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1. Introduction
To progress the work for the definition of Passive Intermodulation study item (PIM), there is a need to express in more detail the dependency of CW mode determination of intermodulation level in comparison with the real intermodulation spectrum density for the modulated signal. This paper compares theoretical and measured results.
2. Theory of PIM generation
Non-linearities (NL) can be described by different mathematical approaches. The standard approach is a Taylor series, alternatives are hyperbolic tangent [2] or arctan functions. These models are ‘memory less’.
[image: image1.emf]IM3

-159 dBm

-150 dBm

-141 dBm

-132 dBm

-123 dBm

-114 dBm

-105 dBm

-96 dBm

-87 dBm

-78 dBm

-69 dBm

-60 dBm

16 dBm 22 dBm 28 dBm 34 dBm 40 dBm 46 dBm

Power of CW signal of both carriers, P

1

 = P

2

Taylor series: 

A Taylor series limited to 3rd order non-linearities (a1, a3 (0) predicts only IM3 products with a ‘1 dB - 3 dB’ power relation. This means a 1 dB increase of carrier power results in a 3 dB increase of IM3 power. With a 5th order Taylor series (a1, a5 (0, a3 =0) IM3 and IM5 can be described. In this case both IM3 and IM5 follow a 1 dB - 5 dB relation. In the standard case with 3rd + 5th order coefficients the power dependency of IM3 products are determined by the coherent superposition of both effects. Therefore deviations from the 1 dB - 3 dB relations in both directions are possible. In any case at sufficiently small power levels 3rd order NL dominates the PIM results. Hyperbolic tangent or arctan NL-functions with adapted coefficients are a possibility to describe these effects.
Another aspect investigated in this study is the influence of modulation of carriers on the PIM result. Spread spectrum carriers were simulated by a multi tone signal which is a good approximation for LTE and WCDMA for PIM calculation. Analytical calculations for 3rd and 5th order as well as MatLab simulations predict an increase of PIM compared to the two tone CW scenario. This ‘conversion factor’ depends on the shape of the nonlinearity curve. For 3rd order NL the factor is exactly 3 dB for infinite number of sub tones. This means that if a 2 x 43 dBm CW scenario is replaced by a 2 x 43 dBm spread spectrum scenario the power integrated over the whole IM3 bandwidth (BW) is doubled. For 3rd order NL the IM3 BW is three times higher than the carrier BW. Simulation results are shown in Figure 1. For higher order NL the IM3 BW can extend even further.
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Figure 1: MatLab simulation: PIM of spread spectrum carrier for 3rd order non-linearity
As the own receiver is the PIM victim, it is more realistic to integrate PIM power over carrier BW only. For this definition the theoretical 3rd order ‘conversion factor’ reduces to 1.8 dB.
The reason for increased PIM for spread spectrum carriers compared to CW Carriers is an increased PAR (peak to average ratio) of modulated signals. This leads to the rule that reductions in the ‘1 dB - 3 dB relation’ leads to a reduced ‘conversion factor’.  
3. Measurement results

The experimental setup used for high sensitivity two tone CW measurements and WCDMA measurements is shown in figure 2. The PIM source used was a standard PIM source (IM3 = -80 dBm at 2 x 43 dBm).
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Figure 2: Setup for two tone CW and spread spectrum measurements
Results for two tone CW measurements for different combinations of power levels of both carriers are shown in figure 3. The solid line represents a theoretical 3rd order calculation. As expected these curves matches very good to measured data for low carrier powers. At higher power levels (P1 + P2 > (33 dBm) measured PIM levels are smaller than the simple 3rd order theory predicts. This indicates, that also the true ‘conversion factor’ for WCDMA will be slightly lower than theory.
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Figure 3b) 
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Figure 3c) 
Figure 3:
measured IM3 levels compared to 3rd order theory (solid line)
a) variation of power for both CW signals P1 = P2
b) variation of P1 only, P2 is fixed
c) variation of P2 only, P1 fixed
For IM5 is this effect, the degradation of 1 dB - 5 dB relation, more pronounced than for IM3. The absolute levels of IM5 and IM7 are significantly lower than IM3 (measured: -37 dB for IM5 and -64 dB for IM7 at 2 x 43 dBm).
The reported results can be generally accepted. Similar results are reported by Huawei [2] and Kaelus [3]. Figure 4 shows a Kathrein measurement using specially prepared BS antennas.
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Figure 4:
IM3 measurement of PIM for 2 differently prepared antennas 
Huawei presented in [2] a 1 dB - 2.5 dB relation at 43 dBm. Kaelus investigated differently jumper cables and measured also comparable data (figure 5).
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Figure 5: measuredIM3 power for jumper cables [3]
Spread spectrum measurements:

For comparison of spread spectrum signals with CW measurements two remote radio heads (RRH) were used in the measurement set up of figure 1. The RRHs could transmit either WCDMA or CW signals. A conversion factor of 1.7 dB was observed for IM3 with an estimated measurement error of (0.5 dB (figure 6). As expected this result is lower than the theoretical values. The conversion factor for IM5 is 3.2 dB in accordance with a measured 1 dB - 3.7 dB power relation.
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Figure 6: Conversion factor: Comparison WCDMA signal to CW signal
Elaborate measurements are reported by Ericsson in [4]. They proposed a conversion factor of 2.1 dB [1].
4. Proposal

Comparison of theoretical results with several measurements showed that the theory explains the problem sufficiently precise. 
For high quality systems (<-150 dBc at 2 x 43 dBm) it is sufficient to investigate IM3. Other intermodulation products are significantly smaller.
Upper limit for a conversion factor is 3dB for 3rd order nonlinearity. (PIM measurement BW = 3 times carrier BW.)
For the realistic case with the same BW for aggressor and victim the conversion factor reduces from 3 dB to 1.8 dB.

The conversion factor can be decreased by some tenths dB for high power levels as measurements showed.

A conversion factor of 2 dB is a realistic assumption.

5. Summary

The paper compares PIM measurements with simulations. Measurements are in line with theory. Modulated signals like LTE and UMTS produce slightly higher intermodulation levels compared to two tone constant wave signals. For typical scenarios this conversion value is lower than 2dB.
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