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Ry, 3(a, Gy, ), Once the collector and the base—currents are known, I. INTRODUCTION
remain really close to the fitted ones. Due to the significant position of narrow bandwidth multimode
channel filters in communication satellite payloads [1], rigorous
ACKNOWLEDGMENT electromagnetic (EM) modeling of the filters has become an urgent

task since the circuit theory model [2] was developed by Atia and
The authors acknowledge Siemens for processing the MOVPlliams in the 1970's. An accurate modeling and design of the
wafers for this work. channel filters will considerably reduce or even hopefully eliminate
the manual tuning process. One of the key elements in the EM filter
REFERENCES design is the modeling of cross- or rectangular-shaped irises between
circular waveguide cavities.
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AlGaAs/GaAs heterojunction bipolar transistor small-signal equivaleftas shown that “there appears to be no easy analytical solution” [3]
circuit,” IEEE Trans. Electron Devicesol. 38, Sept. 1991. ~and numerical integration has been used [3]-[5].

[3] R. A. Pucel and U. L. Rohde, "An exact expression for the noise Fortunately, an easy analytical solution has been available using
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[4] S.Maas, B. L. Nelson, and D. L. Tait, “Intermodulation in heterojunctior?"igenfl"nCtion in the circular waveguide [6]. An analytical solution
bipolar transistors,JEEE Trans. Microwave Theory Teghvol. 40, Mar.  for the scattering of smaller rectangular-to-circular waveguides has
1992. been given in [6]. This paper will provide a rigorous analysis of an
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[6] S.A.Maas and D. Tait, “Parameter-extraction method for heterojunctidtesign will be emphasized. This is an extension of the work in [6] to
bipolar transistors,1EEE Microwave Guided Wave Letwol. 2, Dec. a more practical case in waveguide dual mode filter design.
- é99L2- 4 A Gopinath. ‘P t raction techniaue for HE Instead of treating the horizontal and vertical slots separately, as
. Lee an . opinatn, arameter extraction technique ftor | _ . .
equivalent circuit cutoff mode measuremerlE€EE Trans. Microwave ﬂj] [4], the cross-shaped slot will be trgated asa Complete Wavegullde.
Theory Tech.vol. 40, Mar. 1992. _The ac_ivantages of th_e new formglatlon over previous w_orks_ are: 1)
[8] D. R. Pehlke and D. Pavlidis, “Evaluation of the factors determiningf provides the coupling information for a slot in one direction in
HBT high-frequency performance by direct analysis Sparameter the presence of another slot in the perpendicular direction; 2) the
data,”IEEE Trans. Microwave Theory Teclvol. 40, Dec. 1992. coupling information for both slots can be obtained at same time,
which is very important in full EM analysis of circular waveguide
dual mode filters; and 3) full analytical expressions to be deduced for
. . . the elements of the modal analysis matrix equation lead to a rigorous
A R|gorous Analys_,ls of a C_ross Wavegmdg to _Large and efficient solution of the problem.
Circular Waveguide Junction and Its Application The formulation has been verified by experiments and excellent
in Waveguide Filter Design agreements are obtained.
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Abstract—A rigorous analysis is obtained for the problem of scatter- ) ) )
ing at the junction of a cross-shaped waveguide and a larger circular A. Mode Functions in Cross Waveguide

waveguide. The general case of an arbitrary offset and orientation of the The generalized crossed rectangular waveguide considered
cross waveguide axes is considered. The fields matching over the cross

aperture of the smaller guide is facilitated by using the transformation of 1N this paper is depicted in F.ig. 1(a). The modes in .the Cross
the circular cylindrical Bessel-Fourier modal fields of the circular guide waveguide are grouped according to their symmetry with respect
into a finite series of exponential plane wave functions. This permits to the x and y axis. The modal solutions have been discussed in

an analytical finite series solution for the elements of the fields mode [7] " For clarity, the nth mode functions for each group will be
matching matrix, from which the general scattering matrix of the junction mmarized in the followin m t form:

is obtained. The application of the formulation to circular waveguide filter su arize € Tollowing compact torm:
design is emphasized in the numerical examples. Excellent agreements

between theoretical and experimental results are obtained in all the S n_ A n o fTT no X 1 ra(d —y) ~

numerical examples. hnn” == N, Z(I)”{ (ﬁ)Q[P“ (Z B 5)][)[ 2d [z
Index Terms—Modal analysis, waveguide filter design, waveguide junc- g 1 ra(d — y)
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TABLE |
FuncTioNs AND BoOuUNDARY ConDITIONS USED IN (1)
Mode Group TTflodd, even %ﬁodd, odd %Ifleven even ;ﬁeven, odd
X Axis condition || Electric Wall | Magnetic Wall | Electric Wall | Magnetic Wall
Y Axis condition || Magnetic Wall | Magnetic Wall | Electric Wall | Electric Wall
Mode Index igq 1 2 3 4
Q coshl-] cosh[] cosh[] cosh[]
Por B sin-] sin[] sin[] sin[-]
R sinh{] sinh[-] sinh[-] sinh{]
SorD cos[-) cos|] cos[*] cos[]
A sinhl- sinh[] cosh[- cosh[-
C cosh- cosh[] sinh[- sinh[-
Indexrorm qp | e L3k e 1asi
vy TABLE 1l
b MEASURED AND CALCULATED COUPLING VALUE M FOR CROSSIRIS WITH
Fixep HEIGHT L2 AND VARIABLE LENGTH L1 (IN.) FOR THE TE111 MODE
range II
y t L1 J Measured M}i(]alculated M ! fo GHz ]
dl range I 0.340 0.0082 0.0083 9.760
I i F 1 X 0.360 0.0100 0.0104 9.751
L S 0.380 | 0.0123 0.0124 9.740
0.400 0.0151 0.0156 9.727
TABLE llI
FUNCTIONS Sign, AND Sign,
@ Quadrantk (1] 2 | 3 | 4

Signg(k) {{1]-1]-1]1
Signy(k) ||[1{1[-1]-1

B. Mode Functions in Circular Waveguide

To mode match the fields of the two waveguides at the common
junction, the conventional circular cylindrical Bessel-Fourier modal
functions must be converted into functions in rectangular coordinates.
This is done with a finite series of exponential plane wave functions in
rectangular coordinates [6]. We rewrite the) circular waveguide’s
modal functions [6] as follows:

b Nl /e
o arg ooy _oar, () ar sq4 lq
chtz(g) (2,y) = Nhgr N J E <Slq>

1=0

_€7jh’qr((/'z‘x1+b'z-y1) (S[l' _ Cly Ve =i g (Cpa’+5,-y") (2a)

(b) > Lare N AT (2)hﬂr'q+l Cig
| ) ) = N o S S

Fig. 1. (a) A symmetric crossed rectangular waveguid. (b) The general cross - (=0

waveguide to large circular waveguide junction.

eI ar(Crai+Spyn) | (51? + Clﬁ)e—ﬂtqr(ﬁ’z-l"-‘rSz'y’) (2b)

when (x,y) is located in range I, and where Ciq = coglq3F). Sig = sin(lq%), C; = cog ), and
S = sin(5F 27 The numbetV of terms in the series is dictated by the
- n Tn mm mm (b y) -
Enta” = Z )m1( )A[]J (—)] [—b]x argument "and order of the Bessel function and has been discussed in
- detail in [6].
Do ma(b—y), Referring to the coordinate relations shown in Fig. 1(b), we can
C D[———1i 1
< ) [me( )] [ 2b lg} (1c) extend (2) to incorporate a rotation angle
n sz mm(b—y). .. g T (2y) = N, (2 hlﬂjffrl % Clq
rf2 .\/ Z(I)Zm '1[172771( )]B[T]I htZ(S‘) - s N = Slq
o o b o= ar(Crre1tsSim) | S — C/lz//\)e—Jh'qr(C’z-w+S'z'y) (3a)
- (Bn )C[p%, O™V ) (

when @, y) is Iocated in range II for TE and TM modes, respectively.

(=0

AT (e ) — N (’)hﬂ,zﬁl Ciy
The functions Q, P, R, S, A, B, C, and D and boundary conditions Con(§)" (029) = Near 5 2 <—51q>
for each mode group are listed in Table I. Since the procedure for ob-
taining the eigenvalues;, andps,,, and eigenvector coefficiendsy,
and®3,, has been given in [7], it will not be discussed further heravhereC’'; = co

oI har(CrzitSiyn) | (5/155—1— C’lg)e—ﬂlqr(c’z-1'+S’z-y) (3b)

(27 — ) and$'; = sin(ZF —a) .
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Equation (3) will be the modal functions of circular waveguide tdy a superposition of incident and reflected modal field series of finite

be used in the analysis. length, we can rewrite (4) in a matrix form as
(1)
C. Mode-Matching Equations (0 Vinl Vael] [a,

- - : — ] ] Al |a
To obtain the mode matching equations for the junction as shown

- . . - —I el
in Fig. 1(b), we enforce}he fields continuity C_?ndItIOﬂ at tbe common th]] [L[E)]] [[0]] [E]}] a’%)
boundary plane, that i&; V|51 = E;?|s1, HY|s1 = HP |51 he -

-

and E;?|s;_s1 = 0. It is assumed that S1 and S2 refer to the A - )
small and large waveguide cross sections, respectively. The above (1] 0] [V [V h[e] by
boundary conditions can be converted into a set of algebraic equations _ [0] [I] o] [vi béf) ®)
by projecting them onto some suitable functional space. A generic T [=Vae] 10] (7] [0] b
projection used in this paper is [=Vhe] [-Vee]  [0] ] 5t
/ (Ex @) HPds :/ (Zx &) H' Vs (4a) N
S1 S1
. L : . . Zh ¢ 2 @ s (D v
Exau) BPds= [ Exau®) B Mds (b)) Where Vinmwu = 4 [o65 for ™ - GntUds Vi =
51 S1 hym
' IRt ' T [ e @) g Mg V. ZEh a2
/ ghyk[(z) . Et(z)ds = / (’h AI( Et( )(]9 (4C) Z(ngl fSl Cem * Chn dq Vee,m,n = Z(ezgl f51 Cem
52 51 e m _ , o
. . Z..Mds, vector [a,”] and vector[b,"] are the coefficients of
e, VL E®P s = ¢ 2L E Mg (4d) inci i ’
SRR of t as. the incident and reflected wave, respectively. The Z's are wave
S2 S1

. impedances of corresponding modes, and the supsErigtands
SinceE|; = 0 onX = S2— 51, the integrals on the right-hand sidefor the transpose of a matrix. The general scattering matrix of the
of (4c) and (4d) extend over S1. Expressing the fields in waveguifimction can be easily obtained from (5) b§] = [B]™'[A].

N—1

i 4
o (1) (@ Pom o nt RS (O +Sm] Chi . . b , (ﬂ) ’ -
/Sl €htl Il‘7( )db :\hn - N h,nm N ( ) Z € a <Snl d Z @17» S 1 ¥ I; "49_‘ (]{’ Iqq)

{

7 4 -
L (kya, s, o, C’ll,p?r) Lo (kydyr by, Sll) + ' <%> ZAy (kyiqq) - I*(kya, 8, - Cllap?r)

k=1

Lo (kydr, i - S'0 )+ 0 Z(I),m Sll Z Au(kyigq) - s )(k a, 8,5, - C'iphy)

4
o (kbyq b, - S') +C <p“> > Ay(k,iqq) - L) (ka5 - C'Lpl,) - 1 (kb B, - )}} (6a)

k=1

51 7 nl

. N—1 _ ) 4
[ e gyt =g NG B <>Z[]< ) { Z‘P””{ "i(5g) 2o A hiaa)
k=1

- 4
L (kyay s, b - Cluple) - Io (kodyr oy, - S'1) — S <p1r> ZA,,(k‘,,iqq) L7 (kya, s, b - C'LpTy)

2a
k=1

4
Lo (kadir B ST Y b Zcb'”’{ ) ( )Z4,L7qq L D (a5, B - C'1 )
k=1
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4
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4
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k=1
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TABLE IV
FUNCTIONS A AND A,

Quadrant k || A5 (k, 1) | Ao(k,2) | Ac(k,3) | Az(E, D) || Ay(k, 1) | Ay(k,2) | A (k,3) | Ay (K, 4)
1 1
1

1 1 1 1 1 1 1
2 -1 -1 1 1 1 -1 -1
3 1 -1 -1 1 -1 -1 1 1
4 -1 1 -1 1 1 -1 1 -1
T 7 |
S Measured 8§21
2 Measured S11
£ -10
o ¢ Calculated S11
°
£ 15 ©  Calculated $21 ,/"/
g /
L1=0.360" 1.614” 1.614" = [
12=0.221" B B [i 4‘ 20
TT
W1=W2=0.065" :_1 e
_ ” WR 75 25
r=0.535 'E} _______ - 16 1.7 s 1.9 12 121 122 12.3
I il Frequency in GHz
H
i L (@)
J tozes”  dlootss”  d 0.248" 400 —
Fig. 2. A cross iris between two circular waveguide cavities. 350 Measured §11 =
D. Closed-Form Expressions of Matrix Elements Wwr— 1 Medsured S21
w . Calculated 511
Referring to (1) and (3), it is straightforward to show (6a)—(60),§250 Colouated s21
shown at the bottom of the previous page, where function® 0
Io®, I°, Ii*, I°, I,*, I,", A,(k,iqq), and A, (k,iqq) are given 7§
in the Appendix. 2150 e
100 | .
IIl. NUMERICAL AND EXPERIMENTAL RESULTS ——
To verify the formulation, the structure shown in Fig. 2 is simu- % $°= e = S N :
lated, where the junction of small rectangular-to-circular waveguide R
is analyzed using the technique discussed in [6] and the centered 4 n7 1.8 1o 12 121 122 12.3
cross iris is solved using the formulation discussed in this paper. It frequency in GHz
can be observed from Fig. 3 that the measured data are in very good (b)

agreement with the theoretical results.
To show the applicability of the formulation to the dual-mod{
waveguide filter design, the formulation developed in the previous

ig. 3. (@) Measured and calculated magnitude for the structure shown in
ig. 2. (b) Measured and calculated phase for the structure shown in Fig. 2.

section is used to calculated the coupling of a cross-shaped jdgon is particularly useful for the analysis of a cross-shaped iris
between two circular cavities. The coupling values of a series gtween circular waveguide cavities. Such a structure is a key element
centered cross irises with the same vertical slot length but diﬁef%tdesigning multimode circular waveguide filters. The advantage
horizontal slot lengthl1 are measured to verify the formulation. Thegf the formulation over previous work is that it can provide the
coupling values are measured by measuring the bandwidth of twgpling information for a slot in one direction in the presence of
circular cavities with a cross iris between them. another slot in the perpendicular direction. The benefits of accuracy
Table Il gives the calculated and measured coupling values for thgq efficiency are obvious from this closed-form expressions since
TE111 mode. The thickness of the irises is 0.016 in., the radius @ numerical integration is needed. The formulation has been well
circular cavity is 0.535 in., the width of the irises is 0.03 in., angerified experimentally and will serve as a very useful tool for

the length of the vertical slak2 is 0.2 in. The cavities are weakly myitimode circular waveguide filter design.
coupled to the input/output waveguides through small apertures. Since

the cavity length is fixed, the change in horizontal slot length affects APPENDIX

the loading of the cavities and, therefore, alters the resonant frequencyhe integrals used in (8) are defined by
fo. It has been found that only three modes are enough in the

S
cross waveguide by using symmetrical modes in the analysis. It I (k,d,r, - Si)
can be seen that the technique can be directly used in the physical _ 1 d P[rrr(d - y)]e,]»h.gl.sl'gny(k)ya,,
dimension designing of multimode waveguide filters with very minor “dJ, S 2d i Y
adjustments.
.
IV. CONCLUSION 15 (k,a,s,h-ChLpl,)
A closed formulation has been developed to carry out modal _ l/a Q P 1)](3_.i’7.01.S'igna;(kr),rdm
analysis of small cross-to-circular waveguide junctions. The formu- af, R"""2a 2

(A1)

(A.2)
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and

I (k,a,s,h-Ci,p3y)

/ [p Z) _7h(l Signg(k)z " A (A3)
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