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1 Introduction
This contribution presents dual uplink CA intermodulation analysis. The purpose of this contribution is specifically to evaluate whether -50dBm/1MHz emission limits can be always met with nominal performance UE’s. 
2 Discussion
We discuss two different RF front-end architectures, one with common diplexer and one without common diplexer. We analyse the impact of switch, diplexer and duplexer. It has to be noted that the component linearity really plays a key role in this analysis; choosing overly pessimistic or overly optimistic values one can get of course very different results. We used pretty neutral data in this analysis.
There can be also other mechanism of intermodulation than these analysed in this contribution. We did not present intermodulation calculations for the entire RF front-end chain because those calculations would have been quite extensive. Instead we calculated the intermodulation of each component that gives accurate enough results.
Intermodulation with “common diplexer” based UE RF front-end architecture
Figure 1 below shows an example of common diplexer based RF front-end architecture.

[image: image1.emf]ANTENNA SWITCH

DIPLEXER

Band L1 

duplexer

Band L2 

duplexer

ANTENNA SWITCH

Band H1 

duplexer

Band H2 

duplexer


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. In this analysis we analyse the case when intermodulation is not attenuated by the diplexer that is worse case from emissions perspective.
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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 20dBm and diplexer attenuation (very worst case) 10dB. Thus 
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became 20dBm-10dBm=10dBm. There exists a lot of variation in
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performance. The values we present in this analysis are assumed to be pretty “safe” i.e. they are not overly optimistic. The switch performance can be significantly better in practice.
Inserting these values into formulas we get the following intermodulation products at the antenna switch output:
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If the above values would be shown in dBm/1MHz format, they would naturally be even lower. For instance -60dBm 
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assuming 5MHz channel BW’s would be roughly -68dBm/1MHz in worst place (in the middle of intermodulation frequency). Thus there is quite a lot of margin to -50dBm/1MHz emission limit. 
OBSERVATION 1: There is quite a lot of margin to -50dBm/1MHz emission limit
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.
OBSERVATION2: This mechanism is not seen as a big problem but the real performance must be anyhow further studied

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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is H1 TX in figure 5 and 
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 L1 TX. Different to earlier example, now L1 TX is not attenuated and is thus 20dBm. 
Inserting these values into formulas we get the following intermodulation products at the antenna switch output:
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If the above values would be shown in dBm/1MHz format, they would naturally be even lower. For instance -50dBm 
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assuming 5MHz channel BW’s would be roughly -58dBm/1MHz in worst place (in the middle of intermodulation frequency). Thus there is still some margin to -50dBm/1MHz emission limit.

OBSERVATION3: There is some margin to -50dBm/1MHz emission limit

Dual TX antenna RF architecture:
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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 antenna switch output:
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OBSERVATION 4: There is quite a lot of margin to -50dBm/1MHz emission limit
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 values are examples only and they should not be used as “minimum” or “maximum” duplexer performance values. The values we used are:
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Inserting these values into formulas we get the following intermodulation products at the duplexer output:
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Looking at the intermodulation powers, there is margin to -50dBm/1MHz especially in case of 
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even if the intermodulation product generated in the duplexer were at such a frequency that it were not attenuated by the diplexer. Even in the case of  
[image: image38.wmf]3

IMD

P

there is roughly 14dB margin to -50dBm/1MHz assuming 5MHz channel BW’s. Like earlier said, results are initial and duplexer linearity was obtained from only one randomly chosen component.

OBSERVATION5: There is some margin to -50dBm/1MHz emission limit

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. The ultimate imaginary worst case would naturally be that there would be no attenuation at all. In that case the aggressor TX would be at 20dBm power level, 10dBm higher than in figure 7. Respectively, 
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would be 10dBm higher. Anyhow there has to be significant attenuation in practice or the quadplexer would not operate at all. Thus, in practice it is quite safe to assume that case in figure 7 is worse case than in figure 8.
OBSERVATION6: When two duplexers are matched together (quadplexer) the intermodulation generated by any of these duplexers does not violate -50dBm/1MHz emission limit. 
3 Conclusion
This contribution evaluated intermodulation power levels with different dual uplink CA RF front-end architectures. Six observations were being made. They all suggest that there is either some or significant margin to -50dBm/1MHz emission limit. Although initial conclusions show no problems, in some cases such as diplexer and duplexer intermodulation more analysis and data is still needed. We further encourage other companies to do analysis and measurements.
In previous meeting it was discussed how to handle UE-to-UE emissions when two bands from different regions are aggregated. According to the analysis in this contribution -50dBm/1MHz emission limit can always be met. Hopefully this also helps the discussion on how to set UE-to-UE emission requirements in dual uplink CA, both for the case when bands are from the same region and for the case when the bands are from the same region.
4 References
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5.2.2 Dual Uplink CA intermodulation analysis

Two different RF front-end architectures are analysed, one with common diplexer and one without common diplexer. We analyse the impact of switch, diplexer and duplexer. It has to be noted that the component linearity really plays a key role here; choosing overly pessimistic or overly optimistic values one can get of course very different results. We used pretty neutral data in this analysis.
There can be also other mechanism of intermodulation than these analysed in this contribution. We did not present intermodulation calculations for the entire RF front-end chain because those calculations would have been quite extensive. Instead we calculated the intermodulation of each component that gives accurate enough results.
5.2.2.1 Intermodulation with “common diplexer” based UE RF front-end architecture

Figure 5.2.2.1-1 below shows an example of common diplexer based RF front-end architecture.
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Figure 5.2.2.1-1 Common diplexer based RF Front-end architecture
Intermodulation in antenna switch:

Figure 5.2.2.1-2 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. In this analysis we analyse the case when intermodulation is not attenuated by the diplexer that is worse case from emissions perspective.
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Figure 5.2.2.1-2
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 5.2.2.1-2 and 
[image: image52.wmf]2

P

is attenuated L1 TX. L1 TX was assumed to be 20dBm and diplexer attenuation (very worst case) 10dB. Thus 
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became 20dBm-10dBm=10dBm. There exists a lot of variation in
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performance. The values we present in this analysis are assumed to be pretty “safe” i.e. they are not overly optimistic. The switch performance can be significantly better in practice.

Inserting these values into formulas we get the following intermodulation products at the antenna switch output:
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If the above values would be shown in dBm/1MHz format, they would naturally be even lower. For instance -60dBm 
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assuming 5MHz channel BW’s would be roughly -68dBm/1MHz in worst place (in the middle of intermodulation frequency). Thus there is quite a lot of margin to -50dBm/1MHz emission limit. 

OBSERVATION 1: There is quite a lot of margin to -50dBm/1MHz emission limit
Intermodulation in diplexer:

Figure 5.2.2.1-3 below depicts the situation. Intermodulation is generated by L1 TX and H1 TX. 
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Figure 5.2.2.1-3
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.

OBSERVATION2: This mechanism is not seen as a big problem but the real performance must be anyhow further studied

5.2.2.2 Intermodulation with “no common-diplexer” based RF front-end architecture

Single TX antenna RF front-end architecture:

Figure 5.2.2.2-1 below shows an example of common diplexer based RF front-end architecture.
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Figure 5.2.2.2-1 No common diplexer based RF Front-end architecture

Figure 5.2.2.2-2 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 5.2.2.2-2 
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 5.2.2.2-2 and 
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 is L1 TX. Different to earlier example, now L1 TX is not attenuated and is thus 20dBm. 

Inserting these values into formulas we get the following intermodulation products at the antenna switch output:
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If the above values would be shown in dBm/1MHz format, they would naturally be even lower. For instance -50dBm 
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assuming 5MHz channel BW’s would be roughly -58dBm/1MHz in worst place (in the middle of intermodulation frequency). Thus there is still some margin to -50dBm/1MHz emission limit.

OBSERVATION3: There is some margin to -50dBm/1MHz emission limit

Dual TX antenna RF architecture:

[image: image68.emf]ANTENNA SWITCH

Band L1 

duplexer

Band L2 

duplexer

ANTENNA SWITCH

Band H1 

duplexer

Band H2 

duplexer


Figure 5.2.2.2-3 Dual TX antenna architecture

The antenna to antenna isolation is typically around 10dB. Figure 5.2.2.2-3 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 antenna switch output:
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OBSERVATION 4: There is quite a lot of margin to -50dBm/1MHz emission limit
5.2.2.3 Duplexer and quadplexer intermodulation

Duplexers generate intermodulation as well. In figure 5.2.2.3-1, attenuated H1 TX is the aggressor.
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Figure 5.2.2.3-1 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 values are examples only and they should not be used as “minimum” or “maximum” duplexer performance values. The values we used are:


[image: image75.wmf]dBm

IIP

dBm

IIP

dBm

P

dBm

P

56

112

10

24

3

2

2

1

-

=

-

=

=

=


Inserting these values into formulas we get the following intermodulation products at the duplexer output:


[image: image76.wmf]dBm

P

IMD

78

112

10

24

2

-

=

-

+

=



[image: image77.wmf]dBm

P

IMD

54

56

*

2

10

24

*

2

3

-

=

-

+

=


Looking at the intermodulation powers, there is margin to -50dBm/1MHz especially in case of 
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even if the intermodulation product generated in the duplexer were at such a frequency that it were not attenuated by the diplexer. Even in the case of  
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there is roughly 14dB margin to -50dBm/1MHz assuming 5MHz channel BW’s. Like earlier said, results are initial and duplexer linearity was obtained from only one randomly chosen component.

OBSERVATION5: There is some margin to -50dBm/1MHz emission limit

Figure 5.2.2.3-2 illustrates another possible intermodulation born mechanism when two duplexers are matched together (=quadplexer). 
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Figure 5.2.2.3-2 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. The ultimate imaginary worst case would naturally be that there would be no attenuation at all. In that case the aggressor TX would be at 20dBm power level, 10dBm higher than in figure 5.2.2.3-1. Respectively, 
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would be 10dBm higher. Anyhow there has to be significant attenuation in practice or the quadplexer would not operate at all. Thus, in practice it is quite safe to assume that case in figure 5.2.2.3-1 is worse case than in figure 5.2.2.3-2.

OBSERVATION6: When two duplexers are matched together (quadplexer) the intermodulation generated by any of these duplexers does not violate -50dBm/1MHz emission limit. 
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