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Design of Coupled Microstrip Lines by
Optimization Methods

STANISEAW ROSLONIEC

Abstract —The design of two coupled microstrip lines is converted into
an optimization problem, which is then solved by two methods of nonlinear
mathematical programming. New formulas for calculating the first ap-
proximation of the solution, i.e., the starting point of the optimization, are
given.

I. INTRODUCTION

The design of two parallel coupled microstrip lines has been
extensively studied in the literature (see e.g. [1]-[9)). The for-
mulas given in [7] and [8] are most useful for accuracy reasons.
They make it possible to calculate the line impedances Z;, and
Z,, provided the geometric dimensions and the permittivity of
the dielectric substrate are given. In practice, the reverse problem
is usually solved, which is equivalent to the problem of solving
two nonlinear equations with strip width and slot width as
variables. An algorithm for solving this set of equations should
be reliable, accurate, and quickly convergent. In this paper the
design problem of two coupled microstrip lines is converted into
an optimization problem, which is then solved by two methods of
nonlinear mathematical programming, applied subsequently when
approaching the solution. New formulas for calculating the first
approximation of the solution being sought, i.e., the starting
point for the optimization, are given. Properties of the design
algorithm are illustrated by calculated results.

II. THE DESIGN ALGORITHM

A transverse section of the coupled lines being considered is
shown in Fig. 1. If u=W/h and g=S/h, the characteristic
impedances Z;, and Z,, of these lines can be expressed as

ZOe=1:1(u’ g9€r)

ZOo=}72(u’g’€r) (1)
where F; and F, are relations given in the papers cited above,
e.g., [7]. The problem of designing two coupled microstrip lines

for given impedances Z;,, Z;, and permittivity ¢, of a diclectric
substrate consists of determination of the values ug and gg

F‘l(uSagS’er)_ZOe=O
Fy(us, gs:€,) = Zo,=0. 2
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Fig. 1. Transverse section of the coupled microstrip lines.

Fig. 2. Diagram of the search process.

It can easily be seen that solution of (2) is equivalent to finding
a global minimum of the following function:

U(u7g’€r) = [Fl(u,g,e,)— ZOe]2+[F‘2(u’g’€r)_ ZOO]Z'
(3)

From (2) it is evident that function (3) reaches its global
minimum equal to zero at the point being sought (ug, gg).
According to (3) the problem being considered can be written in
the form

min  U(u,g,¢€,) €)]
(u,8)c D
where D is the set of values of u and g possible from the
point of view of the construction. The above-formulated mini-
mization problem has been solved by various methods of
nonlinear mathematical programming, ie., the steepest descent,
Fletcher—Reeves, and Davidon-Fletcher—Powell methods [10].

From the performed analysis it is seen that the best results, in
the sense of the criterion given earlier, ate ensured by the
Davidon-Fletcher-Powell method and the direct nongradient
search. In the prepared subroutine, entitled “coupled lines” (see
next page), the direct search is conducted at six points lying on a
circle (Fig. 2) with radius 4,/2 [9]. Function (3) takes its
minimal value, while searching in direction X, with the step 4,
at point x,, which is the center of this circle. This nongradient
method is additionally used when U(u, g,¢,) <3. The search
terminates if U(u, g,¢,) < Z,,-Z;,/10000, which ensures a
relative approximation accuracy not worse than 1 percent for the
impedances.

The reasonable choice of the first approximation, ie., the
starting point for optimization, significantly affects the compu-
tation time. In the coupled lines subroutine, the first approxi-
mation is found according to the formula [9]

ug =|F(Zy,¢,) F (k)|
g0=|F'3(ZO,€,)’F;(k,€,)| (5)
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TABLE III
CouPLED LINES SUBROUTINE (IN BASIC)
10 REM CL 830 LET d2=0
20 PRINT “COUPLER LINES” 840 LET d3=0
30 FRINY 850 LET dé=1
40 PRINY "by S.Rosloniecr Warsaws 19877 860 LET hh=h
50 PRINY 870 LET w=ABS (wo~hh¥*(pwixd1i+pslxd2)/mol)
60 PRINT “Batas” 880 LET s=ABS (so-hh*(pwl¥d34psind4)/wol)
70 PRINT 890 60 SUB 1360
80 PRINT "Zoe="§: INPUT zoeit PRINT zoer“ohm” 900 IF (f%f+axa)(=zoe*z00/10000 THEN RETURN
90 PRINT "Zoo= INFUT zoo}? PRINT zoos"che” 910 IF (ze¥zetzo¥zo) y=(F*f+a¥a) OR hh)3 THEN 60 TD 0960
100 PRINT 7t INPUT erit PRINT er 920 LET f=ze
110 PRINT "ur =1" 930 LET 9=z0
120 PRINT * 940 LET hh=hhth
130 IF zpe{=zoo THEN PRINT “Error:Zoe{=Zoo"t GO TG 0050 950 GO TO 0870
140 IF er(1t THEN PRINT “Errorfer{1”! G0 TO 0050 260 LET w=ABS (wo-(hh-h/2)*{puixdl+ps1%d2)/mol)
150 PRINT "Wait please !* 970 LET s=ABS (s0~(hh-h/2) % (pwlxd3+psi*d4)/aol)
160 PRINT 980 LET dw=w-wo
170 DIK alé) 990 LET wo=w
180 DIK b(é) 1000 LET ds=s-so
190 DIY c(&) 1010 LET so=s
200 FOR i=) TO 6 1020 IF h{=0.001 THEN LET h=(1.25-.05%it)%hz G8 TO 1040
210 READ al1) 1030 LET h=.7%h
220 READ bii) 1040 GO SUBR 1340
230 READ c (i) 1050 LET f=ze
240 NEXT 1 3060 LET s=zo
250 DATA 1+.025.015,-.300927+~,422893+-2.451164+3.209204517.192310+50.5617379~2 1070 LET w=wth
7.282781,-68.946372,-260.220956 . 6093405 104.740790y536.73042+-37.7463691-16.1482 1080 GO SUB 1360
74+-365.30851 1090 LET fl=ze
260 LET zo=50R (zoe¥zoo) 1100 LET sl=zo
270 LET k=(zoe-zoo)/(zoe+zoo} 1110 LET w=w-h
280 LEY aw=EXP (20/42.4%50R (er+1))-1 1120 LET s=s+h
290 LET ww=8/auwsSOR (aw/11#(7+4/er)+1/0.81%(1+1/er)) 1130 GO SUB 1340
300 LET £2=0 1140 LEY f2=ze
310 LET £3=0 1150 LET 82=z0
320 FOR i=3 TO 6 1160 LET s=s~h
330 LET f2=f2+a(idaut(i-1) 1170 LET pu2=2%(f*(f1-{)+ax{al~a))/h
340 NEXT i 1180 LET ps2=2%(F%(f2~f)+ax(a2~3))/h
350 IF k)=.5 THEN LET kk=.5: G@ TO 0370 1190 LET w02=50R (pu2%pw2+ps2¥ps?)+le-12
360 LET kk=k 1200 LET dpw=pw2-pul+ie-12
370 FOR i=t TO & 1210 LET dps=ps2-psi+le-i2
380 LEY £3=F3+ (b (i)-c1)#(P.6-er)/7.05) % (. 6~kk) t(i-1) 1220 LET ki=dwdpwtds*dpstle-i2
390 NEXT i 1230 LET k2=dew# (dixdpw+d2%dps) +dps* (d3%dpu+disdps) +1e-12
400 IF #)=.5 THEN LET #3=f3%{1-1)/.5 1240 LET k3=dowkdl+dps#dd
410 LET w=ABS (wu¥f2) 1250 LET ka=dpwd2+dpsxdé
420 LET s=ABS (wuxf3) 1260 LET disdi+dwdu/kl-(d1xdpuxk3+d2xdpsk3) /k2
430 GO SUB 0510 1270 LET d2=d2+dwids/kl-(d1xdrurk4+d2xdpsxki) /42
440 PRINT "Results:” 1280 LET d3=d3+dskdu/kl~(d3*xdrwxk3I+dixdrsxk) /K2
450 PRINT 1290 LET d4=d4+ds¥ds/l1-{dI*xdpuskirdixdprarhs) /k2
460 PRINT “W/h="3u 1300 LET st=i1b+l .
470 PRINY “S5/h="}s 1310 LET pul=pu2
4B0 PRINT "efe="jefe 1320 LET psi=ps2
490 PRINT "efo="}efo 1330 LET mol=no02
500 STOP . 1340 IF 1b=5 THEN LET 1t=0
510 REM Procedure CL 1350 60 TO 0720
520 LET it=0 1360 REM Subroutine 1360
$30 LET wo-w 1370 LET a=1+1/49%LN ((wT4+ (w/S2)12) /{w1440,432))+1/18.7%LN (1+(w/1B.1)43)
540 LET so=s 1380 LET b=0.564%((er-0.9)/(er+3))10.053
550 LET h=.1%(1-INT (10%k)/10) 1390 LET c=(EXF (910.48)+EXF (~510.48))/2
560 GO SUB 1340 1400 LET dss*EXP (-s) +wk(20+s¥s5) / (10+5%s)
570 LET f=ze 1410 LEV e=1+s/1.45+(s12.09)/3.95%
580 LET s=zo 1420 LET 1=0,2306+1/301.8%L.N (s$10/(1+(5/3.,77)110)) +1/5.3%LN (1+0.646%512.175)
590 LET w=w+h 1430 LET =EXF (-85)/2
600 GO SUB 1340 1440 IF s<=le-5 THEN LET s=le-5
610 LET fi=ze 1450 LET w=0.2175+(4,113+(20.36/5)16) 1-0.251+1/323%LN (5110/(1+(5/13.8)110))
620 LET ai=zo0 1460 LET n=(1/17.74EXP (~6.424~0.76%LN 5-(3/0.23)15) ) ¥LN ((10+468.3%s12) /(1432.5%
630 LET w=w-h s13.093))
640 LET s=s+h 1470 LET 0=1.729+1.175%LN (140.627/(s+0.327%512.17))
650 GO SUB 1360 1480 LEV o=EXP (~0.745%510.295) /¢
660 LET f2-ze 1490 LET a=EXF (~1.366~5)
670 LET 82=20 1500 LET r=140.15%{1-EXP (1-(er-1)%{er-1)/8.2)/(1+s9-6))
680 LET s=s-h 1510 LET v=0.8645%wt0.172
490 LET pul=2%{f%(f1~-f)+a%({al-a))/h 1520 LET ve=v/(e¥* (ixutn+ {1~} %ut-n)) N
700 LET psi=2%({*(f2-f)+a%(a2-2))/h 1530 LET vo=ve-o/e#EXF (i*uf-nxLN w}
710 LET woi=80R (pwixpwl+psixpsl)+ie-12 1540 LET fe=(1+10/d) 1 (-axb)
720 IF (fxf+a%3){=z0e%200/10000 THEN RETURN 1550 LEY £3=1-EXF (-0.179%s70.15-0.328%s?tr/(LN (EXF 1+(5/7)12.8)})
730 IF (fxf+a%a))3 THEN GO TG 0810 1560 LET f4=F3%EXP (p¥LN wHa%SIN (FIXLN w/LN 10))
740 LET or=h/2 1570 LET £5=6+(2#P1-6) SEXP -(30.666/w)10.7528
750 FOR t=1 T0 & 1580 LET fo=f4%{1+10/w) T (-axb)
760 LET w=ABS (wotprxCO8 (PI/3%t)) 1590 LET efe=(er+l)/2+(er~1)/2¥¢
770 LET s=ABS (so+nr#SIN (PI1/3#t)) - 1600 LET efo={er+l)/2+(er-1)/2%f0
780 60 SUB 1360 1610 LET zol=60%LN (f5/w+SQR (1+(2/w)12))
790 IF (ze¥zetzo¥zo){=zoe#z00/10000 THEN RETURN 1620 LET ze=zol/(80R (efe)*(1-zolkve/(120%P1)))-zoe
800 NEXT b 1630 LET 2o=201/(S0R (efo)*{1-zol¥vo/(120%P1)})-zo0
810 IF it)=1 THEN GO TO 0840 1640 RETURN
820 LET di=t
where 6
—_ =1
Fé't - Z alk( )
— 1=1
ZO =Y ZOeZOo
6 96—
Zy, — Z ° Er 1—1
= 20 %00 Y |- o (06-k)'"  fork<05
ZOe + ZOo F‘S =|=1
k Lok f 5
F(k=05,¢ —_— r k> 0.5,
8 [A[ 4y 1 [7( <))\ 53 or k
=—/ =|7+—|+—|1+—
a1 e, ] 081 ,
The values of the coefficients a,, b,, and ¢,, where i =1,2,---,6,
A=exp ° T -1 of functions F, and F; are given in Table I. The function F,
42477 formulated according to the Wheeler formula, is used in relations
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- TABLE 1
i 2y bi ey
1 1 0.020 0.015
2 -0.001 -0,623 ~2,451
3 3.209 17.192 50.561
4 -27,282 ~68.946 -260.220
5 56.609 104.740 536.740
6 ~37.746 ~16.148 ~365.308 i
TABLE II
£, = 2.55 Starting point Solution
ZOe’ ohm ZOo’ ohm Uy 8q ug g5
51.60 48.44 2.752 2,207 2.802 2,307
55.23 45,23 2.719 1.110 2,743 1.152
62,79 39,82 2.518 0,366 2,538 0.332
69.37 36.04 2.245 0.135 2,310 0,126
86.74 28,82 1.660 0.015 1.743 0.011
J
TABLE III
Ep = 9.60 Starting point Solution
ZOe’ ohm ZOo' ohm Uy 8o ug g5
51.60 48,44 0.083 2,521 0.994 2,628
55.23 45,23 0.976 1.425 0,980 1.352
62,78 39.82 0.947 0.425 0.967 0.3%90
69.37 36,04 0.810 0.300 0.827 ¢.298
86.74 28.82 0.595 0.071 0.618 0.070

(5) [3]. After the starting point (u, g,) has been assessed, the
search for the minimum of function (3) is realized with initial
step length A =0.1, which is subsequently reduced to h,=
0.7h,,_, for every subsequent search direction x, (Fig. 2). Further
reduction is not performed if &, is less than 0.001.

The values of u and g are always positive, so they are
calculated from the formula [9]

Xl
Uy1=| Uy ni_
beal+ €
n ig
8n+1= g)z—hn"“ (6)
x|+ €

where 7, and i, are versors and € is a small positive number.
Owing to the number e, equal to, e.g., 107!, the computation
algorithm is protected from error due to dividing by zero.
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II. CALCULATED RESULTS

It has been found from numerical experiment that the al-
gorithm presented here satisfies very well the initially established
requirements for 0.03 < k< 0.6 and 2 <€, <12. The solutions
were found in most cases after a few iterations, proving that the
applied methods are efficient. The quality of the formulas for
calculating the first approximation is well illustrated by the
results given in Tables II and III. In these tables, the values of
the effective line permittivities for the even and odd excitations
are not given because they are related to the solution (ug, g¢) by
explicit formulas and can be calculated without difficulty.

IV. CONCLUSIONS

The formulas given in [7] and {8] make it possible to assess the
impedance Z,, and Z,, of two parallel coupled microstrip lines
provided their geometric dimensions are given. In practice, the
reverse problem is usually solved, where geometric dimensions
are evaluated for given impedances Z;, and Z;,. In this paper
an algorithm for solving this problem is presented. The basis of
this algorithm consists in converting the problem of solving two
nonlinear equations into an equivalent minimization problem
which is then solved by using the Davidon-Fletcher—Powell and
direct, i.e. nongradient, search methods. Formulas for calculating
the initial point are given.

For+/Z,.Z,, =50 ©,2 < ¢ <12, and 0.03 < k < 0.6, this point
is close to the solution being sought. It was found that in many
cases the search for the solution can successfully be concluded
due to an additional nongradient search on the circle, which
makes the presented algorithm more reliable and effective.
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