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Introduction
Numerology decisions for NR are critical for a successful and efficient support of the wide range of deployment options, and for a flexible frame structure design that can be leveraged seamlessly both now and in the future across all services required to be supported by the new 5G RAT. NR provides a new opportunity to design minimum resource block (RB) unit to serve new deployment scenarios and new requirements. PRB definition was discussed in RAN1-86 and the following agreements/conclusions are made:
Agreements:
· PRB definition where the number of subcarriers per PRB is the same for all numerologies is supported
· Examples of the number of subcarriers per PRB for NR study are 12, 16
· Additional PRB definition with the different number of subcarriers is not precluded
Agreements:
· The number of subcarriers per PRB for NR study are 12, 16
Conclusions:
· RAN1 will down select the number of subcarriers per PRB in the next meeting

This contribution will focus on PRB size design discussion. Key benefits of clean-slate design of 16 REs per RB over 12REs per RB (as in legacy LTE) have been evaluated. A natural question people may ask: why changing LTE RB size of 12 to 16 in NR? We think the following two aspects are the main motivations for this power of 2 RB size proposal.
· First, it is known that 12 RE per RB causes some major pain in reference signal design. In NR, as the number of MIMO port to be supported scales further up (w/ max number of ports being power of 2), it is helpful to evaluate the benefit of clean-slate RB size design.
· Second, time-frequency resource defined by one 12RE RB in LTE may be different from that defined by NR in the context of self-contained frame structure. On the other hand, CRS may not always be available for data channel demodulation, which causes further chanEst performance loss due to DMRS, slightly increasing RB size in frequency can effectively balance available amount of resource and at the same time provide significant performance gain over 12RE RB in order to close the gap to LTE small packet performance (CRS based).
The benefits of 16 RE RB over 12 RE RB can be summarized as follows:
1) Reference signal design/processing consideration:
a. Facilitate low complexity FFT processing of uniform RS (e.g., CRS, CSI-RS, SRS, etc.)
b. Facilitate orthogonal multiplexing of RS (DMRS/CSI-RS) to support high order (MU-)MIMO
2) Small packet data performance:
a. Better chanEst performance based on per RB DMRS

More detailed discussions are presented in the following sections.
[bookmark: _Ref378529477]Low complexity FFT processing of RS
In RAN1-86, it was agreed that NR should study UE DL energy consumption in the following areas.

Agreements:
· Impact of UE DL reception energy consumption should be studied also considering the total power consumption mainly focusing on DoU
· e.g., UE decoding power consumption in the physical layer DL control blind decoding in lack of grant
· …
· e.g., UE decoding power consumption in the measurement
· UE power reduction techniques also should be studied

Wideband CRS processing takes up a pretty significant portion of PDCCH processing power and NB CRS processing also takes a big part of channel measurement processing as well. Therefore, it is highly desirable to reduce the complexity of the corresponding RS processing, especially in the case where not all the data tones in the symbol need be processed.
Assume FFT size equal to N is needed to obtain the total number of data tones in frequency domain. It is well known that data tones spaced by 2m can be extracted by FFT size equal to N/2m along with some time domain pre-processing.


As an example, suppose is time domain samples of OFDM signal. It can be shown that, even or odd interlace tones could be extracted by time domain processing followed by a smaller size FFT:

.





where ,   , n = 0, …, L-1, are time domain samples of even tones and  are time domain samples of odd tones.  From 2L samples of x(n),  and  can be derived easily via linear combination. They could in turn generate even and odd interlace tones based on size L FFT instead of size 2L FFT. Similarly, data tones spaced by 2m can be extracted by FFT size = N/2m along with some time domain pre-processing.
In order to enable such a low complexity FFT based RS processing, uniform power of 2 spacing RS pattern is highly desirable (from both transmitter and receiver processing point of view). On the other hand, it is also highly desirable to have RS tone location invariant with respect to the RB location, as a result, it is therefore desirable to have RB size be multiple of RS periods (also power of 2). Power of 2 REs per RB becomes necessarily naturally to enable uniform RS of power of 2 spacing with location invariant with respect to RB location. Such low complexity reduced FFT size RS processing will significantly reduce implementation complexity and power consumption such as measurement and PDCCH decoding without data decoding to meet new low power requirement for NR eMBB.
Complexity Analysis Example: Cell Measurement
An example of measurement FFT size: in LTE, center 6RBs are used for measurement and CRS tones spaced every 6 tones. 72 tones are extracted for NB measurement processing with FFT size = 128. Only 12 tones out of 72 per port is used for CRS processing, followed by small FFTs.
Alternatively, if RB size = 16, say center 4RB is used for measurement operation with every 4 tones per RB, then with the FFT trick described above, time domain samples can be combined to get 16 tones corresponding to the frequency domain 16 RS tones per port, which could be significant complexity reduction for measurement, especially for idle mode UEs.

Matched RB Size to RS design for high order MIMO
It is agree in RAN1-86 that orthogonal DL DMRS ports need to support up to 8-layer MIMO.
Agreements:
· ...
· At least 8 orthogonal DL DMRS ports is supported for SU-MIMO scheduling
· At least 8 orthogonal DL DMRS ports is supported for MU-MIMO scheduling
· …
DMRS port multiplexing should be designed to support 8 orthogonal ports, even when 1 RB is allocated for data transmission. To satisfy the requirements, the size of the resource block has to be chosen carefully. Suppose one OFDM symbol is allocated to DMRS transmission. When an RB spans 12 subcarriers in frequency, it is not possible to create 8 orthogonal ports using FDM, if we assign equal amount of resource to each antenna port. Also, if we employ cyclic shift based multiplexing, it is not possible to create 8 equi-spaced cyclic shifts. But, it can be easily done with the RBs with 16 tones.
Also, NR is required to support up to at least 8 antenna ports and could be up to 256 ports. Hence RB of size power of 2 tones naturally matches the maximum number of antenna ports to be supported in NR which facilitates DMRS/CSI-RS and SRS uniform spacing (also of power of 2) pilot design.
Per RB DMRS ChanEst Performance
First, we would like to elaborate on a few changes in NR compared to LTE which lead to changes in the assumptions. In NR, due to the self-contained frame structure, the available number of REs per transmission duration (SF in LTE and probably slot in NR) reduces in time. 
For example, in LTE, the number of data REs per RB is
· # of REs per RB = 14*12 – 12 – 12 (1 symb ctrl + 1 symb CRS) = 144
On the other hand, in NR, the number of data RE per RB is
· # of REs per RB = 14*16 – 16 – 16 (1 ctrl + 1 DMRS) – 16 – 16 (1 GP + 1 UL) = 160
Hence 16REs per RB naturally balance out the overall available payload. 16RE RB in NR is expected to provide similar granularity to 12RE RB in LTE, for typical small packet use cases such as VoLTE (K = 328 bits).

Secondly, in NR, DMRS based TM modes are expected to prevail in place of CRS based TM modes in DL. Also, as technology advances, more receiver antennas are expected at both UE and eNB sides. It is very important to ensure NR could achieve similar link-level performance to LTE for small packets. It is well known that DMRS chanEst incurs non-trivial performance loss compared with CRS, particularly in the case of small packet size where PRB bundling may not always be assumed. 

We now evaluated single RB DMRS chanEst performance for NR. The DMRS pilot pattern is illustrated in Figure 1 (for SCS = 30kHz, 12 vs. 16 REs per RB. Scaled LTE DMRS pilot pattern is also shown as a reference). It should be noted that the pilot pattern is selected in favor of small RB size already. As can be seen, the frequency resolution of this DMRS pattern is much denser than the scaled LTE DMRS pattern. It is expected that performance degradation of 12RE RB to 16RE RB will become even more pronounced than shown in the above table when sparser pilot pattern is used (e.g. to keep the same RS overhead and to be able to support higher Doppler). 



Figure 1. DMRS Pilot Pattern for Single RB ChanEst Performance Study

Performance loss of 12RE RB over 16RE RB is summarized in Table 1 below. There is consistently around 1dB loss of 12RE RB, for both open loop (OL) and closed loop  (CL) MIMO scenarios. Even with 8Tx CL beamforming (assuming perfect SRS sounding), 12RE RB still incurs 0.5~1dB loss compared with 16RE RB. With number of Rx larger than number of supported MIMO layers, and as the channel becomes more frequency selective, the loss widens to 2 and even 3 dB in some cases. 
More detailed performance simulation results can be found in the appendix.
Table 1. Summary of performance loss of 12RE RB to 16RE RB with single RB DMRS ChanEst
	Antenna Configuration
	MIMO Mode
	Rank
	Channel Type
	Performance loss of 12-RE RB to 16-RE RB

	2 Tx, 2Rx
	Open Loop
	1
	TDL-C, 50ns
	1.0~2.0dB

	2 Tx, 2Rx
	Open Loop
	2
	TDL-C, 50ns
	0.5~1.0dB

	2 Tx, 4Rx
	Open Loop
	2
	TDL-C, 50ns
	1.0~1.5dB

	2 Tx, 2Rx
	Open Loop
	1
	TDL-C, 300ns
	1.5~2.0dB

	2 Tx, 2Rx
	Open Loop
	2
	TDL-C, 300ns
	1.0~1.5dB

	2 Tx, 4Rx
	Open Loop
	2
	TDL-C, 300ns
	2.0~3.0dB

	8 Tx, 2Rx
	Close Loop
	2
	TDL-C, 50ns
	0.5~1.0dB

	8 Tx, 2Rx
	Close Loop
	2
	TDL-C, 300ns
	0.5~1.0dB



Other aspects of PRB discussions
BW utilization and RB alignment with LTE
One concern of having 16RE per RB is in the context of LTE band refarming and some coexistence scenarios whether NR could fully utilize the refarmed LTE resource. Note that, NR and LTE has different requirements in the spectrum utilization and NR is expected to have higher spectrum utilization than 90% as defined in LTE. Hence, there is no fundamental difference between 16RE per RB vs. 12RE per RB. Also, due to DC tone removal in NR central carrier, in the case of refrarming, PRB of NR will not be aligned with PRB of the original LTE anyways, even in the case of SCS = 15kHz.
Conclusions
Proposal: NR adopts 16 REs per PRB for both UL and DL at least for sub-6 eMBB. 
References
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Appendix
Detailed simulation assumption table and simulation results of per RB chanEst in Table 1 are plotted in the appendix.
Table 2: Simulation assumption of per RB chanEst
	Parameter
	Value

	Subcarrier spacing, CP overhead
	30 KHz, NCP

	Carrier Frequency
	4 GHz

	Scheduled Bandwidth
	One Resource block

	Channel Estimation
	Per-RB MMSE and noise estimation

	DMRS overheaed
	One or Two symbols Overhead

	Coding
	3GPP Turbo LTE, up to 256-QAM, with 7 Decoding iterations

	Frequency-domain Interleaving
	Per-symbol Bit-interleaver

	HARQ
	RV: 0,1,2,3

	Link Adaptation
	Target: 10% TB Error

	DMRS pilot pattern
	Preamble with TD-OCC
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Figure 2. Single RB Simulation Results
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Figure 3. Single RB Simulation Results
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Figure 4. Single RB Simulation Results
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Figure 5. Single RB Simulation Results
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Figure 6. Single RB Simulation Results
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Figure 7. Single RB Simulation Results
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Figure 8. Single RB Simulation Results
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Figure 9. Single RB Simulation Results
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