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Introduction and Background

In RAN1 NR Adhoc#3, RAN1 has concluded to have an email discussion regarding DMRS sequence for NR PBCH.

	Conclusions:
· Companies are encouraged to provide the following information on NR PBCH DMRS sequence until 28th July  in order to finalize the design – Daewon (Intel)
· Sequence generation related parameters
· Gold Code LFSR size
· Gold Code Polynomials
· initial state configuration
· output shift offset (e.g. Nc in LTE)
· Sequence Modulation
· Sequence mapping to NR PBCH DMRS RE positions
· Exact NR PBCH DMRS RE positions within the NR PBCH resource
· Some examples of the information are shown in R1-1711943



NR PBCH DMRS sequence generation

· Describe how DMRS is generated and mapped to REs
	LTE PN Code (example)
	Sequence generation



Pseudo-random sequences are defined by a length-31 Gold sequence. The output sequence  of length, where, is defined by 





where  and the first m-sequence shall be initialized with. The initialization of the second m-sequence is determined by initial value, , and computed as





	Sony
	Sequence generation
LTE PN code is reused for NR PBCH DMRS sequence generation.


	ITL
	Sequence generation
New PN code is proposed for NR PBCH DMRS sequence generation (actually common for all NR PHY channels and signals like LTE), since the number of bits for initialisation value of cinit is likely larger than 31 bits which is LFSR of Gold sequence in LTE. For example, 
- LTE PDSCH scrambling: 30bits (RNTI(16)+CW(1)+slot(4)+PCID(9))
[image: ]
- NR PDSCH scrambling (assuming same as LTE): 35bits (RNTI(16)+CW(1)+slot(8)+PCID(10))
In addition to that, there may be highly in demand to use more number of bits for initialization value for PN sequence depending on future NR discussion. So, we think it is right time to consider more number of bits for initialization value. However, if LFSR of Gold sequence is simply increased over 31, one concern is that it would cause higher computational complexity (i.e. 64-bits computation) than that of LTE.  Due to same reason, LFSR-31 Gold sequence has been adopted since LTE Rel-8. Accordingly, RAN1 has to consider the complexity issue as well as the necessity of increased initialization value for NR. 
To handle such design purpose, we think it is good choice to use large set of Kasami sequence with LFSR 30 (Degree of primitive polynomial M=30) which is extended version of Gold sequence. Large set of Kasami sequence is constructed by 3-polynomials when mod(M, 4) = 2 so that two initialization values (cinit_1, cinit_2) can be used for sequence generation. It can be briefly summarized as followings:


- The large set of Kasami sequence contains more number of sequences compared to Gold sequence (# of Kasami sequences : , # of Gold sequences: ).

- The maximum value of cross-correlation  is same as that of Gold sequence for even value of M. 
- Less computational complexity and keep LFSR size less than 31 (compared to case where increases LFSR of Gold sequence)

Proposed PN code:



Pseudo-random sequences are defined by a degree-30 Kasami sequence. The output sequence  of length, where, is defined by 




where  and the first m-sequence shall be initialized with. 


The initialization of the second m-sequence is determined by initial value, , . 


The initialization of the third m-sequence is determined by initial value, , 


	ZTE
	Sequence generation
Same as LTE PN Code.

	MediaTek 
	Sequence generation
Option 1: NR PBCH DMRS is BPSK modulated


The scrambling sequence  of length  for NR PBCH DMRS is defined by: 



where the initialization of the first LFSR is determined by initial value, , and computed as



The initialization of the second LFSR is determined by initial value, , and computed as


Option 2: NR PBCH DMRS is QPSK modulated


The scrambling sequence  of length  for NR PBCH DMRS is defined by: 



where the initialization of the first LFSR is determined by initial value, , and computed as



The initialization of the second LFSR is determined by initial value, , and computed as





	Samsung
	Sequence generation

Option 1: length-127 Gold-sequence
The sequence  to generate DMRS for NR-PBCH is given by frequency domain Gold-sequence with LFSR size 7. For ,



and the initial conditions are given by  and .

Option 2: length-255 Gold-sequence
The sequence  to generate DMRS for NR-PBCH is given by frequency domain Gold-sequence with LFSR size 8. For ,



and the initial conditions are given by  and .


	Intel

	Sequence generation Option 1



Pseudo-random sequences are defined by a length-63 Gold sequence. The output sequence  of length, where, is defined by 





where  and the first m-sequence shall be initialized with. The initialization of the second m-sequence is determined by initial value, , and computed as



Sequence generation Option 2



Pseudo-random sequences are defined by a two sequence generated with length-7 LFSR. The output sequence  of length, where, is defined by 




where the first m-sequence shall be initialized with,  the second m-sequence shall be initialized with, and shift values k1 and k2 are determined by part of the SS Block index within the SS burst set and physical cell ID. 


	LG Electronics
	Sequence generation
Same as LTE PN Code 


	Qualcomm
	Sequence generation
Reuse LTE PN code for NR PBCH DMRS sequence generation.

	CATT
	Sequence generation
Reuse LTE PN code for NR PBCH DMRS sequence generation.

	vivo
	Sequence generation
Reuse LTE PN code for NR PBCH DMRS sequence generation.

	InterDigital
	Sequence generation
Reuse LTE PN code for NR PBCH DMRS sequence generation.

	NTT DOCOMO
	Sequence generation
For NR-PBCH DMRS sequence generation, NR-SSS like BPSK-modulated Gold-sequence with truncation is used. 

Option 1: length-127 Gold-sequence
In this option, two length-72 sequences are generated and each sequence is mapped to each PBCH symbol. The sequence generation for two sequences is the same except for cyclic shifts (, ) and (, ) for each sequence.
The sequences  and  to generate NR PBCH DMRS sequence are defined as follows.
      
      

Two M-sequences  and   are generated by 
g0(x) = x7 + x4 + 1  and  g1(x) = x7 + x + 1
and the initial state is defined by x(0, 1, 2, 3, 4, 5, 6) = {1, 0, 0, 0, 0, 0, 0}.

Option 2: length-255 Gold-sequence
In this option, one length-144 sequence is generated and mapped to DMRS REs of two PBCH symbols in order of frequency domain first and time domain later.
The sequence  to generate NR PBCH DMRS sequence is defined as follows.
      
Two M-sequences  and   are generated by 
g0(x) = x8 + x7 + x6 + x5 + x2 + x1+ 1  and  g1(x) = x8 + x7 + x6 + x1 + 1
and the initial state is defined by x(0, 1, 2, 3, 4, 5, 6, 7) = {1, 0, 0, 0, 0, 0, 0, 0}


	Ericsson
	Sequence generation
LTE PN code

	HW
	Sequence generation
LTE PN code




NR PBCH DMRS sequence mapping 

· Describe how generated DMRS is mapped to REs within NR PBCH
	LTE DMRS port 5 (example)
	Figure



Sequence generation

the UE-specific reference-signal sequence  are QPSK modulated and is defined by






where  denotes the assigned bandwidth in resource blocks of the corresponding PDSCH transmission. The pseudo-random sequence  is defined in section 2 of this contribution. The pseudo-random sequence generator shall be initialised with  at the start of each subframe where  is as described in clause 7.1 3GPP TS 36.213 [4].

Mapping to resource elements



In a physical resource block with frequency-domain index  assigned for the corresponding PDSCH transmission, the reference signal sequence  shall be mapped to complex-valued modulation symbols , where k and l represent subcarrier and OFDM symbol index within a slot, in a subframe according to:





	Sony
	Figure



Sequence generation

The PBCH demodulation reference-signal sequence used for SS block index indication  are QPSK modulated and is defined by








where  denotes the bandwidth in subcarriers of SSS transmission,  denotes the bandwidth in subcarriers of the PBCH transmission, and  denotes the number of symbols for PBCH transmission within a SS block. The pseudo-random sequence  is defined in section 2 of this contribution. The pseudo-random sequence generator shall be initialised with  where  is 3 bits of SS block index.


The PBCH demodulation reference-signal sequence not used for SS block index indication  are QPSK modulated and is defined by



The pseudo-random sequence generator not used for SS block index indication shall be initialised with .

Mapping to resource elements


The PBCH demodulation reference-signal sequence used for SS block index indication  shall be mapped to complex-valued modulation symbols , where k and l represent subcarrier and OFDM symbol index within a SS block according to:






The PBCH demodulation reference-signal sequence not used for SS block index indication  shall be mapped to complex-valued modulation symbols , where k and l represent subcarrier and OFDM symbol index within a SS block according to:





	ITL
	Figure
[image: ]

Sequence generation

The PBCH demodulation reference-signal sequence  are QPSK modulated and is defined by




where  denotes the bandwidth in RBs of the PBCH transmission. The pseudo-random sequence  is defined in section 2 of this contribution. The pseudo-random sequence generator shall be initialised with 

-  and 


-  where  is 3 bits of SS block index.

Mapping to resource elements

As seen our Figure, the PBCH demodulation reference-signal sequence is mapped in frequency first then time-manner and is used for interference avoidance.



	ZTE
	Figure



Figure 1
Sequence generation
[bookmark: OLE_LINK49]
The DMRS sequence is divided into a Type 1 sequence and a Type 2 sequence:
-Type 1 sequence: depends on Cell ID.
-Type 2 sequence: depends on Cell ID and time index.
Type 1 and Type 2 sequences are mapped to different REs, according to Figure 1 above. Since Type 1 does not depend on the time index, it can facilitate channel estimation for coherent detection of the Type 2 sequence (which carries the time index), also on the RBs outside the SSS BW.
The definitions of the two types of sequence are given below.

2) Type 1 DMRS sequence

The Type 1 DMRS sequence , which does not carry the timing index, is defined by 






[bookmark: OLE_LINK4]where  denotes the length of the Type 1 DMRS sequence.  for DMRS density 1/4 and 12 RBs in the first PBCH symbol used for the Type 1 sequence, as in Figure 1. The pseudo-random sequence  is defined in section 2 of this contribution. The pseudo-random sequence generator can for example be initialised with , similarly to LTE.

1) Type 2 DMRS sequence

The Type 2 DMRS sequence , which carries the timing index, is defined by 








where  denotes the length of the DMRS sequence type 1.  for DMRS density 1/4 and 12 RBs in the first PBCH symbol and 24 RBs in the second PBCH symbol used for the Type 2 sequence, as in Figure 1. The pseudo-random sequence  is defined in section 2. The pseudo-random sequence generator can for example be initialised with  at each SS block similarly to LTE, where  denotes the number of timing indices, e.g.  when 3 bits of timing information is indicated by the DMRS sequence.

Mapping to resource elements



Type 1 sequence  and Type 2 sequence  are mapped on DMRS REs in the order of first frequency domain and then time domain. For different cells, they can be mapped onto resource elements with cell-specific frequency shift vshift = mod(Cell ID,4) in order to reduce the interference between neighbor cells at a certain probability.

	MediaTek
	Figure




Sequence generation
Option 1: NR PBCH DMRS is BPSK modulated

the NR PBCH DMRS  are BPSK modulated and is defined by



where the scrambling sequence  is defined in section 2 of this contribution (MediaTek BPSK). The pseudo-random sequence generator shall be initialised with

,

where  is the SS block time index.
Option 2: NR PBCH DMRS is QPSK modulated

The NR PBCH DMRS  are QPSK modulated and is defined by



where the scrambling sequence  is defined in section 2 of this contribution (MediaTek QPSK). The pseudo-random sequence generator shall be initialised the same way as described in the BPSK case.

Mapping to resource elements


In an SS block, the reference signal sequence  shall be mapped to complex-valued modulation symbols , where k and l represent subcarrier and OFDM symbol index within an SS block according to:



	Samsung
	Figure




Sequence generation

Option 1: length-72 DMRS sequence truncated from BPSK modulated length-127 Gold-sequence
DMRS sequence  for NR-PBCH is BPSK modulated and defined by 

where the sequence  is defined in Option 1 of Section 2 (i.e., frequency domain Gold-sequence with LFSR size 7) with initial conditions as


where  is the cell ID, and  is the SS block timing index carried by the DMRS sequence.

Option 2: length-144 DMRS sequence truncated from BPSK modulated length-255 Gold-sequence
DMRS sequence  for NR-PBCH is BPSK modulated and defined by 

where the sequence  is defined in Option 2 of Section 2 (i.e., frequency domain Gold-sequence with LFSR size 8) with initial conditions as


where  is the cell ID, and  is the SS block timing index carried by the DMRS sequence.

Mapping to resource elements

Option 1: length-72 DMRS sequence is mapped to the central 12 RBs, and its repetition is mapped the remaining 12 RBs
DMRS sequence  is mapped to resource element within SS block according to:
 and 
where 





Option 2: length-144 DMRS sequence is mapped to 24 RBs
DMRS sequence  is mapped to resource element within SS block according to:
 
where 





	Intel
	Figure
[image: ]

Sequence generation with Option 1

the UE-specific reference-signal sequence  are QPSK modulated and is defined by

,






where . The pseudo-random sequence  is based on Intel Option 1 defined in section 2 of this contribution. The pseudo-random sequence generator shall be initialised with  at the start of each SS block transmission instance, where   is the value represented by the 3 LSB bits of the SS Block index within the SS Burst Set, and  is the physical cell ID. In case SS Block index within the SS Burst Set only consist of 2 bits,  is the value represented by those 2 bits.


Sequence generation with Option 2

the UE-specific reference-signal sequence  are QPSK modulated and is defined by

,


where . The pseudo-random sequence  is based on Intel Option 2 defined in section 2 of this contribution. The cyclic shift parameter, k1 and k2, of the pseudo-random sequence generator shall be set with  

,



at the start of each SS block transmission instance, where   is the value represented by the 3 LSB bits of the SS Block index within the SS Burst Set, and  is the physical cell ID. In case SS Block index within the SS Burst Set only consist of 2 bits,  is the value represented by those 2 bits.

Mapping to resource elements with Option 1



In a physical resource block with frequency-domain index  assigned for the corresponding PBCH transmission, the reference signal sequence  shall be mapped to complex-valued modulation symbols , where k and l represent subcarrier and OFDM symbol index within a SS block, in a subframe according to:





Mapping to resource elements with Option 2



In a physical resource block with frequency-domain index  assigned for the corresponding PBCH transmission, the reference signal sequence  shall be mapped to complex-valued modulation symbols , where k and l represent subcarrier and OFDM symbol index within a SS block, in a subframe according to:



,

where is the number of OFDM symbols for PBCH.



	LG Electronics
	Figure



Sequence generation

The reference-signal sequence  are QPSK modulated and is defined by



The pseudo-random sequence  is defined in section 2 of this contribution. 



The pseudo-random sequence generator shall be initialised with  where  is the index for SS/PBCH block within SS/PBCH block group,  is the cell identification, and HF is the index {0, 1} for half frame indication.

Mapping to resource elements


In a physical resource block assigned for the corresponding PBCH transmission, the reference signal sequence  shall be mapped to complex-valued modulation symbols , where k and l represent subcarrier and OFDM symbol index within a SS/PBCH block, in a half frame according to:






Power Boosting
The transmit power of RE for PBCH DMRS could be higher than that of RE for PBCH data. For example, about 1.76dB (=10*log(1.334/0.889) power boosting could be applied for PBCH DMRS transmission.


	Qualcomm
	[image: ]
Sequence generation

The reference-signal sequence  for synchronization signal block index  within a synchronization signal burst set is defined by



The pseudo-random sequence  generation is defined in Section 2 of this document. Furthermore, the pseudo-random sequence generator shall be initialized with .

Mapping to resource elements



For each transmitted synchronization signal block index b, the reference signal sequence  shall be mapped to complex-valued modulation symbols  used as reference symbols in OFDM symbol  according to 

where




where the subcarrier index  and symbol index are the first frequency and first symbol index of the synchronization signal block, respectively.

	CATT
	
Figure

[image: cid:image001.png@01D307CD.44A54BD0]
Sequence generation





The pseudo-random sequence  is generated by the reuse of LTE pseudo-random sequence generator. The pseudo-random sequence generator shall be initialised with  where  is 3 bits of SS block index, or .


The PBCH demodulation reference-signal sequence in DMRS  are QPSK modulated and is defined by




where  denotes the bandwidth in subcarriers of the PBCH transmission, and  denotes the number of symbols for PBCH transmission within a SS block. 

Mapping to resource elements


The PBCH demodulation reference-signal sequence  shall be mapped to resource element (k,l) , where k and l represent the subcarrier and the PBCH OFDM symbol index within a SS block according to:






	vivo
	Figure



Sequence generation

The PBCH demodulation reference-signal sequence used for SS block index indication  are QPSK modulated and is defined by








where , which is the number of RBs of PBCH, and  denotes the number of symbols for PBCH transmission within a SS block. The pseudo-random sequence generator shall be initialised with , where   is the SS block index carried by the reference-signal sequence, and  is the number of sequences for SS block index indication.

Mapping to resource elements




The PBCH demodulation reference-signal  shall be mapped to complex-valued modulation symbols , where  and  represent subcarrier and OFDM symbol index within a SS block, according to:






Note that the half frame indication should also be indicated through the PBCH demodulation reference-signal, FFS through different mapping, different initialization or phase rotation between DMRS mapped on the two PBCH symbols.



Note that if half frame is indicated through different initialization of the PBCH demodulation reference-signal sequence, the pseudo-random sequence generator shall be initialised with , where  is used for half frame indication.

	InterDigital
	Figure




Sequence generation

DMRS for OFDM symbol of PBCH: 
· 

Using the initial value  to generate the sequence c of length .
· 
The demodulation reference-signal for PBCH OFDM symbol  are QPSK modulated and is defined by


· 

 denotes the assigned bandwidth in resource blocks of the PBCH transmission. The pseudo-random sequence  is defined in section 2 of this contribution. 
· Details for carrying SS block time index indication will be included in InterDigital’s contribution.

Mapping to resource elements


DMRS sequences are mapped on DMRS REs in the order of frequency domain first and then time domain later. DMRS sequences may be mapped onto REs with cell-specific frequency shift  to reduce the inter-cell interference.


	NTT DOCOMO
	Figure
[image: ]

Sequence generation
Option 1: length-127 Gold-sequence
NR PBCH DMRS sequences  and are BPSK modulated and defined by 


where the sequences  and  are defined in Section 2.
Cyclic shift values , ,  and  are jointly determined by the NR cell ID (i.e. ) and SS block index (i.e. ). 1 bit LSB of SS block index  and remaining part of 2 bits  are carried separately in two Gold sequences. Hence, the cyclic shift values  and   for the sequence mapped to 1st PBCH symbol is defined by


and the cyclic shift values  and   for the sequence mapped to 2nd PBCH symbol is defined by



Option 2: length-255 Gold-sequence
NR PBCH DMRS sequence  is BPSK modulated and defined by 

where the sequence  is defined in Section 2.
Cyclic shift values  and   are jointly determined by the NR cell ID (i.e. ) and SS block index (i.e. ). The cyclic shift values  and   is defined by



Mapping to resource elements
Fixed RE position of PBCH DMRS irrespective of NR cell ID and SS block index is preferable. So we simply consider the sequence to RE mapping as follows. 

For sequence generation Option 1: 
,       
,       


For sequence generation Option 2: 
,       
,       


	Ericsson
	Figure
[image: ]

Sequence generation
The reference signal sequence  for NR-PBCH is defined by

where  is the number of SS blocks to be indicated by this sequence.  is the number of PRBs for NR-PBCH, i.e., 24. The pseudo-random sequence generator shall be initialized with , at the start of every  SS blocks.

Mapping to resource elements
The reference signal sequence  shall be mapped to complex-valued modulation symbols  used as the reference symbols in SS block ,  according to 

where


where  and  denote the first subcarrier index and OFDM symbol index of the SS block, , respectively.


	Huawei
	Sequence Generation




The reference signal sequences are defined by a length-31 Gold sequence. The output sequence  of length, where, is defined by





where  = 144 and the first m-sequence shall be initialized with. The initialization of the second m-sequence is determined by initial value,and computed as 


and  where ,  = [2, 3]. Nc1 = Nc where Nc = [1600]. 

Note: An alternate approach would be  and Nc1 =  

Mapping to resource elements


The PBCH DMRS sequence , where, is defined by BPSK with  where  is mapped frequency first.  

Mapping to resource elements
The locations for the DMRS RE should be dependent on cell ID shown in an example below.
[image: ]
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Summary of Proposals

Sequence Generation for PBCH DMRS
Based on long sequence
· LTE Gold Code (Polynomial order 31): Sony, ZTE, LGE, Qualcomm, CATT, Vivo, InterDigital, Huawei
· Gold Code with Polynomial order 63: Intel
· Kasami Code with Polynomial order 30: ITL
Based on short sequence
· NR SSS sequence (Gold-like Code with Polynomial order 7): MediaTek, Samsung, Intel, DOCOMO
· Z4 based sequence: MediaTek
· Gold-like Code with Polynomial order 8: Samsung, DOCOMO

DMRS RE positions
Fixed RE position
· Frequency subcarrier offset of 0: Ericcson
· frequency subcarrier offset of 1: Intel, Samsung, DOCOMO
· frequency subcarrier offset of 2: MediaTek
Variable RE positions with frequency shift
· vshift = NIDcell mod 4 : Sony, ITL, ZTE, CATT, Vivo, InterDigital, Huawei
· vshift = NIDcell mod 3 : LGE

Sequence Mapping Rule
Frequency-first time-second mapping
· Lowest to highest frequency mapping
· ITL, MediaTek, Intel, LGE, Qualcomm, CATT, Vivo, InterDigital, DOCOMO, Huawei
· ZTE, Sony (DMRS sequence is composed of two sequences mapped in different REs)
· Central bandwidth (i.e. PSS/SSS bandwidth) first and outer bandwidth second
· Samsung
Time-first frequency-second mapping
· Incrementing lowest to highest frequency after occupying all time domain REs first
· Intel

Sequence Initialization
Sequence initialization seems to be a dependent on DMRS RE mapping, and sequence type. Therefore difficult to summarize into categories.

Additional Aspects
EPRE offset between PBCH DMRS and Data RE
· LGE
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