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Abstract— A design method is proposed in this article for
on-line (online measurement: measurement when producing
devices) and on-site (on-site measurement: measurement when
using devices) passive intermodulation (PIM) measurement with
a small-size anechoic chamber. In a PIM measurement, the role
of an anechoic chamber is to shield extraneous electromagnetic
signal and reduce reflection, so that an accurate measurement
result can be obtained. However, the chamber itself may intro-
duce new PIM sources due to the nonlinearity in absorbing
material and shielding enclosure. The traditional method to lower
the influence of chamber to PIM measurement is to design a
large-size PIM test chamber in order to reduce the PIM level
by path loss. In this article, an innovative design concept of the
PIM test chamber is presented by controlling the PIM source
level of the anechoic chamber instead of increasing the size of
the chamber. It can significantly reduce the chamber size using
this method, particularly suitable for on-line and on-site PIM
measurement. To implement the concept, absorbing material
and shielding enclosure structure with extremely low PIM are
developed. The design concept includes defining the worst-case
reflection level, estimating the PIM level due to reflected signals,
and determining the smallest size of the chamber that meets the
design specifications. Finally, two PIM test chambers are built to
demonstrate the design concept. PIM measurement results are
given to verify the theoretical analysis.

Index Terms— Absorbing material, passive intermodulation
(PIM), PIM chamber design concept, PIM measurement, PIM
source, PIM test chamber, shielding enclosure.
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I. INTRODUCTION

ASSIVE intermodulation (PIM) is an important per-

formance specification for industrial products such as
antenna [1], [2], cable [3], connector [4], [5], and other
microwave components. When multiple signals with different
frequencies are mixed in nonlinear devices, harmonic signals
will be generated. If these harmonic signals fall into the
passband of receivers, PIM distortion occurs. It degrades the
performance of high-sensitivity communication systems and
decreases channel capacity, adversely affecting satellite [4],
cellular base station [1], [6], and wireless communication
system [3]. Driven by emerging technologies such as 5G
wireless systems, autonomous vehicles, higher power, and
higher receiver sensitivity becomes the trend of a communica-
tion system. PIM distortion will then inevitably become more
critical [7].

PIM is caused by nonlinear sources in radio-frequency (RF)
devices. The nonlinearities have two types: nonlinear con-
tact [4] and nonlinear material [8]. The contact nonlinearities
mainly include metal-metal contact and metal-oxide—metal
contact [9]. The material nonlinearities refer to the intrinsic
nonlinearity of material, such as electrically nonlinear char-
acteristics of ferromagnetic materials [3], [10], piezoelectric
effects [11], and electro-thermal effects [12]. The nonlineari-
ties are caused by a variety of physical mechanisms such as
electron tunneling [13], microdischarge between microcracks
and across voids in metals, electro-thermal effect, thermionic
emission effect, and ferromagnetic effect. In many cases,
there are multiple concurrent effects that can generate PIM.
Thus, the PIM level is hard to predict accurately due to the
complexity and uncertainty of influencing factors. Therefore,
it is often evaluated by measurement.

The nonlinear RF devices used in communication systems
should meet specific PIM targets in the process of production.
All devices, which can potentially generate PIM, should be
measured. Processing differences exist in all products, which
may result in different PIM levels. For example, loose contact
of connectors during assembly [14] or a different surface
roughness of conductor during processing [15] can result in
different PIM levels. Therefore, these products need to be
measured one by one. An on-line measurement system for PIM
can speed up measurement and improve production efficiency
because PIM performance changes with a small change in
the structure, such as thin oxide layers or pollution of the
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surface, loose contact, and debris at the contact areas [3].
Even the temperature variation would result in the change
of PIM level. Thus, the PIM performance of products may
be changed in the process of storage and transportation,
which may impact the reliability and consistency of wireless
communication systems and increase the manufacturing and
maintenance costs. Therefore, on-site measurement of PIM is
also necessary to ensure that the PIM specification of devices
is always maintained at an acceptable level.

As the antenna is an indispensable component of a wireless
communication system [16]-[19], the measurement of antenna
has always been valued [20]-[24]. Anechoic chamber plays an
important role in the radiation characteristics measurement of
the antenna [25]—[29] and also in the PIM measurement. The
RF energy radiated from antenna under test (AUT) can cause
PIM on nearby objects. These PIM signals may transmit to the
AUT, resulting in measurement errors. The external RF signals
may also interfere with the AUT, resulting in low test quality.
By using an anechoic chamber in the PIM measurement, the
enclosure of the chamber is used as a shielding structure to
eliminate the effects of external RF signals and surrounding
objects. In addition, the inner chamber walls are covered with
a layer of absorbing material. When electromagnetic waves
are incident on the absorbing material layer of the chamber,
most of the electromagnetic waves are absorbed, which can
provide a simulated free space for the electromagnetic waves
ideally.

PIM over common public radio interface (CPRI) testing
is a very convenient and inexpensive measurement method
without anechoic chamber [30]. However, this method is
usually for the on-site inspection of PIM of already installed
base station antennas; it is not suitable for general PIM detec-
tion during production and transportation. The environment
requirements of PIM measurement are very high, and there
may be interference sources of various frequencies in the
site. The measurement error without the anechoic chamber
is very large. If AUT is placed in the air like a base station
antenna, the disassembly and assembly of the AUT are very
troublesome, which affects the efficiency of the production line
measurement. PIM test chamber is desirable for on-line and
on-site PIM measurements, as it can provide a standardized
testing environment.

However, in reality, an anechoic chamber itself can also
produce PIM, due to the nonlinearity in absorbing material and
the connection of shielding enclosure [31]. As shown in Fig. 1,
there may be five PIM signals that the instrument can detect,
where St _ai is the PIM generated at the AUT by the input
signals Sy, and Sy,, Stv_ar is the PIM generated at the AUT
by the reflected signals S’f and S’ e Sim _ai is the reflected
PIM signal from Spv_ai received by the "AUT, and SIM_AM
and Spv_se are the PIM signals generated at the absorbers
and shielding enclosure, respectively, by the radiated signals
Sy and Sy,. Among these five PIM signals, Spv_ai is the
only wanted one to be measured. The others are the sources
of error. The conventional method to lower the unwanted
PIM products is to design a large-size chamber, which can
reduce the PIM levels by increasing the path loss. However,
the large dimension will result in higher manufacturing cost
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Fig. 1. PIM signals in the test chamber.

and larger real estate. After the chamber is built, it will also
be very difficult to move. These issues make the conventional
anechoic chamber not suitable for on-line or on-site PIM
measurement, where a small-size chamber is preferred due
to the requirements for easy assembly and relocation when
needed, as well as low cost and high efficiency.

Recent work on PIM measurement mainly focuses on the
study of PIM measurement system [32]-[37] and device of
PIM tester [38]-[40]. However, as far as we know, there
was no systematic theory or method reported concerning the
design of PIM test chambers. This article proposes a design
concept for a miniature PIM test chamber in order to meet the
on-line and on-site PIM measurement requirements. Instead of
attenuating the PIM levels using a large physical size of the
chamber, first, absorber and shielding enclosure are designed
to achieve low levels of PIM. When Sim_am and Spv_sg are
sufficiently low, the remaining measurement errors are the PIM
signals Smv_ar and S{M Aj» Which can be attenuated by the
absorbers as well as the path loss in the chamber. Since the
levels of Sim_ar and SfM A are usually much lower than those
of Sim_am and Spv_sg, the requirement of path loss can be
significantly lowered. In other words, the PIM test chamber
with a small size can be realized. If the absorption of the
absorber can be further increased, the size of the chamber
could be further reduced.

This article is organized as follows. Section II introduces
the design of absorbing material and shielding enclosure with
low PIM. Section III analyzes the measurement error due
to reflected signals and provides a feasible design principle
of chamber size. Section IV illustrates the measured results.
Finally, Section V concludes this article.

II. Low PIM DESIGN METHOD OF PIM TEST CHAMBER

As discussed earlier, our proposed design concept for low
PIM test chamber starts with low PIM absorbing material and
low PIM shielding enclosure.

A. Absorbing Material

Microwave absorbing materials or microwave absorbers
used for anechoic chambers were developed after WWII
mainly due to the requirement of radar and antenna measure-
ment. Since the 1960s, the main manufacturers employ similar
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Fig. 2. EPP absorber and SEM morphology of EPP particle.

formula and process to fabricate pyramidal absorber blocks
due to relatively simple craftwork and low cost. The raw
materials are comprised of polyurethane (PU) foam (usually
called sponge) and carbon black (CB) or graphite powder.
The handcraft process includes impreg of carbon powder
solution and drying with sunlight or inside conviction oven.
The simple process may result not only in low fabrication cost
but also in nonuniform performance and poor quality. Most
importantly, the large-sized carbon particles may contact each
other imperfectly to form loose clusters, which are considered
to be the main cause of PIM noise.

More recently, a brand-new formula and process with
expended polypropylene (EPP in short) or PP foam mixed
with CB in nanometer particles were proposed to replace the
traditional types of EM wave absorber. As shown in Fig. 2,
EPP absorbers prepared with molding process have smooth
surfaces and precise dimensions. The intrinsic absorbent is
CB particles with an average size of 50 nm instead of
large graphite particles in micrometers. The advantages of
molding technique include an extremely uniform distribution
of absorbent nanoparticles and consistent dielectric properties.
As shown in Fig. 2, even in an SEM image, one can hardly see
any isolated CB particles, the main cause of PIM noise. As a
matter of fact, all of CB particles are well embedded inside PP
resin during the mixing with double screw extruder. In sum-
mary, EPP absorber can not only provide much better EM
performance as compared to the PU-based sponge absorber
but also result in extremely low PIM noise due to the uniform
dispersion of conductive particles.

In Fig. 3, a piece of pyramid EPP absorber was measured
by our in-house free-space measurement system. The mea-
surement results have already been validated with numerical
simulation in [41]. It can be clearly seen that the EPP absorber
can achieve very low reflectivity in the range of approximately
—30 dB from 0.86 to 8 GHz and then lower than —50 dB from
8 to 18 GHz.

The PIM level generated by the EPP absorbers compared
with the PU absorbers under the same testing environment will
be measured and analyzed in Section IV.

B. Shielding Enclosure

Building an integral, one-piece shielding enclosure for the
anechoic chamber is expensive and difficult. Usually, it is
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Fig. 4. Splicing structure of shielding enclosure.
Al A2

Fig. 5. Propagation path of the electromagnetic wave at gap position.

spliced by several metal plates. The metal-metal contacts can
be fixed by welding, screw, or conductive adhesive. However,
these conventional joints introduce contact nonlinearity, which
can generate PIM. In addition, welding can produce uneven
conductive points such as burrs and solder holes. The splicing
method using conductive glue or screw can generate a gap in
the butt joint and cause electromagnetic wave leakage.

A novel splicing structure of shielding enclosure is shown
in Fig. 4 [42], where A1 and A2 are sandwich boards which are
made of two nonferromagnetic metal plates with a core layer C
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in between; layer C is made of flame retardant materials. Using
the sandwich board as shielding enclosure wall can reduce the
thickness of the metal and enhance fire resistance. As shown
in Fig. 4, the splicing structure connects Al and A2 in
a nonconductive manner. Between them is insulating glue,
marked as B in Fig. 4. The inside of the splicing position is
covered with elastic nonferromagnetic lossy material (marked
as D in Fig. 4), which can absorb electromagnetic waves at
both directions. The outside of the splicing position is covered
with nonferromagnetic metal (marked as E in Fig. 4) to prevent
external electromagnetic waves from entering the gap. The
material of E is metal with good elasticity and ductility,
which can make it tightly contacted with Al and A2. The
lossy layer D and shielding layer E can enhance the shielding
effectiveness at the splicing gap. They are pressed tightly in
the splicing position by metal plates marked as F1 and F2 in
Fig. 4. F1 and F2 can be fixed on the boards Al and A2 by
rivet or bolt (marked as G in Fig. 4). The inside of shielding
enclosure is finally covered with absorbing material (marked
as H in Fig. 4).

The first advantage of this structure is a low PIM generation.
The metal plates in A1 and A2 are not in direct contact, except
on the outside surface between E and A1/A2. Even though
this contact may generate PIM, signals arriving at E from the
inside are significantly attenuated by the absorber H and lossy
layer D. Furthermore, the generated PIM noise is absorbed
again by the lossy layer D. The PIM of shielding enclosure is
also affected by processing technology, such as the tightness
of rivets. This section explains the low PIM characteristics
of the proposed structure from a theoretical perspective. The
feasibility of the structure will be indirectly validated by the
overall performance of the PIM test chamber in Section IV.

At the same time, this structure can achieve good shield-
ing effectiveness. The gaps in the splicing structure are the
main factors impacting shielding effectiveness. The dotted
line marked as P in Fig. 5 illustrates a path, in which
electromagnetic waves could enter the anechoic chamber. The
minimum shielding effectiveness at this splicing position can
be estimated as follows:

SE=R+A (1)
(14 N)?

R =20lg|——— 2

g[ AN )

A =201ge™/8 =27.3t/g (3)

where R represents the reflection loss, A represents the trans-
mission loss, g represents the length of the gap between E
and A1/A2, t represents the depth of the gap between E
and A1/A2, as shown in Fig. 5, and N is the ratio of wave
impedance at the gap between E and A1/A2 to the free-space
wave impedance. For plane wave, N is determined as follows:

N = j6.69 x 107° fg )

where f represents the frequency in megahertz (MHz) when
g is in centimeter.

The transmission loss increases with the increase of the gap
depth # according to (3). Therefore, shielding effectiveness
can be improved by increasing the contact width between E
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and A1/A2. Moreover, the external signals need to pass
through two more gaps (between E and A1/A2 and between
F2 and A1/A2), which would further increase loss. As a result,
an energy that enters the chamber after passing through this
splicing structure will be negligible.

By carefully improving the absorber and shielding enclosure
of the anechoic chamber, two sources of error in low PIM
measurement can be eliminated or reduced. This makes a
small PIM test chamber possible. The size of the chamber will
then be determined by the two remaining sources of error in
PIM measurement due to reflections, which will be discussed
in Section III.

III. SMALL-SI1ZE DESIGN PRINCIPLE
OF PIM TEST CHAMBER

A. Reflection Level

When the PIM noise generated at the absorber and shielding
enclosure is negligible, the measurement error then becomes
dominated by Spv_ar and SI’M Aj» Which are decided by the
reflection level of chamber. As illustrated in Fig. 6, the AUT
is located in the center of a rectangular anechoic chamber.
Because the absorber does not perfectly absorb, energy can be
reflected to the AUT by multiple paths. The more the reflected
energy, the higher are the Spv_ar and SI/M A levels.

The reflection level of the PIM test chamber can be defined
as the ratio of the received power to the transmitted power
of AUT. The following calculation method can be used to
estimate the worst-case reflection level. Due to the absorbing
effect of absorber on the wall, the reflected energy after
two or more reflections can be ignored. Only the single
reflected energy is considered. The single reflection paths are
drawn in Fig. 6. There are totally six of these rays. Two
additional paths from the ceiling and floor are not drawn. The
fact that the actual signals may be refracted at the absorber
surface is ignored. What is also ignored are any phase shifts
caused by the propagation velocity in the absorber, which is
slower than that in the free space.

The reflection level of each path can be determined using
the Friis transmission equation

R—Pr—GG 4 2R (5)
“r " \4r2d)
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where P, and P; are the received power and transmitted
power of AUT, respectively, G; and G, are the gain of
transmitting antenna and receiving antenna, respectively, 4 is
the wavelength in free space, d is the distance between AUT
and chamber wall, R, is the reflection coefficient considering
the absorber. In this case, both the receiving and transmitting
antennas are the AUT. In other words, G; = G;. Assume that
the anechoic chamber is a cube. In this way, we can get a
result related to a single distance. Also, assume that all the
radiated directions of the AUT have the peak gain in order to
estimate a worst-case reflection level of the PIM test chamber.
Then, the total reflection level can be expressed as follows:

A

2
Riotal = 6Gt2 (%) Ra. (6)

Expressed in decibels, the equation is modified as follows:

Riota1(dB) = 2G(dB) +201g (ﬁ) + Ra.(dB) +101g6
(7
where G((dB) is in dBi, R,(dB) is in dB relative to a metal
plate, and A and d are both in meters.

Assume R, = —30 dB, which can be achieved over a wide
band according to Fig. 3. The curves in Fig. 7 show the
reflection level changing with distance d/A4 under different
G values. In the real world, antenna cannot have the peak
gain in all the six directions. In addition, the beamwidth
of antenna usually decreases with the increase of the gain.
High-gain antenna may have much smaller reflection in other
directions comparing with the main radiated direction. Thus,
the real reflection level would be lower than the calculated
value from (7).

B. Error Analysis and Smallest Design Size

The next step is to estimate the PIM level generated by the
reflected energy in order to get an appropriate threshold of
reflection level. PIM products occur at frequencies £m f+nf>,
where m+n is the order of PIM products. Even-order products
can be ignored because they are always far away from carrier
band. The third-order PIM products at frequencies 2 f — f2
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and 2 f> — fi are closest to the carrier frequency and have the
highest level in all the odd-order PIM products.

The third-order PIM is the main distortion in the mobile
communication system. PIM measurement usually targets at
the third-order PIM. It can be measured more easily because
it has higher level than higher order PIM. We can also
predict the higher order PIM level by the measured result
of the third-order PIM level. Thus, the proposed method
determines the reflection level of PIM chamber by estimating
the third-order PIM.

A nonlinear device with input x and output y can be
described by power series

o0
y=> axt ®)
k=1

where aj represents the physical properties of nonlinearity,
and x and y can be seen as the input and output voltages
of the nonlinear device, respectively. The input voltage can
be expressed as a sum of two cosine signals with different
frequencies as follows:

Vin = Vi cos(wt) + Va cos(wyt) )

where w; = 2z f;, and f; represents the frequency in hertz.
Then, the nonlinear output voltage can be written as follows:

o0
Vout = Zak(Vl cos(wit) + V> cos(wzt))k.
k=1

(10)

The third-order PIM components are contained in the third
term (k = 3) of the power series, which is expanded as the
following polynomial:

az [Vicos(wit) + V; cos(a)zt)]3

3 Vi V12 ) 1
7 7 =+ V2 coswit

3V v}
+72 (Vl2 + 72) cos wpt

VP v
+T cos 3wt + e cos 3awnt

3VEV,

:a3

+

cos(wy — w)t

3VEVa 3V V3

+

cos(Qw + wo)t + cos(Qwy — wy)t
3ViV3
—i—T cos(2wy + w)t

(1D

The terms with frequency of 2w; —w> or 2w — w; are what
we care about here. For weak nonlinear system, the following
relationship exists between the coefficients:

lagx] > |aj+1]. (12)

Consequently, although the higher order terms (k > 3) of
the power series also have contributions to the third-order PIM,
we can approximately express the third-order PIM only using
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the third term (k = 3). Thus, one of the third-order PIM
components can be estimated as follows:

2
Viva cos[ Ry — wp)r]. 13)

Voo —w, = a3

According to (13), a 1-dB increase of the input power results
in a 3-dB increase of the power of the third-order PIM.
For actual RF components, this relationship may be different
due to the impact of the ignored higher order terms and
small change of nonlinear characteristics with the change of
input power. Empirically, when the input power increases
by 1 dB, the power of the third-order PIM increases by about
1-3 dB [1], [33], [36].

According to the reciprocity theorem of antenna, the trans-
mitting and receiving characteristics of the same antenna
are the same. It can be considered that the input power
and the reflected power have the same nonlinear response
at AUT. Thus, we can estimate the third-order PIM level
generated by the reflected energy and power change. In order
to define the worst case, we assume that the third-order PIM
decreases by 1 dB per dB decrease in power. In this case,
the levels of Spv_ar and S{M A are equal. Then, the theoretical
measurement error due to reflected signals, denoted by J(dB),
can be determined as follows:

5(dB) = 10lg Do T Dy P

P SIM_Ai

o1 f 25
= g —
PSIM?Ai

where Pgy . Py and Pgy, ,; represent the power of PIM

(14)

signals Siv_Ar, SI’N; Aj» and Stv_ai, respectively. Notice that
(Ps;, ./ Ps_ai) is the value of the chamber reflection level.
Consequently, the reflection level can be written as follows:

105(dB)/10 -1
Riowal(dB) = 101g (15)

Let 6(dB) = 1 dB, which is a fairly small error in the PIM
measurement, then the required reflection level of the PIM test
chamber is —9 dB. According to Fig. 7, this reflection level
can be easily achieved using appropriate absorbing material.
Then, path loss in the chamber does not have to be large.
In other words, the size of the chamber can be significantly
reduced.

Fig. 8 is a schematic to show the size of the chamber. The
length of the chamber is D + 2d, where D is the diameter of
the test region and d is the distance from the test region to
the chamber wall. In addition to the reflection level, there is
another size limit of PIM test chamber. When the absorbers are
too close to the AUT, they would change the characteristics of
the AUT. The measured PIM level of the AUT in this situation
is also not correct. Thus, d should meet the following two
conditions:

A
4 = e 10Re(@B) 2G,@B)F@B) 10z (1)
and
d > Iam + dAM_ANmin)- (17)
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Equation (16) is derived from (7) and (15). It defines
the limit based on the chamber reflection level for the
required PIM measurement error. Equation (17) defines the
limit based on the effect of the absorbers on the AUT
characteristics, where dam_AN(min) iS the minimum distance
from the absorbers to the AUT and /sy is the height of the
absorbers. dam_AN(min) 18 related to the performance of the
absorbing material. Based on our simulated and measured
results, when dam an is larger than A/4, the impact of
the absorbers to the AUT characteristics is relatively small.
Moreover, the absorbers can achieve good absorption perfor-
mance beyond this distance.

In summary, when the maximum wavelength, maximum
antenna gain, and requirement for PIM measurement error are
given for a specific application, the smallest dimension of the
PIM test chamber can be determined using (16) and (17).

IV. MEASUREMENT AND ANALYSIS

In order to verify the proposed design method of low PIM
and small-size PIM test chamber, two PIM test chambers are
constructed and analyzed. The first chamber (marked as A)
is shown in Fig. 9(a), which is designed using the proposed
concept. The absorber and shielding enclosure of chamber A
are from those improved designs described in Section II.
The external dimensions of chamber A are 3.96 m (L) x
2.62 m (W) x 2.6 m (H). The other chamber (marked as B) is
illustrated in Fig. 9(b), which is designed using the traditional
method. The external dimensions of chamber B are 7 m (L) x
4 m (W) x 3.5 m (H). The volume of chamber A is about
one-quarter of chamber B. Chamber A is not designed to be
smaller considering the size of AUT. For example, the length
of the base station antenna is usually greater than 1 m. It needs
enough space for placement. But chamber A is still much
smaller than the traditional PIM test chamber.

Three experiments were performed to validate the perfor-
mance of the two chambers. First of all, the PIM level of
absorbers is measured. Then, the overall performance of the
chambers is evaluated. At last, a measurement for minimum-
size verification is done in chamber A. In these experi-
ments, PIM test instruments NTPIMD-900DA (transmitting
frequency from 925 to 960 MHz and receiving frequency
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(b)

Fig. 9. Photograph of two PIM test chambers. (a) PIM test chamber A.
(b) PIM test chamber B.

from 880 to 915 MHz) and NTPIMD-1800DA (transmitting
frequency from 1805 to 1880 MHz and receiving frequency
from 1710 to 1785 MHz) were used, and the input power was
set at 43 dBm.

A. Measurement of Absorbers

The test method to evaluate the PIM level of the absorbers
is as follows. First, the PIM level of a directional antenna is
measured in a PIM test chamber. Then, a block of absorbing
material under test was added in the radiation direction of
the antenna. The distance between the absorbers and the
antenna should not be too close; otherwise, the characteristics
of the antenna will be affected. This can be judged by the
voltage standing wave ratio (VSWR) of the antenna. If the
VSWR does not change with and without the absorbers,
it can be considered that the absorbers do not influence the
antenna behavior. The appropriate area of the absorbers can be
decided by the distance and antenna beamwidth. As illustrated
in Fig. 10(a), if 6, is the vertical half-power beamwidth of
the antenna, dam_aN is the distance between the antenna and
the absorbers, the vertical length L, of the absorbers can be

calculated as follows:
Ly = 2dam_an tan(6y/2). (18)

Similarly, the horizontal length of the absorbers can be
calculated as follows:

L = 2dam _an tan (6h/2)

where 6, is the horizontal half-power beamwidth of the
antenna. Generally, the main radiation energy of the antenna

19)

3383

|
|
AUTF-?“ L
-
-
LAY Absorber
(a) (b)
Fig. 10. (a) PIM measurement method of the absorber. (b) Setup of absorber

measurement.

(b)

Fig. 11. Photograph of two absorbers. (a) EPP absorber used in PIM test
chamber A. (b) Sponge absorber used in PIM test chamber B.

can be considered to concentrate in the 3-dB beamwidth. Thus,
the block of the absorbers with an area of L, x Ly should
receive most of the energies.

When adding the absorbing material, other sources of error
in PIM measurement including the PIM generated at the
shielding enclosure and the PIM due to the reflection level
of the chamber will get attenuated due to the absorption in
the absorbing material, while new PIM is generated by the
absorbers. As power reduces when the distance increases, the
measured PIM generated at the absorbers should also decrease
with the increase of the distance. These expectations can help
us analyze and understand the results.

Two kinds of absorbers were measured and compared: EPP
material [illustrated in Fig. 11(a)] and PU sponge material
[illustrated in Fig. 11(b)]. The dimensions of the two absorbers
are 600 mm (L) x 600 mm (W) x 290 mm (H) and
600 mm (L) x 600 mm (W) x 500 mm (H), respectively.

The test setup is illustrated in Fig. 10(b). A dual-band
directional antenna was used. The lower band is from
800 to 960 MHz with a typical gain of about 10 dBi and
a beamwidth of about 55°-65°. The higher band is from
1700 to 2700 MHz with a typical gain of about 9.5 dBi and
a beamwidth of about 50°-70°. The size of the antenna is
270 mm (L) x 270 mm (W) x 87.6 mm (H). Throughout
the measurement process, the state of the antenna remained
unchanged, and the PIM levels when the absorbers were placed
at different distances were measured in chamber A.
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TABLE I
MEASURED PIM OF AUT UNDER DIFFERENT ABSORBERS
Measured Measured
Absorbing Measurement Third-Order PIM  Third-Order PIM
material distance (mm) (880 to 915 (1710 to 1785
MHz) (dBc) MHz) (dBc)
50 -169.1 -170.1
100 -167.6 -170.2
EPP 200 -169.8 -169.7
300 -168.6 -170.2
50 -124.2 -135.5
100 -130.5 -141.2
PU 200 -133.1 -150.5
300 -140.1 -151.1
AUT without / -166.0 1707
absorber

The measured results are shown in Table I. All the mea-
surement distances in this section refer to the distance from
the top of the absorbing material to the antenna. Since the
measurement setup (such as the connection of connector and
cable placement) can affect PIM measurement, it is generally
considered that fluctuations within 3 dB are acceptable. All the
measured results are averaged values among multiple mea-
surements. It can be seen that the measured PIM results with
the EPP absorbers are almost the same at different distances
with differences no more than 2.2 dB. They are close to the
PIM value without the absorbers. It can, thus, be concluded
that the EPP absorber generates extremely low PIM and will
not affect the measurement. Other sources of error can also be
neglected, especially in the higher band. The phenomenon that
the measured PIM is lower with the absorbers than without the
absorbers in the lower band is probably caused by the other
sources of error because their contribution is attenuated by the
absorbers. However, the measured PIM results with the PU
sponge absorbers increase significantly compared to the case
with the absorbers. The increase comes from PIM generated by
the absorbers because the contribution from the other sources
of error is attenuated by the absorbers. Furthermore, the PIM
level increases as the distance decreases. These results show
that the PIM generated at the PU sponge absorbers is much
larger (by at least 27.5 dB in the lower band and 18.6 dB in
the higher band) and cannot be neglected for the antenna PIM
measurement.

B. Measurement of PIM Test Chamber

This experiment is to verify the overall performance of the
chambers. In this experiment, the main radiation direction of
the antenna was placed toward one side of the chambers, and
the distance from the antenna to the sidewall was varied.

The measured results are listed in Table II. The minimum
distance between antenna and shielding enclosure in the
experiment is 340 mm (the height of absorber plus measur-
ing distance), which is about the wavelength of 880 MHz.
For chamber A, there is almost no difference at different
distances (variation is less than 3 dB). It can be concluded
that chamber A itself does not introduce additional PIM
sources (or the generated PIM is small enough) to affect the
PIM measurement of the antenna. Indirectly, it validates the
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TABLE 11
MEASURED PIM IN DIFFERENT CHAMBERS

Measured Measured
PIM test Measurement Third-Order PIM  Third-Order PIM
chamber distance (mm) (880 to 915 (1710 to 1785
MHz) (dBc) MHz) (dBc)
800 -168.2 -170.6
600 -167.9 -170.4
400 -168.2 -169.6
4 200 -168.3 -172.1
100 -167.4 -169.9
50 -167.9 -170.0
800 -146.6 -158.9
600 -143.4 -152.8
400 -137.1 -151.6
B 200 -128.8 -146.8
100 -123.8 -143.2
50 -122.5 -139.4

effectiveness of the low PIM absorber and shielding enclosure
proposed in Section II. However, the PIM level measured
in chamber B increases as the distance decreases. Even at
a distance of 800 mm, accurate values cannot be measured
(deviated from the value of chamber B by more than 10 dB).
It indicates that there is PIM generated by chamber B, and
thus, path loss in this chamber plays a role in measurement
error.

C. Minimum-Size Verification

This experiment is to verify the feasible minimum size
proposed in Section III. A directional antenna with a gain
of 16 dBi is used to repeat the second experiment in cham-
ber A. The lowest measurement frequency is 880 MHz
(4 =341 mm), and the reflection level of absorber R,(dB)
at 880 MHz is —33 dB according to Fig. 3. Assume the
required chamber reflection level Ry, (dB) is less than —9 dB
[0(dB) = 1 dB]. Then, the d value calculated by (16) is
about 83 mm, which is less than a quarter wavelength of
operating frequency. If dam_AN(min) is equal to 4/4, the d
value calculated by (17) is 375 mm. Thus, the smallest d of
the PIM test chamber should be 375 mm in this example.
From here we can see, in many cases, the reflection level has
little effect on the measurement, and the minimum size of the
chamber depends more on the size of the absorbers.

It is worth mentioning that since the selected antenna is a
narrow beam, highly directional antenna, the reflected signal
mainly comes from the main radiation direction. Consequently,
reducing the distance between the main radiation direction
of the antenna and the chamber wall can be equivalent to
measuring in a small PIM test chamber.

The measurement results are shown in Table III. It can be
seen that the measurement results are consistent at different
distances d, even when the distance is less than 375 mm. It can
be proved that the minimum size proposed in Section III is
feasible. Notice that dam_aN(min) = 4/4 is a conservatively
estimated value. Therefore, accurate values may also be mea-
sured within the minimum distance from (17).

In addition, a measurement result outside the chamber is
given to show the necessity of PIM test chamber. There is an
error of about 26 dB without an anechoic chamber.
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TABLE III
MEASURED PIM USING A HIGH-GAIN ANTENNA

Measured
PIM test Measurement d Third-Order PIM
chamber distance (mm) (mm) (880 to 915
MHz) (dBc)
800 1090 -161.1
600 890 -161.0
400 690 -161.3
A 200 490 -161.3
100 390 -160.9
50 340 -160.6
25 315 -160.8
Outside the
chamber / / -134.8

From the three experiments, it can be seen that chamber A,
even with a much smaller size than chamber B, does not
generate PIM sources to influence measurement results and
it can measure accurate PIM values at a shorter distance from
the chamber wall. This validates that the proposed concept can
be used as a guide to design a small-size chamber for on-line
and on-site PIM measurements.

V. CONCLUSION

A design concept of small PIM test chamber is proposed
in this article. The proposed method realizes a low PIM
measurement environment by controlling the PIM sources at
absorbing material and shielding enclosure. With these two
main PIM sources addressed, the requirement for path loss in
the chamber is significantly reduced. This innovative design
concept can significantly reduce the size of the PIM test
chamber, particularly suitable for on-line and on-site PIM
measurements. Design methodologies for low PIM absorbing
material and shielding enclosure are also introduced. The
reflection level of the chamber and the PIM level from
reflected energy are estimated. The minimum chamber size
to meet the given specifications is derived. Finally, the design
concept, as well as the improved absorbing material and the
proposed splicing structure, was validated by measurements.
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