. error as

a function of the angle is also calculated.Mf;(6;) is the jth
P;,,(dBm) = P.(dBm) + 37.2. (8) measurementatanglg the unbiased estimate of the r.m.s error
3(6;) is defined as
The distance, between transmitting and receiving antenna for

Receiver

normal incidence was chosen as 1.3 m, and the corresponding I I 2
received power at the detector inget, was 31 dBm under free L3 M;(8;)* - <Z Mj(ﬂi))

space conditions. Comparison of this reference value with the $(0;) = j=1 j=1 (10)
plotted results allows the determination of total loss from trans- ' L(L-1)

mission through wall. For the measurements with parallel pOIa\lf\r/hereL - 12

!zagon, where the dipole antenna pattern is not |sotr_op|c in theFOr a given wall.(d;) provides a useful insightinto the devi-
incidence plane, care was taken to always keep the aim of the an- . .
ation from the average behavior that can be expected at a given

tenna lobe aligned with the direction of measurement. For eagngle. If53(6;) is much larger tha,.,» .., then it can be con-

Wa.l”’ measurements were performeq at12 d|ff§rent antenna RRided that large variations in propagation behavior can be ex-
sitions (four horizontal and three vemc:al),formlngarec:tanguIEr(_}Cted due to lack of homogeneity of the wall. It should be
mesh with 15 cm point spacing on average. For each of these Bied that:(6;) reflects variations with respect to the average

sitions, the incidence angte was varied between 0 and 7 . .
o o . of measurements and not with respect to the theoretical model.
2° increments. The exact positioning of the points was, how-

ever, varied randomly in 3 cm range to avoid any possibility g pescription of the Walls Tested
of systematic errors due to a periodic structure of the wall. For
any given angld;, the average measured powey, (6;) was
defined as the arithmetic average of all 12 measurements.

Two different types of walls were tested to verify the accuracy
Tﬂﬁghe models.

is the quantity to be compared with the input powy, (6;) 1) Brick walls: These inside dividing walls are made of
predicted by the theoretical model. bricks and mortar and are covered by a layer of stucco.
Two walls were tested: one of thickness 23 cm (“wall 17)
IV. M EASUREMENTRESULTS AND MODELING ACCURACY and the other of thickness 17 cm (‘wall 2”). The walls
- o correspond to a construction more than 20 years old for
A. Model Fitting Criteria which little architectural data is available.
The model adjustment procedure used consists of finding the2) Steel reinforced concrete wallShey correspond to a
combination of equivalent parametersando, which generates building of recent construction and detailed data was
the theoretical curve aP,,(0;) versug; that best fits the aver- available. Two nominally identical interior walls (“wall

aged measurement curﬁen(ﬁi). As a criterion for best fit, the 3” and “wall 4”) were tested. They are made of concrete
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and reinforced by two meshes of 8-mm-thick steel rods
The square meshes consist of horizontal and vertici
rods, spaced 20 cm apart, and tied together with ste:
wire at the crossings. They lie at opposing sides of ths
wall, separated by 18 cm, as shown in Fig. 5. The meshe
are not connected to each other but, as a result of tr
building procedures used, should have been aligned i
the sense that a vector normal to the wall incident upol
one rod will also be incident on the corresponding roc
at the other side. The wall is covered by a 1-cm layer o
stucco. Total thickness of the walls is 27 cm.

In the literature, data for solid concrete walls [3], [9], [17]
or for walls reinforced by single steel grids of parallel rods or
square-element meshes [6], [10], [14], [16], [18], [19] are usu
ally quoted. We are not aware of data for concrete walls with twi
reinforcing steel meshes, which are similar to those studied i
this work. Such walls are sanctioned by the construction code
in some specific cases (for example, in countries with a stron
seismic activity).

For both types of walls, the measurements include perpendi
ular and parallel polarization. It should be noted that a total o
close to 3500 individual power measurements were performe

C. Modeling Results

We present here the more relevant results of our empiric~!

work. The approach consist in fitting a theoretical model tc

25cm

Fig. 5.

\. lem

Description of double reinforced concrete wall.

18 om

35

Concrete

Stucco

the measurement results obtained for a given wall and the 28 [ BRICK WALL .
to determine the accuracy of this model when applied to th _ 26 pe——c . -
prediction of attenuation for a wall of nominally the same typeé 24 $0000000 AR 4

of construction. As will be seen, in most cases, the mode =l
proved accurate enough for practical use. As will be discusst

. L . 20
below, the homogeneity assumption is better met by brick wal &
than by steel-reinforced concrete walls. Fig. 6 shows the ca § 18
of a brick wall 1 for perpendicular and parallel polarization.'g 16r- Measurements, parallel pol
Since the curves produced by means of both theoretical modi& 14 L & Measurements, perpendiuiar pol.

are virtually overlapping, only the curves corresponding tc ,

the single-ray model are shown in each case. As mention: . . . . . .

before, the received power at the detector would be 31 dBm fi 0 10 20 30 40 50 60 70

normal incidence and free space conditions. The values of tl Angle of Incidence (degrees)

equivalent parameters, which result in the smallest r.m.s. error,

weree,. = 4 ando = 0.022 S/m for perpendicular polarization Fig. 6. Received power for brick wall (wall 1).

ande, = 4 ando = 0.024 for parallel polarization. The atten-

uation at normal incidence is 5.2 and 5.6 dB for perpendicultirat for the range of typical values of [8]-[10], the prediction

and parallel polarization, respectively. The similarity of thenodel yields acceptable accuracy. The choice of valuesisf

parameter values attests to the homogeneity of the brick walfjuite critical, and selecting a value that differs significantly from
Table | shows values af. ando and the corresponding av-those shown in Table | leads to large modeling errors regardless

erage r.m.s error as defined by (9). The measurements madeofdhe value ok,.. As was discussed in Section Il, the wall trans-

wall 1 were used for model fitting, and the corresponding r.misission coefficient depends much more on conductivity than on

modeling error is shown. As can be seen, unambiguous deterpgrmittivity, and thus, the above result was, of course, expected.

nation of bothe,. andos is not possible by this method. The r.m.dt is also worth noting that, as was predicted by theory, both the-

prediction error shown for wall 2 is obtained from (9) using theretical models (single-ray and multiple-ray) provide similar fit

same equivalent parameters that were fit to wall 1. Reversitggthe measured data over the whole angular range.

the procedure, i.e., using wall 2 for fitting equivalent parame- Fig. 7 illustrates the behavior of a steel reinforced concrete

ters and then testing them on wall 1 yields similar accuracy. A&ll (wall 4) for perpendicular and parallel polarization.

discussed in Section lll, the empirical data corresponds to m@learing in mind that the theoretical maximum power at the

tiple wall positions and incidence angles, and thus, the r.mdetector would again have been 31 dBm without the wall, it

error obtained reflects the quality of the model fit and predids seen that attenuation is much larger than for the brick wall,

tion for a very large average of measured values. It is obserwebich is a consequence mainly of the reinforcing elements.

L — Single-ray model
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TABLE |
MODELING ACCURACY FORBRICK WALL

Wall 1 (reference) Wall 2 (prediction errors)

Perpendicular Parallel Perpendicular Parallel
& o €r.m.s o €rm.s €rms €rm.s
Model (S/m) (dB) (S/m) (dB) (dB) (dB)
3 10022 | 074 | 002 0.67 1.55 1.00
Single-ray| 4 0.022 0.73 0.024 0.65 1.68 0.95
5 0.022 0.74 0.026 0.71 1.84 1.04
3 0.022 0.86 0.022 0.65 2.01 1.09
Multi-ray | 4 0.020 0.75 0.024 0.69 1.89 0.78
5 0.026 0.84 0.028 0.68 1.26 1.33

The best fit conductivity values for vertical and horizonta 20 T T T T T T
polarization are now different, despite the fact that accordin ;g |
to the specifications, the wall is structurally symmetric. Thes
differences may be partly due to the fact that the measureme¢ ~
procedure involves angular variation in the horizontal planeg
Therefore, as the incidence angle departs from normal, a way &
front with perpendicular polarization will “see” an increasing £ 10
degree of shading by rods that are parallel to the electric fie%
vector.

As before, only the theoretical curve for the single-ray mode
is shown. Table Il allows the comparison of the modeling resul
for the two nominally equal concrete walls, as was describe X . . 1 .
bgfore for the case of brick walls. Thg resultg 'obtamed again il 0 10 20 30 40 50 60 70
dicate that the choice of the valuesfis not critical. The range Angle of Incidence (degrees)
of values between 5 and 8 proved quite adequate. In contrast,
the predicted attenuation is quite sensitive to the choice 86  Fig. 7. Received power for reinforced concrete wall (wall 4).
discussed above, the measurements performed on wall 4 suggest
a departure from homogeneous behavior, which translates into e _ )
significant differences in the values affor each polarization. M°del. The range of variation of the best fit valuesdawill be
Applying the resulting models to wall 3 confirms this charac2" indication of the accuracy of the model.
teristic. Conversely, using wall 3 as a reference results in values "€ modeling procedure can thus be approached as follows.
of &, which is quite close to those obtained for wall 4, and withOF & chosen adequate value-pfthe average of typical values
a significantly larger value for vertical polarization. The largéPr the corresponding wall typej; can be determined by the
values ofo for these walls imply that both models (single-ray°!lowing.
and multi-ray) yield virtually identical results. i) measurement of the total through-wall attenuation

For the walls considered, modeling error and average predic- ~ from which the power transmission coefficient (or
tion error are less than 2 dB in most cases. They agree well its single-ray approximatiorf’) easily deduced (For
with the results reported by other authors, contrasting predic-  brick walls, measurements at normal incidence should

CONCRETE WALL

Cd
Ooo

Receive

o Measurements, parallel pol.
o Measurements, perpendicular pol.
— Single-ray model

S N A O

tion by analytical procedures with empirical data (see [8], [20], be adequate, whereas for structures that show bigger

and [21], for example). nonhomogeneity, such as the described steel-reinforced
The lack of sensitivity of the models to the exact value of concrete walls, a broader range of angles should be

e, implies that the determination of a model based on equiv- considered.);

alent parameters for a given wall type essentially requires the ii) calculation of mismatch attenuation, i.€[}%,, of the

determination ofr. Measurements for a few incidence angles imaginary lossless wall from (5) or (6);

are easy to perform and can be repeated quickly at several poiii) calculation of A% from (3), the attenuation coefficient
sitions and polarizations for representative walls. The resulting  from (4), and the conductivity through (2).

parameter values can then be compared with each other to verifirhe above analysis is based on the average of multiple mea-
consistency. In any practical situation, differences will exist, arslirements. The standard deviation of these measurements [see
average parameter values will have to be used in the predict{@®)] for a given wall and polarization will indicate the extent of
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TABLE I
MODELING ACCURACY FORCONCRETEWALL

Wall 4 (reference) Wall 3 (prediction errors)
Perpendicular Parallel Perpendicular Parallel
&, 4 €rms o €rms Crms Crms
Model (S/m) (dB) (S/m) (dB) (dB) (dB)
55 | 0092 | 129 | 0070 | 049 221 0.87
Single-ray| 6.5 0.096 1.25 0.076 0.47 2.04 1.01
7.5 0.102 1.27 0.080 0.53 2.14 0.94
5.5 0.090 1.25 0.07 0.50 2.02 0.86
Multi-ray | 6.5 0.096 1.26 0.076 0.47 2.04 0.97
7.5 0.102 1.27 0.080 0.53 2.14 1.00
4,00 0 T T T T T T
—— wall 1 (brick)
3,50 11 —o— wall 2 (brick)

Parallel pol., brick

—+- wall 3 (concrete/steel)
—X- wall 4 (concrete/steel)

3,00 oo 60 %°%°%

°
5 e © a0 %0 o ® o .

oo
0o °
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Standard deviation [dB]
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Fig. 8. Standard deviation of measurements for perpendicular polarization
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smoothing that results from the averaging procedure and, th
the degree of nonhomogeneity. Fig. 8 shows the results obtair.cu
for perper?dlcular p0|anzathn for the br_ICk and ‘?O”‘?rete wal 0.9. Transmission coefficient, brick, and concrete walls. Model (solid lines)
as a function of angular position. There is no indication that th@d measurements (dotted lines).

errors become larger at any particular range of incidence angles.

Surprisingly, for a given polarization, the plots also show no ev- . .

idence that the nonhomogeneity is larger for the reinforced C&Hmerlcal methods are meant.to use actual material and con-
crete walls than for the brick walls. While the averaging proce§ uction data. In pract_lc_e, the internal wall structures_ are usu-
obviously smoothed the errors in the attenuation curves for gly known fqr new buildings only, and even when t_h|s IS the
cases, there is no indication that the smoothing effect was m&RAPe: the validation of an exact numerical model will also in-
significant for the concrete walls. volve measurements.

Finally, we present in Fig. 9 a comparison of the transmission
coefficients for one brick (wall 1) and one concrete wall (wall
4). The solid lines show in each case the predicted attenuation
for the best fitting single-ray model, as tabulated before. TheThe through-wall attenuation, and the equivalent permit-
dotted lines represent the averaged measured values. The cuiivég (¢) and conductivity ¢) of brick and concrete walls
provide reference data for typical building walls. are estimated for the 900-MHz cellular band by a “best fit”

As in all semi-empirical models, the proposed technique hat through-wall transmission measurements to the classical
its limitations, most notably the fact that for accurately detemulti-ray model and its one-path approximation: the single-ray
mining the equivalent electric parameters, measurements havadel. A measurement procedure and a laboratory setup are
to be performed on walls that are representative for the buildindsveloped, and extensive experimental results confirming the
under consideration. In contrast, the more precise analyticahadidity of both models are presented.

V. CONCLUSION
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It is numerically proven that the transmitted wave in lossy [6]
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building walls is practically uniform, and the use of the clas-

sical ray-tracing theory for studying reflection and transmission 7]

phenomena is well justified.
The attenuation in brick walls and concrete building walls

with two reinforcing steel meshes is studied. To our knowledge,

no data has been explicitly given in the literature for the latter
wall configuration.

The conclusion can be drawn that for brick and concrete
walls, the single-ray model performs adequately for trans-

mission, whereas for reflection the use of the more accurat@®l

multi-ray model would be more appropriate.

It is found that the permittivity can be chosen within a range[11]
of values that matches with those reported in the literature. The
choice of the conductivity is critical for precise attenuation pre-
diction. The measurements needed to determine the conduc-
tivity are simple and do not require complex equipment or exten
sive measurements. What is required basically is a noncohere
pulsed transmission and reception system to measure average
loss at a few incidence angles.

Departures from homogeneous behavior can be expected for
steel reinforced walls, leading to different model parameters,
depending on polarization. This is, of course, expected if!®!
the geometrical arrangement of the vertical and horizontahg)

reinforcement elements is different. Even for the symmetrical

case, however, identical behavior for both polarizations would
only be expected for normal incidence. For any other case, thgz

influence of the conducting elements on the wave front will
depend on whether or not the electrical field vector is paralle
or perpendicular to the plane of incidence. This was confirme

by our measurements, which showed a consistent increase in
the losses for the case of vertical polarization with respect t&'°!

horizontal. On the other hand, for a given type of polarization,

the presence of the steel meshes in the concrete walls did niab]
generate larger measurement fluctuations than those observed
in the inherently more homogeneous brick walls. Modelingp>y;
error and average prediction error are found to be less than 2 dB
in most cases. Typical r.m.s deviations of the measurements

from their averages were found to be of the order of 1.5 dB

over the angular range considered.
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