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On the Reduction of Wave Propagation
Loss in Tunnels

Yoshio Yamaguchi, Member, IEEE, Takemitsu Honda, Masakazu
Sengoku, Member, IEEE, Seiichi Motooka, and Takeo Abe, Member, IEEE

Abstract- The reduction of radio wave attenuation in two-
dimensional tunnels is discussed. The attenuation of the dominant
modedue to its field penetration into the lossy dielectric side wall
is reduced by means of the attachment of periodically aligned
metallic strips on the wall surface. The electric field distribution
in tunnels with and without strips are illustrated to show the effect
on the attenuation characteristics. The efficiency of attenuation
reduction rate by the metallic-wall stripping method is sum-
marized. Finally, the calculation results based on the boundary
element analysis is verified by a laboratory experiment.

Key words-tunnel, waveguide, attenuation, propagation loss,
boundary element method.
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I. INTRODUCTION

ITH the rapid development of radio communications
including cellular communication, wire-less commu-

nication and portable communication, the radio waves in the
frequency range from HF to microwave bands are nowdensely
utilized everywhere. However, the attenuation of the radio
wave in tunnels, buildings, underground streets, and parking
lots in basements, poses adverse problems for these radio wave
communications. It is well known that low frequency signals
such as "radio broadcasting or VHP amateur radio" cannot be
heard in tunnels. This is due to the cut-off propagation or the
large attenuation of the wave.

Here wefocus our attention to the attenuation characteristics
in tunnels including corridors and underground streets. In
general, the tunnels may be considered as hollow waveguides
surrounded by lossy materials. Many theoretical and experi-
mental studies on the propagation characteristics have been
carried out including fundamental propagation characteristics
[1]-[13], excitation [14]-[17], field distribution [18]-[22],
and effect of obstacles [18]-[20]. From extensive research
investigations of the tunnel problem, the results on straight
tunnel propagation can be summarized as follows:

1) From an analytical point of view, tunnels are waveguides
of arbitrary cross section surrounded by lossy dielectric
materials.

2) The attenuation constant is due to refraction loss and
ohmic loss in the surrounding walls whose dielectric
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Fig. 1. Typical frequency characteristics of attenuation constants.

properties vary with frequency. Typical frequency char-
acteristics of attenuation constant are shown in Fig. 1.

3) The refraction loss plays a dominant role in the atten-
uation characteristics at higher frequencies where the
wavelength is much smaller than the cross-sectional
dimension, because the surrounding material acts as a
pure dielectric at frequencies above the UHF band. There
exists a high number of modes in tunnels in this higher
frequency region; however, the lowest attenuated mode
is the dominant mode whose attenuation constant is
inversely proportional to the frequency squared and to
the cubic size of the cross-sectional dimension. These
characteristics correspond to region A in Fig. 1. This
dominant mode is the hybrid mode in nature in an actual
tunnel and corresponds to the TEio mode in a metallic
rectangular waveguide.

4) The ohmic loss plays a dominant role at lower frequen-
cies when the wavelength is comparable with the tunnel
dimension because the surrounding material then tends
to act as a heavily lossy dielectric as the electromagnetic
field penetrates into.the surrounding medium resulting
in the ohmic loss. This characteristic corresponds to
region B in Fig. 1.

5) There exists a vague cut-off frequency according to
the dimensional size of the tunnel cross section. The
value is not apparent as for the case of a metallic
waveguide, because the attenuation continuously and
gradually increases as the frequency decreases for the
lossy case (region C in Fig. I).

It is important to reduce attenuation in these structures.
However, only a few research studies [23], [24] on the
reduction of attenuation in tunnels have been carried out to
expand the radio communications capability and to utilize
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it･ Here, in this analysis, we propose one method to reduce

the attenuation in tunnels. From the outset, we know that i血

the higher frequency region Where the wavelength is much

smaller than the tunnel dimension the attenuation is very

small, for which the reduction is less important. However,

in the lower frequency reg10n Where the wavelength is close

to the tunnel dimension, we still encounter the propagation

mode with large attenuation･ It is our purpose to reduce the

attenuation constant tof the dominant mode in this frequency

reg10n. The main factor that contributes to the attenuation in

this frequency region is the penetration of the electromagnetic

field into the surrounding material which results in the ohmic

loss. Hence, ths basic idea to reduce the attenuation is to limit

the penetration of the field into the lossy walls, which leads

to the use of some metallic material on the tunnel walls for

shielding purposes.

The shielding techniques may consist of uslng metallic

strips, geometrical combination of strips, or wire nettings･

Among them, the fine wire-nettings is the most efficient for the

reduction of the propogation loss for which we have already

reported the efficiency based on a laboratory experipチent[24】･
However, it still needs analytical investlgations Including

the formulation of mesh shape and size with respect to

the wavelength into consideration･ The analysts is extremely

difBcult at present･ On the other hand, an insulated wire along

a tunnel, although it is not in the category of shielding, may

be considered to work well for the reduction of the loss. The

wire must be put close to tunnel wall so as not to disturb traffic

in tunnels･ From a laboratory experiment, the insulated wire

close to tunnel wall causes additional loss in t血e丘equency

considered here because the propagation mode changes from

the dominant mode to a quasi-でEM mode. The insulated wire

works well in the cut-offfrsquency region [25].Upon these

considerations, w6 investlgated analytically and experimen-

tally血ow mueb the attenuatio!1 COuld be reduced in tunnels

uslng metallic strips on side walls･ In the followlng, a bri6f

analytical formulation based on the boundary element method

is outlined･ Then the effects of the metallic strips placed on the

side walls are examined by computer simulation illustrating

the field distribution in tunnels･ A laboratory experiment is

carried out to show the validity of this method･ Finally,the

efBciency of reduction by the metallic-wall stripplng method

is sllmmarized.

II. FoRMULATION

Consider the two-dimensional tunnel as shown in Fig. 2.

The field in the tunnel has no variations in the y direction.

This two-dimensional tunnel is realized by covering the ceil-

1ng and ths bottom with two parallel perfectly conducting

plates with small spaclng With respect to ths wavelength. The

reason why we consider the two-dimensional tunnel

the effect of metallic strip on the propagation loss

obtained, 2) the analysis becomes simpler也an that

･
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three-dimensional case including computer simulation because

the three-dimensional analysis demands formidable task.

Atfirst, we examine the Beld distribution of the dominant

mode by the boundary element method [21], [22].In order

r=ro十rl+rユ+r3
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Flg･ 2･ Plane view of two-dimensional tunnel and the boundary F.

to simplify the analysis, we assume that the TEIO Wave,

the dominant mode in this structure, is incident from the z-

direction･ At z - 0, the wave is launched into the-reg10n

where We are COnCerned.

If we let the dominant electric field component Ey be u,

the wave equation

a2u a2u

扇ぎ+扇盲
+ko2u-o

holds in this two-dimensional structure, where

ko
-LJJ扇面-

(1)

(2)

w: angularfrequency,

l: wavelength in free space,

eo: permittivity of free space,

FLo: Permeability offree space.

We divide the boundary F for this structure into Fo (lossy

side walls),rl (metallicstrip walls),
F2 (hypotheticalen-

trance),and F3 (hypotheticalexit)as shown in Fig. 2. If we
let u* be the two-dimensional scalar Green's function for

unbounded reg10n, then we obtain the followlng equation for

the boundary element analysis

c-/q･udF
- /u*qdF (3)

r ど

where u% is the value of u at the observation point, and q is the

derivative of u with respect to the normal direction n of the

boundary (See Fig･ 3)･The coefacient c乞is unity in the interior

reglOn, Whilethe value onthe boundary is determined by the

angle made by the two adjacentboundary elements. Since we
are dealing with the two-dimensional structure, the Gresn's

function u* and its norm旦1 derivative q* can be written as

u*

-一書Hi2'(kor)
(4)

q*-芸ニー書koHf2'(kor)cos歩
(5)

where H52)and Hl(2) are the Hankel functions of the second
kind of order 0 and 1, respectively; r is the magnitude of

vector r from the point a to a polnt On the boundary indicating
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After having determined the relation among the field com-

ponents of E and H, we obtain the relation for the boundary

element analysis as follows:

q- -jko (i_I)

Flg･ 3･ Regiofl ∩ Surrounded by boundary r

the distance, and * is the angle sustained by the vector r and
the normal vector A on the boundary as shown in Fig･ 3･

We divide each boundary into line elements and discretize

the integral (3)･With unknown function u and q expressed by

POlynomial interpolatioA function, (3)can be rewritten in a set
Of linear algebraic equations

ciu% +

n

Fl,,,II - ∑(;,,,1/ (･1)

J-1

where n is the total number of nodal points. The inter-

polation function used here isthe Lagranglan interpolation

function with one-dimensional, three-noded elements which is

the second-order polynomials as in [26]･These equations (6)
can be combined together and be written in a matrix form as

【H](u) ≡固(q) (7)

whieh enables us to solve itif u or q, or the relation between u

and q on the boundary F is specified･ Iiithe following We adopt
boundary conditions and an analysis similar to that presented
by Sakai and Koshiba [21],【22]･The bouhdafy conditions for
this problem are the same as those presented ih [21】except
for the metallic p綿ion rl'

A. Boundary Condition for the Wall Sections Fo and FI

The bouiidafy on thetside wall Consists of ro and rl. The

boundary condition for this mode is the continuity of tangential

components (Ey and Hz)･ This conditiofl Can be satisfied by
thatching the血pedances at side surface walls･ To this purpose,

we employ the same technique proposed in [10],【23],i.e.,

the surface impedance method presented by Yasumoto [10]as
below

Ey-圭ZsHz (蛋-士号)･ (8)
The surface impedance for this mode is given by Sakai [21]

zs-論うgO-
E 5

∴ニ主u~~.Jニこ=:'~./=-IEo

where 6s is the relative permittivity and g is the conductivity

of the side wall, 0 is the incident angle of the plane wave

which implngeS On the side wall.

For the boundary section Ill, the electricfield vanishes on

the metallic strip･ Hence, u is equal to zero on rl from the

outset.

BI Boundary Condition for the Hypothetical Boundary r2 and
r3 (Entrance and Exit)

Thefield in the tunnel can be expanded as a sum of lossy

Propagation modes･ This field expression is matched to the

incident TEIO mode at the entrance of z云0` This matching

operation combines the internal numerical solution to the

exterior analytical solution･ Thus, the boundary condition for

I12 Can be given aS

(q)2 ≡ (72+ 【F]2[7]2[F],ll)‡f)2
1 ([F]2M2[F]2-i)(u)2(i2)

where (u)2 and (q)2 are r?W Vectors Consisting of values
on

I12, While [F]2 is the matrlX

[F]2 -

fl(xi2))f2(xi2))
･･･

fnl(x皇2))
fl(x皇2))f2(x皇2))

-

fnl(x皇2))

fl(揺)f2(xt21')
-

fnl(招)
composed of

f-(x'2')
≡ i:iOnSkkm-xx('22,'…:;

eovdedn)).
(14,

The firstterm in right-hand side of (12)corresp9nds to incident
wave and the second term corresponds to renected wave. The

row vector (i)2 is of the following form:

(f!2
- [f2(xi望)),f2(x皇2)),･･i,f2(xt21')]T(15)

where T denotes transpose,
x皇2),x皇2)ラ-

･

,∬t21)
are the Coor-

dinates of the nodal points on r2, and [72】is given by the
diagonal matrix

≡

2
-1'i

o

顎
･
･
･
o

て
l
o
-
･
o

0

nU

7nl

(I(l)

with elements

l'･m = 紘-k.2 -αm+3βれ
αm: attenuation constant, βm:phase constant,

(17)



yAMAGUCHI et al.: ON THE REDUCTION OF WAVE PROPAGATION LOSS

Fig. 4. Field pattern in hollow tunnel,

which are the solutions of the characteristic?quations
derived

丘om the transverse resonance technique [21],[23】

Es-Sin2o (m‥ odd),

Es-Sin2o (m: even). (18)

For the exit of the tunnel boundary r3, We assume that there

does not exist a returned wave (i.e.,no incoming wave into

the region).
Thus, the boundary condition can be written as

(q)3ニー([F]3[7]3[F]31(u)3
(19)

where each vector?nd matrix are the same as those for the

entrance except that the corresponding values are computed

on the boundary r3.

After having determined u and q on all boundary Il -

ro + rl + r2 + r3, One Can Obtain the丘eld strength 礼 in

the interior reglOn uSlng

I(qu*- uq*)
dr. (20)

ⅠⅠⅠ.ⅢoLLOW TuNNEL

We carried out a computer simulation for a hollow tunnel

to show the property of the dominant mode including the

field distribution and the attenuation constant in comparison

with an analytical solution･ We first determine the electric

丘eld distribution in a tunnel without strlpS because it is the

fundamental one which we are dealing with; In this calculation,

the boundary condition for ro is employed instead of the

cpndition for rl On the place where the strips are located･

The parameters chosen in the calculation are:

widtb of the t1‡nnel: α = 1.6入

co甲Plex permittivity of the wall : Es - Er -JEi
- 5 -

J･

Fig. 4 shows the three-dimensional display of the electric

field distribution (Ey) in the region from zl- 0 to z - 16入･
The values are'normalized at the entrance of the tunnel

(i･e･,a unit magnitude TEIO mode is incident at I - 0). In

the calculation, the interval of the nodal polnt i､staken less
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Fig. 6. Field strength as a function of normalized transmission
distance

along
the center line of tllnnel.

than･入/10･The total number ofーthe nodal points along the
boundary lS Chosen- to be 358･ One can see that the whole

pattern is also close to the m.easured one [20]which has been

measured in a three-dimenslOnal tunnel. The pattern is then

cut in the transverse direction, which results in the cross-

sectional distribution in the hollow tunnel. Fig. 5. shows the

calculated_ patterns evaluated at去-
o which are close to a

cosine distribution of the dominant mode. It can be seen that

the electric field at the side 女all boundary Increases aS the

real permittivity decreases which results in large absorptlOn Of

power in tunnel wall･

Fig. 6 shows longitudinal cut view of the field pattern

(Fig.4) along the center line of the tunnel･ The magnitude

of the electric丘eld in decibels decreases linearly with trans-

mission distance, providi'ng the attenuation constant･ It is

possible to determine the attenuation constant from this slope

straightforwardly･ The attenuation constants per wavelength

入~ are calculated in Table I as a function of permittivity

and are compared with an
'analytical solution Qf (18) with

m -,1 and
0 - 72o (also refer to [2])･There is a good

agreement between this numerical method and the analytical

one･ As the permittivity increases, the attenuation decreases･

This is due to the impedance difference at the tunnel wall,

i･e･,if the impedance difference becomes larger, then the field

does not penetrate easily into the wall, which results in low

attenuation.



IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 34, NO. 2, MAY 1992

(a)

(
血
P
)
A
)
!
S
u
¢
)
u
l
P
P
!
j

0

0

0

A-

6

8

0.0 4.0 8.0 12.0 1 6.0

NormaHzed distance (z/A)

(b)

Fig. 7. Field pattern in tunnel with strips placed on side walls,-(a)strip width 6 -rO･2入(b)
longitudinal cut-views at tT

- 0

andこr=土0.4.

･
TABLE I

ATrENUATION PER WAVELENGTH (dB/入)

boundary element

Er method analytical method

2.0-jl.0

3.0-jl.0

4.0-jl.0

5.0-jl.0

6.0-jl.0

7.0-jl.0

8.0-jl.0

9.0-jl.0

10.0
-jl.0

0.682094

0.635385

o.568122

0.512694

0.469017

0.434139

0.405681

0.381983

0.361890

0.684533

0.633491

0.565967

0.510838

0.467458

0.432812

0.404532

0.380970

0.360989

IV. REDUCTION OF PROPAGATION Loss-

Incorporating the boundary condition that the electric field

vanishes on the metallic surface of the strips, tbe丘eld strength

in the tunnel now can be analyzed to examine the effect of

strips on the propagation problem･
_
In the calculation, the total

number of the nodal points is chosen
to be 482 on the whole

boundary r which includes 322 points on the
boundary ro,

126 points on the boundary rl, 17 points on the
boundary r2,

and 17 points on the
boundary r3･ The allocation interval of

the nodal points is less than A/10 along the boundaries･ The

tunnel parameters are:

permittivityどs - er
-3Ei

- 5 -3,

tunnel width a
- 1.6^, stripwidth 6 - 0.2^,

number of'strips
- 7, periodp

- A.

Tbe丘eld distribution in the tunnel is shown in Fig. 7(a)

wherer the positions of strips are indicated
by small rectangular

boxes･ The pattern is not so smooth as those in hollow tunnels

due to standing wave phenomenon created by strlpS･ As can be

seen from this figure, the field strength near the strips becomes

smaller compared to the丘eld near the lossy wall･ Apparently,

this is due to the metallic wall, however, one can anticipate

that tbe丘eld does not penetrate into the surrounding wall due

to strips･ This fact indicates that the attenuation of the wave

may be reduced by these strips･ In order to examine the effect

on the propagation characteristics, we made cut-views along

the center line (at ∬ - 0) and a gangway (at∬ -土0･4)
｡f the tJnnelwhich are shown in Fig. 7(b).

In this figure,

the regression lines to the reglOnS With and without strlpS
are

shown fわrthe sake of comparison･ One can see that the slope

of the line (attenuationconstant)
in the region with strip is

且atter than that in the other reglOnS Without strip･ In other

words, the attenuatiop constant is reduced by an attachment
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and∬=圭0.4.

of these strips･ Thus it is possible to reduce the attenuati6n
constant by thi畠method.

Another calculated example for 6 ≡ 0･5入is shown in Fig･ 8･

The patterA in the tunnel is slightly different from that in

Fig･ 7･ The standing pattern depends mainly on strip width.
The variation of the electricfield intensity due to strips in the

order of several decibels seen i畠Fig･ 7(b) and Fig. 8(b) does

not cause fading effect in radio co血munications, however,the

smaller, the better.

There is a high number of parameters such as strip width,
interval, location includiBg pefi6dic or random positiofllngtO

determine the effect of strips on the attenuation characteri岳tics.
Thug, we use a simple parameter a for the evaluation

s-6/p. (0<s<1) (21)

where 6 is the width of strip and p is theperiodic strip Interval.

The reason for cho6Slng this parameter is馳ch that if the

side walls are fully covered with metal, then the attenuation is

approxi飽ately zero; on the other hand, if there is no strip o丘

the wall, the attenuation becomes that of the hollow tunnei.
It can be anticipated that the attenuation varies with the area

percentage of strip･ That is, if we add strips, the attenuation

reduction rate should increase in proportion to the area that we

add. We carried out some calculations on the field distribution

similar to Figs･ 7 and 8, and examined the efBciency of strips

83

on the reduction of the attenuation constant based on this idea.

The final result is shown in Fig･ 9 where the vertical axis is

measured by the ratio of the attenuation constant αs iiitunnels

with strip to αo in tunnels withotit strip, while the horizontal

axis is measured by the percentage parameter s童8/p. For
the sake of comparison, the crit猷ia line of an appro衰imate

for丘iula

_=1_旦=トβ

αβ

αo P

is drawn together in Fig･ 9･ It is seen that the ratio of
the attenuation constant 〔七s/αo

is smaller than 1
-

a. This

is practically an important result, because the atte甲atiofi
reduction by such strips is larger than the expectation. This

reduction rate becomes larger in narrower tunnels and the low

attenuation transmission is achieved in the narrower tunnel

(i･e･,in the lower frequency)where the absolute attenuation
is large･

V. IjABORATORY ExpERIMENT

In 6rder to confirm these theoretical results, we carried

out a laboratory measurement on attenuation constant･ Fig･ 10

shows the block diagram of the measurement scheme･ Using

a spectrum analyzer, we measured thefield strength in a two-

dimensional tunnel which consisted of two Concrete blocks and
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0,2 0.4 0.6 0.8

8/p

Fig1 9･ RatlO Of attenuation constant αs/αo
as a function of 6/p

Fig. 10. Measurement scheme.

two metallic plates. The tunnel size is 8 cm in width (- 1.6A),
5 cm in height, and 100 cm in length. The number 9f str皇ps

employed in this tunnel is 3 and 4･ T卑βoperating frequency lS
6 GHz. The fieldstrength along the center line of the tunnel

was picked up by a small dipole antenna･ The results are shown

in Fig. ll where the calculated patterns are also illustrated･ We

notice that the experimental results show a good agreement

between the measured value and the calculated one.

VI. CoNCLUDING REMARKS

Based on the boundary element analysis, a technique for

the reduction of the attenuation constant for the dominant

mode in two-dimensional tunnels has been presented. The

electromagnetic field penetration into the surrounding wall is

reduced by印=eta11ie strips placed on the walls, which leads to

a reduction of the propagation loss. The attachment of strips

is particularly effective for the lower frequency reg10n Where

the wavelength and tunnel dimension are comparable.

The experimental results in two-dimensional tunnel is in

a good agreement with the calculated ones. The dstailed

characterist圭esof the propagation mode can now be m年de

available by computer simulations･ Thus, the most effective

positionlng Of strips and the best way to utilize these strips is

now being Investigated and will be reported in thefuture･
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