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Abstract : Novel accurate and efficient equivalent circuit t rained artificial neural2network ( EC2ANN) models ,which

inherit and improve upon EC model and EM2ANN 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 test s are performed. These models allow for circuit design ,simulation ,and optimization

within a CAD simulator. Design and realization of a coplanar lumped element band pass filter on GaAs using the de2
veloped CPW EC2ANN models are demonst rated.
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1　Introduction

Coplanar waveguide (CPW) circuit s are wide2
ly used in microwave integrated circuit s (MICs) as

well as monolit hic microwave integrated circuit s

(MMICs) because of t heir many advantages due to

t he CPW configuration , such as t he ease of shunt

and series connections , low radiation , low disper2
sion , and simplification of fabrication[1 ] . Current ,

design sof tware available for CPW circuit s is inade2
quate because of t he nonavailability of accurate and

efficient models for CPW discontinuities ,including

open ,gap ,step ,cross2junction ,and spiral2inductor .

Accurate characterization and modeling of t hese

component s are vital for accurate circuit simulation

and an increased first2pass design success rate.

Much effort has been expended in analyzing

and modeling CPW discontinuities. Equivalent cir2
cuit ( EC) models wit h different numerical elect ro2
magnetic ( EM) simulation methods are t he most u2
niversal models[2～7 ] . EC models can characterize

t heir CPW component s in a wide band ,and can be

conveniently used in circuit simulation and optimi2
zation. However ,t he time2consuming nat ure of EM

simulation limit s t heir use for interactive CAD and

circuit optimization. The two ot her EC models are

based on analytical met hods[ 8 ,9 ] , which are not a2
vailable for most CPW discontinuities now , and

empirical formulae[ 10 ,11 ] ,whose range and accuracy

are limited. Recently , artificial neural networks

(ANN ) have been applied to CPW discontinuity

modeling ,which can be t rained to learn any arbi2
t rary nonlinear inp ut2outp ut relationship f rom cor2
responding data to p rovide a fast result to the task

t hey have learned. Neural networks are efficient al2
ternatives to conventional methods such as numeri2
cal modeling methods ,analytical met hods ,and em2
pirical models. Elect romagnetically t rained artificial

neural2network ( EM2ANN ) models employ f ull2
wave EM simulation data to characterize t he CPW

component s[13 ,14 ] . Despite ANN’s inherent advan2
tages ,it is time2consuming to obtain enough inp ut

parameters (geomet ry parameter ,f requency param2
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eter ,etc. ) and outp ut parameters ( S2parameters)

for insuring the model’s accuracy in a wide band ,

and it is less flexible t han EC models in circuit sim2
ulation.

As a synt hesis and improvement to t he above ,

we have developed equivalent circuit t rained artifi2
cial neural2network ( EC2ANN ) models for CPW

discontinuities ,suitable for use in interactive ( M)

MICs design and optimization. First ,f ull2wave EM

simulation is employed to characterize the CPW

discontinuities for which the reference planes are

placed at t he p hysical discontinuity ones. Second ,

t he wide band equivalent circuit parameters need to

be ext racted by certain arit hmetic f rom S2parame2
ters. Finally ,we use t hese data f rom t he CPW dis2
continuities with different geomet ry parameters to

t rain an ANN model. EC2ANN models have been

developed for CPW step s , interdigital capacitors ,

symmet ric cross junctions , and spiral inductors in

t his paper . All models have been developed using

Agilent ADS2Moment um for EM simulation. The

cross2section of a back2grounded CPW is shown in

Fig. 1. Common parameters for all models are the

subst rate parameters (εr = 1219 , Hsub = h1 =

100μm ,tanσ= 010016 , t = 315μm , back2grounded) .

The f requency range of t hese models is about 0～

40 GHz.

Fig. 1　Schematic of conductor backed CPW

Once developed , t hese EC2ANN models are

linked to a commercial microwave2circuit simulator

where t hey provide accuracy app roaching t hat of

t he EM simulation tool used for characterization of

t he CPW component s over t he f ull ranges of the

model inp ut variables.

Circuit design using t he developed EC2ANN

CPW models is realized by a coplanar lumped ele2
ment band pass filter . Simulation responses have

been performed and compared to measured result s

of t he entire circuit ,showing good agreement .

2　EC2ANN model ing

The met hodology used for developing accurate

and efficient EC2ANN models has some similarities

to t hat for EM2ANN models , which has been de2
tailed in several papers[ 12～15 ] . The ANN st ruct ure

used in t his paper is shown in Fig. 2 and consist s of

an inp ut layer ( Xn ) , an outp ut layer ( Yn ) , and a

hidden layer ( Wnn ) . It is a multilayer feed2forward

ANN , utilizing t he error2backpropagation learning

algorit hm. The hidden layer , which incorporates a

nonlinear activation f unction , allows modeling of

complex inp ut/ outp ut relationship s between multi2
ple inp ut s and outp ut s. Inp ut s are connected to hid2
den layers by one set of weight s and hidden layers

are connected to t he outp ut layer by anot her set of

weight s. Training of t he EC2ANN model is accom2
plished by adjusting t hese weight s to give the de2
sired response.

Fig. 2　A multilayer feed2forward ANN architecture

In the EC2ANN model , t he inp ut data are ge2
omet ry parameters of certain CPW discontinuities

under consideration , and t he outp ut data are t he

corresponding wide band equivalent circuit parame2
ters. First ,t he inp ut vectors of the t raining dataset

are p resented to the inp ut neurons ,and t he outp ut

vectors are comp uted. The ANN outp ut s are then

compared to t he known outp ut s (of t he t raining
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dataset) and the errors are comp uted. Error deriva2
tives are t hen calculated and summed up for each

weight until all t he t raining examples have been

presented to t he network. These error derivatives

are then used to update t he weight s for neurons in

t he model . Training proceeds until t he errors are

lower t han prescribed values. There are t hree t rain2
ing algorit hms (BP ,Levenberg2Marquart , Quasin2
ewton) and t hree activation f unctions ( Sigmoid () ,

tanh () , Tansig () ) used in ANN training in t his pa2
per. The best combination of t raining algorit hm ,ac2
tivation f unction ,and neuron number of hidden lay2
er is chosen to reach the minimum t raining error .

Details of t he t raining algorit hm are given in

Ref s. [ 16 ,17 ] .

In order to t rain EC2ANN models ,a number of

equivalent circuit parameters need to be ext racted.

These ext racted equivalent circuit parameters re2
present important inp ut/ outp ut relationship s ,

which will be learned by EC2ANN models. They

include a capacitive parameter (capacitance) ,an in2
ductive parameter ( inductance) , and a losses pa2
rameter ( resistor) . For low metallic and dielect ric

losses , t he lo sses parameter’s influence on t he e2
quivalent circuit performance of CPW discontinui2
ties in t his paper is relatively low. Based on t he“e2
nough simplification to use”principle , t he resistor

is excluded f rom equivalent circuit s in t his paper .

Because equivalent circuit parameters are f requen2
cy2independent , t he f requency parameter is not in2
cluded in the inp ut data anymore. The t raining/ test

examples used in EC2ANN modeling are less t han

t hose in EM2ANN modeling , while covering more

st ruct ures. St ructures for EC2ANN modeling are

chosen using the design of experiment s ( DO E)

met hodology[18 ] , which can be used to determine

simulation point s which effectively cover t he region

of interest . When building a model ,it help s to per2
form as few EM simulations as possible to achieve

t he desired accuracy.

3　EC2ANN model for CPW step

A step change in t he width of the center st rip

conductor of a CPW and it s equivalent circuit are

shown in Fig. 3. The step discontinuity pert urbs

t he normal CPW elect ric and magnetic fields and

gives rise to additional reactances. These additional

reactances are assumed to be lumped and located at

t he plane of the st rip discontinuity.

Fig. 3　CPW step and it s equivalent2circuit

The step discontinuity has been modeled as a

T2network consisting of two series inductances L 1

and L 2 and a shunt capacitance Cp ,which can be ex2
t racted f rom t he Z2parameter .

L 1 =
Im ( Z11 - Z12 )
ω

(1)

L 2 =
Im ( Z22 - Z21 )
ω

(2)

C = -
1
ωIm ( Z12 )

(3)

　　According to elect romagnetic t heory , these e2
quivalent circuit parameters are f requency inde2
pendent . However ,data calculated f rom moment um

simulation result s change by a very small amount

with different f requencies , because of inherent er2
ror of t he MoM ( met hod of moment s) . U sing t he

proper met hod can get t he value wit h t he best a2
greement between it s moment um simulation and e2
quivalent circuit simulation. Variable inp ut parame2
ters and corresponding ranges for model develop2
ment are given in Table 1. Outp ut s of t he model are

L 1 , L 2 , and Cp . Moment um simulations have been

performed on 196 st ruct ures (examples) over 0～

40 GHz. The final data about ANN training are giv2
en in Table 2.

Table 1　Variable parameter ranges for CPW step

Parameter Min Max

W 1/μm 10 100

W 2/μm 10 100

G/μm 10 100

T/μm 10 30
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Table 2　ANN training data of CPW step

Training algorit hm Levenberg2Marquardt

Activation function Tansig ()

Training error 4×10 - 6

Neurone of t he input layer 4

Neurone of t he output layer 3

Neurone of t he hidden layer 15

Finally , several st ruct ures are used to check

t he model’s accuracy. They are not included in

t raining examples ,but in inp ut parameters’ranges

( similarly in t he following section) . To validate the

capability of t he model , some comparisons of the

t ransmission coefficient S (1 , 2) between momen2
t um simulations and t he obtained EC2ANN models

simulations are p resented in Fig. 4 ,and the agree2
ment between the two result s can be seen.

Fig. 4 　Comparison EC2ANN for CPW step 　(a) W 1

= 70μm ,W 2 = 100μm , G = 10μm , T = 10μm ; ( b) W 1 =

50μm ,W 2 = 80μm , G = 20μm , T = 20μm

4　EC2ANN model for CPW interdigi2
tal capacitor

　　In Fig. 5 the planform for a typical interdigital

capacitor having seven fingers is shown. The inter2
digital capacitor for t he p urpo se of circuit simula2
tion can be rep resented by theπ2equivalent circuit

model shown in t he inset in Fig. 5. In this model ,

t he series capacitance Cs is t he desired capacitance ,

while the shunt capacitance Cp1 and Cp2 are t he par2
asitic capacitances between t he interdigital st ruc2
t ure and the CPW ground planes ,whose ext raction

formulae are given in Eqs. (4)～ (6) .

Fig. 5　CPW interdigital capacitor and it s equivalent2
circuit

Cp1 = -
1

ωIm ( Z11 Z22 - Z12 Z21

Z22 - Z21
)

(4)

Cp2 = -
1

ωIm ( Z11 Z22 - Z12 Z21

Z11 - Z12
)

(5)

Cs = -
1

ωIm ( Z11 Z22 - Z12 Z21

Z12
)

(6)

　　The inp ut parameters of t he interdigital capac2
itor EC2ANN model include the interdigital finger

type N ( N = 0→WF = 5μm , SF = 5μm ; N = 1 →WF

= 10μm , SF = 5μm ; N = 2 →WF = 15μm , SF =

5μm ; N = 3 →WF = 20μm , SF = 5μm) , half of t he

number of fingers n ,CPW slot widt h G ,and finger

lengt h T. Variable inp ut parameters and t he corre2
sponding ranges for model develop ment are given

in Table 3. The output data of the model are Cp1 ,Cp2 ,

and Cs . Momentum simulations have been performed

on 240 structures (examples) over 0～40 GHz. Final

ANN training data are given in Table 4.

Table 3　Variable parameter ranges for CPW interdigi2
tal capacitor

Parameter Min Max

N 0 3

n 1 5

G/μm 10 50

T/μm 20 120
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Table 4　ANN training data of CPW interdigital capacitor

Training algorit hm BP

Activation function Tansig ()

Training error 21 5×10 - 5

Neurone of t he input layer 4

Neurone of t he output layer 3

Neurone of t he hidden layer 15

Some test examples are chosen to validate the

model’s availability in t he inp ut parameters’ran2
ges. Because of it s unsymmet rical two2port capaci2
tive st ruct ure , some comparisons of return loss

( S (1 ,1) , S (2 ,2) ) and insertion loss S ( 1 , 2 ) be2
tween momentum simulations and obtained EC2ANN

model simulations are shown in Fig. 6. Except one

Fig. 6　Comparison EC2ANN for CPW interdigital ca2
pacitor　(a) N = 1 ( WF = 10μm ,SF = 5μm) , n = 315 , G

= 10μm , T = 105μm ; ( b) N = 1 ( WF = 10μm , SF =

5μm) , n = 215 , G = 10μm , T = 50μm

or two high f requency point s in Fig. 6 (a) ,excellent

agreement between t he two result s can be seen in

t he whole f requency range.

5 　EC2ANN model for CPW symmet2
ric cross junction

　　The symmetric cross junction under considera2
tion is shown on the lef t in Fig. 7. Since a cross

junction includes several discontinuities ,mode con2
version takes place wit hin t he circuit . The excita2
tion of the coupled slotline mode is suppressed by

maintaining elect rical continuity between t he

ground planes of t he circuit . In t his st ruct ure , t he

four CPW center st rip conductors meet to form t he

junction while t he continuity between ground

planes at the junction is maintained by air2bridges.

A lumped element equivalent circuit model for

t he symmet ric cross junction is shown on the right

in Fig. 7. In t his model , t he inductances L 1 and L s

arise because of current flow interruptions. The ca2
pacitance Cp is t he parasitic capacitance associated

with t he air2bridge. All t hese equivalent circuit pa2
rameters are ext racted f rom Z2parameters.

Fig. 7　CPW symmetric cross junction and it s equiva2
lent circuit

L 1 =
Im (

Z11 Z31 - Z21 Z31 - Z11 Z21 + Z2
11

2 Z31 + 2 Z21
)

ω
(7)

L s =
Im ( ( 1

Z11 - Z21
-

Z11 Z31 - Z21 Z31 - Z11 Z21 + Z2
11

2 Z31 + 2 Z21

- 1

+
Z11 Z31 - Z21 Z31 - Z11 Z21 + Z2

11

2 Z31 + 2 Z21
) ×

Z21 - Z31

2 Z31
)

ω
(8)

Cp =
Im ( 1

Z11 - Z21
-

Z11 Z31 - Z21 Z31 - Z11 Z21 + Z2
11

2 Z31 + 2 Z21

- 1

)

ω
(9)
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　　The variable inp ut parameters are W , G , and

H ,whose ranges are given in Table 5. Moment um

simulations have been performed on 90 st ruct ures

(examples) over 0～ 40 GHz. Final ANN t raining

data are given in Table 6.

Table 5　Variable parameter ranges for CPW symmet2
ric cross junction

Parameter Min Max

W /μm 10 100

G/μm 10 100

H/μm 20 60

Table 6 　ANN training data of CPW symmetric cross

junction

Training algorit hm Levenberg2Marquardt

Activation function Tansig ()

Training error 4. 3×10 - 5

Neurone of t he input layer 3

Neurone of t he output layer 3

Neurone of t he hidden layer 15

Comparisons of test examples between t he ob2
tained EC2ANN model simulations and t he Mo2
ment um simulations are p resented in Fig. 8. Be2
cause of it s symmet rical st ruct ure , S ( 1 , 1 ) and

S (1 ,2) are chosen to characterize it . The good agree2
ment between the two results confirm the validity of

t he p roposed model for describing t he elect romag2
netic behavior of various sized symmet rical cross

junction discontinuities within t hese ranges.

6　EC2ANN model for CPW spiral in2
ductor

　　L umped circuit element s such as spiral induc2
tors have t he potential to reduce t he overall circuit

size of MMIC balanced mixers[19 ] and ot her compo2
nent s. For example ,a V2band (5010 to 7510 GHz)

lumped 180°hybrid requires only 0126mm2 of chip

area ,while a Lange coupler occupies about 3mm2

chip area ,which is larger by a factor of 10[ 19 ] .

A typical spiral inductor wit h two and half

t urns in the CPW environment and t he lumped e2
quivalent circuit model are shown in Fig. 9.

The inductance L and t he parasitic capacitance

Fig. 8 　Comparison EC2ANN for CPW symmetric

cross junction　(a) W = 70μm , G = 10μm , H = 30μm ;

(b) W = 50μm , G = 20μm , H = 50μm

Fig. 9　CPW spiral inductor and it s equivalent circuit

Cp1 , Cp2 ,and Cs in the model can be obtained using

FDM [20 ] ,as well as f rom Z2parameters.

Cp1 = -
1

ωIm (
Z11 Z22 - Z12 Z21

Z22 - Z21
)

(10)

Cp2 = -
1

ωIm (
Z11 Z22 - Z12 Z21

Z12
)

(11)

Z =
Z11 Z22 - Z12 Z21

Z12
(12)

L =
1
ω ×

R ( Re ( Z) 2 + Im ( Z) 2 ) - Re ( Z) R2

Re ( Z)

(13)
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Cs =
Re ( Z) - R

ω2 ×Re ( Z) L +ωR ×Im ( Z)
(14)

　　The resistance R in t he equivalent circuit is

given by Ref . [20 ] .

R =
Rdc + { [ R (1 GHz) f g ] - Rdc } × f

f g
, 　f < f g

R (1 GHz) f , 　f > f g

(15)

where t he resistance is in ohms , f requency is in

GHz ,and

f g = 391131 ×
ρ/ρCu

t
GHz (16)

　　The inp ut parameters of the CPW spiral in2
ductor EC2ANN model include line width W , gap

widt h G and number of t urns N ,whose range are

given in Table 7. Other p hysical parameters under

consideration are fixed in t his case. The outp ut pa2
rameters are L , Cs , Cp1 ,and Cp2 . There are 60 st ruc2
t ures (examples) on which momentum simulations

are performed over 0～40 Gz. Final ANN t raining

data are given in Table 8.

Table 7　Variable parameter ranges for CPW spiral in2
ductor

Parameter Min Max

W /μm 5 20

G/μm 5 15

N 1 6

Table 8　ANN training data of CPW spiral inductor

Training algorit hm Levenberg2Marquardt

Activation function Tansig ()

Training error 517×10 - 5

Neurone of t he input layer 3

Neurone of t he output layer 4

Neurone of t he hidden layer 20

In Fig. 10 , test examples of t he obtained EC2
ANN models simulations and t he Moment um simu2
lations are compared. Again , t he agreement be2
tween t his model and t he Moment um simulation

can be seen and confirms the validity of t he p ro2
posed model to describe the discontinuity elect ro2
magnetic behavior .

7　CPW f ilter2design example

The circuit2design example based on t he CPW

Fig. 10　Comparison EC2ANN for CPW spiral inductor

(a) W = 10μm , G = 10μm , N = 115 ; (b) W = 20μm , G =

10μm , N = 215

EC2ANN model , installed in an Agilent2
ADS2003A ,is a lumped element band pass filter on

GaAs. The circuit schematic and micrograp h are

shown in Figs. 11 and 12 ,respectively.

The CPW EC2ANN models used in t his design

are step line ( W 1 = 70μm ,W 2 = 100μm , T = 10μm ,

G = 10μm) ,symmet ric cross junction (W = 70μm , G

= 10μm , H = 30μm , n = 1) ,interdigital capacitor (1

- N = 1 , n = 215 , G = 10μm , T = 50μm/ 2 - N = 1 , n

= 315 , G = 10μm , T = 105μm) ,and spiral inductor

(W = 10μm , G = 10μm , N = 115) .

The filter has been designed for a center f re2
quency of 20 GHz. Result s are shown in Fig. 13 for

circuit simulation by EC2ANN models and meas2
ured responses. Good agreement has been obtained
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Fig. 11　Schematic of CPW lumped element band pass filter

Fig. 12 　Micrograph of CPW lumped element band

pass filter

between EC2ANN circuit design and measured re2
sult s over t he 0～40 GHz range. This demonst rates

t he application of EC2ANN models in CPW circuit

design.

U sing EC2ANN models for CPW component s

has allowed accurate and efficient design of the

CPW filter . The amount of time required to p rovide

EM simulation result s for 40 f requency point s for

t he entire filter circuit was approximately 25h on a

PC ( P4 processor/ 1 G memory) , while t he circuit

simulation time of the EC2ANN model under same

condition is only 2106s. This confirms substantial

savings in comp utation time when t hese compo2

Fig. 13　CPW lumped element band pass filter response

for the EC2ANN circuit simulation and real on2wafer

measurement

nent s are to be used over and over in different cir2
cuit designs.

It should be mentioned t hat even larger and

more complex circuit s can be designed using t he

developed EC2ANN models. EM simulation of lar2
ger complex circuit s is limited by t he comp uter re2
sources available ,and in many cases is not p racti2

7232



半　导　体　学　报 第 26卷

cal . With EC2ANN component modeling ,these dif2
ficulties are overcome.

8　Conclusion

The result s p resented in t his paper clearly

demonst rate t he application of the EC2ANN model2
ing app roach for developing efficient and accurate

models for various CPW component s , and disconti2
nuities. Models developed for CPW step s , symmet2
rical cro ss2junctions , interdigital capacitors , and

spiral inductors can be conveniently used for effi2
cient and accurate design of CPW circuit s. The ex2
ample of circuit design reported in this paper and

verification of final design by comparing wit h

measured result s validates the modeling and design

approach developed.

The met hodology of EC2ANN modeling is ap2
plicable to ot her classes of microwave and millime2
ter2wave circuit s , for which accurate component

models are not yet available. Thus ,we can look for2
ward to increasing applications of t he EC2ANN

modeling approach in microwave and millimeter2
wave design.
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共面波导不连续结构 EC2ANN模型的电路设计与实现 3

胡　江1 　孙玲玲2

(1 浙江大学信息与电子工程学系 , 杭州　310027)

(2 杭州电子科技大学微电子 CAD研究所 , 杭州　310018)

摘要 : 将一种精确高效的等效电路训练人工神经网络模型引入共面波导不连续性结构建模 .该建模算法继承了等

效电路模型和电磁仿真人工神经网络模型的优点.此次开发并得到验证的共面波导不连续性结构模型包括 :台阶

段、叉指电容、对称十字节和螺旋电感.这些模型嵌入 CAD仿真工具可以完成电路的设计、仿真和优化 ,最后通过

一个 GaAs工艺的共面波导带通滤波器的设计与实现验证了模型的有效性.

关键词 : 共面波导 ; 不连续性结构 ; 模型 ; 等效电路 ; 人工神经网络 ; 带通滤波器
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