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Design and Optimization of CPW Circuits Using
EM-ANN Models for CPW Components

Paul M. Watson and Kuldip C. Gupt&ellow, IEEE

Abstract—Accurate and efficient electromagnetically trained measured. This method of characterization is also very time
artificial neural-network (EM-ANN) models have been devel- consuming.
oped for coplanar waveguide (CPW) circuit components. Mod- — Ag ap alternative to the above, we have developed elec-
eled components include: CPW transmission lines (frequency . . e '
dependent Z, and =..), 9¢° bends, short-circuit stubs, open- tromagnetically trained artificial ngural—network (EM-_ANN)
circuit stubs, step-in-width discontinuities, and symmetric T- Mmodels for CPW components suitable for use in interac-
junctions. These models allow for circuit design, simulation, and tive MMIC design and optimization. No assumptions about
optimization within a commercial microwave circuit simulator component behavior are made when developing the EM-
environment, while providing the accuracy of electromagnetic ANN models. Full-wave EM simulation has been employed
(EM) simulation. Design and optimization of a CPW folded )
double-stub filter and a 5042 3-dB power divider circuit using to characterize the CPW Compongnts. EM'ANN models have
the developed CPW EM-ANN models are demonstrated. been developed for CPW transmission lines (frequency de-

Index Terms—CAD, CPW circuits, CPW models, neural net- pendentZ, and ex), 90° bends, short-circuit stubs, open-
works. ‘ ' ' circuit stubs, step-in-width discontinuities, and symmetric T-

junctions. Air-bridges are included where needed to sup-
press the unwanted slot-line mode [36]. All models have
been developed using HP-Momenturfor EM simulation
and its adaptive frequency-sampling (AFS) feature, with the
OPLANAR waveguide (CPW) circuits offer several adexception of the CPW transmission-line model. This was
vantages due to the CPW configuration, such as thee to the unavailability oz, information for CPW lines
ease of shunt and series connections, low radiation, lamwv HP-Momentum. Common parameters for all models are
dispersion, and avoidance of the need for thin fragile suthe substrate parameters, (= 12.9, Hyy, = 625 um,
strates. These advantages make CPW an attractive chaiaedé = 0.0005) and air-bridge parameterdd{ = 3 um
for development of monolithic microwave integrated circuitand W, = 40 pm). Once developed, these EM-ANN models
(MMIC’s). Currently, design software available for CPWare linked to a commercial microwave-circuit simulator where
circuits is inadequate because of the nonavailability of accuraltey provide accuracy approaching that of the EM-simulation
and efficient models for CPW discontinuities such as bends, fbol used for characterization of the CPW components over
junctions, steps-in-width, short and open stubs, etc. Accurdte entire ranges of the model input variables. In addition, the
characterization and modeling of these components are vitgveloped models allow for very fast and accurate EM/circuit
for accurate circuit simulation and increased first-pass desigptimization within the framework of the circuit-simulator
success. environment.

Much effort has been expended in developing accurateCircuit design using the developed EM-ANN CPW models
and efficient methods for electromagnetic (EM) simulation o demonstrated by two examples: a CPW folded double-stub
CPW discontinuities [1]-[33]. However, the time-consuminjliter and a 50€ 3-dB power-divider circuit. Optimization of
nature of EM simulation limits the use of these tools focircuit responses have been performed and compared to the
interactive CAD and circuit optimization. Equivalent circuitfull-wave simulation results of the entire circuits, showing
models generally available for CPW discontinuities requirexcellent agreement.
certain assumptions to be made which may or may not be valid
over the desired range of operation. CPW discontinuities have Il. EM-ANN M ODELING
also been characterized by measurements [34], [35], generatin
a library of data which is generally valid only for the structureE

I. INTRODUCTION

$he methodology used for developing accurate and efficient
M-ANN models has been discussed and demonstrated in
[37] and [38]. Briefly, the ANN architecture used in this
paper is shown in Fig. 1 and consists of an input layer, an
Manuscript received March 31, 1997; revised August 15, 1997. output layer, and_ _One hidden layer. Itis a mu_ltllayer feed'
The authors are with the Center for Advanced Manufacturing and Padierward ANN, utilizing the error-backpropagation learning

aging of Microwave, Optical, and Digital Electronics (CAMPmode) and thg|gorithm [39]. The hidden layer, which incorporates nonlinear
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Fig. 1. Artificial neural-network architecture.

activation functions, allows modeling of complex input/output & %

relationships between multiple inputs and multiple outputs. <o>t=w—t<o>|
Inputs are connected to the hidden layer by one set of weights @)

and the hidden layer is connected to the output layer by
A,
Wa

——

another set of weights. Training of the EM-ANN model is
accomplished by adjusting these weights to give the desired
response.

The ANN learns relationships among sets of input/output
data (referred to as “examples” throughout the remainder of
this paper) which are characteristic of the component under
consideration. First, the input vectors of the training dataset
are presented to the input neurons and output vectors are
computed. ANN outputs are then compared to the known
outputs (of the training dataset) and errors are computed.
Error derivatives are then calculated and summed up for each
weight until all the training examples have been presented to
the network. These error derivatives are then used to update
the weights for neurons in the model. Training proceeds until lcomle w leos]
errors are lower than prescribed values. Details of the training )

algorithm are given in [40].
; _ Fig. 2. CPW 90 bend structures with?, = 40 um, H, = 3 pm,
In order to train the EM-ANN models, a number of EM — 625 jum, e, = 12.9, and tané = 0.0005. () Conventional

simulations need to be performed. These simulation pOirH%;rlr)]fered bend and (b) novel compensated béhdié height of air-bridge
need to be chosen so that important input/output relationshipeve the substrate arfd.y, is the substrate thickness).
are presented to and learned by the EM-ANN model. Simple
models require less simulation points, while highly nonlinear
models require an increased number of simulations. Structufégair-bridges adds unwanted capacitance which can degrade
for EM simulation are chosen using design of experimentige performance of the bend. In addition to compensating for
(DOE) methodology [41]. Although DOE methods had beeifie reactances associated with the bend, chamfering provides
developed for regression analysis, they can be used to defersimple way to partially compensate for the effects of
mine simulation points which effectively cover the region othe air-bridges. We investigate the effects of chamfering on
interest. When building a model, one would like to perforrthe S-parameters for the CPW 9(bends shown in Fig. 2.
as few EM simulations as possible for achieving the desiré¥ptimal chamfering values are determined for the different
accuracy. This requires starting with a low-order experimentagnd structures.
design and sequentially building up to higher order designs byCPW bends of the type shown in Fig. 2(a) have been studied
adding additional simulation points. in [3], but only forb = 0 andb = W + . The work reported
in [3] is extended by determining the optimal chamfer for
each bend structure. The compensated CPW bend [shown in

IIl. 'EM-ANN M ODELING OF CHAMFERED CPW 90" BENDS  Eig 2(b)] is a novel structure which has been shown by EM

In this section, EM-ANN models are developed for tweimulation to improve upon the return loss and the insertion
different chamfered CPW bend structures [42], as shown livss of the conventional chamfered bend of Fig. 2(a). EM-
Fig. 2. Air-bridges are placed near CPW bends in order &lNN models are developed for the CPW bends and are used
reduce the unwanted slot-line mode which tends to radidtedetermine optimal chamfer values. All air-bridge parameters
[36]. The slot-line mode is generated in CPW bends due &we held constant in order to concentrate on the effects caused
the path-length difference of the slots. However, the inclusiday the chamfering of the bends.

N
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TABLE | TABLE I
VARIABLE PARAMETER RANGES FORCPW COMPONENTS ERROR RESULTS (AVERAGE AND STANDARD DEVIATION) BETWEEN THE
EM-ANN MoDEL AND FULL-WAVE SIMULATION FOR THE COMPENSATED BEND
Min. Max.
Frequency 1 GHz 50 GHz 1Sul £51(°) IS £S21(°)
W 20 pm 120 wm Train/test dataset
G 20 0 Average error 0.000784 0.680 0.000584 0.363
pm pm Standard dev. 0.000518 0.513 0.000390 0.261

Verification dataset
Average error 0.001390 1.022 0.000705 0.447
TABLE I Standard dev. 0.000861 0.759 0.000365 0.380
ERROR RESULTS (AVERAGE AND STANDARD DEVIATION)
BETWEEN THE EM-ANN MODEL AND FuLL-WAVE

SIMULATION FOR THE OPTIMALLY CHAMFERED CPW BeND TABLE IV
COMPARISON OF RETURN LOss FOR THECONVENTIONAL
1Sul £811(°) 1821 £8521(°) OPTIMALLY CHAMFERED BEND AND THE NOVEL COMPENSATED
Train/test dataset BEND FOR SEVERAL STRUCTURES (FREQUENCY = 50 GHz)
Average error 0.000701 0.102 0.000293 0.034
Standard dev. 0.000632 0.104 0.000270 0.029 w G Optimally Novel bend Improvement
Verification dataset (um) (um) Chamfered Return loss
Average error 0.000966 0.124 0.000354 0.048 bend (dB) (dB)
Standarddev. | 0.001058 | 0.141 | 0.000339 | 0.039 Return loss
(dB)
70 60 -13.89 -20.92 7.03
1 120 40 -12.96 -16.36 3.40
0.8+ 70 20 -21.51 -26.94 5.43
35 55 -17.27 -20.18 2.91
E 06 T 105 55 -12.50 -17.02 4.52
g oal 105 25 -15.76 -19.33 3.57
) 70 40 -16.36 -21.41 5.05
0.2+
1 i 1 1
0 0 0'5 1 1'5 2 ot the trends inS-parameters determined by the changes in the

physical structure of the CPW bend. Using this model, the
optimal chamfer for each bend is determined. Fig. 3 shows the
Fig. 3. Optimal chamfer for return loss versti/G for the conventional optimal chamfeb/b,,,, versusi?’/G for minimum return loss,
bend of Fig. 2(a). as determined by the EM-ANN model. The optimal chamfer
as a function ofi¥’/G is given by

WI/G

A. Optimally Chamfered Conventional CPW Bend b/ b = 0.2102 In (W/G) + 0.7677, for 0 < W/G < 2
An EM-ANN model has been developed for the CPW bend —1 for W/G > 2.5
structure shown in Fig. 2(a). Variable inputs for the EM-ANN ’ o

model areW, G, b/by.x, and frequency. Model outputs are 1)
S-parameters. Substrate material used is Ga#As={ 12.9),

and the thickness is 62pm for all results included in this B. Novel Compensated CPW Bend

paper. Air-bridges are 4g¢m wide (V,), 3 um (H,) above  An EM-ANN model has been developed for the novel
the GaAs surface, and are positioned at the bend discontinBmpensated CPW bend structure proposed here and shown
as shown. Note, all air-bridge parameters are held constanirinFig. 2(b). This novel bend is capable of improving upon
order to concentrate on the effects caused by the chamfering performance of the already discussed optimally chamfered
of the bends. CPW bend. Variable input parameters for the modeli&re,

EM simulations were performed on 17 bend structuregnd frequency. Model outputs afeparameters. For this novel
included within the range of parameters given in Table I. Chasend, the optimum chamfer for the strip is found to be the
acteristic impedances used for port terminations have ba@aximum allowable by air-bridge placement. EM simulations
determined from linecalg.Five different values of chamfer have been performed on 17 bend structures, included within
were simulated for each bend, willfib,,.x ranging from 0 to the range of parameters given in Table I, to provide train-
1. The strip corner was chamfered by a proportional amouRg/test (45 examples) and verification (35 examples) datasets
given bybW/(W +G). EM simulation data was separated intdor model development. Ten neurons were used in the hidden
training/test (165 examples) and verification (300 examplegyer. Error results for the developed EM-ANN model are
datasets for model development. Ten neurons were used indRewn in Table III.
hidden layer. Error results (EM-ANN model compared to EM

simulation) are shown in Table II. C. CPW Bend Comparisons

It was determined that indeed there exists an optimal cham-

fer for each structure, especially when analyzing the return loss! '€ novel compensated CPW bend structure is found to

20log,q |S11]. The developed EM-ANN model can reproducdProve the return loss over the optimally chamfered con-
ventional bend, as shown in Table IV. We believe this to

2linecalc, version 5.0, Hewlett-Packard Company, Santa Rosa, CA, 1998e due to a decrease in capacitance as the slot width at the
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-10 } - } TABLE V
ERRORRESULTS (AVERAGE AND STANDARD DEVIATION) BETWEEN THEEM-ANN
& -20 1 MoDEL AND FuLL-WAVE SIMULATION FOR THE CPW TRANSMISSION LINE
z
w30 T Z,(©Q Z, (%) £
3 40 + Train/test dataset
c Average error 0.105 0.234 0.00283
5 50+ -=—Corn Standard dev. 0.098 0.224 0.00248
° Verification dataset
e -60 ~Opt. Chamf. Average error 0.111 0.243 0.00341
—+=Comp. Bend Standard dev. 0.112 0.238 0.00240
-70
1 €.5 17 34 50
Frequency (GHz) //
P — 4
- G
g -0.05 + A
a 0.1 W
s + /
8015+ —~com G
T
2 —+—Opt. Chamf. /r
£ 02 —+— Comp. Bend /
/
-0.25 @
1 6.5 17 34 50

Frequency (GHz)

AN

Fig. 4. Comparison of unchamfered (Corn), conventional (Opt. Chamf.), and
novel (Comp. Bend) CPW bendB/ = 70 ym andG = 20 pum.

corner is increased, thereby compensating for the increase in < W+2G>

capacitance due to the air-bridges. Improvements are also seen

in the insertion loss. Note that all air-bridge parameters remain

the same as in the case for the optimally chamfered CPW bend. /
Comparisons between unchamfered CPW corner, optimally / //

chamfered conventional bend, and the novel compensated (b)

bends are shown in Fig. 4 for CPW bend structures withy 5. cpw (a) short-circuit stub and (b) open-circuit stub geometries.

W = 70 pm and G = 20 pm, corresponding taZ, = 35

2. Note that all air-bridges and reference planes are at the ) L o

same positions. Based on the results shown in Fig. 4 andave sqlut|on for the training/test and verification datasets are

Table IV, we note that the new compensated bend providdown in Table V.

significant improvements in return and insertion loss over the

ool

other CPW bend structures. Improvements are also seen when V. EM-ANN MODELS FORCPW
comparing the optimally chamfered bend results to the corner OPEN- AND SHORT-CIRCUIT STUBS
(unchamfered) bend. Open- and short-circuit stubs are important components for

many circuit designs such as filters and impedance-matching
IV. EM-ANN M ODELING OF CPW TRANSMISSION LINES netwprks. The geometne_s of_the open- and _short-C|rCU|t stubs
considered are shown in Fig. 5. Variable input parameters
An EM-ANN model has been developed for frequencynqg corresponding ranges for model development are given
dependent CPW transmission I|r_1es. \_/arlable input parametg{Staple I. Model outputs areS-parameters. Typical output
and corresponding ranges are given in Table I. Model outpyissponses for an open and a short circuit with reference planes
are frequency depended, and e,.. The EM-ANN model gt the discontinuities are shown in Fig. 6. For each model, EM
has been trained using RCAAW& program which provides gimylations have been performed on 17 structures over the
full-wave solutions for printed transmission lines and genergl 5o.gHz frequency range. For the short-circuit model devel-
multilayer geometrie$.The training/test dataset consisted ofyment, 71 examples were used in the training/test dataset and
265 examples, while the verification dataset contained 3% examples for the verification dataset, requiring five neurons
examples. Twenty neurons were used in the hidden layer. Ef9r'the hidden layer. Open-circuit model development was
results between the developed EM-ANN model and the fullecomplished using 95 examples in the training/test dataset,

SHP-M . on A02.20. could not b 4 for th 53 examples for the verification dataset, and six neurons in
-Momentum, version A.UZ.Z0, could not be used for tnis purpo . .. . .
because the value df, is not available for CPW. the hidden Iayer. Error results for the training anq ve_rn‘lcathn

4PCAAMT, version 2.0, EM-CAD Laboratory, Polytechnic University ofdatasets are given in Tf':lbl(? VI for the short circuit and in
New York, Brooklyn, NY, 1990. Table VII for the open circuit.
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Fig. 7. CPW step-in-width geometry.

1} 10 20 30 40 50

S -4 +

60 frequency (GHz)
Fig. 6. S-parameter response for open and short-circuit stlbs= 70 pzm, % - dB(S11)
G = 60 um, and reference planes at the discontinuities. 12 + —— dB(S21)

-16 ".___.__._’______’_.——l
TABLE VI 5
ERRORRESULTS (AVERAGE AND STANDARD DEVIATION) BETWEEN THEEM-ANN -20
MoDEL AND FuLL-WAVE SIMULATION FOR THE CPW SHorT CIRcUIT OF FiG. 5(a) frequency (GHz)
|S11! éSn (O)

Train/test dataset ~ 150 -\

Average error 0.000248 0.396 @
Standard dev. 0.000350 0.271 o
Verification dataset 2 90 +
Average error 0.000381 0.964 T —=—ang(S11)
Standard dev. 0.000412 0.867 o ——ang(S21)
@ 30 +
c
© ] ! 1 Il
T -“H_g_‘
TABLE VIl -30
ERROR RESULTS (AVERAGE AND STANDARD DEVIATION) BETWEEN THEEM-ANN 0 10 20 30 40 50
MODEL AND FuLL-WAVE SIMULATION FOR THE CPW QPEN CIrRcuIT OF FiG. 5(b)
frequency (GHz)
1S4l Z£S11 (%)

Train/test dataset Fig. 8. S-parameter response for a 71-B0CPW step-in-width transition.
Average error 0.000481 0.332 Wi = 20 pm, Wy = 70 um, G = 60 pm, and reference planes at the
Standard dev. 0.000633 0.373 discontinuity.

Verification dataset
Average error 0.000520 0.634
Standard dev. 0.000892 0.676

TABLE VIII
ERROR RESULTS (AVERAGE AND STANDARD DEVIATION) BETWEEN THE
VI. EM-ANN M ODELING oF CPW STEP-IN-WIDTH EM-ANN MODEL AND FULL-WAVE SIMULATION FOR THE CPW STEP-IN-WIDTH
CPW step-in-width discontinuities are used extensively in 1S4+ £811() Sz £821(%)

circuit design for introducing impedance changes. The geom- Train/test dataset
etry of the step-in-width, for which an EM-ANN model has  groagegiror | 0000808 1 043 | aooorse | ool
been developed, is shown in Fig. 7. Variable input parametersverification dataset
are frequencylV, Wz, and G. Also, only structures where ~ Aegesrer | 000t | 038 | oo | oo
W, < W, were used for model development due to the

nature of the step. Parameter ranges ¥or, W,, and GG

are given in Table I. Model outputs arg-parameters. A

typical output response is shown in Fig. 8. EM simulation¥!!- EM-ANN M ODELING OF CPW SMMETRIC T-JUNCTIONS
have been performed on 30 structures over the 1-50-GHzZThe symmetric T-junction under consideration is shown in
frequency range, providing 95 training/test examples and B%y. 9. Variable model input parameters are frequengy,,
verification examples. Eight neurons were used in the hidden,, W,.., and G... Parameter ranges are given in Table I.
layer. Residual errors are shown in Table VIIl and (as for oth&todel outputs ares-parameters. A typical output response is
models developed) are negligible for design applications. shown in Fig. 10. EM simulations have been performed on 25
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TABLE IX
ERROR REsuLTs BETWEEN THE EM-ANN MoDEL AND EM SiMULATION FOR THE CPW SYMMETRIC T-JUNCTION (AVERAGE AND
STANDARD DEVIATION). INPUT BRANCHLINE PORT IS PORT 1 AND THE OUTPUT PORTS ON THE MAIN LINE ARE PORTS 2 AND 3

|Slll 4511 ° ISl3| 4513 ° |S23| 4823 ° |S33| ZS;; °

Train
Avg. 0.00150 | 0.754 | 0.00071| 0.176 |[0.00084 | 0.246 | 0.00106| 0.633
Stdev. | 0.00128 | 0.696 ] 0.00058 | 0.172 [0.00097 | 0.237 | 0.00109 | 0.546

Verify
Avg. 0.00345 | 0.782 | 0.00088 | 0.141 |0.00126{ 0.177 |0.00083 | 0.838
Stdev. | 0.00337 | 0.674 | 0.00085 | 0.125 [ .00105 | 0.129 |0.00068 | 0.717

g 7 S
EL/ v / z <= 1mb‘+{7
—

o |
_

\\\\\\\\\\\\\\\\\\§

L

—>{Q e ~Q <

0 10 20 30 40 50 /L///yb/7 //

0 B I Fig. 11. CPW folded double-stub filter geometry.
2+
4T —aBE) = VIIl. CPW CIRcUIT-DESIGN EXAMPLES
m s L |—=—dBs3d)
© ——db(S13) .
-8 + |—=—dBis23) _ A. CPW Folded Double-Stub Filter
qo == T T T The first CPW circuit-design example is a CPW folded
12 double-stub filter, as shown in Fig. 11. For this dedign= 70
frequency (GHz) pm and G = 60 um, yielding Z, ~ 50 Q. CPW EM-ANN

models used are CPW transmission line; I®mpensated

180 S i . .
o] bends, short-circuit stubs, and symmetric T-junctions. The
3120 1 filter has been designed for a center frequency of 26 GHz.
8 Tana) Ideally, the length of each short-circuit stub and the section
=~ 60 4 ——ang(S33) .
o ——ang(813) of line between the stubs should have a length\gf at
g 0 ——ang(523) 26 GHz. However, due to the presence of discontinuities, these
N lengths need to be adjusted. Design and optimization have
-60 been accomplished using HP-MBP®etwork simulator and
0 10 20 30 40 50 EM-ANN models for various components.
frequency (GHz) Parameters to be optimized dtg,;, andl,,;q. Initial values
Fig. 10. S-parameter response for a typical CPW symmetric T-junctioﬂ(.or th_ese Iengths were _determmed and the stru_ctur_e simulated,
Win = Wour = 70 um, Gin = Gous = 60 pm, and reference planes Showing a less than ideal response. The circuit was then

at the air-bridge locations. optimized, using gradient descent, to provide the desired

circuit response. The effect of optimization was a reduction
structures over the 1-50-GHz frequency range, providing 18bline lengths. Results are shown in Fig. 12 for the original
training/test examples and 131 verification examples. Fiftedrsign, optimized design, and full-wave EM simulation of
neurons were used in the hidden layer. Model error results &éine entire optimized circuit. Excellent agreement is obtained
shown in Table IX for both the training/test and verification 5HP-MDS, version 6.02.00, Hewlett-Packard Company, Santa Rosa, CA,
datasets. 1995.
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Fig. 13. CPW power-divider geometry.

demonstrates applications of EM-ANN models in CPW circuit
design.

B. CPW 50 3-dB Power Divider

The second CPW circuit design example is a{b3-dB
power divider, shown in Fig. 13. For this design, EM-ANN
models for CPW transmission lines, “96ompensated bends,
T-junctions, and step-in-width transitions are used. The power
divider has been designed for a 3-dB power split between the
output ports at 26 GHz. Ideally,/4 70.7<2 line sections are
used to transform the 5Q-output impedance at Ports 2 and
3 into 100§} loads at the T-junction. Due to the presence
of discontinuities, the lengths of the transformers need to be
adjusted. Input and output lines are 8D (W = 70 pm,

G = 60 ym), and transformer lines are approximately (Z1
(W =20 um, G = 60 pm). Again, HP-MDS has been used
for design and optimization.

The optimizable parameter for this design is the length of
the transformer line sectiofy,,... An initial value forl;,.,s
was determined. After the initial design failed to meet the pre-
scribed design criteria, optimization was performed, resulting
in a shorter line length than initially determined. Results are
shown in Fig. 14 for the original design, optimized design,
and full-wave EM simulation of the entire optimized circuit.
As with the double-stub filter design, excellent agreement has
been obtained between the optimized EM-ANN circuit design
and EM-simulation results over the entire 1-50-GHz range.

Using EM-ANN models for CPW components has allowed
accurate and efficient design and optimization of the CPW fil-
ter. In essence, the EM-ANN models provide EM optimization
capabilities. Optimization time for the EM-ANN circuit was
only 3 min and required seven circuit analyses. The amount
of time required to provide EM simulation results for 17

Fig. 12. CPW folded double-stub filter response for the optimized EM-ANKT€GUENcy points for the entire _f”ter CirCtUi'F was approximately
circuit (EM-ANN Opt.), the original EM-ANN circuit (EM-ANN Org.), and 14 h on an HP 700 workstation. Optimization time for the

EM simulation (EM sim.). (a)S11 and (b)So1.

power divider circuit was only 2 min and required six circuit
analyses. EM simulation time for the entire power divider,

between the optimized EM-ANN circuit design and the fullat 15 frequency points, totaled almost 11 h on an HP 700
wave EM simulation over the 1-50-GHz frequency range. Thigorkstation. This confirms that substantial savings in computer
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Fig. 14. CPW power-divider response for the optimized EM-ANN circuit
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circuit solves and when these components are to be used over
and over in different circuit designs.

It should be mentioned that even larger and more com-
plex circuits can be designed using the developed EM-ANN
models. EM simulation of large complex circuits is limited
by the computer resources available, and in many cases is
not practical. With  EM-ANN component modeling, these
difficulties are overcome.

IX. CONCLUDING REMARKS

Results presented in this paper clearly demonstrate the
application of the EM-ANN modeling approach for developing
efficient and accurate models for various CPW components
and discontinuities. Models developed for CPW lines, open-
ends, shorts, steps-in-width, bends, and T-junctions can be
conveniently used for efficient and accurate design of various
kinds of CPW circuits. The two examples of circuit design
and optimization reported in this paper and verification of final
design by comparing with EM simulation results validate the
modeling and design approach developed.

The methodology of EM-ANN modeling is applicable to
other classes of microwave and millimeter-wave circuits (like
multilayer circuits, integrated circuit-antenna modules, etc.)
for which accurate component models are not available as
yet. Thus, we can look forward to increasing applications
of the EM-ANN modeling approach in the microwave- and
millimeter-wave-design area.
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