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Abstract—Loewner Matrix (LM) interpolation technique was
proposed as an efficient macromodeling approach compared to
state of the art technologies. However, the method becomes
inaccurate in presence of noise as it interpolates noise itself. In
this paper, we propose a LM interpolation technique suitable for
extracting an accurate and passive macromodel from noisy Sparameter data. An order searching algorithm to find the most
accurate model maintaining stability is proposed first. Then we
propose a least-square approximation based correction on the
macromodel. Finally, the passivity of the model is ensured by
using a Hamiltonian Matrix Pencil perturbation scheme. The
advantages of the proposed approach is illustrated using one
full-wave example.
Index Terms—Loewner Matrix, Macromodeling, Least Square
Approximation

I. I NTRODUCTION
Obtaining physics based models for Electromagnetic (EM)
structures is often challenging. However, such structures can
be accurately characterized in frequency-domain using S- or
Y -parameters which can be obtained via full-wave simulation.
Loewner Matrix (LM) based interpolation techniques [1], [2]
were proposed to generate a SPICE-compatible time-domain
macromodel from S-parameter data. LM based techniques
were shown to be more accurate and efficient in [1], [3] compared to state of the art technique such as Vector Fitting [4].
However, these techniques become inaccurate, non-passive or
both in presence of noise [5]. The main reason is the fact that
LM method interpolates the noise which causes two major
challenges for extracting an accurate and passive macromodel:
a) An order preserving passivity of the macromodel is difficult
to determine, b) Even if an appropriate order is found, the
frequency response becomes inaccurate. We propose a LM
interpolation technique suitable for noisy frequency response
in this paper. First, we propose a searching algorithm to obtain
an order for which the model is the most accurate while still
stable. Next, an approach based on least-square approximation
is proposed to compute the matrices B and C using all the
available data points. Finally, passivity of the model is checked
and a passivity enforcement technique is applied if required.
The overall objective of the paper is introduced in Sec. II, the
proposed approach is presented in Sec III, and the simulation
results are provided in Sec. IV
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II. P ROBLEM F ORMULATION
A p-port EM structure is described in frequency-domain
using a number of S-parameter data
{sl , S(sl )}; 1 ≤ l ≤ N

(1)

the number of data points N is very large, typically 1000. A
user-controlled random noise is added to the data in (1) to
emulate a noisy frequency response,
S̃(sl ) = S(sl ) + Ñ(sl )
where Ñ is a random noise [5], [6] defined as


Ñ(sl ) = S(sl ) × 10−SN R/10 × Ñr + j Ñi

(2)

(3)

Nr and Ni are random Gaussian noise. The noise level can
be adjusted by varying the Signal to Noise Ratio (SNR). We
want to extract a time-domain macromodel
Eẋ(t) = Ax(t) + Ba(t),
b(t) = Cx(t) + Da(t)

(4)

from the data in (2), however, matching the noise-free response
in (1) as close as possible using the transfer function
−1

H(sl ) = C (sl E − A)

B + D.

(5)

Where E, A ∈ Rm×m , B ∈ Rm×p , C ∈ Rp×m and D ∈ Rp×p
represent the macromodel of order m.
III. P ROPOSED L OEWNER M ATRIX (LM) I NTERPOLATION
In presence of noise the macromodel obtained using LM
method proposed in [2] becomes inaccurate. The inaccuracy
comes from two main sources. Firstly, the order becomes
smaller than necessary as the noise level increases [5]. Secondly, the model exhibits some unexpected large resonances
near the highest frequency point. The inaccuracy sometimes
makes the model non-passive which causes the algorithm in [2]
to fail. In this paper, we propose an algorithm to search for
necessary order as outlined in Sec. III-A. Next we propose a
technique to compute new B and C matrices using least-square
approximation as outlined in Sec. III-B. Finally a passivity
checking and enforcing is performed as shown in Sec. III-C.
A. Searching for an Appropriate Order
In this step, a LM based algorithm similar to [2] is formulated to determine an initial order minit . Note that only a
small subset of the data in (2)
{sk , S̃(sk )}; 1 ≤ k ≤ M ; M << N

(6)

2

is used in LM algorithm. The algorithm searches for an order
minit by examining the 10 largest singular value drops [2].
First, macromodels are extracted at the indices of the drops.
Then the accuracy and stability of the macromodels are
checked and finally the order for which the model is the most
accurate while still stable is selected as minit . Note that unlike
LM method in [2] passivity is not checked in this step.
Typically minit results in an accurate macromodel for noisefree data. However, extracting final macromodel as m = minit
is not sufficient for noisy data [5]. In this paper, we formulate
an algorithm to search for a higher order by increasing it
linearly using a step size of two. At each searching point
stability and accuracy of the model is checked, the order m
and error ε is saved for further use if the model is stable. The
error with respect to the data in (6) ε is measured in terms of
entry-wise vector norms [6]. The search algorithm stops if five
consecutive models become unstable. Finally, the three most
accurate models are selected
{m(1) , m(2) , m(3) }; where {ε(1) < ε(2) < ε(3) }

(7)

(1)

m
represents the order for which the model is the most
accurate while still stable.

B. Least-Square Approximation
The final macromodel is computed iteratively among the
three orders in (7). Model {E, A, B, C, D}(1) is extracted as [2]
using m = m(1) in the first iteration. Then we compute new
B̃ and C̃ matrices by applying a least square approximation
using all the data in (2). At iteration i the following system
of equations is formed first to solve for B̃i+1
⎡
⎤
⎡
⎤
C̃i (s1 E − A)−1
S̃(s1 ) − D
⎢
⎥
⎢
⎥
..
..
(8)
⎣
⎦ B̃i+1 = ⎣
⎦
.
.
−1

pencil (J , K) is defined as follows
K

=

J

=

E

ET

,

A − BDT S−1 C
CT S−1 C

−BR−1 BT
−A + CT DR−1 BT
T

(11)

where R = DT D − U, S = DDT − U and U is a identity
matrix. Any passivity violation can be detected by examining
the imaginary eigenvalues of pencil (J , K).
An eigenvalue perturbation scheme [7] is applied to enforce
any passivity violation by modifying matrix C to Cp . After
passivity enforcement the error ε of the macromodel
{E, A, B, C = Cp , D = 0}.

(12)

is measured. If the error is very high (ε > 4εmax ) the model
in (12) cannot be used, in that case another macromodel with
m = m(2) is extracted and the algorithm starts from leastsquare approximation in Sec. III-B and so on. Note that the
maximum achievable accuracy εmax can be obtained from the
noise variance as outlined in [6].
IV. S IMULATION R ESULTS
We evaluate the performance of the proposed approach
compared to LM method [2] using a 4 port 7 × 7 cm
microstrip line structure. The structure contains two copper
lines, one of which has four 90◦ bends. Furthermore, the
ground is made defective by introducing a small slot and only
5 mm opening for the return current. The detailed dimensions
and specifications are provided in Fig. 1. The bend in the
line and the defective ground structure cause EM interactions
among the lines and the ground plane. The S-parameter data
spanning the bandwidth from 1 MHz to 10 GHz is generated
by performing full-wave analysis of the structure.

S̃(sN ) − D

C̃i (sN E − A)

where ()i represents the iteration number C̃0 = C, S̃(sl ) are
the noisy data in (2). A least square approximation is used
to solve (8). A similar system of equation is then formed to
solve for C̃i+1
C̃i+1

(s1 E − A)−1 B̃i+1
=

. . . (sN E − A)−1 B̃i+1

S̃(s1 ) − D

. . . S̃(sN ) − D

(9)

(9) is also solved using least square approximation. The iteration stops if norm(ΔB̃, ΔC̃) < 0.005 or #iteration > 20.
Typically the scheme converges within five to nine iterations.
The new model
{E, A, B = B̃, C = C̃, D = 0}

(10)
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is more accurate and the unexpected resonances are reduced.

C. Passivity Checking/Enforcement
Passivity of the macromodel in (10) is checked using a
Hamiltonian Matrix pencil approach [7]. Hamiltonian Matrix

Next a synthetic noisy data is generated by adding Gaussian
noise to full-wave data as (2). We set up three test cases by
adding noise of 30, 25, and 20 dB SNR. Finally, the timedomain macromodel is extracted from the noisy data using
the proposed approach and LM method [2]. The robustness
study for the macromodeling approaches is performed by

TABLE I
S IMULATION R ESULTS FOR D IFFERENT L EVEL OF R ANDOM N OISE

Noisy Data (25 dB SNR)
LM Method [2]

SNR
Methods
# MC
# Failure
εmax
ε
Order
Time

|S3,2 |

Average

0.2

0.1

0
0

Fig. 2.

2

4
6
Frequency (GHz)

8

10

Sample data for LM method [2] using noisy data with 25 dB SNR.

Noisy Data (25 dB SNR)
Proposed Approach

|S3,2 |

0.2

30 dB
[2]
Prop.
1000
1000
0
0
0.009 0.009
0.03
0.02
152
159
1.2 s
4.4 s

25 dB
[2]
Prop.
1000
1000
19
0
0.03
0.03
0.06
0.04
133
136
1.07 s 4.23 s

20 dB
[2]
Prop.
1000
1000
999
82
0.09
0.11
117
7s

extracting 1000 macromodels each with different random noise
of same SNR. The results are summarized in Table I. Sample
S-parameter data interpolated using the proposed approach for
25 and 20 dB SNR are presented in Fig. 3 and 4 respectively. A
similar plot using LM method [2] for 25 dB SNR is provided
in Fig. 2.
As can be seen, both of the approaches are very robust for
moderate level of random noise (30 dB SNR). However, LM
method [2] loses robustness as the noise level gets higher.
Furthermore, the frequency response becomes inaccurate near
highest frequency region as can be seen from Fig. 2. The
proposed order selection scheme followed by the least-square
approximation of B and C matrices improve not only the
robustness but also the accuracy of LM interpolation based
macromodeling algorithm at the expense of slightly higher
CPU cost.

0.1

V. C ONCLUSION
0
0

Fig. 3.

2

4
6
Frequency (GHz)

8

10

Sample data for proposed approach using noise of 25 dB SNR.

The regular Loewner Matrix (LM) based interpolation technique loses its robustness and accuracy in presence of high
level of noise. We propose a new LM interpolation technique
suitable for noisy frequency response by searching for a higher
order and applying a correction on macromodel by computing
new B and C matrices. The robustness and accuracy of the
proposed approach is illustrated using a full-wave example.
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Sample data for proposed approach using noise of 20 dB SNR.

[1] M. Kabir and R. Khazaka, “Macromodeling of distributed networks from
frequency-domain data using the loewner matrix approach,” IEEE Trans.
Microw. Theory Techn., vol. 60, no. 12, pp. 3927–3938, 2012.
[2] ——, “Order selection for loewner matrix based macromodels for accurate macromodeling of distributed high-speed modules from limited
number of full-wave S-parameter data,” in IEEE 18th Workshop on Signal
and Power Integrity (SPI), Ghent, Belgium, 2014, pp. 1–4.
[3] S. Lefteriu and A. C. Antoulas, “A new approach to modeling multiport systems from frequency-domain data,” IEEE Trans. Comput.-Aided
Design Integr. Circuits Syst., vol. 29, no. 1, pp. 14–27, 2010.
[4] B. Gustavsen and A. Semlyen, “Rational approximation of frequency
domain responses by vector fitting,” IEEE Trans. Power Del., vol. 14,
no. 3, pp. 1052–1061, 1999.
[5] S. Lefteriu, A. Ionita, and A. Antoulas, “Modeling systems based on
noisy frequency and time domain measurements,” in Perspectives in
Mathematical System Theory, Control, and Signal Processing. Springer
Berlin / Heidelberg, 2010, vol. 398, pp. 365–378.
[6] S. Grivet-Talocia and M. Bandinu, “Improving the convergence of vector
fitting for equivalent circuit extraction from noisy frequency responses,”
IEEE Trans. Electromagn. Compat., vol. 48, no. 1, pp. 104–120, Feb.
2006.
[7] M. T. Kassis, M. Kabir, Y. Q. Xiao, and R. Khazaka, “Passive reduced
order macromodeling based on loewner matrix interpolation,” IEEE
Trans. Microw. Theory Techn., vol. 64, no. 8, 2016.

