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In RAN1 NB-IoT AdHoc, the following agreements were reached for NB-IoT UL shared channel:
Agreement: 
· One resource unit schedulable in PUSCH transmission for the data consists of fixed [X] msec at least for FDD
· X(115kHz) is 8 for 15 kHz case with single tone transmission
· X(13.75kHz) is 32 for 3.75 kHz case with single tone transmission
· In case of multiple tones is allocated for one UE, X{m} is smaller than X(115kHz)
· In case of 12 tones is allocated for one UE, X{12} is 1

Agreement:
· UL multi-tone transmission for the data with 12 tones is supported
· UL multi-tone transmission for the data also supports followings of numbers of multiple 
· {3} with 4 msec resource unit size
· {6} with 2 msec resource unit size
Agreement:
· Allow one TB scheduled over more than one resource units in time

Agreements:
· For 15kHz subcarrier spacing, OFDM/SC-FDMA symbol boundary is no change from LTE 
· At least for FDD with the normal CP case,
· For 3.75kHz subcarrier spacing of uplink, 
· Define a 2ms NB-slot, there are 7 symbols. 
· One symbol consists of [FFS] Ts of symbol with CP length of [FFS] Ts assuming Ts=1/1.92MHz. Editor will take care how to capture Ts value in the spec.
· The above symbols are located from the beginning of 2ms period. FFS the usage of the remaining time in the NB-slot if there is the remaining time
· The 2ms NB-slot boundary is aligned with LTE subframe boundary. FFS among odd only or even only or to support both even/odd
· FFS on collision of LTE SRS for in band mode 
· Opt 1: eNB scheduling or implementation
· Opt 2: puncture/rate matching of 3.75kHz transmission to avoid the collision 
· Opt 3: define a GP to avoid potential collision
· Note combination of above options can also be considered.
Agreements:
· When single-tone is allocated, Pi/4-QPSK and Pi/2-BPSK are supported
· FFS: How rotation is realized
· FFS: Phase rotation for RS(s)
· When multi-tone is allocated, QPSK is supported
· FFS: TPSK, 8-BPSK
In this contribution, we provide our view on the UL physical data channel design for NB-IoT. 

[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. 

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.  
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Figure 1. N-PUSCH Frame Structure with 3.75kHz Tone Spacing

As the Fig.1 shows, the slot duration for 3.75kHz sub-carrier spacing is 2 msec. That means not all TDD configurations are supported with 3.75kHz. More precisely, at least 2 UL subframe is needed for 3.75kHz tone spacing. One solution to address this problem is to consider 7.5kHz tone spacing, for which slot and frame duration are respectively 1 and 2 msec. If only 1 UL subframe is available, eNB gives grant for 1 NB-slot (1ms) so that the UE is aligned with legacy LTE UE.  

Proposal 2: Consider 7.5kHz tone spacing scheme with 1msec TTI to support all TDD configurations.  


Multiplexing 3.75kHz and 15kHz within N-PUSCH
With both 3.75kHz and 15kHz tone spacing on the table for N-PUSCH, the question is how the eNB should multiplex UEs with different tone spacing for example within the same PRB. Figure 2 shows the multiplexed waveforms from 3.75kHz and 15kHz UEs at the eNB receiver, when there is no timing error. Here again the illustration is based on 1.92MHz sampling rate, and the figure shows only 2msec time duration, as we note from section 2.1 and Fig. 1 that every 2msec this pattern is repeated. 
We propose our design based on the assumption that in general UEs with 3.75kHz tone spacing are in limited coverage area while UEs with 15kHz subcarrier spacing are in normal (or not very poor) coverage area. Thus at the eNB receiver, interference from 3.75kHz UE to 15kHz UE is not too high, while UE with 15kHz subcarrier spacing makes a high interference to 3.75kHz UE. Here the idea is that eNB first decodes the signal from 15kHz UE, cancels it out and then tries to decode 3.75kHz UEs which ideally become interference free after 15kHz interference cancellation.  In the following, we describe the procedure at the eNB. 
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[bookmark: _Ref433902654]Figure 2. Multiplexed 3.75kHz and 15kHz

The eNB receiver assumes the legacy LTE OFDM symbol boundaries and takes the data portion within each LTE OFDM symbol to the FFT block of size 128, as shown in Figure 2. We note that for each legacy LTE window, the data portion of 15kHz UE is combined with part of data portion of 3.75kHz UE. Mathematically, the received signal within each FFT window is given by



where  represents the received signal from UE(s) with 15kHz tone spacing and  represents the received signal from UE(s) with 3.75kHz tone spacing. Also  is the shift offset of 3.75kHz data portion and can be less than or more than zero, as shown in Fig. 2. After half tone shift removal and other regular UL LTE processing at the eNB receiver, the FFT output is given by



where the second summation represents the interference from all UEs on 3.75kHz grid to UEs with 15kHz tone spacing. More precisely, we note than any tone number  in 3.75kHz grid carrying the modulated symbol , is making interference to all tones  on 15kHz grid unless . 
Observation 1: With the aligned frame structure for 3.75kHz, the orthogonality is kept between any tone k on 15kHz grid and any tone  on 3.75kHz for which .  

Figure 3, shows the interference+noise experienced at a UE with 15kHz tone spacing, when all the other tones within a PRB, except guard tone, are allocated to UEs with 3.75kHz grid. Here by guard tones we refer to the unused interfering tones (in 3.75kHz grid) between 15kHz UE and 3.75kHz UEs. The figure shows the experienced interference+noise versus INR (per 3.75kHz tone) for different number of guard tones. In this example, noise power is 0dB. As the figure shows, 2 guard tones seems to be sufficient to reject the interference from 3.75kHz UEs especially when the INR is less than 4dB.  The figure also shows that when the guard tones are more than 4, the interference seen at the UE with 15kHz tone spacing after FFT operation is negligible. 
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[bookmark: _Ref433903570]Figure 3. I+N experienced at the 15kHz UE after FFT vs actual INR (per 3.75kHz tone).

The requirement of multiplexing UEs with 3.75kHz and 15kHz subcarrier spacing, brings some issues for in-band LTE operation. For the LTE SRS transmission, the single tone UE with 3.75kHz tone spacing needs to stop transmission within all OFDM symbol, which results 14% loss when legacy LTE SRS is scheduled. In [2], to avoid this issue, seven 3.75kHz OFDM symbols are accomplished with short CP length to always provide a guard period of length of a 15kHz OFDM symbol in the last part of every 2 msec time intervals, no matter if the LTE SRS is scheduled or not. This obviously makes a considerable loss. Other problems with the design in [2] are the shorter CP and the fact that 15kHz tones within 3.75kHz OFDM symbol are no longer orthogonal to 15kHz OFDM symbols. To avoid this issues and to handle SRS, we propose two options, either put NB-IoT at the edge RB, and configure SRS to avoid these RBs. The other option is to support switching to 15kHz tone spacing for UEs in 3.75kHz that are already on 15kHz grid. For the latter option, one 1 out of 4 UEs on 3.75kHz grid have the chance to continue transmission, as shown in Figure 4.
Proposal 3: With the LTE SRS scheduled, we propose either NB-IoT UE should be scheduled at the edge RB, and configure SRS to avoid these RBS. Or switch to 15kHz tone spacing.
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Figure 4. Handling legacy SRS transmission.


Reference signal design for N-PUSCH 
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. Details will be provided in an updated contribution.  

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].

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.  

Reference signal for QPSK multi-tone allocation
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) [bookmark: _GoBack]8-BPSK reference signal, where the signal construction is the same as for 8-BPSK

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 3. 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 3 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 4 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 4 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 4. MCS Table for N-PUSCH

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. We also proposed our solution on how to multiplex N-PUSCH UEs with different tone spacing at the eNB receiver. The solution includes an interference analysis experienced at the 15kHz UEs after FFT block with FFT size of regular LTE processing. 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: Consider 7.5kHz tone spacing scheme with 1msec TTI to support all TDD configurations.  

Proposal 3: With the LTE SRS scheduled, we propose either NB-IoT UE should be scheduled at the edge RB, and configure SRS to avoid these RBS. Or switch to 15kHz tone spacing. 
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