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Characteristics of Generalized Rectangular and
Circular Ridge Waveguides

Yu Rong, Senior Member, IEEE,and Kawthar A. Zaki, Fellow, IEEE

Abstract—Generalized ridge waveguides are analyzed using the
mode-matching method. The characteristic impedance, attenua-
tion, and power-handling capability of several types of ridge rect-
angular waveguides and ridge circular waveguides are presented.
Numerical results are obtained, which are useful in the design of
many microwave components and subsystems.

Index Terms—Attenuation, mode-matching method, power han-
dling, ridged waveguide.

I. INTRODUCTION

R IDGED waveguides have found many applications in
microwave and millimeter-wave devices. Their advan-

tages include large single-mode broad-band operation, large
dominant cutoff wavelength, and low impedance characteris-
tics. Early investigations were focused on properties of single-
and double-ridge rectangular waveguides [1], [2]. Later, other
structures were reported to be superior alternatives to the con-
ventional single- and double-ridge waveguide. These structures
include rectangular waveguides with one or two T-shaped septa
[3], [4], two double-ridge waveguides [5], [6], antipodal ridge
waveguides [7], double antipodal ridge waveguides [8], and
quadruple-ridge waveguides [9]–[14]. Among these structures,
the double antipodal ridge waveguide is of particular interest,
because of its larger dominant mode cutoff wavelength, its
proper use results in miniature compact components with
superior electrical performance.

Attenuation and power-handling capabilities of the ridge
waveguides are important parameters. For several types of
ridge waveguides, these parameters cannot be found in the
literature. To fill this gap and explore the potential applications
of these waveguides, a general mode-matching approach is
presented. This approach is applied to the analysis of different
types of generalized ridge waveguides to get the attenuation
and power-handling capabilities. Discussions are made and
conclusions are drawn, which are very useful in practical
applications.

II. A NALYSIS METHOD

The general ridge waveguide configuration to be investigated
is shown in Fig. 1. It is constructed by inserting an arbitrary
number of rectangular ridges in the rectangular waveguide. For
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Fig. 1. The cross section of a general ridge waveguide.

generality, the side planes – and – and the bottom
planes – , – , , – could be either perfect electric
wall (PEW) or perfect magnetic wall (PMW).

To facilitate the analysis, this structure can be divided into
three regions: Region I , Region
II ( II , where II

is the number of the subregions of
Region II), and Region III

. The modes of the ridge waveguides can be clas-
sified into TE and TM modes, and the transverse components
can be obtained in terms of the longitudinal componentsfor
TE mode, and for TM mode [15]. The or for TE and
TM modes in each regionm ( I II
and III) can be expressed as the superposition of eigenmodes as
follows:

TE mode:

(1)

TM mode:

(2)

where subscript refers to the region in Fig. 1, and
are indexes of the modes taken in the regionfor TE and

TM mode, respectively, and and are propagation constants
along the -direction. and are eigenfunc-
tions, which satisfy the following Helmholtz equation:

(3)

where ( or ) refers to the cutoff wavenumber of
the TE or TM mode, which satisfy , ω
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Fig. 2. (a) Electric fields in the waveguide. (b) Magnetic fields in the
waveguide.

Fig. 3. (a) Attenuation comparison. (b) Power handling (without corner
breakdown) comparison.

is the angular frequency, andµ and are the permeability and
permittivity of the medium in the region. The general solution
to the above equation can be written as follows:

(4)

where , and are field coefficients, which
depend on the boundary conditions of region. Either
or and or could be eliminated by satisfying the
boundary conditions along the- and -directions of the region

, respectively. and are the cutoff wavenumbers
along the - and -directions, respectively, which satisfy

. equals

Fig. 4. (a) Attenuation, (b) power-handling, (c) bandwidth, and (d)
dominant-mode cutoff� versusd=b (b=a = 0:45; s=a = 0:2: Structure A,
solid line; Structure B, dashed line).

Fig. 5. (a) Attenuation, (b) power-handling, (c) bandwidth, and (d)
dominant-mode cutoff� versusd=b. (e) Characteristic impedance atf =1

(b=a = 0:45; t=a = 0:1: s=a = 0:05, solid line;s=a = 0:01, dashed line).
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Fig. 6. (a) Attenuation, (b) power handling, (c) bandwidth, and (d)
dominant-mode cutoff� versus d=b. (e) Characteristic impedance at
f = 1 (b=a = 0:45; t=a = 0:05; d =b = 0:15: s=a = 0:01, solid line;
s=a = 0:05, dashed line).

or , depends on the property
(PMW or PEW) of the bottom wall of the region.

The boundary conditions on the interface (remaining
boundary) between the arbitrarily adjacent regionsand

are as follows:

(5)

where subscript are the tangential components of the eigen-
fields and is the tangential current on the interface. The un-
known field coefficients in (4) can be found by matching the
boundary conditions (5) at the interfaces between Regions I–III
and by using the mode-matching method[16]. Using the orthog-
onality of the modes in the region and properly selecting the ap-
propriate weighting functions to do the inner products for both
sides of (5), a set of algebraic equations can be obtained, from
which coefficient relations can be extracted.

A systematic and efficient method of successively matching
the fields has been developed. Starting from the left-hand side
of the generalized ridge waveguide, tangential fields at the
boundary between Regions I and II(1) are matched first. Field
coefficients in Region I can be expressed in terms of those in
Region II(1). Fields at the boundary between Regions II(1) and
II(2) are matched next. Field coefficients in Region II(1) are
expressed in terms of those in Region II(2). This procedure
can be repeated times until all the fields at the boundaries
in Region II are matched. Finally, the last boundary needed to
be matched is the boundary between Regions II () and III.

Fig. 7. (a) Attenuation, (b) power handling, (c) bandwidth, and (d)
dominant-mode cutoff� versus s2=a. (e) Characteristic impedance at
f = 1 (b=a = 0:45; t =a = 0:2; t =a = t =a = 0:05; s = s ; L=b =
0:9; h=b = 0:2: s =a = 0:01, solid line;s =a = 0:05, dashed line).

The final characteristic equation can be readily obtained. Trun-
cating the numbers of modes in each subregion and setting the
determinant of characteristic equation to zero leads to a set of
algebraic equations. Solving this set of algebraic equations, the
cutoff frequencies of TE and TM modes in the generalized ridge
waveguide can be found. Substituting those obtained cutoff
frequencies back into characteristic equation, the coefficients
in Region III can be found. The field coefficients in Regions II
and I are found by using the field coefficient relations found
during the previous matching process. Therefore, fields in the
whole region of the waveguide are found.

From field coefficients of the eigenmodes in the ridge wave-
guide, the attenuation and power handling can be calculated an-
alytically. The attenuation constantcan be computed by using

(6)

where is the transmitted power in the waveguide andis
the surface conductor loss due to the surface current flowing at
the ridge waveguide boundary, and can be obtained through the
following equation:

(7)

where the power loss is divided into several parts according to
the metallic boundary of the ridge waveguide. Assuming that
the electric field breaks down at the maximum field points when
field intensity is , the power-handling capacity of a general-
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Fig. 8. (a) Attenuation, (b) power handling, (c) bandwidth, and (d)
dominant-mode cutoff� versusd=b. (e) Characteristic impedance atf =1
(b=a = 0:45; h=b = 0:4; s=a = 0:2: w=a = 0:3, solid line;w=a = 0:4,
dashed line).

ized ridge waveguide can be obtained by finding the maximum
electric field in the waveguide. Suppose that the maximum elec-
tric field is , then the upper limit of the transmitted power

in the waveguide can be computed through the following:

(8)

The normalized attenuation is defined as the ratio of the
ridge waveguide attenuation to the zero-ridge waveguide atten-
uation, evaluated at the frequency . The power han-
dling is indicated by , which represents the power carried by
the waveguide at infinite frequency with the maximum electrical
intensity in the waveguide being equal to the breakdown
field . Generally, can be expressed as 30/k (kv/cm), where

is factor ranging from 2 to 1 for short pulses to as much as 12 to
1 for continuous wave (CW) [17], [18]. Since is assumed to
be 30 kv/cm in the numerical calculation, the actual maximum
normalized propagating power at any frequency is obtained by
multiplying by , in which is determined
by different applications.

To compare the properties of different ridge waveguides, rela-
tive bandwidth [2] is used. This relative bandwidth is defined as
the ratio of to , where corresponds to the cutoff wave-
length of the dominant mode and corresponds to the cutoff

Fig. 9. (a) Attenuation, (b) power handling, (c) bandwidth, and (d)
dominant-mode cutoff� versusd=b. (e) Characteristic impedance atf =1
(b=a = 0:45; s=a = 0:01; t=a = 0:2; g=b = 0:15; l=(b � 2g) = 0:95:
Structure A (t = 2w+ s), solid line; Structure B (t = 4w+2s), dashed line).

wavelength of the first higher order mode. To explore the appli-
cations of the different ridge waveguides, characteristic imped-
ances , which is defined as follows, are also provided:

(9)

where is gap voltage, which equals . For the sym-
metric ridge waveguides, this integral is evaluated across the
ridge gap along the symmetric plane. For the asymmetric ridge
waveguides, this integral is evaluated across the ridge gap along
the line which is the nearest to the middle plane. Characteristic
impedances at any frequency is given by dividing by
the factor .

III. N UMERICAL RESULTS AND DISCUSSIONS

To validate the formulation and verify the accuracy of this ap-
proach, several checks of the numerical results are made. First,
the vector fields in the waveguide are calculated and plotted, as
shown in Fig. 2. It is clear that all the boundary conditions are
satisfied. Second, the numerical results are compared with the
analytical results when all the ridges are reduced to zeros. The
normalized attenuation becomes one and power handling is
in agreement with that in [19]. Third, we compare the numerical
results with those published in the literature, as shown in Fig. 3.
Good agreement is obtained and, therefore, accuracy of the ap-
proach is established.
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Fig. 10. (a) Attenuation, (b) power handling, (c) bandwidth, and (d)
dominant-mode cutoff� versusd=b. (e) Characteristic impedance atf =1

(w=a = 0:05, solid line;w=a = 0:1: dashed line).

The attenuation and power-handling capability in several
ridge waveguides are presented. For reference, Fig. 4 shows
the attenuation, power handling, dominant-mode cutoff wave-
length, and relative bandwidth in the single- and double-ridge
rectangular waveguide.

A. Ridged Rectangular Waveguide

1) Antipodal Ridge Rectangular Waveguides:The atten-
uation and power-handling capabilities in the antipodal ridge
rectangular waveguides and double antipodal ridge rectangular
waveguides are shown in Fig. 5 and 6. From these figures, it
can be concluded that antipodal ridge rectangular waveguides
and double antipodal ridge rectangular waveguides have almost
the same characteristics. Compared to single ridge rectangular
waveguides, the attenuation and power handling in both of these
structures are improved. The dominant-mode cutoff wave-
lengths are much longer than those in single-ridge rectangular
waveguides, which mean more compact components with low
loss and higher power handling capabilities can be fabricated.
With more antipodal ridges in the rectangular waveguides, as
shown in Fig. 7, the dominant-mode wavelengths increase and
power-handling capabilities improve. However, the bandwidth
becomes narrower.

2) Ridge–Trough Rectangular Waveguides:Fig. 8shows the
attenuationandpower-handlingcapabilities inridge–troughrect-
angularwaveguides,whichareusedindesignofmicrowavewafer
probe [20]. Thebandwidthof the ridge–trough rectangular wave-
guide is narrower than the single-ridge rectangular waveguide

(c)

Fig. 11. (a) Convergence test of the cutoff wavelength and characteristic
impedanceZ (v/p) of the dominant mode (h=R = 0:3; w=R = 0:2). (b)
Electric- and magnetic-field distributions. (c) Comparison of the numerical
results.

of the same cutoff frequency. However, the ridge–trough rectan-
gular waveguide could have better attenuation and power-han-
dling characteristics. The peaks in Fig. 8(b) result from the effect
of the sidewall of the trough waveguide.

3) Cross-Finger Double-Ridge Rectangular Waveg-
uides: As can be seen from Fig. 4, single-ridge rectangular
waveguides have lower attenuation than double-ridge rectan-
gular waveguides. However, the bandwidth and power handling
are both poorer for the single-ridge rectangular waveguide than
those in the double-ridge rectangular waveguides. In order to
make full use of this property and the characteristics of the
above discussed antipodal ridge rectangular waveguides, two
new configurations of ridge waveguides are proposed whose
characteristic are shown in Fig. 9. The new configuration has
characteristics between those of antipodal ridge rectangular
waveguides and those of double-ridge rectangular waveg-
uides. The attenuation, dominant-mode cutoff wavelength,
and power-handling capability could be all better than those
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Fig. 12. (a) Attenuation, (b) power handling, (c) bandwidth, and (d)
dominant-mode cutoff� versus h=R. (e) Characteristic impedance at
f = 1 (w=R = 0:1, solid line;w=R = 0:2: dashed line).

in single-ridge rectangular waveguides. Meanwhile, good
bandwidth could be maintained. These two new configurations
of ridge waveguides can be used in applications, where their
superior characteristics justify their somewhat complex me-
chanical configurations.

4) Quadruple-Ridge Rectangular Waveguides:Quadruple-
ridge waveguides find wide applications, especially in antenna
and radar systems [9] because of their supporting dual-polariza-
tion capabilities. The attenuation and power-handling character-
istics of the quadruple-ridge rectangular waveguides are shown
in Fig. 10. Compared to the single-ridge rectangular waveg-
uides, the attenuation becomes worse and the power handling
improves. However, for the bandwidth, even compared to the
regular rectangular waveguides, the bandwidth of quadruple-
ridge waveguides is worse.

B. Circular-Ridge Waveguide

The above theory can also be applied to circular ridge waveg-
uides. The boundary of the circular waveguide is approximated
by a number of rectangular stairs. A quadruple-ridge circular
waveguide, shown in Fig. 11, is presented as an example. Based
on the symmetries of the waveguide cross section, only a quarter
of the cross section needs to be analyzed. To check the accuracy
of the numerical results, convergence is checked by increasing
the number of divisions along the ridge. The division number
along the other section is taken according to the ratio ofto

Fig. 13. (a) Attenuation, (b) power handling, (c) bandwidth, and (d)
dominant-mode cutoff� versus h=R. (e) Characteristic impedance at
f =1 (w=R = 0:1: s=R = 0:05, solid line;s=R = 0:1: dashed line).

. Fig. 11(a) shows that the cutoff wavelengthand the
characteristic impedance (v/p) converge as long as is
taken larger than ten. Fig. 11(b) shows the dominant-mode field
distributions in the waveguide. We can find that boundary con-
ditions are all satisfied. Fig. 11(c) shows the comparison of the
numerical results with published data [12]. Excellent agreement
is achieved.

1) Double-Ridge and Double Antipodal Ridge Circular
Waveguides:Figs. 12 and 13 show the attenuation and
power-handling capabilities in the double-ridge and double
antipodal ridge circular waveguides, respectively. Compared
to the rectangular counterparts, both waveguides have better
attenuation and power-handling characteristics. They can
also provide large cutoff wavelength of the dominant-mode
characteristics. However, double-ridge circular waveguides
have little poor bandwidth characteristics because of the mode
splitting. Also, double antipodal ridge waveguides could still
have good bandwidth characteristics.

2) Quadruple-Ridge Circular Waveguides:Quadruple-
ridge circular waveguides are also a type of widely used
waveguides [13]. The characteristics of quadruple-ridge cir-
cular waveguides are presented in Fig. 14. It is interesting
to find that, compared to their rectangular counterparts, the
quadruple-ridge circular waveguides have better attenuation
and power-handling capabilities. Compared to the regular
circular waveguide, the bandwidth of quadruple-ridge circular
waveguides can be improved by choosing the appropriate ridge
widths and depths.
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Fig. 14. (a) Attenuation, (b) power-handling, (c) bandwidth, and (d)
dominant-mode cutoff� versus h=R. (e) Characteristic impedance at
f = 1 (w=R = 0:1, solid line;w=R = 0:2: dashed line).

IV. CONCLUSION

The attenuation and power-handling in several ridge rectan-
gular waveguides and ridge circular waveguides have been in-
vestigated in this paper, and numerical results for the character-
istics of these waveguides were presented.

Numerical results have shown that for the ridge rectangular
waveguides, attenuation and power handling in the antipodal
ridge waveguides and the ridge–trough waveguides can be
improved and dominant-mode cutoff wavelengths can be
increased. Newly proposed cross-finger ridge waveguides have
the characteristics between the double-ridge waveguide and
the antipodal ridge waveguide. Compared to the single-ridge
waveguides, cross-finger ridge waveguide could have better
attenuation, power-handling, and longer dominant-mode
wavelength characteristics and still maintain good bandwidth
characteristics. The quadruple-ridge waveguides have worse
attenuation and better power-handling capability properties.
However, the bandwidth shrinks greatly.

For the circular-ridge waveguides, compared to the rectan-
gular counterparts, double-ridge waveguides, double antipodal
ridge waveguides, and quadruple-ridge waveguides all have
better attenuation and power-handling capability characteris-
tics. Double-ridge circular waveguides have somewhat poor
bandwidth characteristics because of mode splitting. Double
antipodal ridge waveguides and quadruple-ridge waveguide
could have good bandwidth characteristics.
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