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Emerging Trends in Millimeter-Wave CAD

Kuldip C. Gupta,Fellow, IEEE

Abstract—This paper discusses three emerging trends in the is used to obtains-parameters for all the components to be
area of millimeter-wave (mm-wave) electromagnetic (EM) simu- modeled over the ranges of designable parameters for which
lation and computer-aided design (CAD). Diakoptics techniques these models are expected to be used. An ANN model for
for frequency- and time-domain EM-simulation methods are . L
needed for mm-wave circuit design. Development of artificial each one _Of the_components IS d_eveloped by tra_lnlng gn ANN
neural network (ANN) models is likely to result in an efficient configuration using the data obtained from EM simulations. A

use of EM simulators. Possible applications of knowledge-based simultaneous trainingumtesting approach developed at the

tools are suggested for initial stages of the design process. University of Colorado [5] is well-suited for this purpose.
Index Terms—ANN modeling, diakoptics, EM simulation, Such ANN models have been shown to retain the accuracy
knowledge-based design, mm-wave CAD. obtainable from EM simulators and at the same time exhibit

the efficiency (in terms of computer time required) that is
obtained from lumped network models normally implemented
in commercially available microwave network simulators (like
LECTROMAGNETIC (EM) simulation techniques forthe HP MDS). Similar ANN models need to be developed
high-frequency structures developed over the last decag@e commonly used components, sub-circuits, and prototype
have helped to bring microwave circuits and monolithic miircuits at mm-wave frequencies. ANN's are also well suited
crowave integrated circuit (MMIC) computer-aided desigfbr modeling of active devices (including thermal effects) and
(CAD) software to a level of maturity. The key contributiorfor circuit optimization.
of EM-simulation techniques to microwave CAD has been in Another aspect of mm-wave design that should receive
the domain of accurate models for microwave components [}ltention in the near future is the possibility of employing
As a result, the microstripline-based microwave-circuit deSig{howiedge_based tools for “initial design_" The design process
has been brought to almost afirst—pass success level. MOde&@gisists of several steps Starting from: l) probiem identifi-
still remains a major bottleneck for CAD of certain classes Qfation and moving through; 2) Specifications generation; 3)
microwave circuits (such as coplanar waveguide (CPW) Cigoncept generation; 4) analysis; 5) evaluation; 6) initial design;
cuits, multiple layered circuits, and integrated circuit-antenigd 7) detailed design. Currently available microwave CAD
modules) and for most of the millimeter-wave (mm-waveghols address only the last step, i.e., transformation from an
(above about 40 GHz) circuits. The efficient use of EMmitial design to an optimized detailed design. It has been
simulation techniques in the development of accurate migointed out [6] that knowledge-based tools are needed for
wave CAD tools is still a topic of research. The use ddarlier stages of the design process.
EM simulators for accurate and practical design of mm-wave Following brief reviews of mm-wave CAD and simulation,
circuits can be made possible by innovative developmentstils paper discusses the concept of diakoptics in EM simu-
diakoptics methods for frequency- and time-domain analysegtion, and the roles of ANN modeling and knowledge-based
The diakoptics (or decomposition or segmentation) approagdbls for mm-wave CAD.
consists of partitioning the circuits into smaller parts, carrying
out the characterization of each of the smaller parts, and Il. MM-W AVE CAD

combining these characterizations (by network theory-baseoi\/livi_wave circuit design differs from the lower frequency
methods) to yield the response of the overall circuit. Since the

o7 ) . microwave-circuit design in several aspects. The key factors
EM analysis is carried out only for a smaller portion at an o ; . L .
. : . ntributing to these differences are discussed in this section.
time, the computational requirement can become manageable
and practical for design purposes.

Another recent development that may lead to an efficie
usage of EM simulation for mm-wave CAD is the use of Parasitic EM coupling among various parts of a circuits can
artificial neural network (ANN) models trained by full-wavesubstantially modify the performance of mm-wave circuits.
EM simulators [2]-[4]. In this methodology, EM simulationThese effects have also been observed at microwave frequen-

cies [7], [8]. An example in [7] demonstrates that spurious
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o proportionately. Consequently, the substrates used for the
design of mm-wave circuits are electrically thicker than those
used at microwave frequencies. For planar transmission lines,
like microstrips, slot lines, CPW's, etc., this increase in
electrical thickness makes their characteristics more dispersive.
Formulas (mostly based on quasi-static approximations) for
> ~ design of these structures are no longer accurate and need to

261.46 um be modified. Also, the effect of conductor thickness, which is
153.8 um often negligible at lower frequencies, needs to be taken into

account at mm-wave frequencies. Two-dimensional EM field

o solvers are needed for characterization of these transmission
o e 30.76 um structures at mm-wave frequencies. Also, while designing mm-
15.38 um wave transmission structures, care need to be taken to avoid
higher order propagating modes.

200 um

15.38 um

0.5 .
' ! ' ' ' J} D. Enhanced Transmission Losses
O

—O— Stub A . . . .
0.4 | .0 swoB RO Conductor losses in transmission structures increase as the

---- Matching section square root of frequency and dielectric losses are directly
proportional to frequency. Additional losses due to surface
roughness could also be considerably higher. Also, the radi-
ation losses at discontinuities and open-ends get substantially
enhanced at mm-wave frequencies [8]. Fig. 1 [8] shows the
dramatic increase in the radiation losses that can take place
ot from a microstrip impedance-matching circuit (= 12.8, h =
80 100 120 140 160 180 200 100 pm, W = 15.38 pm) in the millimeter-wave frequency
FREQUENCY (GHz) range. An accurate characterization of various losses is a
H(rerequisite for mm-wave design.
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Fig. 1. Dramatic increase in radiation loss in a microstrip matching netwo
(er = 12.8, h = 100 pgm, W = 15.38 um) observed at frequencies above

140 GHz (from [8]). . EM SIMULATION

could be derived for these spurious coupling effects. Féx EM-Simulation Methods

this reason, these external EM coupling effects are not yetthe term EM simulation implies numerical solution of
incorporated in the design of even microwave circuits whelaxwell’s equations for EM fields for a given structure for
currently available CAD software are used for design. A{ specified environment (boundary conditions). These field
mm-wave frequencies, these parasitic EM coupling effeggmputations may be carried out either in frequency domain
can become too significant to be ignored, and the desigihen the solution is obtained for sinusoidal excitation in

methodology needs to be modified accordingly. a specified range of frequencies) or in time domain (when
the response is obtained as a function of time). The most
B. Lack of Accurate Component Models commonly used techniques for frequency-domain simulation

Ten years ago, the critical bottleneck in accurate microwa@®: 1) the solution of integral equation by methods of mo-

design was the availability of accurate models for severdjents [91-{11] as commc(JjnI)Z/ u:;,_e_d forl planar mlcfvéavle:l‘;&d
components in monolithic microwave circuits, and a simildh - Vave structures and 2) finite-element method ( )

situation exits today for monolithic and hybrid mm-wav 9, [10]hu§ed for generaé t_hreﬁ-d|men5|onallstrlIJEcl\t/lure_s. ':'hese
circuits. This modeling problem becomes more acute at m Vo techniques are used in the most popular simulators

wave frequencies because of the wider variety of transmissih mclicrowgve "’I‘ng mlltllmstgr freqtf[ﬁncy rart\ges. Amolng thed
structures and devices used at these frequencies. Also, €-domain solution techniques, the most commonly use
cause the dimensions become electrically bigger at mm-w. roach is the finite-difference time-domain (FDTD) method

frequencies, components cannot be accurately represente ’y[lo]’ [12]. The transmission-line matrix (TLM) method

lumped network models. The ANN modeling approach, d 2l [1_01’ [13,’ pt. 3,] is anothgr time-domain technique used f_or
M simulation. Time-domain responses may be used to find

scribed in Section V, can contribute to an appropriate solution. . X .
requency-domain results by applying fast Fourier transforma-

tion. Time-domain analysis is required when nonlinear active
devices (for which only time-domain models are available)

As the frequencies of operation move from the microwawre included in mm-wave circuits. Harmonic-balance methods
to mm-wave range, the need for maintaining the mechanig¢a#], used for response of nonlinear circuit to a single-
integrity of the substrates demands that the thicknessesfrefguency excitation, make use of the time-domain analysis for
the dielectric or semiconductor substrates not be redudbeé nonlinear active part of the circuits and frequency-domain

C. More Dispersive Transmission Structures
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analysis for the linear passive part of the circuits. The two solu- 1
tions are balanced at the interface between linear and nonlinear
parts at various harmonics of the excitation frequency.

N

7
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B. Limitations of EM Simulation at mm Waves

Difficulties in applications of EM simulators to mm-wave
(and microwave) design arise because of the intensive com-
puter central processing unit (CPU) time and memory require- 5|
ments. Three-dimensional simulators (FEM, FDTD method,
TLM method, etc.) require gridding of the space where fields
are present in the circuit. For planar circuits, simulators using "len”(in mil)
the method of moments (MOM) require a two-dimensional
surface gridding. Values for various components of electri-
cal and magnetic fields are then computed at each of the
discretized points on the grid. This is a time-consuming
operation made practical only by recent advances in computer
technology. Circuit parameters of interest likgparameters or
other representations of input—output relationships are derivdet 2. The “tapped” inductor structure characterized by EM simulation
from the field values by appropriate post-processing of simul(:;r—om [L6]).
tion results. Compared to conventional network-analysis-based
circuit-design tools used at lower frequencies, any desigh circuit elements like transmission structures, discontinu-
based on EM simulation needs approximately two orders ities and components derived from sections of transmission
magnitude longer CPU time and RAM allocation. structures; 2) optimization of circuit elements, like optimum

Although, in principle, EM-field simulation based onchamfering of 99 CPW bends [17] as reported recently;
Maxwell’s equations is rigorous, any practical implementatiocand 3) building a library of circuit elements to be used
of EM-simulation methods does require some approximatiofiy design and optimization of mm-wave circuits. The latter
either in description of the structure (and surrounding enviroapplication has been recently illustrated [18] where various
ment) to be analyzed, or in terms of boundary conditions, @PW components (CPW line, bend, open-circuit, short-circuit,
in terms of the computational implementation of the methostep-junction, and T-junction) were modeled using an EM
itself. Integral-equation-based MOM simulators assumgmulator and then used in a network simulator for design and
infinite lateral extent of the substrate and ground planes (@stimization of CPW circuits like a CPW folded double-stub
a rectangular bOUndary with electric and/or magnetic Wa”q)”:er and a 50 3-dB power-divider circuit. The EM-ANN
Thickness of the conductors and their resistivity are account@@de"ng approach [2] has been used successfully in these
for only in approximate manners (the latter by an equivaleabpncations [17], [18].
surface impedance). Quite often, approximations are used inother important role of EM simulators in mm-wave CAD
computations of the Green'’s functions involved. Some of theggro incorporate into the design procedure the effect of external
are based on the assumption of an electrically thin substrgigityal coupling among various parts of the circuit layout.
layer. The precise effects of these approximations are ngt|ower frequencies, the network-analysis-based approach is
generally known to users of these simulators, and there ig, & for circuit design and constitutes the basic infrastructure
definite need for validation of the results obtained for MMy, o) commercially available microwave-circuit simulators. In

wave circuits. Also, absorbing boundary conditions (ABC'Shis network-based approach, interactions among the various

need to be implemented when the structure is open and (e ,it components are limited to interconnections among a

fields extend o_utgide. In spite of all the recgpt developmgntsggt of well defined components’ ports. However, this network
ABC's [15], this item does become a definite factor limiting,, 4 ch is not valid when the fields produced by individual

the accuracy of resuls obtained from these methods. components in the neighboring space start interacting and

Extraction of the circuit parameters of interest from the ﬁelgause what is known as parasitic EM coupling among the

values obtained from EM simulation is not a trivial step, angomponents When an EM simulation of the total mm-wave
can constitute a source of error for circuit designers. '

The effects of all th tactors on th ) £ M- circuit is carried out, all these EM coupling effects are ac-
ne efiects of afl these factors on he accuracy o a¥Sunted for. However, computational requirements associated
design have not been evaluated and documented so far.

) L e ith EM simulation make dir imulation of mplete mm-
investigation of this kind is definitely needed for developmer\ﬁ/ﬂq ' simu atio nake d 'ects ulation of a complete :

wave circuit almost impractical. For example, EM analysis of
of accurate mm-wave CAD tools.

a single inductor element [16] (shown in Fig. 2) with 1110
. ] subsections in moment-method-based planar analysis required
C. EM Simulation for MM-Wave CAD 11 MB of RAM and took 37 min of CPU time per frequency
Applications of EM simulation to microwave design havepoint on an HP735 workstation.
recently been discussed [16]. For mm-wave design, EM simu-We need an approach that makes use of EM simulation in a
lators can be used for three functions. These are: 1) modelimgre efficient manner so as to make EM analysis-based mm-

S VIL LTI LT ILIL L ST IILGSILTSY
CELLILIIITITL LSS AL TTIEIIIIAL
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wave circuit design more practical. Two approaches could be
suggested for this purpose.

In one of the possible approaches, external EM interactions
among elements are emulated by introducing circuit com-
ponents to form extra signal paths [19]. For the example
illustrated in this reference, a two-port network is used to
model the EM coupling among two nonadjacent elements in
a three-pole Chebyshev filter using cascaded high-temperature
superconductor (HTS) resonators. Individual sections are mod-
eled by EM simulation and cascaded using network approach.

The difference between the response of this cascade and EM-
simulation response of the complete filter is used to model this Equal

- i7Zi i Potential
two-port network ch.aracterlzmg the EM cqupllng between, e S riees
say, the first and third resonators. Once this network model
for external coupling is derived, a network-analysis-based "'H'I\H.}.} C Matrix

simulator can be used for filter design. This approach is similar

to network modeling of mutual coupling among elements &fg- 3. Analysis of a multilayered transmission structure by segmentation
¢ 20 di ltinort net K deli and SBEM (reprinted with permission from K. C. Guptal, Microstrip
an antenna array [ ]’ as used In muluport Network moaeilifigh.q gng Slotlines2nd ed., p. 20 [Norwood, MA: Artech House, 1996]).

and CAD of arrays of printed microstrip patches.

IV. DIAKOPTICS FOR MM-W AVE DESIGN 19

An emerging approach for efficient use of EM simulators
for mm-wave design is based on the concepts of diakoptics
[21], [22] or segmentation or decomposition [23]-[26]. These
techniques have been proposed for: 1) quasi-static analysis
[23], [24]; 2) frequency-domain analysis [25], [28]-[30]; and
3) time-domain simulation methods [27], [31]. [

Port 1
N
w3
Port 2

11 13

14 5
A. Diakoptic Methods for Static/Quasi-Static Analysis \ 9
5 16

A diakoptics method (called domain-decomposition
meth_od) has bee_n reported [23] for exFracno_n of capacﬂanﬁg, 4. The configuration of a low-pass filter used to illustrate the multilevel
matrices of multilayered three-dimensional interconnects wowm (from [21]).

VLSI circuits. This approach uses magnetic walls to cut

the complex interconnect net into many cells. Each cell is

decomposed into subregions and partial differential equatigfthis approach could become an efficient tool for mm-wave
(PDE) in each subregion is solved separately. Thus, one @Lign.

use the most efficient method in each region independently.
Subregions with homogeneous dielectric layers may be
analyzed analytically. Adjacent regions are selected to Be ) ;
overlapping and an iteration algorithm based on the Schwdfynamic Analysis

Alternating Method is used for solution. Computing time For integral-equation-based method-of-moments EM simu-
and memory used are reduced to less than one-tenth of ldwers, multilevel moments method [21], [28], [29] can be used

general FEM solution without diakoptics. to reduce the computational complexity of the EM simulation.

Another example of diakoptics in quasi-static field analysis this approach, the circuit is divided into several subcircuits
is the development of segmented boundary-element methmdinserting artificial ports. Each subcircuit is then simulated
(SBEM) [24] for characterization of multilayered multiconducseparately and current density profiles obtained. By demanding
tor transmission structures used in the design of multilayeredrrent continuity at the artificial ports introduced, the current
microwave circuits. In this method, the cross section of thaistributions are combined to form a set of basis functions for
transmission structure is first separated into several homogeper level MOM. Amplitudes of these basis functions are
neous regions that are analyzed separately by the BEM. faund with the upper level MOM. During the implementation
example, shown in Fig. 3, illustrates the procedure. The resulfslower level MOM, the presence of metallization other than
are then combined to yield the overall characterization e subcircuit considered is ignored. Errors introduced by this
using network interconnection approach. This strategy makeaie reduced by an iterative procedure with refines the upper
possible to take into account any local modification by redoirdgvel basis functions. In a numerical example [21] of a low-
the analysis for only those regions that are affected by apwgss filter, shown in Fig. 4, it has been demonstrated that even
specific modification. A three-dimensional full-wave versiofor a small humber of unknowns: (= 825), this technique

Diakoptics Methods for Frequency-Domain
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Fig. 5. Segmentation method applied to analysis of a waveguide filter circuit
(based on [29]).
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reduces the solution time by a factor of 4 for an accuracy of }{H H H___gz H H H H
—80 dB in S-parameters values. In this case, the circuit was Sa B+ So
partitioned into 19 subcircuits, which were analyzed separately TTT u:g:
at lower level MOM and then combined for the upper level
MOM analysis. ()

Another demonstration of the use of diakoptics ideas frig- 6. Application of the GSM approach to full-wave analysis of planar
frequency-domain microwave analysis is the segmentatitc)'ﬁCUItS (rom [32)).
approach [26] applied with the mode-matching method [30]. In
this approach, the waveguide circuit is divided into a number Outer Candustor
of rectangular shaped cells, each modeled as a subcircuit
with multiport interconnections to the neighboring cells. Fig. 5
illustrates the implementation of this method for a simple
example from [30]. This is a fixed-value waveguide phase- Tehg
shifter circuit with four shorted stubs. The configuration is
divided into five cells, each characterized as a multiport com- ———— | T —
ponent. The number of ports in cells numbered 2-5 is equal to (Gaie) E (Drain)
the number of modes considered necessary for representatio
of fields in these cells. Admittance matrix representations for
the multiport network representation of the cells are obtained

Quter Conductor

from the ratio of the tangential electric field to the tangential ~ ©°9°®  warching Network  Region 11 Matching Network

Input Device QOutput

Region T Region Il

magnetic field values at the cell boundaries, as evaluated from
the Green’s functions for the cell fields. Thus, the overdfig- 7. A mm-wave a_mplifier circgit analyzed by time-domain diakoptics by
analysis approach combines the EM-field analyses within {Rarating the layout in three regions (from [27]).
cells with the network analysis for interconnecting the cells ) ] ]
to yield the circuit response. Following a somewhat simil&Xternal EM couplings that are not expressed in terms of higher
approach, Arndtet al. [25] have described hybrid mode-Order modes do not get included in the analysis.
matching/contour-integral and mode-matching/finite-element _ ) ) )
waveguide building blocks for CAD and optimization ofC- Diakoptic Methods for Time-Domain Analysis
waveguide components. Application of diakoptics in the time-domain approach
Another approach for full-wave segmentation analysis éfas been demonstrated recently [27] where an entire mm-
arbitrarily shaped planar circuits is based on obtaining generalave amplifier, including EM fields inside the transistor, is
ized scattering-matrix (GSM) descriptions of all the subcircugimulated with an FDTD algorithm. The circuit, shown in
segments [32]. Fig. 6 illustrates the basic idea. The plangig. 7, is divided into three regions. The simulation of each
circuit is divided into several smaller segments with coregion is performed separately and coupled to the next region
responding multiport network parameters that are obtainptbperly along with all the required information from the
by full-wave space-domain integral-equation technique. Thiseceding region. This technique allows one to use large time
method differs from the standard network-analysis-based sisteps in the passive matching-network regions, while much
ulators in that the interconnections among the componestsaller time steps are used in the active transistor region.
are not limited to a single mode of wave propagation on thehis drastically reduces the computation time, and the memory
interconnecting lines. In GSM characterizations, higher ordexquirement is lowered by approximately 66%.
modes (evanescent as well as propagating) are accounted foAnother example of time-domain diakoptics [31] involves
This multimodal characterization is expressed in terms of mwnalysis of waveguide discontinuities by the TLM method by
tiport interconnections in a manner similar to that described partitioning the circuit into subdomains that can be analyzed
connection with the two-dimensional planar analysis report@tdependently and then connected together. The procedure
earlier [33]. A limitation of this approach is that spuriouss illustrated by an example of a 945nclined iris shown
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750 the ANN modeling approach. This could be achieved by
starting with the existing models and modifying these models
by developing an ANN configuration to model the differences
among the available approximate models and the results based
\ on experimental characterization (or an accurate analysis). This

approach (called the hybrid DeltaS model in [2]) has been
used successfully earlier in development of EM-ANN models
for microstrip vias and vertical interconnects [2] and also for
chamfered 99 bends in CPW’s [17].

Fig. 8. Example of an inclined iris in a waveguide used for illustrating the
TLM diakoptics procedure (from [31]).

a/3

40 A1

Jm Jdm
240 A1
s 4

B. Modeling of CPW Components and Discontinuities

in Fig. 8. In the conventional TLM procedure, computation CAD t0ols for CPW circuits have not yet been adequately
boundaries need to be located/atwhere only one waveguide developed because of the lack of accurate and efficient models

mode is required for finding the ABC. In the TLM diakopticd®” CPW components. Compared to microsrip-circuit model-
approach, regions on either side of the discontinuity alag, we have at least one additional parameter (gap width) that

replaced by appropriate boundary conditions accomplishwkes the conventional quel fitting techniq.ues more Fjiﬁ‘icult.
by presimulating a semi-infinite waveguide and using t Iso, the need to locate air-bridges near discontinuities calls

time-domain response of such a structure to terminate #p¢ the effects of air-bridges to be accounted for in the model
computation domain around the discontinuity structurg,at  d€velopment process. The EM—ANN modeling approach ap-
When the ABC is obtained by considering five modes iRE&rs to be well suited for this purpose [17], [18]. An example

the semi-infinite waveguide, computation boundaries can Be[18]: describing the design of a CPW folded double-stub
placed just a few cells away from the discontinuity. For thillter, shown in Fig. 9, points out that the circuit optimization

same mesh size (62 30), this approach reduced the compute(rreq“iri”g seven circuit analyses) time using EM-ANN models
CPU time from about 1 h to 30 s. was only 3 min. This should be compared to the 14 h needed

Further developments in both time- and frequency-domeﬁﬂr one circuit analysis (for results at 17 frequency points)

diakoptics or decomposition techniques are needed to ma¥aen a direct EM simulation is carried out on the same HP
use of these concepts for practical mm-wave design. It m&§0 workstation.

be pointed out that diakoptic solutions of EM problems are

very suitable for concurrent computing [34]. Parallelism iC. Modeling of Multilayered Circuits

diakoptic methods comes from the property that the solution

of one subnetwork does not depend on the solution of gy, ¢jagses of components to be characterized and mod-
other subnetwork. Subnetworks (smaller components of t fed: multilayered multiconductor transmission-line compo-

mm-wave circuit) can, therefore, be analyzed concurrentll){

This feature will imorove th mputation efficien f th éents and inter-layer interconnects using either vertical vias
s feature prove the computation efliciency of e, gy coupling through apertures in the inter-layer ground
diakoptic methods further.

planes. Lack of CAD models for these components is the
current bottleneck in the design of multilayer mm-wave cir-
V. ANN MODELING cuits. Again, the EM—ANN modeling approach will help in

The use of an ANN is a very promising tool for mm-wavédroviding a design solution.

design. Potential applications include: 1) component modeling;
2) circuit design using ANN n_10d_e|s; and 3) optimization using, Design of Integrated Circuit-Antenna Modules
ANN models of mm-wave circuits. ] ] o )

A few applications of ANN computing to microwave design Design of integrated circuit-antenna modules (_or active
have been recently reported [2]-[6], [17], [18], [35]. Th@ntenqas [36], as they are more popularly known) is .another
key feature of these applications is the training of ANN's t§M€rding area that could benefit by the ANN modeling ap-
carry out the EM analysis of various passive components aRpach- Appropriate ANN models for microstrip patches and
detailed analysis of active devices. This allows the replacem@ter printed radiating elements could be linked to currently
of time-consuming EM-simulation software with dramaticallvailable powerful circuit simulators, thus allowing designers
more efficient ANN computing modules. We can look forward® handle active antenna design in a convenient manner.
to the use of ANN tools in the following areas related to
mm-wave design. E. Circuit Optimization

Apart from modeling, ANN computing could play a key
role in circuit (and component) optimization. In this case, the

Efficient and accurate models for nonlinear behavior oépeated analysis, performed by linear/ nonlinear/EM simula-
active mm-wave devices like heterojunction bipolar transistorsr(s), can be replaced by an ANN module yielding the circuit
(HBT's), MESFET's, and high electron-mobility transistorperformance as a function of various designable parameters
(HEMT’s) including thermal effects could be developed usinfwhose optimum values we are trying to choose). Efficiency

The design of multilayered mm-wave circuits requires two

A. Modeling of Nonlinear Devices
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Fig. 9. Layout and performance of a CPW folded double-stub filter, which was optimized by using the EM-ANN modeling approach. ReSuits for

and Sz1 show performance of initial nonoptimized circuit (dotted curves), performance of optimized circuit (continuous curves), and verification by
full-wave analysis (solid square points) (from [18]).

resulting from such an optimization process needs to peeliminary design decisions are made. Several alternatives

investigated for different classes of mm-wave circuits. will normally be considered. Decisions taken at this stage
determine the general configuration of the product and, thus,
VI. KNOWLEDGEBASED DESIGN have enormous implications for the remainder of the design

In addition to CAD methodology, which is used currentl rocess. At each of t_hese design stages, there Is usually a need
. . . r feedback to earlier stages and reworking of the previous
for microwave and several other design domains, a methog- . . :
. . steps. The analysis and evaluation of the conceptual design
ology knows as knowledge-aided design (KAD) has been ; .
. ead to concept refinement, for example, by placing values on
proposed [37]. KAD may be defined as a system that enhances_ ; .
X ) . umerical attributes. The performance of the conceptual design
design by having computers make knowledge available to the . : . :
. . . . 1S tested for its response to external inputs and its consistency
designers. In order to appreciate the role of KAD in design,. . e R
. . . . . ; ith the design specifications. These steps lead to an “initial
we need to discuss in detail the various steps involved in the

. esign.

design process. The step from initial design to the final detailed design
. involves modeling, computer-aided analysis, and optimization.

A. Anatomy of the Design Process g P y P

CAD tools currently available to us for high-frequency design
The sequence of various steps in a typical design procggfmarily address this step only.
[38] is shown in Fig. 10. One starts with problem identifi-

cation. This phase is concerned with determining the need )

for a product. A product is identified, resources allocatef: Role of Knowledge Aids

and end-users are targeted. The next step is drawing u@he design process outlined above can be considered to
the product design specification (PDS), which describes thensist of two segments. Initial steps starting from the product
requirements and performance specifications of the produdentification to the initial design may be termed as “design-

This is followed by a “Concept Generation” stage wherm-the-large” [39]. The second segment that leads from an
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| PROBLEM IDENTIFICATION ' I GIVEN DESIGN GOAL |

f '

LSPECIFICATION GENERATION |

| PROPOSE SOLUTION |

+ l l—> No Proposal — Exit with Failure

L‘ CONCEPT GENERATION I
+ VERIFY PROPOSAL
L{ ANALYSIS I l Verified ——— Exit with Success
+ l CRITIQUE PROPOSAL|> — — — — (To Identify Sources of Failure)
t—iEVALUATION | l |—> No Useful Criticism — Exit with Failure
+ [ MODIFY PROPOSAL —l
L[ INITIAL DESIGN 1
+ Fig. 11. PCM approach for arriving at an initial design.

L[ DETAILED DESIGN ’

Knowledge-based systems developed for initial design of
mm-wave circuits would also be very helpful for instruction
o ) ) ) _or training of design engineers. For example, a system that can
initial design to the detailed design has been called “desigresent all the relevant options for, say, designs of digital phase
in-the-small.” It is for this second segment that most of thgifters at mm-wave frequencies, could educate the designer
microwave CAD tools have been developed. about the relative merits of various phase-shifter configurations

It is in the “design-in-the-large” segment that important angs \ell as lead to a design for meeting a particular set of
expensive design decisions are made. Here, a “knOWIed%ﬁ'ecifications.

based system” is the most likely candidate technology that
could help designers. Understanding this part of the design
process is a prerequisite for developing knowledge aids for
mm-wave design. An extensive discussion on these and relatedhere is a definite need to develop design tools to bring
topics is available in a three-volume treatise on artificidhe mm-wave CAD to the level of maturity that is available

Fig. 10. Sequence of steps in a typical design process.

VII. CONCLUDING REMARKS

intelligence in engineering design [40]. for microwave CAD today. Research and development efforts
are required in techniques leading to more efficient use of
C. Knowledge Aids for Design full-wave analysis methods. These include diakoptics methods

Development of knowledge aids may be based on devg?-r frequency- and time-domain EM simulations, use of the

oping a task structure [41] for the design process. A geneﬁé\'N modeling approach, and application of knowledge-based

task oriented-methodology involves: 1) a description of tH§Chniques.

tasks; 2) proposed methods for it; 3) decomposition of the

task into subtasks; 4) methods available for various subtasks;

5) knowledge required for implementing various methods; angl] p. 1. wu et al., “Accurate numerical modeling of microstrip junctions

6) any control strategies for these methods. and discontinuities,nt. J. Microwave MM-Wave Computer-Aided Eng.,
A method for accomplishing a generic design task is known,, YO 1; no- 1, pp. 48-58, 1991,

7 ) ] P. M. Watson and K. C. Gupta, “EM-ANN models for microstrip vias
as the propose—critique—modify (PCM) [42] approach, Shown  and interconnects in multilayer circuitdZEE Trans. Microwave Theory
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