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= The slope of passive intermodulation products levels versus signals
level is about constant for all orders

= A simple nonlinear model based on this fact has been proposed for
PIM behavior

® |t predicts many other differences and “odd” behaviors of PIM
= All measurement results are explained by this simple model

= A measurement has been defined to explore the model in particular
conditions and a waveguide flange has been measured with 2 and 3
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= Reference Shitvov 2009
= 3rd 5th 7t and 9 order IM  Slopes 1.6 to 2.9 dB/dB

T SA MULCOPIM 2025, Valencia, Spain - Jacques Sombrin - 17/10/2025




10/21/25

= The simplest nonlinear behavioral model proposed to explain the
constant slope a of harmonics and PIM products of all orders is:

y = sign(x) |x|* for odd harmonics and products
y = |x|* for even harmonics and products

= Only two parameters that are easily measured:
* For odd PIM: level of order 3 PIM and slope of order 3 PIM

= If x and y are real signals, harmonics and intermodulation products
are generated with slopes a (in dB/dB) versus signal level

= Their frequencies are integer combinations of the input signal
frequencies and identical to frequencies obtained with polynomials
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= Only integer harmonics frequencies
* Odd for the odd model, even for the even model

= For a real input signal x = a cos(2nwt + @) = a cos 6

s—1
y = agsign(x) |x|° = a,x|x|C™D = aalalC~Y cos O (cosZG)(T)

i i S
Slope = s y = as———cos 6 (1 + cos20)\ 2 Infinite number
2(7) of harmonics
@ s—1 s—1\/s—3 ¢
Y = Qg =——— c050{1+ c0529+( )( )cos2 20 + ¢
=) 4 2 4 2 2 4
Integer harmonics only
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= The model can be applied to the complex envelope of an analytic
signal around a carrier in a simulation software

= The function sign (x) is extended to e? if x = pe'?®

= The odd model will give odd intermodulation products near the odd
harmonics

= The even model will give even products near the even harmonics

= For a 2-carrier input signal at frequencies f1 and f2, harmonics and
intermodulation products of order |m| + |n| have a frequency mf1 +
nf2 with m and n in Z and are around the harmonic |m + n| with
the phase |m + n|¢p
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= Chebyshev transform can be used for analytical computations

" |t is a special case of the Fourier transform. It uses only integrals
= No Taylor series development of the model is needed

= The model discontinuities are not a problem

(00]

1
FE) =f@)=5f@+ ) fu(@).cos(mp)

m=1

fm(a) = %f+nf[a. cos(8)] cos(m®) do
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3. Predictions of nonlinear model (4)

= The odd nonlinear model gives the m = 2p + 1 harmonic as:

f2p+1(a) = 2a, sign(a @ I'(s+1)

=a a(
S S S
2 ri73+pjri TI—pj

Infinite number of harmonics: for polynomials of
degree s,if m > s this I' term is infinite

I Levels of all orders are linked

= The two nonlinear models are eigenvalues of the Chebyshey transform, which means that the
intermodulation products of a 2-carrier signal behave exactly as the harmonics of a sinusoidal
signal

= The nonlinear model applied to the complex envelope of the analytic signal is the first Chebyshev
transform (m = 1,p = 0)

o T(s+1
il = e s (%) C e Bl - i ol

=) (>

Te SA MULCOPIM 2025, Valencia, Spain - Jacques Sombrin - 17/10/2025 9

3. Predictions of nonlinear model (5)

Even order (0 to 10) Chebyshev Transforms 0dd order (1 to 11) Chebyshev Transforms

Level of Chebyshev Transform (dB)

Level of Chebyshev Transform (dB)

|
2 3 4 5 6
Value of exponent or slope

4 5 6
Value of exponent or slope

Levels of even and odd harmonics or PIM products versus slope s

y 4
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3. Predictions of nonllneor model (6)

Relative level of Odd order Chebyshev Transforms for some slopes

Relative level of Even order Chebyshev Transforms for some slopes

Level of Chebyshev Transform (dB)

4 6 8 10 12 14 2 8
Value of odd order

Levels of even and odd harmonics or PIM products versus order
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3. Predictions of nonlinear model (7)

—

—
—

<

Decrease of harmonic or PIM level when adding an offset to the input signal

When the input signal no longer crosses the discontinuity, a Taylor series
development exist. Back to the classical case with much lower PIM levels

-
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carriers and intermodulations, enveloppe signal 3 carriers, 1 variable

2 lin=1 alpha=2.4 coeff=0.1

-
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= Adding an offset and measuring the harmonics is not feasible in
waveguide
= Adding a third carrier and measuring the PIM products generated by
carriers 1 and 2 is easier
= A third carrier with 4 times the power of each of carriers 1 and 2
strongly decreases the levels of PIM products
= For a slope of 2 (parabolic shape) these products disappear
= For other slopes, a simple simulation is used to predict the PIM levels
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Test bench

Tx/ Rx diplexer

Spectrum

Analyzer —1 Rxfilter

Power amplifiers

Synthesizer Tx filter 1

Synthesizer Tx filter 2

TESA

The DUT is a resistive sheet between
2 waveguide flanges

4. Measurement of waveguide flange PIM (2)

Tx/ Rx diplexer

Txfilter 1 —— Load

Txfilter2 —— Load
pUT Rx filter [—| Spectrum
Analyzer
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2 carriers
Slopes:

2.4 for 3™ order
3.5 for 5t order
4.5 for 7t order

TESA

Measurement results with

4. Measurement of waveguide flange PIM (3)

IM 3, 5,and 7
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= Measurement results 0 Decrease of IM level when adding a third carrier
with 3 carriers B —5WIM3
F " —5WIM5
= Carriers 1 and 2 are the % .
=—10WIM3
same (5or 10 W)and £~ 4 1
. -2
their PIM are measured & 10WIM5
. . s —10WIM7
® Third carrier power g>
. : -@-theory 3rd order
varies from Oto 4 or 8 - K
times the power of ol -theoySthorder
each carriers 1 and 2 Ratio of third carrier power to first and second carriers power

Theoretical slope 2.4 for order 3 and 3.5 for order 5
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= Most measurement results are predicted or explained with a simple
nonlinear model using only 2 parameters

= The model can be easily simulated with complex multi-carrier and
modulated signals

= Left unexplained up to now: slope varies slightly with carrier level
(saturation) and increases with order

= | will happily discuss measurement results that pose you problems

= Questions ?
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