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1 Introduction
In RAN4 NR AH 2 and RAN4#84bis RAN4 reached some agreements on the reference point for SSB RSRP and measurement definition.
From RAN4 NR AH#2 way forward (R4-1706608)

	· A separate way forward is expected to cover NR quality metrics

· For RSRP and CSI-RP the  definition should include Rx beamforming gain for OTA 
· For conducted requirements, the reference point for definition can be antenna connectors.
· Study further whether the definition should be differentiated across frequency ranges
· Study further whether to include averaging in time domain in the defintion:
· Study further whether RSRP definition should be per SS block, per beam, or per cell
· Study further whether CSI-RSRP definition should be per cell or per beam


From RAN4#84 way forward (R4-1707424)

	Leave the RSRP acronym to RAN1 to decide.
SSS based RSRP is the baseline for simulation alignment purpose.
SSS+DMRS of PBCH based RSRP evaluation is not precluded 


From RAN4#84 liaison statement to RAN1 (R4-1709017)

	RAN4 has discussed suitable measurement definitions for RSRP and CSI RSRP in NR, including the impact of receive beamforming and the reference point to define the measurement when no physical antenna connector is present, eg above 6GHz. RAN4 agreed that the RSRP and CSI-RSRP definition should include Rx beamforming gain for OTA.

RAN4 opinion is that when multiple antenna elements are combined for analogue, digital or hybrid RX beamforming purposes (as for example in an antenna panel), the measurement definition should assume that RSRP and CSI-RSRP measurements are performed on the combined signal. Where multiple receiver branches are used in the measurement (for example where signals are received from multiple antenna panels) the same approach as LTE should be used (the reported value shall not be lower than the corresponding RSRP of any of the individual branches).


2 Discussion

We use the structure from the RAN4#84 adhoc to discuss measurement definition.
2.1 Measurement reference point

RAN4 has decided the measurement definition should assume that RSRP and CSI-RSRP measurements are performed on the combined signal. Indeed, it would be impossible to make measurements on any other signal in case the UE performs RX beamforming. We begin by reviewing the meaning of measurement reference point for conducted (eg LTE) requirements and the implications for UE implementation. It is also assumed that the RX beamforming gain which would be applied to the PDSCH may be similar to the RX beamforming gain included in the SSB-RSRP or CSI-RSRP signal, and hence the choice is good from a mobility perspective, since the measurements include 

Figure 1 shows a typical baseband and RF implementation of an LTE (or other non-beamforming with antenna connector) UE RF chain
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Figure 1 : Typical baseband and RF implementation of an RX branch without beamforming
The only place in which the UE can make measurement is in the digital searcher where the UE may estimate reference signal power in units of digital codewords. This corresponds to point P1. On the other hand, the reference point for the measurement is the antenna connector, denoted by P3. To estimate RF gain, the UE needs to use the following information to relate an actual RSRP measurement at P1 to a measurement report estimating equivalent RSRP at the reference point P3

1. The volts/bit of the analogue to digital converter, which allows the UE to relate power in units of (digital signal)2 at P1 to volts2 at P2. This is likely to be known from the design of the ADC such as number of bits, and the Vref used in conversion
2. The gain of the analogue and RF stages, which allows the volts2 estimate to be related to a dBm estimate at the antenna connector. Gain of analogue and RF stages depends on the AGC setting which is set by the UE. Typically, the AGC setting is adjusted by a UE algorithm, and the UE will store the AGC setting that was used to make the measurement. In UE production, the AGC gain is calibrated using input signals with known levels, such that the UE can relate an AGC setting to an RF gain.
It can be seen then that the basic process used by the UE is to work back from the measured signal in the digital domain, to estimate the power of a signal at the analogue RF signal at the antenna connector which would have caused the digital signal to be observed. In other words, the UE compensates for the ADC converter mapping and the gain of the RF stages to work backwards from the digital baseband reference signal power.
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Figure 2 : Typical baseband and RF implementation of an RX branch with analogue beamforming
We now consider various types of beamforming. Figure 2 shows the situation with analogue beamforming for mm-wave. According to the agreement that the measurement definition should assume that RSRP and CSI-RSRP measurements are performed on the combined signal, P3 is still the reference point. Without knowledge of the direction of arrival of the measured signal (which may be propagated by a multicluster channel) the UE knows only how it set the combining phases in the combining network, but not the corresponding gain of the antenna panel in the direction(s) of interest. The electrical gain of the combining network is assumed in figure 1 to be unity; if the real UE implementation performs combining with non-unity electrical gain (for instance boosting the signal from all directions by xdB), then this can be considered as a part of the RF gain, and handled in the normal way that RF gain is calibrated.

 The situation is in fact quite similar to what would happen for the LTE model in figure 1 if one was using an OTA measurement rather than a conducted measurement with a non-isotropic antenna. The antenna gain is not compensated in the measurement result, which then means that the UE reports smaller RSRP in directions with lower antenna gain and larger RSRP in directions with higher antenna gain. The difference for NR with RX beamforming is that the UE has algorithms which deliberately introduce directionality to the antenna subsystem in a hopefully beneficial directional manner. Nevertheless, according to the previous agreements on measurement definition, the UE does not try to apply compensation for the beamforming gain, but simply reports an estimate of the signal at P3 and hence does not need to estimate the beamforming gain. Another difference is that there is no longer a physical interface (antenna connector) at P3. However, the measurement reference point could still be thought of as a physical location eg a trace on the UE PCB.
Next, we consider digital beamforming as shown in figure 3
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Figure 3 : Digital RF beamforming
For simplicity, we still refer to the combining network as a unity gain combining network. While different antenna elements may be combined with different amplitude weights as well as different phases for the digital beamforming implementation, what we mean by unity gain combining is that the amplitude weights are normalised. While this does not mandate a specific UE implementation to normalise combining weights, the UE should compensate in the measurement for the (known) combining weights that it has used, if the power of the weights does not sum to 1.
Since performing analogue, hybrid or digital beamforming is a UE implementation choice, a UE implemented according to figure 3 should report RSRP in the same way as a UE implemented according to figure 2. P3 does not correspond to a physical trace on the PCB anymore (and hence is not shown in figure 3), but it is still possible to estimate an equivalent RSRP as if an analogue combined signal existed. The procedure would be almost exactly the same as for measuring with analogue beamforming; the digital searcher makes a measurement on the combined signal which is then compensated for the known electrical gains in ADCs and RF to give the dBm RSRP. A similar approach can also be used with hybrid beamforming where again the point P3 does not exist as a physical trace on the PCB or on a block diagram. What could be considered as a reference is a virtual reference where the signals at point P4 are taken, and an equivalent beamforming operation is performed to the one which is performed in baseband. This would yield a virtual P3 signal for definition purposes
In the measurement definition, we propose to capture this with “The reference for SSRP shall be the union of all the antenna elements of the UE from which signals are combined by the UE for beamforming purposes.”
Such definition could be applied whether the physical signal exists at the reference point (analogue beamforming) or the reference is conceptual (digital or hybrid beamforming).
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Figure 4 : Virtual point P3 for definition purposes, where an equivalent combining model is used for definition purposes. Top branch represents the implementation and lower branch represents the equivalent as far as measurement is concerned

 Hence, we observe
Observation 1 : The searcher implementation is basically the same for measurements whether the UE performs analogue, digital or hybrid beamforming. The digital searcher measures the combined signal, and the reference signal measurement is compensated using estimates of all electrical gains. No estimate of antenna BF gain is applied to the estimate.

Observation 2 : The reference point when analogue beamforming is used corresponds to a physical location on a PCB or block diagram. When digital or hybrid beamforming is used, the reference point is virtual since the measurement procedure involves taking a combined measurement and compensating for estimated electrical gains.
Proposal 1 : The reference for SSRP shall be the union of all the antenna elements of the UE from which signals are combined by the UE for beamforming purposes
2.2 Terminology
It was agreed to leave the terminology for RSRP to RAN1 to decide. Terminology needs to be consistent across RAN specifications (eg RAN1, RAN2, RAN4)
Existing agreement : Terminology for RSRP will be decided by RAN1

2.3 Whether the RSRP definition should be differentiated across frequency ranges
Typically, RAN1 specifications do not differentiate across frequency ranges, although some parameters may have different allowed values/ranges for different NR operating frequencies or bands. For NR operation on sub 6GHz, RX beamforming would be allowed, although it is more likely that UEs will share antenna subsystems between LTE and NR and thus not perform RX beamforming for NR measurements. There will also be the possibility of conducted antenna connectors for sub 6. Considering these aspects, we think that the antenna connector is the main difference, and while this significantly simplifies testing (especially if the UE also does not perform RX beamforming) 
Since the definition is not fundamentally different, we do not think this merit a separate section in 38.214. In our earlier work, we proposed that this aspect could be addressed with a note 

NOTE 2: The union of the antenna elements that is used as the reference for the SSRP may be interpreted as the antenna connector for a UE that supports measurements by applying known power levels at the antenna connector.

In practice this means that for a UE with no RX beamforming and a physical antenna connector such that the reference point P3 physically exists (and has a connector), the definition can be reinterpreted as applying at the physical antenna connector. 
2.4 Whether the DMRS of PBCH shall be used for RSRP measurement
RAN1 concluded that there will be a fixed power offset between PBCH DMRS and SSS which will be fixed by their specifications to a single value. This means that there is no reason to exclude UEs from using PBCH DMRS in measurements.

Proposal 2 : Measurement definition should allow UE to use PBCH DMRS symbols in addition to SSS symbols to estimate SSB-RSRP

Separately, RAN4 needs to specify measurement accuracy requirements. It was agreed in last RAN4 meeting

SSS based RSRP is the baseline for simulation alignment purpose.
SSS+DMRS of PBCH based RSRP evaluation is not precluded
In our understanding, this means that RAN4 could still consider basing certain minimum requirements on simulated results considering SSS+PBCH DMRS measurements, if these were shown and agreed to give significant benefit over SSS only measurements. Initial results from RAN4#84 did not show a major performance difference between SSS-only and SSS+PBCH DRMS measurements, however if a more demanding measurement configuration such as single shot measurement is considered it is possible that some scenario could still be identified where SSS+PBCH DMRS measurement is beneficial. In this case, measurement accuracy requirements could be specified under the assumption that SSS+PBCH DMRS was used, although naturally it would be up to UE implementation how the requirement was met in the end as long as the accuracy was fulfilled.
At any rate, this does not impact measurement definition, as long as proposal 2 is accepted and the UE is not forbidden to use PBCH DMRS symbols.
2.5 Whether SS block RSRP definition should be per SS block, per beam, or per cell
There has been some discussion in RAN4 on whether the UE is aware of the structure of the SS burst, and specifically if certain SS blocks within the burst can be combined (eg averaged) if they are beamformed in the same way. We would like to confirm our understanding.

Fundamentally, the UE measures SS blocks, and it is not aware of the gNB TX beamforming that was applied when the SS block was transmitted. Cell level measurements have been extensively discussed in RAN2 and it has been agreed that the cell level measurement should consist of an average of the N best SS blocks (where N is configurable). In addition, the UE can be configured to include results of X individual SS blocks in a measurement report (either periodic, or event triggered based on cell measurements). In this case, by including the time index along with the SSB-RSRP, the network can map the time index to a beam resource (since the NW knows which beam was transmitted at which time index and can hence map the beam indices in measurement reports to beams). This is illustrated in figure 1.
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Figure 1: Measurement model for NR (RAN2) 

 Fundamentally then, the measurements which are performed by the UE physical layer are performed on SS blocks, and beam consolidation/selection both for cell reporting and for beam reporting is a higher layer procedure similar to L3 filtering and evaluation of reporting criteria. Hence the correct way to specify is

RAN1 Measurement definition applies at point A in figure 1, and applies to SS blocks

RAN4 specifies L1 filtering by specifying a measurement period and accuracy requirement for SS blocks which implies the L1 filtering which may be required/performed. (Point A2)
RAN2 specifies block consolidation functions (eg averaging N best blocks to give cell level quality)

Proposal 3 : Measurement definition specifies SS block RSRP. Consolidation (eg averaging) and selection of SS blocks to give cell level RSRP is included in higher layer specifications. 
2.6 Time domain averaging for RSRP definition
Similar to LTE measurements, we do not think that time domain averaging affects the definition of RSRP. The UE cannot average SS blocks from the same SS burst unless this has been configured by higher layers (N>1) and time averaging between bursts will be implied by the measurement period specified by RAN4.
Proposal 4 : Time domain averaging does not affect RSRP definition
2.7 Frequency domain averaging for RSRP definition
This applies to cells which transmit multiple SS bursts at different frequency locations, which is a topic of ongoing discussion. At any rate, we do not think that frequency domain averaging impacts the nominal RSRP or measurement definition. Measuring multiple SS bursts in frequency domain is similar to measuring in time domain and this could be specified in RAN4 if necessary 

Proposal 5 : Frequency domain averaging does not affect RSRP definition
2.8 Whether CSI-RSRP definition should be per cell or per beam
Our view is that CSI-RS definition should be similar to SS measurement definition in this regard. The UE measures instances of CSI RS sequences (sequences in frequency domain) in each measurement snapshot. Since each instance of CSI RS may be beamformed, the UE fundamentally measures per beam measurements. There is no similar concept to an SS burst for CSI-RS, nor are there CSI-RS blocks within a burst,  
Proposal 6 : CSI-RSRP measurement is defined on instances of CSI-RS sequences, which correspond to beams.
3 Conclusions

In this contribution, we discuss measurement definition for RSRP in NR, focussing mostly on SS block based measurements. We make the following observations and proposals
Observation 1 : The searcher implementation is basically the same for measurements whether the UE performs analogue, digital or hybrid beamforming. The digital searcher measures the combined signal, and the reference signal measurement is compensated using estimates of all electrical gains. No estimate of antenna BF gain is applied to the estimate.

Observation 2 : The reference point when analogue beamforming is used corresponds to a physical location on a PCB or block diagram. When digital or hybrid beamforming is used, the reference point is virtual since the measurement procedure involves taking a combined measurement and compensating for estimated electrical gains.
Proposal 1 : The reference for SSRP shall be the union of all the antenna elements of the UE from which signals are combined by the UE for beamforming purposes
Proposal 2 : Measurement definition should allow UE to use PBCH DMRS symbols in addition to SSS symbols to estimate SSB-RSRP

Proposal 3 : Measurement definition specifies SS block RSRP. Consolidation (eg averaging) and selection of SS blocks to give cell level RSRP is included in higher layer specifications. 
Proposal 4 : Time domain averaging does not affect RSRP definition
Proposal 5 : Frequency domain averaging does not affect RSRP definition
Proposal 6 : CSI-RSRP measurement is defined on instances of CSI-RS sequences, which correspond to beams.
