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Introduction
In RAN1#87 [1], DL and UL the following agreements were made respectively regarding the 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:
· Study further the PRB bundling size for precoding for UL data
· DFT-S-OFDM based transmissions
· Consider the case of contiguous scheduled PRBs and non-contiguous scheduled PRBs (if supported)
· Consider the impact due to UL DM-RS design
· CP-OFDM based transmissions
· Considering aspects related to non-reciprocity based CP-OFDM transmission (if supported) and reciprocity based CP-OFDM transmission (if supported)

In this contribution, we present our views on the size of the PRB bundling for both downlink and uplink.  
Discussion
The notion of precoding resource block group (PRG) was introduced in LTE to configure the precoding granularity in the frequency-domain and facilitate the channel estimation at the UE by allowing it to perform channel estimation across a group of consecutive physical resource blocks (PRBs). In LTE, the precoding resource block group (PRG) was chosen a function of the system bandwidth with possible values of 1, 2, 3, 2 for a system bandwidth of 1.4 MHz, 3-5 MHz, 10 MHz, >10 MHz respectively. 
Furthermore, in LTE, the notion of Resource Block Group (RBG) was used to divide the available resource blocks into multiple groups for allocation purposes. The relationship between the number of resource block in a RBG and the system bandwidth is as follows:
	System BW (MHz)
	RBG Size

	1.4
	1

	3
	2

	5
	2

	10
	3

	15
	4

	20
	4



In this document we present our views on the values of PRG that NR should support and how it relates to the RBG and per-tone precoding designs.
PRG sizes considerations
Several considerations need to be taken into account to decide the PRG values that NR should support. 
First, a small PRG size allows 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. Identifying good PRG choices therefore in general depends at least on the following parameters: 
· frequency selectivity of the channels,
· DMRS channel estimation quality, 
· channel state information knowledge at the transmitter.

Second, even though introducing some flexibility on the supported PRG sizes could generally have its merits with respect to performance, such options should not introduce unnecessary complexity without providing clear and solid gains under some scenarios of interest. For example, supporting many different values of PRG for any scenario would lead to an unnecessary implementation complexity without any obvious gains. In the numerical section of this paper we show that for both channels with small and large frequency selectivity and several different allocations, supporting one or two fixed values would get most of the throughput gains, and therefore having the option of many more PRG sizes only adds unnecessary implementation complexity. 

Third, supporting a different value for PRG and RBG does not lead to any obvious gains. As it was described in the previous section, in LTE the value of RBG and PRG were not the same for a system bandwidth of 15 MHz or 20 MHz, which does not have any clear reasoning behind it. As it is shown in the numerical section of this paper, for large bandwidth allocations, setting a PRG to 2 rather than 4 would typically lead to performance loss even in scenarios of large frequency selectivity.
Forth, we believe that making the PRG size dependent on the UE’s operating bandwidth, rather than system bandwidth, has its merits for NR. For example, in NR a UE may have partial-band CSI-RS and SRS, and it may be configured to operate on a 20MHz partial-band, instead of the whole system bandwidth, e.g., 80MHz, in which case the PRG size makes sense to depend on the size of the partial-band that this UE is operating on and not on the system bandwidth. 
Fifth, since NR is envisioned to operate in many different deployment scenarios, carrier frequencies and numerologies, the PRG could potentially depend on the numerology if strong cases with clear performance benefits arise. We believe that it is likely such cases will not be identified because the numerology and the RB span in Hz typically will be chosen to match well the delay spreads of each deployment scenario, in which case also a fixed PRG size could be enough.
Considering the above and the numerical study shown in Section 6, we propose the following:
· PRG is a fixed number that depends either of the system bandwidth or the UE’s operating bandwidth. The supported value shall be the same across numerologies.  
· PRG can be equal to the size of the contiguous scheduled PRBs assuming that the UE is scheduled a large-enough contiguous PRBs. In this configuration, the UE could perform wideband channel estimation across all the contiguous allocation. More studies will be needed to agree on the what should be the minimum value of contiguous RB allocation.
Switching between those two configurations, would only require one bit of control (i.e., PRG is equal to a pre-agreed number or to the scheduled PRBs), and it will be FFS whether this needs to be dynamically or semi-statically configured.
PRG equals to “contiguous scheduled PRBs”
When the PRG is configured to be equal to the “contiguous scheduled PRBs”, the UE will assume that it can 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 continuous 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. 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. Specifically, 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. Note that 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, if the network indeed chooses to employ a per-tone continuous precoding design, the effective channel can potentially have a significantly compressed delay spread which could allow for wideband CSI reporting. This has additional benefits from energy-efficiency standpoint at the UE.

Proposal 1: For CP-OFDM waveforms, PRG is configurable to two options:
1. PRG is a fixed number that depends on UE’s operating or system bandwidth, or on the RBG size.
1. PRG equals the size of UE’s contiguous scheduled PRBs when at least X contiguous PRBs are allocated to the UE.
1. FFS: the value of X, and which shall be the value of PRG when fewer contiguous PRBs are allocated.
 Numerical Comparison
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.
· The continuous precoding design described in Section 5.2.2, a PRG equal to the scheduled PRBs and wideband channel estimation at the UE across all the scheduled PRBs.

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 a clear and evident throughput performance gains that justify the additional implementation complexity. It is possible to choose one optimized value that could depend on system bandwidth (as it was the case in LTE) or UE’s operating bandwidth, with an additional option of configuring the PRG to be equal to the scheduled PRBs for reasons explained in the following bullets. 

Observation 1: Dynamically changing the PRG size, e.g., depending on the channel conditions, does not lead to clear throughput performance gains that justify the additional implementation complexity at the receiver side.
Observation 2: When PRG is configured to a fixed value, a value of up to 4 provides a good trade-off of beamforming granularity and channel estimation quantity across a wide range of channel conditions.
Proposal 2: When PRG is configured to a fixed value, a value of up to 4 shall be supported.
· Configuring the PRG to be equal to the 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 as shown in Figure 3 and 4 (and more Figures in the Appendix). 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. 
· Observe that if the base station uses a constant precoder across the whole allocation, the throughput is significantly lower compared to the case that the smoothed precoder is used. This exemplifies that indeed a per-tone precoding method can be used by the network and achieve high throughput even when the UE performs a wideband channel estimation, if this precoder has been carefully designed. 
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Figure 3 TDL-C 50 nsec, 21.6 MHz allocation throughput comparison. 
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Figure 4 TDL-C 300 nsec, 21.6 MHz allocation throughput comparison. 
The throughput plots for different allocations are shown in the Appendix.
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In summary, we conclude:
Observation 1: Dynamically changing the PRG size, e.g., depending on the channel conditions, does not lead to clear throughput performance gains that justify the additional implementation complexity at the receiver side.
Proposal 1: For CP-OFDM waveforms, PRG is configurable to two options:
A) PRG is a fixed number that depends on UE’s operating or system bandwidth, or on the RBG size.
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, and which shall be the value of PRG when fewer contiguous PRBs are allocated.
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Observation 2: When PRG is configured to a fixed value, a value of up to 4 provides a good trade-off of beamforming granularity and channel estimation quantity across a wide range of channel conditions.
Proposal 2: When PRG is configured to a fixed value, a value of up to 4 shall be supported
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Appendix
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, with 15 Decoding iterations

	Interleaving
	Frequency-domain Tone interleaving

	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 pilot overhead
	Two full symbols preamble DMRS 

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

	Uplink Symbol
	2 antenna SRS wideband sounding in a comb structure

	Demapper
	MMSE

	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 5 TDL-C 50 nsec, 43.2 MHz allocation throughput comparison
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Figure 5 TDL-C 300 nsec, 43.2 MHz allocation throughput comparison
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Figure 5 TDL-C 300 nsec, 4.32 MHz allocation throughput comparison
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Figure 5 TDL-C 300 nsec, 8.64 MHz allocation throughput comparison
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