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Abstract—Traditional modeling of passive intermodulation
(PIM) for microstrip transmission lines is limited by the form of
nonlinear source, the topology of the microstrip transmission line,
and the computational complexity of the model. In this work, we
propose a nonlinear coupled-wave model based on typical PIM
modeling frameworks, in which the distributed nonlinear sources
are rigorously derived using nonlinear mixing theory and formu-
lated in the frequency domain to facilitate structural extension.
Moreover, a self-consistent solution to the nonlinear model is
proposed to efficiently capture complex nonlinear mixing and
interaction in the microstrip transmission lines. The validity of
the developed model is confirmed by the near-field measurements
of PIM distribution along the microstrip transmission line, and
the reverse and forward PIMs are also measured on various
samples to further validate the accuracy of the proposed model.
Finally, the nonlinear coupled-wave model is extended to a more
general form with the aid of full-wave simulation in multiphysics
software COMSOL, and the consistency between the nonlinear
coupled-wave model and the full-wave version demonstrates the
feasibility of structural extension. The PIM distribution and
variation at the different bending positions in bent microstrip
transmission lines are also analyzed.

Index Terms—Distributed nonlinearity, microstrip transmis-
sion line (MTL), nonlinear model, passive intermodulation (PIM).

I. INTRODUCTION

THE interference caused by passive intermodulation (PIM)
near the receiving frequency band has become more

significant due to the increasing sensitivity requirements of
advanced mobile communication systems [1]. PIM refers to
spurious spectral components that arise from weak nonlinear-
ities in passive devices such as ferrite isolators and circulators

Received 12 December 2024; revised 14 February 2025
and 27 March 2025; accepted 31 March 2025. Date of publication
23 April 2025; date of current version 16 September 2025. This
work was supported in part by the National Natural Science
Foundation of China under Grant 61975177, Grant U20A20164, and
Grant 62122067; and in part by Zhejiang Provincial Natural Science
Foundation under Grant LR21F010003. (Corresponding authors:
Wei E. I. Sha; Wenchao Chen.)

Wenbo Wang, Wenchao Chen, Yimin Wang, and Huali Duan are with
the College of Information Science and Electronic Engineering, Zhejiang
University, Hangzhou 310058, China, and also with Zhejiang University-
University of Illinois Urbana Champion Institute, International Campus,
Zhejiang University, Haining 314400, China (e-mail: wenbow@zju.edu.cn;
wenchaochen@zju.edu.cn; yimin.20@intl.zju.edu.cn; hualiduan@zju.edu.cn).

Shuai S. A. Yuan and Wei E. I. Sha are with the College of Information
Science and Electronic Engineering, Zhejiang University, Hangzhou 310058,
China (e-mail: shuaiyuan1997@zju.edu.cn; weisha@zju.edu.cn).

Digital Object Identifier 10.1109/TMTT.2025.3558262

[2], [3], [4], [5], coaxial connectors [6], [7], [8], [9], [10],
duplexers [11], [12], [13], and antennas [14], [15], [16], [17].
PIM is caused not only by the nonlinearity of metal contacts
and materials [18] but also by any nonlinearity on the path
of multiple high-power signals. It is worth noting that PIM
products may result from the combined action of multiple
physical mechanisms.

Microstrip transmission lines are widely used in planar
and radio frequency integrated circuits (RFICs) due to their
cost-effectiveness, reliability, and ease of integration. In prac-
tical applications, microstrip transmission lines are inevitably
accompanied by the generation of PIM interference. Due to
the complex physical origin of nonlinearity, many behavioral
models are often used to predict the distribution of PIM [19],
[20], [21], [22]. The existing research on the effects of copper
foil structure, surface roughness, and foil–dielectric interface
in printed transmission lines has shown that the PIM sources
are nonlocally distributed along the signal path [23], and some
PIM models based on electrothermal coupling and nonlinear
resistance have been proposed [24], [25], [26], [27], [28].
These studies have greatly promoted the research on PIM
generation in the microstrip transmission lines.

However, there are still some issues that deserve to be
addressed in the PIM models. First, the forms of distributed
nonlinear sources are not rigorous enough, and the analytical
models based on transmission line equations in the time
domain exhibit high computational complexity. Second, most
PIM models adopt uniform transmission line equations, limit-
ing their applicability to microstrip structures with arbitrary
topology. Therefore, it is highly valuable to develop PIM
models capable of supporting structural extension with low
computational complexity, which could facilitate the optimiza-
tion of PIM levels in various configurations of microstrip
transmission lines. To the authors’ best knowledge, few studies
have endeavored to develop such PIM models that meet these
aforementioned requirements.

In this article, a more rigorous form of the nonlinear
source is derived based on the theory of nonlinear mixing
and wave propagation and is coupled with the frequency-
domain equation of the uniform transmission line to accurately
exhibit the generation of nonlinear signals. Furthermore, a
self-consistent numerical method is proposed, which integrates
the linear electromagnetic field solution into the nonlinear
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Fig. 1. Schematic of the nonlinear microstrip transmission line. The harmonic
components arise due to N distributed nonlinear sources. The direction
along the signal path is set as x-direction, and the length of the microstrip
transmission line is l.

equation to solve for the PIM distribution. This approach
not only reduces computational complexity but also facilitates
the extension of PIM simulations to 3-D microstrip lines.
Finally, the nonlinear coupled-wave model is implemented
in the commercial software COMSOL to simulate PIM in
3-D microstrip lines with specific topological structures. This
approach facilitates the investigation of low-PIM structure
designs and the influence of multiphysics effects on PIM.

This article is organized as follows. The nonlinear coupled-
wave model of microstrip transmission lines and the corre-
sponding self-consistent solution are discussed in Section II.
The practical validation of the proposed model is presented
in Section III. The extension of the nonlinear coupled-wave
model implemented by the COMSOL, and the PIM distri-
bution and variation with different bending positions in bent
microstrip transmission lines are explored in Section IV. The
conclusion summarizes the main findings.

II. NONLINEAR COUPLED-WAVE MODEL AND
SELF-CONSISTENT SOLUTION

This section presents the nonlinear coupled-wave model and
the corresponding self-consistent numerical solution method.
Initially, a more rigorous form of the distributed nonlinear
sources is derived based on the theory of nonlinear mixing and
interference. Building on this, the distributed nonlinear sources
are incorporated into the uniform transmission line equations
to capture the nonlinear PIM response in the frequency
domain. Finally, a novel self-consistent numerical method is
introduced to couple the linear solution with the nonlinear
equations, iteratively refining the solution for the nonlinear
components.

A. Modeling of Nonlinearity in Microstrip Transmission
Lines

Considering a nonlinear microstrip transmission line excited
by a two-tone signal, the harmonic components arise from
the distributed nonlinear sources within the signal path, as
shown in Fig. 1. Although the physical mechanisms underlying
PIM generation in microstrip transmission lines may vary, the
resulting PIM products stem from nonlinear motion or scatter-
ing of electrons within the signal path at the microscopic scale

Fig. 2. Equivalent circuit model of the nonlinear microstrip transmission line.
Rn(I) is the nonlinear resistance, and dx is an infinitesimal element along the
signal path of the microstrip transmission line.

and can be described macroscopically as the nonlinear con-
ductivity of the microstrip transmission line [26], [29], [30].
Furthermore, PIM products in microstrip transmission lines
originate from the nonlinear mixing and interaction between
fundamental carrier components at each position according to
the theory of parametric harmonic generation [31], highlight-
ing the close relationship between the nonlinear sources and
the fundamental carrier components.

Only one of the third order PIM products at (2ω1 − ω2) is
discussed in the following. Harmonic components of second-
order and higher generally have little effect on distortion
at the frequencies of interest since they can be easily fil-
tered out by filters. The analytical solutions for fundamental
carrier currents I(x, ω1) and I(x, ω2) along the microstrip
transmission line in the frequency domain take the form
of e± jk1 x and e± jk2 x, respectively, where k is the propa-
gation constant. Therefore, the distributed nonlinear current
sources generated by the nonlinear mixing should be written
as Cn I(x, ω1) I(x, ω1) I∗(x, ω2), where Cn is the nonlinear
coefficient, so that the nonlinear current wave I(x, 2ω1 − ω2)
can rigorously satisfy the form of e± j(2k1−k2)x in terms of
amplitude and phase. PIM signals depend on the type of
source, which can be of voltage, current, or power type, and the
voltage source is used in the following calculation. Therefore,
the distributed nonlinear voltage source can be calculated as

Uns = RnI (x, ω1) I (x, ω1) I∗ (x, ω2) (1)

where Rn represents the nonlinear resistance of the microstrip
transmission line, which is influenced by the nonlinear scatter-
ing effect from a microscopic perspective and can be affected
by temperature, parameters of the manufacturing process, and
fabrication tolerances [30], [32]. The nonlinear resistance Rn

is simplified to a statistical parameter during calculation.
The equivalent circuit model of a uniform microstrip

transmission line with distributed nonlinear voltage sources
is shown in Fig. 2. The parameters R0, L0, G0, and C0
are per-unit-length component parameters of the microstrip
transmission line and can be extracted from S-parameters.
Moreover, these component parameters are dispersive, so the
corresponding component values should be applied at different
frequencies.

To realize lower computational complexity compared to
most existing analytical models built in the time domain,
the nonlinear coupled-wave model for microstrip transmission
lines is formulated in the frequency domain. Since the prop-

Authorized licensed use limited to: Zhejiang University. Downloaded on October 29,2025 at 07:24:45 UTC from IEEE Xplore.  Restrictions apply. 



WANG et al.: NONLINEAR FREQUENCY-DOMAIN MODEL OF PASSIVE INTERMODULATION 6289

agation of the nonlinear signal still satisfies the telegrapher’s
equations at the intermodulated frequency, the equations of the
nonlinear microstrip transmission line are given as follows:

∂U(x, ω)
∂x

ˇ̌̌̌
ω=2ω1−ω2

= − (R0 + jωL0) I(x, ω) − Uns (2)

∂I(x, ω)
∂x

ˇ̌̌̌
ω=2ω1−ω2

= − (G0 + jωC0) U(x, ω) (3)

where the distributed nonlinear voltage source Uns has been
given by (1). By further differentiating all the terms in (3) with
respect to x, and combining the result with (2), the resulting
second-order differential equation for I(x, 2ω1 − ω2) is given
as follows:

∂2I(x, ω)
∂x2

ˇ̌̌̌
ω=2ω1−ω2

= γ2I(x, ω) + (G0 + jωC0)Uns (4)

where γ is the propagation constant and can be obtained as

γ =
p

(R0 + jωL0) (G0 + jωC0)|ω=2ω1−ω2
. (5)

It should be noted that (4) is an approximation because the
PIM signals and carriers are not orthogonal in the power met-
ric. Unlike fundamental carrier signals, the nonlinear harmonic
signals in microstrip transmission lines are solely generated
by distributed nonlinear sources without external excitation.
Therefore, the boundary conditions for the nonlinear equations
are given as follows:

ZS (ω)I(x, ω) =

�
1

jωC0 + G0

�
∂I(x, ω)
∂x

ˇ̌̌̌
x=0

(6)

−ZL(ω)I(x, ω) =

�
1

jωC0 + G0

�
∂I(x, ω)
∂x

ˇ̌̌̌
x=l

(7)

where ZS (ω) is the source impedance and ZL(ω) is the load
impedance at ω = 2ω1 − ω2. If the nonlinear effect at the
boundary is significant, the nonlinear current can be derived
based on the specific nonlinear effects, and the strong nonlinear
voltage source is then added at the boundary for calculation.
Finally, the nonlinear harmonic voltage U(x, 2ω1 − ω2) can
be determined by (2) with the calculated I(x, 2ω1 − ω2). The
reverse PIM and the forward PIM are referred to as the PIM
at circuit input and output ports, which can be determined as
follows:

Prev =
1
2

Re {I(0, 2ω1 − ω2)U∗(0, 2ω1 − ω2)} (8)

Pforw =
1
2

Re {I(l, 2ω1 − ω2)U∗(l, 2ω1 − ω2)} . (9)

B. Solution to the Nonlinear Coupled-Wave Model

Since the distributed nonlinear sources are coupled with
the fundamental carrier components, the analytical solution of
the nonlinear coupled-wave model is complicated. Therefore,
a new self-consistent solution is proposed, and the solution
process is given as follows. First, the finite-difference method
(FDM) [33] is utilized to solve the numerical solution to funda-
mental carrier currents I(x, ω1) and I(x, ω2), so the distribution
of nonlinear sources can be obtained by (1). Second, (4) is
discretized into differential form so that the numerical solution
to distributed nonlinear sources can be incorporated into it,

Fig. 3. Solution process of the nonlinear coupled-wave model for PIM
generation in the microstrip transmission lines. The contribution of harmonic
components to the fundamental carrier components is considered.

and then, the FDM is employed again to solve the nonlinear
harmonic current I(x, 2ω1 − ω2) and voltage U(x, 2ω1 − ω2);
the PIM products can be further calculated using (8) and (9).
Finally, the linear component is corrected, and the nonlinear
component is iteratively updated to ensure the self-consistency
of the model. The flowchart illustrating the solution process
of the nonlinear coupled-wave model is shown in Fig. 3.

More attention needs to be paid to calculating the funda-
mental carrier currents. In fact, the solution of the fundamental
carrier currents I(x, ω1) and I(x, ω2) require iterative cal-
culations because one fundamental carrier component can
be regenerated by the mixing of nonlinear components
with another fundamental carrier component in a nonlinear
microstrip transmission line. Since the PIM product on the
microstrip transmission line is typically more than 100 dB
lower than the carrier power, it can be initially assumed that
the nonlinearity makes little contribution to the generation
of fundamental carrier components, and the self-consistent
solution to the model will be performed later. Therefore, the
nonlinear source is temporarily neglected when solving the
fundamental carrier current distribution, thereby simplifying
the equivalent circuit model of the microstrip transmission
line.

The fundamental carrier voltages and currents along the
microstrip transmission line in the frequency domain are
determined by the following formulas:

∂U(x, ω)
∂x

ˇ̌̌̌
ω1,ω2

= − (R0 + jωL0) I(x, ω) (10)

∂I(x, ω)
∂x

ˇ̌̌̌
ω1,ω2

= − (G0 + jωC0) U(x, ω). (11)
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Fig. 4. Numerical and analytical solutions of fundamental carrier current
along the microstrip transmission line. The analytical solution of the funda-
mental carrier current is consistent with that of the numerical solution.

Since the fundamental carrier components have the excitation
of a two-tone signal at the ports, the boundary conditions at
x = 0 and x = l are given as follows:

ZS (ω)I(x, ω) − Vsδω =

�
1

jωC0 + G0

�
∂I(x, ω)
∂x

ˇ̌̌̌
x=0

(12)

−ZL(ω)I(x, ω) =

�
1

jωC0 + G0

�
∂I(x, ω)
∂x

ˇ̌̌̌
x=l

(13)

where VS is the source voltage and δω is the impulse function
at fundamental carrier frequencies ω1 or ω2.

The microstrip transmission line is discretized into N sec-
tions for numerical calculation, and the spatial derivative of
the current is replaced by the finite-difference (FD) equa-
tions to obtain the numerical solution to the fundamental
carrier currents I(x, ω1) and I(x, ω2). For a lossless and 50-Ω
microstrip line with a length of 300 mm, both the analytical
and numerical solutions of fundamental carrier current in the
frequency domain at frequency f = 900 MHz are shown
in Fig. 4.

The numerical solution to the nonlinear harmonic current
I(x, 2ω1 −ω2) and voltage U(x, 2ω1 −ω2) can be obtained by
combining (1) and (4) with the solutions to the fundamental
carrier currents, which are then used to derive the PIM
products. This model can be verified by the conclusion that as
the length of the microstrip transmission line increases, the for-
ward nonlinear waves are constructively interfered with when
propagating, leading to a monotonic increase of PIM products.
Conversely, the scattered reverse nonlinear wave propagates
with destructive interference, causing the oscillation of PIM
products [25].

C. Self-Consistency Solution to the Nonlinear Model

The contribution of nonlinear harmonic components to the
generation of fundamental carrier components is neglected in
the solution process of fundamental carrier currents I(x, ω1)
and I(x, ω2). In fact, a more rigorous solution to the nonlinear
harmonic current I(x, 2ω1 − ω2) can be obtained if those
contributions are considered. It is known that the contribution
of harmonics to the fundamental components becomes weaker

Fig. 5. Errors in reverse and forward PIMs between self-consistent and
nonself-consistent solutions in the microstrip transmission line and the cor-
rection errors of PIM increase with the rising carrier power.

as the order of harmonics increases. Therefore, just the contri-
butions of I(x, 2ω1 −ω2) and I(x, 2ω2 −ω1) to the generation
of fundamental carrier currents need to be considered. The
corrected fundamental current I(x, ω1) satisfies the following
equations:

∂U(x, ω)
∂x

ˇ̌̌̌
ω1

= − (R0 + jωL0) I(x, ω) − Uns1 (14)

∂I(x, ω)
∂x

ˇ̌̌̌
ω1

= − (G0 + jωC0) U(x, ω) (15)

where the distributed voltage source generated by mixing of
harmonic and fundamental current components is given by

Uns1 = RnI∗ (x, 2ω2 − ω1) I (x, ω2) I (x, ω2) . (16)

The corrected fundamental current I(x, ω2) satisfies the fol-
lowing equations:

∂U(x, ω)
∂x

ˇ̌̌̌
ω2

= − (R0 + jωL0) I(x, ω) − Uns2 (17)

∂I(x, ω)
∂x

ˇ̌̌̌
ω2

= − (G0 + jωC0) U(x, ω) (18)

where the distributed voltage source is

Uns2 = RnI∗ (x, 2ω1 − ω2) I (x, ω1) I (x, ω1) . (19)

The boundary conditions for the calculation of fundamental
carrier components are the same as in (12) and (13). The
corrected fundamental carrier currents are coupled into the
nonlinear equation to update the solution to the nonlinear
harmonic current I(x, 2ω1 − ω2), thereby providing a more
rigorous self-consistent solution for PIM products.

The simulation is performed for a lossless and perfectly
matched microstrip transmission line with a length of 300 mm,
where the carrier frequencies are f1 = 930 MHz and
f2 = 950 MHz. The errors in reverse and forward PIMs
between self-consistent and nonself-consistent solutions are
shown in Fig. 5. It can be observed that the correction errors
of PIM increase with the rising carrier power. From the self-
consistent solution, the nonlinear coupled transmission line
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Fig. 6. Experimental setup of the near-field measurements for PIM distribution
in microstrip transmission lines. (a) Schematic of near-field measurements for
PIM distribution. The microstrip transmission line under test is terminated
with a low PIM-matched load and Tx port of the PIM analyzer, and the
coaxial probe is connected to the RX port of the PIM analyzer. (b) Testing
environment of near-field measurements for PIM distribution in microstrip
transmission lines.

model could satisfy the energy-conservation law compared to
the nonself-consistent version.

III. EXPERIMENTAL VALIDATION OF NONLINEAR MODEL

To validate the developed nonlinear coupled-wave model,
simulation results from the nonlinear coupled-wave model
are compared to the near-field measurements data along the
microstrip transmission line [25]. The near-field measurement
technique follows the methods outlined in [34] and [35], and
the experimental equipment for calibration and near-field mea-
surement includes a PIM analyzer, a vector network analyzer
(VNA), an ideal load, and a coaxial capacitive probe, as shown
in Fig. 6. The experimental test process is given as follows.
First, the probe is connected to the input of the PIM analyzer
to measure the residual PIM of the probe. The VNA is then
used to measure the S parameters to determine the disturbance
and coupling of the probe. Finally, the microstrip transmission
line under test is terminated with the Tx port of the PIM
analyzer and the matched load, respectively. The coaxial probe
is connected to the Rx port of the PIM analyzer to measure
the PIM distribution of the microstrip transmission line. Both
vertical and horizontal probes are used to ensure consistency in
the PIM trend across different directions and minimize probe-
induced interference with the PIM measurements.

Fig. 7. Comparison of PIM distribution from simulation and near-field
measurement [25] along the microstrip transmission line. The near-field
PIM results are measured by the vertical probe and the horizontal probe,
respectively.

TABLE I
PARAMETERS OF THE MICROSTRIP TRANSMISSION LINE UNDER

NEAR-FIELD MEASUREMENT [25]

The parameters of the microstrip transmission line to be
measured are listed in Table I, including the length and
impedance of the microstrip transmission line, the thickness of
substrate board, the dielectric constant εr, and the loss tangent
tan δ of substrate board. The microstrip transmission line is
fed by two 44-dBm carriers at frequencies f1 = 935 MHz and
f2 = 960 MHz. After the test is completed, the measured PIM
needs to be corrected by subtracting the coupling degree of the
probe. The PIM distribution obtained by both the measurement
and simulation is shown in Fig. 7, and the maximum error at
each test point is less than ±5 dB.

The simulation results are derived from the self-consistent
modified model, which accounts for the contribution of nonlin-
ear harmonic components to the generation of the fundamental
carrier component. The value of the nonlinear resistance
Rn = 9.5×10−2 Ω·A−3 ·m−1 has been calculated to equalize the
power levels in the simulations and near-field measurements
at each position. The PIM fluctuation measured by the vertical
probe is larger than that of the horizontal probe because the
vertical and horizontal probes have different interference and
coupling degrees on the field distribution at different positions.

In addition, reverse and forward PIM measurements at
f = 910 MHz are carried out on various microstrip transmis-
sion lines. The microstrip transmission lines are terminated
with the Tx and Rx ports of the PIM analyzer to measure the
reverse and forward PIMs, and the structural parameters are
listed in Table II. To avoid the time-varying nature of PIM
and minimize fluctuations caused by factors such as the test
environment, five times measurements are conducted on each
microstrip line and averaged the results to ensure stability,
and the optimal Rn value is determined by simultaneously
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TABLE II
PARAMETERS OF MICROSTRIP LINE UNDER TEST

FOR REVERSE AND FORWARD PIMS

Fig. 8. Comparison of the simulation and measurement for the reverse and
forward PIMs in various microstrip transmission lines. The prediction errors
of forward and reverse PIMs are less than 3 dB.

minimizing errors between the average test results and the
simulation results of both the reverse and forward PIMs. The
comparison of simulation and measurement results for reverse
and forward PIMs in various samples is shown in Fig. 8. The
results show that the prediction errors for both reverse and
forward PIMs on various microstrip lines fall within a range
of ±3 dB. The test samples exhibit significant variations in
PIM levels due to differences in the manufacturing processes,
such as varying roughness of metal lines.

IV. SIMULATION OF NONLINEAR COUPLED-WAVE
MODELS IN 3-D MICROSTRIP LINES

The structural extension of the nonlinear coupled-wave
model is mainly discussed in this section, including the veri-
fication of the nonlinear coupled-wave model with full-wave
simulation in multiphysics software COMSOL, the compari-
son of PIM distribution between straight and bent microstrip
transmission lines, and the impact of bending position on PIM
distribution.

A. Model Verification With Full-Wave Simulation

The nonlinear coupled-wave model based on the uniform
transmission line equation is limited to predict the PIM
products in uniform microstrip transmission lines, and the
extraction errors in parameters R0, L0, G0, and C0 significantly
affect the PIM calculation in the nonlinear coupled-wave
model. Therefore, the structural extension of the nonlinear
model is necessary. Similar to HFSS, commercial software
COMSOL employs the finite element method (FEM) to solve
Maxwell’s equations based on boundary conditions and is
more capable of incorporating distributed nonlinear sources.

Fig. 9. Distribution of PIM products along the microstrip line calculated by
nonlinear coupled-wave model and full-wave simulation in COMSOL. Lower
PIM levels are observed at specific locations due to the interference between
nonlinear sources and phase matching.

Therefore, the proposed solution in the frequency domain can
be applied to COMSOL for low-PIM design and optimization
in special structures and topologies of microstrip transmission
lines.

The nonlinear modeling method in COMSOL comprises the
following steps. First, the structure of the microstrip transmis-
sion line is built, and Maxwell’s equations are subsequently
employed to conduct a full-wave simulation for solving the
electric field distribution of fundamental carrier components
E(x, ω1) and E(x, ω2). Second, the obtained fundamental
carrier electric fields are utilized to calculate the nonlinear
harmonic current source by the following formula:

J(x, 2ω1 − ω2) = σnE(x, ω1)E(x, ω1)E∗(x, ω2) (20)

where σn is the nonlinear conductivity, which is a microscopic
representation of Rn in the nonlinear coupled-wave model.
Third, the distributed nonlinear sources are incorporated into
the microstrip transmission line by setting the scattering
boundary conditions and introducing external current density
in COMSOL. Finally, a full-wave simulation in the frequency
domain is performed to calculate the nonlinear harmonic
voltage and current at intermodulated frequency. The PIM
distribution along the straight microstrip transmission line with
the parameters listed in Table II is obtained using COMSOL
and the nonlinear coupled-wave model, as shown in Fig. 9.
The deep notch at 25 mm is caused by the mutual interference
of nonlinear waves with different phases generated by the
nonlinear source. This phenomenon can be explained by the
four-wave mixing theory [25].

The simulation results from COMSOL are consistent with
those from the nonlinear coupled-wave model, indicating the
possibility of the nonlinear model for structural extension. The
slight differences originate from the differences in the dimen-
sions of the microstrip lines and the extraction accuracy of
the RLCG element parameters in the nonlinear coupled wave
model. Lower PIM levels are observed at specific locations
due to the interference between nonlinear sources and phase
matching.
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Fig. 10. Structure of the bent microstrip line and the corresponding electric
field at the intermodulated frequency calculated in COMSOL.

Fig. 11. Comparison of the simulation and measurement for the reverse and
forward PIMs in various bent microstrip transmission lines. The prediction
errors of forward and reverse PIMs are less than 5 dB.

B. Structural Extension of Nonlinear Model

In practical circuits, microstrip transmission lines commonly
have bent structures to reduce circuit area or fit a specific
design. Since the reverse and forward PIMs vary significantly
with the reflection coefficient [25], the bent microstrip line
will produce reflections at the corners, which may affect the
distribution of PIM. The structure of the bent microstrip line
and the electric field in COMSOL with the design parameters
listed in Table II are shown in Fig. 10. The PIM distribution
of curved microstrip lines is significantly different from the
PIM distribution of straight microstrip lines [36]. Moreover,
the reverse and forward PIMs of eight bent microstrip lines
are measured at f = 900 MHz to demonstrate the accuracy of
the proposed model, as shown in Fig. 11.

The different bending positions may also influence the
spatial distribution of standing waves in the bent microstrip
line, subsequently affecting the intensity of the nonlinear
sources. For a bent microstrip transmission line with the
parameter listed in Table II, the total length of the substrate
is 457.8 mm, and the length between the two bending points
is 57.8 mm. The impacts of the bending position on the

Fig. 12. Impacts of the bending position in the bent microstrip line on the
reverse and forward PIMs at the ports. Both reverse and forward PIMs oscillate
at half the wavelength, and the oscillation amplitude decreases as the distance
between the bending position and the input port increases.

reverse and forward PIMs at the intermodulated frequency
f = 2.596 GHz are shown in Fig. 12. For different bend-
ing positions, both the reverse and forward PIMs oscillate
with a period of half the wavelength. The amplitude of
forward PIM is slightly affected by the bending position
because the forward nonlinear wave propagates with con-
structive interference, but it is also affected by the reflected
waves and oscillates with the bending position. However,
the amplitude of the reverse PIM is significantly affected
by the bending position because the scattered reverse non-
linear waves propagate in a destructive interference manner,
and the loss and reflection levels at different bending posi-
tions also affect the reverse PIM. Therefore, it is necessary
to choose a suitable bending position so that both reverse
and forward PIMs are at low levels in the bent microstrip
lines.

V. CONCLUSION

In this article, a rigorously formulated distributed nonlinear
source is proposed based on nonlinear mixing theory, which
is then incorporated into the transmission line equations to
establish the nonlinear coupled-wave model in the frequency
domain. Furthermore, a self-consistent method is proposed
to solve the nonlinear model, and the FDM is used to
reduce computational complexity. The validity of the theo-
retical model is confirmed by the good agreements between
predictions and results obtained from near-field measurements
and tests of reverse and forward PIMs on a series of microstrip
transmission lines. Subsequently, the consistency between the
PIM distribution of the uniform microstrip line from full-
wave simulation and the nonlinear coupled-wave model is
verified, and the extended full-wave model works well for
the modeling of bent microstrip transmission lines. Finally,
the PIM distribution of the bent microstrip transmission line
and the influence of bending position on the PIM distribu-
tion are discussed, thus providing guidance for the structural
design and optimization of low-PIM microstrip transmission
lines.
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