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‘I’his paper presents a modified Finite-Diffcrcncc Time-l)omain (FDTD) lcchniquc  using a gcncralizcd
conformed orthogonal grid. The usc of the Conformed Orthogonal Grid, Finite Diffcrcncc  Time Domain (GFDTD)
cuab]cs the designer to match all the circuit dimensions, hcncc eliminating a major source of error in the analysis,
The mcthcrd proves to be a powerful and cfficicnt  tool for mock] ing complicated nlicrosLrip  circuits. From Lhc time
domain results, the frequency-dcpcndcnt parameters of a n~illimcLcr-wave branch Iinc coupler, a dual-stub filter, and
a 3-dimensional package arc computed. Accuracy verification of the model is further achicvcd  by comparing the
rCSulLS with those obtained from mcasurcmcnts,  when available, and other commercial sofLwarc tools.

INTROI)[JCT1ON

Developing low-cost, compacL, densely packed, and high-performance Monolithic Microwave InLcgratd
CircuiK (MMIC’S) is a major technology thrust, To rcducc  the lin}c  and cost of the hardware itCmLiVC  design CYCIC,
and to incrca.w the probability of firsL  pass designs, rigorous analysis tools am nccdcd to provide reliable predictions
of the pcrforrnancc parameters.

Simplc  discontinuitics,  such as bends, tee- and cross-jurlctions,  step in widths, etc., arc basic components
of any complex microstrip circuits [1 - 4]. To model such circuits, designers usually usc the qua~i-static analysis that
is based on empirical low-frequency formulae. However, this qua$i-static  analysis does noL accurately evaluate the
charactcrisLics  of monolithic circui~s  at microwave or millimeter-wave frcqucncics  since it does not account for
radiation, coupling, fringing, and wave propagation effects. Some circuits, such as patch antcnn~s,  radial stubs, or
spur tillers, cannot be inw%stigatcd  using the quasi-stalic  analysis because of the high radiation, and coupling effects.
In such a case, more rigorous tcchniqucs,  that provide an cxacl, or full-wave, solutions of Maxwell’s equations arc
nccdcd. Onc of the analysis tools, that is straight forward, vcr.satilc,  and has acquired many ncw applications, is the
Finite-Diffcrcncc ‘I”imc-Domairl  (FDTD), however the FDTD dots not allow the designer to match all circuit
dimensions. A ncw gcncralizcd 3-D conformed orthogonal grid, Finite Diffcrcncc Time Domain (GFDTD)
tczhniquc, prcscntcd  in this paper, matches all circuit dimensions, and compensates for the deficiency in the FDTD
tczhniquc.  The GFDTD is designed to handle predominantly planar multilayered microstrip  SLfUCLUrCS.  InLcrIaycr
LransiLions such as striplincs  and vias can be easily simulated. ‘Jlc GFDTD proves to be flexible in handling a
variety c)f complex circuit configurations.

Three sample structure arc selected from a variety of test cases to demonstrate Lhc versatility of the GFDTD
tcchniquc  and for the vcrificatiorr  of the model. Three sLructurcs  arc modeled. A millimeter-wave branch line
coupler fabricated on gallium arsenide (GaAs) substrate with E= 12.9; a dual-stub low-pass filter fabricated on an
Alumina substrate with e=9.9, and a 3-Din~cnsional  package fatrricatcd  on a Alumina substrate with E=9.9. All the
circuits represent resonant microstrip  structures fabricated on an open substrate: hcncc, radiation and coupling
CffCCLS dominate the pcrfomlance  significantly. lhc rcsulLs of using the conformed orthogonal grid tcchniquc  to the
anal ysis of frequency-dcpcndcnt scattering parameters and the performance of complex gcomcwy printed microstrip
circuits are presented. The GFDTD scattering parameters arc furthc.r compared with the available mcasurcrncnts  and
computed rcsuks from a commercial software (nodal simulator) for the fabricated circuits,

GOVERNING EQUATIONS

The GFDTD method begins by considering the partial differential form of the two Maxwell’s curl
cquaLions  that govern the propagation of electric and magnetic fields in structures.
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Where v is pcrmeabilit  y of the medium in hmu-y/meter, & is Lhc pcm~itlivity  of the medium in farad/meter,
o is conductivity of the mcxlium in sicmcns/meter, E is electric field intensity in volt/meter, H is the magnetic field
intensity in ampere/meter, and t is the time elapsed in seconds. To find an approximate solution to equations (1)
and (2), the finite diffcrcncc  method is commonly used to discrctizc  the thrcz dimensional space and time domains
and add the appropriate boundary conditions.

In 1966, Ycc [1] has developed a tcchniquc  to SOIVC the two Maxwell’s curl equations. The six field
components (Ex, EY, % Hx, Hy, Hz) arc c.onsidcrcd to be iulcrleaved  in space and are placed as shown in the
clcmcntal  CCII of Figure 1. The entire space domain no matter how complex it can be, is obtained by stacking these
parallclcpipcd  CCIIS  into a larger 3-D configuration. The x, y, and 7 dimension of the clcmcntal  CCII  arc Ax, Ay, and
Az,, rcspwtivcly.
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Figure 1. Field componcnLs  placed in an FD’I’D elemental Cell (uniform grid)

Using the above arrangement notation for the E and Ii frclds, the explicit finite diffcrcncc forms of
equations (1) and (2) for E( ~ ,t) and H( ~ ,t) are fourrd [3],

The use of uniform grids, in most cases, contribute to errors U]. 10 avoid such errors wc aclaptcd  Ycc’s finite
difference equations to suit conformcxl  grids, producing the GFIYI’D  tcchniquc,  which offer a superior solution by
avoiding errors resulting in mismatching the actual boundaries of the structure. As shown in Figure 2, electric field
components (E white dots with black arrows, H in black dots) take ncw vahrcs  at the boundaries bctwccn two
con.sccutivc  non unifoml spacinfl.



.

j-l E’* *

● :) ‘“* $! ‘:: $ “~ :4H1-l,tl HklJ.l M+2}1

-4AX i-1 -~ .--–----Ax i—-– .._ &p+_. _. ._A x 1+1 - ._~
i-1 i i+ 1 i42
Figure 2. Field components in the x-y plane for a conformed grid

Hcncc, for conformed grids the fini(c diffcrcncc equations for Hx, HY, Hz remain
cqrraticms  arc:

I

unchanged while
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‘1’hc GFD2”D forward diffcrcncc  approximation is used to calcrrlatc  the spatial partial derivatives instead of the
ccntcrcd  diffcrcncc  used in equations [1-4]. The forward diffcrcncc  tcchniquc  is first-order acarratc,  which may
cause slight errors, when integrating for a large number of time steps. With this fact in mind, the GFDTD is only
applied to dctcrminc  the E fields at the boundaries of two consmrrtivc  layers of different spatial size, while Ycc’s
equations [1] arc used to compute the E fields within each layer. Also, the reader should bc aware that the changes
in spatial incrcmcrrt  bctwccn  layers is restricted to ~ 30%. Rcltcr  accuracy can bc achicvcd  if an interpolation
tcchniqrrc  is used, such as a splint to dctcrminc  the spatial partial derivative of the magnetic field cxacdy at the
intcrfacc  bctwccn the two different layers.
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For the conformed grid, the si7@ of the time step is based on modifying the stability criteria [2] to take into
considcmtion  the changing spatial steps. For 1 number of Ax’s, m number of Ay’s, and n number of Az’s,  the six of
time step in a conformed grid computation, is dctcrmincd  from:

-’[+++++/] (9)

Where i=l, 2,... L j=] ,2,... m; k= 1,2, ..n and At is chosen as the minimum of the permutation gcncratcd  by
varying i, j, k.

Equations (3) through (9) give an approximate solution of E( ?, t) and H(7, t) in the computational
domain (or grid). Special considerations arc required, however, for the source and the mesh walls, as discussed in
section D.

A Gaussian-shaped pulse is chosen as the source excitation at time t=O. This choice is
advantageous because i~$ frcqucmcy  spectrum is alsc) Gaussian. By adjusling the width of the pulse, the
spc.tr-um  providm frequency-dornai n information ranging from dc to the desired cutoff frequency .

(1-1, $
E, = j,(f)= e---i’

The Gaussian-shaped puke excitation
in the frequency range of interest.
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will result in the. fundamental mode propagating down the rnicroswip

One of the six mesh boundaries is a ground pkmc and its tangential clcztric field values  arc set to
bc zero everywhere on lhc plane. The tangential electric field components on the remaining five mesh
boundaries must be spccificd  such that outgoing waves arc not rcflcctcxi,  i.e., absorbed. Mur’s  [5] sccond-
ordcr approximate absorbing boundary condition is used to enforce the above non-rcftection  constraints, as
shown below:
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Where c is the speed of light in vacuum, d) is Lhc desired parameter to absorbed at the boundaries. Note
that this expression is valid only for the x-z plane. Similar expressions can be derived for x-y and y-z
planes

LCakw.lkuisumf.Mmtwcy-@ ndcnt Paramcw

In addition to the time domain results (E, 11, voltages, and currents), obtained by the GFDTD rncthod,  the
frequency-dcpcndcnt scattering parameters, characteristic impedance, and cffcctivc  dielectric constant, which
augment the analysis arc calculated.

The scattering parameters provide a measure for the circuit performance. To calculate scattering
parameters, the total vertical electric field undcmcath the center of each microstrip port is rccordcd at every time
step and integrated along the z-direction as shown in figure 3-a, To obtain the scattering parameter S 1 ](o), the
incident and rcftcctcd voltage must be dctcm~incd by calculating the incident and rcflcctcd voltages at the input port
(port 1). The incident voltage, VI inc is dctcrrnincd  by assuming an infinite microswip  line, which extends from



source, to the far absorbing wall,. The same process is rcpcatcd  using the actual microstrip  “structure, yielding the
total voltage, V 1 t at the input poti TIc rcftcctcd voltage, V I rcf is dctcrmincd  by subtracting t.hc incident vohagc
from the total voltage at the input port. At the other ports  only transicn[  waveforms will bc cornputcd.  The scattering
pararnctcrs,  S] 1, S21, and S 12 arc then obtained by simple Fourier transform of the voltages. The current I(t) is
computd at the port by integrating the magnetic field over the contour C as shown in Figure 3-b.

The characteristic irnpcdanw,  Z..(O) of a microstrip line is defined at the fundamental mode of propagation,
as the ratio of the vohagc to the current in the frequency domain.

(a)
Microstrip Conto~;  C Microstrip~_. --

z2~- fh~%— _—.. .—. —

~1 Substrate
~~

Ground Plane Ground Plane

Figure 3 Configuration for computing the total voltage and current al the ports

IWSLJL’I’S

The thwc structures used in tcsiing  the GFDTD model with conformed grid arc as follows: a branch line coupler; a
dual stub filter; and a 3-dimensional package, Ihc first circuit is fabricated on gallium arsenide (CiaAs)  substrate
with G= 12.9 and a thickness of 100 ym. U“hc dual stub filter is constructed on Alumina substrate with &=9.9 and a
thickness of 0.005 inch (0.127 mm), and a 3-dimensional package fabricated on an Alumina substrate with s= 9.9
and a thickness of 0.3 millimeters. The three circuits have dimensions of lCSS than 1 cm, and the frequency range of
intcrcsl  is from dc to 50 GIiz.  Although the opcra[ing  frequency of all circuits is lCSS than 50 GHz,; the GFIX’D is
able to provide an insight to ihc performance of thmc circuils  outside the operating range. Scattering matrix
coefficients arc measured for the dual stub filter, the using an HP 8510 network anal yzcr, which is calibrated
bctwccn 2 to 45 G}lz. Mcasurcmcnts  for the millimeter-wave branch line coupler and the 3-D package arc not
available.

-A, Millimc(cr-wave Bra~h Line Coup!.a

Thc sclcctcd branch line coupler, is shown in I’igurc  4, divides ~wcr equally bctwccn prow, 2 and
4 from either ports 1 or 3. This occurs at the ccntcr frequency, where the ccntcr-to-ccntcr  distance bctwccn
the four lines is a quarter wavcIcngth (k/4). Also, at the ccntcr  frequency, the phase diffcrcncc  bctwccn
ports 2 and 4 is 90°. The total number of grid points is 49x1OOX 16. l’hc thickness of the subslratc  is
rnodclcd  as 3 Az, while the air space above is modc]cd  as 13 Az. *
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Figure 4. Millimeter-wave bltinch  line coupler detail,

The ccntcr  to ccntcr  distance arc 14 Ax and 14 Ay. The. distance form the source plane to the edge of the
coupler is 40 Ay, and the rcfcrcncc  planes for ports 1 through 4 arc 10Ay from the edges of the coupler. T&
strip widths of ports 1 through 4 arc modeled as 2 Ax. ‘1’hc  wide strips in the coupler arc modeled as 4 Ax
w idc.



The time step At is 0.05 ps. The Gaussian half-width, T is 5 ps and the time delay, to, is set to 3T.
The simulation is performed for 4000 time Meps  to allow the response on all four ports to reach zero. The
computation time using the CRAY Y-MPW116 is less than  2 minutes for the conformed grid.

The scattering coefficient results, arc shown in Figure 5. The desired branch lirrc coupler
performance is witnessed in the sharp SI 1 and S]3 nulls which recur at approximately the same point (49
GHz) as the crossover in S 12, and S14. At this crossover point SI 2 and S ]4 arc both about -3 dIl,
indicating that the power is being cvcrdy divided between ports 2 and 4. The nulls in S 11 and S13 at the
operating frequency indicate that little power is being tlansmittcd  by ports 2 and 4. The phase difference
bclween  S 12 and S 14. is verified to be approximately 90° at the operating point (=49 GH7.). This behavior
is akso prcdictcd by C@mpacl Explorer software.
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Figure 5 Scattering parameters for the millimeter-wave branch line coup]cr

B, MicrQsErBu&h~Er

The dual stub filter analyzed is based on the design used by l’cxas Instrument and lhc University
of Colorado, MI MICAD Center  [6]. The dimensions arc shown in Figure 6. lhc total number of grid points
representing this filler is 120x68xI  6.The operating resonance ( = 10 GHz) corresponds to the frequency
where ~-M4,  and S=k/16and  the distance between the. ccntcr of each stub and the ports is k/32 For the
GFDTD, 2 Ax, 2 Ay, and one Az arc carefully chosen to fit the dimensions of the circuit. The long
rectangular patch is thus 2Ax’s by 68 Ay’s. Each stub is modeled as 46Ax by 2Ay. The thickness of the
substrate is selected as 2 &., the remaining 14 AZ represent the air space above the substrate.

L- 2.921 mm
S- 0.75692 mm
a= 0.44196 mm
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Figure 6 Double-stub fdtcr detail
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The time siep,  At used is 0.117 ps. The Gaussian half-widlh  is T= 10 ps and the time delay to is set
to be 3T. llrc simulation is performed for 15000 time steps to allow the response at both ports to become O.
Duc to the circuit higher dielectric constant, the phase speed is lower and more samples, i.e., time sLcps, are
nccdcd to fully simulalc  the behavior of the circuit, ‘IW computation time for this circuit is approximately
18 minutes on the CRAYY-MPW116 comparwl to 2 hours per each frequency for an HP workstation [6].

The resulting scattering coefficient IS21  I is plotted in Figure 7-a for GFIYI’D, superimposed on the
measured data. Good agreement is evident at the location of the rmponsc  nulls. ‘1’hc  desired low-pas filter
performance is wilncsscd  by the steep S21 roll-off bginning at approximately 8 GHz. The narrowing in the
slopband detcnnincd from the GFDTD model, may bc duc to the approximation of using the forward
diffcrcncc  tcchniquc  for the confommd  grid. In comparing the scattering parameters determined from
mcasurcmcnts  with the results dctcrmincd  from the nodal simulator, shown in figure 7-b it is obvious that
the nodal simulator, lacks tbc capability to predict the performance of this filter. Additionally the nodal
simulator is unable to predict the dual response nulls as expected from having dual stubs but is predicts
corrcctl  y the location of onc resonating frequency qual itati  VC1 y and overcst  imalcs  the depth of the response
nulls.
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P’igurc  7 Insertion loss of a dual stub filter

!l&Dimcnsismal  PaMa192

The 3-Dimensional Package is designed and fabricated on an Alumina substrate with c= 9.9. Ttm
3-D package dimensions arc shown in Figure 8. The space steps Ax ,Ay, and Az arc chosen to match all
circuit dimensions. ‘JIris circuit is the most complicated, in all the cases treated in this paper, because it has
mtrltilaycrs.  The total  physical dimension of this package is 9 mm x 4.02 mm x 3 mm, which transferred
67x 150x61 grid points. The thickness of the substrate is modeled as 10 Az while Lhc air spaces above and
below the substrate are modeled as 25 AX each.

The design procedure presented in [7] have been followed carefully for this circuit to yield the
desired performance parameters.
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Figure 8. Detail of 3-Dimensional Package

The time step At is 0.1 ps. ~“hc Gaussian half-width, T is 15 ps and the time delay, to, is sw to 3T.
The simulation is performed for the GFDTD for 3000 time steps to allow the response on the two porL$ to
reach 7,cro. ‘1’hc computation time using the CRAY Y- M}’2WI  16, is lCSS than 10 CPU minutes

The frequency response prcscntcd  in figure 9, demonstrates the utility of this structure as an
interconnect. The desired frequency response, i.e., ccntcr frequency, bandwidth, and shape is obtained by
the proper selection of geometry. As shown in figure. 9, the insertion loss at the ccntcr frequency is Icss
than 0.2 dB and a very wide bandwidth is achicvablc,  which makes this design versatile specially at higher
frequencies.

mu
----

a-—.

a —. .——
-.-— —

—. .——..—.
fll .——...
/\l

i
-2C ——. ..— -. -...

_— ..—
.— . — . . ———— .—

-— ~ —.

J_LL_lu__L_l- -.L1-.L.-J
o 10

Freq&%cy,  G}17 30 40

Figure 9. Scattering parameters for the 3-Dimensional Package

CONCI.US1ONS

For the conformed orthogonal grid, the Gcncralizcd  finite-diffcrcncc time-dornain method, GFDTL>, has
been used to perfom~  time-domain simulations of pulse propagation in three printed microstrip circuits. Frcqucncy -
dcpcndcnt .scattcring  parameters, and characteristic irnpcdancc., have been calculated by Fourier transform of the
time-domain results. The results arc validated either by comparison with the rcsulls  obtained from mcawrcd data
taken from fabricated circuits, or results obtained from the nodal simulator. The versatility of the GFDTD method
allows easy and accurate calculation of many complicated nlicrosLrip  structures. It should bc noled that simpler
rnodcls, such m nodal simulator, arc still highly useful for “first cut designs” of microstrip circuits since they allow
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‘ for quic:k  solution and, in some cases, allow for inluilion  about dc.vices being modeled. The CiFDTD method can
then be applied to determine the performance of the actual circuit more accurately.

The versatility of the. GFDTD method allows for matching all circuit dimensions and for direct calculation
of performance parameters for many complicated microsv  ip structures. The structures analyzed in this paper were
selected so that comparisons could  be made with other publications or measurements or rncthods  of analysis. With
the computational power of supercomputcrs increasing rapidly, such as the CRAY Y-MP2E/l  16, time savings in
the order of 200 to 1 is achicvcd compared to the VAX workstation. The fast, accurate, GFDTD now lends itself as
a computer aided design of many complex geometries of microstrip  circuit components.

A video tape that visualim the electric and magnetic fic.lds  as they CVOIVC in time was produced.
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