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Abstract—in this paper, we present the characteristics of radio / 2 Soil ) s

N,
N

propagation in a circular lossy waveguide whose walls are com- - ¥
posed of earth soil materials with frequency-dependent properties. / (Region 2> N
This type of structure is used to represent a radio link for an un- f " T
derground wireless communication channel such as a tunnel, mine ’ \@’E}‘ r

shaft, or borehole. We present calculated results of the attenua-

tion constant for various propagation modes in the soil waveguide '
structure for various soil constituents and moisture levels. Trans- ‘
verse field plots of the various modes for different soil types are

also presented. Finally, it is shown that for smalllkza| (where k2

is the wavenumber in the soil anda is the radius of the waveguide)

some modes in the waveguide disappear and a discussion of this ‘ yelt |
behavior and how it relates to excitation problems is given. \ QEQ,D /

Index Terms—Circular waveguides, geologic measurement, \ /
mining industry. S g

Fig. 1. Cross section of the circular waveguide structure with lossy soil walls.
I. INTRODUCTION

N past years, it was common practice to use a center cqpj—[23]. However, most of this work has concentrated on either
ductor (i.e., trolley wire) and its ground return as a transverg@rfectly conducting waveguides or waveguides in which the
electromagnetic (TEM) mode communication link in tunnelsurrounding medium is lossless (e.g., optical fibers) [19]-[22].
mine shafts, and boreholes. Such quasi-TEM mode commumhe |imited published work on lossy circular waveguides covers
cation links have been studied extensively by Wait and othejgly the case for frequency-independent materials over a limited
[1]-{5]. The use of conductors was advantageous at low frgequency range [12]-[15] and [23].
quencies, where waveguide modes are cut off or at least havén this paper, we calculate the attenuation of radio waves over
high attenuation. In some cases additional conductors, suchadfequency range of 100 MHz to 10 GHz for a circular wave-
rails [6] provided a return path, making the tunnel walls less inguide surrounded by a lossy medium with electrical properties
portant. However, with the increasing use of wireless commurtharacterized by two distinct types of soil with frequency-de-
cation equipment operating at higher frequencies, there is a n@eédent material properties. This paper is organized as follows.
to understand the propagation characteristics of radio wavesaffier the introduction, the second section presents mathemat-
tunnels, mine shafts, and boreholes when no wire conductofdg| expressions for the electromagnetic fields in the waveguide,
present (i.e., a non-TEM mode communication link). This typglong with the transcendental equation that characterizes the
of propagation environment can be modeled as a circular waygodes. The winding number approach is used to solve the com-
guide with lossy soil walls (Fig. 1). plex transcendental equation and this technique is presented in
Electromagnetic wave propagation characteristics of circulgection I11. In Section 1V, the calculated attenuation constants
waveguides have been studied in detail by many research@jisvarious modes and soil types are presented. lllustrations of
the transverse field distribution for different modes are also pre-
Manuscript received July 27, 1999; revised February 2, 2000. sented in this section. Finally, we discuss and illustrate that par-
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Fig. 2. Transverse electric field distribution for these four types of mode#f &), mode. (b)E H,; mode. (¢) TE; mode. (d) TM; mode. These results were
obtained from Soil | with a moisture level of 25.8% fer= 38 cm and at a frequency of 1 GHz.

Region 2 is alossy medium, characterized by the electrical propis the complex propagation constant of the field and is ex-
erties of the various soils under study. A standard cylindrical cpressed as
ordinate system with coordinates denoteghby, andz is used.
: y=a+jp )

A. Mathematical Form

It can be shown that thg- and p-components of the electric wherea and3 are the attenuation and phase constants, respec-
(F) and magneticK) fields can be obtained from knowing onlytively.
the z-component of both th&- and H-fields. From Maxwell’'s After substituting (1) into Maxwell’s equations and imposing
equations it can be shown that the&eomponent of theE- and  the radiation condition and boundary conditions so that the tan-
H-fields must satisfy Helmholtz’s wave equation. For this cylingential components of both the- and H -fields are continuous
drical geometry, the variables can be separated ang-tloen-  at «, the z-components of the fields are
ponents of the fields can be written in the following form:

B, =9 p)e‘”’i L. =Acos(vg)J, (kip)e 7 forp <a

Hey o =ha o (¢ p)e @) H., = Bsin(v¢)J, (kip)e 7 forp <a
wherec. and/.. are functions of andp only and the subscripts E., =Ccos(vg)H,(kop)e™™*  forp>a
1 and 2 correspond to the fields in regions 1 and 2, respectively. H., =Dsin(ve)H, (kap)e™* forp>a 3)
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Fig. 3. The complexv?-plane with the constraint in (21).
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Fig. 4. The complexv-plane: the allowable contour is depicted by the shaded

region.

where

k=7 +wime; k=77 +w e

J, represents the Bessel function of the first kind @hdrep-
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Fig. 5. The allowable contour for searching for the root&:¢tv).
vy 1 {k% - k%}
a jwpo | kika
Jl, (/%1 CL)
(6)

" koH, (kya)J! (kva) — ki J, (kia)H. (kaa)

As is customary, the primes denote differentiation with respect
to the argument. The boundary conditions can also be used to
determine the propagation constantn particular,y for each
mode is determined by solving the following transcendental
equation of complex order:

FFy=— [% - —r (r7)? )

where

[wQLLOeO J(w)  wiuges H,’/(u)}
F —

w o Jy(w) y  Hy(y)

_ (1 S(w) 1 H(y)
= [w J(w) y Hu(y)} ©®
and
w=kia; y=kea. 9)

Using (4),y can be expressed in terms @fand the material
properties

v = w? 4+ a®wp,(en — €,) (20)

resents the Hankel function of the second kind (where the time
dependence’~* is assumed). The integer parameteis the where it is assumed that; = 2 = p, ande; = ¢,.With
mode index discussed below, angdB, C, andD are constants y written in this form, the propagation constant is expressed in

defined as

A=1, B:QHV(kQG)v
- J,,(kla) -
C—m, D—ij(kla)

and

terms ofw

1=/ (2) - e (1)

The roots of this expression are the allowed values of the prop-
agation constanty, which also determines the characteristic
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Fig. 6. Attenuation constants for the three dominant modes for a waveguide with a 5 m radius for two types of soil and various moisture ie¥&ls f¢a)
Soil I. (b) TE,; for Sail I. (c) TMg; for Soail I. (d) HE,; for Sail Il. (€) TE,;, for Soil Il. (f) TM 4, for Soil Il.

or normal modes of propagation. A discussion of the different p _ —Jjwito 1 3 :
modes of propagation is given below. P2 (ky2)? p O 72
Once the propagation constant for a particular mode is deter- 1 W2lioer o 9
mined, thez-components of thé&’- and H-fields can be deter- + - {% - } R E. .,
mined from (3). From Maxwell’'s equations, the remaining field v LWoeL 2 P
components can be determined from theomponents of the _jwer2 10
fields as follows: Pt T (ko) p O
1 w2u06172 :| 15]
1 3] 3] | ———=—-1| —H. 13
E¢112 = (k172)2 |:jwuoa—p HZl,z - % a—¢ EZ112:| ¥ |:w2uo€1,2 + 2 dp 1,2 (13)
Howo = (s |does g Bus = L o He | (12 . |
(k1,2)? dp ’ p 0¢ ’ where, as before, the subscripts 1 and 2 correspond to the fields

and in regions 1 and 2, respectively.
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Before we describe methods used to solve the transcendent ~ 'E*°
equation (7), a discussion of the types of modes that can exist il
the waveguiding structure is given in the following section. 1B

B. Mode Definitions

The allowable modes are split into four different categories
or mode types. The two simplest modes to characterize are th -
transverse electric (Tgz,) and transverse magnetic (HM) @ e
modes. As usual, the TE modes haveoomponent of the &
FE-field; the TM modes have ne-component of theH -field.
The subscript “0” indicates that there is f#alependence in the ‘
. . . | —— HE1{mode N
fields and the fn” corresponds to the number of maxima in the o TErrmod .
field distribution in thep direction fromp = 0 to p = a. 1ES o AN

The remaining two mode types are referred to as hybrid
modes. That is, there are nonzefh- and H_-field compo-
nents. These two modes have different designations in the 1E6 T T T
literature. Here, we use the designation given by Snitzer [9], 1°°Frequency (MHszOO 10000
where the hybrid modes are divided into two types depending
on the relative contributions ab. and H. to the transverse rig. 7. Comparison between the attenuation constant for the three modes for
field componentsH E,,,,, denotes modes where the transverseoil | with a 40.7% moisture level and a 5 m radius.
field component is dominated by thié. field. For this type
of mode, the transversg field tends to form straight lines. A. Possible Solution Methods
EH, ., denotes modes where the transverse field component iSthere are various methods that can be used to determine the
dominated by the’ field. For this type of mode, the transversg s (or zeros) of a complex function. Newton’s and Miiller's
F field tends to form circular loops. In this nomenclature thg,othods are common approaches used to determine roots
subscript %" corresponds to the number of times the ﬁe"ilO]—[lS]. Newton’s method is easy to implement, however,
it does require an initial guess far. A poor initial guess can

1E-2

T T

|
1E4 —-—-- TMgq mode

L HHH” I WL

L1 UHM

=
o

changes sign for a rotation i from 0 to 27, and the #n”

corresponds to the number of maxima in the field distributioqRygit in fajlure to converge to the root for a particular mode

in the p direction from 0 toa. of interest. Approximate methods have also been used to solve
Transverse field distributions for these four types of mod?§4) (see [14]-[18]), however, these methods have a limited
for the soil waveguide are shown in Fig. 2. These distributioqange of validity (k2a| > 1). In this paper, the so-called
were.obtaineq from equations (12) anq (13). Details of this Calﬂ/inding number” approach [24]-[26] is used to determine
culation are given in the following sections. the roots of the transcendental equation. The advantage of

this method is that it finds all the roots that lie within a given
IIl. SOLVING THE TRANSCENDENTAL EQUATION contour in the complex plane.

Unfortunately the transcendental equation (7) that is used to
determine the propagation constant cannot be solved in closed
form and must be solved numerically. For a numerical solution, The winding number of a complex functi@i(w) is given by
we express the roots of the transcendental equation as [24] and [25]

Winding Number Approach

_ 1 [ G(w)
 g2r Jo G(w)

. 12 dw a7)
—2} (l/’y)2 =0. (14)

w? oy

Glw) = F1Fs> + [ . . .
whereC is a contour in the complex plane. If the functiGif.)
has no singularities or branch points within the contouthen

For the TE and TM modes, the transcendental equation redug%%w'n?'nggu_rphber equsls tr}e number ()therq§§&1) 'nS'di
to a simpler expression. For = 0 the second term of (14) is € contourC’. The number of zeros (or the winding number)

zero and, hence, eithéf, or F, equals zero depending on thecan also be written as

1
type of mode. For the T¢g;, mode,F; must be zero and N, = o A8 [G(w)] e (18)
m
wherearg[G(w)]|c denotes the change in the argumen& i)
G(w)rp = F» =0 (15) over the contout”. This expression states that the number of

zeros equals the number of times the argumertt@f) winds
around some reference axis in the complex plane.
and for the TM),,, mode,F; must be zero and Once the number of zeros within a given contour is known,
there are various ways of locating all the zeros within that con-
tour. We have chosen to use the algorithm given by Singa&taju
G(w)rm = F1 =0. (16) al. [26] and modified by Tijhuis and van der Weiden [27].
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Fig. 8. Attenuation constant for the three dominant modes for a waveguide with a 19 cm radius for two types of soil and various moisture #efgIsfd¢a)
Soil I. (b) TE,; for Sail I. (c) TMg; for Soil I. (d) H E;; for Sail Il. () TEy; for Soil Il. (f) TM 4, for Soil Il.

The winding number approach finds all the roots of an equahese branch points result from the wagppears (a square root
tion that lie within a given contour in the complex plane. Thef a quantity involvingw) explicitly in G(w) through thel /y
first step in using the winding number approach is to determiterm and the Hankel function with argument
a contour within whichZ(w) is analytic (i.e., a contour free of  In order to ensure that waves propagating in ghdirection
poles and branch points). Singandw are related by (10), the in Region 2 (the soil) do not increase exponentiallynust lie
branch points of7(w) are given by in the 1Vth quadrant in the complex plane. This implies that

whp = i (19) Im[w?] < —Im[x?] (21)

as shown in Fig. 3. Thus, in the-plane, the allowable contour
where is bounded by the following hyperbola on whighis pure real
1

Y= \/m. (20) Im[w] = —m Im[x?]. (22)



1360 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 48, NO. 9, SEPTEMBER 2000

1E+3 E 10000 = prarsch points locations
- - 4 /increasingfrequmw
1E+2 — S
% N N ‘ 1000 —
\ E
] N |
' N~ x
g é % 100 Pl
B = = *. e branch cut for f=000MHz
T -
E ke,
1E+0 ' root locations ¥ % xex
25— root for f=900MHz
3 - — - - TEpq mode ‘ Ss 010 i/lmreasingfrequenw
. ‘ ~-—- Thpggmode | S ]
1E1 o | —— HEqymode | N 7
% \—___J w 7
J 77T T
T 0.00 200 400 6.00 8 10.00
1E2 | T T T Real(w)
100 1000 10000 (a)
Frequency (MHz) 10000

Fig. 9. Comparison between the attenuation constant for the three modes for
Soil | with a 40.7% moisture level and a 19 cm radius.

|

/ina'easingfrequency
4 i 10.00 —|
O 6.4% moisture level E
‘ ) 25.8% moisture level B
1.20 ! = ]
X 31.6% moisture level ] ] =4 4
A 40.7%moisture level | inoreasing frequency 7
4L / \l ‘ 100 root locations
\ N ¢ %o x =
— ;R e A ‘ 3
2 os0 | Yy -
o)) X A B * -
g -~ -~ b ,‘\:::\*\x{branmmforf 700MHz
- o8 x root for f=700MHz R R .
R 2 I 010 branch cut for f=B00MHzZ %~ % -x_x
< g T T T T 3 [ T I T |
040 — sgf&o % % 000 200 400 600 800 10,00
o 5™ HEqq % Real(w)
2\ TEor 8 ®)
‘ ¥ Fig. 11. lllustration of the roots for the TE and TM,; modes approaching
‘ i the branch cuts for Soil | with a 6% moisture level and= 19 cm. (a) Tk,
0.00 — ‘ ‘ ‘ ‘ I mode. (b) TM; mode.
1.50 200 250 300 350 400
Real (w) 5
Fig. 10. Location of the roots of thH F;;, TMy; and TE,; modes for Soil | 7
anda = 5 m. The root locations of the TlE mode are represented by the solid
line (the root locations are essentially identical for the four moisture levels). 0
The allowable contour is depicted by the shaded region in Fig. 4.
The branch cutwheren(y) = Orunsinonly one directionfrom % %7 —
the branch point wherBe(y?) > 0, as shown in Fig. 3. Inthe | exponentially growing
other directionRe(y?) < 0 so thaty is pure imaginary. o
We also want to ensure that the roots#fiw) yield propaga- £ 10—
tion constants that have exponentials of the following form: |
e~ **e¢IP% = forward—traveling wave -
¢**¢7P% = backward-traveling wave  (23)
To assure this, the contour must also be bounded by the rea
and imaginary axes. The allowable contour for searching for -20 T —T— T
the roots of G(w) is depicted by the shaded areas in Fig. 5. 100 1000 10000
Frequency (MHz)

The shaded area in tHigst quadrant corresponds to forward-
travellng waves, whereas the Shaded area irtithe quadrant Fig. 12. Propagation constant for a wave propagating gidngegion 2. The
corresponds to backward-traveling waves. results are for a TMy mode for Soil | with a 6% moisture level and= 19 cm.
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Fig. 13. Transverse electric field distribution for these four types of mode$7 f2); mode. (b)EH,; mode. (¢) TE; mode. (d) TM; mode. These results
were obtained from Soil | with a moisture level of 25.8% foe= 38 cm and at a frequency of 400 MHz.

IV. NUMERICAL RESULTS for a = 19 cm has the smallest attenuation up to approximately
A program using the modified winding number algorithmli.5 G.Hzr,]"lemg abO_V? 1.5|(3Hz%th§]a'1l?tr1asrt]he fr:nallest”att(tanltj-
presented by Tijhuis [27] was written to search the shaded a ion, while fofa = > m (Fig. 7), the Tk, has the smallest at-
: : . - . tenuation for the entire frequency range of 100 MHz to 10 GHz.
in thefirst quadrant depicted in Fig. 5. In order to avoid the poles Itis int tina to ob th iati fth ts of th
of G(w) that occur on the real axis, the bottom of the search area IS m(;ares Ilng 00 S(ferveh z_gana lon % € ro?c s o ef
was set just above the real axisi(w) > 0). Once the roots of transcen en.ta equation for the |.erent modes as a function o
G(w) were determined, the attenuation constant was obtairfégauency. Fig. 10 shows the location of the roots of &,
o1, and TE; modes for Soil | at various moisture levels and

from the real part of (11). To insure that the root finding proce- . )
dure was implemented properly, the results were comparedgduéncies. The root locations for the gfEmode are essen-

those given in [12]-[14] and [23], with excellent agreement. tially identical for the four moisture levels. Therefore, to im-
Fig. 6 shows results for the three dominant modes for a wawoVve clarity of the figure, all the root locations of the GiE

guide with a 5 m radius for two types of soil and various moidnode are represented by the solid line. Notice that the root loca-
ture levels. The material properties for the soil are given in tt@ns of the Tk; mode does not have as much variation across
Appendix. Fig. 7 shows a comparison between the attenuatit¥ complex plane (which is confined to the upper frequency
constants for the three modes. Figs. 8 and 9 show results fdpeations of the TN; mode) as the other two modes. In gen-
waveguide with a 19 cm radius. Notice that the mode type wittral, for increasing frequency, the real parts of the roots for all
the smallest attenuation constant changes as the frequencythinee modes increases. The real part of the high-frequency roots
creases. For example, from Fig. 9 it is seen thatf{lie ; mode for the H £1; mode approach the real part of the low-frequency
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roots for the TM); mode; the high-frequency roots for the i E 100
mode approach those of the TMmode. Similar behavior in
the location of the roots is also observed in dielectric waveg-
uides with no losses ([11] and [20]). 080 —
From Figs. 8 and 9, we see that not all the curves have values
down to 100 MHz. For smallkza| the modes approach the
branch cut and disappear onto another Riemann sheet. Thisi 08 —
illustrated in Fig. 11 for the T and TM,; modes for a wave- m
guide ofa = 19 cm. For frequencies below 900 MHz the giE
mode disappears and below 700 MHz the giMnode disap- 0.40 —
pears. This figure shows that as the frequency decreases, the Ic
cation of the root approaches the branch cut and eventually goe
onto another Riemann sheet. The significance of this in excita-  0.20
tion problems is discussed in the next section. This type of be-
havior, where the mode disappears and enters onto another Rie
mann sheet, is also found in other types of waveguiding struc-  ow
tures [28]—{30]. 000 010 020 030 040 050 080 070 080
If the search is continued on the other side of the branch cut, P (m)

roots will be found. However, these roots will result in expo-. . . ) . )
P Fig. 14. Normalized amplitude of fields in the two regions for fié’;; and

nentia"y growing WaV(.:"S' This is illustrated in Fig- 12, ‘_NhiChl'E_Ol modes. These results were obtained from Soil | with a moisture level of
presents the propagation constant for a wave propagating radis% fora = 38 cm and at a frequency of 400 MHz.

ally (alongp) obtained from the root aof?(w) as the branch cut

is crossed. Below about 700 MHz, the imaginary partpbb-
tained from the root is positive and, hence, the wave grows ex-
ponentially. Similar results for a surface wave in an absorbing
layer are given in [30].

Once the propagation constants are determined, the trans-
verse field for various modes can be obtained. Figs. 2 and 13
illustrate the transverse field distributions for tHe&,,, EH1 1, E2Ho
TMy1, and Tk, modes, for frequencies of 1 GHz and 400 MHz,
respectively. As expected, the lower-frequency signals pene- ) Po
trate farther into the soil. The field distributions for the gk E P $o
TMy1, HE1;, and EHy; modes of the lossy (i.e., soil) wave-
guide are similar to the field distributions for the JiE TMo1,
TE;1, and TE2 modes of a perfectly conducting waveguide, re- a
spectively. One distinguishing feature of thegT Enode for the -
soil waveguide as compared to thegTEnode for the perfectly oo
conducting waveguide is that the tangenfidlields atp = a in
the soil are not zero (as with a perfectly conducting guide).

From Fig. 13, it appears that there is very little field peanlg. 15. Geometry for anc-directed electric dipole source in a circular
trating into the lossy soil for théf F;; and the TM; modes, waveguide.
while the ¥ Hy; and TKy; modes clearly penetrate the lossy soil
and then exhibit very rapid amplitude oscillation as a function
of p once in the lossy soil. Actually all four modes penetrate the
lossy soil and exhibit this very rapid field variation. This varia- The excitation problem is important both for practical trans-
tion is masked in the vector field plots for ti&F;; and TMy;  mission applications [34] and for illustration of the relative im-
mode since the amplitude of the fields in the air region are sigertance of the discrete waveguide modes and the continuous
nificantly larger than the fields in the soil for these two modespectrum. We chose a transverse Hertzian dipole source because
This is explicitly illustrated in Fig. 14, where the normalizedt avoids the need to solve for the current distribution and be-
field amplitudes for thed £';; and Tk; modes in the two re- cause it can excite all the modes. The geometry far-directed
gions are depicted. This figure shows that there is an orderedéctric dipole of momentds located at f,,, ¢, 0) is shown in
magnitude difference in the field in the two regions #é’;; Fig. 15.
mode, while for the Ty mode the field differs by only a factor ~ The solution for the fields of this problem has been given
of two. previously with application to determining the change in the

Additional soil types with frequency dependent properties adgpole impedance due to the waveguide walls [35]. The sec-
given in [33]. Waveguides with these additional soil types wewndary fields (due to the waveguide walls) can be derived in
analyzed and results similar to those presented here were @ms of thez: components of the fields, which are given in [35]
tained. in terms of modified Bessel functions [36]. If we convert those

V. EXCITATION OF MODES
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results to our notation, thecomponents of the secondary fields Im (k)
in the waveguided < a) are

w8

-kf(—j)”]l,(klp)c_j[”(¢_¢°)+kzz1 dk. (24)

k, plane

wherek; is defined above. The propagation constaaind the
axial wavenumbek are related by = jk.. Ther summation x
is taken over all integers, and tlg integration is taken along X
the realk, axis. The precise forms of the coefficienf3, and Re (k)
Q.,, are not needed for this discussion, but are given in [3¢
For qther sources, the general form of (24) would hold, but tt original integration path
coefficients would change. km@
In the dipole impedance application [35], theintegrations
were evaluated at = 0 by numerical integration along the
real axis. To illustrate mode excitation, we need to deform tt
integration path in the complex plane. We start by rewriting
the coefficients in a form that displays their poles explicitly

Qu(k‘z)} ~ Dy (k) { Su(k.) (25)

whereD,.(k.) = G(w) andG(w) is defined in (14). Thus, the
poles of the coefficients determined frabh, = 0 are the same
as the zeros off(w) and R, andS, have no poles.

In addition to poles, the integrand also has branch cuts in the
k. plane. From (4), we see that there are branch points at
++/w?pu,ea2. As with the previousy-plane analysis, we need to
establish branch cuts so tHah(%-) is negative throughout the
k. plane. The branch cuts whdna(%,) = 0 are determined by
the hyperbola

branch point

branch cut

deformed integration path

Fig. 16. Pole locations, branch cuts, and integration contours ik tipéane.

_ Im(w?pp€2)
along with the second condition
REQ(kZ) - ImQ(kZ) < Re(w?pioca) (27)

which is required so thdt; is real on the branch cuts. Equation
(27) determines that the branch cuts run from the branch points
toward the imaginary axis, as shown in Fig. 16. Fig. 17. Soil mixture triangle.

For positivez, we can deform the integration contour from
the real axis into the negative half plane so that we pick up whereD,,(k.,...,) = 0, k%, = w?p.e1 — k2, and the prime
the pole residue series and the branch-cut integral, as showiniticates differentiation ab,, with respect to the argument. The
Fig. 16. (For negative, we would make the analogous deforindexm runs over all poles for a fixed value of
mation into the positivé:, half plane.) The contribution from  The branch-cut integral in (28) is typically referred to as a
the semicircle at infinity vanishes because of exponential attesontinuous spectrum of modes, and it is characteristic of open-

Percent Sand

uation. So we can rewrite (24) in the following form: region problems [37]. Physically, it represents propagation out-
00 side the guided > a). The sum ovem represents the discrete
E% } — Z (_j)ve—jv(qb—qbn) modes which are the main subject of this paper. For a waveguide
HZ e oo with perfectly conducting walls, the branch-cut integral disap-
(k) ks pears and the sum qveril_ﬂgludes an infinite number of modes.
: Ubramh{ Q. (k) } Ju(kip)e dk For that case, there is a finite number of poles on thelreakis

of poles on the imaginark. axis (evanescent modes). For our

case with lossy walls, all of the modes have some attenuation

kme (klymp) ke 28) and there is not such a clear distinction between propagating
D! (k) and evanescent modes. In tlreplane analysis of the previous

} for |k.| < wy/Ite€, (Propagating modes) and an infinite number

J27T Z { Rl/( zvm

Zl/’nl
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Fig. 18. Permittivity of Soil I. (a)’. (b) e”.

Fig. 19. Permittivity of Soil Il. (a)’. (b) €”.

) ) guency, and waveguide radius is complicated. For example, it
section, we saw that some roots can intersect the branch cut gad shown that as the moisture level of the soil increases, the
pass into another Riemann sheet. The same thing happens witBnuation increases for frequencies above 100 MHz for the
the poles and the branch cut in theplane. In that case, the ef'TMOm and HE;; modes for a 5 m waveguide. However, this
fect of the disappearing mode would show up in the branch-Gyhe of trend does not occur until 5 GHz for a 19-cm waveguide.
integral in (28). We show only a few poles in Fig. 16 becausgyr the TE,,, mode, as the moisture level of soil increases the at-
the actual number would depend on the waveguide parametggyation decreases for frequencies above 1 GHz for both radii.
For large values of, the dominant field would be the mode ofi general, however, regardiess of the mode type and moisture
lowest attenuation. If none of the modes has an attenuation r@ig| as the frequency increases the attenuation decreases and,
smaller than that of the external medium, then the waveguigg a result, the attenuation of radio waves through tunnels, mine
is not very effective and most of the energy is propagating §hafts, and boreholes will decrease. It was shown that for small
the external medium. We would expect this behavior at low fr?/;.2a| some modes in the waveguide disappear, and a discus-
quencies, where the waveguide radius is electrically small. 4fyn of this behavior and how it relates to excitation problems
this case, the dominant field contribution might well come frofg a5 given. Finally, transverse field distributions for the various
the branch-cut integral. modes were depicted.

Radio performance predictions for underground tunnels and
similar environments, that are essentially lossy waveguides, are

This paper presented the propagation characteristics of vianportant due to the increased reliance upon radio communica-
ious modes of a lossy circular waveguide consisting of a seibns for business, government, and personal use. Perhaps the
wall with frequency-dependent electrical properties. This strugiost important parameter for predicting radio performance is
ture was used to simulate a wireless communications chantied signal-to-noise ratio, which depends directly on the attenu-
through tunnels, mine shafts, and boreholes. Results for dition of the propagation channel. The methodology and results
ferent soil types and moisture levels were presented. The Ipeesented in this paper can be used to estimate the signal-to-
havior of the attenuation as a function of moisture level, frexoise ratio based on the electrical properties of materials that

VI. CONCLUSION
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compose the walls of the lossy wave guide. Such calculationg9]
will require a knowledge of what propagation modes can be ex-
cited. Our results show that depending on the electrical paramél-ol
ters of the soil, not all modes will propagate (e.g., whem| is
small). Understanding the character of the propagation moddll
that will be excited by a particular radio system is essential for
the design of an effective communication system. [12]
A comprehensive analysis of the excitation of electromag-
netic fields for this type of waveguide for various antennas wiII[13
be the topic of future work. It is interesting to note that, due
to the complicated nature of the root locations (occurring on
different Riemann sheets) of the different modes, there may b%‘”
only a finite number of modes present in the waveguide. This
phenomenon will also be investigated in future work. [15]

APPENDIX [16]

MATERIAL PROPERTIES OFSOME SOILS

One way of characterizing soils is by their fractional content[17
of sand, silt, and clay [31]-[33], which can be described on d18]
soil mixture triangle as shown in Fig. 17. The soil mixture tri-
angle shows that soil types can vary significantly and, hence, thgg)
electrical properties can be quite variable. In this study we have
chosen the two different soil mixtures that are distributed annéZO]
the soil mixture triangle. Soil | consists of 55% sand, 32% silt,
and 13% clay, while Soil Il consists of 1% sand, 48% silt, and?21]
51% clay. The percentages listed are by weight.

Figs. 18 and 19 show the measured permittivities as a fungsz]
tion of frequency and moisture content for the two soil types
used in this study. This measured data was obtained from [33
The moisture contents in these figures are based on the ratio of

volume of water to the volume of dry soil. 24
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