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1. Introduction
§ 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
§ It 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 
carriers
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How to explain measured curves?

§ Reference Shitvov 2009
§ 3rd, 5th, 7th and 9th order IM   Slopes 1.6 to 2.9 dB/dB
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uniform microstrip line described in the preceding sections. 
Both the CPW and microstrip line had the signal tracks of the 
same width W=1.9 mm and length L=914 mm.  

Fig. 6a shows the results of PIM product measurements 
over a range of the carrier power for different PIM orders. In 
contrast to the microstrip line (Fig. 4), the power ratios of the 
higher order PIM products, notably PIM5, PIM7 and PIM9, in 
the CPW decrease with the intermodulation order. In the 
meantime, the PIM3 products in CPW exhibit higher power 
ratio then in the microstrip line, Fig. 6b. Nevertheless, the 
measured power rate again is considerably below the classical 
predicted rate of 3:1.  
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Fig. 6  Measured forward PIM3, PIM5, PIM7 and PIM9 products vs. carrier 
power on the 914 mm long straight uniform coplanar waveguide (a) and 
comparison of the forward PIM3 products generated in coplanar waveguide 
and microstrip line (b) 

III. CONCLUSIONS 
It has been shown that the measured power ratios of the 

PIM products generated in microstrip and CPW transmission 
lines do not correlate with the predictions of the first-order 
NTL-model with a single weakly nonlinear per-unit-length 
parameter. Observed saturation of the carrier-power 
dependencies at higher carrier powers may be attributed to the 
combined conductor and substrate nonlinearities.  

The measurement of the forward PIM3 level in the two-
carrier power domain revealed the local minima of PIM level, 
which should be taken into account in precision PIM 
characterization of microstrip circuits and RF laminates.  

Overall, the power distribution of the PIM products 
between different orders varies with the carrier power level, 
which makes it difficult to apply directly for characterization 
of distributed nonlinearities in printed circuits. However, 
measuring the PIM power rates over a range of carrier power 
levels could portray the nonlinearity of the printed lines.  
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Fig. 4  Measured forward PIM3, PIM5, PIM7 and PIM9 products vs. carrier 
power on the microstrip line with central section of width Wc=7.44 mm with 
the tapered matching transformers.  

Fig. 4 shows the measured PIM3, PIM5, PIM7 and PIM9 
products over a range of carrier power varying from 30 dBm 
to 44 dBm. The results for each PIM order admit good linear 
approximation in the measured range, where the linear slopes 
increase with the PIM order. However, none of the measured 
PIM products follows the classical rate of growth with the 
carrier power. Nevertheless, the measured PIM rates 
characterize the substrate nonlinearity in the TLG-30 laminate.  

D. Mapping the PIM3 Power in Two-Carrier Power Domain 
The first-order nonlinear transmission line (NTL) model of 

distributed PIM3 generation in microstrip transmission lines 
with weakly nonlinear conductor or substrate, [16], predicts 
the monotonic growth of the forward PIM3 level with the 
power level of each of two carriers, Fig. 5a. To test this 
conjecture, and thus the accuracy of the model, the 
measurements were performed on the 914 mm long straight 
uniform microstrip line in the two-carrier power domain, 
Fig. 5b. The power levels of the fundamental tones were 
swept independently from 30 to 44 dBm whereas the forward 
PIM3 products were recorded for each pair of the carrier 
power values. The results in Fig. 5b exhibit a valley on the 
PIM3 surface indicating the specific ratios of the carriers’ 
power which provide the local minima of the forward PIM3 
magnitude. The occurrence of such a valley does not directly 
follows from the theoretical considerations of [16] and thus 
suggests the need of further refinement of the NTL model. 
Notably, the observations in Section IIB indicate that both 
nonlinearities of the substrate and conductors should be 
concurrently incorporated in the model. Also based upon the 
previous studies, [7]-[8], we consider further development of 
the NTL-model to account for the higher-order effects in the 
PIM3 production. 

Overall, beside the necessity of further elaboration of the 
NTL-model, the fact that the PIM3 product surface in the two-
carrier power domain demonstrates local minima must be 
taken into account in characterization of the distributed PIM 
generation in high-performance printed lines. From the 
practical standpoint, the PIM level minima in the carrier-
power domain could be exploited to optimise PIM 
performance of the microstrip circuits.  

 
a) 
 

 
 

b) 

Fig. 5  Mapping of the forward PIM3 products in 914 mm long matched 
microstrip line in two-carrier power domain: a) simulations based on the first-
order NTL-model with weakly nonlinear per-unit-length capacitance; b) 
measurement on the straight uniform microstrip line fabricated on the TLG-30 
laminate with dominant substrate nonlinearity 

E. Comparison of Microstrip Line and Coplanar Waveguide 
Dissimilarity of the field distribution in microstrip and 

CPW transmission lines has already proved to be the cause of 
considerably different levels of PIM products, even though the 
test lines were fabricated on the same laminate and had the 
similar length and width of the signal strips, [17]. However, 
the carrier-power dependence of the PIM products in CPW 
has not been studied yet.  

A sample of straight uniform 50 ! coplanar waveguide was 
fabricated on the same laminate material as the straight 
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2. PIM nonlinear model
§ The simplest nonlinear behavioral model proposed to explain the 

constant slope 𝛼 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 𝛼 (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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3. Predictions of nonlinear model (1)
§ Only integer harmonics frequencies

• Odd for the odd model, even for the even model

§ For a real input signal 𝑥 = 𝑎 cos 2𝜋𝜔𝑡 + 𝜑 = 𝑎 cos 𝜃
𝑦 = 𝛼!sign 𝑥 𝑥 ! = 𝛼!𝑥 𝑥 (!#$) = 𝛼!𝑎 𝑎 (!#$) cos 𝜃 cos&𝜃

!#$
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𝑎 𝑎 (!#$)

2
!#$
&

cos 𝜃 1 + cos 2𝜃
!#$
&
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𝑎 𝑎 (!#$)

2
!#$
&
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𝑠 − 1
2

cos 2𝜃 +
𝑠 − 1
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𝑠 − 3
2

cos& 2𝜃 + ⋯
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3. Predictions of nonlinear model (2)
§ 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 = 𝜌𝑒"#

§ 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 𝜑
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3. Predictions of nonlinear model (3)
§ Chebyshev transform can be used for analytical computations
§ It 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

𝑓 𝑥 = 𝑓(𝑎 B) =
1
2
𝑓$ 𝑎 +D

%&'

(
𝑓% 𝑎 . cos(𝑚𝜃)

𝑓% 𝑎 =
1
𝜋
H
)*

+*
𝑓 𝑎. cos(𝜃) cos 𝑚𝜃 𝑑𝜃
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3. Predictions of nonlinear model (4)
§ The odd nonlinear model gives the 𝑚 = 2𝑝 + 1	harmonic as:

𝑓!"#$ 𝑎 = 2𝛼% sign 𝑎
&
!

% '(%#$)
' !"#

$ #" ' !"%
$ *"

= 𝛼%𝑎
&
!

%*$ '(%#$)
' !"#

$ #" ' !"%
$ *"

§ The two nonlinear models are eigenvalues of the Chebyshev 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)

𝑓& 𝑎 = 2𝛼' sign 𝑎
𝑎
2

' Γ 𝑠 + 1

Γ 𝑠 + 3
2 Γ 𝑠 + 1

2
= 𝛽' sign(𝑎) 𝑎 ' = 𝛽' 	𝑎 𝑎 '(&
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degree s, if m > s this Γ term is inHinite Levels of all orders are linked
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3. Predictions of nonlinear model (5)

Levels of even and odd harmonics or PIM products versus slope s
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3. Predictions of nonlinear model (6)

Levels of even and odd harmonics or PIM products versus order

MULCOPIM 2025, Valencia, Spain - Jacques Sombrin - 17/10/2025 11

11

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

MULCOPIM 2025, Valencia, Spain - Jacques Sombrin - 17/10/2025 12

12



10/21/25

7

3. Predictions of nonlinear model (8)
§ Prediction of 

2-carrier PIM 
products level 
when a third 
carrier with 
variable 
power is 
added for a 
nonlinearity 
with slope 2.4
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4. Measurement of waveguide flange PIM (1)

§ 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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4. Measurement of waveguide flange PIM (2)
Test bench
The DUT is a resistive sheet between 
2 waveguide flanges
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4. Measurement of waveguide flange PIM (3)

Measurement results with 
2 carriers
Slopes:
2.4 for 3rd order
3.5 for 5th order
4.5 for 7th order
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4. Measurement of waveguide flange PIM (4)
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§ Measurement results 
with 3 carriers

§ Carriers 1 and 2 are the 
same (5 or 10 W) and 
their PIM are measured

§ Third carrier power 
varies from 0 to 4 or 8 
times the power of 
each carriers 1 and 2 

Theoretical slope 2.4 for order 3 and 3.5 for order 5

17

5. Conclusion
§ 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

§ I will happily discuss measurement results that pose you problems

§ Questions ?
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