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1. Introduction

There are quite often discussions in 3GPP RAN4 about the specification for REFSENS, the reference sensitivity defined in Chapter 7.3 of 36.101. There are papers stating huge margins that can be achieved there with the conclusion that the values can be set much more stringent than they are. This contribution sheds some light on the reality of the REFSENS values and how much margin there really is. 
2. Description of the REFSENS measurement
REFSENS is specified in chapter 7.3 of 36.101. The values there are defined for specific bands, bandwidths and resource block allocations. Usually these values have been defined for one band in the beginning of the LTE specification development and then the other values have been defined relative to this mainly taking the increased insertion loss for bands with bad duplexer insertion loss into account. In some cases other effects have been taken into account as well, like PA intermodulation for LTE20 in band 20 falling into the receive band resulting in limited resource blocks for the REFSENS test, as a reasonable REFSENS performance cannot be achieved with full allocation.
If during some discussions it is stated, that there is so much margin with real devices like USB sticks, usually the values measured on such a device are tested by connecting a device to a tester and reading the sensitivity value from the display at room temperature. However, in reality many more things have to be taken into account:
· The values specified in 36.101 are measured according to 36.521-1 chapter 7.3 under the environmental conditions of 36.508
· 36.521-1 defines that all measurements are done over the full temperature range, which is at the ambient temperature of the mobile -10°C to +55°C (see 36.508 chapter 4.1), but inside of the mobile this is due to the self heating up to 85°C
· The measurement frequencies are at the lowest, mid and highest channel
· The voltage during the measurements is across the whole supply voltage range
· It is expected by phone manufacturers, operators and customers, that a phone built with a certain RF part always fulfils the specification if you take any device from the production. It is not acceptable, that only a few “golden devices” fulfill the specification
· The 3GPP specs have been designed for devices with just a small number of bands. However, currently there is a trend to significantly increase the RF frontend complexity compared to the simple frontends in earlier years. Some network operators already declare the support of 10-15 bands with up to 7 carrier aggregation band combinations in a single device as mandatory, but the consequences are not at all taken into account in the 3GPP specifications. A frontend for 15 bands needs much more area with longer PCB tracks having higher losses, antenna switches with 15 ports have a significantly higher insertion loss than an SPDT switch or additional switches with additional losses are required to combine two filters to a single RX port at the transceiver. All of these degrade the REFSENS performance
· There are many additional factors in the receiver that influence the sensitivity like TX noise in RX band, TX leakage, reciprocal mixing, intermodulation etc.
Conclusion 1: Due to the REFSENS measurement conditions (extreme conditions) it is absolutely required to have a typical performance which is significantly better than the REFSENS limit
Conclusion 2: REFSENS needs to be fulfilled for all devices, not only “golden” samples
Conclusion 3: LTE-only devices with only a few bands like most of the current LTE USB sticks can have more REFSENS margin than Multiband Multimode Carrier Aggregation devices due to lower frontend complexity
3. Influences on REFSENS measurements
Due to the measurement conditions of REFSENS, a typical device measured in a lab with a tester at room temperature always needs to be significantly better than specified, but this margin is needed to fulfill the additional requirements due to the measurement conditions listed above. 

These factors influence the REFSENS as discussed above:

· The thermal noise is proportional to the absolute temperature, therefore at 85°C inside the phone the sensitivity is degraded by 0.9dB compared to room temperature. This does not include parameter variation of the components.
· Two of the three measurement frequencies are at the band edges. Usually filters have higher insertion losses at the band edges, as there is a roll-off. This results in a degradation of REFSENS at the band edges, which can be in the order of 1dB
· The center frequencies and the whole filter curve of the filters are shifting with temperature, this will result in additional degradation of sensitivity at the band edges at extreme temperatures. As REFSENS is measured at the band edges and at extreme temperatures, this will result in a REFSENS degradation. The performance under these conditions is usually specified by the filter vendors and needs to be taken into account instead of the typical values. The difference can be up to 2dB.
· While insertion loss is usually looked at during REFSENS definition in RAN4, the TX noise in RX band is usually not taken into account, but is a significant contributor, especially at extreme conditions, where the TX noise is increasing at higher temperatures. Depending on the band and the duplexer performance, the contribution can be up to 2dB
· The TX signal leaks through the duplexer to the RX. This can be considered as an additional blocker during the REFSENS test, as intermodulation and the phase noise of the LO signal will result in additional noise in the RX band, especially at higher temperatures. At extreme conditions there can be up to 1dB of desens
· Duplexers additionally have lower TX-RX isolation at the band edge between RX and TX resulting in a higher TX signal at the receiver input at one band edge or a higher TX noise in the RX band at the other band edge. Both results in sensitivity degradation

· A typical sensitivity value, as it can be measured in the lab, implies that if you look at the distribution of the sensitivity assuming a normal Gaussian distribution, half of the devices will fail the test. In order to reduce the fail rate to one device out of 100000 devices, a Sigma value of (=4.5 is required. Therefore if the standard deviation is a reasonable value of 0.4dB, a margin of 1.8dB from the limit is required to ensure, that almost all of the devices pass the test.
· The REFSENS test is specified for extreme voltage conditions. Unless the performance of the TX changes, the RX performance itself is usually not influenced by the supply voltage, as good voltage regulators are used
Regarding all the REFSENS contributions, one can see, that all contributions together can result in huge differences between the typical performance and the performance required for passing the REFSENS test with almost all devices under the specified extreme conditions. However, of course not all worst case conditions occur at the same time, therefore in reality the margin between the typical measurement in the lab at room temperature and passing IOT/GCF tests in all cases is not as large as adding all contributions above. In reality the difference between the typical lab measurement and the REFSENS measured under extreme conditions according to spec at all devicesis in the order of 3-5dB. This means, that a design, which is already marginal fulfilling the REFSENS test with all devices will have a “margin” of 3-5dB in a lab test at room temperature.
As said above, in reality it is absolutely required to have, depending on the band, 3-5dB better values in the lab test with a typical device to ensure to pass the REFSENS requirements for IOT/GCF tests. While there will be some margin for LTE single mode, single or dual band USB sticks to pass the REFSENS test, it will be already marginal to pass the REFSENS test with a 15 band device, so in most bands there is no margin left at all. Adding Carrier Aggregation without taking the additional losses of such a RF frontend into account will result in devices, where only golden devices will pass the test.
Conclusion 4: To fulfill the REFSENS specifications it is required to have about 3-5dB better sensitivity when measuring a typical device in the lab
Conclusion 5: LTE-only devices with only a few bands can have more REFSENS margin than Multiband Multimode devices as they have lower frontend losses
Conclusion 5: The additional RF frontend imperfections of Carrier Aggregation devices like  frontend losses due to additional quadplexers, switches and diplexers, limited TX signal rejection or TX intermodulation products in the RX band need to be taken into account in the REFSENS specifications to ensure all devices meet the spec
Conclusion 6: The reality of future devices is multiband devices with multiple carrier aggregation band combinations. The additional frontend complexity needs to be taken into account
Conclusion 7: The current way of specifying REFSENS does not take into account the change to more and more bands and the corresponding REFSENS degradations due to more complex frontends, as it always looks at single band combinations
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6. Summary
Measuring sensitivity in the Lab results in 3-5dB better values than specified as REFSENS. These 3-5 dB are needed to fulfill with all devices the REFSENS test for IOT/GCF. The 3-5dB are essential to pass the test and they are no “margin” that can be cannibalized to have better REFSENS figures on the paper.

