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<<< Start of change 1 >>>
4.2	FR2 UE Beam Correspondence requirements
[bookmark: _Toc50968933][bookmark: _Toc53224217][bookmark: _Toc53224785]4.2.1	Beam correspondence based on SSB
[bookmark: _Toc50968934][bookmark: _Toc53224218][bookmark: _Toc53224786]4.2.1.1	Feasibility
A requirement on beam correspondence based on SSB verifies the UE's ability to select its uplink beam based on measurements of SSB.  SSB is a mandatory signal with various repetition rates (5ms, 10ms, 20ms, 40ms, 80ms, and 160ms periodicity). As a reliable, repetitive resource, it can serve as a standard candle for the UE to evaluate its beams for best directional gain. It follows that SSB can indeed serve as a reference signal for beam correspondence. 
SSB-based beam correspondence is very important because it is the basis of initial acquisition. It also potentially allows faster roll-out of networks, because it requires a simpler set of signals from the gNB. These considerations generally imply both motivation and feasibility to use SSB as the sole reference signal for the UE to achieve beam correspondence.
A requirement on beam correspondence based on SSB, provided the side conditions can be guaranteed, presents a problem due to two sets of MOP: MOP requirements for SSB based BC and CSI-RS based BC. Two sets of MOP indicated not only MOP test will be doubled, but also other TX test cases will be affected. Two sets of MOP test may produce two different beam peak direction, however, most of other TX test cases are based on unique beam peak direction. Two different beam peak direction will make other TX test cases ambiguous. It is not reasonable and not affordable to test all TX test cases two times based on the two beam peak direction respectively.  Not only beam peak direction, but also side condition will be used for other TX test case. According to TS 38.101-2, beam correspondence side conditions for SSB and CSI-RS will be used for other test cases.  Based on above observations, it can be concluded that SSB based BC is not feasible, unless side condition can be guaranteed and two sets of MOP issue can be addressed.  One possible approach is that SSB based BC will be set as an optional feature, if UE supports SSB based BC, then MOP based on SSB based BC will be considered as the unique MOP, and CSI-RS based BC test shall be skipped; if UE does not support SSB based BC, MOP will be based on CSI-RS based BC.
Cell-level mobility is based on L3 SSB measurements. For a UE that supports SSB-based beam correspondence, beam-level mobility is based on L1 SSB measurements. The SSBs used for L1 and L3 measurements may not be the same, but the UE possesses knowledge of which SSB is associated with each measurement category. The UE that supports SSB-based beam correspondence can opportunistically use its L1 measurement opportunities to perform beam refinement.
SSB-based RRM requirements upper-bound the number of Rx beams to 8, in context of a specific cell search and measurement timeline, see table 9.5.4.1-1 of TS38.133. The standard however does not mandate that the SSB codebook consist exclusively of rough beams. A simple algorithm for a UE to implement SSB-based beam correspondence is below:
1.	To search non-serving cells/SSBs, use rough beams on non-serving cell SSB bursts in SMTC windows
2.	For serving-cell SSB measurements, use progressively refined beams when conditions allow. Opportunistic beam refinement detail is below:
a.	At time-1, UE receives 8 SSB bursts
i.	UE obtains 8 sets of data pairs, e.g. (rough beam-1, RSRP-1), (rough beam-2, RSRP-2), …, (rough beam-8, RSRP-8).
ii.	UE finds the data set corresponding to the max RSRP out of 8 sets, for example, (rough beam-2, RSRP-2)
b.	At time-2, UE receives 8 SSB bursts.
iii.	UE measures RSRP with rough beam-2 first.
iv.	UE compares the measured RSRP to RSRP-2 that was measured in the previous occasion Time-1.
v.	If the difference is marginal, then UE can tell it doesn't need to repeat RSRP measurement for all hypotheses. (UE doesn't need to perform neighbor cell search because those resources will be provided separately, e.g. measurement gap and/or SMTC configuration in measurement object)
vi.	UE can attempt to refine Rx beam during 7 remaining SSB bursts.
c.	At time-3, UE receives 8 SSB bursts.
vii.	UE measures RSRP with rough beam-2 first.
viii	UE compares the measured RSRP to RSRP-2 that was measured in the previous occasion Time-2.
ix.	Again, UE can tell it doesn't further need to measure RSRP.
x.	UE performs beam refinement starting from the refined beam at Time-2.
xii.	UE can tell the first tried refine beam quality is still as good as Time-2.
xiii.	UE can skip 6 remaining SSB burst reception for power saving.
d.	At time-4, repeats the same procedure of Time-3
xiv.	If measured RSRP is different from the previous one by some threshold value, UE sweeps its Rx beam for the rest of the 7 SSB bursts, and follows time-1 procedure.
This algorithm was implemented in a UE for experimental verification in a UE compliance test context. The example UE was chosen for its superior spherical coverage, a detail that helps later for this exercise. In Fig. 4.2.1.1-1, the EIS CCDF is presented on a reversed (1 dB/ x division) EIS scale to allow for shape comparison with EIRP CDF. The close similarity in shapes confirms that the same set of beams is used in both DL and UL, in high path loss conditions.  
Further considerations are required to confirm that the common beam set does indeed comprise refined (high-gain beams):
1.	The peak EIRP value obtained from the CDF of SSB based BC is compared to the best EIRP obtained by manually characterizing each refined beam. The agreement (0.3 dB difference) between the 'head' of the CDF and the manually determined peak EIRP value confirms that EIRP in this CDF is indeed generated from refined beams. By shape similarity, the conclusion can be extended to sensitivity condition also.
2.	A second consideration is the shape of the CDF. RRM requirements assume 7dB lower gain with rough beams. While the gain difference can be smaller in PC3 devices, it is still close to 10log(4). In context of this example UE's CDF, one can conclude that no rough beams are used in the top 50% directions, which have less than 6dB gain drop from peak. It is therefore possible to confirm from measurements that refined beams have indeed been used for all directions used to confirm spherical coverage compliance in this example UE. Note that the example UE's superior spherical coverage merely helped illustrate the dependence on refined beams to establish spherical coverage. 


Figure 4.2.1.1-1: EIRP and EIS statistics for UE with SSB-based beam correspondence
Not all companies have agreed that the algorithm above and supporting results are proof of feasibility. One view is based on an interpretation of RRM rules that limits the UE to the same 8 beams for all L1-RSRP measurements:
Even though BC is based on L1-RSRP, the Rx codebook size for SSB and CSI-RS can still be significant different.  For SSB based L1-RSRP, total 8Rx beams are assumed, i.e. N=8 for the measurement period TL1-RSRP_Measurement_Period_SSB defined in Table 9.5.4.1-1, TS38.133. Since the UE cannot assume QCL between SSB used for L3 measurement and SSB for L1 measurement, Rx refinement for SSB cannot be easily assumed. Meanwhile, SSB based L3 measurement is critical to comply with in order to guarantee UE's mobility performance. Due to this reason, it has been specified in TS38.133 that up to 24 SMTC can be used for cell detection and measurement, respectively. Based on this analysis, all UE designs cannot be assumed to implement more than 8 Rx beams, since further increasing the number of Rx beam for SSB measurements including L1-RSRP and L3 can lead to a trade-off in measurement accuracy and/or delay.

The situation for CSI-RS based measurement is quite different. CSI-RS based Rx refinement for L1-RSRP can be realized by P1/P2/P3 CSI-RS configurations. Even for L3 measurement, it is noted that there is no CSI-RS L3 measurement/reporting requirements in Rel-15. Therefore, UE has the flexibility to implement large codebook for Rx beamforming. It is also reasonable to assume the restriction on Rx beam sweeping can be largely relaxed for CSI-RS measurement since UE's mobility performance can be maintained by SSB based L3 measurement. Rel-15 UE can take advantage this by configuring denser Rx beam sweeping for CSI-RS than SSB.
An analysis of the performance degradation with SSB only based beam correspondence, when compared to SSB+CSI-RS based beam correspondence, has been performed based on the following simulation assumptions:
-	SSB SNR level is specified as per antenna elements. Depending on Rx antenna array configuration, additional Rx beamforming gain should be considered to derive the baseband SNR for RSRP measurement.
-	Additional RSRP measurement inaccuracy margin due to implementation is also considered. In the simulations, implementation margin is uniformly distributed within [-X dB, +X dB], where X=2 or 4. 
-	P3 CSI-RS is not considered in the evalatuion of SSB-only based BC performance.
-	Different antenna array configurations are evaluated.
-	The evaluation matric are defined as the CDF of 50-percentile EIRP differences between SSB based and SSB+CSI-RS based BC.
-	Different size of Rx beam codebooks are assumed for SSB and CSI-RS measurement. More specifically, codebook size of 4 and 8 are considered for SSB related Rx beam sweeping and codebook size of 16 and 32 are assumed for CSI-RS related Rx beam sweeping
The detailed simulation procedure can be described as follows:
For ue_cnt = 1 To num_UE
For sample = 1 To num_sample_in_a_sphere
   Measure RSRP_SSB over Rx beams in SSB_CODEBOOK
   Find SSB_rx_beam by maximizing RSRP_SSB
   Find SSB_tx_beam by adding UL mismatch to SSB_rx_beam
   Measure EIRP_SSB(sample)

   Measure RSRP_CSIRS over Rx beams in CSIRS_CODEBOOK
   Find CSIRS_rx_beam by maximizing RSRP_CSIRS
   Find CSIRS_tx_beam by adding UL mismatch to CSIRS_rx_beam
   Measure EIRP_CSIRS(sample)
END
50-percentile_EIRP_loss_SSB_wrt_CSIRS(ue_cnt) = 50-percentile (EIRP_CSIRS) - 50-percentile(EIRP_SSB)
END

The simulation results are illustrated in Figures 4.2.1.1-2 and 4.2.1.1-3 below.

	
	

	
	

	
	


Figure 4.2.1.1-2: 50%-tile EIRP loss between SSB and SSB+CSI-RS based BC with different RSRP implementation margin, 2x2 antenna array aonfiguration
	
	

	
	

	
	


Figure 4.2.1.1-3: 50%-tile EIRP performance loss between SSB and SSB+CSI-RS based BC with different RSRP implementation margin, 4x1 Antenna Array Configuration
The simulation results can be summarized as follows:

Table 4.2.1.1-1: 50th percentile EIRP Loss at 90th percentile
	
	Num beams per array for SSB
	Num beams per array for CSI-RS
	SSB SNR Level (dB)
	EIRP Loss (dB) with zero RSRP margin
	EIRP Loss (dB) with Implementation Margin of 2dB for RSRP
	EIRP Loss (dB) with Implementation Margin of 4dB for RSRP

	Antenna array with 2x2 Dual-Pol elements
	4
	16
	6
	3.4
	4.7
	4.5

	
	
	
	13
	2.2
	2.1
	2.0

	
	8
	16
	6
	2.5
	2.9
	3.3

	
	
	
	13
	1.7
	1.6
	1.8

	
	4
	32
	6
	3.6
	4.0
	5.1

	
	
	
	13
	2.6
	2.2
	2.4

	
	8
	32
	6
	2.8
	3.1
	3.6

	
	
	
	13
	1.9
	1.8
	2.2

	Antenna array with 4x1 Dual-Pol elements
	4
	16
	6
	3.3
	3.1
	4.0

	
	
	
	13
	2.2
	1.9
	1.8

	
	8
	16
	6
	1
	1
	1.6

	
	
	
	13
	0.8
	0.5
	0.6

	
	4
	32
	6
	3.4
	3.5
	5.0

	
	
	
	13
	2.4
	2.1
	2.1

	
	8
	32
	6
	1
	1.2
	2.3

	
	
	
	13
	0.8
	0.6
	0.7



On the feasibility of beam correspondence based on SSB, RAN4 concluded the following:
-	∆p = 0 dB, an optional capability
-	If a Rel-16 UE indicates it doesn't support beam correspondence based on SSB, then the network can expect the UE to fulfill beam correspondence based on Rel-15 beam correspondence requirements.
-	Rel-16 will continue to have beamCorrespondenceWithoutUL-BeamSweeping = 0 and beamCorrespondenceWithoutUL-BeamSweeping = 1 UEs
[bookmark: _Toc50968935][bookmark: _Toc53224219][bookmark: _Toc53224787]4.2.1.2	Side conditions
The side conditions for the requirement are summarized in Table 4.2.1.2-1 below.

Table 4.2.1.2-1: Side conditions for beam correspondence based on SSB
	Parameter
	Value

	SSB min SNR level
	6 dB

	SSB periodicity
	20 ms

	P1 CSI-RS configuration
	Not used

	P3 CSI-RS configuration
	Not used

	Use tracking CSI-RS configuration?
	Yes

	Tracking CSI-RS QCL info
	qcl-TypeD=SSB

	Tracking CSI-RS min SNR level
	6 dB

	PDCCH/PDSCH DM-RS QCL info
	qcl-TypeD=TRS

	NOTE 1:	RAN4 didn't assume more than [1] SSB indices should be transmitted
NOTE 2:	SSB use configuration for Rel-15 which is specified in 38.508 per agreed in RAN4 #92bis meeting



RAN4 discussed the applicability rule for peak direction for beam correspondence based on SSB with the following outcome:  if a UE supports beam correspondence based on SSB, then the network can expect the UE to also fulfill Rel-15 beam correspondence requirements.  An additional applicability rule is needed when the UE supports both SSB based beam correspondence and CSI-RS based beam correspondence in Rel-16 (see Clause 4.2.2).
For UEs which support both beam correspondence based on SSB and beam correspondence based on CSI-RS:
-	The RF core requirements for both side conditions specified in Clause 6.6.4.3.1 of TS38.101-2 apply
-	Beam correspondence performance is verified based on SSB only side conditions for all applicable TX RF requirements
-	Additionally, for N EIRP points which satisfy the spherical coverage EIRP minimum requirement, EIRP is verified using the CSI-RS side condition
It is RAN4’s understanding that the selection of the N test points in the above can be effectively made in RAN5 based on RAN5’s experience in conformance test specification development.

<<< End of change 1 >>>
<<< Start of change 2 >>>
[bookmark: _Toc50968936][bookmark: _Toc53224220][bookmark: _Toc53224788]4.2.2	Beam correspondence based on CSI-RS
[bookmark: _Toc50968937][bookmark: _Toc53224221][bookmark: _Toc53224789]4.2.2.1	Feasibility
RAN4 has discussed four potential methods to achieve a test condition where the UE can be expected to perform beam correspondence based on the CSI-RS signal only:
-	Method 1: DUT is configured with an active BWP containing no SSB
-	Method 2: SSB in wide beam and CSI-RS in fine beam from test equipment
-	Method 3: SSB and CSI-RS are present, but SSB's PSD is backed-off by XdB from CSI-RS
-	Method 4: Decrease SSB power until UE SSB based SS-SINR measurement reporting is ≤ [-3] dB
RAN4 has ruled out Method 1 due to incompatibility with CBW=400 MHz and the potential for the UE to switch BWPs to continue measuring SSB.  RAN4 has also ruled out Method 2 due to testability concerns, since beam width characteristics are not varied by test equipment in the RF test setup.
Some companies have indicated that the CSI-RS only condition may not be typically observed a network and have requested further study to identify the deployment scenario that this test is going to verify before agreeing the requirement.
The UE RF front end architecture has to be designed with the assumption that both SSB and CSI-RS signals are present, and the UE receiver has to accommodate any PSD difference between CSI-RS and SSB so that the baseband can demodulate both signals.  Thus, a test case side condition which introduces a PSD level difference between SSB and CSI-RS introduces a requirement on the receiver which may or may not be well aligned with real deployment conditions.  Some companies have raised concerns that in a real network deployment, the UE performs scans of SSB to identify neighbor cells and, in the situation of a large imbalance between SSB and CSI-RS signals arriving from one cell, is likely to find a different cell where the imbalance is lower and the SSB signal strength is greater.  Since RRM requirements for cell selection and reporting are based on SSB, it is not likely a large PSD imbalance between the SSB and CSI-RS signals is "typical."
On the feasibility of beam correspondence based on CSI-RS, RAN4 concluded the following:
-	SSB and CSI-RS are present, but SSB's PSD is backed-off by XdB from CSI-RS
-	The value of X is TBD in the range of [3 – 9] dB, and is selected to be X = 3 dB
[bookmark: _Toc50968938][bookmark: _Toc53224222][bookmark: _Toc53224790]4.2.2.2	Side conditions
The side conditions for beam correspondence based on CSI-RS are listed in Table 4.2.2.2-1 below.

Table 4.2.2.2-1: Side conditions for beam correspondence based on CSI-RS
	Parameter
	Value

	P1 CSI-RS configuration
	Not used

	P2 CSI-RS configuration
	Not used

	P3 CSI-RS configuration
	Is configured

	P3 CSI-RS QCL info
	qcl-TypeD to P1 CSI-RS

	P3 CSI-RS repetitions per resource set
	According to maxNumberRxBeam UE capability IE of MIMO-ParametersPerBand repetitions per resource set

	P3 CSI-RS configuration repetition
	on

	P3 CSI-RS min SNR level
	6 dB

	P3 CSI-RS trigger
	[Slot80(120kHz)]

	Tracking CSI-RS periodicity
	reuse Rel-15
60 kHz SCS: 40 slots for CSI-RS resources 1 and 2
120 kHz SCS: 80 slots for CSI-RS resources 1 and 2

	NOTE 1:	One company has proposed to define the P1 CSI-RS QCL info as qcl-TypeD='none' and the following P3 CSI-RS configuration: maxNumberRxBeam in UE capability IE of MIMO-ParametersPerBand repetitions per resource set QCL Type D to P1 CSI-RS



RAN4 discussed the applicability rule for peak direction for beam correspondence based on CSI-RS with the following outcome:  if a UE supports beam correspondence based on CSI-RS, then the network can expect the UE to also fulfill Rel-15 beam correspondence requirements.  An additional applicability rule is needed when the UE supports both SSB based beam correspondence (see Clause 4.2.1) and CSI-RS based beam correspondence in Rel-16.
Further elaborating on NOTE 1 in Table 4.2.2.2-1, an examination of the RAN1 design and associated signaling is provided below.
In TS 38.214 and TS 38.331, CSI-RS can be configured as beam management usage with periodic and aperiodic, which are also defined as repetition on and off in TS 38.331. Where repetition is configured in CSI-RS resource set as below:

 For periodic CSI-RS configuration, we copy the configuration IE as below:


For QCL-info configuration, it is specified as optional present, which means the gNB/TE is allowed configure this QCL-Info as 'none'. 
Meanwhile, in TS 38.214, QCL configuration for NZP-CSI-RS-ResourceSet with higher layer parameter repetition is specified as below:
For a CSI-RS resource in a NZP-CSI-RS-ResourceSet configured with higher layer parameter repetition, the UE shall expect that a TCI-State indicates one of the following quasi co-location type(s):
-	'QCL-TypeA' with a CSI-RS resource in a NZP-CSI-RS-ResourceSet configured with higher layer parameter trs-Info and, when applicable, 'QCL-TypeD' with the same CSI-RS resource, or
-	'QCL-TypeA' with a CSI-RS resource in a NZP-CSI-RS-ResourceSet configured with higher layer parameter trs-Info and, when applicable, 'QCL-TypeD' with a CSI-RS resource in a NZP-CSI-RS-ResourceSet configured with higher layer parameter repetition, or
-	'QCL-TypeC' with an SS/PBCH block and, when applicable, 'QCL-TypeD' with the same SS/PBCH block.

From TS 38.214, we can see that 'QCL-TypeD' is not always provided by gNB reflecting with the word "when applicable".  Based on the above, periodic CSI-RS beam management can be configured as QCL-info='none' which is justified with RAN1/2 specification.
[bookmark: OLE_LINK2]If a configuration is defined with periodic CSI-RS(P1 CSI-RS), which is QCL-ed with SSB for CSI-RS only test case, then from the perspective of beam management, the proposed configuration actually means UE can skip P1 CSI-RS measurement and just use the maintenance on SSB measurement as the P1 measurement result, even if there is XdB PSD difference between SSB and CSI-RS. Combining with aperiodic CSI-RS configuration (P3 CSI-RS), it actually a test case with both SSB and CSI-RS, which violates the objective in the WID. 
Given these considerations, the motivation to define the side conditions as shown in Table 4.2.2.2-1 is based on the observation that configuring CSI-RS with 'qcl-TypeD = none' in FR2 is not fully supported by the current specification.  As background, in order to resolve issues that may arise when such an unexpected configuration is provided by network, it proposed in RAN1 to add default QCL assumption so that a subsequent UE behavior can be clearly defined. This, however, was not accepted by RAN1.  As an outcome, even in RAN1, where CSI-RS configurations and pertinent UE behavior should be defined, there was no clear assumption on default QCL and subsequent UE behavior when qcl-TypeD of periodic CSI-RS is absent. Therefore, all test cases requiring periodic CSI-RS should avoid configuring qcl-typeD = 'none'.
There may also be technical implementation issues which can be caused by P1 CSI-RS configuration with qcl-typeD = 'none'.  An initial UE Rx beam for P1 CSI-RS would not be optimized because UE cannot use the Rx beam obtained from SSB, which makes UE consume more time and energy to train its Rx beam based on P1 CSI-RS.
If there is no explicit QCL relation between SSB and P1 CSI-RS, UE would have to conduct two independent beam managements which may end up with conflict with each other.  When P1 CSI-RS based beam tracking fails, UE cannot fallback to SSB-based Rx beam without going through RLF.
<<< End of change 2 >>>
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2x2 array, SNR = 6dB, RSRP uncertainty range = 4dB



SSB Codebook = 4 Beams, CSIRS Codebook = 16 Beams
SSB Codebook = 8 Beams, CSIRS Codebook = 16 Beams
SSB Codebook = 4 Beams, CSIRS Codebook = 32 Beams
SSB Codebook = 8 Beams, CSIRS Codebook = 32 Beams
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4x1 array, SNR = 13dB



4 SSB, 16 CSIRS
8 SSB, 16 CSIRS
4 SSB, 32 CSIRS
8 SSB, 32 CSIRS
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4x1 array, SNR = 6dB, RSRP uncertainty range = 2dB
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4x1 array, SNR = 13dB, RSRP uncertainty range = 2dB



SSB Codebook = 4 Beams, CSIRS Codebook = 16 Beams
SSB Codebook = 8 Beams, CSIRS Codebook = 16 Beams
SSB Codebook = 4 Beams, CSIRS Codebook = 32 Beams
SSB Codebook = 8 Beams, CSIRS Codebook = 32 Beams










-0.5 0 0.5 1 1.5 2 2.5 3

50-tile EIRP loss between SSB and CSIRS

0

10

20

30

40

50

60

70

80

90

100

C

D

F

 

(

%

)

4x1 array, SNR = 13dB, RSRP uncertainty range = 2dB

SSB Codebook = 4 Beams, CSIRS Codebook = 16 Beams

SSB Codebook = 8 Beams, CSIRS Codebook = 16 Beams

SSB Codebook = 4 Beams, CSIRS Codebook = 32 Beams

SSB Codebook = 8 Beams, CSIRS Codebook = 32 Beams


image12.emf



-1 0 1 2 3 4 5 6 7
50-tile EIRP loss between SSB and CSIRS



0



10



20



30



40



50



60



70



80



90



100
C



D
F 



(%
)



4x1 array, SNR = 6dB, RSRP uncertainty range = 4dB
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NZP-CSI-RS-ResourceSet information element.

—— TAG-NZP-CSI-RS-RESOURCESET-START.
NZP-CSI-RS-ResourceSet SEQUENCE {v
nzp-CSI-ResourceSetId NZP-CSI-RS-ResourceSetId,«
nzp-CSI-RS-Resources SEQUENCE (SIZE (1..maxNrofNZP-CSI-RS-ResourcesPersSet))
zepetition ~  ENUMERATED { om, off }
aperiodicTriggeringoffset INTEGER (0. . 6)
trs-Info ENUMERATED {true}

cee

Yo

OF NZP-CSI-RS-Resourceld,«
OPTIONAL,
OPTIONAL,
OPTIONAL,

Y
-— Ne,
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NZF-Col-Ko-Kesource Information element-

ART

NZP-CSI-RS-Resource

SEQUENCE {«

nzp-CSI-RS-Resourceld NZP-CSI-RS-Resourceld,«

resourceMapping CSI-RS-ResourceMapping, <

powerControlOffset INTEGER (-8..15),¢

powerControlOffsetss ENUMERATED{db-3, db0, db3, dbé} OPTIONAL, —-- Need Re¢
scramblingID ScramblingId,«

periodicityAndoffset CSI-ResourcePeriodicityAndoffset OPTIONAL, -- Cond
-- Cond
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k Conditional Presence- Explanation-

Periodic- The field is optionally present, Need M, for periodic NZP-CSI-RS-Resources (as indicated in CSI-ResourceConfig). The field
is absent otherwise.-





