
ACES JOURNAL, Vol. 40, No. 04, April 2025 340

Extended Network Parameters for Transmission Line Networks Subject to
External Field Illumination

Mingwen Zhang1, Chunguang Ma1, Bicheng Zhang1, and Yong Luo1,2

1School of Electronic Science and Engineering
University of Electronic Science and Technology of China, Chengdu, China

zmw95@foxmail.com, macg@uestc.edu.cn, 2020190503024@std.uestc.edu.cn, yluo@uestc.edu.cn

2State Key Laboratory of Electromagnetic Space Cognition and Intelligent Control Technology
Beijing, China

Abstract – Microwave network parameters are preva-
lently used in the modeling of transmission lines. It
can characterize the interconnection of ports and is sup-
ported by most SPICE software. However, traditional
microwave network parameters cannot characterize the
role of external fields; this is a common concern in elec-
tromagnetic compatibility or electromagnetic interfer-
ence analysis. In this paper, external excitation is treated
as an additional port in the circuit. An extended net-
work parameter is proposed to model the transmission
lines excited by the external field. The extended network
parameters can be used easily in the SPICE solver to
analyze responses on linear or nonlinear loads. The pro-
posed method is suitable for evaluating the electromag-
netic interference of complex transmission line networks
or PCBs, and it can use the advantages of circuit solvers
for tuning or optimization with less computational bur-
den.

Index Terms – Black-box modeling, electromagnetic
coupling, network parameters, transmission line.

I. INTRODUCTION
With the rapidly growing complexity of the elec-

tromagnetic environment, the survivability of electronic
devices or modules exposed to it should be valued.
In a complex electromagnetic environment, those man-
made high-power electromagnetic (HPEM) interference
sources are undoubtedly the most threatening, such as
high-power microwaves (HPM), which are defined as
microwave sources that can be operated in 300 MHz
to 300 GHz, and their power is more than megawatts
[1, 2]. Transmission lines (TLs), such as micro-strip lines
(MSLs), are widely employed in high-frequency circuits
and systems. When exposed to electromagnetic radia-
tion, an induced voltage or current is generated on the
TL and transmitted to the load. Due to the widespread

presence of nonlinear loads in susceptible systems, high-
power signals may alter the operating state of these
devices. The resulting effects include device-level recti-
fication [3, 4] and system-level interference [5, 6], which
can lead to improper functioning of the system. More
seriously, when the induced voltage exceeds the capac-
ity of the device, it may burn out [7–9]. Therefore,
accurately and effectively predicting the induced voltage
is of great significance for electromagnetic interference
(EMI) evaluation, as it involves solving the field-line
coupling problem.

Generally, field-to-line problems can be solved
using multi-conductor transmission line theory (MTLT).
However, it will not perform well at high frequen-
cies because it is based on the quasi-TEM assump-
tion [10, 11]. Full-wave and hybrid methods initially
adopt techniques such as the finite-difference time-
domain method [12], finite-element method [13], par-
tial element equivalent circuit [14], and time-domain
integral equation [15] to solve electromagnetic cou-
pling issues. The response of terminations is then deter-
mined using corresponding circuit analysis methods,
including transient convolution-based techniques, har-
monic balance, and the envelope tracking method [16].
Although these methods can produce accurate results,
they require significant resource consumption due to
the need for discretizing both time and space. These
approaches necessitate self-consistent solving of electro-
magnetic and electrical problems. Any changes in load
or excitation waveform require a re-performance of the
full-wave analysis. Consequently, if parameter tuning or
statistical analysis is required, repetitive full-wave cal-
culations can be laborious [17, 18]. Another approach
involves decomposing the field-line coupling problem
into a linear electromagnetic coupling problem and a
circuit-solving problem through the Thevenin’s equiv-
alent network approach [19]. In [20], the response of
linear and nonlinear loads inside a perforated metallic
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enclosure to HPEM irradiation was investigated, and
vector fitting (VF) is used to fit the Thevenin’s equiv-
alent impedance obtained from finite difference delay
modeling.

Microwave port analysis is a fundamental tech-
nique in high-frequency circuit design and microwave
engineering. It involves defining input and output ports
to measure and analyze parameters such as scattering
parameters (S-parameters), impedance parameters (Y-
parameters), and admittance parameters (Z-parameters).
These parameters are essential for modeling TLs such
as cable bundles and PCB interconnects. Various tech-
niques can integrate these network parameters into cir-
cuit solvers, whether in the time domain [21, 22] or
frequency domain [23], enabling engineers to perform
mixed-signal circuit analysis in complex systems such
as high-density interconnect PCBs. However, traditional
microwave network parameters do not account for exter-
nal field effects, critical in EMI analysis. In [24], a hybrid
S-parameter approach is proposed to address the field-
to-line problem by decoupling the excitation signal into
forced and modal waves using the generalized pencil
of functions. In this paper, we introduce a similar but
more general approach. Field-line coupling issues are
decomposed into a linear electromagnetic problem and
a circuit-solving problem through Thevenin’s theorem.
Electromagnetic results can be derived from measure-
ment or full-wave simulation data, in contrast to [24],
which does not require special decomposition of the
external field. A black-box model involving (N+1)-port
Z-parameters is directly derived, and the plane wave is
introduced to the network as an additional port. The
rest of this paper is organized as follows. In section II,
the theory is developed by analyzing an N-port TL net-
work illuminated by a plane wave. The (N+1)-port net-
work parameters are derived, and its equivalent circuit
is implemented using VF. In section III, we validate the
concept with three examples: nonlinear loads, TL net-
works, and TL in an enclosure. Further details are dis-
cussed in section IV, and the conclusions are presented
in section V.

II. THEORY ANALYSIS
Figure 1 (a) illustrates a typical scenario of an N-

port TL network illuminated by a plane wave. Using
Thevenin’s theorem, this can be translated into the prob-
lem shown in Fig. 1 (b).

In Fig. 1 (b), Vm
OC represents the open-circuit volt-

age at port m due to plane-wave illumination. Since cou-
pling is a linear process, we can use the circuit shown in
Fig. 2 to establish a connection between the external field
and the open-circuit voltage. This circuit consists of an
input impedance and a current-controlled voltage source.
The voltage source VEMI has the same waveform as the

(a) (b)

Fig. 1. TL networks subject to (a) plane wave illumina-
tion and (b) its equivalent representation.

external excitation field. The input impedance at port m
can be expressed as:

Zinm(s) = r · V oc
m (s)

VEMI(s)
. (1)

In (1), r represents the transresistance of the current-
controlled voltage source, which is typically set to 1.
However, to prevent Zin from becoming numerically too
small, the transresistance may be scaled to minimize
numerical errors.

Fig. 2. Circuit connected VOC and VEMI .

Once we have established the connection between
the VOC in Fig. 1 (b) and the external field with the circuit
shown in Fig. 2, we will then get the circuit as shown in
Fig. 3.

Network parameter analysis is widely used in circuit
analysis. In this paper, we will treat the external field as
an additional port. The open-circuit impedance represen-
tation of Fig. 3 is expressed by:

V (s) = Z (s) I (s) . (2)
Then, the elements of the impedance matrix can be

obtained with all the other ports left open-circuit:

Zij (s) =
Vi (s)
Ij (s)

, Ik (s) = 0,∀k ̸= j. (3)

Suppose the intrinsic Z-parameter of the TL network
under consideration is:

ZIntr. =

 ZIntr.
1,1 · · · ZIntr.

1,N
...

. . .
...

ZIntr.
N,1 · · · ZIntr.

N,N

 . (4)
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Fig. 3. Extended (N+1)-port network, and external fields
are fed from the (N+1)-port.

(1) When i≤N and j≤N, since the (N+1)th port is
open circuit, the network parameters at these locations
remain consistent with the intrinsic part.

(2) When i=N+1 and j≤N, the external fields are
not affected by the parameters of the TL network, so the
parameters for these positions are set to 0:

ZExtd.
i,j = 0. (5)

(3) When i≤N and j=N+1, which means all the
ports are open-circuited except for the external one, then
Zi, j

Extd can be obtained through a simple circuit analy-
sis:

ZExtd.
i,N+1 =

Vi

IN+1
=−ri

Zin1Zin2 · · ·ZinN

Zini

riZini

N

∑
m=1

Zin−1
m . (6)

(4) When i=N+1 and j=N+1, then ZExtd
N+1,N+1 can

be determined through a straightforward circuit analysis:
ZExtd.

N+1,N+1 =
VN+1
IN+1

= Zin1Zin2 · · ·ZinN . (7)

For N-port network illuminated by plane-wave, the
extended Z-parameters can be expressed as:

ZExtd. =



− r1
Zin1 ∑

N
m=1 Zin−1

m

ZIntr. ...
− rN

ZinN ∑
N
m=1 Zin−1

m

0 0 0 1
∑

N
m=1 Zin−1

m



=



ZIntr.
1,1 · · · ZIntr.

N,1 − r1
Zin1 ∑

N
m=1 Zin−1

m
...

. . .
...

...
ZIntr.

1,N · · · ZIntr.
N,N − rN

ZinN ∑
N
m=1 Zin−1

m

0 · · · 0 1
∑

N
m=1 Zin−1

m


. (8)

When N=2, the network extends to a three-port net-
work, and the Z-parameter is written as:

ZExtd. =


ZIntr.

1,1 ZIntr.
1,2 −r1

Zin2
Zin1+Zin2

ZIntr.
2,1 ZIntr.

2,2 −r2
Zin1

Zin1+Zin2

0 0 Zin1Zin2
Zin1+Zin2

 . (9)

So far, we have derived the extended Z-parameter.
This can be translated into other network parameters,
such as the Y-parameter or the S-parameter, which are
typically presented in textual form. If the electromag-
netic designer only needs to provide the results of the
field analysis to the circuit designer, their task is con-
sidered complete at that point. As a black-box modeling
method, most circuit solvers can identify network param-
eters, but they do not necessarily support the use of net-
work parameters for circuit analysis directly, so it is nec-
essary to introduce its circuit implementation.

As a robust numerical fitting method, VF employs
N-order rational functions to fit transfer functions in the
frequency domain [25–27], which denotes:

F(s) =
N

∑
k=1

rk

s− pk
+ se+d, (10)

where s=jω signifies the complex frequency; rk and pk
denotes the k-th residue and pole, respectively, with both
being real or conjugate complex numbers; e and d repre-
sent linear and constant coefficients, respectively.

When residues and poles appear as conjugate com-
plex numbers, the transfer function can be expressed as:

f (s) =
r

s− p
+

r
s− p∗

=
2R(r)s−2(R(p)R(r)+J(p)J(r))

s2 −2R(p)s+(R(p)2 −J(p)2)
(11)

where ℜ and ℑ denote the real and imaginary parts of a
complex number, respectively. Figure 4 illustrates a cir-
cuit implementation of the transfer function expressed in
the impedance domain.

Fig. 4. Equivalent circuit for conjugated residue and pole.

The impedance in Fig. 4 is given by:

Z(s) =
1

1
R+sL + sC+G

=
1
C s+ R

LC

s2 +
(R

L + G
C

)
s+ 1+GR

LC

. (12)



343 ACES JOURNAL, Vol. 40, No. 04, April 2025

By comparing (11) and (12), the value of the lumped
elements in Fig. 4 can be determined:

C = 1
2ℜe(r)

G =−ℑ(p)ℑ(r)+ℜ(p)ℜ(r)
2ℜ(r)2

L = 2ℜ(r)3

ℑ(p)2(ℑ(r)2−ℜ(r)2)

R = 2ℜ(r)2(ℑ(p)ℑ(r)−ℜ(p)ℜ(r))
ℑ(p)2(ℑ(r)2−ℜ(r)2)

.

(13)

Although VF can be used to model multi-port net-
works, we recommend fitting the TL network and Zin
in Fig. 3 separately. This approach is more straightfor-
ward and allows for equivalent circuit modeling of TLs
through alternative methods. For a more comprehensive
understanding of TL network modeling methods, readers
can refer to [28, 29].

A brief description of the (N+1)-port black-box
modeling is:

(1) Obtain the transfer function from full-wave sim-
ulation or measurement.

(2) Building an extended network incorporates
external excitation interaction with the process in (2) to
(10).

(3) Fitting the network parameters uses VF, while
implementing the circuit employs lumped components.

(4) Performing the field-line coupling analysis in
circuit solver.

III. VALIDATION STUDIES
A. Microstrip line terminal with nonlinear load

The first example involves a two-port network, with
the detailed geometry shown in Fig. 5. It consists of a
single MSL with a width of 1.5 mm, situated on a sub-
strate with a dielectric constant of 2.2 and a thickness of
0.8 mm. The overall dimensions of the board are 80×60
mm, and the thickness of the conductor layer is 35 µm.
A plane wave propagates along the −z-axis, and the elec-
tric field is oriented along the x-axis.

Fig. 5. MSL section geometry diagram.

The excitation waveform is double exponential
pulses, which is defined as the early time high-altitude
electromagnetic pulse waveform in IEC 61000-2-9 [30],
which is denoted as:

s(t) = E0k
(

e−αt − e−β t
)
. (14)

In this study, the parameters are set as E0 =50 kV/m,
k=1.3, α =4×107 s−1, and β=6×108 s−1, with the
waveform shown in Fig. 6.

Fig. 6. High-altitude electromagnetic pulse waveform in
time domain.

To obtain the extended network parameters for this
study, full-wave simulations were conducted to deter-
mine each element in the matrix. Subsequently, the input
impedance Zin and TL networks were fitted from 10
MHz to 10 GHz using VF. Figure 7 illustrates the fitting
results of Zin, while Fig. 8 presents the full-wave calcu-
lations and the fitting results of the S-parameters of the
TL, demonstrating good agreement between them.

(a)

(b)

Fig. 7. (a) Amplitude and (b) phase of the input
impedance (Zin) of port 1, with the dashed line repre-
senting the VF results.

After the network parameters are determined and
the circuit is implemented, their effectiveness is verified.
In the validation example, port 1 is connected to a 50Ω

resistor, while port 2 is connected to a nonlinear diode,
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(a)

(b)

Fig. 8. (a) Amplitude and (b) phase response of the MSL
corresponding to the geometry shown in Fig. 5. The
dashed lines represent the vector fitting (VF) results.

with its equivalent circuit depicted in Fig. 9, and the non-
linear I−V equation of the diode is:

I =
{

0, U < 0
I0(exp

e
kT U −1), U ≥ 0

, (15)

where I0 = 5×10−5A signifies the reverse saturation cur-
rent, T=300 K, e denotes the elementary charge, and k
represents the Boltzmann constant.

Fig. 9. Equivalent circuit of the diode.

Figure 10 shows the calculation results of the full-
wave and extended network parameters, and the two
agree well. Note that the peak occurrence time of the
induced voltage does not coincide with that of the exci-
tation voltage.

B. MSLs with multi-ports
In general, TL networks are more of a concern in the

EMC community or industry. In this example, a network
with five-port is studied. Figure 11 shows the detailed
geometry, four-port are connected between the MSL ter-
mination and the reference ground plane, with one-port

(a)

(b)

Fig. 10. Induced voltage on (a) resistor and (b) diode.

Fig. 11. Pair of microstrip lines exposed to plane-wave
illumination.

spanning MSLs. This configuration is more realistic and
closely resembles a typical PCB layout.

The impressed electric field, as shown in Fig. 11,
consists of a plane wave incident normal to the ground
plane, with the electric field aligned along the TL axis.
The incident waveform is considered as a narrowband
HPM [31], illustrated in (16):

Einc(t) =


E0

t
tr

sin(2π f0t) 0 < t < tr
E0 sin(2π f0t) tr < t < tr + τ

E0

(
τ+tr+tf

tf
− t

tr

)
tr + τ < t < tr + tf + τ

,

(16)
where E0 denotes the peak electric field strength; τ sig-
nifies the pulse width; tr and t f represent the rise time
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and fall time, respectively; f 0 is the carrier frequency of
the HPM pulse. In the following example, E0 =10 kV/m,
τ =4 ns, tr =t f =0.5 ns.

Once again, we need to extract the extended network
parameters and implement the circuit. For the sake of
brevity, we will not present this section in detail. Instead,
we will show the results obtained from both full-wave
simulations and this method when the port is terminated
with various loads. Figure 13 shows the induced volt-
age for each load in the circuit configuration shown in
Fig. 12. It can be observed that the full-wave calculations
are consistent with the method presented in this paper.
The value of the induced voltage depends on the type
and value of the load. Due to the presence of the energy
storage element, the induced voltage does not immedi-
ately return to zero after the pulse ends, as discussed in
detail in [3].

Fig. 12. Schematic of port configuration.

(a)

(b)

Fig. 13. Continued.

(c)

(d)

(e)

Fig. 13. Induced voltage at different loads: (a-e) repre-
sent the induced voltages on ports 1-5, respectively.

C. MSL in perforated metallic enclosure
To resist the threat of HPEM, designers often use

metal enclosures to protect the internal circuitry, how-
ever, due to the need for ventilation or wiring, there will
be some slots or apertures in the cavity, which degrades
the shielding ability of the cavity. Therefore, we need to
evaluate the immunity of circuits in a perforated metal-
lic enclosure. In this example, a two-port TL located in a
perforated enclosure as shown in Fig. 14 is considered.

In this example, the enclosure dimensions L×W×H
are 22×17×5 mm, and the dimensions of the perfo-
rated rectangular aperture are cx×cy=5×1 mm. The sub-
strate measures a×b×c=20×15×0.8 mm with a dielec-
tric constant of 2.2. The length and width of the MSL
are 20 mm and 1 mm, respectively. The TL is then illu-
minated by a plane wave with the propagation direction
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Fig. 14. Schematic of the two-port circuit illuminated by
IEMI source.

k=(0, 0.154, -0.988), which deviates slightly from the
−z-axis. The waveform is a Gaussian waveform, as
shown in Fig. 15.

Fig. 15. Time domain representation of incident Gaus-
sian waveform.

The expression for the waveform is given as:

Einc(t) = E0 cos(2π f0t)e−
(

1
2σ2 (t−td)

)2

, (17)

where E0 =20 kV/m, σ=1 ns, f 0 =2 GHz and td =5
ns. Port 1 is connected to a 2 GHz rectangular pulse cur-
rent source, and port 2 is connected to a 50 Ω resistor.
It can be regarded as a clock signal in a digital system.
Figure 16 shows the signal on the resistor. The method
described in this paper is consistent with the full-wave
results. Additionally, we observe that the signal under-
goes significant distortion under the illumination of an
external field.

Fig. 16. Induced voltage on the resistor.

IV. DISCUSSION
In this work, we have developed an extended net-

work parameter to model TL under external field illumi-
nation. The following discussion highlights several key
issues that need to be addressed.

(1) In general, the coverage of network parameters
should cover the frequency band we are interested in. In
the case of the presence of nonlinear loads, the influence
of harmonics should also be considered. The extraction
range of network parameters should cover as many har-
monics as possible.

(2) The simulation may encounter convergence
issues due to the model being established within a finite
bandwidth, which can result in non-causal responses.
Relevant solutions can be found in [19]. Additionally,
circuit convergence can be affected by the violation of
passivity in the macromodel. Thus, during vector fitting,
the passivity of the model should be ensured.

(3) In this paper, we have introduced the Z-
parameters, through which we observe the clear influ-
ence of external fields. However, S-parameters are sup-
ported by a broader range of circuit solvers. Certain sim-
ulation software, like ADS, facilitates direct frequency
domain analysis using S-parameters. In some instances,
using a circuit file, such as a SPICE netlist, may be more
suitable for compatibility reasons, as it is widely sup-
ported.

(4) The last issue is its applicability. Although this
paper mainly focuses on MSLs, the theory can also be
generalized to other types of TLs, such as cables. In
addition, in the verification section of the paper, electro-
magnetic data primarily originates from full-wave sim-
ulations. As mentioned earlier, electromagnetic data can
also be obtained through measurements using a network
analyzer test in an electromagnetic anechoic chamber or
a transverse electromagnetic cell.

V. CONCLUSION
In this study, extended network parameters were

proposed and applied for the analysis of TLs under
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external field irradiation. We demonstrated their effec-
tiveness through three examples, involving both shielded
and unshielded scenarios, linear and nonlinear loads,
as well as single TL and TL networks. The simulation
results from the circuit were consistent with the full-
wave simulation results but required less computation
time. The extended network parameters incorporate the
influence of external fields, enabling the analysis of field-
line coupling problems within the circuit solver with-
out the need for repeated field calculations. Furthermore,
this method facilitates a direct connection between the
electromagnetic solver and the circuit solver, allowing
the export of electromagnetic calculation results to the
circuit solver. This approach is particularly suitable for
large-scale projects that necessitate collaborative design
efforts among multiple designers in the realm of electro-
magnetic and circuits.
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