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Abstract— A passive intermodulation (PIM) near-field mea-
surement equipment has been earlier designed in order to localise
PIM sources in antennas and open transmission lines. The
sensitivity of the scanner is —110 dBm with Py = 2 x 43 dBm
and it works in the GSM 900 frequency band. The antenna
structure is scanned with a near-field probe and the results will
reveal whether there are any PIM sources within the scanning
area. However, the interpretation of the results is not always
obvious. This paper introduces circuit model based equations
which explain how the PIM electric and magnetic fields behave
along a microstrip line. The differences in the reverse and
forward traveling PIM waves caused by the asymmetry of the
loading impedances are considered. Theory is compared with
measurements including one and two PIM sources.

I. INTRODUCTION

Passive intermodulation (PIM) distortion continues to be a
problem in wireless communication systems that utilize high
power transmitters and sensitive receivers [1], [2]. The GSM
system is especially problematic, since the base stations use
several simultaneous narrow band carriers and their third-order
intermodulation signals fall into the frequency band of the
receiver. Base station antennas are typically subject to the PIM
specification of —110 dBm with 2 x 43 dBm transmit power,
which is not trivial to fulfil. The sources of PIM distortion are
typically slightly nonlinear metal-metal junctions or magnetic
materials [3]. In a base station antenna, these sources can be
located in the antenna connector, antenna elements or in the
feeding network, which is typically implemented as a coaxial
cable or as a microstrip line. Depending on the manufacturing
techniques, there are various junctions in the feed line that are
potential PIM sources. The localisation of a PIM source by
experiments is time consuming and often very difficult.

The reverse and forward PIM level of a device can be
measured with a dedicated PIM analyser, but it does not
reveal where the PIM distortion is generated. The PIM near-
field measurement equipment described in [4] can be used
to localise PIM sources in antennas and open transmission
lines, see the block diagram in Fig. 1. The antenna structure
is scanned with a near-field probe and the results will show
whether there are any PIM sources in the scanning area. The
interpretation of the results is not always obvious and, there-
fore, this paper explains how the PIM electric and magnetic
fields behave along a microstrip line in case of one and two
sources.

The source and load impedances seen by the PIM source
cause the reverse and forward traveling voltage waves to differ.
This can be seen both in the near-field measurements as well
as on the reverse and forward PIM level measurements. An
equation for the PIM voltage along a transmission line is given
and the differences between the reverse and forward traveling
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Fig. 1. Block diagram of the PIM near-field scanner.
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Fig. 2. Equivalent circuit of the PIM source in a microstrip line.

waves are considered. Also, the case of two PIM sources is
discussed.

II. CIRCUIT MODEL OF PIM SOURCE

A simple circuit model of a PIM source described and
verified in [5] is used to interpret the PIM near-field mea-
surement results on microstrip lines. The model takes into
account the source and load impedances seen by the PIM
source, see Fig. 2. In the model, the incident voltage wave Viyg
induces the current / to flow through the PIM source, which is
assumed to obey the third-order Taylor polynomial model. The
simplifying assumptions are that the impedance of the PIM
source is negligible compared with the system impedance and
that the PIM source is in series with the lossless transmission
line.

The PIM voltage along the transmission line with a PIM
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source at xg =0 is

V’ejBx(l—FFse’jZB"), x <0,
Ve (x) = )
Ve B (14T /%), x>0,

where P is the propagation constant of the transmission line, I
and I'; are the source and load reflection coefficients seen by
the PIM source at the intermodulation frequency fz =2f] — f>.
The reverse and forward traveling PIM voltage waves are

_ VPIM,src 1*FL

74 _— -t
2 1-I0

(@)

_ VPIM,src 1- l—‘s

Vvt = _—
2 1-I I

3)

The voltage Vpiw,sic across the PIM source and the current at
the transmitting frequencies are

Vot = 2L (R) () 4
o Vfwd(f) 17FL(f)
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Zy 1-T(f)TL(f)’

where a3 is the coefficient from the Taylor polynomial model
of the PIM source and Zj is the impedance of the transmission
line. The asterisk denotes the complex conjugate. Similar
equations can be written for the PIM current, except that there
is no sign change at x = 0.

A. Reverse and forward PIM

It can be seen from (1) that the voltage waves on each side
of the PIM source are approximately out-of-phase and that
the exact phase difference depends on the source and load
impedances. Their amplitudes will also be different. The ratio
of the reverse and forward traveling PIM voltages at the PIM
source is simply

% 1-T,

Vit 1-T, ©

The maximum possible differences in the amplitude and
phase are plotted in Fig. 3 versus return loss when |T's| = |T';|.
It should be noted that the amplitude and phase maxima are
not achieved at the same time. The difference in the reverse
and forward voltage can be up to =3 dB when the return losses
of the source and load are 15 dB. Although the plot shows the
worst case, it is a reasonable approximation of the maximum
difference over the whole frequency band of the device.

Essentially the same effect will be seen in the reverse and
forward PIM power measurement. The PIM power dissipated
in the source and load impedances are
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Fig. 3. Maximum possible difference of the reverse and forward traveling
PIM voltages calculated from (6) with |I's| = [, |.
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Fig. 4. Ratio of the forward traveling PIM voltage caused by two and one
PIM sources versus the load reflection coefficient. Calculated from (9) with
a = \/4. The ratio is plotted in decibels.

B. Two PIM sources

The sum of the voltage waves generated by two similar
PIM sources in a transmission line can be calculated from
(2)-(5) by weighting the reflection coefficients and Viyq with
proper phase factors. The resulting equations are lengthy, but
the behaviour of the sum can be studied with approximations.
For example, the ratio of the forward traveling PIM voltage
wave caused by two and one PIM sources is

VFe /B o yF
V1+ e—iBa

(1 —Te/?a)2(1 —Te—i2Ba)
(1-I)3 ’

when Iy =0, T =T"L(fi) =T (f2), B=B(f1) =B(f2) =B(f3).
The separation between the PIM sources is a.

This ratio is plotted versus the load reflection coefficient in
Fig. 4, when a = A /4. In this simplified case, the forward PIM
level of two identical PIM sources is 2.5 to 12 dB higher than
that of one PIM source, when the return loss is 15 dB. The
difference will not be so high when the exact equation is used
with practical reflection coefficients. However, the difference
will deviate from the usual assumption of 6 dB, which is the
case when the load and source are perfectly matched. It is
also to be noted, that the forward PIM level depends on the
electrical distance between the PIM sources when the loading
impedances are taken into account.
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C. Normalisation

In order to compare the PIM near-field data with the reverse
PIM measurement, a calibration measurement is needed [4].
In calibration, a known signal is fed to the device under test
(DUT). The calibration signal voltage along the transmission
line is

Vea(x) = Vi e /Bx e

10
cal I—FSFL ) ( )

where V;rﬂ is the incident calibration voltage wave at the PIM

source and the other parameters are shown in Fig. 2. Then,
the normalised PIM voltage is

Vpim (x)
Vimz put (x) = Va0 V=
VPIM, stc esz"(l 1) 1 —i-l—‘se*ﬂﬁx 10
2 Y14 e ’
(11)
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where ¢ is an unknown constant.

Thus, it can be seen that the normalised PIM voltage with
x < 0 and x > 0 are comparable with the reverse and forward
PIM power in (7)—(8), respectively. Furthermore, Vivm3 put is
constant between the PIM source and the load, whereas it will
fluctuate between the signal and PIM source.

III. MEASUREMENTS

Different kinds of PIM sources on a microstrip line have
been scanned with both electric and magnetic field probes.
Pieces of various materials were inserted below the strip or
within the strip in order to cause PIM distortion. It was found
out that most of the PIM sources were in series with the
microstrip line. Only a diode in the vicinity of the strip was
found to be in parallel. The transmitting power was 2 X 43 dBm
and the frequencies were f; =935 MHz and f, = 960 MHz
in the measurements.

An example of the scan along the microstrip line with a
PIM source is shown in Fig. 5. It can be seen that the E_-field
has a discontinuity at the source as given in (1). The H,-field
is continuous over the source and there is a peak in the near-
field of the source, which naturally cannot be predicted by the
circuit model. In both the electric and magnetic field the slope
of the phase points towards the PIM source as expected. The
estimated phase differences between the forward and reverse
PIM waves are 172 and 18 degrees for E, and Hy-fields,
respectively.

An extreme case of two PIM sources having equal ampli-
tudes is shown in Fig. 6. Here, one PIM source is located
in the feeding cable before the microstrip whereas the other
is located at x = 358 mm in the microstrip line. Amplitude
minima and maxima cannot be used anymore in determining
the location of the PIM source. However, the slope of the
PIM phase unmasks the latter PIM source. It is also seen that
the amplitude between x = 360 and 450 mm is 3 to 5 dB
lower than the maxima in the standing wave pattern. This
can be understood by the effect of the loading impedances
as explained in Sect. II-B.
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Fig. 5. One PIM source. Normalised PIM level Pp3 put and PIM phase

O1v3 along a microstrip line. A piece of stainless steel below the strip at x =
118 mm. Reverse PIM level —111 dBm, Pty =2 x 43 dBm, fim3 =910 MHz.
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Fig. 6. Two PIM sources. Normalised PIM level Ppv3 put and PIM phase
Omv3 along a microstrip line. An N-N adapter is located left from the
microstrip and a piece of ferrite is located at x = 358 mm. H,-field.

IV. CONCLUSION

Passive intermodulation near-field scanner can be used to
localise PIM sources in antennas and open transmission lines,
but the interpretation of the measurement results is not always
obvious. Equations for the PIM voltage along a transmission
line has been given and the effect of the loading impedances
seen by the PIM source is considered. The reverse and forward
traveling waves will, in general, differ both in amplitude
and in phase. The theoretical PIM signal characteristics were
compared with the near-field measurement results of PIM
sources in a microstrip line. It was also found out that the ratio
of the forward traveling PIM voltage wave caused by two and

1043



one PIM sources deviates from the usual assumption of 6 dB.
The ratio also depends on the electrical length between the
sources.

The loading impedance effects can be several decibels when
the return loss of the source or load is less than 20 dB, a
condition that is often met in base station antennas and filters.
Therefore, the loading impedances should be taken into ac-
count when performing passive intermodulation measurements
or developing low-PIM devices.
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