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ABSTRACT: In this article, we present advances in microwave and RF device modeling
exploiting the space mapping (SM) technology. New SM-based modeling techniques are
proposed that are easy to implement entirely in the Agilent ADS framework. A simplified
SM-based model description is discussed. Using a two-section transformer example, we show
how the modeling accuracy is affected by the model flexibility. Tables, diagrams, and flow-
charts are developed to help in understanding the concepts. This makes the SM modeling
concept available to engineers through widely used commercial software. Our approach
permits the creation of library models that can be used for model enhancement of microwave
elements. Frequency-interpolation techniques are discussed and implemented. A set of four
different SM-based models is presented along with corresponding implementations in the ADS
schematic for a microstrip right-angle bend and a microstrip shaped T-junction. We use a
three-section transformer to illustrate the implementation procedure in full details. We apply
the technique to a more complicated HTS filter modeling problem. Fine-model data is
obtained from Sonnet’s em. We discuss the relation between the model complexity and
accuracy as well as further improvement of the model. © 2006 Wiley Periodicals, Inc. Int J RF and
Microwave CAE 16: 518-535, 2006.
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mapping; surrogate modeling

. INTRODUCTION

Space mapping (SM) technology [1-3] addresses the
issue of reducing unnecessary time-consuming full-
wave EM simulations of microwave structures in de-
vice modeling problems and design optimization. SM
assumes the existence of “fine” and “coarse” models.
The “fine” model may be a CPU-intensive EM sim-
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ulator that provides high accuracy. The “coarse”
model is a simplified representation, typically an
equivalent circuit with empirical formulas. Modeling
implementations of SM exploit the computational ef-
ficiency of coarse models and the accuracy of corre-
sponding fine models so as to realize fast and accurate
(enhanced) models valid in a wide range of the pa-
rameter spaces. Space derivative mapping [4], the
so-called generalized SM [5] and SM-based neuro-
modeling [6, 7] are three approaches. Space derivative
mapping uses the Jacobians of the fine and coarse
models. The generalized SM approach exploits input
and frequency mapping, and multiple SM. These are
simple methods, however, they only use the so-called
input space mapping and frequency scaling, which
may not provide enough flexibility for more compli-
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Figure 1. Illustration of the SM-based model.

cated problems. SM-based neuromodeling establishes
the mapping using artificial neural networks. This
approach is reliable; however, it cannot be directly
implemented in ADS and requires specialized neural
network software. A review of different SM methods
is presented in [3].

It is desirable to engineers that SM-based models
can be set up and used in connection with (or even
within) available commercial software. Our article
explores this possibility. We consider a family of
models that is implemented entirely in the Agilent
ADS [8] framework. The family involves only certain
combinations of input and output space mapping. The
models can be used as library models for correspond-
ing microwave elements and hence for direct CAD,
optimization, and yield design.

Figure 1 shows the configuration of the SM-based
model and fine model in training or testing. The
mapping parameters B, ¢, A, and d are calibrated such
that multiple sets of responses of the SM-based model
match those of the fine model simultaneously.

Il. MODEL DESCRIPTION

LetR;: X,— R™ and R..: X_ — R"™ denote the fine and
coarse model response vectors, where X, C R" and X,
C R" are design variable domains of the fine and
coarse models, respectively. For example, R(x) and
R (x) may represent magnitudes of a microwave filter
transfer function at m chosen frequencies.

We denote by X C X, the region of interest in
which we want enhanced matching between the sur-
rogate and the fine model. We assume that X, is an
n-dimensional interval in R" with center at reference
point x° € R™:

Xz =[x"—8,x"+ 8], e))
where & = [8,...5,]" € R". determines the size of Xp.

We use Xg(x°, 8) to denote the region of interest
defined by x° and 8.
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Figure 2. The region of interest X and base set X, for
n =3 [5].

The number of fine-model evaluations used to con-
struct a surrogate should be small, since we assume
that each evaluation is expensive. But, we have to
account for the dimension of the design variable
space. In this work, we use the set of evaluation points
(also called the base set) denoted by X, to consist of
2n + 1 points (Figure 2), where n = dim(Xy). We have

Xp=1{x"x' ..., x"} (2)
where x° is the reference point, and

¥ =x"+ (_1Y&j/21 ‘uryn, j=1,....2n, (3)

whereu;, =[0...010 ... 0]” is a unit vector with 1
at the k™ position; §, is the size of the region X along
the k™ axis. This distribution of points is called the
star distribution [5]. In general, the base set is not
limited to the star distribution.

We simplify the description in [9]. We define a
generic surrogate model R, : X, X M,,,.,, X M,., X
M,y X M) — R™ as

R(x,A,B,c,d)=A-R.B-x+c¢)+d (4

with matrices A = diag{a,,...,a,}, BEM,.,,
cEM,, ., and dEM,,,.., (M, denotes the set of kXI
real matrices). B and ¢ account for the input mapping
[5]. A and d provide an output mapping [10].

We consider four SM-based surrogate models R,;:

X, — R" i=1,2,3, 4. All the models are defined as
Rsi(x) :Rs(x9A737 E’ ‘_i) (5)

fori = 1,2, 3, 4, where matrices A, B, ¢, and d found
using the parameter extraction

International Journal of RF and Microwave Computer-Aided Engineering DOI 10.1002/mmce



520 Cheng, Koziel, and Bandler

1st point —» lstresponse
2nd point input space | | coarse output space 2nd response
: mapping model mapping : |
@n+Dth | (2n+1)th 2
point response
— - error
| optlmlzatlon algorithm (parameter adjustment) |<———J>—>
1st response i
fine J:: 2nd response
model | :
(2n+Dth
L,
response
Figure 3. Illustration of the SM-based model optimization (parameter extraction).

(A,B,c.d)
2n

=arg min ), |R(x")—R,x", A, B,c,d)|| (6)

(A,B,c,d) =

This procedure may be visualized as in Figure 3. The
optimization algorithm uses the error between the fine
and the surrogate to adjust B, ¢, A, and d.

Parameter extraction (6) for model R, is subject to
the constraints A = I,, andd = 0,,., (I,, is an nXn
identity matrix, 0,,,, is the zero M,,., matrix,). For
model R, the constraint is d = 0,,,.,. For model R 5
the constraint is A = I,,. In the case of model R, the
parameter extraction is performed without constraints.
We summarize this in Table I, in which we list five
models/surrogates with different flexibilities or de-
grees of freedom. The constraint limits the number of
mapping variables of the models. The less constrained
the model, the more it gains complexity and accuracy.
For R,,, we use a linear input mapping for the design
variables. For R,, R, and R ,, complexity is grad-
ually added using output mapping parameters A
and/or d to calibrate the responses. A discussion of
other properties and limitations of this approach is
provided in section V.

Figure 4 shows the SM modeling flowchart. We
start by selecting the fine and coarse models and
deciding on the mapping parameters B, ¢, A, d. We
generate 2n + 1 base points and multiple random test

TABLE 1. Constraints for Different Models
Model Constraint PE Parameters
R, B=1,¢c=0,., N/A

A= m, andd =0,
R, A=1, andd =0, B and ¢
R, d=0,., B, ¢, and A
R, A=1, B, c, and d
R, unconstrained B, c, A, and d

points (test set). All the (base and test) points are
simulated using the fine model. We perform parame-
ter extraction using 2n + 1 base points simulta-
neously. We test the SM-based surrogate model using
the test set. Figure 5 indicates the test configuration of
the SM-based surrogate model and the fine model.

([ Start )
select models and
mapping framework
v
generate base and test
points
v
simulate fine model
points

= v
multi-point parameter
extraction
-

test SM-based model

v

interpolate responses

End

Figure 4. Flowchart of space-mapping enhanced model-
ing.
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Figure 5. Tllustration of the configuration of the fine and the SM-based model for the test phase.
A set of (test) points is used to compare the responses between the SM-enhanced model and the fine

model.

Before using the SM-based model, we interpolate
the responses for arbitrary frequency values. For a
frequency point w € [w;, »;, ], where w; and w;, | are
two adjacent sample points and j = 1,...,m, the inter-
polated response is given by

R (w) = MRsi(wj) +(1—w Rsi(wj+l) (7

where
Wi — W
=——. 8
P @®)
The other way of interpolation is formulated as
R (w) = [Maj + (1 - H«)%‘H]Rc(m)
+ wd; + (1- IJ«)djﬂ )

where a; and d; are the 7™ components of the diagonal
element of matrix A and vector d, respectively, w is
given by (8), and R.(w) is the (input-mapped coarse
model) frequency response at w.

The method based on (9) takes full advantage of
the (input-mapped) coarse model. Since the (input-
mapped) coarse model is smooth in most cases, the
linear interpolation (9) is smoother than (7). A com-
parison is given in section IV.

We now use a two-section transformer to show how
increasing the flexibility of the model improves its ac-
curacy. We consider a capacitively loaded 10:1 imped-
ance transformer. The “coarse” model and the “fine”
model are an ideal two-section transmission line (TL)
and a capacitively-loaded TL with capacitors C, = C, =
C; = 10 pF. See Figure 6. The electrical lengths L, and
L, at 1 GHz are chosen as design parameters. The
frequency range is 0.5 GHz = w = 1.5 GHz in steps of
0.05 GHz. The reference point x° = [75° 80°]”. The

characteristic impedances are kept fixed at the optimal
values Z, = 2.2361() and Z, = 4.4721(). The fine and
coarse models are implemented in Matlab.

Figure 7 shows the coarse-model error surface plot.
Figures 8 and 9 show the R, and R, model error
surface plots. R, with increased parameters has a
higher accuracy than R;.

lll. ADS IMPLEMENTATION

Unlike the design optimization framework [11], our
modeling implementation uses several points concur-
rently for parameter extraction. Instead of using the
SNP [8, 11] file, we uses Agilent’s S2PMDIF (mul-
tidimensional 2-Port S-parameter file) component in
the schematic. It can read and “look up” or “interpo-
late” responses with regard to the desired parameters
in measurement data interchange format (MDIF). The
sets (base set or test set) of desired parameters are
saved in a database file. They can be read by the data

«— L —» «—L;—»

&

Zn —— T G T G /[\ G R=10Q
o
@

«— L —» «— L, —>»

O

Zn —> Z Z 2 R=10Q

(b)

Figure 6. Two-section capacitively loaded 10:1 imped-
ance transformer [3, 17]: (a) fine model; (b) coarse model.
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Figure 7. [, error vs. design variables for the two-section transformer (coarse model R ).

access component (DAC). We can use the parameter
sweep component to iterate through the parameters in
the database file. Figure 10 shows the ADS schematic
setup of reading the fine-model responses for multiple
points in a single file. Using those components, a
schematic can be set up to match surrogate responses
to fine-model responses.

A. ADS Schematic-Modeling Framework
for SM with Two-Ports

Step 1: Set up the fine-model simulator (for exam-
ple, Sonnet em [12]); execute simulations using the

I, error

L,

70 65

base set of points; save the responses in MDIF
format.

Step 2: Set up the coarse model in the ADS sche-
matic; set up the SM surrogate models as (4) (the
input and output mapping settings are shown in
Figure 11); set up the equality constraints in Table
I to represent different models by fixing certain
mapping parameters; set up the optimization and
goals components (matching the magnitude of S,
and so on); set up the parameter sweep to sweep
the base set; set up the DAC component to read the
base set point values from the database file; set up
S2PMDIF to read the fine-model responses.

Figure 8. [, error vs. design variables for the two-section transformer (surrogate R_,).

International Journal of RF and Microwave Computer-Aided Engineering DOI 10.1002/mmce
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Figure 9.

Step 3: Calibrate the coarse model (SM-based sur-
rogate) with regard to the mapping parameters B,
¢, A, and d to match the fine model at all base
points using the ADS optimization algorithm (this
is the parameter-extraction step); update the model.
Step 4: Deactivate the optimization and goals.
Step 5: Generate random test points and save them
in a test set database file; set up the fine-model
simulator; simulate using the test set; save the
responses in a MDIF file.

Step 6: Revise the parameter sweep, DAC, and
S2PMDIF components in the schematic to load the
test set of values and responses.

Step 7: Simulate and compare the responses.

|§%s] ParameTER sweer |

Sweep1
SweepVar="number"
SiminstanceName[1]="SP1"
SiminstanceName[2]=
SiminstanceName[3]=
SiminstanceName[4]=
SiminstanceName[5]=
SiminstanceName[6]=

Simplified Space-Mapping Modeling Approach 523

I, error vs. design variables for the two-section transformer (surrogate R ,).

Step 8: Interpolate the responses with regard to
frequency.

Comment. In step 3, if a good match cannot be
achieved, an additional operation may be needed, for
example, increasing flexibility. In step 7, if the test is
not satisfactory, we may require more data. These
points are discussed in section V.

Next we can use the surrogate after deleting or
deactivating the parameter sweep, DAC, and
S2PMDIF with its terminals from the schematic. We
can apply the parameters to the surrogate as to a new
model. The model is easily switched between R, R,

DAC_PARA
File="star_distribution_para.mdf"
Type=Discrete
InterpMode=Index Lookup
InterpDom=Rectangular

iVari=1
iVall=number

Start=0
Stop=6
Step=1 Fine Model T
+ Term4
Num=4
Term3 +1 Z=50 Ohm
Num=3
. 1 =
Z=50 Ohm L == == L

S2P1

File="star_distribution_response.mdf"

iVar1=1

iVall=number+1

Figure 10. ADS schematic setup of the fine model imported from Sonnet’s em.

International Journal of RF and Microwave Computer-Aided Engineering DOI 10.1002/mmce



524 Cheng, Koziel, and Bandler

input_mapping

We=b11*Wf+b12*Hf +b13*Erf+c1

He=b21*Wf+b22*Hf +b23*Erf+c2

Erc=b31*Wf+b32*Hf +b33"Erf+c3
.

output_mapping

Rs=A"mag(S11)+D

A={X1,X2,X3,X4,X5,X6,X7,X8,X9,X10,X11,X12,X13,X14,X15, X186, X17 X18 X19,X20, X21,X22, X23 X24 X25,X26,X27 X28,X29,X30,X31]
D=(D1,02,03,D4,D5,06,D7,08,09,D010,011,012,013,D14,D15,016,D017,018,D18,020,021,022,023,D24,025,026,027,028,029,030,D31]

Figure 11. SM surrogate setup in ADS. The VAR component input_mapping deals with B, ¢. The
MeasEqn component output_mapping involves mapping parameters A and d.

R, R, and R, by fixing mapping parameters B, c,
A, ord.

IV. EXAMPLES

In this section, we illustrate the implementation into
the ADS framework of the models introduced in sec-
tion II. The models are set up using 2n + 1 base
points (n is the number of design variables), as de-
scribed in section II. For each example, we perform a
statistical analysis of the model error using the set of
test points randomly chosen in the region of interest
(with uniform distribution). The error is measured as
an [, norm of the difference between the fine and the
surrogate model responses. It is worth mentioning that
we always restrict ourselves to on-grid points in Son-
net’s em for the base and test sets.

A. Microstrip Right-Angle Bend [9]

The design parameters of the microstrip right-angle
bend [5] are width W, substrate height H, and dielec-
tric constant g, [see Figure 12(a)]. The region of
interest is 20 mil = W = 30 mil, 8 mil = H = 16 mil,
and 8 = g, = 10. The frequency range is 1 to 31 GHz
in steps of 2 GHz (16 points). The number of base
points in the region of interest is 7. The reference
point is x° =125129]%, the region size & = [5 4 117

A
4

(a)
Figure 12. Microstrip right-angle bend [9]: (a) the fine model; (b) the circuit model.

We develop an Agilent ADS empirical model for
the microstrip right-angle bend in Figure 12(a). The
fine model is analyzed by Sonnet’s em using 1 X 1
mil mesh size and the circuit model is the LC circuit
shown in Figure 12(b). The equivalent circuit param-
eters are calculated from expressions developed by
Kirschning, Jansen, and Koster according to their
formula in [13].

Table II shows the statistical analysis of the mod-
eling error for 10 random test points. Figures 13 and
14 show error plots for the coarse model R. and
surrogate model R_,, respectively. Figure 15 shows
IS,;| versus frequency for the fine model (—), the
coarse model (X), and the R, model (O) for one test
point.

B. Microstrip Shaped T-Junction [9]

In this example we consider a shaped T-junction [5],
as shown in Figure 16(a). The T-junction is symmet-
ric in the sense that all input lines have the same width
w. The fine model is analyzed by Sonnet’s em and the
coarse model is composed of empirical models of
simple microstrip elements [see Figure 16(b)] of Agi-
lent ADS. The fine and coarse model parameters are
given by x, = [ww, w; yx h g) andx. = [w.w,
W, ¥, X. h. €,.]". The region of interest is 15 mil =
h=25mil, 5mil = x =< 15 mil, 5mil =y = 15 mil,
and 8 = g, = 10. The frequency range used is 2 to 20

L L

§—"YT¥Y¥

IKW’W'H
C

. 1

(b)
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TABLE II. Error Statistics for Microstrip
Right-Angle Bend Using 10 Random Test Points in the
Region of Interest

Model Mean Error Maximum Error
R, 0.345 0.428
R, 0.022 0.030
R, 0.012 0.030
R, 0.011 0.027
R, 0.011 0.029

GHz in steps of 2 GHz (10 points). The width w of the
input lines is determined in terms of / and &, so that
the characteristic impedance of the input lines is 50€).
The width w, is taken as one-third of the width w. The
width w, is obtained so that the characteristic imped-
ance of the microstrip line after the step connected to
port 2 is twice the characteristic impedance of the
microstrip line after the step connected to port 1 [see
Figure 16(b)]. The number of base points in the region
of interest is nine, since we have only four indepen-
dent variables {4, x, y, €,}. The reference point is x' =
[21 33 7 10 10 20 97".

Table IIT shows the statistical analysis of the mod-
eling error for 24 random test points. Figures 17 and
18 show error plots for the coarse model R, and
surrogate model R ,, respectively. Figure 19 shows
IS,;| and |S,,| versus frequency for the fine model (—),
the coarse model (X), and the R, model (O) at one
test point.

C. Three-Section Microstrip
Transformer

Next we illustrate the ADS modeling implementation
in a detailed three-section microstrip impedance trans-

Error modulus

frequency (GHz)

Figure 13. ADS error plots for the R_. model (modulus of
difference between R, and R,.) for the microstrip right-angle
bend (10 test points).
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0.04

0.03

Error modulus

0.02—

0.01

0.00 =S

frequency (GHz)

Figure 14. ADS error plots for the R, model (modulus of
difference between R, and R,) for the microstrip right-
angle bend (10 test points).

former [Figure 20(a)] [11]. The fine model is a Sonnet
em model. The coarse model is shown in Figure
20(b). It comprises cascaded ADS microstrip empir-
ical models. The fine and coarse model parameters are
givenby x,= [W, L, W, L, Wy L;]" andx, = [W, L,
W, L. W, Ly ]". The region of interest is 12.7 mil =
W, = 155 mil, 105 mil = L; = 129 mil, 5 mil =
W, = 6.2 mil, 108 mil = L, = 132 mil, 1.5 mil =
W5 = 1.9 mil, and 109 mil = L; = 133 mil. The
frequency range used is 5 to 15 GHz in steps of 1 GHz
(11 points). The reflection coefficient S, is used to
match the responses of SM-based model and fine
model. The number of base points in the region of
interest is 13, since we have only six independent
variables {W,, L,, W,, L,, W5, L;}. The reference
point is x° = [14.1 117 5.6 120 1.7 121]". The
thickness of the dielectric substrate is 0.635 mm (25
mil) and its relative permittivity is 9.7.

T
03

07

0.6

05 - A

|s11]

frequency (GHz)

Figure 15. ADS plot of |, | for the microstrip right-angle
bend: the fine model (—), the coarse model (X), and the R,
model (O) at a test point.
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I [
port 2 -—l MSTEP — MSL =~ T-JUNCTION

H MSL — MSTEP e pont3

(b)

Figure 16. Microstrip shaped T-junction [9]: (a) the physical structure (fine model); (b) the coarse

model.

The fine model is imported using the S2PMDIF
component (Figure 21). Prior to ADS simulation
(modeling), we generated 13 base and 20 test Son-
net’s em .son files using an internal Matlab geometry
capture [14] program. The 33 files were simulated in
Sonnet’s em batch mode to produce 33 individual
output (response) MDF files instead of one large MDF
file. This is slightly different from the implementa-
tions in Figure 10 and subsections A and B. During

TABLE III. Error Statistics for Microstrip Shaped
T-Junction Using 24 Random Test Points in the
Region of Interest

Model Mean Error Maximum Error
R, 0.1481 0.207
R, 0.0075 0.014
R, 0.0062 0.013
R, 0.0053 0.011
R, 0.0052 0.010

0.15 [ - 3

0.1271

Error modulus

0.00

8 10 12 14 16 18 20
frequency (GHz)
(a)

Error modulus

ADS simulation, the output filename and parameter
list files (Figure 22) are imported and swept using the
DAC and parameter sweep, as shown in Figure 23.
The goal and optimization algorithm components for
the modeling are shown in Figure 24. Figure 25 shows
the design parameters, input mapping, and parameter
initial values. To avoid tedious typing, a simple Mat-
lab program is written to generate the input mapping
matrix multiplication data block. The whole data
block can be copied and pasted into the VAR com-
ponent using a “Name Value” entry mode. The
same procedure is used for generating the starting
mapping parameter value block for the output map-
ping (see Figure 26).

Table IV shows the statistical analysis of the mod-
eling error for 20 random test points. Figure 27 shows
the error plots for the coarse model R, and surrogate
model R,, respectively.

0.000 === e
2 4 6 81012 14 16

8 20

1
frequency (GHz)
(b)

Figure 17. ADS error plots for the R. model (modulus of difference between R, and R,) for the
microstrip shaped T-junction (24 test points): (a) |S;,|; (b) |S,,].
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Error modulus

I T 17%“
2 4 6 8 1012 14 16 18 20

frequency (GHz)
(b

Figure 18. ADS error plots for the R, model (modulus of difference between R and R_,) for the

microstrip shaped T-junction (24 test points): (a) |S,,

Now we can start to use the model we obtained
from the modeling procedure. A few changes need to
be made to the schematic. Since the modeling uses a
fixed frequency sweep, the sizes of matrix A and
vector d are not flexible for any other desired fre-
quency sweep. We use two ways to interpolate the
frequency sweep according to section II: (i) we inter-
polate R directly using the Eqn component in the data
display window (see Figure 28), and the interp func-
tion generates interpolated responses between m fre-
quency points; or (ii) as in Figure 29, the optimized
matrix A and vector d are saved in files and imported
using the DAC with linear interpolation (Figure 30).
In either way, the model is ready for any frequency

0.50 -,

|S11]

2 4 6 8 1012 14 16 18 20
frequency (GHz)
(a)

; (b) ‘522|'

sweep. From Figure 31, we can see that interpolat-
ing A and d gives a smoother curve than interpo-
lating R, directly. Setting the design parameters to
be optimizable, we can optimize the new model by
changing the goal and optimization algorithm to a
minimax design, as shown in Figure 32. We can
also do yield optimization by simply changing the
setting (Figure 33). We show a yield-analysis re-
sponses plot and histogram in Figures 34 and 35,
respectively. When using a 5% tolerance, 63%
yield is obtained using the ADS SM-based model.
We apply yield analysis to the Sonnet’s em fine
model using the same specification and obtain 56%
yield (Figures 36 and 37). The discrepancy between

0.50 e
045 — i
0.40 -+
0.35- #ng
030 ‘
028
0.20 1
0.15- S T
0.10

1S22]

- i‘ ; -
2 4 6 8 1012 14 16 18 20

frequency (GHz)
(b)

Figure 19. ADS plot of |S,,| and |S,,| for the microstrip shaped T-junction: the fine model (—),
the coarse model (X), and the R , model (O) at a test point.
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Coarse Model

|
& Daram

SP1 MSub1

S-PARAMETERS ll MSub I

|« Ly »ia L, >ie Ly > Start=5 GHz H=H mi}
: Stop=15 GHz Er=Er
Step=1 GHz Mur=1
Cond=1e+050
VAR Hu=3.9e+034 mil
preassigned_parameter T=0 mil
Er=9.7 TanD=0
H=25 Rough=0 mif
| I ! f 1 o 1
| k3 G 1 ] i I 1 | x Tein
Term1 MLIN AN RLIN Term2
| Num=1 L1 TL2 T3 Num=2
! 2=50 Ohm Subst="MSub1" Subst="MSub1" Subst="MSub1" Z=150 Ohm
Lk W=W1c mil W=Wae mil  W=W3c mil =
| - L=L1c mil L=L2c mil L=L3c mil —

(a) (®)

Figure 20. The three-section 3:1 microstrip impedance transformer [11]: (a) structure and dimen-
sions; (b) ADS coarse model.

the fine model and the SM-based ADS model can certain parameters, for example, w5, is too small to
be explained as follows: (a) the SM-based model is change the structure vertex to the next grid.
not perfect; (b) the number of random samples is
relatively small for statistical analysis; (c) the fine .
model is snapped to the grid. The 5% variation in D. HTS Filter Example
We consider the HTS bandpass filter of [15]. The
physical structure is shown in Figure 38(a). The de-
. sign variables are the lengths of the coupled lines and
Flne MOdeI the separation between them, namely,

= Jerm ] 1om S, S S, L L, Ly
Term3 "l\'lerm44 =[S S 8 L L, L
ums=
Num=3 . . Z=150 Ohm
Z=50 Ohm 1 5 -
- ] m ;
— - - — File Management e
S2PMDIF omber
SZP2 N_points=get_max_points(DAC_PARA._TREE, 1}
File=file{DAC_file, "filename"} Find Number of Points in the File
iVar1=1
iVal1=number :Iy’::;(l:mscve!e ONNET_3_ _set_response_file txt"

interpMode=ndex Loakup
InterpDom=Rectangular

Figure 21. Three-section microstrip transformer schemat- Extraphtode=interpolaion Mode
ic: S2PMDIF component imports the fine-model responses.

B PARAMETER SWEEP
iVal1=number . ’

Load Responses SweepVar="number

. . R SimlnstanceName[1]="SP1"
From Response Filename List File  simnstanconameiz=

SiminstanceName[3]=

SiminstanceName(4]=

i A Siml Name[5}=
| ommemms, — Pl |
! 4 14 017921 ) Start=0 i
Con : e 2 b - |
‘ §¢ OhN 15 g otk S |
‘ :(L : : 35’553 §§ ::\‘%f Fecrc ONNET.3. sawe  CoOUNter iterating through

6 C 5 MNE T3 $e e=Discrete

It o g e oo o Lookp all the points E
96 INNET 3, 10.mell InterpDom=Rectangular |
1‘(‘) ? gmu§¥% :% m:; ExtrapMode=Interpolation Mode E
12 €4 SONNCT 3 15 mat vari=1 ]
END DECRDATA ivalt=number !
Parameter Value List File Response Filename List File Load Parameters ‘ [
From Parameter Value List File ‘
Figure 22. Three-section microstrip transformer schemat- Figure 23. Three-section microstrip transformer schemat-
ic: parameter value list and response filename list file. ic: sweep through the parameter values and response files.
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[ GOAL | | &5 | OPTIM |
Goal Cptim
OptimGoalt Optim1 i

Expr="abs(Rs-mag(S33))"
SiminstanceName="Sweep1"

OptimType=Quasi-Newton UseAllOptVars=yes
ErrorForm=12 UseAllGoals=yes

Min= Maxlters=1250 SaveCurrentEF=no
Max=0 DesiredError=0.0
Weight= StatusLevel=4

RangeVar[1]= FinalAnalysis="None"

RangeMin[1]= NormalizeGoals=no
: RangeMax(1]= SetBestValues=yes
. - Seed=
ObjeCthe SaveSolns=no

SaveGoals=yes
SaveOptimVars=yes
UpdateDataset=yes
SaveNominal=yes
SaveAlllterations=no

Optimization Algorithm

Figure 24. Three-section microstrip transformer schemat-
ic: optimization goal and algorithm.

The substrate used is lanthanum aluminate with €, =
23.425, H = 20 mil, and substrate dielectric loss
tangent of 0.00003. The length of the input and output
lines is L, = 50 mil and the lines are of width W = 7
mil.

We use an Agilent ADS coarse model as in [16],
which consists of empirical models for single and
coupled microstrip transmission lines [see Figure
38(b)]. Notice the symmetry in the HTS structure, that
is, coupled lines “CLin5” are identical to “CLin1” and
“CLin4” to “CLin2”. The fine and coarse model pa-
rameters are given by x, = [$; S, S5 L, L, L;]" and x,
= [S1c S Sze Lie Lo Ls 1™

Parameters

R

L1c=b 11" L1+012°L2+b13*L3+b14* W 1+b15*W2+b16"W3+c1
[2¢=b21*L1+h22*1 2+b23"L 3+b24" W 1+b25* W2 +b26"W3+c2
L3c=b31"L1+h32*L2+b33"L3+h34* W 1+b35 " W2+b36"W3+c3
W1c=b41"L1+0427 L 2+b43* 3+b44" W 1+045"W2+b4a6*"W3+cd
W2c=b51"L1+b52*L2+b53* 3+b54 W 1+b55"W2+b56"W3+c5
W3c=b81"L1+b62"L2+bB3"L3+bB4"W 1+bB5 " W2+b6E" W 3+c6 |

Input Mapping

L1=file{DAC_PARAL1"}
Lo=file{DAC_PARAL2"}
L3=file{DAC_PARA"L3"}
W1=fie{DAC_PARA W1}
W2=file{DAC_PARA W2}
W3=file{DAC_PARA,"W3'}

Load Parameters
From File

Evr
matrix_B_c i
©11=0.982524 opt{ +- 0.2} b34=0.0035316 opt{ +/-0.1}  b61=0.00178195 opt{ +/- 0.1} :
012=0.0047121 opt{ +/- 0.1}  b35=0.00124876 opt{ +/- 0.1} bB2=8 27911e-005 opt{ +/~ 0.1}
b13=0.00247578 opt{ +/- 0.1}  b36=0.00291296 op{ +/- 0.1}  b63=-0.000335171 opt{ +/- 0.1}
©14=0.00491641 opt{ +/- 0.1}  b41=-0.00206367 opt{ +/- 0.1}  b64=-0.00179947 opt{ +/- 0.1}
b16=-0.00502873 opt{ +/- 0.1 } 65=-0.00544634 opt{ +/- 0.1}
b16=0.00166986 opt{ +/- 0.1} b66=1.01945 op{ +/- 02}
b21=-0.00557583 opt{ +/- 0.1} ©1=0.000659305 opt{ unconst }
b22=0.995644 opt{ +/- 0.2} ©2=0.00140856 opt{ unconst }
b23=0.00956674 opt{ +/- 0.1} b46=-0.0035849 opt{ +/- 0.1} ©3=-2 87625e-005 opt{ unconst }
b24=0.000214315 opt{ +/- 0.1} bS1=0.00603267 opt{ +/- 0.1}  c4=0.00765189 opt{ unconst }
b25=0.00438251 opt{ +/- 0.1}  b52=-0.00431017 opt{ +/- 0.1}  ¢5=-0.00111707 opt{ unconst }
h26=-0.00263265 opt{ +/- 0.1} b53=0.00265204 opt{ +/- 0.1} ©6=-0.00370167 opt{ unconst }
b31=-0.00425769 op +/- 0.1} b54=-0 00620865 opt{ +/- 0.1}
£32=-0.00192758 opt{ +/- 0.1} b55=1.010 opt{ +/- 02}
b33=0.998533 opt{ +/- 0.2} b56=-0.0034686 opt{ +/- 0.1 }

Starting Mapping Parameter Value

Figure 25. Three-section microstrip transformer schemat-
ic: design parameters, input mapping and starting mapping
parameter values.

Output Mapping
MeasEqn

output_mapping
Rs=A*mag(S11)+D

MeoasEgn
output_mapping_vector
D=[D1,02,03,04,D05,06,07,08,D09,D10,D011]
A=[A1,A2,A3 A4 A5A6,A7 A8 A9 A1T0,A11]

VAR VAR
output_mapping_para_A output_mapping_para_D
A1=0.979579 opt{ unconst } D1=0 opf{unconst}
A2=1.01345 op¥{ unconst } D2=0 opt{unconst}
A3=1.00022 op#{ unconst } D3=0 opt{unconst}
A4=0.988452 opt{ unconst } D4=0 opt{unconst}
A5=0.972031 opt{ unconst } D5=0 opt{unconst}
A6=0.997392 opt{ unconst } D6=0 opt{unconst}
A7=1.0326 opt{ unconst } D7=0 opt{unconst}
A8=1.01933 opt{ unconst } D8=0 opt{unconst}
A9=1.00937 opt{ unconst } D9=0 opt{unconst}
A10=0.989115 opt{ unconst } D10=0 opt{unconst}
A11=0.98096 opt{ unconst } D11=0 opt{unconst}

Starting Mapping Parameter Value

Figure 26. Three-section microstrip transformer schemat-
ic: output mapping and starting mapping parameter values.

The fine model is simulated by Sonnet’s em using
a 1 X 1 mil mesh size. Table V shows the region of
interest [6]. The statistical analysis of the modeling
error for 20 random test points is given in Table VI.
Figures 39(a) and 39(b) show error plots for the
coarse model R, and surrogate model R, respec-
tively. Figure 40 shows |S,,| versus frequency for the
fine model (—), the coarse model (X), and the R,
model (O) at one test point. Figure 41 shows an |S,|
comparison for the HTS filter at three test points,
where the R, model is interpolated and finely swept.
The results are similar to those obtained by frequency
partial-space-mapped neuromodeling [6].

V. DISCUSSION AND FURTHER
IMPROVEMENT OF SM MODELING

The modeling methodology presented in this article is
simple and has the important advantage of requiring a

TABLE IV. Error Statistics for Three-Section
Microstrip Transformer Using 20 Random Test Points
in the Region of Interest

Model Mean Error Maximum Error
R, 0.042 0.057
R, 0.009 0.015
R, 0.008 0.016
R, 0.007 0.014
R, 0.006 0.012
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Figure 27. ADS error plots for the three-section microstrip transformer (20 test points)

=els| Rsi=interp(SP2.Rs,5GHz,15Ghz,0.1Ghz)

Figure 28. Three-section microstrip transformer schemat-
ic: direct interpolation of the responses.

BEGIN MATRIX_A
% freq(1) A(1)
5e+009 0.998431
6e+009 1.00915
7e+009 1.00594
8e+009 1.01102
9e+009 1.00436
1e+010 0.999627
1.1e+010 0.995985
1.2e+010 0.995757
1.3e+010 0.994473
1.4e+010 0.972529
1.5¢c+010 0.992809
END

BEGIN VECTOR_D

Y% freq(1) d(1)

5e+009 -0.000486849
6e+009 -0.00110578
7e+009 -0.00182379
8e+009 -0.00330207
9e+009 -0.00313116
1e+010-0.000371335
1.1e+010 0.00271826
1.2e+010 0.00223473
1.3e+010 0.00119748
1.4e+010 0.000750631
1.5e+010 -0.00170189
END

Matrix A GMDIF file Vector D GMDIF file

Figure 29. Three-section microstrip transformer schemat-
ic: output mapping and starting mapping parameter values.

Output Mapping

Measknn
output_mapping
Rs=A'mag(S11+D

-

Dara 5
DAC_A
File="Matrix_A.txt"

Type=Generalized Multi-dimensional Data
InterpMode=Linear
InterpDom=Rectangular
ExtrapMode=Interpotation Mode

Vari=1

Wal1=freq

Semponent

VAR
Matrix_A_optimal
A=file{DAC_A"A'}

¢ import Matrix A GMDIF file

Fitaf,
DAC_D
File="Vector_d txt"

Type=Generalized Multi-dimensional Data
InterpMode=Linear
InterpDom=Rectangular
ExtrapMode=Interpolation Mode

Var1=1

Wall=freq

WA
Matrix_A_optimal1
D=file{DAC_D,"d"}

e nent

import Vector D GMDIF file

Figure 30. Three-section microstrip transformer schemat-
ic: interpolation of the output mapping parameter values.
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Figure 31. ADS plot for the three-section microstrip
transformer: (a) interpolating A and d (—); (b) interpolating
R, directly (X).

small amount of fine-model data. The model is com-
putationally inexpensive, since the only effort is re-
lated to the parameter-extraction process while estab-
lishing the model—after that, evaluation of the model

e @Bl

Gaal Optim
OptimGoal2 Optim1
Expr="Rs" OptimType=Minimax OptVar{1]="W3"

SiminstanceName="SP1" ErrorForm=MM OptVar{2]="W2"
Min= Maxiters=1250 OptVar[3]="W1"
Max=0.11 DesiredError=-1000
Weight= StatusLevel=4
RangeVar[1}= FinalAnalysis="None” OptVar[6]="L1"
RangeMin[1]= NormalizeGoals=no  UseAllGoals=yes
RangeMax[1]= SetBestValues=yes  SaveCurrentEF=no
Seed=
Objective SaveSolns=no

SaveGoals=yes
SaveOptimVars=yes
UpdateDataset=yes
SaveNominal=yes
SaveAlliterations=no

Optimization Algorithm

f

Figure 32. Three-section microstrip transformer schemat-
ic: minimax-optimization setting.

[ veoseec ] |sa/| viELD opTmzaTion |
YieldSpec YieidCptim
Spect YieldOpt1
Expr="Rs" Numiters=5
SiminstanceName="SP 1" PPT_Mode=none
Min= ShadowModelType=none
Max=.11 Seed=
Weight= SaveSolns=no
RangeVar[1}= SaveSpecs=yes
RangeMin{1]= SaveRandVars=yes
RangeMax(1]= UpdateDataset=yes
SaveAlllterations=no
UseAllSpecs=yes
. : StatusLevel=4
| ObJeCt[\/e RestoreNomValugs=
i Optimization Algorithm

Figure 33. Three-section microstrip transformer schemat-
ic: yield-optimization setting.
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[S11]

0.00—
5

frequency (GHz)

Figure 34. ADS plot for the three-section microstrip
transformer: 5% tolerance yield analysis of 100 points.

is simply the evaluation of suitable formulas with
predetermined coefficients. This approach works fine
and the performance of the models is as expected; in
particular, increasing the number of degrees of free-
dom usually improves performance (see examples in
section IV). Further increasing complexity of the

number of outcomes

u T T T T T T
0020 -0L015 -0.000 -0.005 0000 0005 0010 0015 0.020 0025
max ermor

Figure 35. ADS plot for the three-section microstrip
transformer 5% tolerance histogram: 63% yield of 100
points.

IS11]

5 7 9 11 13 15
frequency (GHz)

Figure 36. Matlab plot for the three-section microstrip
transformer: fine model 100 points yield analysis.
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Figure 37. Matlab plot for the three-section microstrip
transformer: fine model 56% yield of 100 points.

model (for example, R, versus R ) has little or no
impact.

Further improvement of model accuracy requires a
larger number of fine-model data in the creation of the
model, that is, a larger number of base points (cur-
rently 2n + 1). Similarly, flexibility of the surrogates
should be improved to follow nonlinearity of the fine
model. Possible methods of increasing model flexi-
bility include: dividing the frequency band into sub-
bands (problems: analytical properties of the model
suffer, problems with parameter extraction arise—

Coarse Model
(BB o )

sP1

5
Stan=3 801 GHz
Stop=d 161 GHz
Step=002 GHz

(b)

Figure 38. HTS filter: (a) the physical structure [15]; (b)
the coarse model [16] as implemented in Agilent ADS [8].

TABLE V. The Region of Interest

Parameter Reference Point (x°) Region Size (5)
L, 180 5
L, 200 10
L, 180 5
S, 20 2
S, 80 5
S5 80 10

nonuniqueness of solutions, and so on), adding exter-
nal terms (linear or nonlinear), and hybrid models, for
example, SM combined with classical approximation
(problems: classical methods are not physics-based
and can cause large errors while moving away from
the center of the region of interest). These approaches
have been partially implemented [17]. The above
methods can only help if the low accuracy of the
model is caused by limited flexibility of the model. A
good indication of that is the parameter-extraction
error at the base points.

A small parameter-extraction error at the base
points (or, equivalently, good model accuracy at the
base points) indicate that the only way of increasing
model accuracy is to include more fine-model data.
Unfortunately, SM is not suitable for handling a large
amount of fine-model data by itself, that is, increasing
the number of base points does not help if the number
of degrees of freedom of the model remains un-
changed. Possible solutions are: (i) dividing the re-
gion of interest into smaller subregions so that a
separate SM model is set up for each subregion (prob-
lems: the number of regions grows exponentially with
the dimension of the design parameter space; a com-
mon problem with subregions can be discontinuity or
at least a lack of higher-order regularity at the border
between the regions); (ii) as above, but setting up one
SM model for the whole region and individual models
for subregions based on classical approximation/inter-
polation methods.

TABLE VI. Error Statistics for HTS Filter Using 20
Random Test Points in the Region of Interest

Model Mean Error Maximum Error
R, 1.508 2.275
R, 0.158 0.259
R, 0.149 0.241
R, 0.153 0.242
R, 0.152 0.235
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Figure 39. ADS error plots for the HTS filter (20 test
points): (a) the R, model (modulus of difference between R,
and R,); (b) the R, model (modulus of difference between
R;and R,).

VI. CONCLUSION

In this article, we have presented a simplified SM-
based surrogate methodology for RF and microwave
CAD modeling, implemented and verified entirely in
Agilent ADS. We show that it is easy to switch
between the surrogates in the ADS schematic. The
surrogates are easy to use as enhanced library models.
The models offer good accuracy that is much better in

1.0
0.8

0.6— oA

0.4
0.2- 9/ X
: 7 -

|21}

-0.0 L < B - S L
-0.2 T I T T L ¥ T
3.901 3.966 4.031 4.096 4.161

frequency (GHz)

Figure 40. ADS plot of |S,,,| for the the HTS filter: the fine
model (—), the coarse model (X), and the R, model (O) at
a test point.
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Figure 41. ADS plot of |S,,| for the HTS filter: the fine
model (O) and the R, model (—) at three test points.

our examples than in the models on which they are
based.
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