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1.	Introduction
In RAN1#98bis meeting, several companies mentioned that frequency interleaving and time interleaving [1] can be exploited to achieve performance gain to support new numerologies. 
[bookmark: _Hlk25183387]In this contribution we propose a time and frequency interleaving method based on cross-row block interleaver (CRBI) for LTE-based 5G terrestrial broadcast systems. Numerical simulations are also provided to validate the effectiveness of the CRBI-based interleaver.
2.CRBI-based Interleaver
2.1 CRBI 


Figure 1 illustrates the basic idea of the CRBI. First, the input data are written column-wise into the interleaving memory with  rows and  columns. Second, the row indexes are reordered by

,






where , , and the interval . Finally, the REs are read out by row-wise according to the new order of rows. The row reordering operation in the CRBI is based on two processes including equidistant increment (when ) and initiation reselection (when ).




Given an -length input data, the rationale behind the CRBI is to increase the minimum span [2] within every  cells as large as possible. As we all known, the minimum span of an  traditional row-column block interleaver (BI)  is . For a CRBI, its minimum span can be given by

,








where denotes the minimum operation and  represents the minimum times of equidistant increment before initiation reselection. It can be seen that  decreases as  increases. Therefore the design of  aims to maximize the minimum between  and . Intuitively, we can observe that the CRBI largely improves the minimum span property of the interleaver, especially for big . This offers significant performance gain to support new numerologies.  



Figure 1: Example demonstrating the CRBI.
2.2 CRBI-based frequency interleaver





The CRBI-based frequency interleaver (CRBI-FI) interleaves the REs from an OFDM symbol using the CRBI. In particular, the column number of the CRBI-FI can be given by , where  denotes the number of codeblock per OFDM symbol. If the number of effective subcarriers used for data cells transmission within an OFDM symbol, denoted by, is not an integer multiple of a codeblock,dummy cells are inserted to the end of the data vector before CRBI and deleted after CRBI, where . It is worth noting that the proposed CRBI-FI can perform not only inter-codeblock interleaving but intra-codeblock interleaving, even interleaving a fraction part of a codeblock.
2.3 CRBI-based frequency interleaver with cyclic shift.
Considering the periodic deep fades in frequency, a method of cyclically shifting the elements of each row is added. Before the cross-row readout (after column-by-column writing), we shift the elements in recorded rows by certain shift offset S(), where S() can be given by

[bookmark: _GoBack]where N is the number of columns and  is the recorded row indexes from section 2.1.
In this way, we can avoid the influence of periodic fading in frequency domain and still keep the minimum span within a large range. The minimum span after cyclic shifting is given by

Our frequency interleaving method is described formally below in the following steps:
S1: The number of columns of the sub-block interleaver is N satisfying ;
S2: The number of rows of the sub-block interleaver is , where  is the number of data tones that are used for transmission of PMCH symbols;
S3: When  is not an integer multiple of a codeblock,  dummy cells are inserted to the end of the data vector before CRBI and deleted after CRBI;
S4: The elements are then written into the  matrix column-by-column;
S5: After column-by-column writing, cyclic shifting with specific offset S() is added to each row based on the recorded row indexes ;
S6: Obtain the interleaved data after reading the elements of the above  matrix by cross-row way.

2.4 CRBI-based time interleaver









The CRBI-based time interleaver (CRBI-TI) is operated over the frequency-interleaved REs, where the th row of the frequency-interleaved REs is circularly shifted to the left by . Here,  denotes the modulus operator and  denotes the column number of the time interleaver. Figure 3 demonstrates the idea of CRBI-TI, where , , and  etc. Moreover, each column corresponds to an OFDM symbol and . The row number of the CRBI-TI corresponds to .


Figure 2: Illustration of the CRBI-based time interleaving.
3. Performance analysis
3.1 Numerical results for frequency interleaving

The performance of frequency interleaving are evaluated for PMCH rooftop reception in MPMT scenarios. The simulation parameters are the same as those of PMCH frequency interleaving for rooftop reception in [1]. TABLE 1 shows the interleaver size and minimum span  of the row-column BI and CRBI-FI. Different from the row-column BI which has 9 and 15 columns [1], the CRBI-FI has 8 and 13 columns for TBS sizes of 45352 bits and 76208 bits respectively. That is, the column number of the CRBI-FI corresponds to the number of codeblock per TBS. It can be seen that the CRBI-FI has a much larger minimum span than the row-column BI in [1]. 
Figures 3 shows the BLER performance versus SNR for PMCH reception with and without frequency interleaving, where the row-column BI and CRBI-FI are included for comparison of frequency interleaving performance. The results verify the performance improvement by the use of frequency interleaving. Furthermore, the proposed CRBI-FI achieves a better BLER performance than the row-column BI in [1]. 
TABLE 1: Minimum span for BIs with frequency interleaving
	TBS
	Interleaver size
M*N
	


	
	Row-col BI
	CRBI-FI
	Row-col BI
	CRBI-FI
	CRBI-SHIFT-FI

	45352
	2475*9
	2785*8
	10
	153
	

	76208
	1485*15
	1714*13
	16
	155
	



[image: ]
Figure 3: BLER vs. SNR for PMCH numerology in TDL-B channel with 35µs of delay spread in a 10 MHz system bandwidth.
Observation 1: The CRBI- FI exhibits much larger minimum span and achieves a better BLER performance than the row-column interleaver. 
Proposal 1: The CRBI-FI with cyclic shift is specified for frequency interleaving of the PMCH numerology for rooftop reception.
3.2 Numerical results for time interleaving





The performance of time interleaving is evaluated for 100µs CP and 400us Tu with user speed of 120 kmph in LPLT scenarios. The simulations are conducted for TBS size of 9912 bits for 10 MHz bandwidth in the TDL-A channel model with 20µs delay spread. The RS pattern is Df=2 and Dt=2. Two row-column interleavers, where the number of columnsseparately equals the number of subframes  [1] and the number of OFDM symbols , are illustrated for performance comparison. For the CRBI-TI, the data cells per OFDM symbol are first frequency interleaved based on CRBI with size of . Then cyclic shift is applied to  columns. 

Figure 4 shows the gain of time interleaving for the new numerology. It can be seen that the proposed CRBI-TI outperforms obviously the one in [1] and offers a slight better performance than the row-column interleaver with.
[image: ]
Figure 4: BLER vs. SNR for PMCH numerology in a 10 MHz bandwidth with 120 kmph user speed.

Observation 2: The proposed CRBI-TI can achieve significant performance gain.
Proposal 2: CRBI-TI is specified for time interleaving of the PMCH numerology to improve the reception in mobile environments.
4. Summary
Observation 1: The CRBI- FI exhibits much larger minimum span and achieves a better BLER performance than the row-column interleaver. 
Observation 2: The proposed CRBI-TI can achieve significant performance gain.
we would like to propose as follows:
Proposal 1: The CRBI-FI with cyclic shift is specified for frequency interleaving of the PMCH numerology for rooftop reception.
Proposal 2: The CRBI-TI is specified for time interleaving of the PMCH numerology to improve the reception in mobile environments.
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