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Introduction
In RAN1#87 [1], RAN1#87bis [2] and RAN1#88bis [3], the following agreements were made respectively regarding the DL PRB bundling:
Agreements:
· For DL data, support at least a PRB bundling size for precoding equal to a specified value
· FFS whether specified value is system BW dependent
· FFS: Supported values 
· Study further including at least the following:
· FFS PRB bundling size linked to resource allocation granularity (e.g. RBG, etc.)
· FFS whether or not a PRB bundling size equals to all the contiguous scheduled PRBs
· FFS the case of reciprocity based operation
· FFS whether or not a PRB bundling size equals to a configured value(s) irrespective of scheduled PRBs

Agreements:
· For the DL, NR supports configurable PRG size for data DMRS
· FFS: Signaling for the configuration of PRG size (semi-static or dynamic)
· FFS: available options/schemes.
· FFS: continuous precoding in time domain for DMRS channel estimation with the following examples:
· Semi-static measurement window
· Dynamic indication of precoding sets
· Support of continuous precoding when gNB supports slot aggregation
· Contiguous time allocations 
· FFS: multiplexing of DMRS ports using time domain OCC between aggregated slots
· Note: Consider impact of DMRS pattern
· Note: Other code is not precluded.
Agreements:
· For PRB bundling of data channel
· Support common design for PRB bundling for different scenarios, e.g.  channel reciprocal or non-reciprocal, different Tx/Rx beamforming, etc:
· Specify common PRB bundling size set for all scenarios
· FFS: Different PRB bundling size sets for different BWs
· Specify common indication procedure for all scenarios
· The following PRB bundling sizes are studied: 
· Specified value(s) X: 
· FFS X 
· FFS whether more than one value is needed.
· Strive for value aligned with resource allocation granularity 
· Contiguous allocated PRBs when at least Y contiguous PRBs are allocated. FFS: values of Y;
· Scheduled BW dependent, FFS the relationship
· Values equal or larger than scheduled BW
· FFS different transmission schemes may be related to different subsets of PRB bundling configurations
· Others are not precluded;
· Support UE specific PRB bundling size indication:
· FFS: RRC configured with a subset, DCI dynamically indicated
· DCI overhead should be considered; 
· MAC CE can be considered if the number of subset elements are large, details FFS

In this contribution, we present our views on the size of the PRB bundling for downlink.  
PRG equals to a “specified value”
Several considerations need to be taken into account to decide the PRG values that NR should support. 
· The motivation of a small PRG size is to allow for the serving base station to perform a more frequency selective precoding and generally achieve higher MIMO gains. 
· However, small PRG size could lead to worse channel estimation performance at the UE, which could result in a wash-out of any additional MIMO gains achieved by a more frequency selective precoding. 
· As we will see in the numerical section of this paper, using a PRG of 1 or 2 typically only results to losses compared to a larger PRG, especially due to the channel estimation loss, even if we consider genie SVD precoding on the downlink.
· Even though introducing some flexibility on the supported PRG sizes could generally have its merits, such options should not introduce unnecessary complexity without providing solid reasoning under some scenarios of interest. 
· Supporting different values of PRG for any scenario would lead to an unnecessary implementation complexity without any obvious gains, especially if such PRGs will only possibly lead to gains if they are applied to a well-matched channel with a specific delay spread. 
· In the numerical section of this paper we show that for both channels with small and large frequency selectivity (from 100 to 1000 nsec RMS DS, both TDL and CDL channels) and several different allocations, supporting one fixed value would get most of the throughput gains, and therefore having the option of more PRG sizes only adds unnecessary implementation complexity, and potentially performance losses in case of mismatched decisions. 
· Supporting different value for PRG as a function of system, or UE bandwidth does not have a clear gain except the fact that it needs to divide the RBG that was chosen. 
· Note that the dependency of RBG (resource block granularity) from the UE bandwidth cannot be avoided due to the limited number of bits in the DCI. However, the specified value of the PRG can still be just one value that divides the different RBG choices.
· RAN1 already agreed that NR shall strive for value aligned with resource allocation granularity, which does not necessarily mean that there is a need of multiple specified values for PRG.
· If for example RBG is chosen to be multiples of 4 depending on the UE bandwidth, then there is no need to have a PRG of 3 for example. 
· Having PRG=4 as a default mode of operation along with RBG values that are multiple of 4 would allow for a clean and simple design for both SU-MIMO and MU-MIMO operations without losing performance across a wide variety of channels and scenarios as shown in the numerical section of this paper. Note that such a clean solution would be very appropriate from inter-cell interference coordination, noise estimation at the UE, and MU-pairing. 
· Depending on the outcome of Transmission Scheme 2 (TS2) maybe an additional specified value might be needed to be associated with the TS2 operation. For example, if TS2 is per-PRB precoding cycling, then the option of PRG=1 might also be needed to be associated with that specific transmission scheme. 
PRG equals to “contiguous scheduled PRBs”
When the PRG is configured to be equal to the “contiguous scheduled PRBs”, the UE will potentially perform wideband channel estimation over the contiguous scheduled PRBs, and the network could either use a constant precoder over all the scheduled PRBs, or it can use any other per-tone precoding design (or differently stated per-tone frequency selective precoding designs) over such allocations. Such a configuration comes with the following benefits:
· More flexibility is given to the network for precoding designs and MU-MIMO pairing of the users.
· For example, the network can schedule UEs on the same allocation and signal to them that the PRG equals to the allocation they have been scheduled. 
· Note that in this scenario the network is not required to keep the same precoder across consecutive subcarriers. In such a regime, the precoding matrices can be optimized even further compared to the case that PRG is a fixed number. 
· Note that the network still has the option to design a constant precoder if channel state information at the transmitter is not of high enough granularity or if it finds unnecessary to design per-tone precoders.  
·  The UEs can perform wideband channel estimation across all the scheduled PRBs which could potentially lead to energy savings or better throughput performance in some scenarios. 
· The UE can take advantage of the continuity of the effective channel and perform a FFT-based channel estimation if the allocation is large enough such that it is justified to choose such an algorithm over a narrowband channel estimation method.
· When the PRG equals to all the scheduled PRBs the UE can still perform any narrowband channel estimation, or a narrowband sliding window channel estimation procedure. 
· Furthermore, note that if the network indeed chooses to employ a per-tone cloed-loop continuous precoding design, the effective channel can potentially have a significantly compressed delay spread which could allow also for wideband CSI reporting. This has additional benefits from energy-efficiency standpoint at the UE.
· In scenarios of constant precoder, wideband closed-loop or open loop precoder, significant gains can be exploited by a wideband-based CE procedure (FFT-based, time-domain processing) compared to a narrowband CE procedure (narrowband, frequency-domain processing). Such gains are important especially for scenarios of low geometries, and we provide numerical results in the next section to demonstrate such cases.
· Note that such an option could also be associated with the transmission scheme 2, depending on the outcome of TS2 discussion in RAN1. For example, if SCDD is agreed, then the PRG needs to be equal to all the PRBs that have been scheduled, in which case, there is no need for a restriction of the PRG size. 
Observations based on the numerical results
In Section 7 we provide numerical results for both CDL and TDL channels for rank adaptation with link adaptation for a system with 8 or 16 antennas at the transmitter and a receiver with 2 or 4 receive antennas, for scenarios of 1 and/or 2 symbol DMRS. Based on these numerical results, we make the following observations. 
Observation 1: Using a carefully-optimized fixed PRG size could provide a good trade-off of beamforming granularity and channel estimation quality across a wide range of channel conditions.
Observation 2: Dynamically changing the PRG size, e.g., depending on the channel conditions, does not lead to clear performance gains and is likely to lead to performance losses considering channel mismatches.
Observation 3: When PRG is configured to a fixed value, a value of 4 provides a good trade-off of beamforming granularity and channel estimation quantity across a wide range of channel conditions.
Observation 4: Wideband channel estimation procedures may provide performance gains over narrowband channel estimation procedures in scenarios of constant/open-loop precoding
Other PRG configurations discussion
There is an ongoing discussion to support a PRG larger than the scheduled allocation, which would be enabled by transmitting DMRS outside the scheduled allocation. Such a configuration is motivated by the fact that the UE could perform wideband CE procedure, even though it is allocated a smaller portion of the bandwidth. Even though we understand the motivation, which is the same motivation that led to our proposal on configuring the PRG to be equal to the UE’s contiguous scheduled PRBs, we still think that there are no clear gains that justify decoupling the DMRS allocation from the PDSCH allocation. 
To be specific,
· Adding DMRS outside the allocation could potentially result to smaller loss due to the edge channel estimation. However, when at least 2 or more PRBs have been configured, such edge effect is not a crucial problem. 
· The spec impact of transmitting DMRS outside the allocation is non-trivial, especially if we consider that only limited gains are expected, and these gains only for very small allocations with high delay spread channels and high geometries.  In other words, such a solution has a large spec impact and small value or performance gain compared to the case that DMRS is scheduled always together with the corresponding data. 
· It uses DMRS resources that could potentially be used for other’s UE transmission. From a system-level perspective, it is not clear whether any gains could be achieved from scheduling wideband DMRS, since these DMRS resources will not be available for scheduling other users.
For the above reasons we propose not to support the option of DMRS to be scheduled outside the assigned data allocation. Based on the above observations and numerical studies we propose:
Proposal 1: For NR DL, PRG is configurable to:
A) The specified PRG value is equal to 4
a. FFS: other values
B) PRG equals the size of UE’s contiguous scheduled PRBs when at least X contiguous PRBs are allocated to the UE.
a. FFS: the value of X
[bookmark: _Ref378529477]Conclusions
We propose:

Proposal 1: For NR DL, PRG is configurable to:
C) The specified PRG value is equal to 4
a. FFS: other values
D) PRG equals the size of UE’s contiguous scheduled PRBs when at least X contiguous PRBs are allocated to the UE.
a. FFS: the value of X
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Appendix
Numerical Comparison
Numerical study: wideband vs. narrowband CE
	Parameter
	Value

	FFT Size
	4096

	Numerology
	30 KHz SCS with NCP

	Assigned Bandwidth
	960, 2016 subcarriers (80 and 168 PRBs)

	Tx antenna configuration
	(4,4,2) 

	Rx antenna configuration
	(1,2,2)

	Number of layers
	Rank 1 and Rank 2

	Control Overhead
	1 OFDM symbols

	Coding
	3GPP Turbo LTE

	HARQ
	RV: 0,1,2,3

	TTI
	0.5 msec (14 OFDM symbols)

	Link Adaptation
	Target: 10% TB Error (1 bit ACK/NAK per TTI), SCW MIMO

	DMRS 
	Two full symbols preamble DMRS

	slot Structure
	12 DL symbols, 1 guard symbol, 1 uplink symbol

	Channel
	Doppler spread Fd = 11 Hz 

	MCS Table
	32 entries up to 256-QAM with rate 0.8889



We now provide for a TDL-C 300 nsec channel and 2-symbol front-load DMRS a comparison between an FFT-based wideband CE and a MMSE-based narrowband CE with PRG=4 PRBs for the scenario of constant open-loop precoder. Based on these results we observe that performance gains of FFT-based CE over a narrowband MMSE CE with PRG=4 increase as the PRB allocation increases due to smaller edge effect,  and the gain can be up to 1 dB in scenarios of low geometries.  
Rank 1
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Figure 2 TDL-C 300 nsec, 80 PRBs 
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Figure 3 TDL-C 300 nsec, 168 PRBs 
Rank 2
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Figure 5 TDL-C 300 nsec, 80 PRBs 
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Figure 6 TDL-C 300 nsec, 169 PRBs 
Numerical study: PRG choice using TDL channels
We now provide link-level throughput comparison results for a sub-6 GHz TDD system with SCS 30 KHz NCP, 2 symbol preamble DMRS, with TTI of 500 usec, 1 symbol SRS in each TTI, 8 Tx antennas at the base station and 2 antennas at the UE with link and rank adaptation. Channel state information at the transmitter is acquired through reciprocal sounding and realistic SRS estimation is being used. Details on the simulation parameters can be found in Table 1 in the Appendix.
We assume that the UE is operating in a specific bandwidth and compare the throughput of the following cases:
· Different PRG sizes (2 PRBs, 4 PRBs, 6 PRBs) with constant Closed-Loop precoder (as described in Section 5.2.1) inside the PRG and narrowband channel estimation at the UE in each PRG separately. 
· Constant closed-loop precoder inside the scheduled PRBs and wideband channel estimation at the UE across all the scheduled PRBs.
· Open loop precoder inside the scheduled PRBs and wideband channel estimation at the UE across all the scheduled PRBs.
· A per-tone continuous precoding design, a PRG equal to the scheduled PRBs and wideband channel estimation at the UE across all the scheduled PRBs.

We summarize the simulation parameters of the numerical example shown above in the following table
	Parameter
	Value

	FFT Size
	4096

	Numerology
	30 KHz SCS with NCP

	Assigned Bandwidth
	108, 360, 720, 1080, 1440, 2880 subcarriers

	Number Tx antennas
	8

	Number Rx antennas
	2

	Number of layers
	Rank Adaptation (Layers 1 and 2) 

	Control Overhead
	No control

	Coding
	3GPP Turbo LTE

	HARQ
	RV: 0,1,2,3

	TTI
	0.5 msec (14 OFDM symbols)

	Link Adaptation
	Target: 10% TB Error (1 bit ACK/NAK per TTI)

	DMRS 
	Two full symbols preamble DMRS 

	slot Structure
	12 DL symbols, 1 guard symbol, 1 uplink symbol

	Uplink Symbol
	2 antenna SRS wideband sounding in a comb structure

	Channel
	Doppler spread Fd = 5 Hz and low corr 

	MCS Table
	18 entries up to 256-QAM with rate 0.8813
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Figure 7 TDL-C 50 and 300 nsec, 21.6 MHz allocation throughput comparison. 
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Figure 8 TDL-C 50 and 300 nsec, 43.2 MHz allocation throughput comparison
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Figure 9 TDL-C 300 nsec, 4.32 and 8.64 MHz allocation throughput comparison
Based on this study we make the following observations:
· Using a carefully-optimized fixed PRG size could provide a good trade-off of beamforming granularity and channel estimation quality across a wide range of channel conditions. For example in Figure 3 and 4, we see that for both TDL-C 50 nsec and 300 nsec using a PRG of 4 is a good choice for an allocation of the order of 20 MHz.  
· In other words, dynamically changing the PRG size depending on the channel conditions does not have throughput performance gains and can potentially lead to performance loss. It is possible to choose one optimized value with an additional option of configuring the PRG to be equal to the scheduled PRBs for reasons explained in the following bullets. 
· Configuring the PRG to be equal to the contiguously scheduled PRBs is partially motivated by the additional flexibility that it entails in choosing a wideband channel estimation at the UE while achieving at least the same throughput performance even in scenarios of per-tone closed loop precoding designs.
·  Such PRG configuration could result in a similar performance to the scenario that the PRG is optimized while allowing the UE to perform a wideband channel estimation procedure. 
· For scenarios of wideband constant precoder, the gains of wideband CE over the narrowband CE were shown in previous section.
Numerical study: PRG choice using CDL channels
We also provide additional results with CDL channels with 8, 16 Tx antennas at the eNB and 4 antennas at the UE with genie knowledge of the SRS at the eNB side, and MMSE-type of DMRS channel estimation at the receiver. Results can be found in the Appendix.
We summarize the simulation parameters of the numerical example shown above in the following table
	Parameter
	Value

	FFT Size
	2048

	Numerology
	30 KHz SCS with NCP

	Assigned Bandwidth
	288 subcarriers

	Tx antenna configuration
	(8,4,2) or (4,4,2) 

	Rx antenna configuration
	(1,2,2)

	Number of layers
	Rank Adaptation (Layers 1-4)

	Control Overhead
	2 OFDM symbols

	Coding
	3GPP Turbo LTE, with 15 Decoding iterations

	HARQ
	RV: 0,1,2,3

	TTI
	0.5 msec (14 OFDM symbols)

	Link Adaptation
	Target: 10% TB Error (1 bit ACK/NAK per TTI), SCW MIMO

	DMRS 
	one or two full symbols preamble DMRS (4-comb structure with or without staggering) 

	slot Structure
	12 DL symbols, 1 guard symbol, 1 uplink symbol

	Uplink Symbol
	2 antenna SRS wideband sounding in a comb structure

	Channel
	Doppler spread Fd = 11 Hz 

	MCS Table
	32 entries up to 256-QAM with rate 0.8889
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Figure 10 DMRS patterns used for evaluation
16 Tx – 4 Rx
One symbol DMRS
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Two symbol DMRS
 [image: ]
[image: ]
[image: ]

8 Tx – 4 Rx
One symbol DMRS
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Two symbol DMRS
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11.11 Hz  RMS DS: 300 nsec, Allocated PRBs: 24 DMRS_SYMB_IDX: 3 Genie SRS.
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SIM_TAG=NUM_TX_ENB: 8, NUM_RX_UE: 4, SCS: 30 KHz , ChaP: CDL-C  Fd: 

11.11 Hz  RMS DS: 1000 nsec, Allocated PRBs: 24 DMRS_SYMB_IDX: 3 Genie SRS.
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SIM_TAG=NUM_TX_ENB: 8, NUM_RX_UE: 4, SCS: 30 KHz , ChaP: CDL-B  Fd: 

11.11 Hz  RMS DS: 100 nsec, Allocated PRBs: 24 DMRS_SYMB_IDX: 3,4 Genie SRS.
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SIM_TAG=NUM_TX_ENB: 8, NUM_RX_UE: 4, SCS: 30 KHz , ChaP: CDL-C  Fd: 

11.11 Hz  RMS DS: 300 nsec, Allocated PRBs: 24 DMRS_SYMB_IDX: 3,4 Genie SRS.
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SIM_TAG=NUM_TX_ENB: 8, NUM_RX_UE: 4, SCS: 30 KHz , ChaP: CDL-C  Fd: 

11.11 Hz  RMS DS: 1000 nsec, Allocated PRBs: 24 DMRS_SYMB_IDX: 3,4 Genie 

SRS.
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