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Abstract—Generalized ridge waveguides are analyzed using the Y
mode-matching method. The characteristic impedance, attenua-

tion, and power-handling capability of several types of ridge rect- 7 7 ] lz / 7
angular waveguides and ridge circular waveguides are presented. 7 7 % 7
Numerical results are obtained, which are useful in the design of /// /
many microwave components and subsystems. M; o 7 7 A M,
Index Terms—Attenuation, mode-matching method, power han- ")
dling, ridged waveguide. | 116 111
Xg(h hy(i) - M,
I. INTRODUCTION M19 Bk g2 22
. 0 77 %0 7
_ o _ an 7 A// - - X
IDGED waveguides have found many applications in /7 % /% 770 O

microwave and millimeter-wave devices. Their advan-
tages include large single-mode broad-band operation, largg 1. The cross section of a general ridge waveguide.
dominant cutoff wavelength, and low impedance characteris-
tics. Early investigations were focused on properties of singl
and double-ridge rectangular waveguides [1], [2]. Later, oth
structures were reported to be superior alternatives to the c
ventional single- and double-ridge waveguide. These structure
include rectangular waveguides with one or two T-shaped sepf
[3], [4], two double-ridge waveguides [5], [6], antipodal ridgqI
waveguides [7], double antipodal ridge waveguides [8], and
qguadruple-ridge waveguides [9]-[14]. Among these structur egion 1), and Region (X1 (V) < & < X (N), hr(N) <
the double antipodal ridge waveguide is of particular interest,< hH(]\;)). The modes of the rid_ge Vvaveguid’es can be clas-

because of its Iarge.r dor.nl'nant mode cutoff wavelength, ifs ied into TE and TM modes, and the transverse components
proper use results in miniature compact components wi

. . n be obtained in terms of the longitudinal componéntgor
superior elgctncal performance. : - . . TE mode, and=, for TM mode [15]. Th&, orH_ for TE and
Attengatlon anq power-handling capabilities of the rldgzlalvfl modes in each regiom (m = I, 1(i)(i = 1, 2, ---, M)
vyavegmdes are important parameters. For several typ.es R4 III) can be expressed as the superposition of eigenmodes as
ridge waveguides, these parameters cannot be found in
literature. To fill this gap and explore the potential applications
of these waveguides, a general mode-matching approachl ismode:
presented. This approach is applied to the analysis of different H' = Z hor (2, y)e™ "=, 1)
types of generalized ridge waveguides to get the attenuation 7 nk "
and power-handling capabilities. Discussions are made and

conclusions are drawn, which are very useful in practicdM mode:
applications. J Zene (z, y)e 1" )

z,m

enerality, the side planéd;—-M; andM,—M- and the bottom
fanesA—A, B-B, ---, Q—Q could be either perfect electric
ll (PEW) or perfect magnetic wall (PMW).

o facilitate the analysis, this structure can be divided into
fee regions: Region(D < = < X(1); 0 < y < b), Region
(UiL, 11(5), where 1) = (X1(7) < @ < Xpr(d), hr (i) <

< hy(i)), M = N — 1is the number of the subregions of

where subscriptn refers to the regionn in Fig. 1, », and
The general ridge waveguide configuration to be investigates], are indexes of the modes taken in the regiefor TE and
is shown in Fig. 1. It is constructed by inserting an arbitraryM mode, respectively, ang, and~, are propagation constants
number of rectangular ridges in the rectangular waveguide. Fadong thez-directionh,,. (z, ) ande,. (x, y) are eigenfunc-
tions, which satisfy themfollowing Helmholtz equation:
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is the angular frequency, apdande are the permeability and 0002 03 04 05 06 07 08

o ) ) . A dfo
permittivity of the medium in the region. The general solutior (©) (d)
to the above equation can be written as follows: )
250
s, (@ 9) (A’I chki o+ Bl shkl, ) t st
ensn (.’L’, y) >zn<) _>| | «—
Z s Y
(C’q sin kfy+ DE, cos kqmy) @ " b H K
. o0 d
where AZ , BL, CZ, and D, are field coefficients, which ! — s —11k
depend on the boundary conditions of regien Either AZ, .-
or BZ, andC¢, or DZ, could be eliminated by satisfying the " ™ "&” " " °
boundary conditions along the andy-directions of the region (e
m, respectively.k?,, and kf,, are the cutoff wavenumbers _ , _ _
. . . . Fig. 5. (a) Attenuation, (b) power-handling, (c) bandwidth, and (d)
along the z- and y-directions, respectively, which satisfy ominant-mode cutofk.. versusi/b. (e) Characteristic impedance fit= oo
k22 — kgfn + k2 = 0. £}, equalsnf,«/[hh(m) — hl(m)]  (b/a =045, t/a =0.1:5/a = 0.05, solid line;s/a = 0.01, dashed line).
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Fig. 7. (a) Attenuation, (b) power handling, (c) bandwidth, and (d)
Fig. 6. (a) Attenuation, (b) power handling, (c) bandwidth, and (djominant-mode cutoff\ versuss2/a. (e) Characteristic impedance at
dominant-mode cutoffA. versus d/b. (e) Characteristic impedance atf = co (b/a = 0.45, t1/a = 0.2, tz/a = tz/a = 0.05, 51 = sz, L/b=
f=o00(b/a =045 t/a =0.05, d /b= 015 s/a = 0.01,soldline; 0.9, h/b=0.2:5/a = 0.01, solid line;s, /a = 0.05, dashed line).
s/a = 0.05, dashed line).

The final characteristic equation can be readily obtained. Trun-
or (2nf, + L)m/2[hh(m) — hi(m)], depends on the propertycating the numbers of modes in each subregion and setting the
(PMW or PEW) of the bottom wall of the region. determinant of characteristic equation to zero leads to a set of

The boundary conditions on the interface (remainingigebraic equations. Solving this set of algebraic equations, the
boundary) between the arbitrarily adjacent regionsind cytoff frequencies of TE and TM modes in the generalized ridge
i+1(i =1 -, N)are as follows: waveguide can be found. Substituting those obtained cutoff

Bli = Bilivr, Heli=Hyligr + J, (5) freque_ncies back into character_istic equgt?on, the coe_fficients
i i - in Region lll can be found. The field coefficients in Regions Il
where subscript are the tangential components of the eigens,q | are found by using the field coefficient relations found

fields and./; is the tangential current on the interface. The Ung,jnq the previous matching process. Therefore, fields in the
known field coefficients in (4) can be found by matching th@vhole region of the waveguide are found

boundary conditions (5) at the interfaces between Regions =M= om field coefficients of the eigenmodes in the ridge wave-
and by using the mode-matching method[16]. Using the orthgzu

. X X X Uide, the attenuation and power handling can be calculated an-
0naht_y of the_mo_des In th_e region and pr_operly selecting the ytically. The attenuation constamican be computed by using
propriate weighting functions to do the inner products for both

sides of (5), a set of algebraic equations can be obtained, from o= 5 (6)

which coefficient relations can be extracted. 2P,

A systematic and efficient method of successively matchighere % is the transmitted power in the waveguide ads
the fields has been developed. Starting from the left-hand sithe surface conductor loss due to the surface current flowing at
of the generalized ridge waveguide, tangential fields at tf@e ridge waveguide boundary, and can be obtained through the
boundary between Regions | and 1i(1) are matched first. Figlellowing equation:
coefficients in Region | can be expressed in terms of those in R R oo
Region lI(1). Fields at the boundary between Regions li(1l) and P, = —2 j{ |2 dl = =2 j{ |H2 dl = Z P
[1(2) are matched next. Field coefficients in Region II(1) are 2 2 i=T
expressed in terms of those in Region 11(2). This proceduvehere the power loss is divided into several parts according to
can be repeated! times until all the fields at the boundarieshe metallic boundary of the ridge waveguide. Assuming that
in Region Il are matched. Finally, the last boundary neededttte electric field breaks down at the maximum field points when
be matched is the boundary between Regiongu) @nd Ill. field intensity isF;, the power-handling capacity of a general-
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Fig. 8. (a) Attenuation, (b) power handling, (c) bandwidth, and (d tructure A { = 2w + s), solid line; Structure B = 4w + 2s), dashed line).

dominant-mode cutofh . versusd/b. () Characteristic impedance fat= oo
(b/a = 0.45, h/b = 04, s/a = 0.2: w/a = 0.3, solid line;w/a = 0.4,
dashed line). . . .

wavelength of the first higher order mode. To explore the appli-

cations of the different ridge waveguides, characteristic imped-
ized ridge waveguide can be obtained by finding the maximuamces”,,, | ;—.., which is defined as follows, are also provided:
electric field in the waveguide. Suppose that the maximum elec-
tric fle_ld IS Foax, the_n the upper limit of the transmitted povyer. Zo| fmoo = V2/P0|f=oo 9)
P, in the waveguide can be computed through the following:

whereV is gap voltage, which equalf E - dl. For the sym-

2
Poox = % p,. (8) metric ridge waveguides, this integral is evaluated across the
Eax ridge gap along the symmetric plane. For the asymmetric ridge

, , . ) , waveguides, this integral is evaluated across the ridge gap along
The normalized attenuation, is defined as the ratio of the y, |ine which is the nearest to the middle plane. Characteristic

ridge waveguide attenuation to the zero-ridge waveguide att%bedances at any frequency is given by dividifig,| ;.. by
uation, evaluated at the frequenfy= /3 f.. The power han- the factor\/1 — (f./ )2 P=eo
dling is indicated by,,., which represents the power carried by ¢ '

the waveguide at infinite frequency with the maximum electrical
intensity E.,. in the waveguide being equal to the breakdown
field E£,. Generally,F, can be expressed as 30/k (kv/cm), where To validate the formulation and verify the accuracy of this ap-
kis factor ranging from 2 to 1 for short pulses to as much as 12peoach, several checks of the numerical results are made. First,
1 for continuous wave (CW) [17], [18]. Sind8, is assumed to the vector fields in the waveguide are calculated and plotted, as
be 30 kv/cm in the numerical calculation, the actual maximushown in Fig. 2. It is clear that all the boundary conditions are
normalized propagating power at any frequency is obtained batisfied. Second, the numerical results are compared with the
multiplying P,,, by /1 — (f./f)?/k?,inwhichk is determined analytical results when all the ridges are reduced to zeros. The
by different applications. normalized attenuatier, becomes one and power handling is

To compare the properties of different ridge waveguides, relia-agreement with that in [19]. Third, we compare the numerical
tive bandwidth [2] is used. This relative bandwidth is defined assults with those published in the literature, as shown in Fig. 3.
the ratio ofA.; to A.2, whereA.; corresponds to the cutoff wave-Good agreement is obtained and, therefore, accuracy of the ap-
length of the dominant mode ard; corresponds to the cutoff proach is established.

I1l. NUMERICAL RESULTS AND DISCUSSIONS
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Fig. 10. (a) Attenuation, (b) power handling, (c) bandwidth, and (d)g
dominant-mode cutofh . versusd/b. () Characteristic impedancefat= co
(w/a = 0.05, solid line;w/a = 0.1: dashed line).

The attenuation and power-handling capability in severe
ridge waveguides are presented. For reference, Fig. 4 sho
the attenuation, power handling, dominant-mode cutoff wave ' o1 o2z 03 04 05 06 07 08 0.9
length, and relative bandwidth in the single- and double-ridge bR
rectangular waveguide. (c)

. . Fig. 11. (a) Convergence test of the cutoff wavelength and characteristic
A. Ridged Rectangular Waveguide impedanceZ, (v/p) of the dominant modeh( R = 0.3, w/R = 0.2). (b)

1) Antipodal Ridge Rectangular Waveguide€Ehe atten- Electric- and magnetic-field distributions. (c) Comparison of the numerical
uation and power-handling capabilities in the antipodal rldgeSUItS
rectangular waveguides and double antipodal ridge rectangular
waveguides are shown in Fig. 5 and 6. From these figurespitthe same cutoff frequency. However, the ridge—trough rectan-
can be concluded that antipodal ridge rectangular waveguidgsar waveguide could have better attenuation and power-han-
and double antipodal ridge rectangular waveguides have almadistg characteristics. The peaks in Fig. 8(b) result from the effect
the same characteristics. Compared to single ridge rectanguaitthe sidewall of the trough waveguide.
waveguides, the attenuation and power handling in both of these) Cross-Finger Double-Ridge Rectangular Waveg-
structures are improved. The dominant-mode cutoff wavaides: As can be seen from Fig. 4, single-ridge rectangular
lengths are much longer than those in single-ridge rectanguleaveguides have lower attenuation than double-ridge rectan-
waveguides, which mean more compact components with Igular waveguides. However, the bandwidth and power handling
loss and higher power handling capabilities can be fabricatede both poorer for the single-ridge rectangular waveguide than
With more antipodal ridges in the rectangular waveguides, #®ose in the double-ridge rectangular waveguides. In order to
shown in Fig. 7, the dominant-mode wavelengths increase amdke full use of this property and the characteristics of the
power-handling capabilities improve. However, the bandwid#ibove discussed antipodal ridge rectangular waveguides, two
becomes narrower. new configurations of ridge waveguides are proposed whose
2) Ridge-Trough Rectangular Waveguiddsg. 8 showsthe characteristic are shown in Fig. 9. The new configuration has
attenuation and power-handling capabilitiesinridge—troughrectaracteristics between those of antipodal ridge rectangular
angularwaveguides, whichare usedin design of microwave wafemveguides and those of double-ridge rectangular waveg-
probe [20]. The bandwidth of the ridge—trough rectangular waveides. The attenuation, dominant-mode cutoff wavelength,
guide is narrower than the single-ridge rectangular waveguided power-handling capability could be all better than those
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Fig. 13. (a) Attenuation, (b) power handling, (c) bandwidth, and (d)
Fig. 12. (a) Attenuation, (b) power handling, (c) bandwidth, and (djominant-mode cutoffA. versus h/R. (e) Characteristic impedance at
dominant-mode cutoffA~ versush/R. (e) Characteristic impedance atf = oo (w/R =0.1:s/R = 0.05, solid line;s/R = 0.1: dashed line).
f =00 (w/R = 0.1, solid line;w/R = 0.2: dashed line).

R — h. Fig. 11(a) shows that the cutoff wavelendgthand the
in single-ridge rectangular waveguides. Meanwhile, goagharacteristic impedancs, (v/p) converge as long asd is
bandwidth could be maintained. These two new configuratiogigken larger than ten. Fig. 11(b) shows the dominant-mode field
of ridge waveguides can be used in applications, where thgistributions in the waveguide. We can find that boundary con-
superior characteristics justify their somewhat complex meitions are all satisfied. Fig. 11(c) shows the comparison of the
chanical configurations. numerical results with published data [12]. Excellent agreement

4) Quadruple-Ridge Rectangular Waveguidé€3duadruple- s achieved.

ridge waveguides find wide applications, especially in antennai) Double-Ridge and Double Antipodal Ridge Circular
and radar systems [9] because of their supporting dual-polarixgaveguides:Figs. 12 and 13 show the attenuation and
tion capabilities. The attenuation and power-handling charactgbwer-handling capabilities in the double-ridge and double
istics of the quadruple-ridge rectangular waveguides are showfitipodal ridge circular waveguides, respectively. Compared
in Fig. 10. Compared to the single-ridge rectangular wavegy the rectangular counterparts, both waveguides have better
uides, the attenuation becomes worse and the power handi@nuation and power-handling characteristics. They can
improves. However, for the bandwidth, even compared to thgso provide large cutoff wavelength of the dominant-mode
regular rectangular waveguides, the bandwidth of quadruplharacteristics. However, double-ridge circular waveguides

ridge waveguides is worse. have little poor bandwidth characteristics because of the mode
splitting. Also, double antipodal ridge waveguides could still
B. Circular-Ridge Waveguide have good bandwidth characteristics.

2) Quadruple-Ridge Circular WaveguideQuadruple-
The above theory can also be applied to circular ridge waveidge circular waveguides are also a type of widely used

uides. The boundary of the circular waveguide is approximatadveguides [13]. The characteristics of quadruple-ridge cir-
by a number of rectangular stairs. A quadruple-ridge circulaular waveguides are presented in Fig. 14. It is interesting
waveguide, shown in Fig. 11, is presented as an example. Batedind that, compared to their rectangular counterparts, the
on the symmetries of the waveguide cross section, only a quadeadruple-ridge circular waveguides have better attenuation
of the cross section needs to be analyzed. To check the acculany power-handling capabilities. Compared to the regular
of the numerical results, convergence is checked by increasgigular waveguide, the bandwidth of quadruple-ridge circular
the number of divisionad along the ridge. The division numberwaveguides can be improved by choosing the appropriate ridge
along the other section is taken according to the ratié td widths and depths.
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