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Introduction
In RAN1 #88b meeting, the following agreements are achieved for PRB bundling size for NR DL MIMO transmission. 
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
· FFS: the presence of DCI field related to PRB bundling is configured by RRC; 
· FFS: Implicit signaling to inform PRB bundling size can be considered
· FFS UE feedback assisted PRB bundling size

In this contribution, we further discuss PRB bundling size for DL transmission.
Design Considerations
The main considerations for designing PRB bundling size mainly include the following:
· Channel characteristics:
· The gain of PRB bundling mainly comes from bundled RS processing in multiple PRBs. Typically, large delay spread would mean narrow coherent bandwidth. For such scenarios, PRB bundling size is not necessarily to be very large. For scenarios with smaller delay spread, PRB bundling size could be increased for the receiver to average out noise and improve channel estimation gain. 
· Here the channel is mainly effective channel after beamforming since DMRS would typically be pre-coded. When beamforming is applied across the PRBs, the frequency domain channel response would be relatively flat compared to the cases without beamforming, especially if phase continuous beamforming could be guaranteed. 
· Many other aspects raised from different companies could be categorized in this area:
· Changing of TRP: if UE is working under CoMP scenario, it is possible that UE might change TRP dynamically, thus the corresponding channels would be changed. This would influence choice of PRB bundling size.
· Channel SNR: Bundled processing of RS in multiple PRBs typically provides more gains in low SNR area. Thus for different SNR operation points, optimal PRB bundling size might be different. Obviously, operating channel SNR is part of channel information;
· Channel reciprocity: If channel reciprocity is satisfied, it is possible to design beamforming schemes with continuous phase in frequency domain. PRB bundling size could be as large as consecutively scheduled bandwidth.
· Tx side schemes
· Transmission schemes: different transmission schemes would have different precoding granularity and thus have different influence on possible channel estimation gains.
· For close loop transmission schemes, gNB Tx would rely on UE feedback to calculate the precoders. The granularity of UE reporting would influence PRB bundling size. 
· For open loop transmission schemes, different transmission schemes would imply different PRB bundling size. For example, the currently most supported three schemes are SFBC, small delay CDD and precoder cycling. For RB level precoder cycling (if supported), precoders need to be cycled between PRBs, thus PRB bundling size needs to be cycling granularity. For small delay CDD, PRB cycling could be as large as consecutive scheduled PRBs. For SFBC and RE level precoders cycling, there might be some variances of schemes that have different bundling size implication. These two schemes would typically need more than one DMRS port. For each port PRB bundling size could be as large as consecutive scheduled PRBs. But when SFBC or RE level precoders cycling is conducted together with RB level precoders cycling, PRB bundling size is also determined by cycling granularity.
· For reciprocity based transmission schemes, gNB side could gain channel responses in frequency domain with much finer granularity. Although it seems that precoders might change more frequently in frequency domain under such scenarios, it is still possible for the UE to construct the precoders in a phase continuous manner. PRB bundling size could be as large as consecutive scheduled bandwidth. But if such phase continuity could not be guaranteed due to e.g. MU-MIMO paring, then it would be necessary to reduce the PRB bundling size.
· MU-MIMO transmission: MU-MIMO pairing influences PRB bundling size through precoders. Typically, MU-MIMO schemes would be designed to be transparent to UE. One UE would not know whether there is another UE transmitting or which resources other UEs are using. If resource allocation is flexible enough to starts from anywhere, then it is possible UE would experience precoders in one RB maximizing SNR and in the next adjacent RB trying to lower interference to another UE. Precoders in these consecutive RBs would be very hard to maintain continuous with different precoding purposes. PRB bundling size would thus be influenced. 
· Coordinated multiple point transmission may indirectly influence PRB bundling size through above mentioned channel characteristics. Another influence is that the optimum bundling size for different layers might be different if non-coherent transmission is used.
· Resource allocation granularity and flexibility: 
· Resource allocation granularity also have influences on PRB bundling size. If in one transmission, resource allocation granularity is not a multiple of PRB bundling size or vice versa, then novel UE bundling behavior would have to be defined for the extra orphan resources within the resource allocation granularity. 
· Distributed resource allocation may also be supported in NR for frequency diversity. Such deign would require smaller PRB bundling size.
· System bandwidth has indirect influences on PRB bundling size through resource allocation granularity. For larger bandwidth, resource allocation granularity would typically be larger in order to reduce DCI overhead. From this perspective, system bandwidth or transmission bandwidth has indirect influence on PRB bundling size.
· RS patterns: 
· The frequency and time domain density of RS patterns influences PRB bundling size. Frequency domain filter relies on multiple RS samples to average out noise. When the time/frequency domain density is high enough, the gain of large PRB bundling size would be limited. 
· Rx side schemes:
· Different receiver side schemes would have different noise cancellation effect. There are mainly two kinds of receivers.
· Frequency domain filter: The simplest frequency domain filter is direct averaging through multiple RS samples. UE could also use advanced wiener filter if possible, but it would be complicated for UE to train the correlation matrix with time varying channels and burst traffic, especially for large PRB bundling size. 
· Time domain windowing is relatively simple compared to complicated advanced frequency domain filter. But the optimal window and corresponding window length may also vary for different channel conditions and PRB bundling size. Considering CP length as the largest possible delay spread would be the most secure choice, but this would reduce possible gains. 
· Due to above different choices of receivers, UE may expect different optimum PRB bundling size. For simple frequency domain filter, UE may consider relatively small PRB bundling size. For time domain windowing, large PRB bundling size would be beneficial because large PRB bundling size would reduce the effect of spilling.
· UE assisted DL PRB bundling size determination may also be beneficial. The exact channel condition and which receiver UE is envisioning is most knowledgeable to UE. When UE recommendation of DL PRB bundling size is fed back to gNB, gNB could leverage on such information to improve link level performance.

PRB Bundling Size Sets and Values
Previously, we have agreed that PRB bundling size related design should have the same framework, i.e., common set of PRB bundling size values and common indication procedures for all scenarios. 
One FFS point raised from some companies is that whether it is necessary to consider different sets for different bandwidth. It seems that there is no obvious gain for such design. Through above analysis, it is highly possible that there would be multiple values specified. RRC configuration would anyway be needed to reduce DCI overhead under such condition (in fact, it has been agreed that UE specific indication is supported). Defining multiple sets and restricting values for each set due to bandwidth configurations may only influence RRC signalling specification. Such restriction would make specification much more complicated and provide no gains. The only gain might be reducing number of possible configurations and save some overhead for RRC configuration. But RRC configuration is transmitted in data channel. Such saving would not be necessary. 
[bookmark: _Toc477871018]Defining multiple sets of values for different bandwidth provides no gains but rather complicate high layer signalling specification.
In the common set of PRB bundling sizes, specify multiple values targeting different bandwidth if one value for different bandwidth is not enough.
As agreed, the common set of values mainly include the following:
· Specific 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;
We further categorize above analysed considerations for needed values.
· X relatively small: 
· The following transmission schemes require small PRB bundling size:
· MU-MIMO pairing requires relatively small PRB bundling size for scheduling flexibility;
· PRB level precoder cycling;
· The following resource allocation requires small PRB bundling size:
· Flexible PRB resource allocation;
· Distributed PRB resource allocation;
· The following RS patterns need small PRB bundling size:
· RS frequency and time domain density relatively high;
· The following channel statistics need small PRB bundling size:
· Channel SNR high;
· The following Rx scheme needs small PRB bundling size:
· Simple frequency domain filter;
· X medium:
· PRB bundling size at comparable size to resource allocation granularity;
· PRB bundling size trading off the gains and losses between relatively small and large values of PRB bundling size;
· Consecutive allocated PRBs:
· The following transmission schemes requires larger PRB bundling size:
· Small delay CDD;
· SFBC/RE level precoders cycling;
· Reciprocity based transmission schemes;
· The following resource allocation has performance gain with larger PRB bundling size
· Localized PRB resource allocation;
· The following RS patterns need large PRB bundling size
· RS frequency and time domain density relatively low;
· The following channel statistics need larger PRB bundling size
· Channel SNR low;
· The following Rx schemes provides performance gain with large PRB bundling size:
· Time domain windowing;
· Values equal to or larger than bandwidth:
· These values are supported if DMRS transmission outside of scheduled bandwidth is supported;
Simulations are conducted in the next section for above observations.
From above discussion, we propose the following. Generally, the specific values X should be a multiple or a multiple division of resource granularity. The value 1 should be supported for PRB level precoders cycling and for the case that PRB bundling is turned off. One half of resource allocation granularity is supported for MU-MIMO pairing flexibility. Resource allocation granularity is supported to obtain more bundled processing gains for various cases.
At least the following values for X are specified in the common set of PRB bundling size.
i. 1, default assumption with PRB bundling turned off;
ii. Equal to one half of resource allocation granularity;
iii. Equal to resource allocation granularity;
Support PRB bundling size of consecutive scheduled PRBs.
FFS DMRS transmission outside of scheduled bandwidth. 

PRB Bundling Size Indication
As agreed, PRB bundling size would be UE-specifically indicated. Currently, one of the major controversial point is whether to support dynamic DCI indication or not, as in the following agreement.
· 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
· FFS: the presence of DCI field related to PRB bundling is configured by RRC; 
· FFS: Implicit signaling to inform PRB bundling size can be considered
According to our proposal above, there would typically be four values once resource allocation granularity is configured. One choice is to further select one value with RRC configuration and without any DCI dynamic configuration. The other choice would be to configure multiple values and dynamically select one of the values. The reason why dynamically selection is still needed is that:
· MU-MIMO pairing would be dynamic:
· In one slot, gNB may use the optimal phase continuous reciprocity based transmission for UE1, thus PRB bundling size indicated to UE1 is consecutive scheduled bandwidth. In the next slot, another UE2 may be scheduled together with UE1. Resources are highly possible to be partially overlapping for the two UEs. In the overlapping part of frequency resources, zero forcing or block diagonalization based precoding may be enabled to reduce interference between UE1 and UE2. While in the non-overlapping part, MRT based or SVD based transmission provides higher gain. It would be complicated to guarantee the phase continuity for precoders with above two different targets. Thus PRB bundling size needs to be reduced. Between adjacent slots, it is necessary to dynamically change PRB bundling size due to MU-MIMO pairing.
· Coordinated multiple point transmission would be dynamic:
· Switch between two transmission points would be dynamic for coordinated multi-point transmission. The channels between the two points to the UE would have low correlation and thus optimum PRB bundling size for the two points would be different. Dynamic switch of PRB bundling size is thus necessary for such dynamic switch between coordinated multi-points.
· Other scenarios, e.g. dynamic switch between transmission schemes (open loop and close loop transmission), also justify the needs of dynamic indication of PRB bundling size.
Thus we have the following proposal:
Support dynamically indicated PRB bundling size with at most two bits increase in DCI overhead. 


Evaluation Results
Bundled processing gain with different RS density
In the following, we show some simulation results with 100ns delay spread and 1000ns delay spread. The PRB bundling size is 1, 2, 4, 10 and 20. The density is 2, 4 and 6 Res per column of DMRS. The results are shown below. From the following simulation results, we have the following observation.
With increased DMRS density, the gain of increasing PRB bundling size is decreasing.
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PRB bundling size comparison under different SNR
In this section, we provide the following typical performance comparison of different PRB bundling size for time domain windowing bundled processing. It could be seen that the optimum PRB bundling size would vary for different SNR. At low, the optimum PRB bundling size is 20 PRBs. In the middle area, the optimum PRB bundling size is 10 PRB. While in high SNR, 4 PRB becomes the best one.

The optimum choice of PRB bundling size depends on the operating SNR point. 

[image: ]

PRB bundling size comparison with different beamforming schemes
In the following figure, we show the performance of different beamforming schemes. It could be seen that with ideal SVD precoders, the channel is flat. Thus performance of PRB bundling is improved compared with the case that identity precoders are applied, in which case channel would experience more troughs and peaks. 

There is more bundled processing gain for beamformed effective channel compared to the non-precoded channels. 

[image: ]
PRB bundling with time domain windowing vs frequency domain filter 
In this section, we provide simulation results comparing different bundling processing schemes. There are mainly two schemes: time domain windowing and frequency domain filtering. For time domain windowing, the window length largely affects channel estimation performance. For frequency domain filter, sliding window length of the filter also affects the performance. It could be seen that time domain filtering provides better performance, especially with aggressive choice of window length, low SNR performance is largely improved.
Another observation from the results is that there is very little gain when the PRB number is greater than 10.
With aggressive choice of time domain window length, the gain of time domain windowing is largely improved.
Even with time domain windowing, the gain of PRB bundling would be diminishing when PRB size is greater than 10.
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Conclusions
In this contribution, we provide our further evaluation and discussions on PRB bundling size based on previous agreements. The following observations are made
1. Defining multiple sets of values for different bandwidth provides no gains but rather                                       complicate high layer signaling specification.
With increased DMRS density, the gain of increasing PRB bundling size is decreasing.
The optimum choice of PRB bundling size depends on the operating SNR point.
There is more bundled processing gain for beamformed effective channel compared to the non-precoded channels.
With aggressive choice of time domain window length, the gain of time domain windowing is largely improved.
Even with time domain windowing, the gain of PRB bundling would be diminishing when PRB size is greater than 10.

We have the following proposals based on the analysis.
1. In the common set of PRB bundling sizes, specify multiple values targeting different bandwidth if one value for different bandwidth is not enough.
At least the following values for X are specified in the common set of PRB bundling size.
i. 1, default assumption with PRB bundling turned off;
ii. Equal to one half of resource allocation granularity;
iii. Equal to resource allocation granularity;
Support PRB bundling size of consecutive scheduled PRBs.
FFS DMRS transmission outside of scheduled bandwidth. 
Support dynamically indicated PRB bundling size with at most two bits increase in DCI overhead. 

[bookmark: _In-sequence_SDU_delivery]Simulation Assumptions
	Assumptions
	Value

	Carrier frequency
	4GHz

	Duplex
	FDD

	Subcarrier spacing
	15kHz

	Channel model
	CDL-A
•	delay spread =100ns, 1000ns
•	UE speed=3km/h.  
•	The angles of BS, i.e., AoD, ZoD, are uniformly distributed within [-60, 60] degrees in azimuth domain and [90, 135] degrees in zenith domain, and those of UE, i.e., AoA, ZoA, are uniformly distributed within [-180, 180] degrees in azimuth domain and [45, 90] in zenith domain, via applying uniform-distribution desired mean angle in Section 7.7.5.1 in TR 38.900 accordingly.

	BS antenna configurations
	(M,N,P,Mg,Ng) = (1,4,2,1,1). (dV,dH) = (0.5, 0.5)λ

	UE antenna configurations
	[bookmark: _GoBack](M,N,P,Mg,Ng) = (1,1,2,1,1). (dV,dH) = (0.5, 0.5)λ
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