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Discussion
1 Introduction
This contribution presents intermodulation analysis results including RFIC contribution. Magnitude of MSD for different band combinations is also discussed. The impact and protection of non-3GPP radios (WLAN, GPS, etc.) is not yet analysed. This is a resubmission of [3] with updated assumptions on component linearity.
2 Discussion
Until previous Ad-Hoc meeting only the intermodulation generated by the RF front-end components was analysed. In Ad-Hoc meeting there was one contribution [1] stating the fact that also the impact of RFIC needs to be accounted.

Intermodulation generated by the RFIC (LNA)

A simulation campaign was conducted for all current Class A4 band combinations. The simulations were run using two CW interferers at such frequencies that the intermodulation falls on top of own DL CC. All of the frequency points were chosen in a way that they could happen in reality using currently defined BW combinations for each band combinations.
The TX power level for band A and band B was chosen based on the characteristics of a band combination. Quadplexer implementation was assumed for band combination 2+4. Diplexer implementation was assumed for band combinations 3+5, 3+26, 5+7, 3+19. For band combination 7+20 a separate B7 antenna was assumed. There is no hidden mystique behind band combination 7+20; separate B7 antenna represents the case where the aggressor TX power at victim RX input is larger compared to a diplexer implementation.
The simulation results can be seen in revised table 1 below. In [3] there was a typo in IMD for 2+4. The only case where RFIC (LNA) generated intermodulation has non-negligible impact is IMD3 in band combination 2+4. In that case the frequencies are close to each other and thus LNA does not attenuate TX power.
Table 1 RFIC simulation results
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3+5 IMD2 -34 1711 -23 833 5 <-120

7+20 IMD3 -25 2503 -23 848 20 <-120

2+4 IMD3 -21 1851 -21 1754 2 -74

3+26 IMD2 -34 1741 -23 848 26 <-120

5+7 IMD3 -23 825 -34 2520 5 <-120

3+19 IMD2 -34 1715 -23 835 19 <-120

3+5 IMD5 -34 1718.5 -23 848 5 <-120

7+20 IMD5 -25 2540 -23 833 20 <-120

2+4 IMD5 -21 1859 -21 1726 4 <-120

3+26 IMD5 -34 1716 -23 847 26 <-120

5+7 IMD5 -23 848.75 -34 2501.25 5 <-120

3+19 IMD5 -34 1711 -23 844.25 19 <-120

 
Based on this simulation campaign it seems that the only band combinations that will cause own LTE DL desensitization are those IMD3 combinations that are close in frequency. In practice only L-L, M-M or H-H combinations can belong to this group. 

The rest of the paper is addressing intermodulation generated by the RF front-end. Much of it is repeating the earlier analysis we have shown.

Intermodulation with “common diplexer” based UE RF front-end architecture
Figure 1 below shows an example of common diplexer based RF front-end architecture.
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Figure 1 Common diplexer based RF Front-end architecture
Intermodulation in antenna switch:

Figure 2 below illustrates the contributors of intermodulation. In this example, band L1 transmission is attenuated by the diplexer. Attenuated L1 transmission is seen at the antenna switch output. H1 transmission is seen at the antenna switch input. The intermodulation products generated in the antenna switch are seen at the antenna. Depending on the frequency, they are attenuated by the diplexer. For instance if the intermodulation frequency generated at the antenna switch in figure 2 is at the diplexer passband it is not attenuated by the diplexer. 
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Figure 2
The following formulas can be used to calculate IMD2 and IMD3:
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In this analysis we used the following numerical values for these parameters:
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Note that 
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is H1 TX in figure 2 and 
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is attenuated L1 TX. L1 TX was assumed to be 20.5dBm and diplexer attenuation (very worst case) 10dB. Thus 
[image: image13.wmf]2

P

became 20.5dBm-10dBm=10.5dBm. 
Inserting these values into formulas we get the following intermodulation products at the main antenna switch output:
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Assuming 10dB isolation between main and diversity antenna the total intermodulation power is as follows.
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Intermodulation in diplexer:
Figure 3 below depicts the situation. Intermodulation is generated by L1 TX and H1 TX. 
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Figure 3
We were not able to get vendor verified data about diplexer intermodulation. In discussions with component vendors this mechanism was not seen to be a big issue, anyhow the real performance must be further studied.
Intermodulation in PA:

We assume that the total output power of the UE is limited to 23dBm. The aggressor UL was evaluated to be -20dBm in worst case at the victim PA output under the assumption that aggressor PA output power is 25dBm, diplexer attenuates 15dB and duplexer attenuates 30dB. The power level of the victim PA was assumed to be 25dBm. 
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Duplexer isolates intermodulation by ~45dB. For the diversity path, we assumed duplexer atteanuates intermodulation by 30dB. 
Thus the total reverse mixing intermodulation power is


[image: image22.wmf]dBm

P

MRC

IMD

78

_

2

-

=



[image: image23.wmf]dBm

P

MRC

IMD

83

_

3

-

=


Intermodulation with “no common-diplexer” based RF front-end architecture
Single TX antenna RF front-end architecture:
Figure 4 below shows an example of common diplexer based RF front-end architecture.
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Figure 4 No common diplexer based RF Front-end architecture
Figure 5 below illustrates the contributors of intermodulation. In this example, bands are combined with a diplexer that is then connected to antenna switch. The analysis would be similar if L1-H1 band combination were implemented using a quadplexer.
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Figure 5
In this analysis we used the following numerical values for these parameters:
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Note that 
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 L1 TX. Different to earlier example, now L1 TX is not attenuated and is thus 21dBm. Antenna switch IL is assumed to be 1dB.
Inserting these values into formulas we get the following intermodulation products at the main antenna switch output:
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Respectively the total intermodulation power is
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Dual TX antenna RF architecture:

[image: image33.emf]ANTENNA SWITCH

Band L1 

duplexer

Band L2 

duplexer

ANTENNA SWITCH

Band H1 

duplexer

Band H2 

duplexer


Figure 6 Dual TX antenna architecture

The antenna to antenna isolation is typically around 10dB. Figure 6 above illustrates how aggressor transmission couples to the antenna switch. The aggressor is attenuated by the amount of antenna to antenna isolation. Thus the values are the following
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Inserting these values into formulas we get the following intermodulation products at the main antenna switch output:
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Respectively the total intermodulation power is
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Duplexer and quadplexer intermodulation
Duplexers generate intermodulation as well. In figure 7, attenuated H1 TX is the aggressor.
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Figure 7 Duplexer intermodulation

Diplexer attenuates H1 by at least 10dB. We used measurement data from randomly chosen low band duplexer to derive 
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values. We assumed 4dB post PA loss. It has to be noted that these linearity values are examples only and they should not be used as “minimum” or “maximum” duplexer performance values. More data from measurements and/or duplexer datasheets is needed. We used the following values in this analysis.
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Inserting these values into formulas we get the following intermodulation products at the duplexer output:
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Respectively the total intermodulation power is
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Duplexer linearity measurements were conducted after the previous meeting and as a result IIP3 performance was assumed better (-56dB => -65dB). 
Figure 8 illustrates another possible intermodulation born mechanism when two duplexers are matched together (=quadplexer). 
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Figure 8 Quadplexer intermodulation
If the matching were perfect, then L2 should be seen as open port in L1 passband. In practice this is not always the case and thus L2 generates intermodulation in duplexer with L1. The level of L2 attenuation is very difficult to precisely estimate. We assume that the quadplexer linearity parameters (IIP, IIP3) will be equal to duplexer linearity parameters. 
The results are collected in table2 below.

Table 2 RF front-end intermodulation results

	Case
	2nd order intermodulation after MRC combiner (IMD2_MRC)
	3rd order intermodulation after MRC combiner (IMD3_MRC)

	Antenna switch in common diplexer architecture
	-81
	-85

	Antenna switch in no common diplexer architecture
	-80
	-74

	PA reverse mixing intermodulation in common diplexer architecture
	-78
	-83

	Antenna switch in dual antenna no common diplexer architecture
	-91
	-85

	Duplexer intermodulation in diplexer band combination
	-85
	-79


Wrap up sections 2.1-2.4

Sections 2.1-2.4 analyze the magnitude of intermodulation power generated by RFIC and RF front end. The following short conclusions are done:

CONCLUSION1: Intermodulation caused by RFIC needs to be accounted only for L-L, M-M and H-H combinations in case they have IMD3 problem. 
CONCLUSION2: There are several RF-front end components that cause high intermodulation power. At least IMD2, IMD3, IMD4 and IMD5 need to be accounted
CONCLUSION3: Next task is to figure out how to evaluate the maximum level intermodulation for the whole RF

Conclusion3 assigns a new yet undiscovered huge task. Whilst it is relatively easy and straightforward to evaluate IMD generated by each component separately, defining the total impact is a tricky task. The specification inevitably needs to allow different kind of implementations. It is very difficult, if not impossible, to out rule any of the RF front-end architectures shown above. Section 2.6 describes the frame for the total intermodulation characterization.
Total intermodulation

In order to have a small number of IMD mechanisms, we restrict the considerations below to 2nd and3rd order IMD. We note that it well can be that higher order intermodulation needs to be accounted in the specification. The list of current A4 combinations and their IMD relations is shown in table3 below.

Table 3 Class A4 combinations
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A+B IMD#

3+5 IMD2, IMD5

7+20 IMD3, IMD5

2+4 IMD3, IMD5

3+26 IMD2, IMD5

5+7 IMD3, IMD5

3+19 IMD2, IMD5


The total intermodulation power should be evaluated by going through each component and intermodulation born mechanism in the transmitter chain. In some sense it is summing up intermodulation powers at each component. The very difficult question is what is the assumed RF architecture? Is common diplexer always assumed? Is one antenna always assumed? Are two or even more antennas always assumed? These questions are very difficult to answer.

Our opinion is that the specification should be made assuming the worst case (=largest) total intermodulation for each band combination and each IMD#. However, it is not at all easy to define the worst case. One starting point could be to calculate the total intermodulation power for each class A4 band combination assuming different RF front end architectures and then choose the largest intermodulation powers to be used in the specification. An example is shown below. 
PROPOSAL1: Next task is to evaluate the total intermodulation power for the whole transmitter. This could be done by summing up all intermodulation mechanisms component by component in different transmitter chains
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Figure 4 Total intermodulation calculation examples
Figure 4 shows two different RF front end architectures. Let’s evaluate total intermodulation for L-H band combinations that have IMD2 or IMD3 problem.

CASE1: The total intermodulation power at the main antenna connector is calculated by summing up the PA intermodulation, duplexer intermodulation and antenna switch intermodulation.
Table 4 Case1 example calculation

[image: image50.emf]CASE1 IMD2_main [dBm] IMD3_main [dBm]

PA IMD -80 -85

Duplexer IMD -78 -72

Switch IMD -73 -67

TOTAL_MRC -74 -73


CASE2: The total intermodulation power at the main antenna connector is calculated by summing up the PA intermodulation, duplexer intermodulation and antenna switch intermodulation.
Table 5 Case2 example calculation

[image: image51.emf]CASE2 IMD2_main [dBm] IMD3_main [dBm]

PA IMD -80 -85

Duplexer IMD -78 -68

Switch IMD -83.5 -77.5

TOTAL_MRC -76 -74


Table4 and table5 above are examples how the total intermodulation could be calculated for class A4 combinations with IMD2 or IMD3. The bolded values represent intermodulation power after MRC combiner. Please note that the values in these tables are taken from the analysis in sections 2.2-2.4. There might be some room for improvement in some of the linearity values but it’s really difficult to evaluate how much more linearity can be assumed. The estimated component linearities are not ultimately pessimistic. Please note as well that there are also some other architectures that should be analysed as well such as architectures using separate antennas. 
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Figure 5 H-H intermodulation calculation example

Figure 5 represents a new case where also the IMD generated by the RFIC needs to be accounted. The total IMD3 in this case consists of RFIC intermodulation, PA intermodulation, quadplexer intermodulation and antenna switch intermodulation.

Table 6 Case3 example calculation

[image: image53.emf]CASE3 IMD3 [dBm]

RFIC IMD -74

PA IMD -84

Quadplexer IMD -82

Switch IMD -74

TOTAL_MRC -70


Based on the table4,table5 and table 6 the IMD2 power is max(-74,-76)=-74dBm and the IMD3 power is max(-73, -74, -70)=-70dBm. If MSD will be specified, we propose to specify it in per IMD# basis, i.e. MSD for IMD2, IMD3, IMD4, IMD5 and so on. If the difference between L-L IMDx and L-H IMDx is evaluated to be significant then maybe MSD could be specified in band combination type (L-L, L-H, etc) and MSD order basis. An example of this could be for instance “MSD3 for L-H combinations”. Band combination specific MSD numbers are not feasible, because one could always “achieve” very low MSD number if one optimises all components just for one UL CA band combination. In addition, it would take way too long time to agree MSD in per band combination basis. We note that even specifying MSD in per IMD order will be challenging because several combinations have more than one IMD problem.

PROPOSAL 2: If MSD approach is chosen, MSD should be specified in per IMD order basis and not in per UL inter-band CA band combination basis. If needed, band combination type could be accounted. 
Magnitude of MSD
It’s very premature to give good estimates on the MSD levels, but the analysis shown in this paper could represent worst case, or at least close to worst case for IMD2 and IMD3.
The MSD test, if any, should be organized in a way that the intermodulation fully overlaps with the victim CC. Then it would be easier to define MSD by comparing intermodulation power with CC REFSENS. The bolded numbers in table 4 and table5 for IMD2 and IMD3 are still large. Depending on the victim CC BW, it may get desensitized by up to ~30dB. 
WF2 [2] asked to evaluate at which TX power level (per UL CC) the MSD would be negligible, for instance <0.5dB. Our opinion is that if MSD with max TX power (=20dBm per CC) is up to30dB then it does not make sense to define any TX power level where MSD would be <0.5dB because the TX power would be way too small. In our understanding the TX power in practical UL inter-band CA use scenario would often be high for both of the uplinks, but the UE would not be close to the cell edge. There would need to be a very good reason why such a test would be needed. 
CONCLUSION4: Current analysis indicates that the total MSD with full TX power per CC would be up to ~30dB for IMD2 and IMD3. There might be room for some improvement in component linearity, but not necessary much.
PROPOSAL3: If any, define a MSD test with full TX power, 20dBm per UL CC, to define the maximum allowable MSD level. Do not define any other MSD test with reduced TX power unless the purpose of the requirement is well reasoned from NW usage perspective.
3 Conclusion
Intermodulation in dual uplink inter-band CA was evaluated. The following conclusions and proposals were made:

CONCLUSION1: Intermodulation caused by RFIC needs to be accounted only for L-L, M-M and H-H combinations in case they have IMD3 problem. 
CONCLUSION2: There are several RF-front end components that cause high intermodulation power. At least IMD2, IMD3, IMD4 and IMD5 need to be accounted
CONCLUSION3: Next task is to figure out how to evaluate the maximum level intermodulation for the whole RF

CONCLUSION4: Current analysis indicates that the total MSD with full TX power per CC would be up to ~30dB for IMD2 and IMD3. There might be room for some improvement in component linearity, but not necessary much.
PROPOSAL1: Next task is to evaluate the total intermodulation power for the whole transmitter. This could be done by summing up all intermodulation mechanisms component by component in different transmitter chains
PROPOSAL 2: If MSD approach is chosen, MSD should be specified in per IMD order basis and not in per UL inter-band CA band combination basis. If needed, band combination type could be accounted.  
PROPOSAL3: If any, define a MSD test with full TX power, 20dBm per UL CC, to define the maximum allowable MSD level. Do not define any other MSD test with reduced TX power unless the purpose of the requirement is well reasoned from NW usage perspective.
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