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Ray-Optical Prediction of Radio-Wave Propagation
Characteristics in Tunnel Environments—
Part 2. Analysis and Measurements

Y. P. Zhang, Y. Hwang, and R. G. Kouyoumijian

Abstract—The uniform theory of diffraction (UTD) developed the radio signal frequency is lower than the tunnel cutoff
in Part 1 is used to predict narrow- and wide-band propagation frequency, propagation will suffer considerable attenuation.
characteristics in tunnels at 900- and 1800-MHz frequencies. On the other hand, if the radio-signal frequency is much

Narrow-band propagation characteristics is shown in spatial higher than the tunnel cutoff frequenc ropaqation will
domain and wide-band propagation in time domain. In empty 9 q Yy, propag

straight-tunnel environments, propagation exhibits a break-point  attenuate less than that in free-space [11], [12]. A theoretical
phenomenon and has very short time delay spread. In empty model based on the modal theory has been proposed to
curved or branched tunnel environments, propagation suffers explain tunnel guiding propagation characteristics [13]-[15].

higher loss. Vehicles cause additional propagation loss and larger This model treats a tunnel as a hollow oversized imperfect

varying time delay spread in tunnels. The measured results have ide. P tion i d b fund tal d
validated the accuracy of the theoretical model and provided im- waveguide. Fropagation IS governed by a fundamental mode

portant information on narrow-band and wide-band propagation ~and an infinite number of higher order modes. The model is

characteristics in empty, branched and obstructed tunnels. complicated because the coupling of these modes arises due to
the imperfection of the waveguide. Another theoretical model
I. INTRODUCTION based on the geometrical optic theory was then proposed [16].

OBILE and | L ) . The geometrical optic theory considers the tunnel walls as
M » an personz?l communlcafuon_s serw_cre]s aim Reflected planes. Propagation is achieved via a direct path
provide users exce ent commumcaﬂons W'.t out timg 4| possible reflected paths. Both theories are restricted
and space constraints. Constructing such versatile netwoy Sempty straight tunnels and, thus, have limitations. A more

:slles fllleaylly on thde mt|crqcellular sfcheme, thus m|n|m|3|n mprehensive model that can better approximate the actual
e cell size in order to increase frequency reuse and & o\ ervironments is needed.

cilitating a much higher system capacity. The developmentOur developed diffraction was utilized in the propagation

of optimally dgsigned micrchlls requires thorough radi_q.h del. The walls of tunnels were approximated by uniform

wave propagatlon charactgrlst|cs; 'Fherefore, both theore'.ugﬁ] face impedance. The implementation of our tunnel uniform
and experimental prqpagatmn studies have been eXt?nS'VtN[(ory of diffraction (UTD) propagation model is described

undertaken [1]. For instance, meas_,urements made N TYiR!section 11. Calculated and measured narrow-band results
areas showed that the rural propagation mechanism was du_gttcéoo and 1800 MHz in empty, branched, and obstructed
direct and ground-reflected waves [_2]' Suburban propagatignhe|s are compared in Section Il and those for wide-band
measurements were more random in nature, possibly due|ntOSection IV. Our comparisons demonstrate that this propa-

th? préasenci of more thgn one rﬁfle_cted rhay (31, [4],' S(;u‘j'g%taion model is capable of simulating basic tunnel propagation
re ate. to urban propagatpn mechanisms have received Mgl o teristics with excellent accuracy. Section V summarizes
attention since the vast majority of communications takes plaﬁ]ee results

in the metropolis [5]-[7]. Recently, propagation research has
begun to concentrate on the characterization of radio channels

in indoor environments such as in houses, office buildings, II. TUNNEL PROPAGATION MODEL
and factories [8]-[10]. In this paper, the propagation of UHF

. . . . : The geometry of a typical tunnel complex is shown in
radio wave in tunnels is studied by both theoretical model alﬁig_ 1. A transmit antennd, is located in the main tunnel
measurements.

The t | fitut ial radi i . of width A and heightB meters. The branch tunnel has width
€ nnels constitute special radio propagation envirops o5 4t g distanc&, meters from the transmitter. A

ments and have strong guiding propagation CharaCteriStiCSréEtanguIar metallic box of width,, heightV,, and lengthV;
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Fig. 1. Geometry of the propagation model.
Fig. 2. Patterns of the total horizontally polarized field for a point source in
the presence of a right-angle wedge with equal face impedance.

hs meters above the floor and its position is moved either in

the main or branch tunnels. Fig. 1 shows three major rays, ] o o

UVW R,, T, OPQR,, T, FHG R,, reaching the receiver in relative permittivitye,. and conductivitys of the tunnel walls,
the branch tunnel for a source located in the main tunnel afi@d the geometry of the tunnel. Each term in (1) is explained

far away from the corner. Patli, UVW R, represents the In detail in the Appendix. o
ray with multiple reflections, patf,. OPQ R, the ray with The diffraction coefficients in (1) were given in Part 1. Other

multiple reflections and single diffraction from a wedge, antprms of diffraction coefficients that have been widely used
path7, FHG R,, a ray with multiple reflections and double@’® given in [17]. In order to show the difference between the
diffractions from any two successive significant wedges. Subf§o forms of diffraction coefficients, a radiation pattern for

are the three dominant propagation rays to be consideredgipoint source ats’ = 10X, ¢' = 30°) in the presence of
this tunnel propagation model. a right-angle impedance wedge with equal face impedance

The received power is mathematically expressed in genetat = 10,0 = 0.01 s/m) is computed and presented in
as Fig. 2. The continuous line is calculated from the new rigorous
9 diffraction coefficients, whereas the dashed-dot line is from the
P.~ <i> P, Z <H Rm) widely used diffraction coefficients given in [17]. The result
4 7 \ 7. for a perfectly conducting wedge is plotted by dashed line
to illustrate the effect of the impedance boundary conditions.
X G GriSi®; + ZZ <H R,ukT})) Our diffraction coefficients show a lower fluctuation of the
w o ow Nk total field.
The computer program is written in a modular fashion. The
X Do, <H Rukm> GruGruSu®u program uses the technique of ray tracing to identify ray paths
Era intercepted by the receive antenna. The code first analyzes

the input geometry in the geometry subroutine. The tunnel
+ ZZ <H R'vkw>D'w'h‘D'w'i'l’” is described by finite number of surfaces and edges that are
v 4 Nk expressed in plane and straight line equations in a prescribed
order. The locations of both the transmit and receive antennas
- (1) are defined. It also gives anpriori indication of the regions
where different terms need to be included. The ray tracing is

In (1), the first term represents the contribution to the receivégcomplished by a complete search of a ray tree, accounting
signal power from such rays grouped byaving undergone for the decomposition of the ray at each intersection. Having
k. times reflection but with no diffraction from any wedgechecked the direct path, the program traces a ray from the
The second term accounts for the contribution to the receivés@nsmit antenna in a predetermined direction to search for an
signal power from the rays labeled hy having undergone intersection. If an intersection has occurred, it first determines
k., times reflection before a single diffraction from wedge whether it is a reflection or diffraction, followed by a checking
occurs and subsequently undergone reflectigntimes. The of whether the ray can directly reach the receiver or not.
third term denotes the contribution to the received signal powetherwise, it will continue to trace the reflected or diffracted
from thewvth rays having undergonig.. times reflection before ray into subsequent reflection and diffraction until a maximum
double diffraction from any two successive significant wedgesimber of tree levels is reached or when the ray energy is
occurs and subsequently undergone reflecfigntimes. k., negligible. The code finally checks if this reflected or diffracted
kras kb, kre, @and kg in (1) will depend on the values of ray reaches the reception sphere of the receive antenna. The

2

X <H R'nkrd> Gt'n Gr'n S’n (P’U

kerd
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reception sphere has a radius Iofi/v/3 [9], where L is the -20 . . . . -
total path length of the ray from the transmit antenna to the Vertical Polarization
receive antennay is the constant angular spacing between 301 (1) = Measurement
neighboring rays at the transmit antenna. If this ray intersects _,,| (2) = Simulation

the sphere, it also intersects the receiver. Otherwise, the ray isg
not received. The simulated results were obtained by tracing = -50p

rays to four levels withae = 5°. Once a complete ray path & ol
is identified, the receive field is first computed in the local 53
ray-coordinated system and then transformed into a reference-2 o}
coordinated system. 2

Even though the tunnel propagation model is developed for  -80f
a rectangular tunnel, it can also be extended to predict propa-
gation in an arched tunnel using the principle of equivalence.
The propagation was shown to be insensitive to the shape of ~100, > 5 ” ™ ™ 0
cross section [15]. The arched tunnel can be treated as an Distance (m)
equivalent recm”g“'ar tunnel. _T_he equivalent width 'S_Set Itl% 3. Measured and simulated received power at 900 MHz in a straight
be equal to the width of the original arched tunnel, while th@npty rectangular road tunnel (the simulated one is displaced 30 dB down-
height can thus be obtained by assuming that the equivaleatd)-
tunnel has the same cross section as the original arched tunnel.

The tunnel propagation model provides information aboy}) iy Fig. 4(a) and (b) illustrates the measured results of
the tunnel wide-band channel characteristics that are quantifigd | ariations of the received signal power levels versus

by the rms delay spread.,, defined below: the distance between the transmitter and the receiver at 900
> P2 MHz for horizontal and vertical polarization, respectively.

Trms = 4/ Z":’i}f“” — 72 (2) Curves (2) in Fig. 4(a) and (b) represents the calculated results
@ e from its equivalent 4.2-m-wide and 2.9-m-high rectangular

S P i tunnel obtained according to the criteria stated previously.
where7 = <+—— is the mean excess time delay afd.  Again, the simulated propagation results agree well with
is the received power from theth ray. The delay spreadthe measured values. Fig. 4(a) and (b) clearly shows that
Trms Qives an indication of the potential for the intersymimportant fluctuations of the received signals appear in the
bol interference in digital transmission. Measurements haviinity of the transmit antenna, irrespective of polarization.
been conducted in various actual tunnel environments [18). the short distance region, more significant reflected rays
These measured data were used to assess the validity ofdhese large fluctuations, whereas in the long distance region
propagation model. as the reflected rays become less significant, the direct ray
contributes the most to the received signal. Therefore, the
I1l. NARROW-BAND COMPARISON WITH MEASUREMENTS magnitude of fluctuations diminishes as the receiver moves

o , . further away from the transmitter. Both measurements and
Narrow-band characterization of radio wave propagation

channels concerns both local and global variations of recei ﬁ:dlctmns show the existence of a distinct break point along

. ) . line-of-sight path, before and after which the propagation
signal levels. The narrow-band comparison was made in spatial " . . . . )
) . X as different rate of attenuation. This propagation behavior
domain on a relative basis.

was observed in other radio environments as well. The method
of determining the location of the break point was given
in [19], which can estimate the position of the break point
The first comparison illustrated in Fig. 3 was made in af tunnel environments. Not having taken this break point
empty straight road tunnel. Itis 2000 m long with a rectangul@to consideration, the existing tunnel waveguide model has
cross section 4 m high and 7.5 m wide. Curve (1) showserestimated the coverage distance.
the measured result of the variation of the received signal
power level versus the distance between the transmitter and
the receiver at 900 MHz. The transmit and receive antenrs
are half-wavelength dipoles, vertically polarized and located Fig. 5(a) and (b) illustrates the additional loss in the tunnel
at and(0.254,0.3B, Z,) and (0.24,0.3B, Z), respectively. branch to the power of the received signals of both horizontal
Curve (2) represents the simulated received power from taed vertical polarization, respectively. Curves (1) represent the
propagation model, which has been vertically displaced fromeasured results from a tunnel complex of 4.2 m wide and 3.0
curve (1) for better comparison. The longitudinal spatiah high. During the experiment, the transmitter positioned in
patterns of the simulated and measured results are quite middle of the branch tunnel was 10 m away from the
similar. junction formed by the branch and the main tunnel at an angle
The second comparison was made in the empty straigit 15°. As the receiver was being moved from the branch
section of a coal mine haulageway tunnel with an archednnel into the main one, the received signal power initially
cross section maximum 3.0 m high and 4.2 m wide. Curvesopped rapidly and leveled off in the junction vicinity. Curves

A. Narrow-Band Propagation in Empty Straight Tunnels

Narrow-Band Propagation in Branched Tunnels
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Fig. 4. Measured and simulated received power at 900 MHz in a straighg: t5 ar?heﬁlé;e;: gﬁ?r?eséglljll:teec\jlvraecti\rﬁilFz?leée;ir?qtulgaotgdw:sH(zj ilsn ;cbggnzc(?zg
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_undisturbed propagation result against the pattern caused by
(2) are the calculated results from our tunnel propagatiqRe truck in the tunnel. The presence of the truck produces

model with the electrical characteristics of the tunnel wallg,o undesirable effects: 1) making the received signal power
being o = 10~* s/m ande, = 10. Again, the simulated gyhibit more severe fluctuations and 2) resulting in additional
and measured propagation patterns mirror each other Wi§lds pehind the truck. In this case the third term of 1) could no
small peaks and dips. These peaks and dips, which Wesgqer pe neglected and became the dominant one, particularly
also observed in urban radio propagation environments [§lnind the truck.
were caused by scattering of small objects in the vicinity of The narrow-band comparison has shown the best agreement
the receiver. The computer simulation showed that the fiigényeen simulated and measured received signal power for
term in (1) dominated at the junction, the second term in gty straight tunnels. The average error and standard devi-
region far away from the junction, and the third term wagion are 1.9 and 2.7 dB in empty straight tunnels, 2.37 and
insignificant. 3.86 dB in empty branched tunnels and 2.2 and 4.1 dB in
obstructed tunnels.
C. Narrow-Band Propagation in Obstructed Tunnels

Fig. 6(a) shows 900-MHz vertically polarized radio wave V- WIDE-BAND COMPARISON WITH MEASUREMENTS

propagation in a two-lane tunnel blocked by a truck 64 m away The wide-band comparison was made in temporal do-
from the tunnel entrance. Curve (1) represents the measunegin. Information concerning wide-band signal propagation
received signal power from [20]. Curve (2) is the calculateid tunnel environments was not available until we performed
result from our tunnel propagation model with the electricalide-band propagation measurements in the Hong Kong NS
characteristics of the tunnel walls @ = 10=2 s/m and 173 tunnel by using the swept frequency technique [18]. The
e, = 5. There is a good agreement between the measured aectangular concrete subway tunnel under test is 3.43 m wide,
simulated results. Fig. 6(b) compares the 900-MHz simulat@dd m high, and 258.7 m long. In our measurements, the
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(b) Fig. 7. Measured and simulated power-delay profiles at 900 and 1800 MHz

in a straight and empty tunnel.
Fig. 6. Measured and simulated received power at 900 MHz in a vehi-
cle-blocked tunnel (the simulation is displaced 20 dB downward).

A. Wide-Band Propagation in an Empty Straight Tunnel

tunnel wide-band radio propagation channels were excitedrig. 7(a) and (b) shows measured and simulated 900-MHz
over 400-MHz band at the central frequencies of 900 and 18060rizontally and 1800-MHz vertically polarized power-delay
MHz. The distortion of each frequency component caused pyofiles for the straight section of the tunnel by locating the
the tunnel environment was measured. The temporal domé&iansmit and receive disc-cone antennag(atA, 0.55,0.0)
characteristics were then obtained from the inverse Fourgmnd (0.54,0.5B,5), respectively. There are more simulated
transformation of the measured frequency domain data. Tpelses than the measured ones above the threshold level. This
power-delay profiles were given on a scale of 2.5-ns resolutiaright be expected as the simulation has much higher reso-
and a 1.0us repetitive period. Rappapast al. [21] developed lution than the measurement. For the 900-MHz horizontally
an empirical and analytical technique to interpret the measunealarized power delay profiles, there are five simulated pulses
wide-band data. They discussed the measurement systemardus two measured pulses. The maximum arrival time differ-
the selection of the threshold level such as the importaneece among the first four waves is 2.5 ns, which is the resolu-
of using the measurement system with sensitivity comparaltien limit of the measurement system. As a result, they merged
to commercial radiophones. The noise floor of 104 dBto the first measured pulse. The fifth simulated pulse has a
for the 4-MHz bandwidth measurement system correspondedger delay and is the second measured pulse. The measured
to the noise floor of—125 dBm for commercial 30-kHz and simulated root mean square (rms) delay spreads are 2.4 and
bandwidth cellular phones. Thus, for our 400-MHz bandwidth.42 ns, respectively. For the 1800-MHz vertically polarized
measurement system, the corresponding noise floor shoptver delay profiles, there are three measured pulses above
be —84 dBm, which would yield a threshold 6f74 dBm the threshold level. The simulated power delay profile predicts
for an input 10-dB SNR. Our threshold is betweetv4 the amplitudes and arrival times of the significant multipath
and —80 dBm. They are represented by a horizontal line icomponents. Great similarity is exhibited in the rms delay,
Figs. 7-11. with the higher frequency signal having a longer delay spread.
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Fig. 9. Measured and simulated vertical polarized power-delay profiles at ()
900 MHz with the transmit antenna outside the tunnel and the receive antem@ 11. Measured and simulated vertically polarized power-delay profiles
inside. at 900 and 1800 MHz in a straight tunnel with a vehicle.

Fig. 8(a) and (b) displays the 900-MHz measured versusceive antennas. The amplitudes and arrival times of direct
simulated power-delay profiles for horizontal and verticgdath and shorter delay multipath components are correctly
polarization with 50-m separation between the transmit apdedicated. However, the multipath components with longer
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delay were not traced due to the existence of a more compleand measurements. For propagation in empty straight tunnel
propagation environment in the more distant experiment locaavironments, both measurements and simulations indicated
tions. The horizontally polarized power-delay profiles spredtle existence of a distinct break point before and after which
somewhat wider than the vertically polarized ones. For ipropagation exhibited different attenuation rates. Moreover,
stance, the measured and simulated rms delay spreadspfampagation in such idealized environments had very short
the profiles shown were 13.5 and 10.1 ns for horizontdkelay spread and, thus, inherited a broad coherent bandwidth.
polarization and were decreased to 5.49 and 6.2 ns, he-curved or branched tunnels, propagation suffered a larger
spectively, for vertical polarization. The different rms delajoss which severely limited the coverage. Transmission and
spreads are caused by different attenuation constants for theeption between the outside and inside of tunnels were
two polarizations. The smaller attenuation of the horizontallyampered. Obstacles such as vehicles in tunnel environments
polarized waves makes the power-delay profile spread widenade propagation even more complicated. The presence of
The propagation is crucial near both the tunnel entraneevehicle caused the received signal exhibit more severe
and the exit. A theoretical approach based on the UTD h#igctuations, large varying rms delay spreads, and additional
been proposed to predict narrow-band propagation in transitimss. Previous works in tunnel propagation have focused on
regions [22]. Fig. 9 presents the measured 900-MHz verticallye frequency characteristics of narrow-band transmission and
polarized power-delay profile with the transmit antenna outsiti@s not investigated the frequency characteristics of wide-
and the receive antenna inside the tunnel. The simulateand propagation. Our measurements and simulation revealed
results were also included for comparison. The amplitudes aiét higher frequency caused longer rms delay spreads, thus
arrival times of major multipath components could be clearlyaving a narrow coherent channel bandwidth. Such also con-
identified. The amplitude of the first measured pulse becaroegrs with the simulated narrow-band results in actual tunnel
smaller compared with that in Fig. 8(b), although the line-oknvironments. The amplitudes and arrival times of individ-
sight propagation path maintained and the distance betwagt multipath components in the wide-band system were
the transmit and receive antennas was only 30 m long. Tlaiscurately predicted; the calculated and measured rms delay
clearly indicates the difficulty of guiding the power to andpreads were found to be quite similar in most cases.
from the tunnel.

B. Wide-Band Propagation in an Obstructed Tunnel APPENDIX

. ; The terms in (1) are explained as follows:
Comparison of the measured and simulated power delay . . )
reflection coefficient of théth ray undergoné,.

profiles were also conducted in more complex measurement Rir, ; : .
locations. Fig. 10 illustrates the measured 900-MHz vertically times specular reflections from corresponding
polarized power-delay profile obtained from a vehicle in an reflected surfaces and then intercepted by the
obstructed location compared to the simulated result. Since the receive antenna; _ _
higher order diffracted rays were not included, the predicted G+~ the square root of the gain of the transmit
profile did not contain as many multipath components as were antenna in the direction of its launcheth ray;

measured. The predicted rms delay spread was different from G the square root of the gain of the recgive antenna
the measured one. Higher order diffracted rays are generally in the direction of its receivedh ray; _

difficult to implement in the analysis and present a practical spreading factor for théth reflected ay;
limitation in the application of the geometrical theory of  ®i phase factor for theth reflected ray;

diffraction. R, reflection coefficient of theith ray undergone

k., times specular reflections from the corre-
sponding reflected surfaces before being dif-
fracted by wedgev and then intercepted by the

receive antenna;

diffraction coefficient of theuth ray at wedge

Fig. 11(a) shows the 900-MHz measured and modeled ver-
tically polarized power-delay profiles for a vehicle outside the
line-of-sight path as a distinct reflector. The model correctly
predicted the amplitudes and arrival times of almost all signif-
icant multipath components in this complicated environment. Du
The measured and simulated rms delay spreads were 96.86 w, i .
and 63.7 ns, respectively. Similarly, the comparison of the ik,  reflection coefficient of theuth ray undergone
measured and simulated power-delay profiles for 1800-MHz kro times specular reflections from the cor-
vertical polarization is depicted in Fig. 11(b). In this case, the responding reflected surfaces after being dif-
vehicle was moving while the data were taken. Consequently, fracted by wedgev and then intercepted by the
the arrival times of vehicle-caused multipath components were receive antenna;

changed and the rms delay spread was greater. Gru the square root of the gain of the transmit
antenna in the direction of its launcheth ray;

the square root of the gain of the receive antenna

V. CONCLUSION in the direction of its receivedth ray:;

A theoretical model based on the UTD for an impedance S,
wedge was developed to study ultrahigh frequency (UHF)
radio-wave propagation in tunnel environments. Theoretical &,
prediction was compared to both narrow-band and wide-

spreading factor for theth ray involved with
single diffraction at wedgev;

phase factor for thath ray involved with single
diffraction at wedgew;
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R,,., reflection coefficient of thesth ray undergone for an incident horizontally polarized wave
k.. times specular reflections from the reflected
surfaces before being doubly diffracted by any S — 1 54 1 (A7)
two successive significant wedges and then in- “ " Lu su(Su+8),) ) Lua

tercepted by the receive antenna;

Dy diffraction coefficient of thesth ray at wedgev;

D,.+1 second diffraction coefficient of theth ray at
the successive significant wedge;

R, reflection coefficient of thesth ray undergone
k.q times specular reflections from the cor-
responding reflected surfaces after being dou-
bly diffracted by any two successive significant
wedges and then intercepted by the receive

is the spreading factor for theth ray involved with single
diffraction at wedgew. 5., is the distance of the diffraction or
the reflection point to the source, ang, the distance of the
diffraction or the reflection point to the observatidh,;, and
L, are the path lengths of theth ray before and after the
diffraction point, respectively

— ,’2
P, = exp(%(Lub + 5, + 8, + Lua)> (A.8)

antenna; .

Gyo the square root of the gain of the transmi{S the phase factor for theth ray
antenna in the direction of its launcheth ray; 1 1 1

G.,  the square root of the gain of the recgive antenna Sv = T <\/ T5vaon T 5u2) (5o T &-3)) I. (A.9)
in the direction of its receivedth ray;

Sy spreading factor for theth ray involved with is the spreading factor for theth ray involved with double
double diffraction at any two successive signifdiffraction. L., and L., are the path lengths of theh ray
icant wedges; before and after the wedge

D, phase factor for theth ray involved with any _jon
two successive significant wedges. P, = eXp<‘T(Lub + Su1 + Su2 + Su3 + Lua)) (A.10)

is the phase factor for theth ray.
Sin(yp) — /& — Cos*( A half-wavelength standard dipole was used for both trans-
Ri(p;e) = (A1) mit and receive antennas in the simulation. The gain of the
Sin(p) + /& — Cos( antenna is
is the reflection coefficient for a ray reflected once from a Cos( Cosf) 2
reflected surface, and this ray is horizontally polarized with 164 —2 — 7 (A.12)
respect to the surface Sin 0
where# is measured from the axis of the dipole.
eSin(p) — /e — Cos
Ry(p,e) = (A.2)
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