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1 [bookmark: _Ref409106980]Introduction
In RAN1#84, the following agreements were reached for NB-IoT UL shared channel:
Agreements: 
· Adaptive HARQ is supported for uplink.
· The HARQ re-transmissions in the uplink are asynchronous. 
· PHICH is not supported for NB-PUSCH
· The start of UL A/N transmission is >=12ms later than the end of the corresponding NB-PDSCH transmission 
· The start of DL A/N transmission is >=3ms later than the end of the corresponding NB-PUSCH transmission
· The start of NB-PUSCH transmission is >=8ms later than the end of its associated NB-PDCCH transmission

In this contribution, we provide our view on the UL physical data channel design for NB-IoT. 
2 [bookmark: _Ref426290311]NB Uplink Shared Channels (N-PUSCH)
In RAN1#83, it was agreed that two numerologies with 3.75kHz and 15kHz tone spacing should be considered for N-PUSCH, where 3.75kHz only supports single tone transmission while 15kHz supports both single tone and multi-tone assignments. In this paper, we first explain our design for N-PUSCH frame formats with each tone spacing, and then we describe the multiplexing of subcarriers with different tone spacing within the same PRB (180kHz). An example for MCS table is also provided based on link-level simulations. 

2.1 N-PUSCH Frame Formats
In our design, N-PUSCH with 15kHz sub-carrier spacing follows exactly the same format as LTE uplink, with the same slot and sub-frame duration, the same CP/data length, and the same number of DMRS and data symbols within each slot. We need to note that when the number of subcarriers allocated to a UE  is more than one, i.e. multi-tone allocation scenario (which is only supported in 15kHz format), multi-tone transmission is based on SC-FDMA, as agreed in RAN1#83. 
In the following, we describe N-PUSCH frame format with 3.75kHz tone spacing. Figure 1 shows the slot and sub-frame formats of N-PUSCH with 3.75kHz subcarrier spacing. Comparing to LTE uplink with 15kHz tone spacing, we note that 3.75kHz results a larger CP and data duration by a factor of 4. Consequently, slot and sub-frame duration are respectively 2 and 4 msec, as shown in Figure 1.  We note that the longer CP that comes with 3.75kHz tone spacing is more capable in accommodating large timing advance errors specially when UE is in limited coverage mode. Other than increasing the CP and data duration 4 times longer, there is no difference between 15kHz and 3.75kHz frame formats. In other words, as shown in Figure 1, within each slot there are 6 OFDM data symbols and 1 DMRS symbol as the LTE uplink. Here for simplicity in notation, the illustration in Fig. 1 is based on 1.92 MHz sampling rate. 
We note that for both tone spacing schemes, number of DMRS and data symbols within each slot can be configurable, so that more DMRS symbols within each slot is allowed.

Proposal 1: For both 3.75kHz and 15kHz tone spacing schemes, number of DMRS symbols within each slot can be configurable.  

[image: ]
Figure 1. N-PUSCH Frame Structure with 3.75kHz Tone Spacing


2.2 Reference signal design for N-PUSCH 
2.2.1 Reference signal for single-tone allocation
For single-tone allocation, which needs 8 subframes (16 slots), we may use a systematic design without using a computer search. More precisely, we can use binary code-blocks with high enough minimum Hamming distance. An example of such code-blocks is given by Reed-Muller code RM(1,3) for which the minimum distance is 4. The RM(1,3) code has 16 code-words, each of length 8. The kth code-word CWk, where k in binary is given by bits (i0i1i2i3), is a linear combination of the basis vectors v0, v1, v2, v3, where v0 is an all 1 vector. Thus, we have CWk = i0 v0+ i1 v1+ i2 v2+ i3 v3. Based on the absence or presence of bit i0, the code-words can be divided in to two groups of 8 such that within each group the absolute distance between codewors is maximized. 
In the given example, the code becomes a Hadamard matrix. The rows (also columns) are orthogonal to each other. So if the maximum number of reference signal sequences is no more than the sequence length, we can use the corresponding Hadamard matrix for reference signal design. For instance, if 8 reference signal sequences are needed, each of length 8, we can use the Hadamard matrix H8, as shown in Table 1. Similarly, if 16 sequences each of length 16 is needed, a H16 can be used.

	

	


	0
	1
	1
	1
	1
	1
	1
	1
	1

	1
	1
	-1
	1
	-1
	1
	-1
	1
	-1

	2
	1
	1
	-1
	-1
	1
	1
	-1
	-1

	3
	1
	-1
	-1
	1
	1
	-1
	-1
	1

	4
	1
	1
	1
	1
	-1
	-1
	-1
	-1

	5
	1
	-1
	1
	-1
	-1
	1
	-1
	1

	6
	1
	1
	-1
	-1
	-1
	-1
	1
	1

	7
	1
	-1
	-1
	1
	-1
	1
	1
	-1


Table 1. Systematic sequence design based on RM(1,3) for single-tone transmission: 8 orthogonal sequences of length 8.          
   
When the required number of reference signal sequences m is not more than the sequence length n, use m rows of the n by n Hadamard matrix Hn.  
For 16 reference signal sequences, each of length 8, we use the code block shown in Table 2. This code block is obtained from a (8, 5) linear cyclic code, with the generator polynomial 1+D+D2 +D3, where only 16 code-words out of 32 is selected. We note that the maximum cross-correlation between any two pairs of the code words in Table 2 is less than 0.5.
 
	

	


	0
	-1
	-1
	-1
	-1
	-1
	-1
	-1
	-1

	1
	1
	1
	1
	-1
	-1
	-1
	-1
	1

	2
	-1
	-1
	1
	-1
	-1
	-1
	1
	-1

	3
	1
	1
	-1
	-1
	-1
	-1
	1
	1

	4
	-1
	1
	-1
	-1
	-1
	1
	-1
	-1

	5
	1
	-1
	1
	-1
	-1
	1
	-1
	1

	6
	-1
	1
	1
	-1
	-1
	1
	1
	-1

	7
	1
	-1
	-1
	-1
	-1
	1
	1
	1

	8
	1
	-1
	-1
	-1
	1
	-1
	-1
	-1

	9
	-1
	1
	1
	-1
	1
	-1
	-1
	1

	10
	1
	-1
	1
	-1
	1
	-1
	1
	-1

	11
	-1
	1
	-1
	-1
	1
	-1
	1
	1

	12
	1
	1
	-1
	-1
	1
	1
	-1
	-1

	13
	-1
	-1
	1
	-1
	1
	1
	-1
	1

	14
	1
	1
	1
	-1
	1
	1
	1
	-1

	15
	-1
	-1
	-1
	-1
	1
	1
	1
	1


Table 2. Systematic sequence design based on (8, 5) cyclic code: 16 sequences of length 8.          

Alternatively, a 2nd order RM code could be used with similar results. Again, the codewords corresponding to vector v0 (all -1’s vector) needs to be excluded in order to eliminate codeword pairs with correlation -1. 

For 30 reference signal sequences, each of length 8, we can use (8, 6) linear cyclic code, with the generator polynomial 1+D2, and select 30 code words, as shown in Table 3. Note that the maximum cross-correlation between any two pairs in Table 3 is less than 0.5.
For 30 reference signal sequences, each of length 16, we can use (16, 6) linear cyclic code, with the generator polynomial 1+D2+D8+D10, and select 30 code words, as shown in Table 4. Note that the maximum cross-correlation between any two pairs in Table 4 is less than 0.5.
When the required number of reference signal sequences m is more than the sequence length n, use the linear cyclic code (n, k), where .
	

	


	0
	-1
	1
	-1
	-1
	-1
	-1
	-1
	1

	1
	1
	-1
	-1
	-1
	-1
	-1
	1
	-1

	2
	-1
	1
	-1
	-1
	-1
	1
	-1
	-1

	3
	-1
	-1
	-1
	-1
	-1
	1
	-1
	1

	4
	1
	1
	-1
	-1
	-1
	1
	1
	-1

	5
	1
	-1
	-1
	-1
	-1
	1
	1
	1

	6
	1
	-1
	-1
	-1
	1
	-1
	-1
	-1

	7
	1
	1
	-1
	-1
	1
	-1
	-1
	1

	8
	-1
	-1
	-1
	-1
	1
	-1
	1
	-1

	9
	-1
	1
	-1
	-1
	1
	-1
	1
	1

	10
	1
	1
	-1
	-1
	1
	1
	-1
	-1

	11
	1
	-1
	-1
	-1
	1
	1
	-1
	1

	12
	-1
	1
	-1
	-1
	1
	1
	1
	-1

	13
	-1
	-1
	-1
	-1
	1
	1
	1
	1

	14
	-1
	1
	-1
	1
	-1
	-1
	-1
	-1

	15
	-1
	-1
	-1
	1
	-1
	-1
	-1
	1

	16
	1
	1
	-1
	1
	-1
	-1
	1
	-1

	17
	1
	-1
	-1
	1
	-1
	-1
	1
	1

	18
	-1
	-1
	-1
	1
	-1
	1
	-1
	-1

	19
	-1
	-1
	-1
	1
	1
	1
	1
	-1

	20
	-1
	1
	-1
	1
	-1
	1
	-1
	1

	21
	1
	-1
	-1
	1
	-1
	1
	1
	-1

	22
	1
	1
	-1
	1
	-1
	1
	1
	1

	23
	1
	1
	-1
	1
	1
	-1
	-1
	-1

	24
	1
	-1
	-1
	1
	1
	-1
	-1
	1

	25
	-1
	1
	-1
	1
	1
	-1
	1
	-1

	26
	-1
	-1
	-1
	1
	1
	-1
	1
	1

	27
	1
	-1
	-1
	1
	1
	1
	-1
	-1

	28
	1
	1
	-1
	1
	1
	1
	-1
	1

	29
	-1
	1
	-1
	1
	1
	1
	1
	1


Table 3. Systematic sequence design based on (8, 6) cyclic code: 30 sequences of length 8.          

	

	


	0
	-1
	1
	-1
	-1
	-1
	-1
	-1
	1
	-1
	1
	-1
	-1
	-1
	-1
	-1
	1

	1
	1
	-1
	-1
	-1
	-1
	-1
	1
	-1
	1
	-1
	-1
	-1
	-1
	-1
	1
	-1

	2
	-1
	1
	-1
	-1
	-1
	1
	-1
	-1
	-1
	1
	-1
	-1
	-1
	1
	-1
	-1

	3
	-1
	-1
	-1
	-1
	-1
	1
	-1
	1
	-1
	-1
	-1
	-1
	-1
	1
	-1
	1

	4
	1
	1
	-1
	-1
	-1
	1
	1
	-1
	1
	1
	-1
	-1
	-1
	1
	1
	-1

	5
	1
	-1
	-1
	-1
	-1
	1
	1
	1
	1
	-1
	-1
	-1
	-1
	1
	1
	1

	6
	1
	-1
	-1
	-1
	1
	-1
	-1
	-1
	1
	-1
	-1
	-1
	1
	-1
	-1
	-1

	7
	1
	1
	-1
	-1
	1
	-1
	-1
	1
	1
	1
	-1
	-1
	1
	-1
	-1
	1

	8
	-1
	-1
	-1
	-1
	1
	-1
	1
	-1
	-1
	-1
	-1
	-1
	1
	-1
	1
	-1

	9
	-1
	1
	-1
	-1
	1
	-1
	1
	1
	-1
	1
	-1
	-1
	1
	-1
	1
	1

	10
	1
	1
	-1
	-1
	1
	1
	-1
	-1
	1
	1
	-1
	-1
	1
	1
	-1
	-1

	11
	1
	-1
	-1
	-1
	1
	1
	-1
	1
	1
	-1
	-1
	-1
	1
	1
	-1
	1

	12
	-1
	1
	-1
	-1
	1
	1
	1
	-1
	-1
	1
	-1
	-1
	1
	1
	1
	-1

	13
	-1
	-1
	-1
	-1
	1
	1
	1
	1
	-1
	-1
	-1
	-1
	1
	1
	1
	1

	14
	-1
	1
	-1
	1
	-1
	-1
	-1
	-1
	-1
	1
	-1
	1
	-1
	-1
	-1
	-1

	15
	-1
	-1
	-1
	1
	-1
	-1
	-1
	1
	-1
	-1
	-1
	1
	-1
	-1
	-1
	1

	16
	1
	1
	-1
	1
	-1
	-1
	1
	-1
	1
	1
	-1
	1
	-1
	-1
	1
	-1

	17
	1
	-1
	-1
	1
	-1
	-1
	1
	1
	1
	-1
	-1
	1
	-1
	-1
	1
	1

	18
	-1
	-1
	-1
	1
	-1
	1
	-1
	-1
	-1
	-1
	-1
	1
	-1
	1
	-1
	-1

	19
	-1
	1
	-1
	1
	-1
	1
	-1
	1
	-1
	1
	-1
	1
	-1
	1
	-1
	1

	20
	1
	-1
	-1
	1
	-1
	1
	1
	-1
	1
	-1
	-1
	1
	-1
	1
	1
	-1

	21
	1
	1
	-1
	1
	-1
	1
	1
	1
	1
	1
	-1
	1
	-1
	1
	1
	1

	22
	1
	1
	-1
	1
	1
	-1
	-1
	-1
	1
	1
	-1
	1
	1
	-1
	-1
	-1

	23
	1
	-1
	-1
	1
	1
	-1
	-1
	1
	1
	-1
	-1
	1
	1
	-1
	-1
	1

	24
	-1
	1
	-1
	1
	1
	-1
	1
	-1
	-1
	1
	-1
	1
	1
	-1
	1
	-1

	25
	-1
	-1
	-1
	1
	1
	-1
	1
	1
	-1
	-1
	-1
	1
	1
	-1
	1
	1

	26
	1
	-1
	-1
	1
	1
	1
	-1
	-1
	1
	-1
	-1
	1
	1
	1
	-1
	-1

	27
	1
	1
	-1
	1
	1
	1
	-1
	1
	1
	1
	-1
	1
	1
	1
	-1
	1

	28
	-1
	-1
	-1
	1
	1
	1
	1
	-1
	-1
	-1
	-1
	1
	1
	1
	1
	-1

	29
	-1
	1
	-1
	1
	1
	1
	1
	1
	-1
	1
	-1
	1
	1
	1
	1
	1


Table 4. Systematic sequence design based on (16, 6) cyclic code: 30 sequences of length 16.    


Proposal 2: For single-tone transmission, we propose to use systematic sequence for DMRS:
Case 1: When the required number of reference signal sequences m is not more than the sequence length n, use m rows of the nxn Hadamard matrix Hn.  
Case 2: When the required number of reference signal sequences m is more than the sequence length n, use the linear cyclic code (n, k), where .


2.2.2 Reference signal for multi-tone allocation
Reference signal for TPSK
For TPSK, the reference signal sequence can be the same as for single tone allocation. The reference signal tone mapping (hopping) is described in [3]. To align the reference signal pattern with resource unit and assuming one reference signal symbol per slot, the length of the pattern sequences are 16, 8, and 16 for (4,4)-TPSK, (3,3)-TPSK, and (2,4)-TPSK, respectively.
For the case of multi-tone allocation with TPSK, we propose to use systematic binary code design similar to single-tone transmission for the reference signal sequence within each hop.       


Reference signal for 8-BPSK
For 8-BPSK, the reference signal needs to have low PAPR comparable to 8-BPSK data. The simplest option is to use the same 8-BPSK construction as for data with a fixed known input. The input signal can be determined with a systematic construction, for example for 12 tone allocation, the input sequence can be one column of a Hadamard matrix H12. It is explained in [3] that, one option is to search over 8-BPSK modulated signals to find a set of sequences with small mutual cross-correlations. The DFT outputs of the corresponding sequences are the reference signal sequences defined in the frequency domain. Since there are a large number of sequences and any two input sequences to the 8-BPSK modulator with large Hamming distance have small cross-correlation, this design guarantees a sufficient number of candidate sequences.
If more sequences are needed than the sequence length than cyclic linear code construction can be used as described before. Note that a further benefit of cyclic codes is that the sequence correlation is similar in sync and async systems, since cyclic codes ensure minimum distance between cyclic shifts of the same codeword. 
For 8-BPSK transmission, a fixed systematic input bit, e.g. similar to the sequence design for single tone transmission, is used for reference signal where the reference signal construction is similar to 8-BPSK data construction.      

Reference signal for QPSK multi-tone transmission
For multi-tone transmission, it is agreed to consider 3 or 6 tone transmission. For both scenarios, we can use either one of the following: 
a) QPSK frequency domain reference signal, where a computer search is used to obtain the sequence. 
b) 8-BPSK reference signal, where the signal construction is the same as for 8-BPSK

The CGS for base sequence of length 3 or 6 is given by: 



where the value of  is given by Table 5 (for sequence length 3) or Table 6 (for sequence length 6).
For 3 tone transmission and QPSK, maximum 16 sequences can be generated. Table 5 shows 8 sequences with better PAPR and cross-correlation properties.

	

	


	0
	1
	1
	-1

	1
	1
	-3
	3

	2
	1
	1
	3

	3
	1
	-3
	-1

	4
	1
	1
	-3

	5
	1
	3
	1

	6
	1
	-1
	3

	7
	1
	-1
	1



Table 5. CGS definition of for 3 tone transmission.

For 6 tone transmission, the computer generated sequence (CGS) approach will in general follow the similar criteria that were used in today LTE in obtaining the CGS sequences of length 12 and 24. 
Figure 5 shows the comparison between data and pilot PAPR for 6 tone transmission, where both data and pilot are QPSK modulated.

[image: ]
Figure 5. Comparison between data and pilot PAPR for 6 tone transmission with QPSK CGS.

	

	


	0
	1
	-1
	-1
	-1
	-3
	1

	1
	1
	3
	1
	1
	-1
	1

	2
	1
	1
	-3
	1
	1
	-3

	3
	1
	-1
	3
	1
	3
	-1

	4
	1
	-3
	-1
	-1
	-1
	1

	5
	1
	1
	3
	1
	1
	-1

	6
	1
	-1
	-3
	1
	3
	-3

	7
	1
	1
	-3
	-3
	-3
	1

	8
	1
	-3
	-3
	3
	3
	-1

	9
	1
	-1
	3
	-1
	-3
	-3

	10
	1
	-1
	-1
	-3
	-1
	-1

	11
	1
	-1
	-3
	-3
	-1
	1

	12
	1
	-3
	3
	3
	3
	1

	13
	1
	3
	3
	-1
	1
	-3



Table 6. CGS definition of for 6 tone transmission.
For each sequence in Table 6, 6 cyclic shifts are defined as follows
,
where is the base sequence given by Table 5, , and  is the cyclic shift .
For multi-tone transmission, we propose CGS with QPSK in frequency domain reference signal, or 8-BPSK reference signal design where the sequence generation is systematic and same as 8-BPSK.      
Proposal 3: For multi-tone allocation, we propose:
Case 1: For TPSK, use systematic binary code design similar to single-tone transmission for the reference signal sequence within each hop.       
Case 2: For 8-BPSK transmission, a fixed systematic input bit, e.g. similar to the sequence design for single tone transmission, is used for reference signal where the reference signal construction is similar to 8-BPSK data construction.      
Case 3: For multi-tone transmission, we propose CGS with QPSK in frequency domain reference signal, or 8-BPSK reference signal design where the sequence generation is systematic and same as 8-BPSK.         

When we have bundled transmissions, choosing the same DMRS sequences for the entire bundle may result in collision of users from different cells. 
For single tone transmissions, we propose to use scrambling sequence to randomize the interference. For multiple tone transmissions, we can select different DMRS sequences to randomize the interference. The random functions can be a function of cell-ID, or a combination of cell ID and UE ID. 
Proposal 4: Use scrambling or selection of DMRS sequences within a bundle to  reduce inter-cell interference. 

2.3 N-PUSCH MCL study and MCS examples
Like legacy LTE uplink, N-PUSCH applies exactly the same processing blocks at the transmit chain, that is after 24 bits CRC insertion, 1/3 turbo coding is applied to the information bits for channel coding. However we need to note that with the single tone transmission, only few coded bits, i.e. 24 bits with QPSK modulation, get the chance to be transmitted within each subframe. Thus we propose to have just one RV index, so that starting from that index the coded bits are picked up from the circular buffer and mapped circularly to the subframes of the bundle size. Also we note that, legacy UL LTE is based on SC-FDMA that is a DFT operation as transform precoding is applied to modulated symbols, but for single tone N-PUSCH transmission, this block is not needed.   

	TB size (bits)
	16
	72
	328
	776

	Bundle-size
	8
	64
	500
	16
	128
	1000
	64
	250
	2200
	128
	500
	3400

	UE Tx (dBm)
	23
	23
	23
	23
	23
	23
	23
	23
	23
	23
	23
	23

	eNB NF (dB)
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3

	# of UL tones
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1

	Occupied channel (kHz)
	15
	15
	15
	15
	15
	15
	15
	15
	15
	15
	15
	15

	Achieved SINR(dB)
	6
	-3.3
	-11.9
	5.6
	-3.4
	-11.8
	5.6
	-1.8
	-11.9
	5.2
	-2.3
	-11.8

	MCL(dB) 
	146.2
	155.5
	164.1
	146.6
	155.6
	164
	146.6
	154.0
	164.1
	147
	154.5
	164


Table 6. Achieved SNR for 10% Target BLER and MCL with Bundling (ETU1Hz)

Examples of achievable coupling loss (CL) for N-PUSCH with 144 dB, 154 dB and 164dB CL are shown in Table 6 for different payload sizes and different required bundle sizes to achieve the corresponding CL. Note that based on three different coverage levels and different TB sizes, different number of bundle sizes is needed. Thus as an example, Table 7 defines 12 MCSs for UEs with 15kHz tone spacing. Also, it should be mentioned that we think 15kHz and 3.75kHz tone spacing achieve a similar MCL under the same transmission time, especially for limited coverage UEs where the total transmission time is large. Thus, Table 7 can also be used for UEs with tone spacing 3.75kHz. The only thing that should be revised is the bundle size which should be scaled down by 4 (since each transmission of 3.75kHz is itself 4 times longer than that of 15kHz).   
	N-PUSCH MCS
	Coverage class
	Payload
size (bits)
	Bundle-size
	Data rate (kbps)

	0
	164dB
	16
	500
	0.080

	1
	
	72
	1000
	0.096

	2
	
	328
	2200
	0.160

	3
	
	776
	3400
	0.235

	4
	154dB
	16
	64
	0.625

	5
	
	72
	128
	0.750

	6
	
	328
	250
	1.408

	7
	
	776
	500
	1.600

	8
	144dB
	16
	8
	5.000

	9
	
	328
	64
	5.500

	10
	
	72
	16
	6.000

	11
	
	776
	128
	6.250



Table 7. MCS Table for N-PUSCH

3 Conclusions
In this paper, we described our design of narrowband uplink shared channel, N-PUSCH, for two different subcarrier spacing, namely 15kHz and 3.75kHz. Achievable MCL results for single tone UEs are also presented. Finally, an MCS table is proposed for N-PUSCH UEs, that is based on different coverage levels.

Proposal 1: For both 3.75kHz and 15kHz tone spacing schemes, consider supporting different number of DMRS symbols within each slot. 

Proposal 2: For single-tone transmission, we propose to use systematic sequence for DMRS:
Case 1: When the required number of reference signal sequences m is not more than the sequence length n, use m rows of the nxn Hadamard matrix Hn.  
Case 2: When the required number of reference signal sequences m is more than the sequence length n, use the linear cyclic code (n, k), where .

Proposal 3: For multi-tone allocation, we propose:
Case 1: For TPSK, use systematic binary code design similar to single-tone transmission for the reference signal sequence within each hop.       
Case 2: For 8-BPSK transmission, a fixed systematic input bit, e.g. similar to the sequence design for single tone transmission, is used for reference signal where the reference signal construction is similar to 8-BPSK data construction.      
Case 3: For multi-tone transmission, we propose CGS with QPSK in frequency domain reference signal, or 8-BPSK reference signal design where the sequence generation is systematic and same as 8-BPSK.   
 
Proposal 4: Use scrambling or selection of DMRS sequences within a bundle to  reduce inter-cell interference. 
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