boundary condition is ;| = E | = 0. From formulations (1),
(2), and (3), the cutoff frequencies f.(A.) of finline can be deter-
mined by the same way as described in [11].
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ABSTRACT: Experimental results are presented for the dielectric and
radiation losses from flexible circular PTFE waveguides in the Q-band.
The dielectric and radiation losses from rod and tube waveguides were
found to depend strongly on the design parameters, such as the operat-
ing frequency, area of the dielectric region in the guiding cross sections,
and curvature radii of the bending. The dielectric losses from the
straight guides showed a relatively good agreement with the theoretical
results. The radiation losses with a small curvature radius, which can-
not be predicted using current theories, were determined based on the
differences between the measured insertion losses and the dielectric
losses. The validity of the current results was confirmed based on the
fractional power flow ratios in each region of the waveguides. © 2002

Wiley Periodicals, Inc. Microwave Opt Technol Lett 35: 102-106, 2002;
Published online in Wiley InterScience (www.interscience.wiley.com).
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1. INTRODUCTION

Various flexible wave-guiding structures have already been exten-
sively studied in an optical frequency range. However, research on
a flexible waveguide in a millimeter wave frequency, especially on
a dielectric flexible waveguide, has received relatively little atten-
tion, although much research has focused on the development of
low-loss millimeter wave guiding structures using a dielectric
medium [1]. A flexible dielectric guiding structure applicable to a
millimeter wave band has various potential applications, including
a homo-dyne phase measurement system [2] or millimeter wave
MMIC testing system [3—4]. A dielectric rod or tube waveguide is
a promising candidate as a low-cost flexible guiding structure in a
millimeter wave band, because its loss characteristic is lower than
that of a metal flexible waveguide with corrugation [5]. In addi-
tion, the mechanical properties of some commercial polymer di-
electrics, such as polystyrene, polyethylene, polypropylene, and
PTFE [6], are very flexible. Nonetheless, when a dielectric guide
is used as a flexible waveguide, an additional radiation loss is
generated at the bending section. The phase velocity of the guided
waves along the curved section of dielectric waveguides exceeds
the velocity of light at a certain distance from the curvature center.
Thereafter, the waves are no longer guided and their energy
radiates into free space [7].

To determine the exact radiation loss from a curved dielectric
waveguide, the electromagnetic fields redistributed at the curved
section of the guides, relative to a straight reference guide, needs
to be known in advance. Unfortunately, it is very difficult to
directly analyze and describe the redistributed fields caused by the
bend [8]. It is expected that the redistributed electromagnetic fields
at the curved section depend strongly on the design parameters,
such as the operating frequency, curvature radius of the bend, and
structure of the waveguide, including the dielectric property. How-
ever, there is no systematic study on such parameters. Further-
more, previous results from various flexible dielectric waveguides
in millimeter wave frequencies have been limited to specific cases
[9-11]. For example, the radiation loss was determined in the
regime of large curvature radius. For a flexible dielectric
waveguide to be utilized practically in a millimeter wave circuit
system, the total amount of power radiated from the bent dielectric
guiding structure needs to be systematically investigated with the
wide range of design parameters.

Accordingly, the present work measured the insertion losses to
obtain the dielectric and radiation losses of circular PTFE
waveguides in the Q-band (33 GHz to 50 GHz) according to
variations in certain parameters, such as the frequency and guiding
cross section. In particular, the measurements were performed with
large variations of curvature at bend. The dielectric and radiation
losses are then qualitatively explained based on the fractional
power flows in each region of the guides.

2. FIELD EXPRESSION AND EIGENVALUE EQUATION

Figure 1 shows the geometry of the dielectric waveguides em-
ployed in the current study. The wave propagates along the z-
direction. The radius of the rod is r, whereas the inner and outer
radii of the tube are, r, and r,, respectively. The surrounding
media in the rod and tube waveguides, including the hollow region
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Figure 1 Geometry of circular dielectric waveguides. (a) rod waveguide
(b) tube waveguide

from the origin to r,, are the free spaces. The axial field compo-
nents of each region of the rod and tube waveguides can be
expressed by Egs. (1)-(4) and (5)-(10), respectively [12-13].

Ey=AJ(kip), 0<p<r 1)
H,=B,J,(ksp), 0<p<r 2)
E;= C,K.(kp), p>r 3)
H;=D,K,(kp), p>r )
E.=A,L(kp), 0 <p<r, 5)
H.,=B,l,(kp), 0 <p<r (6)
E.= C,J.(kep) + D, Y, (kep), ri < p <r, @)
H, = E,J (k) + F,Y,(ksp), 1, < p<r, ®)
E;=G,K,(kp), p>r 9)
H,= H,K,(kp), p>r 10

The propagation factors of cos m 6 exp[j(wt — Bz)] (or sin m6
explj(wt — Bz)]) for the electric fields and sin m6 exp[j(wt —
Bz)] (or cos m0 explj(wt — Bz)]) for the magnetic fields are
abbreviated. J,, and Y,, are mth order Bessel functions of the first
and second kind; /,, and K,, are modified mth order Bessel
functions of the first and second kind. m is the azimuthal eigen-
value. k.(x = d, i, f) is the propagation constant of the radial
direction and is expressed as in Eq. (11)—(13).

ki = ko\ Wit — B (11
k= kO\/BZ = i€y (12)
ky= ko \/B2 T M€y (13)

The subscripts d, i, and f represent the dielectric medium,
hollow free space region inside the tube, and outer free space
region, respectively. k is the free space wave number, whereas
B(= Blk,) is the normalized propagation constant. u, and &, are
the relative permeability and relative permittivity of each region,
respectively. A,, to H,, are the magnitude coefficients of the fields
corresponding to the azimuthal eigenvalue. The azimuthal compo-
nents of the fields are obtained from the axial field components.
Equating the tangential field components at the boundaries (p = r
for the rod waveguides; p = r, and p = r, for the tube

waveguides) produces square matrices (4 X 4 for the rod
waveguides and 8 X 8 for the tube waveguides) for the magnitude
coefficients. To obtain an eigenvalue equation, whereby the dis-
persion relation and field distribution in the cross section of the
guide can be determined, the determinant of the coefficient matrix
should be set to vanish. The dielectric constant of the dielectric
material, radius of the guide, and thickness of the dielectric region
for the tube waveguide are all considered as the design parameters
in the dispersion relation.

3. DESIGN OF SINGLE MODE WAVEGUIDE

In addition to its dispersion characteristics, the design of a flexible
dielectric waveguide in a millimeter wave band requires the con-
sideration of its mechanical properties, such as flexibility for a
freely bending waveguide and stability to prevent deformation. In
general, dielectrics tend to be hard and rigid as they have higher
dielectric constants. Thus, in this study, PTFE was chosen as the
guiding medium, as its dielectric constant in the Q-band was
assumed to be 2.08 [6]. For a single mode operation, the second
mode cutoff also needs to be determined. The fundamental mode
of a circular dielectric waveguide is traditionally referred to as the
HE,, mode, which has no cutoff. Accordingly, when considering
both the flexibility and the dispersion properties of the PTFE
guides, the outer radii of the guides were set at 2.5 mm (7 for the
rod and r, for the tubes), while the inner radii of the tube
waveguide were set at 1.0 mm and 1.5 mm from the dispersion
relation [12]. The thickness of the tube with an inner radius of 1.5
mm, was set at 1.0 mm to avoid any deformation when the tube
was bent or exposed to an external force.

Figure 2 illustrates the dispersion curve for the waveguides
used in the current work. The vertical axis represents the normal-
ized propagation constants. As shown in Figure 2, the second
mode cutoff frequency for the rod waveguide with a radius of 2.5
mm was 44.3 GHz. The second (TM,, mode) and third mode
(TE,, mode) cutoff frequencies of the rod waveguide were nearly
same. The second mode (TE,, mode) cutoff frequencies of the
tubes with inner radii of 1.0 mm and 1.5 mm were 45.45 GHz and
49.7 GHz, respectively. With a decrease in the thickness (r, — r;)
of the tubes, the cutoff frequencies of the second mode shifted
toward a higher frequency regime. Based on the selection of PTFE
as the guiding material and the above radii in the guiding cross
section, the guides could be operated in a single mode for a
considerable portion of the Q-band.

1.30+
1.25
1.20
xO
1.154 = -
;_ 5 r,=1.0mm, r,=2.5mm
1.10 4
] r1=1.5mm, r,=2.5mm
1.05 «/

T T T T T

34 36 38 40 42 44T T46 48 TSO
443 455 497

Frequency [GHz]

Figure 2 Dispersion curves of various circular PTFE waveguides
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4. FRACTIONAL POWER CONSIDERATIONS

The dielectric and radiation losses strongly depend on the amount
of power propagated along the dielectric region and outer free
space region, respectively, implying that the more power confined
in the dielectric region the higher the dielectric loss and the lower
the radiation loss, as less power is radiated at the bend. Therefore,
the power propagated in each region needs to be investigated
relative to the design parameters in order to predict the dielectric
and radiation losses. The total power propagated along the rod or
tube waveguide, P, is expressed in Eqgs. (14) and (15), respec-
tively.

1 (" )
Py = ZJ (Ede?Sd - EedHfd)Pd p
0

1 (-
+ 2[ (E Moy — EgH%)pd p  for rod waveguide (14)

r

] r
Pr= zf (EpiHﬂ(;i - Eeini)Pd p

0

1 rn y
+ zf (EpclHﬂ(;d - EedHﬁd)Pd P

r

1 (~
+ zf (E oy — Egd)pd p  for tube waveguide (15)

rn
In Egs. (14) and (15), the azimuthal field components are given

in (1)—(10). The fractional power flow ratios in each region of the
waveguides are defined as follows:

1
Pd= 5

Dielectric Region

(Ede?;d - Esded)P dp }/Pr (16)

l r
P = 2f (EpiH#gi - EeiHji)P dp /Py (17)
0
1 (- N .
P,= 5 (EHy — EyHy)p dp V/Pr (18)

rorry

where P,, P;, and P, are the fractional powers propagated in the
dielectric region of the rod or tube waveguide, in the inner free
space region of the tube waveguide, and in the outer free space of
the rod or tube waveguide, respectively.

The fractional power flow ratios in each region of the PTFE
waveguides relative to the operating frequency are shown in Fig-
ure 3. The fractional power flows are expressed as a function of
Bessel functions, whose arguments are related to the design pa-
rameters. Consequently, the general relationships between the
fractional power flows and the design parameters are quite com-
plicated. In this work, the fractional power flows were obtained
relative to the frequencies from 33 GHz to 50 GHz. Figure 3(a)
shows that the propagating powers in the dielectric region in-
creased with an increase in both the frequency and the dielectric
area. For the tube guides, the fractional power flows in the free
space region inside the tube increased with an increase in the
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Figure 3 Fractional power flow ratios in each region of PTFE
waveguides: (a) dielectric region (b) air core region (c) free space region
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Figure 4 Experimental setups

frequency, whereas they decreased with an increase in the dielec-
tric areas, as shown in Figure 3(b). In Figure 3(c), the amount of
power propagated along the outside of the rod or tube waveguide
was found to decrease relative to an increase in the operating
frequency and dielectric area. These fractional power flows are
used to explain both the dielectric and radiation losses in a later
section.

5. MEASUREMENTS

Figure 4 illustrates a schematic diagram of the experimental setup
used to take the measurements. The experiments were performed
with an HP8510C vector network analyzer (VNA) to obtain scat-
tering parameters. Two 25 dBi standard gain horn antennas were
used to efficiently launch and receive the signals from the vector
network analyzer. The PTFE guides were inserted into the horn
antennas, as illustrated in Figure 4. The central position in the horn
and semicircle shape of the bending section of the guide were fixed
with foam. Both tips of the rod waveguides were tapered to reduce
the return loss, achieving approximately below —20 dB. The
return losses of the tube waveguides were also below —20 dB
without any tapering. To determine the attenuations per unit length
of the straight PTFE guide, the insertion losses of various samples
with different lengths and the same bending sections were mea-
sured relative to an operating frequency from 33 GHz to 50 GHz.
The specifications of the samples used in this measurement are
shown in Table 1.

The radiation characteristics of the two guides with the same
curvature radius were assumed to be same, even though they had
different lengths. Consequently, the dielectric loss «, representing
the attenuations per wavelength for the straight rod and tube
waveguides was obtained using Eq. (19).

10 LO 1 — 1052|,/1/|0_ IOSth/m 1
g0l ( )]*[dB/)\] (19)
L1, F 8

Qg =

In Eq. (19), F is a dimensionless factor transforming dB/cm to
dB/A,, that is, 30/ /f\V e, where the frequency f is in GHz, and, the
guided wavelength, A, is in cm. S5, ; and S5, ,, are the measured
insertion losses of the samples with different lengths, /, and /,, at

TABLE 1 Total Lengths and Radii of Curvature of Samples
Employed in Current Study

Length, [, Length, 1, Curvature
W/G Types [cm] [cm] Radius, R [cm]
Rod (r = 2.5 mm) 101 72 3,5
Tube (r; = 1.0 mm, 201 90 3,5,7
r, = 2.5 mm)
Tube (r;, = 1.5 mm, 200 90 3,5,7,9

r, = 2.5 mm)
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Figure 5 Dielectric losses of various flexible waveguides

the same curvature radius condition. In this case, the dielectric loss
along the straight guide was assumed to be almost the same as that
along the curved guide, as with radiation loss. Accordingly, the
dielectric and radiation losses could be separated from the mea-
sured insertion losses. The radiation loss per unit angle, «,. for the
rod and tube waveguides, was obtained from the difference be-
tween the dielectric loss and the measured insertion loss using Eq.
(20).

10 Log,o[1 — (1010 — [(QS2tam0
= 2ol ( e )] [dB/Deg]

(20)

where a, is the dielectric loss from (19) and S5, ,, is the measured
insertion losses.

In this experiment, the bent angle was fixed at 180°, regardless
of any variations in the curvature radii. As such, the difference
between the dielectric loss and the insertion loss, i.e., the radiation
loss, was divided by the bent angle rather than the total angle in
order to represent the radiation loss per unit angle.

6. RESULTS AND DISCUSSION

The dielectric losses, i.e., the attenuations per wavelength of the
flexible dielectric waveguides, were determined from the measured
insertion losses using Eq. (19). Figure 5 illustrates the dielectric
losses for the rod and tube flexible waveguides relative to an
operating frequency from 33 GHz to 50 GHz. The measured values
of the dielectric losses for the rod and tube waveguides were below
0.02 dB/A, for the whole frequency range. In addition, the dielec-
tric loss characteristics tended to increase slightly with the oper-
ating frequency. The experimental dielectric losses showed a rel-
atively good agreement with the theoretical dielectric losses
obtained using the perturbation method [14]. When determining
the theoretical results, the loss tangent for the PTFE material was
assumed to be 0.0001. A loss tangent for PTFE has rarely been
observed in the Q-band and thus is obscure. For both the rod and
tube waveguides, the dielectric losses increased relative to the
frequency when more propagating power was confined in the
dielectric region with an increase in the frequency from 33 GHz to
50 GHz, as illustrated in Figure 3. Furthermore, the dielectric loss
for the rod waveguide was higher than that for the tube waveguide
because the rod waveguide’s dielectric area was larger than that of
the tube waveguide.
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Figure 6 Radiation losses of various flexible waveguides

The radiation losses per unit angle for the rod and tube
waveguides were determined using Eq. (20). The radiation loss per
unit angle for the rod and tube waveguides with an operating
frequency from 33 GHz to 50 GHz is shown in Figure 6. The
radiation losses for the flexible waveguides, especially for the tube
waveguide with an inner radius of 1.5 mm, decreased as the
operating frequency increased from 33 GHz to 50 GHz. This
tendency in the radiation loss for the tube waveguide is attributed
to the increase in the propagating power confined within the
waveguide in proportion to the variation of the frequency from 33
GHz to 50 GHz. The measurement results in Figure 6 also show
that the radiation loss per unit angle decreased rapidly in propor-
tion to the dielectric area, implying that the radiation loss for the
rod waveguide was lower than that for the tube waveguide. In the
case of the same type of flexible waveguide, the guided power was
reduced as the radius of the curvature decreased. This means that
the power radiated to the free space increased with an increase in
the radius of the curvature. For the rod and tube waveguides, the
radiation loss showed an opposite tendency in the dielectric loss
because the radiated power was inversely proportional to the
power confined in the dielectric region, as shown in Figure 3(c).
Since the propagation constant of the second mode in Figure 2 was
small, compared with that of the fundamental mode, the effects of
the second mode on the dielectric and radiation losses of the
fundamental HE,, mode were not distinct here.

5. CONCLUSION

The dielectric and radiation losses of circular flexible PTFE rod
and tube waveguides were measured relative to an operating
frequency in the Q-band. The dielectric losses below 0.02 dB/A,
were obtained for the rod and tube waveguides based on the
difference in the insertion losses measured between the waveguide
samples with different lengths. It was found that the increase in the
frequency and the dielectric region caused the increase in the
dielectric loss irrespective of the rod or tube waveguide. The
radiation losses for the rod and tube waveguides, which cannot be
predicted within the regime of a small curvature radius based on
current theories, were also measured based on the difference
between the dielectric loss and the measured insertion loss. It was
observed that the increase in the frequency, dielectric region in the
guiding cross section, and curvature radii caused the reduction of
the radiation loss irrespective of the rod or tube waveguide.
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ABSTRACT: A method is presented for modeling open periodic struc-
tures by using the finite element method truncated by an anisotropic
perfectly matched layer (PML). The method can be used to simulate
periodic structures with inhomogeneous profile and arbitrary geome-
tries. The PML is shown to be an effective method for mesh termination,
even in the presence the grazing and evanescent fields generated by pe-
riodic structures. Numerical analysis is conducted for validation and to
demonstrate the effectiveness of the proposed method. © 2002 Wiley
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