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Abstract— Passive intermodulation (PIM) has been identified
as one of the common root causes for receiving sensitivity
degradation (desense) on radio-frequency (RF) antennas working
in frequency-division duplex mode. The component-level PIM
characterization and simulation have been well-established over
the years. However, the study has been using an ideal 50 Q
transmission line system while antenna modules are more
complicated than a simple transmission line structure. Moreover,
the metallic contacts can exist in multiple locations with different
connection topologies in real applications. This paper provides a
method to simulate the PIM performance caused by the metallic
contacts in a practical environment. In addition, the design of
experiment (DoE) analysis is conducted to understand the
statistical relationship between the component nonlinearity and
the total PIM levels. Prioritizing the critical contact locations
design insights including what-if scenario studies are found with
the DoE.

Keywords— Design of experiment, desense, radio frequency,
antenna, passive intermodulation.

[. INTRODUCTION

With the increasing trend of compact designs and high-speed
wireless communications on consumer electronic devices,
radio-frequency (RF) interference has become a common
engineering consideration [1]. The interfering spectrum,
generated by the nearby integrated circuits (ICs) modules or
channels, may contaminate the receiving band of an RF antenna
and thus cause desense problems [2—5]. Those straightforward
RF interference problems have been well studied over the years
with clear modeling methods for noise source and coupling path
[6,7]. However, passive intermodulation (PIM) has been
identified as another mechanism for desense problems that have
higher complexity [8]. In frequency-division duplex (FDD)
mode operating wireless systems, PIM can cause spectrum
leakage from the high-power transmitting (TX) signals to the
receiving (RX) channels. Non-ideal metallic contacts are the
potential PIM sources due to the existence of a thin oxide layer
between the contact interfaces [9,10]. Researchers have spent
significant efforts in PIM modeling of the standard RF
accessories [11—14], but those components or devices do not
have a direct relationship to consumer electronic products. As
the involved metallic components in the electronic devices (such
as springs, gaskets, and conductive foams/tapes) are not coaxial
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structures, a special test fixture is needed to conduct the
component-level PIM characterizations [15].

When it comes to the system-level PIM or desense
estimation, there are two more challenging parts: 1) those
components show significant variations in PIM performance
because of multiple factors such as manufacturing tolerance
[16], material defects [17], mechanical conditions [18], etc., and
2) multiple metallic contacts are involved in an RF antenna
module. These two factors make the practical PIM analysis more
challenging. However, this multiple-PIM-source scenario can be
converted into a statistical problem with multiple continuous
random variables (potential random level PIM sources) and one
response (total PIM at the antenna port). Design of experiment
(DoE) is suitable for conducting screening and analyzing the
effects of multiple variables on the response [19]. Thus, with the
appropriate nonlinear modeling method and DoE, the practical
PIM study with multiple PIM sources can be readily conducted.

In this paper, the component-level nonlinearity modeling is
introduced. Then, for the complete RF antenna module, an
equivalent circuit model (with the potential PIM source’s
locations preserved) is extracted from a full-wave simulation.
Plugging the nonlinear components into the circuit model the
system-level PIM is estimated as running a circuit simulation.
With DoE, statistical analysis is conducted. The criticalness of
each PIM source is prioritized, which can serve as guidance for
engineers to mitigate the PIM-caused desense problems.

II. EQUIVALENT CIRCUIT WITH MULTIPLE PIM SOURCES

As discussed, an RF antenna module can consist of multiple
potential PIM sources. To comprehensively model the entire
antenna module with both the electromagnetic (EM)
characteristics and the nonlinearity, a full-wave simulation is
required with some specific handlings (discussed in
subsection B). A simplified polynomial expression of the I-V
curve is used to represent the nonlinear property of each
individual metallic contact component. The nonlinearity level
can be tuned by adjusting the corresponding polynomial
coefficients. Then those nonlinear components can be plugged
into the full-wave simulated model for the system-level PIM
study.
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A. Component-level PIM Representation

For the nonlinearity representation of the metallic contacts,
polynomial expansion of the I-V relationship is a
straightforward and intrinsic method. The voltage expressed in
terms of current is written as:

V.

out

=a,+al, +al +al + )
As the interested nonlinearity in PIM only includes the
sideband frequency components, all the even order coefficients
in (1) can be omitted. Furthermore, most of the PIM related
studies use two-tone injection (to mimic the TX signal) and use
the 3" order inter-modulated product (IM3) to serve as a figure-
of-merit for nonlinearity level representation [15]. Thus, the
polynomial expression can be further reduced as:
V

out

=al, +a,l;
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When two-tone (fi, f>, and f; < f,) mimics the TX, the
equation is changed to:

I (t)=1,cos2rx fit+1,cos2r fyt 3)
V.. (@) =al,(cos2x fit +cos2r ft)+
a, I3 (cos’ 27 fit +cos’ 27 fyt + “)
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where I, is the current amplitude of each tone. As Fig. 1 (a)
shows, the two equal-power sinusoidal waves are combined and
injected into the nonlinear I-V, and the sideband is therefore
generated. Thus, the IM3 product can be found as:

IM3 upper )= —a31300s(272'(2f2 =)o), (5)

and the lower side IM3 product (2f; — f,) is expressed similarly
as (5). Given a constant amplitude of the input RF current, the
nonlinearity created IM3 level is determined by the coefficient
a;. In other words, a3 can be a tunable variable to provide the I-
V component with different levels of nonlinearity (demonstrated
in Fig. 1 (b)). This nonlinear I-V method has been adopted as
one of the effective ways to correlate with PIM performance
experimentally [20]. It is worth to emphasize that this [-V
representation in (3) assumes no reflection (or negligible) of the
TX signal along the RF path. Fortunately, this is usually a
reasonable assumption because the metallic contacts often have
very small impedance.

B. Full-wave Extraction Workflow

In the RF antenna modules, however, the scenario with
multiple PIM sources involved is more sophisticated. In
Fig. 2 (a), for example, the antenna system consists of the
antenna structure (embedded on the edge of the chassis frame)
and the tuning circuits on flexible PCBs. Therefore, the RF
current flow is more complicated than a transmission line system
with a matched termination. Moreover, the metallic contact
components are scattered at different locations and serve
different purposes: in this example, the fork-shaped springs are
for grounding purpose to connect the flexible PCB return planes
with the metal chassis ground (Fig. 2 (b), shunt connections in
the antenna circuit), while the pad-ring receptacles with screws
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Fig. 2. Illustration of an RF antenna module with multiple potential PIM

sources: (a) top view; (b) cutting plane cross-sectional view.

connect the antenna structure with the flexible PCBs (series
connections).

A full-wave simulation is required to correctly represent the
EM characteristics of the entire antenna system. This step is the
most time-consuming part due to the high complexity [21], but
only need to be done once. However, all the metallic contact
locations should be preserved as lumped ports for the later
insertions of nonlinear I-V blocks. The detailed handlings of the
contacts are illustrated in Fig. 3. It is worth noting that although
the port definitions have slight offset to the actual PIM source
locations (e.g., only the tiny spring tip is the location of actual
dominant PIM generation but the full-wave model cuts away a
longer segment to insert the port), the metallic components are
electrically small because their dimensions are within millimeter
range. The eventual full-wave model of the entire antenna
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Fig. 4. Extracted equivalent circuit model for system-level PIM estimations.

system is shown in Fig. 3 (c), port 1 is the coaxial cable
connection location to the antenna, and ports 2~6 are preserved
for 5 potential PIM locations.

Because all the potential PIM source locations are defined as
50 Q ports, the simulation can generate multi-port S-parameters
for post-processing. Except for the one port used for RF current
injection, all the other ports can be plugged in with the nonlinear
I-V block discussed in Section II. A (Fig. 4). With the equivalent
circuit model extracted from a full-wave simulation, the system-
level PIM estimation is as simple as running a circuit simulation
(e.g., Harmonic Balance solver in ADS, or other equivalent
tools) with any combinations of the nonlinear I-V blocks. The
generated PIM power is observed at port 1. The extracted S-
parameters can be re-used over and over to investigate different
contact quality scenarios. This enables a faster simulator that can
generate massive data for statistical analysis.

III. DOE ANALYSIS ON MULTIPLE TUNABLE PIM SOURCES

As discussed in Section II, each nonlinear component can be
nonlinearity-tunable and be plugged into the equivalent circuit
model for fast system-level PIM simulation. Therefore, the
multiple PIM analysis can be considered as a scenario with
multiple input variables and one output response. Statistical
methods such as DoE can be utilized as a tool for this study.
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A. Statistical Data Generation Process

Once the most time-consuming full-wave simulation is
finished, the extracted S-parameters allow fast -circuit
simulations to generate massive amounts of data for the
statistical study. As shown in Fig. 5, the 3™ order polynomial
coefficients of the individual potential PIM sources can function
as random variables to represent different PIM levels of each
contact (discussed in Section II. A), then the DoE tool (for
example, DoE function embedded in ADS, or more
sophisticated tools like JMP) can provide a list of variable
combinations for the simulator to run all those given cases (can
be understood as a batch simulation). After obtaining the
responses for all the cases, a full list with both inputs and output
can be put back into the DoE tool for statistical result analysis.

There are five PIM sources of interest (Fig. 3) in this antenna
module example. All the coefficients of a; were set to be fixed
value of 0.2 (for demonstration purposes, so any small number
indicating a lower than 1 Q resistance should be reasonable).
The range of the coefficients a; of all the PIM components
range from 0.1 to 40 (same as in Fig. 1 (b)). The total generated
PIM power of the entire antenna module can be found easily for
every combination of the coefficients.

B. DoE Analysis of the Statistical Results

With all the random combinations of the coefficients and the
corresponding responses obtained, statistical analysis can be
conducted. Firstly, the Pareto results can be generated to
prioritize the importance of the factors. As shown in Fig. 6, PIM
locations #3 and #4 are the most dominant contributors while the
other PIM sources have a much weaker impact on the total PIM.

Pareto Chart for Prioritizing the Importance of Factors
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Fig. 6. Pareto chart result of multiple PIM source locations.
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Fig. 7. DoE analysis results under different configurations: (a) original case,
all PIM sources are poor; (b) only the two critical sources are mitigated; (c)
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Furthermore, the DoE tool has the capabilities for the
distribution analysis and what-if scenario predictions. For
example, in Fig. 7 (a), the original case, all the cursors were
placed at the middle values. If the random variables are specified
with certain distributions (for demonstration purpose only here,
use Gaussian distributions, but can be other random
distributions), the distribution of the output PIM result can be
found. If the two dominant PIM sources are mitigated (a; values
at location #3 and #4 are reduced), the mean value and the
distribution of the output IM3 are changed accordingly, shown
in Fig. 7 (b). The mean value out IM3 is changed from -39 dBm
to -70.4 dBm (31.4 dB reduction), and under this configuration,
the PIM location #5 shows higher sensitivity than the other two
PIM sources #1 and #2, but still negligible comparing to the two
dominant sources (which is consistent with the results in Fig. 6).
Moreover, if the two dominant PIM sources are mitigated while
all the other PIM sources are intentionally created to be poor
contacts (in other words, even higher PIM), the output IM3
result almost remains the same (less than 1.4 dB difference), as
shown in Fig. 7 (c).

From those DoE analysis results, in this multiple PIM
antenna system, effective and significant desense mitigation can
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be achieved by only solving for the critical PIM sources, even if
the other PIM locations have poor contact qualities. What-if
scenarios can be quickly determined by adjusting the variables.
The yield can also be determined with the distribution results
(e.g., in Fig. 7 (b), with 84% confidence that the IM3 is below -
64.6 dBm level).

C. Discussions

This workflow is purely simulation based because it is
practically difficult to preserve the ports in measurements. So,
this is more suitable in a pre-design stage for quick desense
criticalness evaluations. Significant efforts and costs can be
reduced by only focusing on the critical contact locations (such
as gold-plating treatment only at specific locations).

In the entire workflow, however, some aspects require
attention:

e The random variable sampling: the individual IM3
level vs a; shows a nonlinear relationship, so a
non-uniform sampling in a; is preferred.

e Distributions: in this study, for demonstration

purposes, we simply assumed the Gaussian
distributions with certain mean and standard
deviation values. To better mimic the real situation,
the actual distributions may be found
experimentally ~ with  the  component-level
characterization setup [22] under various contact
forces.

Limitation: this method only applies to discrete
PIM sources. The port definitions make sense only
when the metallic contacts are electrically small. It
is not applicable for components like conductive
tapes.

IV. CONCLUSIONS

This paper demonstrates a PIM simulation method, targeting
solving PIM problems in complicated systems with multiple
PIM sources. The nonlinear I-V and the corresponding
polynomial coefficients were used to represent and adjust the
nonlinearity level of the metallic contacts. By preserving the
contact locations as S-parameter ports, the equivalent circuit
model was extracted from a full-wave simulation. A statistical
method using DoE was conducted. Following the workflow
statistical results were generated and analyzed. The DoE usage
in PIM study can provide strong capabilities in the engineering
applications including prioritizing the locations, what-if
scenario predictions, and yield analysis.
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