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Conventional microstrip-line filters, consisting of parallel open-end microstrip-line sections [1], have
excessive radiation losses at millimeter-wave frequencies. There are two general types of microwave
transmission structures, which would provide similar filtering properties but with reduced radiation
losses. the coplanar type and the balanced microstrip type. A novel structure, which can be used to
construct bandpass filters at millimeter-wave frequencies, was proposed by Chris Falt in 1996 [2]. Dueto
the odd mode of operation, the field is concentrated in the dot between the microstrip lines of each

balanced section. The length of each balanced section (resonator) should be approximately equal to a

half-wavelength of the wave propagating along the balanced line. In a manner similar to conventional
microstrip filters, each balanced section is coupled to its neighbors and the coupling is of crucia
importance to the relative bandwidth and the shape of the filtering response. The electromagnetic

coupling isrealized by partially inserting the narrower balanced-line section into the broader one.

Design Specifications
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Fig. 1. The balanced microstrip filter: general geometry and parameter notation.
Passband specifications are |S;| £ 0.987 (-0.108 dB) for 27.625 GHz £ f £ 28.375 GHz.

Stopband specificationsare [S,;| £ 0.25for f £ 27.2 GHzandf 3 28.8 GHz.

Relative bandwidth is 2.68 %.
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Port impedance at both differential portsis Z;=100 W.

This design is developed for a substrate of height h=10 mil and arelative dielectric constant €=2.2.

The optimized parameters are s lin, s, lso, lap @0d lgn.
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The two parameters w and s are both fixed at 5 mil.

TheNominal Structure
The nominal design corresponds to the optimization variable values given in Table .
TABLEI

NOMINAL VALUES OF THE OPTIMIZED PARAMETERS
OF THE MICROSTRIP BALANCED FILTER

Parameter Vaue (mil)
S 5
lin 50
ls1 50
ls 7.2
lan 100
lein 147
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Fig. 2. Thefine modd |Sy| response for the nominal set of parameters.



The nominal values above were obtained by preliminary calculations based on the analogy between a
section of two coupled microstrip lines and a section of two coupled coupled-microstrip lines. The
preliminary frequency sweep of the structure (using Sonnet’s em? [5]) showed that a direct optimization
would be a very dow and troublesome approach because of the considerable CPU time requirements and
because theinitial filter response was very far from the optimization specifications (see Fig. 2).

Design Stages

It was established that the structure is very sensitive to small perturbations of the optimized lengths,
which required further decrease of the mesh size in the longitudinal (x-axis) direction. Findly, a fine
model was built for analysis with Sonnet’s em® [5] with a discretization step along the x-axis Dx=0.5 mil,
and along the y-axis Dy=1.25 mil.

Two intermediate steps were taken in order to arrive faster to a better starting point for direct optimization
of the fine Sonnet’s em® model using Empipe [6]. First, a very coarse model was built in OSA90 [7]. It
is entirely based on the microwave circuit-element library. It is very fast but the results of the
optimization cannot be considered accurate enough. 1ts optimal solution was then used as a starting point
for a better model, which included full wave simulation (Sonnet’s em®) only of the four-line sections,
each of which is viewed as an eight-port network. The rest of the filter uses the built-in microstrip
coupled line model. This model is reasonably fast but its results might still be somewhat inaccurate,
because of possible unaccounted coupling aong the x-axis, and, because of possible inaccuracy of the
OSA90 built-in coupled-line model at frequencies above 10 GHz. Finaly, a fine model was built for
optimization with Empipe[6].

The Coarse Model
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Fig. 3. The equivalent circuit used as a very coarse approximation of the odd mode of a section of two
coupled coupled-microstrip lines.

The coarse model is an equivalent circuit, which uses the built-in coupled microstrip line model of
OSA90 and Walker's formulas [3] to represent the four-line sections of the filter. The netlist fileis given
in the Appendix. To understand the model better, the following guidelines can be given. The filter
includes four four-line sections, which are two by two identical. The two four-line sections are defined as
subcircuits in the netlist file: ¢ lines 1 and c lines 2. The difference between them is only in their
length. The subcircuits correspond to the circuit topology shownin Fig. 3.

It is important to mention that the equivalent circuit is relevant in the odd-mode case, where push-pull
feed is applied at ports 1-4, 2-3, 5-8 and at 6-7. Thus, the equivalent circuit of Fig. 3 represents two
coupled coupled-line sections operating in an odd mode.



The inductances L, [H] and the capacitances C,, [F] are calculated by making use of the inductance per
unit length Ly [H/m] and the capacitance per unit length C., [F/m] of Walker’sformulas[3], [4].

The Initial Response of the Microstrip Balanced Filter Coarse M odel

The coarse model response at the starting point (corresponding to the nominal valuesin Tablel) is shown
inFig. 4.
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Fig. 4. The coarse model || response at the starting point (the nominal values).

The Coar se Model Optimized Response

The response after the minimax optimization (see Fig. 5) satisfies the optimization goals with a maximum
error of —0.0050606. The solution is not unique and it was established that at least two local minima
represent good designs (exceeding the design specifications). The optimized parameter values
corresponding to theresponsein Fig. 5 aregivenin TableIl.
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Fig. 5. || response of the coarse model after the minimax optimization.

TABLE I

PARAMETER VALUES OF THE COARSE MODEL

Parameter Before optimization (mil) After optimization (mil)
S 5 4.9788
lin 50 75.2859
ls1 50 40.7028
lo 7.2 8.76555
lab 100 105.769
lein 147 146.721




Refining the Coar se M odel

The optimized coarse model solution was used as a starting point in the optimization of a refined coarse
model, where the four-line sections are simulated by Sonnet’s em®. The corresponding Empipe nominal
project isshownin Fig. 6.

Fig. 6. A four-line structure used in the refined coarse model to replace the equivalent circuit shown in
Fig. 3.



Optimization of the Refined Coar se M odel

The response after a minimax optimization (max error is —0.00146344) till dightly exceeds the
specifications (see Fig. 7).
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Fig. 7. || response of the refined coarse model after optimization.
The optimization parameter values, before and after the minimax optimization, are given in Tablelll.

TABLEIII
PARAMETER VALUES OF THE REFINED COARSE MODEL

Parameter Before optimization (mil) After optimization (mil)
S 4.9788 4.9997
lin 75.2859 44,9983
ls1 40.7028 47.9997
lo 8.76555 5.72307
laib 105.769 98.1461
lain 146.721 147.622




The Fine M odél

The Empipe project for direct full electromagnetic optimization of the whole filter is the final stage of this
design. Thenomina Empipe project is shownin Fig. 8.

Fig. 8. Nominal project for geometry capture of the microstrip balanced filter structure with Empipe.

The respective perturbed projects are seenin Fig. 9. The optimized parameters correspond to the notation
inFig. 1.
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Fig. 9. Geometry capture editor in Empipe and optimization setup of the balanced filter project.
The parameters obtained from the optimized refined course model are used as a starting point for the fine
model. The response of the filter at this starting point isgiven in Fig. 10. The response after optimization
isgivenin Fig. 11. Fig. 12 showsthe reflection loss and the insertion loss in dB after optimization.

The minimax error, after the optimization is completed, is 0.00065.
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Fig. 10. |Sx»| and |Su| responses of the fine model of the balanced filter at the starting point of
optimization.

The optimization parameter values, before and after the minimax optimization of the fine model, are
givenin Table1V.

TABLE IV
PARAMETER VALUES OF THE FINE MODEL

Parameter Before optimization (mil) After optimization (mil)
S 4.99970 5.00000
lin 44.9983 43.5776
ls1 47.9997 48.9889
lo 5.72307 5.99988
laib 98.1461 101.996
lain 147.622 149.618
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Fig. 11. |Ss| and |Su| responses of the fine model of the balanced filter after the optimization is
completed.
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Fig. 12. |S;| and |Sy| responses in dB of the fine model of the balanced filter after the optimization is
completed.
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The numerical values corresponding to the optimal solutionin Fig. 11 and in Fig. 12 are presented below.

Lin=  43.57760
Lsl=  48.98890
Lcl b= 101. 99600

Ls2= 5.99988

Lcl n= 149. 61800
Sc= 5. 00000

FREQ MsS21 M511 M521, dB M511, dB
27.20000 0.23728 0.97144 -12.49461 -0. 25168
27.40000 0. 57960 0. 81491 -4.73745 -1.77783
27. 62500 0. 99487 0.10120 -0.04470 -19. 89652
27. 66250 0. 99994 0. 01155 -0. 00055 -38. 74694
27. 70000 0. 99868 0. 05124 -0.01145 -25. 80727
27. 73750 0. 99597 0. 08972 - 0. 03508 -20.94254
27. 77500 0. 99420 0. 10754 - 0. 05051 -19. 36869
27. 81250 0. 99415 0.10817 -0. 05100 -19. 31792
27. 85000 0. 99551 0. 09475 -0.03908 -20. 46853
27. 88750 0. 99751 0. 07019 -0.02163 -23.07415
27.92500 0. 99927 0. 03788 - 0. 00630 -28.43144
27.96250 0. 99999 0. 00075 - 0. 00007 -62. 44584
28. 00000 0. 99927 0. 03796 -0.00638 -28. 41458
28. 03750 0.99721 0.07486 -0.02429 -22. 51517
28. 07500 0. 99427 0. 10693 -0. 04989 -19. 41773
28.11250 0. 99137 0.13103 -0.07525 -17.65285
28. 15000 0. 98951 0. 14446 -0. 09159 -16. 80526
28. 18750 0. 98952 0. 14437 -0. 09149 -16. 81017
28. 22500 0. 99170 0.12801 -0.07238 -17. 85510
28. 26250 0. 99582 0. 09163 -0.03639 -20. 75902
28. 30000 0. 99942 0. 03238 - 0. 00501 -29.79314
28. 33750 0. 99846 0. 05279 -0.01342 -25.54861
28. 37500 0. 98635 0. 16537 -0.11934 -15. 63065
28. 60000 0. 52544 0. 85075 -5. 58956 -1.40393
28. 80000 0. 22339 0.97473 -13.01889 -0.22232
Conclusion

The design of a balanced microstrip filter through the consecutive implementation of three types of
modelsis described in thisreport. The following conclusions can be made with regard to those models:

the empirical formulas [3], [4], used to build the equivalent-circuit coarse model, are inaccurate at the
frequency band of operation (27 GHz £ f £ 29 GHz);

the structure is very sensitive to changes of al optimized lengths (lin, ls, o, lgp @nd lgn);

very fine mesh size (£ 0.5 mil) along the x-axis (longitudinal axis) is recommended for the fine model
(Empipe), for the simulation results to be trusted within an error of 10%.
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Appendix

I Exanple nortel filter.ckt
I Sun Feb 7 14:03:23 1999. Mnimax Optim zer. 47 lterations. 00:01:56 CPU.

Expr essi on

M LMVEO. 0254; I mil -> mm
VL=2.99792458; ! velocity of light,*1le+1l mis
MJO=4* Pl * 1e- 10; ' Hmm

!

EPS0=1/ (4*PI *(VL"2)); pF/ mm

fm n=(27*1CGHz) ; f max=(29*1GHz) ; f st ep=( 0. 005* 1GHz) ;

ER=2. 2;
WMS; HSUB=10; ! mls

S0=5; ! ml

SC=? 1.5 5.05628 207?;
SCL=S0+2* ( SC+VW\ ;
D=S0+WN

Li n: ?74.94117? ;
LS1: ?41.20247?;
LS2: 7?8.85077?;
LCLB: ?104. 2387;
LCLN: ?145. 867?;

WE=( WA 1mi | ) ; HS=( HSUB* 1mi | ) ;
Q@S1=(0. 25*LS1*1ni | );
Q@S2=(0. 25*LS2*1ni | );
HLS1=(0.5*LS1*1m | );
HLS2=( 0. 5*LS2*1mi | ) ;
I effective dielectric constant, infinitesimally thin strip, non-dispersive
WOH=WWV HSUB;
A=1+LOG (WOH 4 +( WOH/ 52) ~2) [ (WOHM4+0. 432) ) / 49+LOG 1+( WoH/ 18. 1) ~3)/ 18. 7;
B=0. 564* ((ER- 0. 9)/ (ER+3) ) 0. 053;
EREF=0. 5* (ER+1) +0. 5* (ER- 1) *(( 1+10/ WOH) ~(- A*B) ) ;
I mutual capacitance/unit |enght
Z0: if (WOH <= 1) (60*LOG 8/ WOHHWOH/ 4))
el se (120*PI/ (WOH+2. 42- 0. 44/ WOHH( 1- 1/ WOH) 26) ) ;
KL=120*PI / ( ZO* WOH) ;
KC=KL* ( EREF/ ER) ;

CMD=( EPSO* ER/ ( 4* Pl ) ) * KC* KL* (WOH"2) *LOG( 1+( 2* HSUB/ S0) ~2); | pF/ nm
CMC=( EPSO* ER/ (4* Pl ) ) * KC* KL* (WOHM2) * LOG( 1+( 2* HSUB/ SC) ~2); | pF/nm

CO0S1=CMD* (HLS1*M LMW *1e-3; ! nF -> HLS1

C0S2=CMD* (HLS2*M LMW *1e-3; ! nF -> HLS2

CCS1=CMC*(HLS1*M LMV *1e-3; | nF -> HLS1
!

CCS2=CMC* (HLS2*M LMM * 1e- 3; nF -> HLS2

I mutual inductance/unit |ength
LMD=0. 1*LOG(1+(2*HSUB/ D) *2); ! nH mm
LML=LMD* (HLS1*M LMV ; I nH-> HLS1
LM2=LMD* (HLS2*M LMV) ; I nH => HLS2

End
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Model
SUBCIRCUIT c_clines_. 1123456780 {

MSUB EPSR=ER H=HS;
IND 2 21 L=(-LML*1nH);
MSCL 1 21 10 9 WWS L=QLS1 S=(SC*1nil);
MSCL 9 10 14 13 WWS L=Q.S1 S=(SC*1mil);
MSCL 13 14 18 17 WEWS L=QLS1 S=(SC*1ml);
MSCL 17 18 23 8 WWS L=QLS1 S=(SC1lnmil);
IND 7 23 L=(-LML*1nH);

IND 3 22 L=(-LML*1nH);
MSCL 22 4 12 11 WWS L=QLS1 S=(SC*1mil);
MSCL 11 12 16 15 WWS L=QLS1 S=(SC*1nil);
MSCL 15 16 20 19 WWS L=QLS1 S=(SCt1imil);
MSCL 19 20 5 24 WWS L=QLS1 S=(SC*1imil);
IND 6 24 L=(-LML*1nH);

CAP 10 11 C=(C0S1*1nF);
CAP 10 0 C=(-0C0S1*1nF);
CAP 11 0 C=(-00S1*1nF);
CAP 18 19 C=(C0S1*1nF);
CAP 18 0 C=(-C0S1*1nF);
CAP 19 0 C=(-C0S1*1nF);
1

SUBCIRCUIT c_clines 2123456780 {
MSUB EPSR=ER H=HS;
IND 2 21 L=(-LM2*1nH);
MSCL 1 21 10 9 WWB L=QLS2 S=(SC*1mil);
MSCL 9 10 14 13 WWS L=Q.S2 S=(SC*1mil);
MSCL 13 14 18 17 WEWS L=Q.S2 S=(SC*1mil);
MSCL 17 18 23 8 WEWS L=Q.S2 S=(SC*1mil);
IND 7 23 L=(-LM2*1nH);

IND 3 22 L=(-LM2*1nH);
MSCL 22 4 12 11 WWS L=QLS2 S=(SC+1mil);
MSCL 11 12 16 15 WWS L=QLS2 S=(SC+1mil);
MSCL 15 16 20 19 WWS L=QLS2 S=(SC*1mil);
MSCL 19 20 5 24 WWS L=QLS2 S=(SC*1nil);
IND 6 24 L=(-LM2*1nH);

CAP 10 11 C=(C0S2*1nF);
CAP 10 0 C=(-C0S2*1nF):
CAP 11 0 C=(-C0S2*1nF):
CAP 18 19 C=(00S2*1nF):
CAP 18 0 C=(- C0S2*1nF):
CAP 19 0 C=(-C0S2*1nF):

b

MSUB EPSR=ER H=HS;

MSCL 1 2 5 4 WWS L=(Lin*1mil) S=(S0*1m|);
MOPEN 3 WEWS L=0. 5mi | ;

MOPEN 6 WEWS | =0. 5mi | ;

c clines 134567 89 10;

MOPEN 8 WEWS L=0. 5mi | ;

MOPEN 9 WEWS L=0.5mi | ;

MSCL 10 7 14 11 WWS L=(LCLB*1nmil) S=(SCL*1mil);
MOPEN 12 WEWS L=0.5m | ;
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MOPEN 13 W=WS
c clines_2 11
MOPEN 15 WEWS
MOPEN 18 W=WS
MSCL 17 16 21
MOPEN 19 W=WS
MOPEN 22 WEWS
c clines_2 19
MOPEN 24 WEWS
MOPEN 25 WEWS
MSCL 26 23 30
MOPEN 28 W:WS
MOPEN 29 WWS
c_clines_1 27
MOPEN 31 W=WS
MOPEN 34 W=WS
MSCL 33 32 36

L=0.5m | ;
12 13 14 15 16 17 18;
L=0.5m | ;
L=0.5m | ;
20 WEWS L=(LCLN*1mi |)
L=0.5m | ;
L=0.5m | ;
20 21 22 23 24 25 26;
L=0.5m | ;
L=0.5m | ;
27 WEWS L=(LCLB*1mi |)
L=0.5m | ;
L=0.5m | ;
28 29 30 31 32 33 34;
L=0.5m | ;
L=0.5m | ;
35 WWS L=(Lin*1nil) S=(S0*1nmil);

S=(S0*1nmil);

S=(SCL*1mil);

PORT 1 2 R=100 X=0;
PORT 35 36 R=100 X=0;

CIRCU T,

Ms521_DB: 20 * LOGLO( Ms21);
M511 _DB: 20 * LOGLO( Ms11);
end
Sweep
AC. FREQ from 27GHz to 27.6GHz STEP=0. 05GHz
from27.625GHz to 28.375GHz st ep=0.03CGHz
from28.38CGHz to 29GHz st ep=0. 05GHz
Ms521 MS MS21 dB MS11l _dB
{Xsweep Title="Bal anced filter, coarse nodel"
Y=M521.white Y_title="]S21|" Xm n=27 Ymax=1 ! NXticks=15
SPEC=(from 27 to 27.2, < 0.25).yellow &
(from 27.625 to 28.375, > 0.987).yellow &
(from28.8 to 29, < 0.25).yell ow};
end
Spec
AC. FREQ from 27.625GHz to 28.375GHz step=0.03GH#z MsS21 > 0.987;
AC. FREQ from 27GHz to 27.2GHz step=0.05GHz Ms521 < 0.25
AC. FREQ from 28.8CGHz to 29GHz step=0.05GHz Ms21 < 0. 25;
! AC. FREQ 27.675GHz 28CGHz 28.325GHz MS11=0 WO. 5;
! AC. FREQ from 27.625GHz to 28.375CGHz step=FSTEP M511 < 0. 16
end
Cont r ol
Al |l ow _Neg Paraneters
end
Report
R=[ ${ $FREQ® $M521_DBS$ }$ ];
End
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