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Prediction and Measurement of Wall Insertion Loss

Thad B. Gibson and David C. Jen8enior Member, IEEE

Abstract—A propagation loss study is presented to determine
the attenuation of various building walls. An approximate model
was developed for the propagation of a spherical electromagnetic
wave through a building wall of known material properties. This
model is based on the method of images and geometrical optics.
This approximate model is shown to be in good agreement with »
measured results. e B I
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|. INTRODUCTION soyree of wall

floor
HIS research is part of a feasibility study for a miniature

microwave powered surveillance vehicle that would be

capable of operating inside buildings [1]. For this application, f— ¢, —
the reflection and attenuation (insertion loss) of a focusegy 1. Ray paths for transmission and reflection at a wall.
microwave beam by interior and exterior walls are of interest.
Insertion loss measurements were taken over the frequency
range of 2-6 GHz. The transmission between two identical o ) )
antennas at a fixed spacing was measured to establish l_{he transmission and _reflectlon qf a plane wave at_obllque
reference. Then the antennas were placed on opposite sideé§@flence onto a panel is shown in Fig. 1. The regions on
the wall such that the spacing was the same as for the refereRet sides of the lossy dielectric panel are assumed to be free-
measurement. A comparison of the two received powers giviRace. Neglecting the effects of the top and bottom edges,
an estimate of the wall insertion loss. the behavior at each boundary is governed by the Fresnel

An approximate analytical model was developed for tHéansmissiqn and reflection coefficien’tsa(ndl_“, respecti\_/ely).
transmission of an electromagnetic wave through a buildif@Pth the direct and floor reflected paths will be considered.
wall of known material properties. This model is based on theA typical direct ray path is shown in Fig. 1. Refraction
method of images and geometrical optics. For measuremefR&'S€s the apparent location of the source as viewed in region
the wall is in the far field of the antenna, but not far enough t© move as indicated. The original source can be replaced by
to neglect the curvature of the incident wave front. The radi@® €quivalent source, which is located closer to the wall and
of curvature is large and, therefore, the wave front can prodified to account fo_r the effects of the wall. The vyall can be
considered locally plane. This is the standard assumption f§moved and the equivalent source allowed to radiate in free-
geometrical optics [2]. A locally plane approximation of &Pace. For the present discussion, multlplle reflections inside of
spherical wave front is used to determine the signal at tHee wall are neglected. However, the equivalent source method
receive antenna that includes the phase and amplitude charfg#sPe expanded to include multiple reflections by introducing
introduced by the wall. Based on the received signal, &0 additional eqL!lva_Ient source fqr each m_ultlple reflection
equivalent free-space source can be defined and the V@éj_ged. The glectrlc field of the equivalent point source for the
removed. A similar process is used to determine a free-sp&ddnary ray Is
image source located below the floor. Thus, these two sources E(R;) = ﬂe—(agRQJrj[,ao(m+R3)+,62R2]) (1)
radiate in free-space and their superposition yield a solution 4r R;
that includes both the direct and reflected transmit componeRigere 7; and » are the transmission coefficients of the two
A coherent sum of the direct and reflected fields is computedundaries. Other quantities in (1) are the phase constant of
in the antenna aperture. The resulting array of field pointsfige-spaces, and the panefd, and the attenuation constant
then integrated to find the total received field of the antenngt. the panelw,. The ray trajectory in region 3 can be used
The approximate model is shown to be in good agreemestdetermine the location of the equivalent source and, hence,
with measured results. the geometrical optics divergence factdyR;).

Manuscript received March 19, 1997; revised June 23, 1997. The equivalent source radiates in the absence of the wall so
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Il. APPROXIMATE MODEL
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Fig. 2. Equivalent source radiating in the absence of the wall. /

incident angle is stepped such that the spacing between each 4 floor
point on the receive aperture plane is approximately one tenth
of a wavelength(Az = Ay =~ 0.1)). The range of angles A1, ~
(6 min, B max) are determined by the extent of the receive A > wall face
apertured. The total received field is found by integrating
over the aperture.

Using this equivalent source approach a building wall loss
model was formulated. The source is located at a helght o,
above the floor and at a distande from a wall of thickness g, t_ —————— i

L. The receive locatiod; is assumed equal . The regions ~ ?e%\&aegmggr
on either side of the wall are free-space. Given thatis d,

known, the distance®;, R», Rz, and R; can be calculated. - ra-———————

The incident angl®; is determined by discretizing the receive

aperture into a grid of point&\wz,, = mAz andAy,, =nAy Fig. 3. Ray path for the reflection based on a source image located below

the floor.
6., = tan [ VATV (Bv)? )
Tmn d1+L+d2_dz ~ z © i « 2 wn 3 V)
0
In determining the received field for a vertically polarized an- -5
tenna, only the vertical component is required. Therefore, tig-10 —=— Measured Data
electric field of the equivalent source includes a polarizatiofj !> —h—— 22-10,It=.0125
factor & -20 ef=15,itf=0
-25
(1 — sin® 6 cos? ¢) Ty 7 -30
EJ R = freq (GHz)
d( Z) 47TRZ‘
% e_(“2R2+j['80(R1+R3)+'82 Ra)). (3) Fig. 4. Comparison of measured and computed insertion loss for a 1-ft-thick
concrete wall.

Equation (3) is the equivalent spherical source that radiates in
the absence of the wall. equivalent floor reflected source. Due to asymmetry, the lines
The floor reflection is included using an equivalent imagwill intersect off of the> axis. The geometrical relationships

source. The location of the image is directly below the sourcare similar to those for the direct rays. Given thais known
Since the floor is not a perfect conductor, the image is not tife distances?;,., Rs,., and Rz, can be calculated. The total
equal intensity, but approximately reduced by a fattorthe field resulting from the reflected rays is given by

reflection coefficient of the floor. With the image present, the

floor is removed while the wall remains. In general, this step E.(R,) = (
is not entirely accurate, because it assumes that rays hitting
the wall below floor level pass through the wall medium.
However, for the geometry under consideration (equal antenPﬁle

heights and equal distances from the wall) the approxman%l determine the total field at each aperture point. These are

is accurate. . . .
Similar to the direct path, the original source is traced to tﬁgtegrated o obtain the total received powes.

receiving antenna to determine the maximum and minimum
angles of incidence of the reflected rays,nin and 8, ax.
The rays corresponding to the maximum and minimum anglesThe insertion losses of various walls were measured by
of incidence are traced back to the point of intersection ebmparing the free-space transmission between two antennas
d,., andd,_, as shown in Fig. 3. This is the location of theo those with walls located at the midpoint between the

1 —sin’ § cos® §)L'ry 7o,
47 (R,.)
% C—(OészT-i'j(,@o (R1,+Rs,)+02Ra,.)). (4)

coherent sum of the direct and reflected rays are used

[ll. COMPUTED AND MEASURED DATA
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R R P B 2) Surface roughness of the wall is neglected and the faces

0 are parallel.
2 3) Loss tangent and dielectric are constant throughout the
@ —&—— Measured Data wall.
E “ —b— ¢2=7,1t=.025 4) A frequency independent dielectric constant and loss
S ef=15,1tf=0 tangent are used in the equations for impedance, phase,

8 and attenuation.

freq (GHz) 5) Multiple reflections within the wall are neglected.

Fig. 5. Comparison of measured and computed insertion loss for dddiscrepancies between the measured and computed data can
ble-wide wood doors. be attributed to the limitations of the model and possible
inaccuracies in the measured data. This simple model provides
2 e e L2 o a relatively accurate estimate of wall losses if the dielectric

0 constant and loss tangent can be determined from visual
~ 710 inspection of the wall.
2 0 —8—— Measured Data
g -30 —&—e2=7.5,1t=.2, REFERENCES
s 40 ef=15,Itf=0
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Fig. 6. Comparison of measured and computed insertion loss for met&?]
doors.



