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Optimum Design of Multinole Directional
Couplers With Arbitrary Aperture Spacing

Homayoon Oraizi,Member, IEEE

Abstract—A numerical procedure based on the method of in this paper, the hole spacing of the optimum coupler is not
least squares is presented for the optimum design of multihole quite equal to),/4 of the center frequency of the band. A

directional couplers with a specified number of apertures and ; ; ; ; Sk
. . > W . . procedure for improving the rippled response of directivity is
their arbitrary spacing in a desired frequency band for a given also provided [11], [12].

coupling coefficient(C) together with maximization of the mean ' o
value of isolation (I) or equivalently directivity (D) across the The coupler design based on the Chebyshev response is, in
band and also specified values ofC) and (D) (or equivalently ~many cases, an overdesign, because the design of a broad-band

isolation I). An error function is constructed in the band for  coupler (with a large number of holes angl/4 hole spacing)
optimization of C'and D or I, which after minimization gives the g its in a relatively long device. In many applications, there

best values of the hole radii and spacing. The proposed method is . limitati diti to k the devi
quite suitable for computer-aided design (CAD) and has several IS a space limitation and 1t IS necessary 10 keep the aevice

advantages over common design methods for multihole direc- @S short as possible. Furthermore, in many applications, an
tional couplers, such as simplicity of analysis and development of optimum possible directivity response is not required in the

the numerical algorithm, flexibility of hole spacing, specification frequency band in the sense of minimizing the power leakage
of the desired values ofC and D or I, and actual optimization of in the isolated port.
the coupler de5|gn in the _deswed frequenc_y band. The proposed In this paper, a simple and effective numerical procedure
method is potentially applicable to the design of other couplers. ! ;
based on the method of least squares is presented for the
design of multihole directional couplers with arbitrary aperture
spacing. An error function is constructed by comparing the
IRECTIONAL couplers are microwave passive four-porglesired coupling coefficier(iC') with the coupled power and
devices which have different applications in microwavgiso the isolatior(1) with the leakage power or maximizing
networks and systems. Various types of couplers have bagg mean value of isolatioff ) or equivalently directivity(D)
devised for waveguide, stripline, and microstrip circuits, bigcross the desired frequency band. Minimization of the error
they are narrow-band devices which have the desired pginction provides the hole radii, adjacent hole spadtig,
formance only in the close vicinity of the design frequencyjistance of each hole from the waveguide ng@ for a
Tandem connection of several couplers improves the frequergiyen number of hole§N + 1) and a givenC' for the case
response, and its optimum design provides a broad-band devigfere the mean value @ is to be as large as possible in
[1]-{10]. the desired frequency bandwidth. In another procedure, the
The Bethe-hole coupler is composed of two adjacent regialue of D or equivalently the value of = D + C is also
angular waveguides with a small hole in their common broasiitially specified. Then, the numerical procedures obtain the
or narrow wall. To increase the bandwidth of this device, @ptimum hole spacingjé andsi) and subsequenﬂy determine
train of holes is made in the common wall of the guide anghe new hole radii. Note that the adjacent hole spacinigs
is called a multihole directional coupler, as shown in Fig. Jand the distance of each hole from the guide edggsare not
As the number of hole¢N + 1) and the length of the hole necessarily constant, as they are assumed so in other design
train increase, the frequency response improves. The distaf&hods. Furthermore, the proposed method is optimum in
of the hole train from the guide edge(s) is chosen arbitrariljhe |east square sense, whereas the Chebyshev coupler is not
and the hole spacing is kept constant and equal to a quart@fictly so, because the hole spacing is kept constantly equal
wavelength of the center frequency of the bard= A,/4). to \,/4. Similar procedures have been applied for the design
Therefore, the coupler design reduces to the determinatignstepline impedance transformers [17].
of the hole radii. To achieve a binomial or maximally flat First, the numerical procedure is explained and then the
rippled frequency response of the directivity, coupling factoigsults of computer programs are presented and compared with
are made proportional to the binomial coefficients. For \ghat is available in the literature.
Chebyshev response, the corresponding term in the expression
of directivity is equated to the Chebyshev polynomial of II. NUMERICAL PROCEDURE
degreeN (for the number of holes ofV + 1) [1]-[6]. The

Cheyshr Coupler 5 amostopmum snce, s we il sgg " 22 o 8 kil drectona couler wtere e

I. INTRODUCTION
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Fig. 1. Top or side view of a rectangular waveguide multihole directional coupler.

independent of the variable along the narrow wall, the distanaee identical and equal to [1, p. 477]
of the holes in the common narrow wall from the guide edge(s)

has no effect on the coupler performance. Referring to Fig. 1, Ky = Ky
the coupling coefficientC), directivity (D), and isolation(I) = L.k
are defined as follows: 42 [1\°
a0
C = 1010g,9(Pin/ Py) (1) Ao
. dw _
D = 10logy(P;/F}) @ = —igaplQavES? -T2 @)
I =10log1o(Pun/P)=C+ D 3

where P, is the incident power at the input potky is the

coupled power, and, is the power out of the isolated port [4].

The total coupled fields traveling in the forward and backward
directions are, respectively,

. . . N N
s s nomh o hom e kg me e ouper = Aesp( 83 S, @
guide at thekth frequency in the desired bang}) are, N =1 /n=0
respectively [2], [13], By = AZLnkbnk (10)
For = Knlﬂi = Bpkdn (4) =0
By, = Loibak (5) whereA is the field amplitude incident on the input port and,

wherer,, is the radius of thexth hole anda,, = 2 and b,

for simplicity, will be set equal to onéA = 1), d; is the
distance between thg — 1)th andith hole centers and

is defined below in (11). The coupling factors of the forward

and backward traveling waves leaked through-tkie hole in

the common broad wall of the rectangular waveguide may be

written as the following expressions [2, Sec. 8.4]:

(11)

bnk = anp €Xp <—J2/3k2dz> .
=1

At Note that mode interaction between closely spaced holes has
Ko = f been neglected.
According to the definitions of’, D, andI in (1)—(3), we
_, tr ey % 9 (13
3abey/1 = (c/2a\/2, fr)?
2 FI* |F
.2 (T5n c 27sy, C=-10log,o|~| = |=|=1072 = (12
Zon of — 22°n 6 10
sin ( , )—i— <2a\/5_rfk> COS< . )] (6) A 2 A 2
B B
Ao I=-10log,o|~| = || =10"U/10 =],
Ly, = —= A A
4 4 BI* |B|?
y TV T D =—10log,o|=| = || =10-@/" = p,. (13)
3abey/1 = (c/2a\/2, fr)? F F

(7)

. l2<2a;\/5_7,fk>2 - 35111(%)]

where s,, is the distance of the:th hole center from the
guide edge. is the speed of light in free space,is the

Now we would like to design a multihole directional coupler
having (N 4 1) holes, coupling coefficien(tC') and directivity
(D) (or equivalently, isolatiod = D + C) in the frequency
band from f; to f,. We divide the desired frequency band
into K discrete frequencies with the frequency interval equal

rectangular guide width, ang. is the dielectric constant of theto Af = (f,, — f1)/(i — 1). In the present method, the hole
insulating material inside the guide. The coupling factors of thradii (+;) and spacingd; ands;) are determined starting from
forward and backward traveling waves through a hole in thkeir specified initial values (as required by the version of the
common narrow wall of two adjacent rectangular waveguidedgorithm). Therefore, we construct an error function in the
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specified frequency band having the simplest mathematicallo keep the algorithms simple, we assume that the hole train

form: be along a straight line with a distangdrom the guide edge,
K K and that the distance between any two adjacent holes is equal
£ = wZ[—Il + |Bi)? + Z[_cl + | Fy|]? to d. Therefore, fors; we have )
k=1 k=1
K N 272 €1 = wz —I) + |L)? Zb
=wy [N+ Y Lk n=0
k=1 n=0 K N 2
K N 2 + Z -C1+ |Kk|zan] (16)

+> |=Cr+ > K, kan] (14) k=1 = 1

k=1 n=0 N

Jde
In case the coupling coefficien€) is specified, but the mean aa—l = 4wz —I1 + | Ly,

> by

value of directivity is to be maximized across the frequency k=1 n=0
band, the error function is constructed as follows: N
K K . |Lk|22an cos[23d(n — m)]
e2=wy |BiP+ > [-Ci+| R[] (15) =0 N
k=1 k=1
wherew is a weighting factor which balances the contributions + 22 -1+ |Kk|zan] | K| 17)
n=0

of the two terms in the error expression. Its value could be
chosen in such a way as to enhance the effect of one termge, )
over the other. If one portion of the frequency band is more 5; ~ 8wzﬁk|Lk| — I + [ Lyf?

2

Zb

important than the rest, the weighting factor could be made n=0
a function of frequency to amplify the effect of that subband N- )
[11]. Z Z nm(m — n) sin[20,d(n —m)]  (18)

The error function for the design specification@fand D n=0m=n+l ,
is constructed as follows: O K N

212 81 =dwd | =L +|Li*|> bn
€ = le Dit|Z| | + 2=+ IEIP = n=0
k N N
5 L] |Lk|—|Lk|ZZanamCOS [28xd(m = n)]
= wz _Dl + % n=0m=0
k 1220 Knkan] K

N
-G+ |Kk|2an] |Kk|2an (19)

n=0 n=0

~C1+

r +2;

For e we have

k n

The algorithm based o#y; designs a coupler by simultane- B a L2 al .
ous determination of the least mean squared errors of both the f2= wz| K] Z "
specified isolation as given h§ and the specified coupling N N
as given byC; across the desired frequency band. That of _ I [28d(n —

- obtains the least output power from the isolated port (that wZ' ¢l Zza"am cos[2fd(n —m)]

2 K
+

k=1

N 2
—Cl + |Kk|ZCM;|

=0

n=0m=0
is maximizing the mean value of isolation) together with the N 2
least mean squared error 6f; across the band. That ef
. i + —C1 + | Ky an 20
determines the least mean squared errors of both the specified Z 1+ k';_:o (20)

directivity as given byD; and coupling ag”; over the band.
Generally, the error function will have several minima with ez _ 2wZ|Lk| Za" cos[2Bxd(n — m)]
respect to the variables of hole radii and spacings. However, its?em 0

absolute minimum point gives the optimum realization of the N

specified values of’ and.D. The minimization algorithms will + 2Z|Kk| -C1 + IKkIZan] (21)
at best locate a local minimum, which depend on the initial =0

values of variables. We will use the gradient algorithms, which N N

require the derivatives of the error function with respectto = 2w2/3k|Lk| Z Zanam —-n)

s, andd; for ¢ = 0,1, 2,---, N. (However, minimization n=0m=0

routines without calculating derivatives could also be used Sln[2/3kd(” - )]

[15], [16].) These operations can readily be performed for the N-

error functionss, 2, andes, and are left out for brevity. The = 4w2/3k|Lk| Z Z A am(m —n)

results may be specialized for the cases where s and/or n=0m=n+1

d; = d. -Sln[2/3kd(n— m)] (22)
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2 The method of interval halving is used for the linear search.

K N
% = 2wZ|Lk|%|Lk| an The first step size along a direction vector is chosen equal to
k=1 n=0 the distance between the initial point and the minimum of the
K N N uadratic surface approximating the error at that point:
+23 |-Ci+ |Kk|2an] §|Kk|2an. (23) a PP o7 P
k=1 =0 ps=_2d)
Sincedey /da,, is a linear function ofa,,, the hole radii can (P, Ve)
readily be obtained by a mere matrix inversion as follows:

a

n=0

(29)

T wheree(Y') is the value of the error at the initial poiht, Ve
[an] = Df’m] [tm] (24) is the gradient vector at, and P is the direction vector of the

K 5 5 linear search. Therefore, the value of variables for this step size
Linn = Z{w|Lk| cos[2fd(n —m)| + |Kx|"}  (25)  pg from their initial values along the direction vectéris

k=1
Y —~Y +DSP. (30)

K
= K. 26 o
bm Cl};' d (26) However, the optimization should be performed under con-

straint, since the holes should not overlap each other and

Their diagonal elements are also identical, as are the eIeméHFsy _s_hould not get out of the guide. There_fore, the fo!lowmg
of the constant vectoft,,]. By writing the elements of the conq|F|on§ should be checked and apprpprlgte _correcu_ons and
linear matrix equation for the various values of rogus) and Modifications should be made after minimization cofwith
columns(n), it can be shown that for an even number of hole§gspect tor,, s, and d.

the radii of the first half of the holes are one-to-one equal to 1) Enforce the following after minimization ot with
those of the second half. For an odd number of holes, only  respect tor,,:

the middle one is not paired. This situation also appears for

The coefficient matriq1,,,] and its inverse are symmetric

the Chebyshev coupler. it >, coONtinue
The derivatives of the coupling factors with respecs tare . elser,, = rmin '
“ 0 it 7, <sandr, <a-scontinue
== [ K| =sign(Ky) ;- Ky 27) elser, = min(s, a — s)
85 gs if 7, + 741 < d continue
55 Ll =sign(La) o Li (28) elser, = ;—ra—d andrnq, = 552 —d.

2) Enforce the following after minimization ot with
respect tos:

2 272
12,0l ] if s> 0ands < a continue

(>, an)? _ elses = max(ry,) _
if s>r,anda— s> r, continue

2
—C) + |Kk|za ] ) else ifs < a/2 let s = max(ry,)

For 3, we have
Ly,
€3 :wz [—Dl + | =
K Ky

"o

elses = min(a — r,) = @ — max(r,).

This algorithm is not pursued here. 3) Enforce the following after minimization of with
The minimization of the error functions with respect to the respect tod:

variablesa,,, s, andd are performed separately, so that the if d> max(r, +r,4+1) continue

hole radii may be obtained for some specified valuess of elsed = max(r,, + 7n41)

and d. The error functions, is a quadratic function of,,, if d < d, continue

and its minimum point with respect to them is obtained by elsed = d,,

a matrix inversion, although a gradient method could also be if r,, + 7,41 < d continue

used as well. The method of interval halving is used for a elser, = THJ:;}WI andr,;1 = T iiiﬂd'

linear search to obtain a local minimum along a direction, i . ; )
such as minimization of; and e» with respect tos and wherern}i][1 is the minimum allowable hole radlu_s an is

d or along a gradient direction. However, the method dfi¢ maximum allowable length of the hole spacing.

PARTAN is employed to minimize with respect taz,,, [14]. Generally, the above algorlthms_ fail for physically unreaIT
This algorithm proceeds with alternate linear searches for ti¥@ple couplers, where the specified length of the hole train
minimum point along the direction of the negative gradient arfgl 100 short or the frequency bandwidth is too wide. In cases
that constructed by connecting the minimum of the curreltnere the computer programs obtain a set of hole radii, which
gradient search and the starting point of the search a|0§@verely overlap each other due to the initial short length of the
the preceding gradient direction. Initially, the first two lineafil€ train, one could update the coupler lengfh) after the
searches are conducted along gradient vectors. Other gradigifigl determination of hole radii by the following formula
methods also proceed along directions other than the gradieAfd Proceed thereon:

since the pure steepest descent method is not quite an efficient N-1

optimization algorithm, especially near singularities where it L=ro+ry+ 227’,1. (32)
gets trapped in endless oscillations. n=1
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Input values: alfac-1 wit=1
a = 22.B6[mnl N =1 fl= 8BE+03 [Hz 1 C = 20ILdk] epsds= 1E-09
b = 10.160mn1 Liz= 0.00Lmm1 fu= 1.1FE+10 [Hz1 eps= 1E-08
€r= 1 si= S.70Lrm] raininml=1.0E-D2 K = 350 ef= 1E-09
av
56 Clk>Idbi BEF. OPT.: o D(k2Ldbl BEF. OPT.: A
Ave = 25.065384 AFT. OPT .- = 7] az Ave = 2.012193 AFT. OPT.: =
31t ]
37
16 4 a3
41 1 27
36 4 =2=
31 4 17
264mepoaoEReas eamaep 1=
v L
Pt 3
161 1 2
Lep g it ity v it neny ey iy i1 iidirgll *3 S1IL I
fl fu (31 fu
d= 0.000 s= 5.700 d= 0.000 s= 4.841
BEFORE OPT.: L= 0.000 €= 0.2766989768 AFTER OPT.: 1 - O.000 €= 0.1259084940
rd = 4.84 | | ro = a.8a | |

Fig. 2. A multihole directional coupler design with one hole in the common broad wall of two adjacent waveguides for specified coupling c@éfficient

The one hole coupler design formulas may readily be speciaknters (sayl, = A,/2); 11) minimum value of hole radii
ized from (16) to (26). For example, in the case that only the,,;,); and 12) stopping criteria to terminate the computer
coupling coefficientC) is specified (with the error function programs for the values of error (ef), error slope (epsds) and

€2), the hole radius is obtained by (24) the least step size for interval halving (eps). The outputs of
a1y, | Kyl the computer programs are: 1) hole radii ); 2) hole spacing
ag = . . )
0 S KR + wlLul] (s andd); 3) length of the hole traifL); and 4) value of the

' . _ error function(e) with w = 1 before and after the optimization
which p_ertams to the hole in the br_oad_wall. Compare_thwnh respect to the hole spacing &ndd). The coupling(C)
result with [2, p. 404] where the design is based on a singd@d directivity (D) response of the coupler with respect to

frequency. For the hole in the narrow wall, we have frequency (namelyC—f and D—f curves) are plotted before
C1Y 4 K and after optimization.
do = 1 K. 12 Figs. 2—4 show 1-, 4-, and 20-hole directional coupler de-
2 x(1+ w)| K . _ ) )
signs with holes in the broad wall of the rectangular waveguide
ll. COMPUTER PROGRAMS AND NUMERICAL RESULTS for specified coupling coefficient{ = 20 dB) by the computer

Four computer programs have been written for the desi(?rrl()gram based on the error functie. Figs. 5 and 6 show

of multihole directional couplers with holes in either th our- and ten-hole coupler designs with the same specifications

rectangular waveguide common narrow or broad wall ar above, and specifying and isolation(I) by the program

either the specified values @f (together with maximization basgd ore.. Compare the results with [2, pp. 400_41_1]' ,
of D) or specified values o and D (or, equivalently, Figs. 7-10 show 1-, 2-, 7-, and 20-hole coupler designs with

I = C + D). The inputs of the computer programs are: 1Ijoles in the narrow wall of waveguide for spec_:ifiéidby the
rectangular waveguide cross-sectional dimensianar(d5); Program based om,. Note that the one hole (in the narrow
2) dielectric constant of the material inside the waveguidlide wall) coupler is actually a power divider. Figs. 11 and
(e,); 3) lower and upper frequency limitgy( and £,,) of the 12 shpw seven- and ter!-.hole coupler designs with the same
desired bandwidth (noting that the frequency bandwidth shoiigecifications, and specified and I by the program based
be chosen so that only the dominant madié,, propagates); ONn €1. Compare the results with [3, pp. 346-357]. Tdef

4) number of discrete frequencies in the b&iad); 5) number and D—f curves are drawn before and after the optimizations.
of holes (hereafter indicated hy and shown as such in theNote that the hole spacings of the optimum coupler designs
computer printouts); 6) initial specified length of the hole traifre not equal to the quarter-wavelengi (4 = 12.18 cm) of

[L; = (N —1)d;]; 7) initial specified hole spacingl( ands;); the center frequency = 9 GHz.

8) initial desired values of’ and D (if required by the version  The following conclusions are arrived at by extensive com-
of the computer program); 9) initial values of the hole radiiputer program runs. The two algorithms based on the error
10) maximum length of the hole traid.,, = (N —1)d,] where functione, are more effective for the coupler design than those
d, is the maximum allowable distance between adjacent hdlased orey, sincee, is a quadratic function of,, and has a
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Input wvalues: alfa-le+02 wt=1
a = 22.B6ILnnl N = 4 fFl= SE+09 [Hz1] C = 20Ldb1l epsds= 1E-09
b = 10.160LImn1 Li= 15.00[mn1] fu= 1.3E+10 [Hz] eps= 1E-08
€r= 1 si= S.7V0I[mn1 rminimml=1.0E-02 K = S0 ef= 1E-D9
C{k>Ldb]l BEF. OPT.: o g6 | Dik>L[db] BEF. OPT.: & |
Ave = 20.1347920 aFT. OPT.: = fAvae = 37 .021719 aFT. OPT.: =
a4 L E
30 =
34 -
a9 .
=24 -
2
cia;l———'—_'_—_'%_
14 _
[TERIREERES NI INNE IR NI ANNE NS SN R UNEANE RN RN AN
1 fu
d= 8.044 s= 3.700 d= 8.569 s= 5.2832
BEFORE OPT.: L= 24.133 €= 0.0183308665 AFTER DOPT.: L= 23.708 €= 0.0009997560
r0 = 3.26 ro0 = 3.17
rli = 4.02 ri - 4.28
2 = 4.02 r2 = 4.28
r3 = 3.26 r3@ = 3.17

Fig. 3. A coupler design with four holes in the common broad wall for specified

Input values: alfaz=le+03 wit=1e+03
a = 22.86L[mnl N = 20 fl= 7E+09 [Hz 1 C = 200[dbk] epsds= 1E-09
b = 10.160mm1 Li=110.00Ermnn1 fu= 1.3E+10 [Hz1 eps= 1E-0O8
€Er= 1 si= 9S5.70Imn1l rainCmml=1.0E-02 K = SO ef= 1E-09
Clk>[dbl BEF. OPT.: o Di{k2>L[di] BEF. OPT.:

gz Ave = 20.08027V2 AFT. OPT.: = | 117/ Ave = Bl.620414 OFT. OPT .2 =
38 1 107

33 4 o7 |

28 : 41 87

77 % i
f o)
‘ :
&7 :
y) 10 r
13 4 57 g g
RIRRIBEREIREARIN IO IR RE IR R AU RN NI ERRERNE REN ] a7 JlllJ_I_i_IJIIIIIIIIIIllllllllllllllllllllllIIIII
fl fu fl fu
d= 5.789 s= 5.700 d= 7.600 s= 5.935

BEFORE OPT.: L= 110.000 €= 0.0046057031 AFTER OPT.: L= 144.406 €= 0.0031629573
O = 0.97 r8 = 2.74 riag= 1.%9é r0 = 0.62 r8 = 2Z2.93 rle= 1.7é&
ri = 1.35 r9 = 2.79 riv= 1.71 i = 1.0=2 r9 = 3.00 r17= 1.40
r& = 1.71 rilo= 2.%79 r18= 1.35 =2 = 1.40 r10= 3.00 v18= 1.02
r3 = 1.96 ril= 2.74 r19= 0.97 r32 = 1.7¢6 ril= 2.93 r19= 0.62
r4 - 2.18 riz- 2.63 4 - 2.08 ril2= =2.380

3 = 2.35 r13= 2.51 vrS = 2.36 ri3= 2.61

6 = 2.51 vr14= 2.335 r6&6 = 2.60 ri4= 2.36

r? = 2.63 risS= 2.18 7 = 2.80 r15= 2.08

Fig. 4. CouplerC and D responses for 20 holes in the common broad wall with specified

single minimum with respect ta,, though it is a complicated together withC' and I. These algorithms obtain an optimum
function of L and s. However,s; is a nonquadratic function coupler design around the selected initial values dpr L,
of a,, L, and s, and requires specifying their initial valuesand s and are not expected to determine the best possible
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Input values: alfa=1e+02 wit=te+02
a = 22.860mml N = 14 fl= BE+09 IHz 1 C = 200ldb} epsds= 1E-Q9
b = 10.16L[mn1 Li= 15.00Lmn] fu=z 1.3E+10 [Hzx 1 I = 100LCLdb1l eps= 1E-08
€r= 1 i s5i= S5.70Irnnl reainiaml= 1.0E-02 K = 30 ef= 1E-09
Init. radiilmnl: 7.0,7.0,7.0,7.0
Cik>L[db] BEF. DPRT.: o 74 rD€k>[dbl BEF. OPT.: o
Ave = 20.019436 AFT. OPT .- m Ave = 33.543491 AFT. OPT . =

49 4

Lig i1 a1y e r vy bl q) i pead iyt nuyJeirgiit 1_4 lllllll|IIl!l|llllll|il|]l|lllll||llllll|ll
1 fu fl fu
d= 8.042 s= 5.700 d= 8.721 s= 5.470

BEFORE OPT.: L- 24.126 €= 0.0118168723 AFTER OPT.: L= 36.162 €= 0.0004511491
rD = 3.39 o = 3.27
rl1 = 4.02 i = 4.32
r2 = 4.02 r2 = 4.32
r3 = 3.395 2 = 3.27

Fig. 5. Design of a coupler with four holes in the common broad wall for specifiednd I.

Input values!: alfaz=le+03 wkt=1e+09
a = 22.86Emn1 N = 10 fl= 8E+0O9 LHz 1 C = 20Edb1 epsds= 0.0001
b = 10.16irmm1} Li=108.00Llmn1 fu= 1.3E+10 [H=z1] I = 100fdb] ep== 0.0001
€r= 1 si= 5.70I[mnl rminfmml=0.0E+00 K = 3O ef= 0.0001
Init. vadiilrnl: 0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.
9 ckd bl BEF. OPY.: o 1 192Fpik>rana BEF. OPT.: 0O
Ave = 20.015303 AFT. OPT .: m Ave = 62.408462 aFT. OPT.: =
89 - gz -
7o 4 82 L
[=3= ) 4 72 L
S99 . 4 62
49 4 S2 -
d |
39 -4 42 B
290 4 32 _
20y 5, 2z
Lidpae i ryrnp i eenanypd sy eyl il iild 12 T ta e gt i a e i e rysl it rn g i sieriis it ity i1l
fl fu Fl fu
d= 12.000 s= 5.700 d= 9.138 s= 5.385
BEFORE OPT.: L= 108.000 €= 0.4557063070 AFTER OPT.: L= 81.853 €= 0.00053170208
r0O = 1.02 rg8 = 0.97 D = 1.63 rg = 2.953
rl = 0.97 vy9 = 1.02 vl = 2.93 r9 = 1.63
r& = 1.11 r2 = 3.08
r3 = 1.15 vy3 = 3.22
r4 - 1.19 4 = 3.13
r5 = 1.19 rS = 3.13
&6 = 1.15 r& = 3.22
r7¥ = 1.11 r7T = 3.08

Fig. 6. Design of a coupler with ten holes in the common broad wall for speaffieahd I.

design; yet the algorithms based exn obtain the hole radii coupler for any combination of given values @f, L, and
for any selected values af and s and then optimize their s, and then improve the design around these initial values,
values. However, the algorithms based agnobtain the best though the design is not necessarily strictly optimum. The
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Input values: alfa=1 wit=1
a = =22.86[mn1 N =1 fl= 7E+09 [Hz 1 C = 20L0dbk] epsds= 1E-07
b = 10.16Lmn1 Li= 0.00Ermn] fu= 1.1E+10 I[H=z1 eps= 1E-07
€r= 1 riainfmml=1.0E-0O1 K = 50 ef= 1E-07
0L CCk>I[db1 BEF. OPT.: o ] D{k>ILdb1 BEF. OPT.: &
Ave = 27.772249 AaFT. OPT .. = Ave = 0,000000 AFT. OPT.: »
60| -
L=18 J' -
40 -
3oL g
=2
NI NI E I I N NN N IO NN NN IR TN NI N A NN 1] g dhod s ottt ot i b bbb b bbb bbb b bbbt
fl fu fl fu
d= 0.000 d= 0.000
BEFORE OPT .: L= D0.000 €= 0.2880362868 AFTER OPT.: L= 0.000 €= 0.2880362868
r0 = 3.59 | ro = 3.95 |

Fig. 7. Design of a power divider having one hole in the common narrow wall between two guides with sp&cified

Input values: alfazle+D2 wkt=1
a = 22.86Lnn1l N =2 fl= BE+DD LHz 1 Cc = 20Ildk] epsds= 1E-09
b = 10.160nmn1 Li= a6 .00l fu= 1.3E+10 [H=z1 eps= 1E-08
€r= 1 rminfmanl= 1.0E-D02 K = 90 ef= 1E-09
Ci{k2>I[dbl BEF. OPT.:- o 62 LDk Idb] BEF. OPT.: -
93 Ave = 22.098B029 AFT. OPT.: _—{ Ave = 12.045728 AFT. OPT .. =
48 - 4 s=2 - 4
43 -
4z - -
38 - )’r
33 1 =32 L .
13- -
NIEEIE ISR ANISCRE IR RN IR NSNS NI NN NS NN TN = RN NN TR EN RSN AN S AN U NN W
Ll | fu fl fu
d= 7.616 o= 9.927
BFEFORE OFPT .: L= 7.616 €= 0.1264752448 AFTER OPT .: L= 9.92%7 €= 0.095335007896
r0 = 3.81 0 = 3.91
rli = 3.81 ri = 3.91

Fig. 8. Design of a coupler with two holes in the narrow wall for specified

algorithms based osy take much more central processing uni¥Whenever the initial hole train lengtbZ;) is too short so
(CPU) time to converge toward the optimum coupler desighat some holes overlap or the hole radii become too small or
than those based os. Increasing number of frequencieseven negative and, consequently, the lower radius constraint
(K) and holes(N) increases CPU time, particularly foris affected, thenl; should be increased accordingly. The
e1. Therefore, it may be advisable to start a coupler desigptimum coupler design gives values for hole radii which
with low values of K (say, 5) andN (say, 1) and then start with a small value for the first hole increasing up to
progressively increas#’ to the desired number of holes. Thighe middle hole and they symmetrically decreasing toward
also gives an indication of the proper hole train lengf). the last hole.
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Input values:

alfa=-1e+03

wt=1e+03

a = 22.86ILnmn1l N =7 fl= BE+09 [Hz J = 20Ldbk1 epsds= 1E—0O9
b = 10.16Imm1 Li= 36.00Lnm1 fu= 1.3E+10 I[H=z1 eps= 1E-08
€r= 1 rminCnl=1.0E-02 = 50 ef= 108
B8 cek>Idb] BEF. DOPT.: o Dk >ldb1 BEF. OPT.: A
Ave = 20.92680%8 aFT. OPT .- = 103 Ava = D57 .57396%5 AaFT. OPT.: =
= -
o8- _
93
as| | ==
T3
38 ]
63
aal opreaEBEEe 53
20 rggﬂgfﬂ§£siﬁa;ﬂs}—— s
18 -
" 33
NI INSNNARI SIS SRR NN TN CETEN IR N AR ENE NI a3
Fl fu Fl fur

BEFORE OPT . :

0
ri
ra
r3
rad
r3
r6

1.71
2.09
2.40
2.43
2.40
2.049
1.71

d=
L=

&.000
36 .000 €=

0.13512502134

AFTER OPTY .:

0
ri

[ TR T I VI A |

U
r

o

LW N
Db h
0 Y]

Fig. 9. A seven-hole coupler design with apertures in the narrow wall for specified

Input values:

a

53
€r

49
44
aa
34
29

24

f

BEFORE OPT .:

ro
rl
ra
r3
4
r3
rB6
7

alfa=1e+03

wt=1e+D6

o= 9.35336

L=

97 .213 €=

0.0338627286

NSRRI AN TSN I NN TN IS TN NN NS

1.13
1.921
2.67
3.21
3.33
3.950
3 .33
0.01

d= 6.842

L= 130.000 € =
r8 = 0.01
r9 = 0.01
r10= 0.01
rii= 0.01
rizZ—- 0.01
r13= 3.12
r14= 3.43
r15= 3.41

fu

1.2030403614

rle= 3.27
ri7= 2.4
r18= 1.89
r19= 1.132

Fig. 10. A 20-hole-in-the-narrow-wall coupler with specifi€d

Fl

AFTER

-
=}

nnn e nn

= 22.86Lnn1l N = 20 fl= 8E+09 [Hz ¥ = 20ILdk1] epsds= 0.0001
= 10.16CmMn1 Li=130.00Lmn]1 fu= 1.3E+10 [H=z1 eps= 0.0001
= 1 rrminCmnl=1.0E-02 = 90 ef= 0.0001

C(k2>I[dbl BEF. OPY.: o L7 D(k2>idb]1l BEF. OPT.: 1
LAve = 20.817708 AFT. OPT . = '._ﬁUE = 100.083342 OFT. OPT .. =

i 107 -

a7 .

87 [ \g

77 - .

i &7 | 4

i 57 L i

47 _

OPT . :

0.39
1.06
1.61
2.09
2.40
2.9
2.31
=2.12

fu

d= 9.519

L= 180.931 €= 0.0338763036
8 = 2.18 rle= 1.79
o = 2.38 ri7= 1.492
r10= 2.40 rig8= 1.06
ril= 2.10 +19= 0.358
riZ= 1.53
r13= 1.21
ri4= 1.58
ri15= 1.83
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Input values: alfa=1le+03 wt=-1e+D9
a = 22.86Imnml N = 7 fl= 8E+09 [Hz 1 C = 20Ldbk] epsds= 0.0001
b = 1D0.161nn1 Li= 36.00Lmn1l fu= 1.3E+10 IHz1 I = 1000dkx] eps= 0.0001L
€cr= 1 rminCnl= 1 .0E+DO K = 30 ef= 0.0001
Init. vadiilmnkl: 5.0,5.0,5.0,5.0,5.0,5.0,5.0
S22 3
Ci{k>I[db1 BEF. OPT.: o 66 | D{k)ldb1 BEF. OPT.: ]
a7 Ave = 20.8597409 AaFT. OPT .: = Ave = 52.925652 AFT. OPT.: =
- -
N | N‘ﬂw\\ U
37~ . . '-."/
a6 | _
320 ’ .
27 4 36 L 4
22 _
20
26 L ]
17 -
1z g
16 [ a
7 .
q
LLE L0y 0 (0110 400yl ey v n B an bty ppanyydinlipand [ =Y htyiuh
fl fu Fl fu
d= 6&6.000 d= 9.512
BEFORE OPT.: = 36.000 €= =2Z.8894834518 AFTER OPT .: L= 57.072 €= 0.03383522904
ro = 2,80 0O = 1.94
1 = 3.76 rli = 2.43
r2a = 3.23 r2 = 3.08
r3 = 3.96 r3 = 3.34
4 = 3.62 r4 = 3.16
r3 = 3.77 s = 2.97
r& = 6.00 ré = 1.69
Fig. 11. A coupler with seven holes in the narrow wall for specifi€dand I.
Input values: alfa-1e+03 wi-1e+06
a = z22.860nmnl1 N = 10 fl= GE+09 L[Hz 1 C = 20Ldh1 epsds= 1E-06
L = 10.160mn1 Li=1D0B.00Llmn1 fu= 1.3E+10 [Hz1 I = 100Ldb1 eps= 1E-06
€r— 1 rivinfmml=-0.0E+00 K = 50O ef= 1E-D06
Init. radiilmnl: 0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
93 C(k>Idbl BEF. OPT.: o D{k2>[db1 BEF. OPT.: &
Ave = 20.890206 AFT. OPT .- = TS Ave = 20.9770032 aFT. OPT.: = ]
a8 .
43 N .
381 -
33| ] i
d
it i g e g i (uy ey ey i1 ili1tireji 15 J i1 iy iy iyl nd i r ity el ee) i eaprbyetlgi et
fl fu 1 fu
d= 12.000 o= 9.730
BEFORE OPT.: L= 108.000 €= 0.0379659659 AFTER OPT.: L= 8B87.9366 €= 0.033848%9600
0 = 1.20 r8 = 2.20 O = 1.93 rg = Z2.22
r1 = 2.20 r9 = 1.90 ri = z2.22 ro = 1.353
r2 = 2.36 =2 = 2.60
r3 = 2.46 r3 = 2.67
r4 = 2.55 r4 = 2.99
r3 = 2.59 rs - 2.959
6 = 2.46 v6 = 2.67
r7 — 2.36 T o= 2.60

Fig. 12. A coupler design with ten holes in the narrow wall for specifiecand .
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Better coupler designs should cause more ripples to appgare, and the value of directivity in the first case is higher
in the D—f curve, since more ripples tend to improve thé¢han in the latter.
directivity response. The algorithms basedsgrperform best  If the computer programs are not able to design the coupler
whenever convergence toward the optimum coupler design(ii®., computer errors occur), realization of the coupler is
quite slow and smooth, though CPU increases consideralpfysically impossible with the specified value éfand it is
This is achieved by decreasing the interval halving stepsimquired to increase the length of the hole train. In any case,
(DS), which is implemented by dividing it by a factax optimization with respect t& and d substantially improves
(alpha) and by decreasing the stopping criteria (epsds) upthe directivity response and causes its value to increase and
1072 to 10718, more ripples appear in the frequency band. The number of
The value of stopping criteria (eps, epsds, and ef) haveipples in the D—f curve increases with increasing number
definite effect on the convergence of algorithms, particulartyf holes (V) and hole-train length(L). Realization of the
the lower bound on interval halving as given by (eps) shouttesiredC—f characteristics in the frequency band is generally
be greater than about 18, since our PC-486 hangs up. simpler than theD—f characteristics. The former is nearly a
The selected frequency bandwidth affects the convergertw@izontal curve in the band, whereas the variation of the latter
of the computer programs. Accordingly, the lower and uppé&s quite rippled. To improve thé—f response, it is necessary
frequency limits should not be close to the cutoff frequencids increase the number of holes and the hole-train length.
of the modes (sayl'E,y and TEy;). Whenever the design
value of coupling coefficient is achieved in the frequency band
so that theC'—f response is good, as for a large number of [V. CONCLUSIONS

holes (V) and a long hole train lengthiL), then increasing  The algorithms developed here for the design of directional
the weighting facto(w) will considerably improve the)—f  couplers based on the method of least squares, like any other
response. However, if the—f response is not acceptable, thegptimization method, require specifying initial values as inputs
increasingw will worsen theC—f response. This proceduretg the computer programs. No procedure is developed here to
is quite effective for the algorithms base en, whereas the give the best initial values for the hole radii, hole spacings
term relate_d .toD in the error functionz-_:Q is. SO constructed (d, s), weighting factor(w), step size for interval halving
as to maximize the mean value of directivitp), and the (pg/q), error criteria, specified value of isolatigi), lower
value ofw has less effect on the convergence of the algorithrgn g upper frequency limits of the bakig, f..), and number
Different values ofw cause the)—f curve to shift with respect of frequencies. The problem of defining these initial values
to the frequency axis, and eventually more ripples appearjiiquite involved, if at all tractable, and is really beyond the
its response, commensurate with the number of holes.  gpjectives of developing a numerical procedure for the coupler
Large values of isolatiot/) do not have much effect on gesign. However, an error function should be constructed in
the optimum coupler design and a good value fds about sych a way that it is as simple as possible and requires the least
100. The algorithms based epare quite sensitive to improper nymper of initial values. In this respect, the algorithm based on
initial values ofa,,, Li, fi, fu, w, @, eps, and. The algorithms  the error functiore, is superior to that of;, since it does not
design couplers with different combination ef., L, and require the initial values of hole radii. The computer programs
s, which provide the specified coupling coefficient in thenay pe written in an interactive form, so that the engineer may
frequency band and strive to achieve the required directivifst the programs with various input values and finally arrive
Good designs are not usually unique, and small variations &f an optimum coupler design. The comments made in the
T, L, and s considerably affect the&’—f and, particularly, previous section may be useful. Any minimization algorithm
D—f responses. at best locates a local minimum, which depends on the given
It should be mentioned again that the programs first desig{yial values. The error functios, is a quadratic function of
the coupler for the specified initial values of hole spacingge hole radii, but it is a nonquadratic function bfand s.
(s and d) and compute the hole radii and then minimizehe error functiore; is a complicated function of,,, L, and
the error function with respect te and d to improve and s On the other hand, with due regard to the above points,
eventually optimize the coupler design. The examples sh@wis proposed that the algorithms developed here facilitate
that the coupling coefficientC’) has little variation in the the design of multihole directional couplers with holes in the
desired frequency band and its value is about the initialifoad and narrow walls of the rectangular waveguides. They
specified one after the first step of computation of the ho&‘:‘sign a multihole coupler for some specified values,9fL,
radii with the initial hole spacingss(and d). s, frequency bandwidth, andI. Subsequently, the programs
Realization of the design values of the coupling coefficiegjptimize the initial designs. This could indeed be an advantage
and directivity is easier by the coupler with holes in the broast these numerical procedures because they always given an

wall than one with the holes in the narrow wall, because th@swer, albeit nonoptimum, provided the coupler is physically
dominantT'E;o-mode field is independent of the variable alongealizable with the given specifications.

the narrow wall. This is evident from th€-f curve of the
broad-wall coupler, which has less variation in the frequency
band and is nearer to the specified design valu€'ofAlso
note that the broad-wall coupledd—f curve has about one The author wishes to thank |. Rafiee for his assistance in
more ripple (for the same number of holes) than a narrowriting the computer programs.
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