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Abstract—Passive intermodulation (PIM) often limits the
performance of communication systems with analog and digitally
modulated signals and especially of systems supporting multiple
carriers. Since the origins of the apparently multiple physical
sources of nonlinearity causing PIM are not fully understood, the
behavioral models are frequently used to describe the process of
PIM generation. In this paper, a polynomial model of memoryless
nonlinearity is deduced from PIM measurements of a microstrip
line with distributed nonlinearity with two-tone CW signals. The
analytical model of nonlinearity is incorporated in Keysight Tech-
nology’s ADS simulator to evaluate the metrics of signal fidelity
in the receive band for analog and digitally modulated signals.
PIM-induced distortion and cross-band interference with modu-
lated signals are compared with those with two-tone CW signals.
It is shown that conventional metrics can be applied to quantify
the effect of distributed nonlinearities on signal fidelity. It is found
that the two-tone CW test provides a worst-case estimate of cross-
band interference for two-carrier modulated signals, whereas,
with a three-carrier signal, PIM interference in the receive band
is noticeably overestimated. The simulated constellation diagrams
for QPSK signals demonstrate that PIM interference exhibits the
distinctive signatures of correlated distortion and this indicates
that there are opportunities for mitigating PIM interference and
that PIM interference cannot be treated as noise. One of the
interesting results is that PIM distortion on a transmission line
results in asymmetrical regrowth of output PIM interference for
modulated signals.

Index Terms— Cross-band interference, distributed nonlinear-
ity, intermodulation distortion (IMD), memoryless polynomial
model, passive intermodulation (PIM), signal integrity.

I. INTRODUCTION

N WIRELESS communications, intermodulation (IM) dis-
tortion is broadly defined as the appearance of additional
spectral components, i.e., spectral regrowth, at the output of a
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Fig. 1. Schematic diagram of cross-band PIM in a BS antenna duplexer.

nonlinear system that are distinct from the carrier frequencies
of input signals and their integer multiples. IM is usually
a harmful effect, as the spurious spectrum generated by the
transmitted signals may overlap that of received signals in
a transceiver front-end. Such co-site interference can cause
strong cross-band interference and receiver desensitization
and can even render the whole link inoperable [1]. This is
a problem in advanced LTE systems which support carrier
aggregation in mobile units where fewer resources are avail-
able to minimize the sources of PIM through overdesign.
The sources of nonlinear interference in communication
systems are diverse, but a power amplifier (PA) is usually
regarded as a primary source of adjacent transmit (Tx) channel
interference. While the out-of-band spectrum can be efficiently
rejected by high-performance Tx filters, a bandpass filter itself,
as well as power combiners, phase shifters, and beamforming
networks in a base station (BS), can cause strong cross-
band interference due to passive intermodulation (PIM) of
modulated carriers. Fig. 1 shows a schematic diagram of PIM
occurrence in generic BS front-end and antenna. The third-
order PIM products of frequency f3 = 2 f| — f2, generated by
weak nonlinearities of the Tx filter and antenna operated with
two high-power carriers of frequencies f1 and f>, fall into
the receive (Rx) band and distort weak received signals of
frequency f3. This results in receiver desensitisation, reduced
signal-to-noise ratio (SNR), and degraded channel capacity.
Primary sources of PIM are located in the circuit
components shared by the transmit and receive signals such
as the transmissions lines and antenna on the antenna-side
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of the duplexer. Therefore, signal pre-distortion used
for linearization of power amplifiers cannot eliminate
PIM interference generated by the passive devices. Mitigation
of the PIM impact is complicated by the presence of several
nonlinearities of diverse physical nature which are difficult
to identify and discriminate using existing measurement
techniques. Only a mechanism with a unique signature, the
electro-thermal resistive effect, has been consistently defined
so far [2]. This necessitates the need to use behavioral models
for PIM characterisation, and these models require validation
for particular situations.

Current approaches to assessing the PIM performance of
antennas, passive components (e.g., filters, multiplexers and
phase-shifters), circuit boards and communications payloads
are incorporated in various communication and radar stan-
dards. The commonly used technique is a two-tone continuous
wave (CW) test, specified by IEC62037—-1 (2012) standard [3].
The test involves scalar measurements of the power levels of
PIM products of the third or higher orders in the receive (Rx)
band generated due to mixing of two transmitted (Tx) carri-
ers of specified discrete frequencies as illustrated in Fig. 1.
For example, a typical pass/fail threshold for the third-order
PIM (PIM3) products generated by a BS antenna is specified
as —112 dBm with two 43 dBm discrete CW carriers. This
PIM level is commensurate with the thermal noise power
of —114 dBm in 1 MHz bandwidth. Swept carrier frequency
measurements are also used to monitor PIM variations across
Rx band. Some commercial PIM analyzers support swept
carrier power measurements but such tests are rarely used in
practice. The merits and limitations of the standard two-tone
CW PIM tests were discussed in [4] in the context of cable
assemblies and connectors. However, adequacy and utility
of PIM characterisation with two discrete CW tones, which
is cost effective as compared to using wideband modulated
signals and multiple tones, requires further investigation and
justification now when there are many concurrent carriers and
protocols with high peak-to-mean envelope ratios (PMEPR).

It used to be tacitly assumed that the PIM effect would
not depend on the signal type and could be assessed using
the two-tone CW models and respective tests. However, there
is increased concern in industry about the suitability of the
current PIM tests for emerging broadband multicarrier systems
that support diverse modulation schemes and the legacy stan-
dards, see, e.g., [5]-[7]. Furthermore, carrier aggregation in
cost-constrained mobile handsets places increased emphasis on
modelling to aid in the design of systems with controlled and
predictable levels of PIM. At the same time, signal waveforms
become increasingly complicated, and, together with multiple
carriers, the PMEPR of combined signals and peak powers can
be very large. Therefore, representative signal integrity metrics
are now required to capture the essential dynamics of PIM
distortion, which could be used for efficient digital correction
of the received signals. Correlation analysis techniques are
extensively applied to characterization of the in-band and
adjacent channel nonlinear distortions in active devices and cir-
cuits, [8]-[10]. However, cross-band PIM interference caused
by complex modulated signals transmitted through passive
components of a Tx chain is still lacking metrics beyond
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that based on ideal-mixer models. Thus PIM interference is
commonly treated as uncorrelated noise. Alternatively, if the
essential dynamics of signal distortion by PIM interference
is incorporated into representative signal fidelity metrics, the
effect of PIM distortion of received signals could be mitigated
with the aid of efficient digital correction of received signals.

This paper focuses on modelling PIM interference generated
by the distributed nonlinearities of transmission lines (TLs)
carrying modulated signals. The PIM simulation concepts
for these structures with two-tone CW carriers have been
discussed in [2], [11]-[18], and here we develop a behavioral
model retrieved from the results of two-tone PIM tests and
show that this model can be used for the prediction of PIM
distortion of modulated signals on a TL with distributed
nonlinearity (TLDN) employed in circuit boards and antenna
feeds. The PIM effect in the presence of analog and digitally
modulated signals is examined in terms of the commonly used
metrics of signal integrity and adjacent channel power ratio
deduced from two-tone CW PIM tests. This paper significantly
extends and elucidates the modeling concept outlined in the
conference summary [11]. In particular, we employ here a
novel analysis based on a polynomial model of nonlinearity
and suggest an advanced characterization approach. The new
results are presented, including those related to the model
extraction and simulations of PIM distortion of digital signals.

In Section II, an analytical single-input single-output model
of two-tone IM generation in a nonlinear network is revisited,
and closed-form expressions for PIM products are obtained
and related to interference metrics. In Section III, the model
is extended to a TLDN, and its parameters are extracted from
PIM3 measurements on a microstrip line and subsequently
validated. In Section IV, the model of nonlinearity is used in
envelope tracking simulations to assess distortions of analog
and digitally modulated signals by PIM products generated
on the TL. The simulation results for modulated signals are
compared with the results of two-tone CW tests using the stan-
dard signal integrity metrics. The effects of PIM interference
on analog and digitally modulated signals and the suitability
of the two-tone CW PIM test for assessment of modulated
signals are discussed in the conclusion.

II. PIM GENERATION BY PASSIVE NONLINEARITY

PIM generation by nonlinear mixing of high-power signals
is revisited here by considering a memoryless nonlinear device
described by a polynomial transfer function (TF). The choice
of the model is informed by our experimental studies of
PIM generation in printed lines. The results of our measure-
ments in power/frequency sweep modes have shown that a
phenomenological memoryless model adequately describes the
processes of frequency mixing by a passive nonlinearity on a
transmission line. The model, in principle, can be extended to
a Hammerstein—Wiener model to include memory effects, but
its identification is not possible by conventional PIM testing.

In real-world two-port circuits, PIM products generated
inside a passive component appear at its output and input ports
as the “forward” and “reverse” (also known as “reflected”)
PIM products, respectively. For the sake of clarity, the analysis
below is limited to the PIM products of odd orders, which fall
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in adjacent Rx band and so are dominant contributors to cross-
band interference and Rx signal distortion. Generalization to
a full polynomial TF is straightforward and is not presented
here for brevity. In the discussion below, we refer to inter-
modulation (IM) phenomena, since the presented formalism
is equally applicable to both active and passive nonlinearities.

Consider the passive weakly nonlinear device shown
schematically in Fig. 2. Its nonlinear TF maps an input
two-tone modulated signal x(¢) onto an output waveform y(¢)
which contains the carriers’ harmonics and IM frequencies.
The input two-tone signal is represented by the form

x(t) = Ay (r) cos [m1t + 61 (1)] + Ax(t) cos [wat + O2(1)] (1)

where A1 2(¢) and 0; 2(¢) are the modulation amplitude (AM)
and phase (PM), respectively, and w; = 2x f1» are carrier
frequencies, and it is assumed that w; < w».

For the analysis of the odd-order IM products, the TF of
a memoryless weak nonlinearity can be described by an odd-
order polynomial of power N as

V() = arx(®) + a3 (@) + - -+ ayx™ (1)
(N—1)/2
= D awnx”) @)
n=0

where, without loss of generality, coefficients aj, a3, ..., ay
are assumed to be real-valued and time-invariant. It is neces-
sary to note that the polynomial approximation (2) of the non-
linear TF represents a large-signal model of a passive nonlinear
device which is symmetrical for the positive and negative
voltages. However, when the nonlinearity is associated with
nonsymmetrical junctions at the microscopic scale, even-order
terms need to be included in the polynomial expansion of
the TFE. Various models of lumped and distributed passive
nonlinearities have been reported in the literature, e.g., for
the limiter-type [19], hysteretic [20], dynamic transmission
line [21] nonlinearities, and tunnelling currents in MIM con-
tacts [22]. An optimal model of the actual nonlinearity is
determined by the specific physical mechanisms, but their
discussion is beyond the scope of this paper.

For the input signal x(¢) of the type shown in (1), the
output waveform y(¢) in (2) can be obtained in a closed form
as detailed in Appendix A. Since the odd-order IM products
closest to the carrier bands are usually stronger and often
appear in the Rx bands, it is instructive to consider them
in more detail using their explicit expressions (A9) for the
identical envelops of the carriers with Aj(¢) = Aa(t) = A(t)
and 01(t) = 62(t) = 6(2).

In the case of CW signals, the spectrum of the output
waveform contains components at the carrier frequencies,
lower and upper sideband odd order IM frequencies, and
odd harmonics of the carrier frequencies. In our analytical
model, the output spectrum is truncated to retain only the
fundamental frequencies in the Tx band and the odd-order
IM products in the immediately adjacent and alternate bands,
thus excluding all harmonics and higher-order IM products.
The odd-order IM frequencies closest to the carriers’ band
satisfy the following condition:

o=+ Do —lwp 3)

where [ = (M —1)/2, and |M] is the order of the IM product,
M = +3,+£5,...,£N. The positive values of M correspond
to the lower sideband IM products, whereas the negative values
to the upper sideband IM products. The respective bandlimited
output waveform can be expressed in the following form:

N
$(t) = Re Z yM(t)ej[(M+1)/2 o1—(M—1)/2 wp]t 4)
M=—N
M—odd
where
(N-1)/2
: 2n +1
1) = 00 2n+1 A2+l
yu(t) =e Z:)() e W (1)
n+1
n+1 n
X Z ( k )(k _ M) ®)
k=(M+1)/2 2

and yys(f) represents the baseband envelope of the carriers
and IM products at the device output. For example, M =3
corresponds to the third-order IM (IM3) product in the lower
sideband, which usually overlaps with the Rx band, and its
baseband envelope is given by y3(¢) in (5). It is also neces-
sary to remark that the baseband envelopes of the carriers,
corresponding to M = %1, exhibit distortion due to depletion
in nonlinear mixing.

The utility of the closed-form expressions (4) and (5) cannot
be overstated. They enable the spectral-correlation analysis
of the cross-band IM interference. When applied to additive
white Gaussian noise (AWGN), or other noise-like test signals,
the terms in (4) can be orthogonalized to discriminate the
correlated and uncorrelated noise terms, similarly to [8], and
to enable development of efficient linearization and detection
algorithms. At the same time, the analytical relations obtained
here provide fairly accurate initial approximations for more
detailed numerical analysis of the IM products generated by
complex signals when using harmonic balance-based simula-
tion tools.

To quantify the appearance of spurious spectral components
arising in the Rx band due to the nonlinear mixing of the input
signals in the Tx band, it is expedient to use the adjacent band
power ratio (ABPR) metric, [23]. The ABPR is defined as the
ratio of the mean power of spurious emission in the Rx band
in the absence of the received signal from antenna, to the
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transmitter mean power over the Tx band, viz.

DY)
>r. X

where X (f) and Y( f) are the Fourier transforms of the Tx
input signal, x(¢), and the band-limited output signal, y(¢),
accrued over the Tx and Rx band, respectively. Hence, the
output Rx spectrum contains all odd-order IM products defined
by (4) that fall inside the Rx frequency band. The ABPR metric
proved to be convenient for the assessment of distortion for
both discrete-tone and modulated signals. It is also directly
related to the dBc measure in the standard two-tone CW
PIM test, where the input power per carrier is just 3 dB
lower than the Tx power in the denominator of (6). Using
the nonlinear TF expansions in (4) and (5), the ABPR can be
calculated analytically for a two-tone input signal, once the
coefficients a, in (2) are determined. In the next section, the
polynomial model (2) is extracted from the two-tone scalar
PIM measurements in the power sweep mode.

ABPR = (6)

III. POLYNOMIAL MODEL FOR PIM ANALYSIS OF TLDN

The PIM characterization at variable power and frequency
of carriers is necessary for identifying distinctive signatures
of the dominant nonlinearity. The PIM measurements with
swept power, which are somewhat similar to those for a mem-
oryless PA, see, e.g., [24], enable us to deduce a polynomial
approximation (2) of the nonlinear TF at a given frequency.
Then using the frequency sweep data, the polynomial coef-
ficients in (2) can be made frequency-dependent. However,
frequency variations of the polynomial coefficients are nor-
mally very small across the specified band and commensurate
with overall uncertainty of fitting the data to the polynomial
model (2). Therefore, the use of constant polynomial coeffi-
cients proved to be sufficient for PIM performance assessment
as demonstrated next.

A. Polynomial Model for PIM3 on a Microstrip Line

Retrieval of the polynomial coefficients in (2) from power
sweep measurements of PIM3 is illustrated here for a printed
microstrip TL [25]. The test specimens of straight uniform
microstrip lines of width W = 1.9 mm and different lengths
were fabricated on a single panel of custom-built Taconic
TLG-30 PCB material (¢, = 3.0,tand = 0.0026, substrate
thickness 2 = 0.76 mm), which exhibits fairly strong nonlin-
earity of the dielectric substrate. The PCB material TLG-30 is
not qualified for BS antenna applications, and it was used in
our studies only for the purpose of the effect demonstration
and model verification. The PCB layout, test fixtures, and the
measurement setup are detailed in Appendix B.

Forward PIM3 products of frequency 910 MHz (carrier
frequencies f; = 935 MHz and f> = 960 MHz) generated
on a reference microstrip line of length Lo = 914 mm
were measured with a commercial Summitek SI-900B PIM
analyzer for a range of carrier powers from 24 to 44 dBm.
The acquired data were fitted to the polynomial model (2) by
minimizing the residual root mean square error (RMSE).
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the sweep carrier power, Py at polynomial order N = 23.

The RMSE convergence versus the polynomial order N is
shown in Fig. 3.

It shows that retaining 12 nonzero odd-order terms
(N = 23) in (2) yields a fitting error less than 8% and account
for the next non-zero term (N = 25) reduces the error by
less than 1%. The PIM3 products simulated with the retrieved
polynomial coefficients a, for N = 23 (see Appendix C)
are juxtaposed with the measurement data in Fig. 4. Their
comparison for broad range of carrier power shows good
agreement. The model accuracy could be further improved by
using the PIM3 data of independent power sweeps of each
carrier [25].

The polynomial coefficients a, deduced from the two-
tone PIM3 measurements on the reference microstrip TL of
length Lo = 914 mm were used for evaluating the forward
PIM products on TLs of other lengths. As observed in our
previous studies [26], forward PIM3 monotonically grows with
TL length, L, owing to the close phase matching between
the PIM3 products and carriers. This suggests that the coeffi-
cients a, can be nearly linearly scaled in order to simulate the
effect of the transmission line length. Taking also into account
attenuation of both the carriers and PIM products due to the
losses, the a, (L) dependence can be approximated as follows:

1—a
an(L) = [Lﬂ an(Lo) %

where o represents the attenuation parameter which is obtained
by fitting the simulated PIM3 products with the coeffi-
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of transmission line lengths.

cients a,(Lg) from Appendix C to the measurement data [26]
for TLs of different lengths. Fig. 5 shows that the PIM3 prod-
ucts simulated over a range of TL lengths with a = 0.1 are in
fairly good agreement with the measurements at variable L.

In order to further verify validity of the scalable polynomial
coefficients a, (L), a TL network with distributed nonlinearity
was simulated in Keysight Technology’s ADS simulator and
compared with the polynomial model (2). The TLDN was
modelled as a cascade of electrically short segments each
described by an RLC circuit with third-order capacitive non-
linearity, [18], [27]. The model was found to be sufficient
for a fixed carrier power level. The capacitive nonlinearity
was deduced from the experimental data. The TLDN was
analyzed using the formalism of X-parameters in ADS [28].
Fig. 5 shows that the PIM3 characteristics calculated using the
polynomial model (2) with scalable coefficients a,(L) fully
agree with both the ADS simulations and measurements. This
confirms that the forward-traveling PIM products generated at
each point of the TL add up in phase and the output PIM level
monotonically increases with the TLDN length and that it is
adequately described by the polynomial model (2) with the
scalable coefficients introduced in (7).

B. Higher Order PIM Products

The coefficients a, of the polynomial model (2) used
so far were deduced from PIM3 measurement data in the
lower sideband only. Their applicability to the analysis of
higher-order PIM products still needs further assessment. The
simulated power sweep characteristics of the fifth and seventh
order PIM products, which become increasingly important
for the design of modern wideband communication systems,
are shown in Fig. 6 for the reference TL, along with the
third-order PIM products. All the plots, simulated with the
same polynomial coefficients given in Appendix C, exhibit
slopes which are in good qualitative agreement with the
measurements of a 914 mm long matched nonuniform TL
fabricated on the TLG-30 material in [25]. The quantitative
discrepancy between the results in Fig. 6 and data in [25] is
due to the different TL width.

Nonmonotonic behavior of the fifth- and seventh-order PIM
products at the higher carrier power is attributed to insufficient

microstrip TL simulated by the polynomial model in the range of carrier
power values.

order of the polynomial model of nonlinearity, as well as
to a larger phase mismatch between the propagating carriers
and higher-order PIM products. Further experimental studies
are necessary to assess the accuracy of the nonlinear models
retrieved from two-tone PIM3 measurements and the effect of
the measurement uncertainties.

Finally, it is noteworthy that, as the magnitudes of higher-
order PIM products become commensurable with PIM3, they
should be duly accounted for in the ABPR metric (6), and this
may require more terms in the polynomial model (2).

C. Applicability of the Polynomial Model of PIM

The polynomial approximation (2) is essentially a behav-
ioral model of nonlinearity which is normally applicable only
to lumped or discrete elements. Its coefficients a, deduced
from the measurement data allow comparative assessment of
PIM performance without identifying the physical sources
and causes of the nonlinear response. Although such models
are sufficient for characterization of electrically small compo-
nents, they are usually not applicable to distributed nonlinear
structures with electrical size commensurate to wavelength.
Nevertheless, it turns out that the polynomial model (2)
adequately describes forward PIM products generated by dis-
tributed nonlinearities. For a microstrip TLDN this is achieved
by introducing the length-dependent coefficients a, (L) given
by (7). Such an extension of (2) is valid only when L is much
shorter than the PIM coherence length, i.e., when the phase
offset between the carriers and PIM products remains much
less than 7 over the TL length, [16]. For reverse PIM products,
the latter condition is met only if TLDN is shorter than half a
wavelength, and a more elaborate model should be employed
otherwise.

Alternatively, PIM generation in a TLDN could be sim-
ulated numerically with the aid of the ADS X-parameter
solver, e.g., [18]. Then, making use of the TLDN equivalent
circuit model with specified nonlinearity, both forward- and
reverse-PIM products at the TLDN terminals can be effi-
ciently calculated. However, this approach is far from being
straightforward, because retrieval of the nonlinear equivalent
circuit parameters from swept-power PIM3 measurement data
is prone to slow convergence, and the harmonic balance solver
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Fig. 7. Equation-based model for the study of cross-band interference caused
by the passive TL nonlinearity employed in ADS Circuit Envelope solver.

becomes unstable for the multi-element higher order nonlinear
cascaded networks. To alleviate the limitations of such direct
numerical simulations, the polynomial model (2) with the
extracted coefficients a, (L) has been incorporated in the ADS
equation-based nonlinear analysis and applied to modelling
PIM effects on modulated signals in circuits with distributed
nonlinearities.

IV. PIM EFFECT ON MODULATED SIGNALS

It was demonstrated in the preceding section that the
polynomial model (2), retrieved from measured PIM3 data,
adequately describes the weak nonlinearity of the TLDN
and fairly accurately predicts PIM generation by two-tone
CW signals. The purpose of this section is to explore the
characteristics of PIM produced by the distributed passive
nonlinearities of a transmission line for various numbers of
modulated carriers and different types of modulation.

Once the model of nonlinearity has been defined, PIM
distortion of analog and digitally modulated signals in the
TLDN can be analyzed using the ADS Circuit Envelope
solver. For this purpose, a length of TLDN is modelled as
a cascade of electrically short sections using the simulation
environment shown in Fig. 7, where DUT indicates a TLDN
comprising its cascaded subsections. An analog test signal x (¢)
is synthesized by mixing two CW carriers S; 2(#) modulated
by signals b1 2(7). In the case of digital modulation, the
baseband signals are properly conditioned using raised-cosine
filters. An output signal y(¢) is described by the polynomial
approximation (2) with the coefficients given in Appendix A.

It is necessary to note that while the polynomial model of
a passive nonlinearity (2) is a memoryless model, it will be
seen that the TLDN exhibits a memory-like effect associated
with the phase coherence of carriers and PIM products. That
is, the small relative growth in phase difference between car-
riers centered at different frequencies results in asymmetrical
regrowth of output PIM interference for modulated signals.
A similar asymmetry with amplifiers is attributed to baseband
memory effects [29] but that is not the case here.

Thus, the memory-like effect inherent to PIM produced by
a TLDN is distinct from that of the physical memoryless
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Fig. 8. Two-carrier AM signal spectrum at the TLDN output simulated for
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mechanism of nonlinearity itself. While in some circumstances
the PIM generating mechanism can have baseband memory
due to electro-thermal effects [2], [17], [30], this effect is not
included in the model used here.

A. Amplitude Modulated Signals

First consider an input analog amplitude modulated (AM)
test signal of the form

x(1) = ®)

where m, is the modulation index, wm,12 = 2T fm,1,2
and f;, is the modulation frequency, and f; and f> are
carrier frequencies. (Note that each carrier is modulated
with the same modulation and this is also the case
with other forms of modulation considered in this paper.)
In a realistic scenario of the legacy LTE Band 8§, the
Tx band spans 925-960 MHz with 5-MHz-wide channels,
and the Rx band spans 880-915 MHz. Carriers of frequencies
f1 = 9325 MHz and f, = 957.5 MHz are in two nonad-
jacent Tx channels separated by the guard channels. The fre-
quency of the modulating baseband sinewave is f,, = 1 MHz,
and power of the input Tx signal is 43 dBm per active
channel, so that the total input transmit power is 46 dBm. The
modulation frequency f;, and index, m, = 0.1, were chosen
to ensure that the modulated carrier signal remained in its
respective channel. The TLDN has an electrical length of 720°
at 945.0 MHz and the nonlinearity of each section is described
by the polynomial model (2).

The spectrum of the signal y(¢) at the output of the
simulated TLDN is shown in Fig. 8. It is dominated by the
virtually undistorted original spectrum of the AM-modulated
carriers in the Tx band. The signal spectrum of each transmit
channel has the expected two modulation sidebands around
each carrier frequency, i.e., upper- and lower-sideband spectral
lines. In AM these sidebands are in-phase and are of the
same magnitude determined by the modulation index m, and
carrier amplitude A. Signal distortion due to nonlinear effects
manifests itself as spectral regrowth around each carrier.
Note that the broad spectral spread results from waveform
compression in the time domain [31].

Fig. 8 also shows that the output signal contains spectral
content above and below the Tx band and particularly in
the Rx band. These additional spectral components can be

[1 4 mg sin(wp,t)] - [cos(wit) + cos(wat)]
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identified as third-order and fifth-order sideband PIM products.
The spectrum centered at Mark 2 contains a large tone
at the lower third- and fifth-order IM frequencies of the
two input carriers as well as modulation sidebands. Both
lower sideband PIM products are inside the Rx band. It is
noteworthy that the PIM spectrum has a broader bandwidth
than that of the original modulated signals and resembles the
spectral regrowth around each of the carriers. (The spectrum
associated with the fifth-order mixing products of the carri-
ers appears to be truncated due to insufficient accuracy of
the polynomial model (2) deduced from the two-tone CW
PIM3 measurements, as mentioned in Section III-B in relation
to Fig. 6.)

Engineering intuition of nonlinear behavior in the frequency
domain is based on the trigonometric expansion of powers
of sums of sinusoids. For discrete tones, the level of the
distortion products is used as a metric for characterizing
behavior. However, for modulated signals, the appropriate
metric is ABPR and calibration is required to gain a qualitative
understanding of the impact of PIM for modulated signals.

In Fig. 9, the ABPR due to PIM of the two-carrier AM
signal is juxtaposed with that for two-tone CW signals. Here,
the two types of input signals have the same mean power and
the PIM level is plotted as a function of the electrical length
6 of the TLDN. The two curves coincide, thus confirming
that even though the spurious spectrum of the output AM test
signal is spread across the Rx band, the level of the total PIM
down-converted to the Rx band remains almost the same as
that for the two-tone CW signal. (The small amount of fifth-
order PIM power outside the Rx band has little effect.) Thus
the conventional two-tone CW PIM test provides an accurate
estimate of PIM interference in the Rx band (i.e., cross-band
PIM distortion) for a two-carrier AM signal.

B. Phase-Modulated (PM) Signals
A PM two-carrier signal has the form
x(t)=A[cos(wit + mp sin(wyt)) + cos(wat + m, sin(w,1))]
)

with the same modulating and carrier frequencies and signal
power as for the previously considered case of two-carrier
AM signal. The distinct characteristics of a PM signal are the

-130,0
-135,0
-140,0
2 |
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m ’ — i
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’ X CW 2 tones (41.2 dBm)
-165,0
0 90 180 270 360 450 540 630 720
Electrical Length 6 (degrees)
Fig. 11. Simulated ABPR for two-tone CW signals, and two- and three-carrier
PM signals (m, = 1) at the respective power per carrier given in the
legend.

infinite extent of its spectrum and the out-of-phase sidebands.
This is in contrast to the sidebands of an AM modulated signal
which are in-phase. With a phase modulation index m, < 0.5,
referred to as narrowband PM, the signal spectrum can be
reasonably truncated to the two innermost sidebands and the
magnitude of the spectrum then resembles that of AM signals.
Howeyver, in contrast to AM modulation, the number of dis-
cernible sidebands increases with m . Here, m, = 1 is used
to ensure that the discernible power of each modulated carrier
remains inside its respective 5 MHz-wide channel.

The output spectrum of the TLDN of length § = 720°,
driven by the two-carrier PM signal with power 43 dBm
in each active channel, is shown in Fig. 10. The spectral
symmetry of the distorted signal in the Tx band indicates
that baseband memory effects, which are known to cause
asymmetry, are not important here. This is consistent with
the memoryless polynomial model of nonlinearity used and
implies negligible phase mismatch of carriers and forward PIM
products on the TLDN length.

To assess the impact of PIM on the fidelity of signals
appearing in the Rx band, the ABPR of the signal at the output
of the line driven by two- and three-carrier PM signals are as
shown in Fig. 11, where it is compared with that for a two-tone
CW input signals at powers of 43 and 41.2 dBm per channel.
The spectral width of each of the distorted PM signals in the
Rx band is less than that in the AM two-carrier case, and
the ABPR of the output two-carrier PM signal is practically
indistinguishable from that of the two-tone CW signal at the
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same input power of 43 dBm per carrier. The reduction of the
individual carrier powers from 43 to 41.2 dBm results in an
ABPR decrease for ~0.36 dB only, which is determined by
a PIM3 power growth rate of ~1.2 dB/dB in Fig. 6 instead
of the commonly assumed theoretical rate of 3 dB/dB for
a discrete nonlinearity (of course, this is prior to saturation
effects becoming important).

The important result inferred from Fig. 11 is that ABPR
for the PIM-distorted PM signals, as simulated with the aid of
the polynomial model (2) derived from two-tone CW PIM3
measurements, agrees with the ABPR for the PIM-distorted
discrete CW tones with the same power per carrier. This was
also the case with AM signals, and, since AM and PM are
representative of analog modulation in general, the reason-
able conclusion is that the effect of PIM on analog modu-
lated signals can be accurately predicted using discrete tone
characteristics.

The analysis presented here indicates that the ABPR
metric adopted for the characterisation of multi-carrier
AM and PM signals correlates with the characteristics obtained
with discrete CW tones as used in standardized PIM tests.
The polynomial model of passive nonlinearity derived from
two-tone CW PIM3 measurements can, in principle, enable
accurate assessment and prediction of the spectral properties
of PIM interference. However, experimental verification for
the analog modulated signals is still necessary.

The analysis has been further extended to assess ABPR
for the PIM generated by a three-carrier PM signal with
carrier frequencies f; = 932.5MHz, f, = 945 MHz
and f3 = 9575 MHz and having 5-MHz channels
contained within the Tx bands of E-GSM900 and LTE
Band 8 (925 MHz-960 MHz). The power of each carrier in
the tests is 41.2 dBm so that the mean total power of the input
signal is 46 dBm. The simulated output spectrum with m, =1
is shown in Fig. 12, and the corresponding ABPR is presented
in Fig. 11 as curve “PM 3-carriers (41.2 dBm)”. The ABPR
of the three-carrier PM signal in Fig. 11 is compared with that
of the two-carrier PM signal (“PM 2-carrier (41.2 dBm)”) as
each carrier has the same power of 41.2 dBm. The ABPR of
the three-carrier PM signal is also compared to that of the
two-carrier PM signal (“PM 2-carrier (43.0 dBm)”) and the
2-tone signal (“CW 2-tone (43.0 dBm)”’) when all the signals
have the same total power of 46.0 dBm.

Two general features are observed. At first, compared
with the two-carrier PM case, the three-carrier PM signals

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

-130,0
-135,0
-140,0
-145,0
-150,0
-155,0
-160,0
-165.,0

ABPR (dB)

630 720
Electrical Length 6 (degrees)

Fig. 13. Simulated ABPR for two-tone CW, two-carrier BPSK and two-
carrier QPSK signals transmitted via the TLDN of electrical length 6.

produce more combinatorial frequencies, and the PIM products
spread more evenly over the adjacent Rx band and beyond.
As a result, the peak power of a PIM-induced distortion
signal is ~3.5 dB lower than in the two-tone CW case
(see Figs. 10 and 12). Second, even though more PIM products
are generated with the three-carrier PM signals, the total PIM
power in the Rx band is smaller than in the two-tone CW
case. This results in the ABPR for the three-carrier PM signal
being ~2.5 dB lower than for the two-carrier PM signal with
the same power per carrier, see Fig. 11. Thus, it is reasonable
to suggest that the standard two-tone CW PIM3 test provides
a conservative assessment of PIM interference resulting from
multi-carrier analog-modulated signals, and the overestimate
may increase with the number of active channels.

C. Digitally Modulated Signals

To quantify effect of PIM from a microstrip TLDN with
digitally modulated signals, the analysis was extended to
BPSK and QPSK modulated two-tone CW carriers each
having a power of 43 dBm for a total power of 46 dBm. The
ABPRs simulated for these signals are shown in Fig. 13 in
comparison with that of a two-tone CW signal. The ABPR
calculation accounts for the PIM products in the Rx band
resulting from one symbol in each of the active Tx channels.
The total interference power generated in the Rx band by the
digitally modulated signals is the same as for the two-tone
CW signal.

To elucidate the effect of PIM on received symbols, the
constellation diagrams of a QPSK received signal of power
—70 dBm were simulated for the cases of additive white
Gaussian nose (AWGN) and/or PIM generated in the Rx band.
The PIM interference results from a two-carrier QPSK signal
of 46 dBm total power transmitted through the 720° long
TLDN. The two-carrier signal in the Tx band is defined as
before. The AWGN in the Rx band is set to provide the same
mean spurious power over the Rx band as that generated by the
two-carrier QPSK transmit signal. The resulting constellation
diagrams of the intended received signal are shown in Fig. 14.
The symbol rates of each transmitted and received signal are
the same. It is evident from Fig. 14 that the PIM interference
in the Rx band cause correlated distortion of the received
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Fig. 14. Simulated constellation diagrams of the received QPSK signal in the
presence of AWGN and PIM interference generated by 46-dBm two-carrier
QPSK signal transmitting through the test TLDN.

QPSK signal, and the constellation diagrams reveal the fol-
lowing characteristic features.

1) PIM products decompose each symbol of the received
QPSK signal into a quadruple, i.e., the transmitted signal
modulation is superimposed on the received signal.

2) Clockwise rotation of each quadruple around its center
occurs, as the signal to interference ratio decreases.

3) The quadruple is skewed to a parallelepiped with
unequal sides at lower signal to interference ratios.

Indeed, such signal distortions may cause deleterious sym-
bol aliasing, especially in higher order modulation schemes.
To assess fidelity of digitally modulated signals, the error-
vector magnitude (EVM) is the most commonly used metric.
In essence, the EVM is a measure of the symbol constellation
deviation from the ideal one due to signal distortion and
impairments [32]. It is defined as

Perror

EVM =

(10)

ref

where Perror is the rms power of the error vector and P is
the average ideal reference vector power.

To assess the impact of passive nonlinearity in the trans-
mit chain on received signals, the EVM was evaluated for
different modulation types and signal to interference ratios.
Fig. 15 shows the EVM for the PIM distorted received signals
of two types: 1) BPSK and 2) QPSK modulated two-tone CW
carriers of total power of 46 dBm transmitted through the 720°
long TLDN. The EVM has been simulated versus the ratio
Ep/Eppv where Ep is energy per bit of the received signal
and Eppyv is PIM energy generated in the Rx band by one bit
per active channel transmit Tx signal. It illustrates how EVM
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Fig. 16. Simulated EVM for Rx QPSK signal when the Rx distortion is

caused by either AWGN or PIM interference.

decreases when the Rx signal power per symbol increases from
—90 dBm to —60 dBm.

Fig. 15 shows that for any chosen value of EVM, the
received QPSK signal has less energy per bit than the BPSK
signal, and the difference is larger at low power. This is
directly related to the fact that the QPSK signal has lower
energy per bit than the BPSK signal with the same energy per
symbol, i.e., one-bit-per-channel QPSK signal in the Tx band
generates lower PIM in the Rx band. Thus E; and Eppy are
smaller for a QPSK signal than for a BPSK signal at the same
energy per symbol of the received and transmitted signals
whilst their ratio Ep/Eppv may be higher at the fixed energy
per symbol of the transmitted and received signals. However,
the results of Fig. 15 do not allow us to judge whether QPSK
modulation is more resilient to PIM interference than BPSK
because the QPSK encodes two bits per symbol and, as such,
the PIM contribution per symbol will effectively double.

Finally, it is instructive to estimate the EVM of QPSK
signals in the presence of AWGN and PIM interference in
the Rx band. The EVM, simulated with respect to the signal
to interference plus noise ratio (SINR) at equal AGWN and
PIM power levels is shown in Fig. 16 as the Rx signal power
level varies from —90 dBm to —60 dBm. At SINR = 0 dB,
the EVM with AWGN is ~10% higher than that for PIM
interference, but their difference gradually decreases at higher
SINR. However, taking into account that the PIM level
in the Rx band may significantly exceed AGWN level,
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PIM interference may have strong impact on the fidelity
of the received signals. Therefore, the distinctive correlation
properties of PIM products should be exploited for mitigation
of PIM distortion of the received signals.

V. CONCLUSION

The objective of this work was to explore the characteristics
of PIM generated by distributed passive nonlinearities of a
transmission line and characterize the impact of PIM in terms
of fidelity metrics for analog and digitally modulated signals in
the receive path of an RF front-end. Since the physical origin
of PIM is not known in all cases, a behavioral model was
adopted for the investigations. It was shown that a polynomial
nonlinear model of a short subsection of transmission line
accurately modelled PIM when it was cascaded to model
the distributed nonlinearity of a microstrip transmission line.
This was demonstrated by comparing measured and simulated
PIM for a two-tone CW signal for various power levels. The
cascaded model was scalable with transmission line length
and here was used to determine the effect of line length on
PIM. A closed-form transfer function was obtained which
mapped an input two-carrier modulated signal at one end
of the transmission line to waveform and spectrum at the
output of the line. This enabled explicit evaluation of spectral
components, and thus PIM-induced interference adequately
described by the nonlinearity of the transmission line itself,
and predicted the cumulative growth of forward PIM level
with line length.

The impact of PIM with analog and digitally modulated
signals was explored by implementing the polynomial model
in the ADS Circuit Envelope solver environment. Using
circuit-envelope analysis, spectral regrowth caused by PIM of
modulated carriers and the ABPR and, for digitally modulated
signals, EVM metrics for PIM interference in the receive
band were determined and compared with interference with
discrete tone signals. It was shown that the ABPR of PIM3
interference for two-carrier AM and PM signals is practically
indistinguishable from that for a two-tone CW signal. At the
same time, it was found that ABPR for the three-carrier PM
signal appeared to be considerably lower than that for the
two-tone CW signal at the same power per carrier. It was
found that the standard two-tone CW PIM3 test provides
a conservative estimate of PIM interference in the receive
band generated by multicarrier modulated transmitted signals.
One of the surprising results is that, because of the small
relative growth in phase difference between carriers centered
at different frequencies, PIM distortion results in asymmet-
rical regrowth of output PIM interference for modulated
signals.

The effect of PIM interference, characterized by distortion
on a constellation diagram and EVM metrics, with two-carrier
digitally modulated BPSK and QPSK signals input to a
microstrip line was compared with that with AWGN. The
EVM for PIM3 interference was lower than that for AWGN
of equivalent power. It was argued that this was because PIM
interference results in correlated distortion of the received
signal when, as usual, the symbol rate of PIM interference
and received signals are the same. This implies that PIM
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interference should not be treated as noise and there is a likely
possibility that design strategies can be developed to mitigate
the effect of PIM interference on receive signals. Therefore,
advanced behavioral and physical models of distributed pas-
sive nonlinearities could enable more elaborate assessment
and mitigation of the effect of PIM on distortion of digitally
modulated signals in multicarrier communications systems.

APPENDIX

A. Transfer Function for Polynomial Nonlinearity

An explicit form of the TF can be obtained by substituting
the input waveform (1) in the polynomial model (2).

Let us consider a passive weakly nonlinear device shown
schematically in Fig. 2. Its TF maps an input two-carrier
modulated signal x(¢) onto the output waveform y(#), which
contains the carrier harmonics and combination IM frequen-
cies. The input signal can be represented in the form

x(t) = A1(t) cos(wr1t + 01(1)) + Aax(?) cos(wat + 62(1))
1

= 5[m(t)ef'wlf +z21*()e ]

1 . .
+§[Z2(I)6WZ1 + 22" (1)e /] (A1)
where z12(¢t) = A1,2(¢) exp{j;,2(¢)} are the baseband com-
plex envelopes of the modulated carriers. The terms of (2) can
be expressed using the binomial expansion

gy 21/ + 2 (et T
T2+ | 7o (1)l P2 4 z2p*(t)e /2 :
(A2)
In the simplest case z1(¢) = z2(¢) = z(¢), we have
W) = Sy [ O @I eIy
2nz+:l (2]’1 + 1) [Z(t)]k(eja)lt + ejwzt)k
X N - .
S\ k01 (e eieank
(A3)

Substituting (A3) into (2) gives

(N=1)/22n+1

yo= >,
n=0 k=0
X(ejwlt _i_ejarzt)k(efjw]t +efjw2t)2n+lfk

(2n + 1) amit [ O] T )
k

22n+1

N-1)/2 2n+1—k
_( Zi/ 2n+1 (Zn + 1) Aonst [Z*(t)] n+ [Z([)]k
B 2n+1
n=0 k=0 k 2
k n—k
K\ (2n+1—k
23 ()0
q=0 p=0
X ej[(q_l’)wl+(2k_2n—1—l]+P)CU2]t. (A4)

The odd-order terms in (A4) satisfy the following conditions:

w =0+ Do —lwy (A5)
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where [ = (M —1)/2, and | M| is the order of the IM products:
M = £3,+£5, ..., N. Substituting (AS) into (A4) gives

g—p=I1+1

. (A6)
dk—2m—1—q+p=-—I

Hence

k=n+1. (AT)

Substituting (A7) into (A4) and retaining only the carrier
frequencies and the IM products nearby the carrier frequencies,
we obtain the output band-limited response at fundamental and
odd-order IM frequencies as

(N_l)/2a2 1{2n+1 ntl n+1
~ +
=0 3 (o X3 ("))
n=0 q=0 p=0
> (n)ej[(q—p)w1+(1—q+p)wz]t
p
N
—Re| > yy(p)e/l (D 2ten (-0 )
M=—N
M—odd
(A8)
where
(N=-1)/2
. 2n +1
) = /00 a2n+1 A2+
yu() =e Zz(j) eal G [610)
n+1
n+1 n
x> ( N )(k—M)‘ (A9)
k=(M+1)/2 2

B. Measurement Setup

Full details of the PIM measurements have been reported
elsewhere, see, e.g., [25] and references therein. The spec-
imens fabricated on the Taconic RF laminate comprised
three replicas of 50-Q uniform microstrip transmission line
(see Fig. 17). To ensure the return loss in the Tx and Rx bands
better than 20 dB, the microstrip lines were fitted with custom
designed low-PIM cable launchers. The launchers were made
of the PIM certified cable assemblies with DIN 7/16 con-
nectors cut in halves and tinplated solid copper transi-
tion units at the open ends. The cables were soldered to
the signal track and ground plane of microstrip line with
Sn40/Pb60 solder. The measurements were carried out in
anechoic chamber with the aid of a commercial two-port PIM
analyser Summitek SI-900B. The acquired data were averaged
over the triplet of identical lines and five measurements to
reduce the effect of carrier power variations and fabrication tol-
erances. The obtained data were used for the model extraction.

C. Polynomial Coefficients

Table I lists the polynomial coefficients retrieved from the
power sweep PIM3 measurements of the Lo = 914 mm
microstrip line.

Fig. 17.  Two-port measurements of PIM on microstrip lines. (a) PCB
specimen containing three replicas of 50 Ohm microstrip lines in the test
fixture; the low-PIM cable launcher with coaxial to microstrip transition is
shown in insert; (b) the test PCB connected to the Summitek SI-900B PIM
analyzer in anechoic chamber.

TABLE 1

POLYNOMIAL COEFFICIENTS RETRIEVED FROM THE POWER SWEEP PIM3
MEASUREMENTS OF Ly = 914 mm MICROSTRIP LINE

Term a, Value (V™)

a) 1

as 6.60E-09
as -2.54E-11
a; 4.95E-14
a9 -5.50E-17
ay 3.76E-20
ap -1.65E-23
ais 4.71E-27
apy -8.76E-31
a 1.02E-34
an -6.75E-39
ax 1.94E-43
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