
IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MIT-26, NO. 6, JUNS1978 439

/18] R. W. Wilson, “Sun tracker measurementsof attenuation by rain [20] G. G. Gimestad, R. H. Ware, R. A. Bohlander, and H. A. Gebbie,
at 16 and 30 GHzj” Bell $w, Tech. J., vol. 48, no. 5, pp. “Observations of anomalous submiltimeter atmospheric spectra:
1383-1404,May-June 1969, Astrophys,J,, (to be published),

[19] H. A. Gebbie, “New molecular absorbersin the earth’s atmosphere [21] G, T. Wrixon, “Measurements of atmospheric attenuation on an
and their submillimeter spectra: presented at the 2nd Int. Conf. earth-space path at 90 GHz, using a sun tracker: Bell SySI,Tech
on Submillitneter Waves and Their Applications, San Juan, PRj J,, vol. 50, no. 1, pp. 103-114,Jan. 1971.
Dec. l!~76. [22] P, Goldsmith, private communication, 1974.

Radio Communication in Tunnels

JIRO CHIBA, TATSUO INABA, YOSHITOMO KUWAMOTO, OSAMU BANNO, AND RISABURO SATO

Afwtmet--The attenuation constant of radio wavea in tmmefs was

obtained experfmentafly and theoretically, Accordfng to thfs study, tbe

tunnel is a transmission channel of high-pass type. It is found that the
bfgher the frequency, the smaffer the attenuation constant. The experfmen-
taf values of attennatfon constants are sbnifar to the theoretical vafues of

the 1%1 and EH1l modes when the tunnel is regarded as a eircufar
wavegidde with the same cross-sectfonal area as tbe tunnel. Radfo cnm-
mmikation using the tunnel was proven to be fully possible iu spite of the

standing wave effects due to the interference of the propagation modes.

L INTRODUCTION

A T PRESENT, the increasing demand for under-

ground streets and tunnels has generated a need for

securing a communication system similar to those in deep

mine shafts and tunnels. We can say that great interest is

focused on the tunnel problem, and recent research in this

area has ‘been promising [1 ]+8], A communication system

in such a place is a convenience for daily activities.

However, in emergencies it may become vital for survival.

In a disaster, i.e., fires, the conventional wire communic-

ation system may become unreliable, necessitating a

wireless radio system.

We have been searching for a place where radio and

acoustic ~noise was minimal or nonexistent, in order to

perform detailed experimental studies of the electromag-

netic fielcl surrounding the surface-wave transmission line

[9]. The inside of a long tunnel fulfilled the necessary

requirements, However, during the experiments, it was

discovered that the tunnel itself was a transmission chan-
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nel of high-pass type, similar to the circular waveguide,

The measurement of the Suikai and Sekiyama tunnels in

Miyagi prefecture, Japan, revealed that, for 150-500

MHz, the attenuation constant of the guiding wave is

proportional to the square of the free-space wavelength A,

and inversely proportional to the cube of the equivalent

tunnel radius r [9], The results obtained are in agreement

with the waveguide theory of Marcatili and Schmeltzer

[10] which is based on a characteristic equation given by

Stratton [11].

The two main purposes for the present study were, first,

to prove experimentally the possibilities of radio comm-

unication in tunnels and, second, to obtain an attenua-

tion constant, t heretically and experimentally, to verify

the tunnel as a circular waveguide.

IL EXPBRIIWNTAL COMMUNICATION ANDI RESULTS

A. Experimental Materials

A straight 1470-m long tunnel constructed of concrete

was employed (for detailed compositions, see Fig. 1). Tlhe

thickness of the tunnel wall is 0.9 m. The tunnel consisted

of two lanes, with each lane 3.9 m in width. Further

dimensions of tlhe cross section are indicated in Fig. 1. At

the time of this study, the tunnel was still under construc-

tion without obstacles, conductors, railroad tracks, cables,

etc. This tunnell was not built specifically with a view to

propagation. It was to fulfill a need of the Tohoku (North-

east) super express of the Japanese National Railways.

But the effect of obstacles on the attenuation constant

will be measured immediately after completion.

Yagi–Uda antennas or half-wave dipole antennas were

used for both radio stations; the height of the antenna was

3.6 m above the road surface (Fig, 2). A wireless tele-

phone system, as commonly found in taxicab radios, was

used at a freqpency of 470 MHz with a, transmitting

strength of approximately 1 W.
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Fig. 1. The view of the tunnel in which measurements were made (afl
dimensions in meters).
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C. Experimental Results

Highly intelliszible communications were achieved for

M
-

the a~ove mentioned conditions and also when the trans-

mitting antema was moved into the tunnel. Although the

distance between the transmitting and receiving antennas

=,../ .
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Fig. 2. Experimental setup.

B. Experimental Method

A fixed station with an antenna was set

o_%r

o

Ey~

o

E?

30 m outside
the entrance of the tunnel, and a mobile station with an

antenna was placed on a track and moved along a solid

line during the experiments (Fig. 2).

was varied, large variations in field strength were not

found. Hence, it is conceivable that even for longer

tunnels, full communication is still possible.

III. DETERMINATION OF ATTENUATION CONSTANT

BY THE EXPERIMENT

A. Experimental Method

A transmitter is set outside the tunnel, and a radio wave

is sent into the tunnel (Fig. 2). While the reception equip-

ment in the tunnel is moved on a truck along the tunnel,

the output of field strength measurement is continuously

recorded by a pen written recorder. In this manner, the

variation of field strength against the distance in the

tunnel is found and the attenuation constant is de-

termined immediately. The method of least squares is

used for data reduction.

B. Experimental Result

1) Attenuation Constant: The attenuation constant is

shown in Fig. 3. Frequencies of 40, 60, 150, 470, 900,

1700, and 4000 MHz are used in the experiment. The

resulting attenuation is found to increase monotonically

with the inverse of frequency; e.g., at 4000 MHz, the
attenuation becomes 0.7 dB/km. Furthermore, the experi-

mental values of attenuation constants are closely corre-

lated with the theoretical values for the corresponding

TEO1 and EH1 ~ modes. According to these results, it

becomes clear that the tunnel is a type of high pass

transmission channel that is similar to a circular wave-

guide. Variations of field strength in the tunnel in Figs.

6–8 are used for experimental values in Fig. 3.
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Fig. 3. The attenuation constants.

2) Standing Wave Distribution in the Tunnel: The stand-

ing wave in the tunnel relates to the frequency, field

components, and distance from the transmitting antenna.

a) Dependence against frequency: As a general tend-

ency, the standing wave ratio (SWR) becomes smaller at

low frequencies, and larger at high frequencies.

b) Dependence against field component: The SWR’S of

both EX and EY are almost identical in phase. The SWR of

E= is fair] y larger in comparison with EX and EY. (But for

the absolute value of field strength, E, is smaller in

comparison with EX and EY.)

c) Dependence against the distance from transmitting

antenna: As a general tendency, the SWR becomes larger

in places near the transmitting antenna (Figs. 6–8).

IV. THEORETICAL CONSIDERATION

A. Approximation to Circular Waveguide

In practice, the concrete tunnel wall is, of course, of

finite thickness. At sufficiently low frequencies (below

cutoff frequencies), the skin depth may exceed this thick-

ness, in which case the field penetrates to the outside.

However, an exhaustive discussion of such problems has

no place here, for it is our purpose merely to experimen-
tally prove the possibilities of radio communication in

tunnels and to obtain the attenuation constant, theoreti-

cally and experimentally, to verify the tunnel as a circular

waveguicle. Fortunately, it is possible to make approxima-

tions in practical problems involving conducting walls

which greatly simplify the problem.

When the transmission frequency is greater than the

cutoff frequency, the skin depth is relatively small com-
~~~.=~ ..ith the thid-necc nf the conmete tunnel wall (I%g.

\

\
\

\

\

‘lo 20 40 70 KS) 20U Ku -/03 mm
Frequency i n MHz

Fig. 4. Skin depth of the concrete tunnel watl.

4) which, hence, can be assumed to be of infinite extent.

Thus, to simplify theoretical considerations, the tunnel is

substituted by a circular waveguide with a cross-sectional

area equal to that of the tunnel.

The radius of an equivalent circular waveguide is a =

4.2 m, as shown in Fig. 5: i.e., a waveguide consisting of a

circular cylinder of radius a and free-space dielectric

constant CO embedded in another medium of dielectric

having a complex dielectric constant ~z. The magnetic

permeability IJO,is assumed to be that of free space for

both media and wall conductivity U2= 3 x 10-2 Q/m (02

measured according to Mitobe and Ito [12]).

B. Attenuation Constant

The propagation constants are the roots of the follow-

ing characteristic equation for the general circular cylin-

drical structure [1 1]:

[

J: (kla) kl H~l~(kza)

I

J; (kla) v2k1 11~~)’(k2a)

J. (kla) – ~ “H$]) (kza)
.—

J. (kla) ~2 Hj1)(k2a) I

where J. ( ) denotes a Bessel function, Hj])( ) denotes a

Hankel function of the first kind, the primes denote

differentiation with respect to the indicated argument,

k=co<p; = 2T/A is the free-space propagation constant

u = 2wf, f is the frequency, A is the free-space wavelength

k?= k2 – y2, k;= v2k2 – y2, superscripts 1 and 2 refer to

the internal and external media, respectively, y is the
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Fig.. 5. Equivalent circular cylindrical waveguide for the tunnel.

TABLE I
SOMEVALUEOF Um

r‘/m

20ro

3 or -1

4 or -2

I

2405

3 832

5 !36

6380 T
2 3

552 8654

7016 10 173

8.417 11.62

9761 13.015 1
4

I 1,796

!3 324

14.796

16 223

complex propagation constant, v== is the-, -
complex refractive index of the external medium, c? is the

specific dielectric constant of the external medium, and n

is an integer. The phase constant and attenuation constant

of each mode are the real and imaginary parts of y,

respectively.

The solution of the Stratton’s characteristic equation (1)

was reported in two previous publications [10], [13]. The

first one develops an approximate theory, (assuming that

ka = 2wa/A> lvlun~ and k2a >> 1), and the second presents
computer solutions; but in this case, rearrangement of (1)
is necessary for calculation convenience [13]. According to

Marcatili and Schmeltzer [10], the attenuation constants

u

()

22
A

az— .
nm 2T a3

Re l/’/~,

for TEO~ modes (n = O)

Re (1/2)(v2+ 1)/~~,

[
for EH~~ modes (n #O)

(2)

where U.m is the root of the equation J._, (u.~) = O; some

values of u.~ are presented [ 10] in Table I.

Attenuation constants of the T&l and EHI, modes

(8.686ao, and 8.686a11 in dB/km) have been plotted in

Fi~. 3 as a function of freauencv.

Anterma orientat ton ~ I (d) f=470MHz

L
Srmmum (m) ml

; I
(a) f=40MHz z

I
(e) f=900MHz

:

Fig. 6. Attenuation of the horizontal component EX for various
frequencies as a function of distance 1 pV/m=O dB.

Antenna or!entatvon I (d) f=470MHz
z

Fig. 7. Attenuation of the verticaf component EY for various frequen-
cies as a function of distance 1 pV/m = O dB.
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Fig. 8. Attenuation of the longitudinal component E= for various
frequenciesasa function of distance 1pV/m =0 dB.

As pointed out by Marcatili and Schmeltzer [10] in the

circular waveguide, comparing attenuation constants (2)

of the different modes, we find that the mode with lowest

attenuation is T&l if v >2.02 and EHI, if v <2.02. In Fig.

3, numerical results are given according to perturbation

method (result of high-order approximation, use Re

m[a2+jweoEy) form in [14], equation
(5b-140)), and according to Glaser’s curve (Glaser’s Fig. 2

[13], only the ~~ = 2 and one-point frequency), there is a

certain difference in the T~l mode, as expected. In case

of the same calculation condition (electrical constants),

numerical results of Marcatili-Schmeltzer’s (2) agree with

Glaser’s numerical results. As the frequency becomes

gradually higher, e.g., 1000, 1700, and 4000 MHz, the

experimental value shifts from the theoretical curve to

high attenuation (Fig. 3); this tendency is generally evi-

dent in the waveguide for use in the TEO1 mode and the

surface roughness is considered to be one cause.

V. CONCLUSION

It was shown that radio communication via the tunnel

is possible and that the attenuation constants of the tunnel

could be obtained. The experimental values of attenuation
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constants are similar to the theoretical values of the TEOI

and EH1, modes when the tunnel is regarded as circular

waveguide, and when the cross-sectional area is equal to

that of the tunnel. When the diameter of the tunnel is

from several to ten times larger than the free-space wave-

length, the tunnel can be used as a transmission channel

for the wave in spite of the standing wave effects. How-

ever, the effect of obstacles in the tunnel is not yet

understood. (See Figs. 6–8.)
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