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Introduction
In this input we show that single-band LTE with higher-order PIM can pollute the own receiving band. Furthermore we note that measured PIM seldom follows the theoretical IMD3 or third-order law in practice and also depends on frequency.
Higher order PIM
In R4-126690 simulation results for higher order PIM, 5th and 7th order IMD, were shown. From the simulation results it was concluded that for some cases PIM generated by 5th and 7th order can be higher than from 3rd order. This lead to longer discussion in the RAN4 #65 in New Orleans as usually the IM3 IMD is the dominant PIM source.
In this input we also discuss higher order PIM but for single-band and with the IMD products falling into the own receiving band. Higher order PIM can be a problem as shown in recent measurement results performed by Verizon in the 700 MHz band (Band 13), reference [1]. The LTE input signal in the published data was a 46 dBm carrier with 10 MHz BW (600 sub-carriers). The measurement results in the figure below shows the 7th and 9th order PIM products which can fall into the own receiving band:

· IM7: 3×f1 ± 4×f2 
· IM9: 4×f1 ± 5×f2. 
For UL-DL separations < 3 or 4 × the transmission BW these higher order PIM will fall into the own receiving band.
The PIM signal was measured at the base station auxiliary receiver input and was up to 13 dB higher than the receiver noise floor (green line). Two-tone 3rd order PIM measurements with 2×43 dBm carriers showed PIM values at -125 dBc. From these results we can say that for two-tone 3rd order PIM values > -136 dBc the 7th and 9th order PIM has to be considered for bands with UL-DL separations < 3 or 4 × the transmission BW in order to avoid own receiver degradation. The high PIM values in the reported case was caused by a rusty bolt close to the LTE antennas but PIM can be in general caused by faulty connectors, damaged coaxial cable, splitters, etc., as described in section 5.1 of TR 37.808.

We further note that:

· PIM in praxis does normally not increase with third order as predicted by IMD3. Usually PIM increases with 1.5 to 2.5 dB for every 1 dB change in input signal level. 

· PIM depends on frequency and is higher at lower frequencies.

These points have to be further discussed in the meeting as a conversation factor between two-tone analysis and WCDMA/LTE signal has to be considered with caution and if it can be determined from a limited set of measurements or from a simple theoretical model. In reality in a feeder system as described in section 6.1 of TR 37.808 is more complex and can consist of various – multiple PIM sources.
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	Figure 1   Measured 7th and 9th order IMD/PIM products with a 10 MHz LTE signal (46 dBm) in B13. 
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----- Start of TP -----
5.2
Single-band scenarios

Operation of MSR BS in non-contiguous spectrum (MSR-NC) enables transmission on carriers with a large frequency separation within a band, potentially giving very high RF bandwidths. Considering the frequency domain relations for the generation of passive IM products, the existing paired bands can be divided into two categories. For the first category, the relation between band size and duplex gap size implies that third order PIM products would never fall in the own receive band, irrespective of RF BW. For the second category of bands, due to the “small” duplex gap, the own receiver could potentially suffer sensitivity degradation from IM3 products, depending on the size of the RF BW. Table 5.2-1 summarizes the IM3 analysis for the paired bands, while table 5.2-2 gives the maximum RF BW which would not cause IM3 in the own receiver for the concerned bands. Note that there are additional new bands under standardization such as band 26, 27 and 700 APAC, which also could suffer from passive IM3 into own Rx.
For higher PIM values as discussed in chapter 7 the 7th and 9th order PIM can fall into the own receiver band and has to be considered for single-band scenarios. The IM7 and IM9 terms appear at 3×f1 ± 4×f2 and IM9: 4×f1 ± 5×f2 respectively. For UL-DL separations < 3 or 4 × the transmission BW these higher order PIM will fall into the own receiving band.
One additional aspect for MSR-NC in multi-RAT operation is that for narrowband systems such as GSM, the IM products are also narrowband, while the IM products from wide band carriers or combination of wideband and narrowband carriers in multi-RAT operation will be broadband.  Due to the broadband nature of PIM for multi-RAT transmissions and the fact that the PIM level possibly increases with the number of carriers, single-RAT features that rely on narrowband properties such as GSM frequency hopping will not be a solution to the PIM problem.  

Thus, MSR-NC is clearly a relevant scenario for the PIM studies.
Table 5.2-1: IM3 analysis for Paired bands in E-UTRA, UTRA and GSM/EDGE.

	MSR and E‑UTRA Band number
	UTRA
Band number
	GSM/EDGE

Band designation
	Uplink (UL) BS receive
UE transmit
	Downlink (DL) BS transmit 
UE receive
	Duplex gap size in relation to band size

	1
	I
	-
	1920 MHz 
	–
	1980 MHz 
	2110 MHz  
	–
	2170 MHz
	Large

	2
	II
	PCS 1900
	1850 MHz 
	–
	1910  MHz
	1930 MHz 
	–
	1990 MHz
	Small

	3
	III
	DCS 1800
	1710 MHz 
	–
	1785 MHz
	1805 MHz 
	–
	1880 MHz
	Small

	4
	IV
	-
	1710 MHz
	–
	1755 MHz 
	2110 MHz 
	–
	2155 MHz
	Large

	5
	V
	GSM 850
	824 MHz
	–
	849 MHz
	869 MHz 
	–
	894MHz
	Small

	6
	VI
	-
	830 MHz
	–
	840  MHz
	875 MHz 
	–
	885 MHz
	Large

	7
	VII
	-
	2500 MHz
	–
	2570 MHz
	2620 MHz 
	–
	2690 MHz
	Small

	8
	VIII
	E-GSM
	880 MHz
	–
	915 MHz
	925 MHz  
	–
	960 MHz
	Small

	9
	IX
	-
	1749.9 MHz
	–
	1784.9 MHz
	1844.9 MHz  
	–
	1879.9 MHz
	Large

	10
	X
	-
	1710 MHz
	–
	1770 MHz
	2110 MHz 
	–
	2170 MHz
	Large

	11
	XI
	-
	1427.9 MHz 
	–
	1447.9 MHz
	1475.9 MHz  
	–
	1495.9 MHz
	Large

	12
	XII
	-
	699 MHz
	–
	716 MHz
	729 MHz
	–
	746 MHz
	Small

	13
	XIII
	-
	777 MHz
	–
	787 MHz
	746 MHz
	–
	756 MHz
	Large

	14
	XIV
	-
	788 MHz
	–
	798 MHz
	758 MHz
	–
	768 MHz
	Large

	15
	XV
	-
	Reserved
	
	
	Reserved
	
	
	

	16
	XVI
	-
	Reserved
	
	
	Reserved
	
	
	

	17
	-
	-
	704 MHz 
	–
	716 MHz
	734 MHz
	–
	746 MHz
	Large

	18
	-
	-
	815 MHz
	–
	830 MHz
	860 MHz
	–
	875 MHz
	Large

	19
	XIX
	-
	830 MHz
	–
	845 MHz
	875 MHz
	–
	890 MHz
	Large

	20
	XX
	-
	832 MHz
	–
	862 MHz
	791 MHz
	–
	821 MHz
	Small

	21
	XXI
	-
	1447.9 MHz
	–
	1462.9 MHz
	1495.9 MHz
	–
	1510.9 MHz
	Large

	22
	XXII
	-
	3410 MHz
	–
	3490 MHz
	3510 MHz
	–
	3590 MHz
	Small

	23
	-
	-
	2000 MHz
	–
	2020 MHz
	2180 MHz
	–
	2200 MHz
	Large

	24
	-
	-
	1626.5 MHz
	–
	1660.5 MHz
	1525 MHz
	–
	1559 MHz
	Large

	25
	XXV
	-
	1850 MHz
	–
	1915 MHz
	1930 MHz
	–
	1995 MHz
	Small

	26
	
	
	814 MHz
	–
	849 MHz
	859 MHz
	– 
	894 MHz
	Small

	27
	
	
	807 MHz
	–
	824 MHz
	852 MHz
	– 
	869 MHz
	Large

	28 (APAC700)
	
	
	703 MHz
	–
	748 MHz
	758 MHz
	– 
	803 MHz
	Small


Table 5.2-2: Maximum RF BW to avoid IM3 in own receiver for bands with “small” duplex gap.

	MSR Band number
	UTRA
Band number
	GSM/EDGE

Band designation
	Uplink (UL) BS receive
UE transmit
	Downlink (DL) BS transmit 
UE receive
	Maximum RFBW without IM3 in own Rx 

	2
	II
	PCS 1900
	1850 MHz 
	–
	1910  MHz
	1930 MHz 
	–
	1990 MHz
	40 MHz

	3
	III
	DCS 1800
	1710 MHz 
	–
	1785 MHz
	1805 MHz 
	–
	1880 MHz
	47.5 MHz

	5
	V
	GSM 850
	824 MHz
	–
	849 MHz
	869 MHz 
	–
	894MHz
	22.5 MHz

	7
	VII
	-
	2500 MHz
	–
	2570 MHz
	2620 MHz 
	–
	2690 MHz
	60 MHz

	8
	VIII
	E-GSM
	880 MHz
	–
	915 MHz
	925 MHz  
	–
	960 MHz
	22.5 MHz

	12
	XII
	-
	699 MHz
	–
	716 MHz
	729 MHz
	–
	746 MHz
	15 MHz

	20
	XX
	-
	832 MHz
	–
	862 MHz
	791 MHz
	–
	821 MHz
	20,5 MHz

	22
	XXII
	-
	3410 MHz
	–
	3490 MHz
	3510 MHz
	–
	3590 MHz
	50 MHz

	25
	XXV
	-
	1850 MHz
	–
	1915 MHz
	1930 MHz
	–
	1995 MHz
	40 MHz

	25
	XXV
	-
	1850 MHz
	–
	1915 MHz
	1930 MHz
	–
	1995 MHz
	40 MHz

	26
	
	
	814 MHz
	–
	849 MHz
	859 MHz
	– 
	894 MHz
	22.5 MHz

	28 (APAC700)
	
	
	703 MHz
	–
	748 MHz
	758 MHz
	– 
	803 MHz
	27.5 MHz


Based on RAN4 decision, NC-HSDPA and NC-CA are developed for both MSR [5] and single RAT specifications (25 [3] and 36 series [4]). This means that single RAT aspects of non-contiguous operation PIM should be considered and handled in the corresponding specification.
----- Unchanged sections omitted -----
----- Next changed sections -----
6.1.2
Theoretical bound for higher order non-linearity 
Higher order non-linearity (5th, 7th, 9th,… order IMD)can be treated in a similar way as in chapter 6.1.1 equation 3.  

5th order non-linearity (a1, a5 (0, a3 =0) leads to IM3 and IM5 products. 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 is 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 nonlinearity dominates the PIM results. Hyperbolic tangent or arc-tangent nonlinear functions with adapted coefficients are a possibility to approximate these effects.

6.1.3
Theoretical background for spread spectrum signals
In this chapter the influence of modulation of carriers on the PIM result is investigated. 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 non-linearity the factor is exactly 3 dB for infinite number of sub tones. This means that if a 2 × 43 dBm CW scenario is replaced by a 2 × 43 dBm spread spectrum scenario the power integrated over the whole IM3 bandwidth (BW) is doubled. For the 3rd order nonlinearity, the IM3 bandwidth is three times higher than the carrier bandwidth. Simulation results are shown in Figure 6.2.3-1. For higher order nonlinearities, the IM3 bandwidth can extend even further.
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Figure 6.1.3-1: 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 bandwidth 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’.  

6.2.
Measurements

This chapter shows measurement results for different intermodulation sources carried out by several companies. 

6.2.1
Measurement configuration

A typical experimental setup used for high sensitivity two tone CW measurements and WCDMA measurements is shown in figure 6.2.1-1.
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Figure 6.2.1-1: Setup for two tone CW and spread spectrum measurements

6.2.2 
Two tone measurement results 

Two tone constant wave (CW) measurements for different combinations of power levels of both carriers are reported in [3] The PIM source used was a standard PIM source (IM3 = -80 dBm at 2 × 43 dBm). Results are shown in figure 6.2.2.1 to 6.2.2.-3. The solid line represents a theoretical 3rd order calculation. As expected these curves matches very well 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 the true ‘conversion factor’ for WCDMA will also be slightly lower than theory.
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Figure 6.2.2-1: Measured IM3 levels compared to theory (solid line), variation of power for both CW signals P1 = P2
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Figure 6.2.2-2: Measured IM3 levels compared to theory (solid line), variation of P1 only, P2 is fixed
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Figure 6.2.2-3: Measured IM3 levels compared to theory (solid line), variation of P2 only, P1 fixed
For IM5, 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 and Kaelus [3]. Figure 6.2.2-4 shows a Kathrein measurement using specially prepared BS antennas.
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Figure 6.2.2-4: IM3 measurement of PIM for 2 differently prepared antennas

Huawei presented in figure 6.2.2-5 a 1 dB - 2.5 dB relation at 43 dBm. Kaelus investigated differently jumper cables and also measured comparable data (figure 6.2.2-6).
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Figure 6.2.2-5: Simulation and Measured result of the PIM power vs. input power from Huawei
[image: image10.emf]
Figure 6.2.2-6: Measured IM3 power for jumper cables [3]

6.2.3
Spread spectrum measurement results 

For comparison of spread spectrum signals with CW measurements, two remote radio heads (RRH) were used in the measurement set up of figure 6.2.1-1. 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 6.2.3-1). 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 relationship [3].
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Figure 6.2.3-1: Conversion factor: Comparison WCDMA signal to CW signal
Changing the excitation source from CW to modulated signal (GSM/UMTS/LTE source), the simulation result is shown in figure 6.2.3-2 (Huawei).
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Figure 6.2.3-2: Simulation result of the PIM power VS input power under different excitation from Huawei
Elaborate measurements are reported by Ericsson in [2]. A conversion factor of 2.1 dB is a reasonable assumption.
6.2.3
Discussion of the measurement results

Comparison of theoretical results with several measurements showed that the theory explains the problem with sufficient precision.

The 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 of dB for high power levels as measurements have showed. A conversion factor of 2.1 dB is a realistic assumption.
We also note from measurements in the field that PIM hardly increases with the third order as predicted by the theoretical IMD3 law as discussed above. Usually PIM increases with 1.5 to 2.5 dB for every 1 dB change in input signal level. We further note that PIM depends on frequency and is usually observed with higher levels at lower frequencies. For that reasons the conversation factor suggested above should be taken with caution as PIM can be more complex.
7
PIM impact on receiver performance

Considering the frequency domain relations for the generation of IM products, given the declared maximum RFBW and allocation of carriers, the IM3 products could potentially fall in own receive band as noise. For narrowband systems such as GSM, the IM products are also narrowband, while the IM products from wide band carriers or combination of wideband and narrowband carriers in multi-RAT operation will be broadband as shown in figure 7-1. 
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Figure 7-1: PIM impact on own receive band

To demonstrate a simple example calculation of possible PIM impact on reference sensitivity, we consider the following assumptions which apply to a Wide Area (WA) base station deployment:

· Carrier power 2 × 43 dBm UTRA carriers

· Receiver Noise figure:
5 dB

· A conversion factor of 2.1 dB to convert the CW to UTRA modulation. The conversion factor is a conservative average value based on empirical studies [2].

· Third order PIM performance of e.g. antenna: -150 dBc @ 2 × 43 dBm CW

Note that the conversion factor is an assumption used to derive the requirements and once the requirements are settled, the conversion factor in itself would have no further relevance. There would then be an agreed requirement that defines the PIM performance. 
Based on the assumptions, the power of third order PIM products is 43-150= -107 dBm CW while the power of UTRA modulated PIM product would be -107 dBm + 2.1 dB (conversion factor) = -104.9 dBm /UTRA carrier BW.

Considering the noise floor of -103 dBm and the PIM level of -104.9 dBm (both normalized over a UTRA channel), the sensitivity degradation would be on the order of ~2 dB. 

In order for the PIM level calculated above to occur, a scenario would be required where both carriers are transmitted at maximum level, frequency domain condition of centre frequency of the receiver that fulfils the criteria of 2f1‑f2 MHz, and also operation of the BS in a band that would potentially suffer from PIM which makes this a kind of worst case scenario. 

For lower carrier powers, it can be assumed that passive IM3 products increase or decrease by 3 dB when the carrier power is increased or decreased by 1 dB. A similar analogy can be used for higher carrier powers. Note that in practice, the PIM products do not strictly follow this theoretical behaviour, where both lower and higher ratios for the increase/decrease are regularly observed in practical measurements. 

The third order passive intermodulation products have the highest level while for higher order intermodulation, the PIM level decreases and thus, the focus here is on the third order PIM. However, higher-order terms for single band multi-carrier signals like LTE can cause PIM products falling into the own receiving band, see section 5.2. For two-tone 3rd order PIM values > -136 dBc the 7th and 9th order PIM has to be considered for bands with UL-DL separations < 3 or 4 × the transmission BW in order to avoid own receiver degradation.
Due to strong similarities between UTRA and E-UTRA waveforms, the conversion factor as well as calculations can be assumed to also apply to E-UTRA.

A reasonable level of PIM requirement on the BS (similar to levels defined for the antennas) is desirable, which in addition to other mitigation schemes should be sufficient to handle PIM if and when it occurs.

The above analysis applies to Wide-Area base stations based on typical power levels and IM performance of typical antenna and feeder systems. MR and LA deployments diverge from this discussion on the following points:

-
Carrier power


TS 25.104 [1] defines the Medium Range BS class as having a rated output power of < +38 dBm, and a Local Area BS class as having a rated power of < + 24 dBm. Similar classes are being defined in TS 36.104 [2]. 

-
Receiver noise figure


Due to differences in their deployments, Medium-Range and Local-Area BS configurations are also specified with less sensitivity than Wide Area base stations. Corresponding values of noise figure for Medium-Range and Local-Area base stations are 10 and 14 dB respectively. 

In consideration of these differences, conclusions reached for Wide-Area deployments are not directly applicable to Medium-Range and Local-Area deployments. 

----- End of TP -----
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