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ABSTRACT

In modern wireless communication systems, the signal-to-noise ratio (SNR) is one of the most important
performance indicators. When the other radio frequency (RF) performance of the components is well
designed, passive intermodulation (PIM) interference may become an important factor limiting the sys-
tem’s SNR. Whether it is a base station, an indoor distributed antenna system, or a satellite system, there
are stringent PIM level requirements to minimize interference and enhance network capacity in multicar-
rier networks. Especially for systems of high power and wide bandwidth such as 5G wireless communi-
cation, PIM interference is even more serious. Due to the complexity and uncertainty of PIM,
measurement is the most important means to study and evaluate the PIM performance of wireless com-
munication systems. In this review, the current main PIM measurement methods recommended by
International Electrotechnical Commission (IEC) and other standard organizations are introduced, and
several key challenges in PIM measurement and their solutions (including the design of PIM tester, the
location of the PIM sources, the design of compact PIM anechoic chambers, and the evaluation methods
of PIM anechoic chambers) are highlighted. These challenges are of great significance to solve PIM prob-
lems that may arise during device characterization and verification in real wireless communication

systems.

© 2022 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The signal-to-noise ratio (SNR) is the most significant figure of
merit in communication systems for ensuring reliable receiver
functionalities. The reduction of noise and interference is what
all radio scientists and engineers have devoted their consistent
effort to. The interferences generated in passive components at
the system front end are one of the most serious concerns. The
nonlinear interference problem of passive devices, components,
and systems is called passive intermodulation (PIM) [1,2]. PIM is
one of the important factors limiting the SNR of the system. When
two or more signals exist in a nonlinear component, mixed signals
composed of the original frequencies could be generated. In the
case that the frequency of the mixed signals is within the passband
of the receiver, PIM interference occurs. When the PIM level is
higher than the noise floor of the system, it can significantly reduce
the SNR at the receiver. For systems that have both receiving and
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transmitting functions, the PIM products generated by high-
power signals in the transmitting path may directly enter and
affect the receiving path. In this case, PIM has a particularly obvi-
ous impact on the SNR. Taking a base station as an example [3],
a typical PIM level of —104.9 dBm is very close to the noise floor
of —103 dBm in the Universal Terrestrial Radio Access (UTRA) car-
rier. A slightly higher PIM level may severely increase the noise
floor. As the SNR decreases by 1 dB, the channel capacity will
decrease by about 11% [4], thus greatly affecting system perfor-
mances. In satellite communications, the impact of PIM is even
more serious since the PIM level is usually required to be around
—200 dBc. To achieve better performances of the radio communi-
cation link, various PIM indicators must be analyzed, measured,
and controlled through design, manufacturing process, and even
after installation in the base station. Moreover, the current trend
in the development of communication systems driven by ever-
changing technologies and requirements, such as 5G wireless sys-
tems, intelligent connected vehicles, high-power, and multi-band
or wideband specifications, will inherently lead to more PIM
problems.
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The sources of PIM can typically be divided into two types: con-
tact nonlinearity and material nonlinearity. The first cause refers to
current flowing through any type of junction between different
materials that generates a nonlinear behavior. It mainly includes
two types of contacts, namely, metal-metal and metal-insulator-
metal type of contacts. Also, loose oxidized or contaminated metal-
lic joints falls in this category. The second cause is material nonlin-
earity, which refers to material characterized by a nonlinear
current response due to an applied voltage. This type of behavior
may be associated to conductive, dielectric, or magnetic properties
of materials [5].

The physical mechanisms that cause nonlinear responses are
complex and diverse [6]. Some examples are provided below: elec-
tron tunneling semiconductor effect [7-9]; micro-discharge
between the voids in metal-metal interface [10-12]; electro-
thermal effect [13-15]; contact resistance effect [16-18]; and
ferromagnetic effect [19-21].

The mechanisms listed above may also be combined so that the
final PIM effect can be attributed to two or more sources. As an
example, there may be nonlinearities caused by tunneling, ferro-
magnetic effects, contact resistance, and so forth, on the coaxial
connector at the same time. Moreover, new materials, new struc-
tures, and complex integration technologies may all bring new
PIM interference effects due to the combination and interaction
of the above mechanisms.

Hence, it is very important to conduct theoretical analysis on
the possible PIM sources when developing a new technology or
device. Recently, many researchers have adopted modeling and
simulation methods to analyze the PIM of typical devices. Henrie
et al. [22,23] proposed a PIM model applied to coaxial connectors,
which can predict the PIM of coaxial connectors in microwave net-
works. Furthermore, Guo et al. [24] proposed a generalized PIM
network model with multiple connectors. Jin et al. [25,26] carried
out modeling and analysis on the influence of the coating material
in connectors and the iron content in the base brass. The mecha-
nism of PIM in printed lines was discussed in Refs. [27-31], and
a series of PIM models of distributed nonlinear transmission lines
were proposed, which can provide some guidance on reducing
PIM. The PIM at waveguide flanges was studied in Refs.
[16,17,32]. A full-wave frequency domain method was used to
evaluate the PIM of reflector antennas in Refs. [33,34]. Figueiredo
et al. [35] proposed a novel nonlinear system characterization
method that can be used as a guideline for system design, model-
ing, and compensation.

The above analysis methods can provide practical guidelines for
reducing PIM. The methods to reduce PIM can be roughly summa-
rized into three categories. The first one aims at changing the
design of the device to avoid or reduce PIM. For example, the gap
waveguide is used to achieve contactless flange connections in
Ref. [36], which can greatly reduce the PIM level of the waveguide.
According to the analysis in Ref. [28], the PIM of printed lines can
be reduced by adding geometrical discontinuities. The second is
applied to the devices whose design cannot be changed; in such
cases, the PIM level can be lowered by improving the manufactur-
ing process by minimizing the loose parts, by better smoothing any
burr, or by selecting the materials to be assembled having similar
conductivity. For example, better coating materials can be selected
[25,26]. The third solution involves a system-level PIM signal can-
cellation [23,37-41]. For example, Henrie et al. [23,37] cancelled
the original PIM by adding a known nonlinear interposer network,
which can effectively reduce the PIM without the special design of
nonlinear devices. Waheed et al. [38] proposed a digital cancella-
tion solution to suppress PIM in the system, and they
demonstrated a PIM suppression of more than 20 dB. This
method can effectively alleviate the requirements for device
linearity [38].
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However, most of the above-mentioned analysis methods are
developed for specific devices. For actual systems, multiple PIM
sources and multiple mechanisms coexist, which may require a
combination of multiple analysis methods and solutions. In this
way, the complexity of theoretical analysis will increase, and the
accuracy in the prediction of the improved PIM will decrease.
Therefore, it is also practically important to identify the PIM
sources by experimental tests and thus to evaluate the device per-
formance by a final system-level measurement. The standardized
PIM measurement process is well described in the International
Electrotechnical Commission (IEC) Standard IEC62037 [42]. How-
ever, some relevant aspects and challenges when making practical
PIM measurements are not mentioned therein. These aspects are of
great importance for the accuracy of the PIM measurement and for
the identification of the PIM sources. The relevant PIM interference
problems are listed below, and these challenges are mainly related
to the measurements of the mixing products generated by lumped
nonlinearities.

The first challenge is the design of the PIM tester with a large
dynamic range and wide working bandwidth. The PIM test instru-
ment is the prerequisite for making any PIM measurement. The
main challenge of the PIM tester is to detect relatively low PIM val-
ues within a large frequency bandwidth. Generally, the PIM noise
floor of the measurement system needs to be 5-10 dB lower than
the PIM level of the device under test (DUT) in order to obtain
accurate measurement results [42]. Therefore, for mobile commu-
nication systems, the PIM noise floor is usually required to be
lower than —170 dBc. The satellite communication system has
higher requirements, with a needed noise floor of nearly
—200 dBc. This requires the very high performance of the devices
within the measurement system. The PIM performances of power
amplifiers, filters, couplers, and other core components determine
the performance of the overall system. In addition, various signal
cancellation techniques can also be used in PIM testers, which
can effectively improve the dynamic range of the system [43-45].

The second important challenge is accurately locating the PIM
source. The theoretical analysis will inevitably miss some PIM
sources especially for complex systems with multiple PIM sources,
and it is usually not effective in the evaluation of the magnitude of
PIM. The level of the PIM depends on the degree of nonlinearity
and the magnitude of the current passing through the nonlinear
node. The nonlinearity is difficult to evaluate in many cases, such
as rust on the metal surface or loose joints and the amount of ferro-
magnetic material in the metal; thus, controlling the current is the
key to reducing the PIM. However, in the design of microwave
components such as antennas, usually only global parameters such
as voltage standing wave ratio (VSWR) and gain are concerned,
with the magnitude of the current being only rarely analyzed. Also,
it is difficult to determine which PIM sources have a significant
impact on the system. Some PIM source identification methods
have been reported for different types of devices in Refs. [46-59].
For example, the near-field scanning measurement method can
be used to detect non-closed PIM sources such as printed lines
[49-52]. Acoustic vibration is used to detect PIM sources in base
station antennas [53]. The method based on a k-space multicarrier
signal can be used to locate multiple PIM sources in microwave
systems [54].

The following two challenges are related to the PIM test cham-
ber. Anechoic chamber plays an important role in improving the
accuracy of PIM measurement. These are the work done by some
of the authors.

The third challenge is to design a compact chamber with low
background PIM. The PIM interference largely depends on the pro-
cessing and assembly of each piece of the chamber. The PIM level
will change with small changes in the structure, such as different
surface roughness of the conductor, thin oxide layer or surface
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contamination, loose contact, and debris in the contact area. Differ-
ent samples of the same product may be characterized by different
PIM performances. Therefore, production line measurement should
be done for products with strict PIM requirements. In addition, the
PIM performance may be changed during long-distance trans-
portation due to loose connectors and surface contamination.
Therefore, on-site PIM measurement after the chamber installation
is also very important to ensure that the PIM specifications of the
equipment are always within the allowable range. The traditional
large-size chamber is expensive and covers a large estate. A low-
PIM anechoic chamber design method is proposed in Ref. [60],
which can be used to realize a miniaturized, low-cost, and high-
precision PIM test chamber. It can be used as a solution for produc-
tion lines or on-site PIM measurements.

The fourth challenge is the evaluation method of the PIM cham-
ber. Usually, the manufacturer will give the background PIM noise
of the chamber. This is sufficient for non-radiating components,
but it may not be appropriate for radiating components. The struc-
ture of the chamber itself also generates PIM signals, and the har-
monic power depends on the energy radiated to the chamber PIM
source. For example, assume that there are two antennas with dif-
ferent gains, and their real PIM values are both —150 dBc. During
the measurement, the energy radiated by the low-gain antenna is
small, and the possible interference is only —160 dBc, which hardly
affects the results. However, the high-gain antenna may produce
—150 dBc or even greater PIM interference, which will cause large
errors in the measurement. Therefore, the evaluation of the cham-
ber should be related to the gain of the DUT. A method for evalua-
ting the PIM level of the chamber using a low-PIM medium-gain
antenna is proposed in Ref. [61]. By reducing the path loss, this
method equates a medium-gain antenna to a high-gain antenna,
avoiding the difficulty of designing a high-gain and low-PIM
antenna.

The rest of this review is arranged as follows. The characteristics
of PIM interference is introduced in Section 2. In Section 3, the
basic PIM measurement methods will be reviewed according to
the international standard IEC62037. The challenges and solutions
of PIM measurement will be elaborated in Section 4. Finally, the
full paper is summarized.

2. Characteristics of PIM interference

In order to understand PIM, the basic theory of the harmonics
and intermodulation products should be known. The nonlinear
function of the passive device can be characterized by the follow-
ing power series (the direct current (DC) term is omitted):

o0
y = Z apxk
k=1

where x and y represent instantaneous input and output signals,
respectively; the coefficient ay is related to the nonlinear characteris-
tics of the device (k is the order of the power series). When the input
signal is a single-frequency signal with frequency f;, harmonic sig-
nals that are integer multiples of the fundamental frequency will
appear in the output signal according to Eq. (1), such as 2f;, 3fi,
and so forth. As the harmonic order increases, the amplitude of
the harmonic will generally decrease. Although there are some
applications that use harmonics (e.g., harmonic mixers), harmonics
in passive devices are usually undesired signals [62].

When the input signal is composed of two frequencies (f; and
f>), according to Eq. (1), there will be not only harmonic signals
in the output signal but also intermodulation signals as the result
of the combination of these two frequencies. The frequency of
these signals can be collectively expressed as mf; + nf;, where
|m| + |n| is called the order of the PIM signal.

(1)
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Fig. 1 shows the intermodulation signal around the fundamen-
tal frequency. In most cases, the third-order PIM products are the
most concerned unless high-order PIM interference should be con-
sidered for satellite communication systems. Most of the required
PIM measurements are focused on the third-order PIM products
since they are the closest to the operating frequency of the system,
and usually their amplitude is the largest among all other odd-
order products.

3. Standards on PIM measurement methods

Although the Third Generation Partnership Project (3GPP) and
International Telecommunication Union (ITU) have released stan-
dards on PIM measurement [3,63], the details and guidelines on
the measurement setup are not given. The PIM distortion test
methods usually refer to the international standard IEC62037
[42]. The IEC62037 standard provides general requirements and
methods for measuring the PIM noise of passive radio frequency
(RF) and microwave devices. The standard defines the basic PIM
test method, specifies the test power (43 dBm), and provides error
analysis. At present, the principles of PIM test equipment and test
methods in the industry are generally consistent with the
standard.

The transmission and reflection methods are the basic PIM mea-
surement methods provided by IEC Standard. Fig. 2 shows the typi-
cal measurement method of forward and reverse PIM at the same
time. The terms reverse and forward are related to the direction of
the measured PIM with respect to the nominal direction of the
high-power signal. When measuring reverse PIM, the PIM signal
generated by the DUT is reflected to Port 1 and detected by the
spectrum analyzer (SA). When measuring the forward PIM, the
PIM transmitted in the forward direction enters the SA from Port
2. When the DUT has two or more ports, the forward PIM measure-
ment may be more commonly used, since this mode can usually
reflect the worst case of the DUT. However, in the case of DUT with
only one port such as antennas, the reverse PIM measurement
method is easier to implement.

Extra components may be needed to measure the forward PIM
of radiating DUTs such as antennas. Since the radiation system has
only a single port, the forward PIM cannot be measured directly by
applying the transmission method. The radiation method should
be applied [64]. The principle is to radiate the generated PIM signal
to the space through the DUT. The radiated PIM signal can be
received by a probe antenna and detected by the SA for its analysis.

Although the IEC Standard describes the basic measurement
methods, it cannot solve some important measurement problems.
As mentioned above, the location of the PIM source is very impor-
tant to be able to identify and solve any PIM problem. Thus, the
standard method described in Fig. 2 cannot be of general applica-
bility. In addition, for radiating DUTs, the control of environmental
interference is the key aspect to improve the measurement
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Fig. 1. PIM signal spectrum around the fundamental frequencies.
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accuracy, and this is usually achieved by performing the test inside
anechoic chambers. The current standard does not accurately and
specifically define the requirements for the measurement environ-
ment (anechoic chamber). The only specific requirement is that the
absorption rate of the absorber is greater than 30 dB. This is far
from being enough for the complete definition of the environmen-
tal requirements and suitable testing methods to be applied for
their evaluation of anechoic chamber to be used for testing radiat-
ing DUTs. Moreover, the measurement setup and guidelines
included in the current standards cannot meet the growing
requirements due to the development of new devices. Therefore,
the second part of this paper aims at reviewing the specific chal-
lenges posed by these important measurement problems and the
corresponding proposed solutions.

4. Challenges and solutions of PIM measurement
4.1. Challenge and solution to design PIM tester

The PIM tester is the basis of PIM measurement. The PIM level
of the electronic components determines the overall performance
of the PIM tester. At present, manufacturers usually guarantee
the performance of devices through strict screening, the use of
expensive materials, and the improvement of manufacturing pro-
cesses. There are also some research works aimed at improving
the performance of the device through the unique design of signal
synthesizers [65], filters [66], loads [67], and so forth.

In addition to improving the device itself, the use of feed-
forward cancellation technology is also an effective method to
improve system performance [43-45]. Feed-forward cancellation
is a technique that generates a signal with the same amplitude
and reverses phase as the original signal and then can cancel the
original signal by summing. This method can only eliminate the
interference caused by the feed-forward signal without affecting
the PIM signal generated by the DUT. Therefore, the feed-forward
cancellation technology is particularly suitable for eliminating
interference in PIM measurement systems. As shown in Fig. 3
[43], the high dynamic range PIM measurement system is mainly
composed of signal sources, amplifiers, isolators, combiners, and
so forth, as proposed in Ref. [43]. The system only needs to detect
the power of the signal and the combined power of the detection
and cancellation signal to predict the phase shift required for can-
cellation, and can adaptively eliminate the interference signal in
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the feed-forward signal. This technology can extend the dynamic
range of the system by at least 40 dB within a broadband, and
can achieve a dynamic range of 113 dB in a two-tone test system.
The power spectral density can be improved significantly accord-
ing to the difference of transport with and without cancellation.
Such digital cancellation method is especially useful for 5G carrier
aggregation, which is designed to meet the demands for higher
data rates.

4.2. Challenge and solution to locate PIM source

The identification of the PIM source plays an important role in
solving PIM interference. There are mainly two traditional methods
for locating PIM sources. One is the tapping test, which uses a small
rubber hammer or screwdriver handle to tap each possible PIM
source positions in the network while continuously monitoring
the PIM level. Under this type of interference, defective compo-
nents will cause large fluctuations in the PIM level. The second
one is the segmentation elimination method; it is based on disas-
sembling the entire network and measuring part of the compo-
nents to gradually narrow down the possible locations of PIM
sources and finally determine the components that generate the
PIM. However, the above methods all require manual action, it is
time-consuming and labor-intensive, and it may not accurately
locate the PIM source. Many researchers have studied this prob-
lem, among which the typical identification methods are
described.

At present, some PIM analyzers have integrated PIM source
positioning functions, such as Kaelus [46], Rosenberger [47],
Anritsu [48], among others. The core of its fault location technology
is to adopt the principle of time domain reflectometer (TDR). The
reflected PIM signal sweeps a certain frequency range. The time
domain pulse can be reconstructed using inverse fast Fourier trans-
form (IFFT) on the reflected signal. This kind of PIM source location
technology has many limitations. For example, in the actual
antenna feeder system, the filter will bring extra time delay and
reduce the positioning accuracy. In addition, the existence of mul-
tiple branches of the system will lead to positioning uncertainties.

The near-field scanning measurement is another typical
method. The block diagram of the near-field measurement method
is illustrated in Fig. 4 [50], as described in Refs. [27,49-52]. The
basic principle is to use various probes (such as monopoles and
small loop antennas) to make non-contact PIM measurements near
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Fig. 4. Block diagram of the near-field measurement system [50].

the DUT. The position where the probe detects the maximum PIM
signal field strength is, most probably, the location of the PIM
source. Although the probe itself may be the source of PIM, the
probe and the whole PIM test setup can be calibrated before the
DUT testing in order to remove the weak nonlinearity introduced
by the probe. This objective can be achieved by a differential mea-
surement or by post processing the test results. This method was
originally used to determine the location of the interference
sources in base station antennas [49,50]. More recently, it has been
used for the PIM measurement of printed circuits [27,51,52]. This
method is a powerful tool for locating PIM sources of open struc-
tures, such as printed circuits. However, it cannot detect PIM
sources inside enclosed components such as cables, waveguides,
and cavity filters. PIM levels below —110 dBm can be detected in
this method [50]. When used to locate the PIM source in a printed
line, the accuracy of less than one centimeter can be achieved.
Due to the limitation found in the above PIM source location
methods, a measurement method using acoustic vibration to locate
the PIM source is proposed in Ref. [53]. Its principal block diagram
is displayed in Fig. 5 [53]. The method is to introduce acoustic
vibrations at different positions of DUT, and then identify the loca-
tion of the PIM source by detecting the strength of the modulated
PIM signal. The basic idea of this method is similar to the tradi-
tional tap test, but it is more systematic and more accurate. This

method has been tested by engineering and has solved many
PIM problems for base station manufacturers. Therefore, it can be
considered as a relatively mature and effective PIM source location
method. The accuracy of this method is about one centimeter. This
method requires that the PIM source must be caused by loose
mechanical contacts or loose nonlinear materials. In addition, for
metal devices such as duplexers, the acoustic wave could propa-
gate throughout the whole device. Therefore, the exact location
of the PIM source in the duplexer cannot be accurately located.
Neither the near-field measurement nor the acoustic vibration
method can locate multiple PIM sources at the same time. A
multi-point positioning method based on coherent measurement
technology is proposed in Ref. [54]. The block diagram is illustrated
in Fig. 6 [54]. This method introduces a reference source into the
PIM test system, and it uses the amplitude and phase difference
between the reference source and the actual PIM sources to con-
struct a k-space multicarrier signal. Based on the k-space inverse
Fourier transform and inverse optimization of the multicarrier sig-
nal, a PIM localization algorithm is proposed. This method can be
used to locate the position of multi-point PIM sources, which is
suitable for both open and closed structures. The localization
uncertainty of this method is proportional to the multiplication
of the total DC phase error and the used bandwidth. This method
is able to identify the distance between each PIM source and the
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input port. However, for DUTs with multiple branches, uncertainty
occurs in the localization of the branch in which the PIM source is
occurring.

In addition to the above methods, some other PIM source loca-
tion methods have been proposed. Aspden et al. [55-57] proposed
the method of microwave holographic imaging to locate the PIM
sources of reflector antennas. This method is to transmit two
single-frequency signals to the reflector under test through low-
PIM antennas. Then, a planar scanner is used to detect the ampli-
tude and phase of the reflected wave on a two-dimensional plane.
After data analysis, the coordinates of the PIM sources on the
reflecting surface can be obtained. Yong et al. [58] proposed a
method of using emission source microscopy (ESM) to locate PIM
sources. ESM is a technique aimed at locating and characterizing
interference sources by measuring the amplitude and phase of
the field on a plane a few wavelengths away from the DUT [68-
70]. The algorithm is based on the synthetic aperture radar tech-
nology, and on the two-dimensional Fourier transform. The field
on the plane to be measured can be calculated from the field mea-
sured on the scanning plane. The measurement setup is shown in
Fig. 7 [58]. This method does not need to feed the DUT and can
identify the PIM source at a relatively large distance. Chen et al.
[59] proposed a miniaturized waveguide cell with water filling.
The block diagram is described in Fig. 8 [59]. The printed circuit
board (PCB) only needs to be inserted into the waveguide twice
to locate the PIM sources on the PCB. In this case, there is no need
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to feed the DUT. Thus, it is especially suitable for PCBs or other
open planar structures that cannot be directly fed.

These methods are mainly devoted to PIM products generated
by lumped nonlinearities, and usually for some obvious dominant
nonlinearities, such as “rusty bolts.” In the case of multiple PIM
sources within close range, it may be difficult to accurately distin-
guish the sources, but at least people can know which component
generated the PIM [50,53]. Due to the diversity of PIM sources, it is
difficult to use one method to fulfill the PIM identification of all
type of devices. Certain test methods are usually more effective
for a specific type of devices. Therefore, the feasibility of these
methods must be left to engineering inspection for the identifica-
tion of the most suitable technique for the specific device to be
tested.

4.3. Challenge and solution to design compact PIM test chamber

The PIM evaluation of radiating systems poses additional con-
straints when designing test chambers. In the case of radiating sys-
tems, the DUT can not only radiate energy into space but also
receive energy from space. Therefore, the following interference
sources may appear when measuring PIM: The RF signal radiated
from the DUT may cause nearby objects to produce and re-
radiate PIM signals; then, such PIM signals may be received by
the DUT. The PIM signal radiated by the DUT may be received again
due to the reflection of objects such as walls. Also, other RF signals
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existing in the space may also be received by the DUT. All these sig-
nals will interfere with the measurement of PIM, resulting in large
test errors. The PIM values measured in or outside the chamber
may differ by tens of decibel. Thus, to carry out accurate and reli-
able PIM measurement, an anechoic chamber is needed for confin-
ing the testing space and for shielding the external noise as well as
for minimizing the internal reflection from the chamber walls.

However, there are also PIM sources inside the chamber; the
main sources of PIM are the non-linearity in the reflective wave
from the absorbing material and the shielding enclosures [60,61].
As shown in Fig. 9 [60], an example can be considered based on
the antenna reflection test where f; and f, are the frequencies of
two working signals. Sy _a; is the reverse PIM of the antenna under
test (AUT); Siv_ar is also from the AUT but it is generated by the
reflected signals S, and S, (S;, an/d S, are the echo signals of f;
and f, reflected by the chamber); S, ; is the echo signal of Syv_a;
reflected by the chamber; Sy am and Sy _sg are the PIM from the
absorbers and chamber walls, respectively; Siv gx refers to the sig-
nal from the outside of the test chamber; and Sy, sys represents the
total PIM noise of the test instrument.

Most of these signals can be estimated by indicators such as
reflection level and shielding effectiveness of chamber; however,
the magnitude of Sy am and Sy _sg is unknown. According to pre-
vious reports, the measurement error caused by no specially
designed shielding enclosures and absorbing materials may exceed
10 dB [60,61]. The traditional method aimed at reducing these PIM
signals is to build a huge chamber. Then, the PIM level could be
reduced by the large path loss. Of course, larger size means higher
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cost and more space, and it is difficult to move or transport. More-
over, some size requirements may not be fulfilled by general fac-
tory building. These problems make the traditional PIM test
chamber very inconvenient and expensive. A small-sized chamber
will be easier to assemble and relocate, with low cost and high
efficiency.

The key to miniaturizing the PIM chamber is to design low-PIM
absorbers and shielding enclosures. People proved that if the
absorbers and the shielding enclosures do not produce PIM, the
size of the chamber becomes irrelevant [60]. At the same time, it
was also proposed a usable low-PIM absorbing material and
shielding structure in the same Ref. [60].

Both PIM performance and shielding effectiveness must be
taken into consideration when designing and manufacturing
shielding enclosures. As shown in Fig. 10 [60], the key for an effec-
tive design is to avoid large-area metal-metal contacts; whereas
any unavoidable large-area contacts should be moved out of the
chamber by re-designing the joint structure. The metal plates to
be used should be non-ferromagnetic and have a flat solid struc-
ture rather than made by a wire mesh fabric that may generate
PIM. The multi-layer metal plate structure and the use of lossy
material can achieve a good shielding effect at the metal-metal
joints.

Absorbing materials need to have good absorption perfor-
mances while keeping low PIM. The good absorption property
reduces the reflection level of the chamber and, at the same time,
can attenuate the signal reaching the shielding enclosures, which
can inherently reduce the PIM level of Sy sk.
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Most anechoic chambers employ pyramid absorbers made of
polyurethane (PU) foam, carbon particles, or graphite powder.
The process flow is simple, mainly including soaking and drying
the carbon powder mixture. This kind of process is relatively
rough, and there may be shortcomings such as material uneven-
ness and unstable performance. For PIM, there could be loose car-
bon particle contact in the materials manufactured by this process,
which will lead to the appearance of PIM products [1].

Expanded polypropylene (EPP) has begun to be used as an
absorbing material for anechoic chambers in recent years [71].
The absorbent in this material uses nano-scale carbon black (CB),
which is finer than traditional micron-scale graphite particles in
the PU-based absorber. During the molding process, the nano-
scale CB particles could be in full contact. Thus, it has uniformly
distributed nanoparticles and is stable in dielectric properties.
Fig. 11 [60] shows the EPP absorber and its morphology under a
scanning electron microscope (SEM). It can be seen that it is diffi-
cult to see individual CB particles even in the SEM image, which
may be the responsibility of the PIM noise. Therefore, the EPP
absorber is not only superior to traditional PU materials in absorb-
ing performance, but also has a low PIM level since the particles
are within the nanometer scale and are uniformly distributed.
Experiments in Ref. [60] show that, compared to traditional sponge
absorbing materials, EPP has excellent performance and almost no
PIM products are generated.

The relevant aspects discussed above about the design of PIM
test chamber suggests that future standards should incorporate
the design requirements of the PIM test chamber.
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EPP absorber

SEM morphology of
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Fig. 11. EPP absorber and SEM morphology of EPP particle [60]. SEM: scanning
electron microscope.

4.4. Challenge and solution to evaluate the performance of PIM test
chamber

Once designed and manufactured by taking into account the
aspects discussed above, the performances of the PIM test chamber
should be accordingly evaluated. This process can be divided into
two parts: the evaluation of the components and of the entire
chamber.

The component evaluation is of great significance to the
designer and manufacturer of anechoic chamber. It can ensure that
the components used will not cause PIM interference. The main
objects of the evaluation are the absorbing materials and the
shielding enclosures. The evaluation index is the PIM performance
of each component. The evaluation method can use the PIM mea-
surement method of non-ported devices (reflector, antenna sup-
port, etc.) according to the schematic diagram displayed in
Fig. 12 [72,73]. Since the DUT is a non-ported component and does
not generate signals, two single-frequency signals can be transmit-
ted through two transmitting antennas. When the electromagnetic
waves illuminate the DUT, a PIM signal will be generated. Then it
can be received by the receiving probe. In Fig. 12, the transmitting
antenna and the receiving antenna can be shared [72,73]. But this
requires the probe to have a very low PIM level, otherwise it will
cause large errors in the measurement results.

The overall evaluation is used for the final acceptance of the PIM
test chamber. As mentioned in Section 1, the residual PIM of the
chamber is related to the gain of the DUT. Therefore, in theory, a
low-PIM antenna with a sufficiently high gain should be used to
detect the PIM noise of the chamber. However, the structure of a
high-gain antenna is relatively complex, with more connection
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points, soldering points, and nonlinear devices. Therefore, it is dif-
ficult to achieve very low PIM levels. In addition, high-gain anten-
nas have large apertures and narrow beams. It is very difficult to
rotate a large antenna (such as a base station antenna) to scan it
within the chamber for a comprehensive analysis. A method of
measuring the chamber by using a medium-gain low-PIM antenna
is proposed in Ref. [61]. The power received from the chamber wall
can be increased by shortening the distance from the maximum
gain direction of the antenna to the chamber wall. Then, the
medium-gain antenna can achieve an effect similar to the high-
gain antenna. The medium-gain antenna can be realized with only
a single unit. It is easy to achieve a low PIM compared to a high-
gain antenna, and it is usually smaller in size, which has the advan-
tage of better flexibility to be moved or rotated. Thus, the medium-
gain antenna is more convenient in terms of design and applicabil-
ity. The method has been verified by experiments and its feasibility
has been proved. However, more rigorous analysis and engineering
practices for defining standard guidelines are still needed.

5. Summary

Measurement is deemed to be the most effective method to
study PIM interference. In this review, the challenges and solutions
faced by PIM measurements are comprehensively introduced. The
current PIM measurement standards provide basic measurement
methods such as transmission, reflection, and radiation methods.
However, some key issues in PIM measurements are not raised
enough attention such as the design of the PIM tester, the identifi-
cation method of the PIM source location, the design method of
compact and cheaper PIM chambers, and the technique for evalua-
ting the overall performances of the PIM chamber. The feed-
forward cancellation technology can effectively reduce the PIM
interference of the system and greatly improve the dynamic range
of the PIM tester [14]. The Acoustic vibration method proposed in
Ref. [19] can effectively locate the PIM source, and it is a method
with more practical values among other positioning methods cur-
rently used. A variety of location methods have been proposed,
such as near-field scanning method, acoustic vibration method,
and k-space multicarrier signal method, as reviewed and summa-
rized in this paper, in order to locate PIM sources in different envi-
ronments and systems [46-59]. A design method for achieving a
low-PIM chamber was proposed in Ref. [60], and it was proved that
the size of the chamber becomes insignificant in PIM measure-
ments provided there is no PIM source from the chamber. The
chamber design based on specific assembly process and specifi-
cally developed absorbing materials can be used as a guide for
designing a compact PIM chamber. A PIM anechoic chamber
evaluation method is proposed in Ref. [61], which can use a
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medium-gain antenna to evaluate the interference of a high-gain
antenna in the anechoic chamber. The aspects and techniques dis-
cussed in this paper are of great significance for solving PIM prob-
lems, to effectively locate the source of PIM and to build a low-cost
compact environment with extremely low residual PIM. This paper
may set the base for additional and more specific work concerning
the even more demanding PIM test requirements of satellites and
5G base stations.

With the development of wireless communication technology,
the problem of the PIM involves complex multi-physics conditions,
multi-modulation modes, and overlapping channels, thus it may
become a hot research topic to be further expanded and deeply
investigated for achieving feasible solutions. In this context, instru-
ments able to identify and evaluate the amount of PIM within a
wide bandwidth and dynamic range may be required in the future.
Moreover, compared with the current diversified location methods,
the future PIM source location methods should be accurately
developed and then standardized, in order to be applied to a larger
variety of devices with common outcomes. In the case of PIM test
chambers, standards should also be established, as part of the
future development of PIM analysis methodologies and instru-
ments. Finally, PIM is susceptible to environmental interference
(temperature changes or environmental stress, etc.), and high-
sensitivity real-time monitoring equipment may be required in
some cases.
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