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Waveguide Branch Couplers for Tight Couplings

Tao ShenStudent Member, IEEEBNd Kawthar A. ZakiFellow, IEEE

Abstract—Full-wave optimization design of waveguide branch
couplers is presented. Waveguid&'-junction equivalent circuit pa-
rameters are extracted from full-wave modeling results. They are
used to explain why tight couplings are difficult to realize using
waveguide branch couplers. Approaches used to obtain tight cou-
plings are discussed and illustrated by two design examples of 3-dB
couplers. Through random tolerance analysis, it is found that rea-
sonable manufacturing tolerances have no significant effect on cou-
pler performance. port 1 port 2

port 4 port 3

Index Terms—Waveguide couplers.
(@

I. INTRODUCTION ] — gy P ST

HE usual configuration for rectangular waveguide || 85 [—= &' |_| s¥ = s | _| ot - o H-

couplers consists of two main waveguides with some T —_ _— =l 2 1
mechanism located in the common wall for coupling betweel Sc
them. According to the different coupling mechanisms used, (b)

several types_of waveguide couplers are available: brarygg 1. Waveguide branch coupler. (a) Configuration. (b) Network
couplers, multiaperture couplers, cross couplers, etc. In légresentation.

paper [1], Levy compared their different application ranges.
Cross couplers are available for loose couplings only, and
multiaperture couplers are too long for tight couplings. Levy

also pointed out that waveguide branch couplers are especial fo - B =k Bk
useful for the 6- to 12-dB coupling range.

In this paper, full-wave optimization design of waveguide H, H, Hnyy = H,
branch couplers is presented. Wavegudginction equivalent
circuits are used to explain why tight couplings are difficult to ~ - K K Ki—K K- Ko

realize using waveguide branch couplers. Approaches used w

obtain tight couplings are discussed and illustrated by two dgg. 2. Idealized branch-line coupler.
sign examples of 3-dB couplers. Random tolerance analysis of

the couplers is also presented.

[l. M ODELING AND OPTIMIZATION b %o
The coupler under investigation, as shown in Fig. 1(a), con 2%
sists of two main waveguides coupled by means of a numbe Yds i T
of branch waveguides located in the common wall. Ports 1, z% ’ b o 4
3, and 4 are the input, through, coupled, and isolated ports, r i Nt T Z@X T
spectively. T T, =
For full-wave modeling, the coupler is decomposed into the (a) (b)

cascadg connection of waveguidg bifurcation_discontinuities,,_ara 3. Waveguide E-plane) T-junction. (a) Configuration and reference
shown in Fig. 1(b). The generalized scattering maBix of plane positions. (b) Equivalent circuit at the reference plane positions.

the waveguide bifurcation discontinuity is obtained by mode

matching method. The overall generalized scattering m8#ix entries of the corresponding generalized scattering submatrices
is obtained by cascading procedure. The dominant-mode S@3t, S, Sc3;, andScu;, respectively.

tering parameters), (return lossk), 5z, (insertion lossT), For optimization design, according to design specifications,
S31 (couplingC), andSy; (isolation’) of the coupler are (1,1) an error function to be minimized is constructed as

_— | F(x)=wr Y U[Rs,R(x, fi)]
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Fig. 4. Waveguide E-plane)T-junction equivalent circuit parameters versus normalized frequetigs\,. (a) Normalized reference place positién/b;.
(b) Normalized reference place positidp/b; . (c) Impedance ratio of branch to main guidés/Z, at the reference plane positiods andd;. Parameters are
height ratio of branch to main guidés/b: .

+ we Zj U[|C(x, f;) — Cs|, C]

|

|

|

|
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|

7.5000 7.9499  8.2500 82500  7.9499 7.5000

+wr Y UL, I(x, £)] [ l

i
5.3782 5.3782
where
Ule.y) = {x —y, fz >y 3.3823 1.3247 1.3247 3.3823
y) = ;
0, otherwise. 13387 | | 41913| | |62648| | |4.1913 | [1.8387

x is the set of optimization variables, which includes all inde-

pendent dimensions of the coupler structufeis the sample fig. 5. Dimensions (given in inches) of the five-branch 3-dB coupler. The
frequencyR,, Ts, Cs, andl, are the design specifications of thevaveguide width is 15 in.

return loss, insertion loss, coupling, and isolation, respectively;

T, andC, are the design specifications of the insertion-loss artérms in the error function expression. From the unitary property
coupling variations, respectively; amtk, wr, we, andwy are  of lossless networks, only three of the four scattering parameters
the weighting factors of the return-loss, insertion-loss, couplin§; (R), S21 (1), Ss1 (C), andSy; (1) are independent, which
and isolation terms, respectively. The four weighting factoreeans one of the four weighting factors may be set to be zero
are used to balance the contributions of the four correspondifily most cases, the insertion-loss term is not included.)
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Fig. 6. Computed results of the five-branch 3-dB coupler. (a) Coupling and insertion loss. (b) Return loss and isolation.
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Fig. 7. Measured results of the five-branch 3-dB coupler. (a) Coupling and insertion loss. (b) Return loss and isolation.

In optimization, the initial values of optimization variables I }' x T I
are extremely important. Thus, it is necessary to synthesize = ;500 76552 8.0067 8.0067  7.6552  7.5000
initial values of the coupler structure before optimization de l l
sign. —
6.0407 6.0407
[ll. SYNTHESIS l S
5.7633 5.4095 5.4095 5.7633 5.0000
A. Review of Synthesis of Branch-Line Couplers
0.4901 e 1.5090 e 2.2173 . 1.5090 ;. 0.4901

Fig. 2 shows an idealized branch-line coupler. The lengths
the branch lines and their spacings (lengths of the main lines be-
tween tWO nelghborlng branch ||nes) are a” quarter_gl_“de Wa\}_ég 8. Dimensions (glVen in inCheS) of half the ten-branch 3-dB COUpIer.
| h h f dH h The waveguide width is 15 in. Only half-dimensions are shown here since the
engt at t e center requer_]q(i. an. i represent t .e NOr- ten-branch 3-dB coupler is composed of two identical five-branch 8.33-dB
malized main- and branch-line immittances, respectively. Theuplers.
terminology immittance here denotes the impedance for series-
branch couplers (e.g., the waveguifleplane branch couplers Idealized branch-line couplers are synthesized by Young [3],
discussed in this paper) or the admittance for shunt-branch cpdi-and by Levy and Lind [5], where normalized immittance

plers (e.g., the waveguidé-plane branch couplers in [2].) tables are given. From these tables, it can be seen that the main
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Fig. 9. Computed results of the ten-branch 3-dB coupler. (a) Coupling and insertion loss. Results of the five-branch 8.33-dB coupler are alsp Rédtiet
loss and isolation.

and branch immittances increase progressively from the endstwipler is about 0.4, depending on specifications and which

the center of the couplers. table (Levy’s or Young’s) is used, while for a five-branch 3-dB
coupler, the highest branch immittance is about 0.9.
B. Waveguidd’-Junctions On the other hand, it can be seen from Fig. 4(c) that at the low-

. N . . requency band, the impedance ratio of branch to main guides
The synthesized immittances given in [3] or [4] and [SiZ;),/Zl) is approximately equal to the height ratio of branch to

are for the idealized branch-line couplers (figunction dis- / . o
continuities are taken into account.) In the case of waveguigeaIn guidesfs/b,), as expected. At the high-frequency band,

branch couplers, compensation for t#gjunction disconti- owever, the impedance ratio falls down rapidly. At the edge of

nuities should be carried out, and the waveguigunction the high-frequency band, the impedance ratio is no more than

equivalent circuit shown in Fig. 3 is used. The conventiongrA" The low impedance ratio is nearly frequency independent,

) : ; : Lo while the high impedance ratio is highly frequency dependent.
way of compensation of -junction discontinuities is to use . S o
The less the impedance ratio is, the less it is frequency depen-

the curves given by Marcuvitz [6], which is inconvenienEjent

(iterative calculation should be carried out [4].) In this paper, : .

. . ) .~ * Therefore, the loose couplings (less than 6 dB) are easier
the waveguidel’-junctions are modeled by mode matchin . . . :
method. The modeling approach is similar to that given in [ realize using wavegm_de bra_nch couplers,_ and they are wide

' and. For the tight couplings, either the required branch imped-

fc_>r n_dge waveguideT-junctions. TheT-junction gquwalent ances could not be realized by the waveguidiginctions or the
circuit parameters are extracted from the scattering parametgrs

of the T-junctions by the approach described in [6]. ranch impedances could be realized but are too frequency de-

. . . .Opendent, which results in a narrow band performance. For the
Fig. 4(a)—(c) shows the normalized reference plane positi ne ;
-former case, two couplers of loose couplings can be cascaded

dy/bs andds /by, and the impedance ratio of branch to main ) . .
i . . . into a coupler of tight couplings [3]. For the latter case, using
guides Z3/Z;, respectively, as a function of normalized fre; T : . . .
: . : full-wave optimization design outlined in the last section, the
quencies2b; /A,. In the synthesis of waveguide branch cou- : : . .
! L . : . -~ ~"tight couplings can be obtained over a wide band. A critical case
plers, the series reactanég in the 7-junction equivalent cir- ; . o "
S ) . . that is often encountered in practice is that for a specified cou-
cuit is ignored with only slight effect on the (synthesized) cou-,. : : .
. ling, the required branch impedances could be realized by the
pler performance [4]. Therefore, the curves of the series reac- . . .
. . waveguidel-junctions at the low-frequency band but not at the
tanceX versus normalized frequencieg; 2\, are not shown

. . ! high-frequency band. For this case, if a coupler at the high-fre-
here. The curves in the explicit form of Fig. 4 are not present%t%gency band is desired, two methods could be used. One method

n [6]’. however, _th_ey can give a clear explanatl_on on why t|gf|1s to design a coupler of a little looser (than the specified) cou-
couplings are difficult to realize using waveguide branch cou-. = . A . ;
plers, as discussed below. pling first gnd thenuse fu!l_—wave optimization design to increase
' the coupling to the specified value. The other method is to de-
sign a coupler of the specified coupling at the low-frequency
band first and then use full-wave optimization design to move
Detailed inspection of the immittance tables given in [3] athe coupler to the specified high-frequency band.
[4] and [5] shows that low branch immittances are required for It should be noted that in the above discussion, only the
loose couplings and high immittances for tight couplings. Féranch impedances of wavegui@dgjunctions are considered

example, the highest branch immittance for a five-branch 6-d8r clarity of discussion. The practical design involves the

C. Discussion
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Fig. 10. Random tolerance analysis of the five-branch 3-dB coupler. In computation, a margin tolerafcmibis assumed. (a) Coupling. (b) Insertion loss.

(c) Return loss. (d) Isolation.

consideration of the main-guide impedances and the referenc€&ig. 8 shows the dimensions of a ten-branch 3-dB coupler.
plane positions, which makes the tight couplings more difficult is obtained by cascading two identical five-branch 8.33-dB

to realize.

IV. RESULTS

couplers together. The total length of the coupler is about 63
in. Fig. 9 shows the computed results of the coupler. The HFSS
results are also shown in Fig. 9 to verify the design. The com-
puted results are in good agreement with the HFSS results. Over
the 52% guide-wavelength (or 27% frequency) bandwidth, the

Two 3-dB waveguide branch couplers are designed. Both amsupling variation is withind=0.4 dB, and the return loss and
constructed in a WR1500 waveguide having cross dimensidsslation are greater than 42 dB.

of 15x 7.5in.

Figs. 10 and 11 show the random tolerance analysis of the

Fig. 5 shows the dimensions of a five-branch 3-dB coupler.five- and ten-branch 3-dB couplers, respectively. In computa-
is obtained by using full-wave optimization directly. The totafion, a margin tolerance af5 mil is used. For the five-branch

length of the coupler is about 27 in. Fig. 6 shows the computedupler, it is seen from Fig. 10 that manufacturing tolerances
results of the coupler. Over the 23% guide-wavelength (or 148nd to increase the coupling and decrease the insertion loss
frequency) bandwidth, the coupling variation is witHi0.1 dB, by about 0.05 dB, and they have more effect on the return loss
and the return loss and isolation are greater than 40 dB. The paard isolation at the high-frequency band. The measured results
formance is comparable with that for the loose couplings prehown in Fig. 7 are consistent with the observation. Compar-
dicted by Levy [1]. Fig. 7 shows the measured results. The masen of Fig. 11 with Fig. 10 shows that the effect of manufac-
sured results are in good agreement with the computed resuttging tolerances on the ten-branch coupler is much less than
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Fig. 11. Random tolerance analysis of the ten-branch 3-dB coupler. In computation, a margin toletabamibis assumed. (a) Coupling. (b) Insertion loss.
(c) Return loss. (d) Isolation.
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their effect on the five-branch coupler. A reasonable explana-

tion is that with the number of branches increasing, there ar

more tolerance variables and therefore their effects on th

significant effect on coupler performance.

V. SUMMARY

In this paper, full-wave optimization design of waveguide
branch couplers is presented. Waveguidginction equivalent

(1]

frequency (MHz)

(d)
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