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1
Introduction
In the last RAN4#69 meeting there have been some discussions on how the receiver characteristics need to be changed in the specification for an introduction of a single receiver and half duplex. This paper looks at the effects that happen when the LTE diversity receiver is removed and how the performance changes due to this. Proposals are done how to modify the specification.
Additionally the half duplex operation effects will be discussed.

2
General Considerations on LTE with a Single Receiver
In the Low cost MTC Work Item it is planning a cost reduction to be able to have small cost-effective low power devices. As most of the LC MTC devices are operating from a single battery for a long time, it is essential, that the current consumption is as low as possible. Therefore it is necessary to set the receiver requirements in such a way that the power consumption is not increased but decreased. Main contributing factors to current consumption are the linearity requirements in the receive path and the LO phase noise requirements. Therefore it is proposed to set the RX requirements so that the receiver linearity and phase noise requirements are not tightened compared to normal LTE operation.

Proposal 1: The RX requirements for LC MTC devices shall be set so that the power consumption and cost is not increased compared to standard LTE devices  

Removing the diversity receiver is one way to save significant cost as well as current consumption compared to standard LTE devices. For the low cost MTC devices without diversity receiver, it needs to be considered what receiver parameters are changed by the removal. The effective changes for the network and for the UE need to be considered and are described in the following chapters.
2.1
RX Characteristics in the network
When removing the diversity receiver, it is quite obvious, that the diversity gain will be missing. In theory this is 3dB for the reference sensitivity test, because the noise in the main and diversity receiver is uncorrelated and increases by the dB, while the wanted signal in the main and diversity receiver is correlated and is increased by 6dB in the combining process. Therefore the net diversity gain is 3dB. The value in practical designs is very close to this within a few 10ths of a dB. The consequence is that the receiver requires a 3dB larger SNR to get the same throughput. This is independent of the band.
Another explanation is that a receiver with diversity gets 2 times the RX input power than the single receiver as it has two inputs. To get the same throughput at refsens level the input level to the receiver needs to be increased by 3dB, so that the single receiver gets the same input power as the two receivers get. So the conclusion is that the power level in the reference sensitivity test needs to be increased by 3dB compared to the test with diversity. This would reduce the cell radius compared to a device with diversity.
Observation 1: Diversity removal will degrade Refsens by about 3dB reducing the cell radius  

To overcome this reference sensitivity degradation, the Low cost MTC work item includes some measures to increase the link budget to overcome this degradation and even increase the link budget, even without diversity. This increases the cell radius even beyond the radius of a normal diversity device, but the data rate will be reduced.
Observation 2: The cell radius reduction due to single receiver will be overcompensated by the link budget improvements planned in the Low Cost MTC WI  

Looking at the interferer levels the situation is different. The blocker and interferer levels in the 3GPP specs have been chosen according to application scenarios like the ones described in 36.914. Removing the diversity receiver doesn’t change the power levels of the interferers at a specific location of the UE. Therefore the absolute power levels a UE suffers from in a network will remain the same and the absolute power levels in the specification can remain the same as well. 
Observation 3: Absolute interferer levels in the network scenarios don’t change when the diversity receiver is removed  

2.2
Single Receiver RX Characteristics in the UE

2.2.1
Reference Sensitivity

The UE with a main and a diversity receiver gets the signal twice and recombines the signal power in the signal processing. The result is an only 3 dB higher noise level, because the noise is uncorrelated, and a 6dB higher signal level, since the two signals are correlated. The resulting SNR is 3 dB larger than the SNR of a single receiver. An example with an arbitrary SNR value of 6dB (since it is difficult to draw for the real ~-2dB SNR) is shown in figure 1:
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Figure 1: SNR increase by recombining main and diversity receiver compared with single receiver
Removing the diversity receiver and only using a single receiver removes the 3dB diversity gain. To get the same throughput as with the dual receiver device requires a 3dB higher SNR than each of the two receivers needed. However, the noise level in the remaining receiver doesn’t change compared to the dual receiver configuration, therefore to get 3dB more SNR, the signal level needs to be increased by 3dB. This is shown for comparison in figure 1 as well. These 3dB are determined by the missing diversity gain, therefore the value is independent of the band.
Increasing the signal level of the wanted signal by 3dB simply means to have a 3dB higher refsens value. This results in proposal 2:
Proposal 2: For Low Cost MTC devices with a single receiver the reference sensitivity value of the wanted signal needs to be increased by 3dB  

2.2.2
Maximum Input Level

For the Maximum Input Level test the received signal is increased until the distortions due to non-linearities of the receiver reduce the throughput. For example let’s assume that for a 64QAM signal at -25dBm the required SNR is 20dB. In that case the distortion and noise level needs to be 20dB below the received wanted signal in each RX branch, i.e. -45dBm. The digital signal processing combining the two signals generates a signal with 23dB SNR out of the two signals with 20dB SNR. If the diversity receiver is removed, the SNR in the remaining receiver needs to be 3 dB higher; this means that if the wanted signal level remains the same at -25dBm, the distortion level needs to be 3dB lower than with two receivers, i.e. at -48dBm. In other words, the requirements for the receiver distortion level are 3dB tighter when the signal level is kept constant. This can be seen in figure 2:
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Figure 2: Maximum Input Level scenario in a single receiver LC MTC device
Observation 4: For Low Cost MTC devices with a single receiver at maximum signal level the distortion level requirement is 3dB tighter for the same maximum input signal level 

Keeping the Maximum Input Level at -25dB tightens the intermodulation and distortion requirements by 3dB. However, since there are other requirements determining the linearity requirements in a receiver as well, it seems maximum input level is not the limiting case and it seems to be acceptable to keep the -25dBm maximum input level instead of decreasing it.

Proposal 3: For Low Cost MTC devices with a single receiver the Maximum Input Level value can be kept at -25dBm  

2.2.3
Adjacent Channel Selectivity

Adjacent Channel Selectivity measures the ability of the device to filter an adjacent channel signal to a level that the receiver can still fulfill the throughput requirement. The ACS test is done at a wanted signal level of 14dB or more above the reference sensitivity. The interferer signal level is at 33dB selectivity – SNR (1.5dB) = 31.5dB above the wanted signal level. Since the SNR requirement of LC-MTCs is 3dB higher than with dual receivers, the interferer level would need to be reduced by 3dB. 

Observation 5: For Low Cost MTC devices with a single receiver the ACS interferer signal would need to be reduced by 3dB as the SNR requirement is 3dB tighter

However, since there is usually some margin in the ACS test, we propose to keep the interferer level for the ACS test.

Proposal 4: For Low Cost MTC devices with a single receiver the ACS test wanted signal and interferer signal levels are proposed to be kept unchanged in the specification
2.2.4 In-Band Blocking

Interference scenarios (in-band blocking, out-of-band blocking, intermodulation etc.) have the wanted signal at a quite low signal level, while the interferer signal is quite large. The large interferer signal will generate a noise contribution in the receive band. There are multiple ways how this noise can be generated; we just list some of them here: phase noise of the local oscillator will generate noise in the RX band by reciprocal mixing and intermodulation/cross modulation can generate noise in the RX band as well. This noise will add up to the normal receiver noise level, but still the receiver needs to deliver the required SNR to be able to receive the signal.
The input signal is chosen in most receiver tests relative to the reference sensitivity level, so that the amount of noise that can be added by the interferer is the same, for example 6dB degradation in case of in-band blocking in LTE5. 
An example how this works for the diversity receiver with main and diversity paths can be seen in figure 2.
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Figure 3: Interference Scenario with a main and diversity receiver
As you can see there the noise level can be increased by 6dB due to the interferer

There has been a discussion in the last meeting, if the interferer is fully correlated on the two RX channels of a diversity receiver or not. Let’s have a look at the wanted signal first. The two signals from the two antennas are processed in two different chains with two different receivers. Usually the diversity receiver uses single filters, while the main receiver uses duplexers. However, all these filters have significantly different amplitude, phase and delay variations over their pass band. Therefore the main and diversity signals at the input of the combiner will need to be adjusted for amplitude, phase and delay of the two signals before combining. It does this exclusively for the wanted signal frequency range and it’s amplitude, phase and delay characteristics, as all out-of-band signals will already be removed at this part of the receiver. 
For the interferer this is completely different. Even if it comes from the same source, it will pass through the  filters at a different frequency with different characteristics. This filtering process results in a different amplitude, phase and delay shift compared to the wanted signal. After the down conversion inside the receiver the interferer signal will be filtered, which does additional distortions to the interferer different from the wanted signal. While the combiner is adjusted to constructively add the wanted signals from the main and diversity paths, the down converted interferer signals have completely different correlation properties than the wanted signal. Therefore the interferer signal will not add up constructively as the wanted signal does, but it will just be added like noise in the dual receiver configuration.
When removing the diversity receiver the scenario from figure 3 remains almost the same, the only difference is that the required SNR is now larger by 3dB. This can be seen in figure 4.
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Figure 4: Comparison of interference scenario with a main and diversity receiver and a single receiver
If the wanted signal level in the interference test is specified relative to refsens, the 3dB larger SNR in case of a single receiver is already specified and no more changes are required.
Observation 6: For Low Cost MTC devices with a single receiver in an interference scenario the wanted signal needs to be increased by 3dB as the SNR requirement is 3dB tighter

Proposal 5: For Low Cost MTC devices with a single receiver in an interference scenario the wanted signal level needs to be increased by 3dB. This is done by referring to the refsens value which is increased by 3dB.
As can be seen in figure 4, the additionally allowed noise due to the interferer is the same, regardless if it is the dual receiver or single receiver configuration. Since the allowed noise is the same for both configurations, the allowed absolute interferer signal power is the same as well, because if we would change the interferer level the noise due to the interferer would increase. This is the case for all tests where the interferer power is an absolute value.
Observation 7: For Low Cost MTC devices with a single receiver in an interference scenario the interferer noise level needs to be kept constant as well as the absolute interferer level
Proposal 6: For Low Cost MTC devices with a single receiver in an interference scenario the interferer signal level needs to be kept the same as for the dual receiver configuration
Looking at In-band Blocking, the wanted signal is referring to Refsens while the interferer levels are absolute values. This is exactly what is needed for a single receiver LC-MTC device as explained above. So no change in the specification is required for the In-band Blocking test case.
Proposal 7: For Low Cost MTC devices with a single receiver the specifications for In-band Blocking can be kept as they are since the wanted signal refers to refsens and the interferer is an absolute value
2.2.5
Out-of-Band Blocking

Looking at out-of-band Blocking, the wanted signal is referring to Refsens while the interferer levels are absolute values. This is exactly what is needed for a single receiver LC-MTC device as explained above. So no change in the specification is required for the Out-of-band Blocking test case.

Proposal 8: For Low Cost MTC devices with a single receiver the specifications for Out-of-band Blocking can be kept as they are since the wanted signal refers to refsens and the interferer is an absolute value
2.2.6
Narrow Band Blocking

Looking at Narrow Band Blocking, the wanted signal is referring to Refsens while the interferer levels are absolute values. This is exactly what is needed for a single receiver LC-MTC device as explained above. So no change in the specification is required for the Narrow Band Blocking test case.

Proposal 9: For Low Cost MTC devices with a single receiver the specifications for Narrow Band Blocking can be kept as they are since the wanted signal refers to refsens and the interferer is an absolute value
2.2.7
Spurious Response

Looking at Spurious Responses, the wanted signal is referring to Refsens while the interferer levels are absolute values. This is exactly what is needed for a single receiver LC-MTC device as explained above. So no change in the specification is required for the Spurious Responses test case.

Proposal 10: For Low Cost MTC devices with a single receiver the specifications for Spurious Responses can be kept as they are since the wanted signal refers to refsens and the interferer is an absolute value

2.2.8
Intermodulation Characteristics

Looking at Intermodulation characteristics, the wanted signal is referring to Refsens while the interferer levels are absolute values. This is exactly what is needed for a single receiver LC-MTC device as explained above. So no change in the specification is required for the Intermodulation characteristics test case.

Proposal 11: For Low Cost MTC devices with a single receiver the specifications for Intermodulation Characteristics can be kept as they are since the wanted signal refers to refsens and the interferer is an absolute value

2.2.9
Spurious Emissions

Spurious emissions are completely independent of the RX performance. Therefore it is proposed not to change the specification.

Proposal 12: For Low Cost MTC devices with a single receiver the specifications for Spurious Emissions don’t need to be changed
2.2.10 Receiver Image
The Receiver Image is specified for carrier aggregation only, so there is no need to specify something for LC-MTC devices here.
3
Half Duplex Influence on RX Characteristics

Half duplex operation itself does not have any influence on the receiver capabilities, as it just switches off the receiver and/or transmitter at some time. However, half duplex allows some simplifications in the design of the RF part that can have some influence on the receiver performance.
Half duplex operation has some advantages to build lower cost devices. Since there is no simultaneous transmission and reception it is not required to use duplexers to separate the antenna signals into TX and RX signals but a simple switch together with filters can be used. Since duplexers are more costly than the switch and the filters this saves cost. 

Replacing the duplexer with filters may save a small amount of insertion loss. On the other hand the additional switch ports add some insertion loss, so in total the expectation is to get approximately the insertion loss as in full duplex operation.
Half duplex operation removes the TX noise in the RX band, since both, RX and TX don’t operate at the same time anymore. Therefore the contribution of the TX noise to the receiver noise floor is removed and the reference sensitivity will be improved by the noise contribution of the TX. However in most cases this contribution is very low, so that there will be almost no contribution. Only at larger resource block allocations there will be some advantage, however, since Low-cost MTCs don’t use wide bandwidths which have large allocations, there will be in reality no reference sensitivity advantage for low cost MTCs.
Conclusion: in some bands there may be a small improvement in reference sensitivity, however, in most cases there will be none. It would result in a lot of work for RAN4 to find out the bands where there might be a small improvement and it will not be easy to agree on it. Therefore it is proposed to leave the reference sensitivity specification untouched for the introduction of half duplex operation. All other RX parameters are anyway independent of half duplex operation.
Proposal 13: The reference sensitivity is not modified for the introduction of half duplex operation
Proposal 14: All other receiver characteristics than reference sensitivity are not influenced by half duplex operation and can be left untouched  
4
Conclusion

In this contribution we discussed the removal of the diversity receiver and half duplex issues. These are the observations and proposals. 
Observation 1: Diversity removal will degrade Refsens by about 3dB reducing the cell radius  

Observation 2: The cell radius reduction due to single receiver will be overcompensated by the link budget improvements planned in the Low Cost MTC WI  

Observation 3: Absolute interferer levels in the network scenarios don’t change when the diversity receiver is removed  

Observation 4: For Low Cost MTC devices with a single receiver at maximum signal level the distortion level requirement is 3dB tighter for the same maximum input signal level 

Observation 5: For Low Cost MTC devices with a single receiver the ACS interferer signal would need to be reduced by 3dB as the SNR requirement is 3dB tighter

Observation 6: For Low Cost MTC devices with a single receiver in an interference scenario the wanted signal needs to be increased by 3dB as the SNR requirement is 3dB tighter

Observation 7: For Low Cost MTC devices with a single receiver in an interference scenario the interferer noise level needs to be kept constant as well as the absolute interferer level
Proposal 1: The RX requirements for LC MTC devices shall be set so that the power consumption and cost is not increased compared to standard LTE devices  

Proposal 2: For Low Cost MTC devices with a single receiver the reference sensitivity value of the wanted signal needs to be increased by 3dB  

Proposal 3: For Low Cost MTC devices with a single receiver the Maximum Input Level value can be kept at -25dBm  

Proposal 4: For Low Cost MTC devices with a single receiver the ACS test wanted signal and interferer signal levels are proposed to be kept unchanged in the specification
Proposal 5: For Low Cost MTC devices with a single receiver in an interference scenario the wanted signal level needs to be increased by 3dB. This is done by referring to the refsens value which is increased by 3dB.
Proposal 6: For Low Cost MTC devices with a single receiver in an interference scenario the  interferer signal level needs to be kept the same as for the dual receiver configuration
Proposal 7: For Low Cost MTC devices with a single receiver the specifications for In-band Blocking can be kept as they are since the wanted signal refers to refsens and the interferer is an absolute value
Proposal 8: For Low Cost MTC devices with a single receiver the specifications for Out-of-band Blocking can be kept as they are since the wanted signal refers to refsens and the interferer is an absolute value
Proposal 9: For Low Cost MTC devices with a single receiver the specifications for Out-of-band Blocking can be kept as they are since the wanted signal refers to refsens and the interferer is an absolute value
Proposal 10: For Low Cost MTC devices with a single receiver the specifications for Spurious Responses can be kept as they are since the wanted signal refers to refsens and the interferer is an absolute value

Proposal 11: For Low Cost MTC devices with a single receiver the specifications for Intermodulation Characteristics can be kept as they are since the wanted signal refers to refsens and the interferer is an absolute value

Proposal 12: For Low Cost MTC devices with a single receiver the specifications for Spurious Emissions don’t need to be changed
Proposal 13: The reference sensitivity is not modified for the introduction of half duplex operation
Proposal 14: All other receiver characteristics than reference sensitivity are not influenced by half duplex operation and can be left untouched  
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