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Optimized E-Plane T-Junction Series
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Abstract —A rigorous design theory for compact rectangrdar wavegoide

power dividers with unsymmetrical series E-plane T-jnnctions of suitably

optimized different wavegoide heights and distances is described. The

method is based on field expansion in normaEzed eigenmodes which yield

directly the modal S-matrix of two appropriate key bnilding blocks. The

immediate modal S-matrix combination of the indlviduaf strnctores in-

cludes the effects of all step dkcmrtinuities and their mutual higher order

mode interaction. Computer-optimized – 3.01 dB, – 4.77 dB, and – 6.02

dB power divider examples achieve about +0.25 dB conpling deviation at

the output ports, together with about 30 dB return loss at the input port,

for the chosen design frequencies of 12 GHz, 31.6 GHz, and 15.5 GHz.

The – 4.77 dB power divider provides a bandwidth of about 8 percent. The

theory is verified by measurements.

I. INTRODUCTION

w AVEGUIDE SYSTEMS for satellite communica-

tion applications require simple low-insertion-loss

components which are appropriate for compact topology

and are as light as practicable. Therefore, the old principle

of direct power splitting by waveguide E-plane T-junction

[1] series configurations–also known as “squintless feeds”

[2]–has found new interest for all applications in satellite

microwave systems [3], [4], where size, weight, and simplic-

ity are critical design factors and where the typical short-

coming inherent in such three-port elements, i.e., poor

isolation between the output ports, is of less importance.

E-plane junctions allow convenient milling and spark erod-

ing techniques from a solid block, which produces wave-

guide chanfiels of identical a-dimension milling depth (i.e.,

identical fundamental-mode cutoff frequency); the wave-

guide heights may simply be modified appropriately for

impedance matching purposes. Moreover, E-plane power

dividers are highly compatible with printed E-plane com-

ponents [5], [6] such as diplexers [5], [7], which are of

growing interest in recent millimeter-wave circuit designs.

Available analysis methods for single E-plane T-junc-

tions [1], [8]–[12] do not include the influence of three
unequal waveguide branches. The approximation of un-

symmetrical T-junctions by an average reference plane, as

suggested in [20], [8], and [9] for branch-guide couplers, is

inadequate for the optitium design of T-junction series

power dividers. This is because the effects of both the
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magnitude and the phase caused by each individual step

discontinuity of the unequal branch heights are utilized

directly for controlling the ratio of the power division, as

well as for compensating the frequency response at the

ports. Moreover, the higher order mode coupling effect of

series T-junction discontinuities has been neglected in pre-

vious designs. The purpose of this paper, therefore, is to

describe a computer-aided design method for unsymmetri-

cal E-plane T-junction series power dividers (Fig. 1) which

takes these effects rigorously into account. The structure

requires no additional matching elements, and the desired

power divider performance may be achieved by suitably

designing the unsymmetrical branch heights and the T-

junction distances (Fig. l(a), (b)). Although the two design

types (Fig. l(a), (b)) show similar power division proper-

ties, the back-step tapered power divider type (Fig. l(b))

has turned out to achieve better input VSWR behavior

than its counterpart (Fig. l(a)).

The design method is based on field expansion into

normalized incident and scattered waves [10]–[14]. The

principle of expansion of electromagnetic fields in cavities

[17], [12] is utilized, which yields, for this kind of discon-

tinuity, rapidly converging expansion functions and allows

the multiaperture problem to be reduced to a mere su-

perimposition of simpler cavity problems by subsequently

shorting all apertures but one. The theory yields directly

the modal scattering matrix of the waveguide discontinuity

under consideration. The immediate modal S-matrix com-

bination of all interacting structures includes the effects of

all discontinuities and their mutual higher order mode

coupling. Moreover, this technique of direct S-matrix com-

bination preserves numerical accuracy and requires no

symmetry of ports or modes of the individual waveguide

elements to be combined.

An appropriate admittance matrix formulation may pro-

vide, if desired, easy-to-apply equivalent circuit parameters

[1] based on the accurate field theory modal S-matrix

method given. This allows well-established simple network

theory methods [1], [8], [9] to be applied as well. However,

the restricted validity of this approach is demonstrated for

a symmetrical T-junction example.

The field theory computer-aided design method pre-

sented is verified by optimized power divider examples

with power division in equal parts. Data for optimized

power dividers with two T-junctions (division in three

parts, i.e., – 4.77 dB coupling) are given for R140 (15.8
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Fig. 1. Unsymmetrical E-plane T-junction series power divider. (a)
Top-step tapered type. (b) Back-step tapered type. (c) Subregions for

the T-junction discontinuity. (d) Subregions for ,the discontinuity step
in height (top-step type). (e) Subregions for the discontinuity step in
height (back-step type).

mm x 7.9 mm), R220 (10.7 mm X 4.3 mm), and R320 (7.1

mm x 3.55 mm) input waveguides. Optimized power di-

viders with three T-junctions (division in four parts, i.e.,

– 6.02 dB coupling) and four T-junctions (division in five

parts, i.e., – 6.99 dB coupling) are presented for the R140

input waveguide. Measured results for a two-T-junction

power divider show good agreement with the theoretically

predicted values.

II. THEORY

The coupling section of the unsymmetrical T-junctions

with unequal branch heights (Fig. l(a), (b)) is decomposed

into two key building blocks, the symmetrical T-junction

with arbitrary branch height 2 ZI and equal heights 2 yl in

the main waveguide (Fig. l(c)), and the discontinuity

1053

change in waveguide height (Fig. l(d), or (e), respectively).

The total scattering matrix of the unsymmetrical T-junc-

tion is formulated by suitable direct combination of the

related individual modal scattering matrices.

A TEIO wave incident in port I (Fig. l(c)) excites

longitudinal section TE;~ waves [13], [15]. Therefore, for

each typical homogeneous subregion u = I, II, III (Fig.

l(c)), and u = IIa, V (Fig. l(d), (e)) the fields, [15], [16]

~(u) = – jtiPV X fi~; 2?(”) =V x v x 11$’ (1)

are derived from the x component of the Hertzian vector

potential fi~, which is assumed to be a sum of suitably

normalized eigenmodes satisfying the vector Hehrtholtz

equation and the corresponding boundary conditions:

1

“ ~~ ((‘COS k$’n) t – qf”) ))

1

(2)

Here, a = waveguide width and (qz – ql)(”) = b(”) =

waveguide height in the corresponding subregion, i.e., yl +

Y1, Z1+ z1, or .Y2– YJ, respectively. In addition,

(.J2pC> k: + k$)2

U2pc < k; + k$.)2

towards the waveguideand t = position variable directed

height, i.e., y or z, respectively, and s = variable of the

corresponding wave propagation, i.e., z or y, respectively.

Note that the usual signs for the forwatd and backward

wave amplitudes (i.e., the upper signs of the exponential

function in (2)) correspond to the reference coordinate

system indicated in Fig. l(c). The related signs need to be

interchanged for an inverse reference axis, e.g. for a T-

junction opened in the – y direction.
The eigenmodes in (2) with the still unknown amplitude

coefficients ~. and B. are suitably normalized, so that the

power carried by a given wave is 1 W for a wave amplitude

coefficient of 1 @ [15].

The modal scattering matrix of the symmetrical T@nction

is derived by extending the mode-matching procedure for a

right-angle waveguide corner [12]. The field in the cavity

subregion IV (Fig. l(c)) is superimposed by three suitably
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chosen standing wave solutions:

rI;y = II;:(l) + n ;:(2)+ rI;y(3) (3)

where solution (1) is obtained if the boundary planes S2

and S3 (Fig. l(c)) are short-circuited and SI is open;

solutions (2) and (3) are found analogously [12]. Note,

however, that theTE;~ formulation, (l)and(2), is differ-

ent from [12]. This formulation advantageously requires

only one vector potential component to be considered,

instead of two [12].

By matching the tangential field components given by

(l)-(3) at the common interfaces across the discontinuities

z=–zl, ~~(–yl, yl), z=zl, y~(–yl, yl), and~=y,.

z = (– z,, Zl), respectively (Fig. l(c)) and utilizing the or-
thogonal property of the modes [15], [16], the still un-

known amplitude coefficients can be related to each other

in the form of the desired scattering matrix of the symmet-

rical T-junction:

(B) = (ST)(A) (4)

where the’ matrix elements are elucidated in the Appendix.

The modal scattering matrix of the discontinuity change in

waueguide height (Fig. l(d), (e)) is calculated by direct

mode matching of the tangential field components given

by (1) and (2) at the common interfaces across the discon-

tinuities at z = Z2. In order to include both types under

consideration (Fig. l(d), (e)), it is convenient to utilize the

formulation for the more general discontinuity change

from waveguide height ( yl – yO) to ( y2 – Y3), and to choose

Y3 = Y. for the case in Fig. l(d), and y2 = yl for the case in
Fig. l(e), respectively. Note further that for a discontinuity

from lower to higher waveguide, only the port designations

have to be interchanged. The wave amplitude coefficients

are related to each other by the desired scattering matrix

(B) = (s~)(A) (5)

where the matrix elements are given in the Appendix.

The total modal scattering matrix of the unsymmetrical

Tjunction

(B) = (sq(A) (6)

is given by suitably combining the related three-port ma-

trix (S ~) with the two-port matrix (S ~), as described in

[18]. For completeness, the equations are given in the

Appendix using the present notation. The overall modal

scattering matrix of the complete power divider structure

is found by using this formulation iteratively, and by

including the two-port scattering matrix of a homogeneous

waveguide section for an appropriate consideration of the

distances between the individual discontinuities. This pro-

cedure preserves numerical accuracy, avoids instabilities,

and requires no symmetry of ports and modes [18].

For computer optimization, the expansion into ten ei-

genmodes at each step discontinuity and four eigenmodes

along each intermediate homogeneous waveguide section

has turned out to yield sufficient asymptotic behavior of

the scattering coefficients. The final design data are pro-

vided by expansion into 18 eigenmodes.

For derivating an equivalent-circuit representation, the

admittance matrix (Y) of the structure under considera-

tion is calculated by

(Y) = (Y:)1’2. (Y). (Y/)1’2 (7)

with the normalized admittance matrix

(7) = [( U)+(S) ]-l. [(U)-(S)].

(S) is the related scattering matrix of the single or com-

posed structure calculated by the field theory presented;

(Y/)112 is the diagonal matrix of the square root of the

wave admittances YOZ= I/ZF, (cf. (2)) in each of the ports

i of the multiport under consideration; and (U) is the unit

matrix. The network elements of a suitably chosen equi-

valent circuit may then be calculated by comparison of the

related Y-matrices. For example, the simple equivalent-

circuit parameters according to [1] for the symmetrical

T-junction (cf. Fig. 2) are derivated by the Y-matrix ele-

ments using the expressions given in the Appendix.

III. DESIGN

As has already been shown for optimized waveguide

transformers [14] or couplers [13], the computer-aided de-

sign is carried out by a modified direct search method, the

evolution strategy method [19], where the parameters of

the error function are varied statistically. The advantages

are such that local minima may be avoided and no differ-

entiation step is necessary. An error function to be mini-

mized is defined

‘(x)=iw-!’+b%r
‘(a2+b%)2+”””‘8)

where J is the number of frequency sample points; Sll ~,

S,l~ are the desired given input reflection and correspond-

ing transmission coefficient; to the ports i; and Sll(~)

and S,l( f, ) are the calculated scattering coefficients at the

frequency ~. For given waveguide width a and number of

output ports desired, the parameters Z to be optimized

(Fig. l(a), (b)) are the distance of the T-junctions and the

waveguide heights in all ports except the input port. The

optimization program achieves the design of power di-
viders with up to five series T-junctions.

IV. RESULTS

Fig. 2 shows the equivalent-circuit parameters, accordi-

ng to [1], for a symmetrical T-junction as a function of

frequency. For low frequencies and for side arm height b’

equal to the main line height b (Fig. 2(a)), the results of [1]

agree relatively well with the values calculated with the

rigorous field theory method described. For higher fre-

quencies and for larger ratios b’/b (Fig. 2(b)), however, a

significant deviation between the rigorous theory and [1]

may be stated. For still higher frequencies (Fig. 2(c)), the
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Fig. 2. Equivalent-circuit parameters. Comparison between field theory results, (l)-(7), and the results of Marcuvitz [1].
Waveguide dimensions u = 15.8 mm, b = a/2. (a) Ratio of the side arm height to main line height b’/b = 1. (b) b’/b >1,

b’= 10 mm. (c) Demonstration of the frequency range of validity, b’/b = 1.

equivalent-circuit parameter representation of the junction

is degraded by the higher order mode propagation within

the waveguide elements.

Fig. 3 compares the results of our method with available

field theory results [11] for a symmetric T-junction. Very

good agreement can be stated.

Althou@ the two types of unsymmetrical T-junctions

(Fig. l(a), (b)) considered in the theory yield nearly equiv-

alent power division properties, the back-step tapered type

(Fig. l(b)) achieves better input VSWR behavior. This type
is preferred, therefore, for the demonstration of numerical

examples. Further, the theory is verified by optimized

power dividers with power division in equal parts. For

other power levels desired, only the corresponding trans-

mission coefficients S,l ~ in (8) need to be chosen ade-

quately.
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Fig. 3. Symmetrical E-plane T-junction. Magnitude of the scattering
coefficients as a function of normalized frequency. Waveguide dimen-
sions: a = 2b.

_6 J

Fig. 4, E-plane T-junction with optimized different waveguide heights.
Magnitude of the scattering coefficients in decibels as a function of
frequency. Waveguide dimensions: a = 2 b = 15.799 mm (R140-band);
bz = 4.41 mm; b~ = 4.38 mm.

The simple unsymmetric T-junction (Fig. 4) with suit-

ably optimized waveguide heights of the output ports

achieves – (3.01+0.25) dB coupling to ports 3 and 2

together with more than 43 dB return loss at 12 GHz, as is

demonstrated in Fig. 4 for an R140 input waveguide.

A relatively broad-band – 4.77 dB design achieved by a

series connection of two T-junctions with suitably opti-

mized dimensions is shown in Fig. 5 for a R320-band

example. Here – (4.77+0.25) dB power division is pro-
vided for a bandwidth of about 2.5 GHz together with

more than 36 dB return loss. Further design data for such

power dividers in three ports, with similar characteristics
but for the R140- and R220-waveguide band, respectively,

are given in the caption to Fig. 5.

Power dividers of smaller bandwidth in four and five

ports, with three and four series T-junctions, respectively,

are shown in Figs. 6 and 7 for R140-waveguide-band

examples. A – (6.02+0.2) dB coupling is achieved at
about 15.5 GHz for the four-series-T-junction design, to-
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Fig. 5. Two series T-junctions with optimized waveguide heights and
distance. Magnitude of the scattering coefficients in decibels as a
function of frequency. Waveguide dimensions: a = 2b = 7.112 mm
(R320-band); bz = 1.26 mm; bq = 1.61 mm: i = 5.12 mm; bl = 2.54
mm: b~ = 1.50 mm. (The dimensions for respectively, a R140-band and
an R220-band example are a = 2b =15.799 mm, b2 = 2.98 mm, b~ =

2.83 mm, 1= 27.42 mm, bl = 5.43 mm, b~ = 3.95 mm, and a = 10.668
mm, b = 4.318 mm, b2 = 2.87 mm, b~ = 3.39 mm, 1=1.93 mm, bl =

4.33 mm, b~ = 2.92 mm.)

-j v
f/ GHz~

+ 0’;8 ‘ ’441 ‘5’0 ‘ ‘5’6 ‘ ‘6’2 ‘ ‘6(8
I

1
— S2,“--”--S31 -- Sk, ---~,

lSi~l -2
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Fig. 6. Three series T-junctions with optimized waveguide heights and
distances, Magnitude of the scattering coefficients in decibels as a
function of frequency. Waveguide dimensions: a = 2 b = 15.799 mm
(R140-band); bz = 3.41 mm, bq = 3.67 mm, [2= 7.94 mm, b12 = 3.96

mm, bd = 2.67 mm, II = 7.95 mm, b,l = 7.39 mm, b~ = 2.65 mm.

gether with about 28 dB return loss (Fig. 6). The five-

series-T-junction type (Fig. 7) shows a higher deviation

(about 1 dB) of the coupling response (– 6.99 dB) at the

ports. As may be shown by corresponding calculations, a



ARNDT et u1.: OPTIMIZED E-PLANE T-JUNCTION SERIES POWER DIVIDERS 1057

f/ GHz~ Fig. 8 shows the measured results of an R140-wave-

1

144 150 156 162
0

F

guide-band two-series-T-junction power divider (– 4.77 dB

power division), which are compared with the theoretically

1s,,1.,0 predicted values. Convenient milling and spark eroding

x
techniques may lead to a compact design. The optimized

-20 design data are given in the caption of Fig. 5. The mea-

sured results are in good agreement with the theory. The

-30 measured return loss at port 1 was typically about 30 dB

between 12.8 and 16 GHz. Tapered transitions to standard

‘m

R140-waveguide height dimensions (b= 7.898 mm) are

connected to ports 4, 3, and 2, respectively.

V. CONCLUSIONS

f/ GHz-+

t O’Y8
lSi~l _~
— {

‘B$75Y
Fig. 7. Four series T-junctions with optimized waveguide heights and

distances. Magnitude of the scattering coefficients in decibels as a
function of frequency. Waveguide dimensions: a = 2b = 15.799 mm,
bz = 3.19 mm, b~ = 2.52 mm, 13=18.17 mm, bl~ = 5.54 mm, bd = 2,52

mm, [2 =10.63 mm, b12 = 3.19 mm, b~ = 7.33 mm, /l = 53.90 mm,
bll = 7.79 mm, b~ = 1.90 mm.

Series E-plane T-junctions with different suitably opti-

mized waveguide heights and distances achieve simple

power dividers appropriate for compact topology. A suit-

able computer-aided design of such power dividers is

based on direct modal expansion in scattered waves, which

allows the inclusion of the effects of all step discontinuities

and mutual higher order mode interaction. Convenient

milling and spark eroding techniques permit low-cost mass

production, since no additional matching elements, such as

irises or posts, are necessary. Since all significant discon-

tinuity and coupling effects are included in the design

theory, measurements agree well with the theoretical pre-

dictions.

APPENDIX

P“
0

0

0 0

@ Matrix Elements in (4):

Y

[

-(%)(YJ (YI) 1
-( T,)(Y,) ‘1

o

(ST) = (y,) -(el)(Y1) (T2)(Y3)

o -( T,)(Y,) (T,)(Y1) -(e3)(Y3)

@

[

(l/el)(Y1)

L.1

-(YJ (T1)(Y3)

@ -(YJ (l/el)(Yl)o 0
*

1

-( T,)(Y,) (Al)

o (T3)(Y1) -( T,)(Y,) (l/e, )( Y,)
-1

Coefficients of the Coupling Matrices (Tl ), (TJ, (T3),

f/ GHz~ (T,):

12.0 12.6 13.2 13.8 14.4 15.0 156 1$.2 k$8 17,L

t: ; “’’”’”’”” ‘

o

— s~,
o

-2 ------ s~l -– Sk,
}

measured
;

‘I’ -’c
1$~1 -4 ~- __*---

dB .6 ~--------- -.-.-------+-----=~--+- –--”-=$=

-8

Fig. 8, Measured results of an R140-waveguide-band two-series-T-Junc-
tion power divider compared with theory. For dimensions, cf. caption
to Fig 5.

longer intermediate section 12, instead of the 10.6 mm for

the optimized compact design in Fig. 7, helps to reduce the

mutual influence of the discontinuities and, hence, leads to

reduced coupling deviation at the ports; the disadvantage

of this design, however, is an increased overall length of

the power divider.

.J:,lcos[i?y( [E(y+yJldy–Y+Yl)] Cos Zyl

(A2)

2.’ =(- 1) PT17Z’T (A3)

*cYs’~’(-z+zJ’cOs[5(z+z’)ldz‘A4)
zr,,p = (- l)pT3np -T (A5)
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Elements of the Diagonal Matrices (~), (YJ, (eI), (eJ,

(l/eI), (1/e3):

Yln = — Y3n = —&& (A6)

el. = exp(j~~2z1) ()e3P = exp j/?~2 yl

1/4,,1 = exp(- jBJzzl) l/e,P =exp(- ~B~2Y~)

ZF: cf. (2). (A7)

Submatrices in (5):

(sl,) = [(~)(l/&)[(K,.m) (~)] -l(E)

+( K2.Ln)(l//3J(~)]-1

* [-(m)(l/Pm)[(~l.m)(K)] -’(R)

+ (K2w1n)(v~n)(~]] (A8)

(sl,) = 2[(/-q(l/i3m)[( K1nm)(/37J] -’(~)

+ (K2mn)(l/pn)(~j] -l(~) (l/&) (A9)

(s21) = 2[(K,.m)(~)+(~j [( K2mn)(l/i3n)(~)] ‘1

“(mm)]-’(m)
(A1O)

(s22) = [(~,nm)(E)+(R)[ (~2mn)(l/Bn)(R)] ‘1

*(Kjw&)]-l

* [-(~ln.l)(K)+(R) [(~zmn)(l/Bn)(m)] ‘1

*(02) WLL)]. (All)

Coefficients of the Coupling Matrices (Kl), (Kl):

2
K=

1“”’ &“&”d (Y, -YO)(Y2-Y3)

“p”’[(y,:yo)+c”’[fi(Y-Y3)] ~Y

( K,,,,,,)= ( K1,,,~)’ (’ = transposed). (A12)

Elements of the Diagonal Matrices (~), (~), (1/f3w,),

(1 /pn):

~.

Submatrices of (6):

(s:’) = (So;)+

(s:’) = (So;)+

(s:’) = (X3)+(X)(M)(M)

(x’) = O%)(M)

(s:’) = (S:) +( MJ(M4)

(x’) = (M)(x)

(s:’) = (S;)+ (s$)(fw,)(s:)

(s:’) = (S$)(S:)+(SQ(M2 )(M4)

(s:’) = (SO)+ (A14)

with the abbreviations

(M,) = (s:)(Ml)

(M3) = (s~)(fq

(Ml) = (Sw2)

(MJ=[(U)-(S;)(S: )]-l

(U): unit matrix.

Equivalent-Circuit Parameters (Fig. 2):

Yc = Y23 = – Y13 YD = Y33 – Y23

‘B= – ’21 – Y23 YA = Yll + Y21 (A15)

where the matrix elements of (Y) are calculated by (7)

utilizing the rigorous field theory method.
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