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Abstract—Passive Intermodulation (PIM) measurements are
typically conducted with a simplified test scenario composed by
two radiofrequency (RF) carrier tones operating in continuous
wave (CW). However, satellite payloads tend to operate with
a more complex scheme, where modulated signals are present
at each transmission channel. This paper aims at linking both
PIM scenarios. A novel procedure is developed to obtain, from
measured data obtained using two CW input tones, the spectral
distribution and amplitude of a PIM contribution originated
after exciting a non-linear device with modulated signals. The
technique determines the spectral distribution of the PIM term
of interest from the spectrum of the input signals, and evaluates
its amplitude from a recently formulated PIM power conservation
rule. Moreover, an extensive PIM test campaign providing novel
and valuable experimental data for the topic of PIM under
modulated signal excitation has been carried out. The results
obtained for a wide range of test scenarios exhibit a good
agreement with theoretical predictions, thus providing a practical
validation of the proposed technique.

Index Terms—Distortion measurement, intermodulation dis-
tortion, modulation, passive circuits, satellite communications.

I. INTRODUCTION

ASSIVE Intermodulation (PIM) interference has been

faced since the 70s of the 20th century, when several
space programs such as FLTSATCOM, LES6, MARISAR,
among others, suffered PIM issues during their testing
phases [1], [2]. For those cases, PIM caused a redesign of
the satellite architecture, with consequent schedule slippage
and added cost to the missions.

Nowadays, despite some heritage and lessons learnt from
the past, PIM still represents a major threat for the space in-
dustry. In fact, common satellite payloads have a high number
of transmission channels in the downlink to improve flexibility
and bandwidth usage, leading to a multicarrier scenario which
fosters intermodulation issues [3]-[7].
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The situation is even worse for modern High Through-
put Satellites (HTS) payloads operating at higher frequency
bands [8], [9]. In fact, the compact sizes of these payloads
(due to the higher operational frequency), combined with
the high data rates (throughput), leads to adopt architectures
implying elevated surface current densities for the transmitted
signals. This is indeed a typical ignition factor of passive
intermodulation [10]-[13], which may cause that harmful PIM
terms generated in the downlink may fall in the reception
band and interfere with the weak signals to be received, thus
jeopardizing the uplink performance.

Traditional PIM models and measurement standards con-
sider a simplified scenario composed by two continuous wave
(CW) tones [14], [15]. Such a scenario, however, is far from
the real operation of payload satellites, where the downlink is
typically composed of a large number of modulated signals,
which are combined using a frequency division multiplexing
(FDM) scheme with equi-spaced channels [16].

The finding of a link between the aforementioned typical
reduced scenario, considered for standard PIM measurements,
and the actual operation case with modulated signals, is
therefore of great practical interest. The understanding of this
relationship could be of help to estimate the PIM performance
of the key hardware of a system, from measured data obtained
in the usual standard test scenario [15], without requiring
specific PIM measurements in more complex schemes involv-
ing modulated signals. In order to establish such a link, the
PIM power conservation rule recently proposed in [17] can
be useful, since it is able to account for the power spreading
as the PIM spectrum enlarges. Note that this heuristic law is
applicable to PIM, but it has not been observed in the case of
active intermodulation (AIM) so far.

At this point, it is important to mention that the causes
and principles of PIM can differ from those governing active
intermodulation (AIM) [18]-[20]. In fact, the PIM power level
does not seem to follow the general rule of N dB growth
for each dB of input power increase for an N-th order term
[21]. Roughly constant slope factors SF' in the range of 1.6-3
dB/dB of input power for third order PIM terms, and about
2.3-3 dB/dB for fifth order terms have been experimentally
obtained for different practical applications [14], [22]-[24].
Therefore, the well-established results for AIM cannot be
directly extrapolated to passive intermodulation. This fact,
together with the challenging nature of PIM (primarily orig-
inated by slight imperfections in metal-to-metal contacts and
workmanship [10], [11]), makes the development of reliable
passive intermodulation predictions tools extremely difficult.



As a result, PIM characterization must rely on experimental
verification.

This paper proposes a novel technique to estimate the
spectrum of a PIM term originated from two channels with
modulated signals. A theoretical model is presented to obtain
the shape of the PIM spectrum from the spectral distribution
of the two input modulated signals. The determination of the
amplitude of the PIM term, however, requires experimental
data from the device under test (DUT). For this reason, a novel
link is introduced by using a recently proposed PIM power
conservation rule [17]. Thanks to this link, the amplitude of the
PIM term can de derived from measurements performed in the
simplified standard scenario corresponding to two input CW
tones [14], [15]. The analysis is focused on the 3 order PIM
term, the most critical one in satellite applications [14], [23],
[24]. However, it can be easily extended for other PIM terms if
required. An extensive Ku-band PIM test campaign involving
both modulated and CW signals is performed, providing novel
valuable experimental data. After verifying the application of
the PIM power conservation rule to modulated signals and
verify the effect of different modulation parameters, a range of
diverse scenarios are considered. An excellent match between
the theory and the real measurements is demonstrated, proving
the validity of the proposed technique.

II. THEORY
A. PIM Power Distribution

The standard scenario for PIM testing, which considers two
input CW signals of the same power, has been deeply analyzed
in practice [15], [25], [26]. However, the extension to more
generic situations, such as the ones involving modulated or
multicarrier signals, is a matter of research.

Some works in the technical literature analyze PIM under
excitation schemes that go beyond the two equal-amplitude
CW tone scenario. Most of them, however, do provide sim-
ulated data from the classic polynomial model [19]. This is
the case in [27], [28], once the coefficients of the non-linear
polynomial were adjusted to fit PIM measurements obtained
from the standard two-carrier test.

A very complete set of experimental PIM data for a real
multicarrier scenario was disclosed in [23]. The authors also
observed that the power level of the PIM terms was affected
by the presence of non-contributing carriers (i.e., carriers
which are not theoretically related to the specific PIM term
measured), although no explanation was given. An heuristic
model fitting this set of measured data was reported more
recently in [17], which states the PIM power corresponding
to a specific non-linear order is related to the total amount of
RF power at the input of the non-linear device in the form:

OPPIM (dBm) = OPPIM,O (dBm) (l)
+ SF - (IP (dBm) — I P, (dBm))

where I P represents the overall input RF power, O Pppy the
output PIM power for a specific non-linear order, OFppm,o
is the output PIM power for the non-linear order under
consideration associated to an input RF reference power I P,
and SF is the slope factor of such a non-linear order (i.e., the
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Fig. 1. Generic non-linear system, where the output signal vou (t) is a function
of the input signal vj, (t).

increase of output PIM power for an increase of 1 dB in the
input RF power).

It is worth highlighting that the terms SF, OFpp,0 and
IP, in (1) can be experimentally obtained from a two-tone
PIM test, thus enabling the characterization of a general PIM
scenario by resorting only to the standard two-carrier testing
normally used in practice. This was indeed the approach
followed in [17] to justify the experimental results from [23],
after distributing the overall output PIM power computed
from (1) in the different third-order PIM terms originated from
a multicarrier excitation by using:

2

OPPIM,i (mW) = OPp[M (mW) . z;jxi}f (2)
being O Ppiv,; the power of an specific i-th PIM term, whereas
AF}y, denotes the amplitude factor of the k-th PIM term of the
order under consideration [17].

A similar approach is followed in this work for generic
modulated signals. For an excitation composed of multiple CW
carriers, the PIM terms are also pure CW tones. For modulated
signal stimulus, however, the power of the resulting PIM
contributions spreads out along the frequency axis depending
on the spectral shape of the input modulated signals. This
results in a lower PIM power spectral density when compared
to the CW case with the same overall input power.

The PIM power conservation rule is a heuristic principle
proposed for the first time in [17], where it provided excel-
lent agreement with measured data from diverse multicarrier
scenarios [23]. However, a further validation is recommended
for other applications. In Section III-A, this heuristic rule has
also been verified for the case of input modulated signals.

B. Model for PIM Originated From Modulated Signals

For the sake of simplicity, the following analysis is restricted
to two generic signals vj,1(t) and vino(t) at the input of the
non-linear system (see Fig. 1):

Vin(t) = Vin1 (t) + vin2(t) 3)

although the theory can be extended to an excitation composed
by a larger number of input signals.

The 3™ order PIM contributions are usually the dominating
ones in practice, due to their higher power level and closeness
to the RF transmission band [5], [24], [29]. Therefore, the
classic polynomial model of a non-linear system with only 3"
order terms is considered from now on [10], [22]:

Vout(t) = C + awin(t) + yv () 4



Let us first consider the well-known case where the two
input signals are CW tones:

Vin1 (t)
Vin2(t)

= A cos (27 f1t)
= As cos (27 fat)

(4a)
(4b)

assuming zero phase carriers, as it has been demonstrated that
the phase of the carriers does not affect the PIM power level
in a two-carrier PIM scenario [30].

By substituting (4a) and (4b) into (4), the ignited 3™ order
PIM is composed of tones falling at frequencies f1, fo, 3f1,
3fa, 2f1 + fo and 2f5 + f; with different amplitude factors
(AFs) as detailed in [17]-[19].

Let us focus on the term at 2f, — f;, which tends to be
the most problematic one in many satellite payloads (as the
uplink band is normally placed at slightly higher frequencies
than the downlink band). The expression for this term is given
by [19], [30]:

Vou (t) = 'y%AlA% cos (21 (2f2 — f1)t) ®)

which corresponds to a Dirac’s delta of amplitude v 3A1A2 at
2fa — f1 (and also at —2f5 + f1, as the spectrum of a real
signal must be hermitian), being ~ the coefficient of the third
order term of the device non-linear model in (4), and 3/4 the
amplitude factor of this specific term [17].

This contribution comes from the term 3vin; (t)v2,(t) ob-
tained after substituting (4a) and (4b) into (4). Let us derive
a general expression for the spectrum of this term for arbi-
trary input stimulus. This can be accomplished by using the
general Wiener-Volterra series analysis usually performed for
AIM [19], [31], [32]. In this case, a more direct approach
exploiting the Fourier transform is applied. Anyway, this is
the first time a mathematical model is used to perform the
spectral analysis of PIM under modulated signal excitation,
thus allowing to predict and evaluate PIM interference for
satellite communication systems.

Consider F' (f) and G (f) as the Fourier transforms of
the time-domain signals f (¢) and ¢ (¢). The inverse Fourier
transform of the convolution of F'(f) and G (f) can be
expressed as:

“H(F *G) (!
( G(f-7) dT) e?ritaf
T

( / G(f —T)eﬂ’fftdf) dr  (6)
F(r) ( / G (w) ej%(’“”)tdu) dr

F (1) e dr / G (u) ™ du
g(t) (7)
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so that the spectrum of the product of two time-domain signals
is the convolution of the Fourier transform of both signals:
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This identity can be used to obtain a general expression for
the spectrum of the term 3viy1 (t)v,(t) in the form:

i ()} (f) = 3Vin1 (f) * Vinz (f) * Vinz (f)
X(f— @+ )+ XT(f+2f+ )
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f) is given by:

X(f):‘an(f)*f/{ﬂ(f)*vmz(f)

being Vink (f) the spectrum of the equivalent baseband sig-
nal of wvi,k(t), which is obtained by performing a down-
wards shift fi to the positive frequencies of 2Viy; (f) (i.e.,
Vink (f) =2u (f + fr) Viar (f + f&), being u (x) the unit step
function) [33]. Note that for CW input stimulus of amplitude 1,
X (f) = 6(f), and expression (9) yields the known spectral
terms coming from 3 cos (27 f1t) cos? (27 fat).

From the different terms in (9), the one to be con-
sidered is 2X (f — (2f2 — f1)) (or its hermitian conjugate
SXT(f+ (2 f2— f1)) in the negative frequency axis), as it
represents the PIM term centered at 2fs — f;. It is worth
pointing out that this term has the spectral shape of X (f)
according to (10).

For the particular case of two CW input carriers, whose
baseband equivalent signal is a Dirac’s delta centered at the
origin with the amplitude of the tone, the term X (f) is equal
to A1 436 (f), so that the last term in brackets in (9) can be
expressed in the time domain as:

(10)

ZAlAg cos (27 (2f2 — f1)t) (11)

which is the same expression in (5) once the coefficient « of
the non-linear model in (4) is incorporated.

The formulation derived in the above paragraphs allows to
evaluate the PIM term associated to 2 fs — f; for two arbitrary
input signals centered at f; and fs, whose spectrum (which
must be centered at 2f; — f1) can be expressed in general as:

APIMf/inl (f) *

~in2 (f) * ~in2 (f)

where Vi, (f) is a normalized version of Vini (f), so that the
convolution of the three terms in (12) has a maximum value
of unity.

In virtue of the theory detailed in Section II-A, the ampli-
tude Appy is chosen to match the measured power level of the
PIM term for the standard two-tone test with the same overall
RF input power (in case the input power of both scenarios is
not the same, the overall PIM output power for the modulated
signal case can be estimated by using (1)). Note that according
to [17], the PIM power must be distributed in the different
third-order PIM terms. However, the amplitude factors for the
same PIM term of the two-tone and modulated signal scenarios
are identical, thus enabling a direct comparison between the
PIM power levels of the contributions associated to 2fs — f;
for both types of signal excitation.

12)
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Fig. 2. Schematic of the PIM test set-up for conducting PIM measurements under modulated scenario.

The theory developed in this section can be extended, if
required, to another PIM term of third order, or even of
different order.

C. Approximate PIM Power Spectral Density

Consider two generic modulated signals centered at f; and
f2, with bandwidths By and Bs, respectively, exciting a non-
linear device with a joint RF input power level 7P (dBm).

Let us suppose that a standard two-carrier test has been
performed using CW signals at the frequencies f; and fo
with the same overall input power, obtaining an output power
O Pppy for the PIM term of interest at m f; n fo (being m and
n positive integers). According to the PIM power conservation
rule, the output power for such a PIM term originated in the
modulated signal case should also be O FPpyy (in case the input
power is different in both scenarios, the output power for the
modulated signal excitation case can be estimated from (1)).

The convolution property in (8) implies that the bandwidth
of the multiplication of two time domain signals is equal to
the sum of the bandwidths of both signals [34]. As the PIM
term associated to m f1 £n fo is originated from o7 (£)v"5(t),

the bandwidth occupied by the PIM contribution is therefore:
BPIM = m31 + TLBQ (13)

If we assume that the power of this PIM term is uniformly
distributed along its bandwidth, the PIM power spectral den-
sity can be expressed as:

dBm
OPPIM ( Hz ) = OPPIM (dBm) — 1010g10 (BPIM (HZ)) (14)

Since the particular shape of the spectrum of the PIM con-
tribution depends on the spectral distribution of the modulated

MODULATED CASE EQUIVALENT CW CASE
-103.5 dBmF.)PIM-dBm
P
1Hz f 1H f

Fig. 3. Approximate method to link CW and modulated signal scenarios.
For 157 MHz PIM bandwidth in the modulated case, the PIM level (in dBm
measured in 1 Hz) is reduced in 82 dB with respect to the two-tone CW case.

signals and the specific PIM term of interest, the expression
(14) must be considered as a first order approximation. How-
ever, it allows to establish a fast initial link between PIM
specifications for CW and modulated input signals.

For example, consider a PIM requisite of —185.5 dBm/Hz
in a PIM bandwidth Bpp = 157 MHz (see Fig. 3). This PIM
spectral density corresponds, from (14), to an overall output
power for the PIM term OPppy = —103.5 dBm. Therefore,
in a classic two-tone CW test keeping the same power level
for the two input channels, the measured PIM must be lower
than —103.5 dBm. Note how the requirements for the CW and
modulated cases differ severely. In fact, the direct transfer of a
modulated PIM specification to a standard two-tone CW case
would lead to overdemanding PIM requisites.

Since the PIM signal could have a non-uniform spectral
distribution, a correction term must be added to (14) in order
to relate, in a more accurate way, the PIM peak power level
for modulated excitation with the CW case. In Section III,
a rigorous analysis for the PIM term at 2f, — f; originated
from modulated signals with a rectangular-shaped spectrum,
is carried out and experimentally verified.



(b) Rear view
Fig. 4. Assembled set-up for performing PIM measurements under CW and
modulated scenarios.

III. RESULTS

An extensive range of PIM measurements were carried out
at Ku-band, in order to verify the theory described in Section II
for PIM with modulated signals. Although this theory is partly
based on well-established results for AIM, it is also combined
with some PIM particularities. It is worth pointing out that any
theoretical result for PIM requires an experimental validation,
due to the intricacies of this subtle effect. To the authors’
knowledge, this is the first time PIM measurements from a
large test campaign involving modulated signals are reported.

The test campaign was carried out thanks to a dedicated PIM
bench developed at the ESA-VSC European High Power RF
Space Laboratory [35], able to combine two different signals
(CW or modulated), and also evaluate the conducted 3 order
forward PIM corresponding to 2fs — f1. Fig. 2 depicts a
scheme of the set-up. Some photos of the assembled test bed
are shown in Fig. 4. Note that the bench uses a low-PIM
triplexer at the input of the device under test (DUT) to combine
two input channels (the third input channel is terminated in a
matched load), whereas a low-PIM triplexer is placed at the
output of the DUT to separate the high-power channels (each
one absorbed by a separate dummy load) from the PIM signal.
The weak PIM signal is delivered to a low-noise amplifier
(LNA) before being detected with a spectrum analyzer.

The central frequencies of the input channels were chosen
to be fi = 11.4 GHz and f; = 12.7 GHz, with an RF input
power of 20 W per channel (both channels have the same
power, according to the the IEC62037 standard [15]). The PIM
signal at around fpp=14 GHz is measured, as corresponds to
the 2fy — f1 PIM term.
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Fig. 5. PIM power conservation. CW-CW case (top) versus 4QAM-4QAM
brick-wall modulation with fs=10 kbps (bottom).

Different modulations (QPSK, 8PSK, 4QAM and 16QAM)
and symbol rates f; (1 kbps, 5 kbps and 10 kbps) were consid-
ered during the tests. The pseudo-noise 9 (PN9) sequence of
the Keysight E8267D signal generators were used to generate
the modulated signals. A Root Rise Cosine (RRC) filter, with
the roll-off factor a set to zero, was applied to emulate a
brick-wall filter as best as possible. For this particular case,
the spectrum of each modulated signal must have a shape
similar to a rectangle with a bandwidth close to the symbol
rate, leading to an ideal brick-wall modulation scheme.

A. Validation of the PIM Power Conservation Rule

The first set of experiments is conducted to accomplish
two key objectives: analyse the effect of the different mod-
ulation schemes and symbol rates in the measured PIM signal
spectrum, and also obtain a practical verification of the PIM
power conservation rule proposed in [17] for modulated signal
scenarios.
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Fig. 6. Comparison of the measured spectrum of the 2fa — f; PIM term
for different modulation schemes sharing the same symbol rate of 10 kbps.
All the modulated signals are, ideally, brick-wall (PN9 sequence with roll-off
factor equal to zero).

An initial reference test with CW carriers at f; and fo of
20 W of input power each is carried out (see Fig. 5a). Next,
modulated signals of 20 W of input power are injected into
each channel (see Fig. 5b). Both channels share the same
modulation type and symbol rate fs in all the experiments,
using the PN9 pseudo-noise sequence as modulating signal.
Since the input power at the DUT is the same for both the
CW and modulated scenarios, the overall output PIM power
corresponding to the 2fs — f; term should also be the same,
according to (1) and (2). This is illustrated in Fig. 5, where the
PIM power in the CW case (measured at fppy = 14 GHz with
a resolution bandwidth of 1 Hz) is —106.6 dBm, whereas for
4-QAM modulated signals with f; = 10 kbps is —106.3 dBm
(integrated along a 40 MHz bandwidth centered at fppy = 14
GHz). This represents a deviation of only 0.3 dB between the
overall power predicted by the PIM power conservation rule
(i.e., the value of —106.6 dBm measured in the CW case) and
the PIM power measured when the DUT is excited with the
modulated signals. Similar deviations between predicted and
measured power levels, for the PIM term under study, were
obtained for all the modulation schemes and symbol rates
considered during the experiments. It is important to point
out that the deviations observed are within the measurement
error of the spectrum analyzer (+/-1 dB) and/or the typical
fluctuation of PIM over time, thus they can be considered as
negligible.

Fig. 6 shows the measured spectrum of the PIM signal
corresponding to the 2fs — f; term for QPSK, 8PSK, 4QAM
and 16 QAM modulations with a symbol rate of 10 kbps. As it
can be noticed, the spectrum of the PIM signal is roughly the
same regardless the modulation scheme applied. These results
support again the PIM power conservation rule, since the PIM
power is maintained for the different modulation schemes,
as long as the overall DUT input power is the same. From
now onwards, only the 4QAM modulation is considered, as
the modulation scheme does not have a relevant role in the
spectrum of the measured PIM signal.

The effect of the symbol rate is analyzed next. Fig. 7 shows
the spectrum of the PIM term associated to 2 fo — f1 for 4QAM
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Fig. 7. Comparison of the measured spectrum of the 2fa — f1 PIM term
for 4QAM brick-wall modulated signals with different symbol rate f;. The
reference CW-CW case (corresponding to a symbol rate of 0 kbps) is also
plotted.

modulation with different symbol rates. As expected, the PIM
signal is spread over the spectrum as the symbol rate increases.
Note that the bandwidth of the modulated signals must be close
to fs since the signal generators use an RRC filter with a roll-
off factor of zero. Therefore, a ten-fold increase in the symbol
rate turns out into a 10 times larger PIM signal bandwidth.
In addition, Fig. 7 also shows how the PIM power spectral
density is reduced in about 10 dB in this case. As a result,
the overall PIM power level is nearly the same regardless the
symbol rate used.

This experimental study shows the real effect of the symbol
rate and the modulated signal scheme in a PIM signal term.
Besides, all the measured results provide more evidences
to support the PIM power conservation rule enunciated in
[17] for multicarrier scenarios, which has been extended in
this work also to modulated signals. This principle is of the
outmost relevance for this particular application, as it allows
to determine the overall power level of a PIM term from a
classic CW test, by just applying (1) and (2). In addition,
in case the shape of the PIM signal spectrum is determined
(using the tools presented in Section II-B), it allows to obtain
the amplitude of the PIM signal. This point is validated
experimentally in next Section III-B.

B. PIM Signal Spectrum for Modulated Signals

Following the theory developed in Section II-B, the equiva-
lent baseband spectrum of the PIM term of interest associated
to 2fy — f1 is given by (12). This expression involves convo-
lutions of the spectrums Vi, (f) of the baseband equivalent
representation of the input signals. As such spectrums are
normalized so that the set of convolutions has a maximum
value of 1, the spectral amplitude Appy can be expressed as:

OPery (W) Z

APIM = 5 BPIM

15)

and must be adjusted to match the overall power of the
PIM term obtained from a standard CW test and the PIM
power conservation rule (see Section II-A). The parameter Z
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Fig. 8. Measurement comparison between Vj,; brick-wall modulated 4QAM
signal with fg = 10 kbps and o = 0 (in brown), and 37d PIM order term
at frequency 2f2 — f1 (in blue). Note that Vi,; was shifted at the frequency
2f2 — f1 and scaled in amplitude to enable a comparison with the PIM signal
shape.

represents the impedance level (required to relate power and
voltage) of the RF port where the PIM signal is measured (typ-
ically, a spectrum analyzer), whereas & is a scaling parameter
which takes into account the particular spectral distribution of
the PIM term at 2f5 — f1. In other words, £ is a factor related
to the spectral shape of the modulation considered for each
case under analysis.

Let us consider three different cases depending on the type
of signal (CW or modulated) used for each input. For the
theoretical results, it is assumed an ideal brick-wall modulated
signal with a flat spectrum along its bandwidth and zero
outside, as corresponds to a noise signal filtered with an ideal
Nyquist filter (i.e., an RRC filter with the roll-off factor « set
to 0).

1) Signal 1 Modulated, Signal 2 CW: In this case, as the
baseband spectrum of a CW signal is Acw0 (f), the spectrum
of the PIM term has the same shape of the modulated signal:

Vint () * Vinz (f) # Vinz () =

Vint (F) %8 (F) %8 () = Vi (f)

Therefore, the PIM signal must also have an ideal “brick”
shape of width Bppy = DBj. Once the spectrum of the
PIM signal is determined, the parameter £ can be derived.
This is accomplished by equating the power associated to
this spectrum to the output power O Pppy of the PIM term,
obtained after applying the PIM energy conservation rule
(see (1) and (2)) to available measured data from the standard
two-carrier (CW) PIM test. As the power in the baseband
equivalent domain is twice the one in the passband domain,
for this case it can be stated that:

2
APIM

(16)

Bpiv = 20 Peim

a7

thus resulting in a value of £ = V2 after comparing with (15).
Note how the left term in (15) denotes the power of a spectrum
of width Bppy with uniform voltage amplitude Appy.

The experimental results for a 4QAM modulated signal
with a symbol rate of 10 kbps and 20 W of input power at
channel 1 are shown in Fig. 8. In addition to the measured PIM
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Fig. 9. 3" PIM contribution 22 — f1 for the scenario where Viy; is a 4QAM
brick-wall modulated signal with fs = 10 kbps and a = 0, whereas Vi, is
a CW signal. The predicted PIM power spectral density in the passband is
represented in red for comparison purposes.

component corresponding to 2f; — fi, the plot also includes
the spectrum of the input signal measured after replacing the
channel 1 power meter (see Fig. 2) with an spectrum analyzer.
To enable a comparison between both signals, the modulated
signal has been shifted in frequency from 11.4 to 14 GHz,
and also scaled in amplitude to match the power level of the
PIM signal. According to the theoretical result (see (16)), the
shape of the PIM signal is almost a replica of the shape of the
modulated signal above the PIM noise floor of -170 dBm. It
can be observed, however, how the E8267D signal generator
provides a modulated signal with some spectral roll-off in spite
of fixing o to zero, as an ideal brick-wall filter cannot be
realized in practice. In any case, almost all of the power lies
within the 10 kHz theoretical bandwidth.

Since the modulated signal has the same power of the CW
signal of channel 1 used in Section III-A, the overall PIM
power must be similar to the measured value of —106.6 dBm
for the standard two-carrier case. This amount of power corre-
sponds to a level of —146.6 dBm/Hz in a 10 kHz bandwidth.
This predicted value has a difference of only 0.1 dB with
the experimental mean PIM power level of —146.5 dBm in
such frequency range, obtained from the spectrum analyzer
measurements performed with a resolution bandwidth of 1 Hz
(see Fig. 9). Again, this deviation can be considered negligible
when compared to the measurement error of the spectrum
analyzer and/or the fluctuation of PIM signal over time. Note
that the PIM power in this case is uniformly distributed in the
PIM bandwidth (13), resulting into the PIM power spectral
density given by (14).

2) Signal 1 CW, Signal 2 Modulated: For the second
scenario, a CW signal is used as channel 1 excitation, whereas
the 4QAM modulated signal with a symbol rate of 10 kbps
and a roll-off factor « set to zero is injected into channel 2.
Both signals have a mean power level of 20 W. The shape
of the equivalent baseband representation of the PIM signal
should therefore be given by:
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Fig. 10. Measured PIM signal at frequency 2 fo — f1 for a 20 W CW signal at
input channel 1 and a 20 W 4QAM brick-wall modulated signal with fs = 10
kbps and o = 0 at input channel 2, compared with the theoretical prediction.

which corresponds to a triangular function with a normalized

amplitude of 1 which extends from —Bj to Bs, as Vino f)
has a rectangular shape of width Bs.

The expression that results after equating the PIM power of
the equivalent baseband spectrum to the overall output power
for the PIM contribution, O Pppy, is now given by:

A

37
which differs from the one in (17) since the spectrum of the
PIM signal has a triangular shape of width Bppy = 285 and
amplitude Appy in this case. According to (15), this results in
a value of v/6 ~ 2.45 for the ¢ parameter.

Let us now compare the PIM spectral peak power level for
the two cases analyzed so far. This is equivalent to compare

Bpiv = 20 Ppiv

19)

Apiv, as Vi (f) are normalized so that the maximum value
of the joint convolution in (12) is set to 1. Since the overall
input PIM power and impedance level are the same for both
cases, from (15) follows:

Apvan _&u [ Bevr _ @ | By _ [6B)
Appvir &\ Bemn V2V 2B; 4Bs
where the subindexes I and II denote the cases 1) (signal
1 modulated, signal 2 CW) and 2) (signal 1 CW, signal
2 modulated), respectively. Assuming that the bandwidth of

the modulated signal is the same in both scenarios, so that
B1 = Bs, the PIM spectral peak power in case 2) is

201og;, (?) —1.76 dB

higher than the one for case 1) in theory.

The comparison between the theoretical prediction and the
measured PIM spectrum for the term corresponding to 2 fy —
f1 is shown in Fig. 10. Note how the predicted PIM peak
power level is 1.76 dB higher than in Fig 9. As it can be
observed, also in this case the model is able to provide a good
match with the measurements in terms of both PIM level and
spectral distribution. The slight deviation between the model
and the measurement at the band edges can be attributed again
to the non-ideal (i.e., non brick-wall) behaviour of the signal
generator E8267D used for V,o.

(20)

2y
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Fig. 11. Measured PIM signal at frequency 2 f2 — f1 for 20 W 4QAM brick-
wall modulated signals with f; = 10 kbps and oo = 0 for both input channels,
compared with the theoretical prediction.

3) Signal 1 Modulated, Signal 2 Modulated: In the last
scenario under consideration, two 4QAM brick-wall modu-
lated signals with 10 kbps of symbol rate (and roll-off factor
o = 0) were used as excitation signals for the input channels
(each using a different pseudo-noise PN9 modulating signal).
In this case, the equivalent baseband spectrum has the general
form given by (12). Assuming that the two modulated input
signals have a rectangular shape with the same bandwidth
B1 = By = B (similar case to the usual one in satellite com-
munications), the voltage spectrum of the equivalent baseband
signal can be expressed as:

gAPIM<%+% ,—%Sﬁﬁ—%
A ( 4 2) 1 f 1
- M| 1—35 (%5 ,—5 <5< 35
Ve (f) = P S )
3 f 1 f 3
gAPIM<§—§) 3 S5 <3
0 otherwise

Following the same procedure for the two previous cases,
which involves integrating the square of (22), we obtain:
44 A%

Z54pM
Bpim = 20HR
1352 MM OPeim

where Bpyy is now given by 2B5+ By = 3B in virtue of (13).
The parameter ¢ takes therefore the value /135/22 ~ 2.477
after substituting (23) in (15). In a similar way to (20) and
(21), we can obtain the variation in the PIM spectral peak
power level with respect to case 1) by just comparing Appy,
which results in an increase of only

(23)

135/22 1
201log,q ( 2/ . 3) =0.10 dB

as the differences in the ¢ parameter and in the PIM bandwidth
Bppv with respect to the case 1 (signal 1 modulated, signal 2
CW) nearly cancel out. A predicted PIM peak power level of
—146.5 dBm is thus obtained for case 3), since the theoretical
PIM power level for case 1) is —146.6 dBm.

This effect can be observed in Fig. 11, where the peak
of the measured PIM power spectral distribution (taking the
average value of the measured PIM oscillations) is about
—146.5 dBm for a resolution bandwidth of 1 Hz. The shape

(24)



of the measured spectrum for the 3™ order PIM contribution
associated to the 2f; — f1 term, for the case of using the
4QAM modulating signals as inputs, is also very close to
the theoretical predictions. Note that the enlargement in the
measured PIM spectrum width with respect to the predicted
one is caused by the non-ideal skirts of the RRC filter with
a = 0 implemented by the signal generators. In any case, an
excellent agreement between measurements and predictions is
also obtained for this case, which is the closest one to the
most usual real scenario in satellite communications.

Note that the simplistic model presented in Section II-C
can also be used to estimate the PIM power spectral density
in modulated signal scenarios. This model assumes a uniform
spectral distribution, which corresponds to the case 1 (signal
1 modulated, signal 2 CW). However, for the other two cases
under analysis, this approach tends to underestimate the peak
PIM power level. This can be corrected by taking into account
the difference in the & parameter in (15). For this last case,
involving modulated signals with rectangular-shaped spectrum
at each input channel, the PIM power spectral density obtained
from (14)

OPpv = —106.6 dBm — 101log; (30 kHz)
dBm

=—151.37 ——

Hz (25)

must be increased in

2.477
201log; (%il) = 20log; <\/§> =4.87 dB (26)

to obtain a more accurate prediction for the peak PIM power
spectral density, resulting in the same theoretical value of
—146.5 dBm previously obtained for this last third case. Note
how expressions (25) and (26) provides a more direct way of
evaluating the peak PIM power level. This process can also
be useful for transferring, in a more rigorous way, CW and
modulated signal PIM specifications.

IV. CONCLUSION

This paper presents a novel techinque able to determine the
PIM power spectral density for modulated signal scenarios,
based on measured results from the standard (and simpler)
IEC62037 test with two CW input signals. The method suc-
cessfully combines an spectral approach with a PIM power
conservation rule recently postulated.

Measured PIM data obtained from a non-linear device
excited with modulated signals are reported. Although the
theory can be extended for an arbitrary PIM term, the paper
focuses on the most problematic one in satellite communica-
tion, corresponding to the 2f> — f; PIM contribution. Several
cases are analyzed in an extensive test campaign (considering
different modulations, symbol rates and combinations of CW
and modulated input signals with rectangular-like shaped
spectrum), providing very valuable experimental results.

An excellent agreement between the predictions and the
measured results has been obtained in all cases, fully validating
the theoretical model proposed. In addition, the power conser-
vation rule has also been experimentally verified for modulated
signals. This implies a distribution of the PIM signal over a

bandwidth proportional to the order of the PIM term. This
spreading of the PIM energy results in a severe reduction of
the peak PIM power level with respect to the CW case. The
latter is of paramount importance for the PIM qualification of
space devices, because a classic PIM CW test might provide in
most of the cases a severe over-testing of the unit, especially
when input channels with wide bandwidths are involved.

The technique described in this paper, allows to estimate
the peak PIM power spectral density for a modulated signal
scenario from standard CW tests. In addition, it also enables
the transformation of PIM specifications/data from CW to
modulated signal excitations, or vice-versa, using simple ex-
pressions.
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