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INTRODUCTION

This paper presents some theoretical results and measurements of passive intermodulation (PIM) products made on a
waveguide flange contact nonlinearity with 2 and 3 carriers at different power levels.

The dependence of the passive intermodulation (PIM) products power on the carrier power is the main difference between
active and passive intermodulation (IM) products.

For easy computation, memoryless active nonlinearities are generally modelled by polynomials or by analytical
mathematical functions (e.g. hyperbolic tangent) [1, 2]. These functions are continuous, have continuous derivatives of
all orders and can be approximated by their Taylor series developments, at least in “‘small signal” conditions where the
IM power is much less than the fundamental carrier power, mathematically in a domain around the origin.

In these conditions, the power of each active IM products depends on the carrier power elevated to an exponent equal to
the order of the IM product, e.g. exponent 3 for order 3, exponent 5 for order 5 [1, 2]. On a dB/dB graph, the slopes of
IM levels versus carrier level are equal to their order 3, 5, ...

This is not the case for passive IM products where the level of IM products depends on the carrier level with a slope that
is different from the order, generally a non-integer value between 2 and 3 and about the same for all orders on a dB/dB
graph [3 - 8]. A model based on a non-analytical power function has been proposed [9]. It has been used to predict the
behavior of the passive IM products such as the level of high order of products, the nearly equal slope for all IM orders,
and the decrease of a 2-carrier IM product power when a third carrier is added [9, 10].

The experiment is carried out on a nonlinear graphite material introduced between two waveguide flanges in a PIM test
bench in Ku band using two low PIM triplexers. Two carriers with power up to 40 watts per carrier or three carriers with
power up to 40 watts per carrier can be transmitted on the test bench.

The main theoretical and experimental results are presented in this paper and validate the theoretical results: a slope of
2.4 dB/dB is measured on the third order PIM product and the levels of higher order PIM products are correctly obtained
in different configurations of carriers and power by using the non-analytical model based on a power law nonlinearity
with an exponent of 2.4 for order 3.

Measurement with 3 carriers (with the same or different power) are compared with the theory. A particular combination
of 3 carrier powers shows that some third order PIM can be nearly eliminated in concordance with the theory.

PIM POWER DEPENDENCE THEORY

The levels in dB of many passive intermodulation products depend on carrier level in dB through a linear relationship
with a slope generally between 1 and 3 for the third order PIM [3-8]. This linear relationship can happen for ranges up to
30 dB, from 1 watt to 1 kW as shown in one of the oldest articles on this phenomenon [3].

No analytical function has been found to be able to reproduce correctly this behavior even with a polynomial of degree
49 [4]. Such a polynomial would give invalid results if extrapolated even by 1 dB.

The most evident function that allows to model this behavior is a power function with an exponent equal to the slope in
the dB/dB graph. The following antisymmetric function generates odd order IM products with a slope equal to s:

f(x) = assign(x) |x|* = ay x x|~ (1)
Even order IM products can be obtained by using the symmetric function:

fx) = Bslx|® (@)

The derivatives of orders higher than s of these functions are infinite or indefinite at origin. So, the functions have no
Taylor series development at origin and cannot be correctly modelled by polynomials of low degree except when s is



either an odd integer in (1) or an even integer in (2). In the general case, approximations can be found but they are of high
degree and are valid only on a very limited range.

Computation of harmonics

The levels of harmonics of the fundamental sinusoidal signal can be obtained through the Chebyshev transform [1]. This
transform is a direct application of Fourier transform of the nonlinear function output when the input signal x is a pure
cosine carrier. It depends on integration and not on the derivatives of the nonlinear function, which can be non-analytical.

x = acos(wt + @) =acosb 3

The nonlinearity gives a series of integer harmonics:

() = f(acos8) =2 fy(a) + Tin=s fn(a). cos () )

The order m Chebyshev transform of function f is:

fn(@) = % 77 fla. cos ()] cos(m8) do (5)

The non-analytical nonlinearity (like any nonlinear function) generates only harmonics at frequencies that are integer
multiples of the fundamental frequency. As f(a + b) # f(a) + f(b), it would be wrong to apply the nonlinearity to a
part of the input signal, such as a exp(if)/2 to obtain signals such as (a/2)° exp(is@) that are not integer harmonic of
the input signal.

In the case of (1) we get only odd order harmonics and odd order transforms for m = 2p + 1:

lal I'(s+1) lal I'(s+1)
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This transform is a function of the same type as the initial function and with the same exponent s. The order 1 (p = 0)
Chebyshev transform gives the fundamental response and is linked to the complex gain and AM/AM and AM/PM curves:

T'(s+1)

i@ = 2 sign(@) (1) zgemsy = 9(@) = B sign(@) lal = i, a fal ™)

Computation of intermodulation products
A bandwidth limited signal with 2 equal amplitude carriers can be put into the form:

a
x = 5 [cos(wqt + ¢4) + cos(w,t + @,)]
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x = a cos( 2

Then the IM products of odd orders m = 2p + 1 at radians frequencies (p + 1)w, — pw, and (p + )w, — pw, are
obtained with the order m Chebyshev transforms of the function g = f;:
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This is a generalization of the computation for polynomials, where s is an odd integer in (1), that would give:

op+1(@) = 2 P sign(a) (I;ﬂ)s W@‘P)’ =2 pq (%)SWI(H), (10)
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In the polynomial case, when s is an odd integer in (10), if S;—l — p is negative, that is for odd IM orders m = 2p + 1

higher than the odd degree s of the polynomial, the factorial (? - p) l'in the dividend is infinite, and the IM level is 0.

This is the classical result that polynomial functions generate IM only up to a maximum order that is equal to the degree
of the polynomial.



MAIN CONSEQUENCES OF THE THEORY

Simple model with only 2 experimental parameters

The exponent s of the function is equal to the measured slope of the IM3 level versus carrier level.
The coefficient of the function is computed to minimizes the quadratic error with the measured IM3 level.
All the modelled higher IM products have the same slope s versus carrier power in this model.

Model easy to use in simulation software

The model can be used in bandpass-limited simulation with complex envelope signal X around a fundamental carrier,
using the combined AM/AM and AM/PM curve given in (7) as:

g(X) = Bssign(X) IX]° = B X [X|*71 (1)
The nonlinear gain applied to the fundamental signal in (11) depends only on the amplitude of the envelope signal.

High Harmonic Generation and High Order IM Generation

The difference in level between two IM orders is fixed and depends only on the slope and the orders of the IM products.
For successive odd orders 2p — 1 and 2p + 1 we have:

gap-1(@) _ F(%*'p)r(izl_p) _S+2p+1l _ 2p+lts
gzp+1(@) F(S+Tl+p)l"(¥—p) T s-2p+1 2p-1-s

(12)

As an example, a slope s = 2 in (10) would result in a level amplitude ratio of 7 or a level difference of 17 dB between
orders 3 and 5 with p = 2 in (12) and an amplitude ratio of 3 or a difference of 9.5 dB between orders 5 and 7 withp = 3
in (12).

For lower values of IM orders, these level differences between successive IM orders depend on the slope s and the nature
of the material.

For higher values of IM orders, (12) gives a level difference that is approximately: 20{log(2p + 1) — log(2p — 1)},
which converges to 0 for higher orders.

Because this level difference becomes very low for higher values of orders, many IM products of higher orders have
measurable levels and may desensitize or jam a receiver at receive frequencies far from the transmit frequencies.

The non-analytic nonlinear functions given by (1) and (2) generate high harmonics (HHG), a property that has been found
in passive materials up to THz and optic frequencies [11].

As the nonlinear function at fundamental frequency follows the same type of equation as the one in baseband, it generates
high order IM products around the fundamental frequency instead of high order harmonics. It explains problems that we
may encounter at frequencies far removed from the transmit frequencies. High orders PIM levels at receive frequencies
may be high enough to jam receivers.

A simple example is the case s = 0 in (1), the hard limiter nonlinearity that transform a sinusoidal signal into a square
signal having odd harmonics with amplitudes that decrease as 1/f (and level difference as 20log(m/n) between
harmonics m and n) as shown in fig. 1.
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Fig. 1. Spectrum and signal before and after a hard limiter.

The successive sum of differences between IM levels of adjacent orders given by (12) result in the curves in fig. 2 for
slopes between 2 and 2.5.

They are compared with the experimental “rule of thumb” limits proposed by MDA in ESA PIM contract report [8]:
70 log(m/n) and 90 log(m/n).They show a very good agreement.



Comparison of formulas for odd IM level versus order
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Fig. 2. Level of odd order IM products relative to third order IM product for 3 slopes
and MDA experimental “rule of thumb” limits.

Odd and even orders of IM may come from two different nonlinear functions obeying (1) and (2), there may not be a
correlation between the coefficients or the exponents of these two functions, so the level difference between odd and even
orders can differ widely for different materials. However, they may be equal if the nonlinearity is identically null on one
side of the origin.

These consequences have been experimentally described in ESA PIM contract report [8].

Relaxation of 2-carrier IM specifications

A simulation using the proposed model also shows that the order 3 PIM levels decrease when carriers are added to a 2-
carrier signal. This is not the case in small signal for the polynomial or analytical functions models and for active IM.
For classical (polynomial or analytic function) nonlinearities, in small signal conditions, the level of a third order IM
product generated by two carriers e.g. 2f, — f; (with a small signal slope of 3 versus carrier level) does not change when
other carriers are added (provided they do not generate IM products at the same frequency as the first one).

This is not the case when using non-analytical functions given in (1) and (2) [10].

If the slope is lower than the order of the IM product e.g. s = 2 or s = 2.5 for IM order 3, the level of the IM decreases
when adding carriers; This decrease is 4 dB for s = 2.5 and 8 dB for s = 2 when adding 8 or more carriers.

This effect can be used to relax the 2-carrier specification on devices that will work under multi-carrier operation
compared to the classical computation.

Note that if the slope is higher than 3, the addition of carriers will increase the level of the third order IM product compared
to the 2-carrier case.

Such an increase of IM3 when adding carriers is also obtained with a degree 5 polynomial that gives a third order IM with
a slope of 5.

Addition of a higher power third carrier

This decrease is more important when adding one higher power third carrier because the effect may prevent the signal
from going through the discontinuity of the nonlinear function.

Fig. 3 shows an odd nonlinear function y = signx |x|? with a slopes = 2.
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Fig. 3. Signals at input (blue) and output (red) of nonlinearity without bias (left) and with bias (right)



First, a sinusoidal signal with a peak amplitude of 1 is applied at the input and the graph of the output is given. It shows
only the fundamental frequency and odd harmonics.

In a second time, a bias of amplitude 1 is added to the input signal. The input signal is always positive and never crosses
the discontinuity of the nonlinear function. It is then possible to use a Taylor series development of the nonlinearity around
the point (1, 1) in the range [0, 2] and compute the harmonics using the classical method [1, 2] or a simulation of the
nonlinearity.

The third harmonic amplitude is much lower in this case.

In the case of s = 2, the nonlinear curve is a branch of parabola. All its derivatives are 0 except for the first and second
ones. So, this nonlinearity generates neither odd harmonics nor even harmonics higher than 2.

For slopes different from 2, some residual odd and even harmonics are generated with levels that can be computed from
the derivatives of the function and its Taylor series development

It would be difficult to apply a bias and measure harmonics in a waveguide test bench. However, the same experiment
can be done in a bandwidth around the fundamental frequency by replacing the signals by their envelope.

Two identical power carriers at frequencies f; and f, have a sinusoidal envelope that crosses the discontinuity of the
nonlinearity at fundamental frequency. Intermodulation products replace the harmonics and can be measured in an IM
waveguide test bench.

If we add a third carrier with four times the power, the envelope is always on one side of the discontinuity and the odd
order IM products of the f; and f, carriers nearly disappear. In the case of s = 2, the nonlinear curve is a branch of
parabola. All its derivatives are 0 except for the first and second ones. So, it generates neither odd IM products nor even
IM products higher than 2. For slopes different from 2, some residual odd and even IM products are generated with levels
that can be computed from the derivatives of the function and its Taylor series development [1, 2] or by a simulation.

Variation of power ratio between two carriers

If we vary the power ratio between two carriers while keeping the total power fixed, we see a variation of third order IM
products levels along slopes equal to +2 or +1 versus power ratio.

This does not imply that the degree of the nonlinearity is 3.

The same slopes are obtained for the order 3 IM with a polynomial of degree 5 and with any non-analytical function in
the form of (1) with any slope.

There is a small difference in the positions of the maxima, but it is not sensitive enough to determine the value of the
slope or degree. The +2 or F1 slopes of IM level versus power ratio imply only that the measured IM is effectively of
the form 2f, — f; or 2f; — f5.

IM POWER DEPENDENCE MEASUREMENTS

Two-carrier test bench description

A 2-carrier test bench has been used to measure IM products, see Fig 4.

Low PIM triplexers combining two transmit filters and one receive filter are used to combine the carriers and to filter
them out of the measured IM. They were designed and manufactured by Cobham (now Exens Solutions).

The two transmit filters bandwidths are respectively 11.34 to 11.67 GHz for f1 and 12.24 to 12.64 GHz for 2, the receive
filter bandwidth is 13.79 to 14.29 GHz. The available power is up to 40 watts for each of the 2 carriers.

Frequencies f; in filter 1 and f, in filter 2 are chosen so that at least one IM3 or IMS5 or IM7 frequency is in receive filter
bandwidth and can be measured.

Tx/ Rx diplexer Tx/Rx diplexer
Spectrum Rx filter Txfilter 1 —— Load
Analyzer
Power amplifiers Txfilter 2 Load
Synthesizer Txfilter 1
DUT Rx filter [— SPectrum
Analyzer
Synthesizer Tx filter 2

Fig. 4. Device under test in 2-carrier PIM waveguide test bench.

It is possible to measure the level of IM that is transmitted in the direction of the receive triplexer and the level of the
same IM that is reflected in the direction of the transmission triplexer.



3-carrier test bench description

The 3-carrier test bench is obtained by using a waveguide hybrid 90° 3 dB coupler on one transmission chain to add two
carriers. Because of this passive combination we add 3 dB losses in the chain. The third carrier is at a frequency 3 in the
filter 2 bandwidth. Its frequency is chosen so that it does not generate IM products near the one between f1 and {2 that is
measured.

Tx/ Rx low PIM triplexer Tx / Rx low PIM triplexer

Spectrum Rx filter
Analyzer

Power amplifiers

Synthesizer

Synthesizer >
Hybrid
coupler
Synthesizer

Txfilter 1

DUT

Rx filter Spectrum
Analyzer

Txfilter 2

Device under test

Fig. 6. Device under test.

All waveguide flanges in the test bench are low PIM 6-hole flanges used for space equipment except for the DUT.

The device under test is a gasket in the shape of the standard waveguide WR 75 flange, see fig. 6. It is cut in a graphite
material (Panasonic EYGS121803DP). Two 25 microns thickness sheets are inserted between two standard WR 75
waveguides with flat flanges.

A reference low-PIM waveguide flange and a flat WR75 waveguide flange were also measured.

Measurement results

Measurements of 2-carrier PIM products of orders 3, 5, and 7

Using the 2-carrier test bench, we measure PIM products of orders 3, 5, and 7.
We use the following frequencies for the carriers and measured PIM:

Table 1. Carriers and IM frequencies for orders 3, 5 and 7.

Frequency f1 (GHz) Frequency 2 (GHz) PIM order PIM frequency (GHz)
11.406 12.606 3 13.806

11.406 12.3 5 14.088

11.65 12.3 7 14.25

Both carriers have the same power, which is varied from 30 to 42 dBm.

Reference low PIM flange and WR75 flat flange give IM products levels less than -160 dBc and cannot be measured in
the test bench noise.

For the DUT, we get habitual PIM slopes of 2.4 for order 3, 3.5 for order 5, and 4.5 for order 7.

Results are shown in fig. 7.
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Fig. 7. 2-carrier PIM orders 3, 5, and 7.

Measurement of 3-carrier PIM products of orders 3, 5, and 7

Using the 3-carrier test bench, we add a third carrier in transmit filter Tx2. The frequency of this third carrier is:
f3=12.506 GHz. Its power is varied from 5 W to 40 W while the other two carriers are kept at either 5 or 10 W.

We measure the decrease of the 2-carrier measured PIM versus third carrier power.

The results are given in table 2 and fig. 8.

Table 2. Decrease of 2-carrier IM level for orders 3, 5 and 7 when a third carrier is added.

F1 and F2 F3 power | Powerratio | IM 3 decrease (dB) | IM 5 decrease (dB) | IM 7 decrease (dB)
power (W) (W)
5 5 1 2t02.5 18 < noise
5 10 2 4 19.5 < noise
5 15 3 6 20 < noise
5 20 4 8 23 < noise
5 40 8 12 27 < noise
10 10 1 3 26 20
10 20 2 6 18 24
10 30 3 8 / < noise
10 40 4 10 28 < noise
Decrease of IM level when adding a third carrier
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Fig. 8. Decrease of 2-carrier IM level for orders 3, 5 and 7 when a third carrier is added.

CONCLUSION

The theory of passive IM presented in this paper is based on a behavioral model that is non-analytic instead of polynomial
or analytical nonlinear functions.



The proposed model is easy to fit to measurements with only two parameters, the slope and the level of one measured IM
product.

It is easy to simulate as a memoryless bandpass nonlinearity with a nonlinear gain depending only on the amplitude of
the envelope of the signal applied to the nonlinearity.

This model explains many differences between active and passive intermodulation behavior:

e IM products level variation versus carrier level variation with nearly constant slopes.

e High harmonics and high order IM products generation with levels high enough to be measured.

e Decrease of IM level versus order depends on the slope, between 70log(order) and 90 log(order) for slopes
between 2 and 2.5.

e Curves of 2-carrier IM3 products levels versus power ratio between the 2 carriers do not change much for slopes
between 2 and 5. The slopes of 2 and -1 prove only that the frequency coefficients of the measured third order
products are 2 and -1. The change is not large enough to determine the slope of the IM products levels versus carrier
level.

Decrease of third order IM product generated by 2 carriers when a third carrier is added if the slope is less than 3.
Near elimination of this 2-carrier IM3 product if the third carrier is at 4 times the power of the first 2 ones and the
slope is around 2.

e Possible relaxation of 2-carrier PIM specifications of devices that will be used in multi-carrier operation with respect
to specifications obtained by using classical polynomial computation of ratio between 2-carrier and multi-carrier PIM
level.

All these consequences of the theory have been validated by measurements made in CNES and by many measurements
available in published papers.

Measurements show a slight increase of the slope with the increase of order instead of the exact equality of slopes that is
a result of this simple model. It does not seem to change too much the consequences in other measurements.
Some on-going work is aimed at a model explaining this increase of IM slopes with order.
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