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Abstract : Novel accurate and eficient equivalent circuit trained artificial neural-network (ECG-ANN) models,which

inherit and improve upon EC model and EM-ANN models' advantages ,are developed for coplanar waveguide (CPW)

discontinuities. Modeled discontinuities include:CPW step ,interdigital capacitor ,symmetric cross junction ,and spiral

inductor [for which validation tests are performed. These model s allow for circuit desgn ,smulation ,and optimization

within a CAD smulator. Design and readlization of a coplanar lumped element band passfilter on GaAs usng the de-

veloped CPW EC-ANN models are demonstrated.
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1 Introduction

Coplanar waveguide (CPW) circuits are wide-
ly used in microwave integrated circuits (MICs) as
well as monolithic microwave integrated circuits
(MM ICs) because of their many advantages due to
the CPW configuration, such as the ease of shunt
and series connections,low radiation,low disper-
son,and smplification of fabrication™™ . Current ,
design software available for CPW circuitsisinade
quate because of the nonavailability of accurate and
efficient models for CPW discontinuities,including
open ,gap ,step ,crossjunction ,and spiral-inductor.
Accurate characterization and modeling of these
components are vital for accurate circuit Smulation
and an increased first-pass desgn success rate.

Much effort has been expended in analyzing
and modeling CPW discontinuities. Equivalent cir-
cuit (EC) moded s with different numerical electro-
magnetic (EM) smulation methods are the most u-
niversa models® "', EC models can characterize
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their CPW components in a wide band ,and can be
conveniently used in circuit Smulation and optimi-
zation. However ,the time-consuming nature of EM
smulation limits their use for interactive CAD and
circuit optimization. The two other EC models are
based on analytical methods®® ,which are not a
vailable for most CPW discontinuities now , and

(191 whose range and accuracy

empirical formulae
are limited. Recently, artificial neural networks
(ANN) have been applied to CPW discontinuity
modeling ,which can be trained to learn any arbi-
trary nonlinear input-output relationship from cor-
responding data to provide afast result to the task
they have learned. Neural networks are efficient al-
ternatives to conventional methods such as numeri-
cal modeling methods ,analytical methods,and em-
pirical models. Electromagnetically trained artificial
neura-network (EM-ANN) models employ full-
wave EM smulation data to characterize the CPW
components ¥ Despite ANN’ s inherent advan-
tages,it is time-consuming to obtain enough input
parameters (geometry parameter frequency param-
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eter ,etc.) and output parameters ( Sparameters)
for insuring the model’ s accuracy in a wide band,
and it islessflexible than EC modelsin circuit Sm-
ulation.

As a synthesis and improvement to the above,
we have developed equivalent circuit trained artifi-
cial neura-network (ECGANN) models for CPW
discontinuities,suitable for use in interactive (M)
M ICs design and optimization. First ,full-wave EM
smulation is employed to characterize the CPW
discontinuities for which the reference planes are
placed at the physcal discontinuity ones. Second,
the wide band equivalent circuit parameters need to
be extracted by certain arithmetic from Sparame-
ters. Finally ,we use these datafrom the CPW dis
continuities with different geometry parameters to
train an ANN model. ECANN models have been
developed for CPW steps,interdigital capacitors,
symmetric cross junctions,and spiral inductors in
this paper. All models have been developed using
Agilent ADSMomentum for EM smulation. The
cross section of a back-grounded CPW is shown in
Fig. 1. Common parameters for all models are the
substrate parameters (€. = 12 9, Hawp = h =
10Q m ,tar0 = 0. 0016 ,t = 3 3 m,back-grounded) .
The frequency range of these modelsis about O
40GHz.

Fig.1 Schematic of conductor backed CPW

Once developed, these EGCANN models are
linked to a commercial microwave-circuit s mulator
where they provide accuracy approaching that of
the EM smulation tool used for characterization of
the CPW components over the full ranges of the
model input variables.

Circuit desgn usng the developed ECGANN
CPW modelsis realized by a coplanar lumped ele-
ment band pass filter. Smulation responses have
been performed and compared to measured results
of the entire circuit ,showing good agreement.

2 ECANN modding

The methodology used for developing accurate
and efficient ECANN model s has some smilarities
to that for EM-ANN models,which has been de-
tailed in several papers™ ™. The ANN structure
used in thispaper is shownin Fig.2 and cons sts of
an input layer (X.) ,an output layer (Y.) ,and a
hidden layer (Wm) . It is a multilayer feed-forward
ANN ,utilizing the error-backpropagation learning
algorithm. The hidden layer ,which incorporates a
nonlinear activation function, allows modeling of
complex input/ output relationships between multi-
pleinputsand outputs. Inputs are connected to hid-
den layers by one set of weights and hidden layers
are connected to the output layer by another set of
weights. Training of the ECANN model is accom-
plished by adjusting these weights to give the de-
sired response.

Y, TARGET 1

Error
TARGET 2
! Error 2
[
Y,
SCR—‘;___I TARGET
Error n.

Fig.2 A multilayer feed-forward ANN architecture

In the ECANN model ,the input data are ge-
ometry parameters of certain CPW discontinuities
under consideration,and the output data are the
corresponding wide band equivalent circuit parame-
ters. First ,the input vectors of the training dataset
are presented to the input neurons,and the output
vectors are computed. The ANN outputs are then
compared to the known outputs (of the training
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dataset) and the errors are computed. Error deriva
tives 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 weightsfor neuronsin
the model. Training proceeds until the errors are
lower than prescribed values. There are three train-
ing algorithms (BP,Levenberg-Marquart , Quasin-
ewton) and three activation functions (Sgmoid() ,
tanh() ,Tandg()) usedin ANN trainingin thispa
per. The best combination of training algorithm ,ac-
tivation function ,and neuron number of hidden lay-
er is chosen to reach the minimum training error.
Details of the training agorithm are given in
Refs. [16,17].

In order to train ECANN model s ,a number of
equivalent circuit parameters need to be extracted.
These extracted equivalent circuit parameters re-
present important input/output relationships,
which will be learned by ECANN models. They
include a capacitive parameter (capacitance) ,anin-
ductive parameter (inductance) ,and a losses pa
rameter (resstor). For low metallic and dielectric
losses,the losses parameter’ s influence on the e
quivalent circuit performance of CPW discontinui-
tiesin thispaper isrelatively low.Based on the' e
nough smplification to use” principle,the resstor
is excluded from equivalent circuits in this paper.
Because equivalent circuit parameters are frequen-
cy-independent ,the frequency parameter is not in-
cluded in theinput data anymore. The training/ test
examples used in EGANN modeling are less than
those in EM-ANN modeling ,while covering more
structures. Structures for EGANN modeling are
chosen using the design of experiments (DOE)

methodology!*®!

,which can be used to determine
simulation points which eff ectively cover the region
of interest. When building a model ,it helps to per-
form asfew EM smulations as possble to achieve

the desired accuracy.

3 ECANN modd for CPW step

A step changein the width of the center strip

conductor of a CPW and its equivalent circuit are
shown in Fig. 3. The step discontinuity perturbs
the normal CPW electric and magnetic fields and
gives rise to additional reactances. These additional
reactances are assumed to be lumped and located at

the plane of the strip discontinuity.
T .. Reference plane

G L L

G 1 2
mﬁ:n 24w, [
G L ICP

Fig.3 CPW step and its equivalent-circuit

The step discontinuity has been modeled as a
T-network conssting of two series inductances L:
and L2 and a shunt capacitance G ,which can be ex-
tracted from the Zparameter.

Ly = lm_(_ZlJQ)'_ZlZ)_ (1)
_Im -
L. = 0 (2
o1
€=- wim( zZ2) 3

According to electromagnetic theory ,these e
quivalent circuit parameters are frequency inde
pendent. However ,data calculated from momentum
smulation results change by a very small amount
with different frequencies, because of inherent er-
ror of the MoM (method of moments). Using the
proper method can get the value with the best a
greement between its momentum smulation and e
quivalent circuit smulation. Variable input parame-
ters and corresponding ranges for model develop-
ment are givenin Table 1. Outputsof the model are
Li,L2,and G. Momentum smulations have been
performed on 196 structures (examples) over 0
40GHz. Thefinal data about ANN training are giv-
enin Table 2.

Table 1 Variable parameter ranges for CPW step

Parameter Min Max
Wi/l m 10 100
W2/l m 10 100

GUm 10 100
T/ m 10 30
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Table2 ANN training data of CPW step

Training algorithm L evenberg- Marquardt
Activation function Tansig()
Training error 4x10-8
Neurone of theinput layer 4
Neurone of the output layer 3
Neurone of the hidden layer 15

Finaly ,several structures are used to check
the model’ s accuracy. They are not included in
training examples ,but in input parameters ranges
(dmilarly in the following section) . To validate the
capability of the model , some comparisons of the
transmission coefficient S(1,2) between momen-
tum s mulations and the obtained ECANN models
smulations are presented in Fig. 4 ,and the agree-
ment between the two results can be seen.

S
1.010 Z 0
‘O-Momentum
1,008 _,—EC-ANN 4-0.5
m o
= -10x
E’ 1.0000 §
s -1.5 £
0.995 2.0
-2.5
0'9900 10 20 30 40
Frequency/GHz
1.0100c Sz
‘O Momentum
1.005 —EC-ANN
3 <
1.0000—0—oOfFo—Bco—0— 2 2
g 0000 OO0 o) g
0.995F -3
0.990 ®) L v v -4
(] 10 20 30 40
Frequency/GHz
Fig.4 Comparison EGANN for CPW step (a) Wi

=7 m,W2 =100 m,G=1m, T=1@ m; (b) Wi =
50 m,W2=80m,G=20m,T=20 m

4 ECANN modd for CPW interdigi-
tal capacitor

In Fig.5 the planform for a typical interdigital
capacitor having seven fingersis shown. The inter-
digital capacitor for the purpose of circuit smula
tion can be represented by theTt-equivalent circuit
model shown in theinset in Fig.5. In this model ,

the series capacitance Gsisthe desred capacitance,
while the shunt capacitance G: and G are the par-
adgtic capacitances between the interdigital struc
ture and the CPW ground planes ,whose extraction
formulae are givenin Egs. (4) (6).

_.S li_ Reference plane

L 7
J 1
G G
1 - C,
| % | Toto
G G = =
fl [

Fig.5 CPW interdigita capacitor and its equivalent-
circuit

i 1
Lz - Zio7xn
()]
Im( Zo - ZIn )

G (4

GCe = - (5

G =- (6)
wIm(
Theinput parametersof theinterdigital capac
itor ECANN model include the interdigital finger
type N(N=0 sWF=%m, SF=%m;N=1 WF
=1 m, SF=%m;N=2 _WF=13m, SF =
¥m;N=3 SWF=2Mm, SF=%m) , haf of the
number of fingers n,CPW dot width G,and finger
length T.Variable input parameters and the corre-
sponding ranges for model development are given
in Table 3. Theoutput data of the modd are Gz ,Ge ,
and G. Momentum smulations have been performed
on 240 sructures (examples) over 0 40GHz. Find
ANN training data are givenin Table 4.

Table 3 Variable parameter rangesfor CPW interdigi-

tal capacitor
Parameter Min Max
N 0 3
n 1 5
GUm 10 50
T/Um 20 120
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Table4 ANN training data of CPW interdigital capacitor

Training algorithm BP
Activation function Tansg()
Training error 2 5x10°5
Neurone of the input layer 4
Neurone of the output layer 3
Neurone of the hidden layer 15

Some test examples are chosen to validate the
model’ s availability in the input parameters’ ran-
ges. Because of its unsymmetrical two-port capaci-
tive structure, some comparisons of return loss
(s(1,1) ,s(2,2)) and insertion loss S(1,2) be
tween momentum Smulations and obtained ECANN
model smulations are shown in Fig.6. Except one

O Momentum
—EC-ANN-#~

/(0.0000Hz to 40.00GHz)
(@)

O Momentum
— EC-ANN

pacitor

or two high frequency pointsin Fig.6(a) ,excellent
agreement between the two results can be seen in
the whole frequency range.

5 ECANN modd for CPW symmet-
ric cross junction

The symmetric cross junction under cond dera
tion is shown on the left in Fig. 7. Snce a cross
junction includes several discontinuities,mode con-
verson takes place within the circuit. The exciter
tion of the coupled dotline mode is suppressed by
maintaining electrical continuity between the
ground planes of the circuit. In this structure,the
four CPW center strip conductors meet to form the
junction while the continuity between ground
planes at the junction is maintained by air-bridges.

A lumped element equivalent circuit model for
the symmetric cross junction is shown on the right
in Fig.7. In this model ,the inductances L: and Ls
arise because of current flow interruptions. The ca
pacitance G is the parastic capacitance associated
with the air-bridge. All these equivalent circuit pa
rameters are extracted from Zparameters.

G W G Reference plane

T_

—

jW

T

Reference plane

GW G
(0.0000Hz to 40.00GHz)
(b) Fig.7 CPW symmetric cross junction and its equiva
Fig.6 Comparison EGANN for CPW interdigital ca lent circuit
(& N=1(WF=1@m,SF=%m) ,n=35,G
=1@m,T=109m;(b) N=1(WF=1m, SF = - _ +
Mm ,n=25,G=1m,T=50m Im( 273 + 275 )
L. = (7)
w
Im((5—1—5- - (MM MM x L=l
2y - 7o 27y + 227 274 + 275 274
o (8)
G = Zu - Zon 273 + 2221 (9)

w



12 HuJiang et al. :

Design and Realization of CPW Circuits Usng ECANN Mode s for 2325

The variable input parameters are W, G,and
H ,whose ranges are given in Table 5. Momentum
smulations have been performed on 90 structures
(examples) over 0 40GHz. Final ANN training
data are given in Table 6.

Table5 Variable parameter ranges for CPW symmet-
ric cross junction

Parameter Min Max
W/U m 10 100
GUm 10 100
H/U m 20 60

Table 6 ANN training data of CPW symmetric cross
junction

Training algorithm L evenberg-Marquardt
Activation function Tansg()
Training error 4.3x10°5
Neurone of theinput layer 3
Neurone of the output layer 3
Neurone of the hidden layer 15

Comparisons of test examples between the ob-
tained ECANN model smulations and the Mo-
mentum smulations are presented in Fig. 8. Be
cause of its symmetrical structure, S(1,1) and
S(1,2) are chosen to characterize it. The good agree-
ment between the two results confirm the validity of
the proposed model for describing the electromag-
netic behavior of various sized symmetrical cross
junction discontinuities within these ranges.

6 ECANN mode for CPW spiral in-
ductor

L umped circuit elements such as spira induc-
tors have the potential to reduce the overall circuit
size of MM IC balanced mixers™® and other compo-
nents. For example ,a V-band (50 0 to 75 0GHz)
lumped 180° hybrid requires only 0. 26mm’ of chip
area,while a Lange coupler occupies about 3mm’
chip area,which islarger by afactor of 10M.

A typica siral inductor with two and half
turnsin the CPW environment and the lumped e
quivalent circuit model are shownin Fig.9.

The inductance L and the parasitic capacitance

O Momentum

£(0.0000Hz to 40.00GHz)
(a)

.0 Momentum
—EC-ANN

£(0.0000Hz to 40.00GHz)
(b)

Fig. 8 Comparison EGANN for CPW symmetric
crossjunction (a) W=7 m,G=10 m, H=3W m;
(b) W=5Q@m,G=2U m,H=5Qm

Reference plane
e T

Fg.9 CPW spirad inductor and its equivalent circuit

Gu ,G2 ,and G in the model can be obtained using
FDM™ aswell asfrom zparameters.

Gt = - (10)
ZuZo - ZuZa
wim( Z2 - 2o )
e =- 1 (11)
wlm(;u;zz#u;a)
. ;u;zz#u;n (12)
_ _]._ 2 + 2 _
L=w ™ Re(2)
(13)
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_ Re(72) - R
wW? x Re(2L +WR x Im(2)

G (14)

R(1GHz) Jf ,

where the resstance is in ohms,frequency is in
GHz ,and

f, = 39 131 ><p—’pt—Qu GHz (16)

The input parameters of the CPW gspiral in-
ductor EGANN model include line width W, gap
width G and number of turns N ,whose range are
given in Table 7. Other physical parameters under
consderation arefixed in this case. The output pa
rametersare L, Cs,G: ,and Ge. There are 60 struc-
tures (examples) on which momentum simulations
are performed over 0 40CGz. Final ANN training
data are given in Table 8.

Table 7 Variable parameter rangesfor CPW spiral in-

ductor
Parameter Min Max
W/U m 5 20
GUm 5 15
N 1 6

Table 8 ANN training data of CPW spira inductor

Training algorithm L evenberg Marquardt
Activation function Tansg()
Training error 5 7x10°°%
Neurone of theinput layer 3
Neurone of the output layer 4
Neurone of the hidden layer 20

In Fig. 10 ,test examples of the obtained EC
ANN model s s mulations and the Momentum s mu-
lations are compared. Again, the agreement be-
tween this model and the Momentum smulation
can be seen and confirms the validity of the pro-
posed model to describe the discontinuity electro-
magnetic behavior.

7 CPW filter-design example

The circuit-desgn example based on the CPW

Re + {[R(1GHZ) ] - Re} x2-,

The resistance R in the equivalent circuit is
given by Ref.[20].

i

f < fyg

(15)

f > fyg

(@

£(0.0000Hz to 40.00GHz)
(b)

Fig.10 Comparison EGANN for CPW spira inductor
(& W=1m,G=1@m,N=15;(b) W=2Mm,G=
I@m,N=25

ECANN model ,
ADS2003A ,isalumped element band passfilter on

installed in an Adgilent-
GaAs. The circuit schematic and micrograph are
shown in Figs. 11 and 12 ,respectively.

The CPW EC-ANN models used in this design
are step line (W =7 m, W2 =10 m, T=1Q m,
G=1@ m) ,symmetric crossjunction (W =70 m,G
=1 m,H=3@ m,n=1) ,interdigital capacitor (1
-N=1,n=25,G=1m,T=5@m/2- N=1,n
=35,G=1@ m, T=10% m) ,and spiral inductor
(W=1 m,G=1 m,N=15).

Thefilter has been designed for a center fre-
quency of 20GHz. Results are shown in Fig. 13 for
circuit smulation by ECANN models and meas
ured responses. Good agreement has been obtained
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CPW_spiralinductor

CPW _interC2

CPW_spiralinductor

i

CPW_spiralinductor

' CPW_S-crossjunction

CPW_spiralinductor

g

Fig.11 Schematic of CPW lumped element band pass filter

Fg. 12
passfilter

Micrograph of CPW lumped element band

between EC-ANN circuit desgn and measured re-
sultsover the 0 40GHz range. This demonstrates
the application of ECANN modelsin CPW circuit
design.

Usng ECANN models for CPW components
has allowed accurate and efficient desgn of the
CPW filter. The amount of time required to provide
EM smulation results for 40 frequency points for
the entirefilter circuit was approximately 25h on a
PC (P4 processor/ 1G memory) ,while the circuit
smulation time of the ECANN model under same
condition is only 2 06s. This confirms substantial
savings in computation time when these compo-

0 T
5 L /,“ S
- -O- Measured data
g -10[ — EC-ANN data
hd
@-15F
= -20 L LY 059991
-25
30 T ' ©
~Yo 10 20 30 40
fIGHz
200 -O- Measured data
— EC-ANN data
_ 100Fo°
g O
= T
A i
-100F;
L 11 i
-2005 10 20 30 20

Fg.13 CPW lumped element band passfilter response
for the ECANN circuit smulation and real ornrwafer

measurement

nents are to be used over and over in different cir-
cuit desgns.

It should be mentioned that even larger and
more complex circuits can be designed using the
developed ECGANN models. EM smulation of lar-
ger complex circuitsislimited by the computer re-
sources available ,and in many cases is not practi-



2328

26

cal. With ECANN component modeling ,these dif-
ficulties are overcome.

8 Conclusion

The results presented in this paper clearly
demonstrate the application of the EGANN model-
ing approach for developing efficient and accurate
model sfor various CPW components, and di sconti-
nuities. Model s developed for CPW steps,symmet-
rical crossjunctions, interdigital capacitors, and
spiral inductors can be conveniently used for effi-
cient and accurate design of CPW circuits. The ex-
ample of circuit desgn reported in this paper and
verification of final desgn by comparing with
measured results validates the modeling and design
approach developed.

The methodology of ECCANN modeling is ap-
plicable to other classes of microwave and millime
ter-wave circuits, for which accurate component
model s are not yet available. Thus,we can look for-
ward to increasng applications of the EGANN
modeling approach in microwave and millimeter-
wave desgn.
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