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1  Introduction
At the last RAN #70 Plenary meeting, revisions to the work item description for NB-IoT were approved [1]. Accordingly, it was agreed that NB-IoT would use OFDM with 15 kHz subcarrier spacing in the DL and support both single- and multi-tone transmissions in the UL. For single-tone transmissions, both 15 kHz and 3.75 kHz subcarrier spacing values should be configurable, while for multi-tone transmissions, SCFDMA using 15 kHz would be supported.

At the RAN1 #84 meeting, the following were agreed on NB-PUSCH:

· Adaptive HARQ is supported for uplink.

· The HARQ re-transmissions in the uplink are asynchronous. 

· PHICH is not supported for NB-PUSCH

· Working Assumption:  

· Maximum UL TBS supported for NB-IoT is not greater than 1000 bits (exact value FFS)

· For 3.75kHz subcarrier spacing of uplink with normal CP, 

· One NB-IoT symbol consists of 528Ts of symbol with CP length of 16Ts assuming Ts=1/1.92MHz. 

· Besides the seven symbols located from the beginning of 2ms period, the remaining time (144Ts) is used as a guard period to minimize the collision between NB-IoT symbols and LTE SRS

In this contribution, we present our views on the design of the Narrowband-Physical Uplink Shared Channel (NB-PUSCH) and the scheduling details for NB-PUSCH including details of mapping of TB to multiple schedulable RUs. 
2 NB-PUSCH physical structure 
2.1 Channel coding and repetitions 
It is recommended that the LTE PUSCH physical structure is maximally reused for NB-PUSCH design including use of channel coding based on Convolutional Turbo Codes (CTC) as defined for LTE in 3GPP TS 36.212. In order to provide coding gains for larger TBs, it is important to also support RV cycling across repetitions. As defined for Rel-13 eMTC, in order to allow for frequency offset estimation and symbol-level combining, the RV may be changed every Z repetitions of the NB-PUSCH transport block. Further details of TTI lengthening, repetitions, and RV cycling are discussed in Section 3.
2.2 Resource mapping 
Following LTE specifications, resource mapping for NB-PUSCH should follow time-first, then frequency mapping. For the case wherein a TB is mapped to multiple schedulable RUs or when each schedulable RU spans multiple subframes or NB-slots (for 3.75 kHz subcarrier spacing), the resource mapping should be time-first, then frequency within each subframe or NB-slot.

Proposal 1:

· Resource mapping for NB-PUSCH follows LTE PUSCH: time-first, then frequency.

· When a TB is mapped to multiple schedulable RUs or when each schedulable RU spans multiple subframes or NB-slots, the resource mapping should be time-first, then frequency within each subframe or NB-slot.

2.3 Modulation schemes 
Both pi/2-BPSK and pi/4-QPSK have already been agreed for single-tone allocations (thereby implying transmissions). Additionally, for multi-tone allocations, RAN1 agreed to at least support QPSK while TPSK and 8-BPSK were identified for further studies. The primary motivation behind TPSK and 8-BPSK is low PAPR for these modulation scheme, but they offer significantly poor spectral efficiency. Note that with the support of single-tone transmissions with phase rotated BPSK and QPSK, UEs in really poor radio conditions can benefit from the low PAPR transmissions. 

TPSK was proposed as a means to support higher data rates, but the spectral efficiency is significantly compromised. Further, at the RAN #71 meeting, the following was agreed:

· Provide an IOT bit to indicate whether UE supports 15 kHz multi-tone transmission
In the above, we interpret “IOT” as “inter-operability testing”. Additionally, the following was proposed at the end of the RAN1 email discussion on this topic:

· If multi-tone transmission is mandatory or capability for inter-operability testing purpose, 
· TPSK is not supported in this release. 

· If multi-tone transmission is optional, 
· (2,4)-TPSK and (4,4)-TPSK with contiguous tone allocation as specified in Tables 2 and 3, respectively, in R1-160881 is supported. 

· It is applied to the coding rate around 1/2 and above. FFS exact coding rate on the applicability. 

· Only UEs that indicate support of only single-tone transmissions may need to support (2,4)- and (4,4)-TPSK. 

· FFS whether Pi/4 rotation is applied. 

· FFS resource unit size is 4ms or 2ms.
Thus, in our view, based on the recent RAN agreement, there is no need to support TPSK in Rel-13.
For UEs that are capable to support multi-tone transmissions (better channel conditions), spectrally efficient multi-tone transmissions using QPSK modulation should be used to realize higher data rates. Further, considering the very limited time left in the WI, it is advisable to avoid introduction of new modulation schemes unless a clear need is established.
Proposal 2:

· When multi-tone is allocated, only QPSK is supported for NB-PUSCH transmissions. 
2.4 Phase rotation for single-tone transmissions 
Proposal 3:
· For single-tone transmissions, phase rotation should be applied also to the DM-RS symbols as well as to any punctured symbols. 
3 Evaluations on enhanced coverage support for NB-PUSCH
The results presented in this contribution are based on the agreed simulation assumptions in 3GPP TR 45.820 Sections 4 & 5, and Annex A [3]. The Maximum Coupling Loss (MCL) is used as a measure of the coverage performance and the methodology follows the guidelines put forward in the aforementioned technical report [3]. The target Block Error Ratio (BLER) is assumed as 10% for both data and control channels, i.e., approach 1 is chosen to evaluate the data channel performance, cf. Section 5.6 in [3]. The assumption of the MCL for legacy GPRS is 144dB and an additional 20dB coverage enhancement are targeted resulting in a worst case MCL of 164dB. Coverage enhancements are achieved by using longer TTI duration. The common assumptions are also summarized in Table 1.
Table 1: Common assumptions for NB-PUSCH simulations

	Parameter
	Value

	Frequency band
	900 MHz

	Propagation channel model
	TU

	Doppler spread
	1 Hz 

	Interference/noise
	Sensitivity

	Antenna configuration
	BS: 1T2R
MS: 1T1R

	Frequency error
	F_offset(t) = F_est_error + (F_drift_active * t).

	NB LTE specific frequency error  (F_est_error)
	Randomly chosen in the range [-50, 50] Hz 

	Frequency drift rate (F_drift_active)
	22.5 Hz/sec

	MS transmit power (dBm)
	23

	Thermal noise density (dBm/Hz)
	-174

	BS Receiver noise figure (dB)
	3

	Interference margin (dB)
	0

	Receiver processing gain (dB)
	0


Link level performance of NB-PUSCH is evaluated in different coverage modes. The analysis is based on 15 kHz subcarrier spacing which uses the same frame structure is the same as in LTE. Data and DMRS symbols per subframe are the same as LTE as well. Different burst structures consisting of various number of subcarrier and subframe allocations are used depending on the coverage class as shown in Table 2. The table is revised to include 3 subcarrier mapping for robust coverage mode since it is one of the multi carrier mapping options as agreed in the last ad-hoc meeting. 
Turbo encoding function as in LTE Rel.8 are re-used and rate matching is performed across subframes. Receiver at the eNB employs cross sub-frame channel estimation (cSF-CE) with window size of up to 32 subframes to improve channel estimation quality. The payload size is 800 bits including 24 bits CRC.  Frequency offset (FO) and frequency drift (FD) are estimated and compensated before cSF-CE.
Table 2: MCL calculation for NB-PUSCH 

	
	Extreme Coverage
	Robust

Coverage 
	Normal

Coverage

	Subcarrier Spacing (kHz)
	15
	15
	15

	Data Rate (kbps)
	0.332
	3.03
	21.25

	Burst duration (ms)
	2048
	224
	32

	Number of subcarriers in a burst
	1
	3
	12

	Modulation
	BPSK
	QPSK
	QPSK

	Transmitter
	
	
	

	(1) Tx power (dBm)
	23
	23
	23

	Receiver
	
	
	

	(2) Thermal noise density (dBm/Hz)
	-174
	-174
	-174

	(3) Receiver noise figure (dB)
	3
	3
	3

	(4) Interference margin (dB)
	0
	0
	0

	(5) Occupied channel bandwidth (Hz)
	15,000
	45,000
	180,000

	(6) Effective noise power
= (2) + (3) + (4) + 10 log ((5)) (dBm)
	-129.2
	-124.5
	-118.4

	(7) Required SINR (dB)
	-11.8
	-6.6
	-3.4

	(8) Receiver sensitivity = (6) + (7) (dBm)
	-141
	-131.1
	-121.8

	(9) Rx processing gain
	0
	0
	0

	(10) MCL = (1) ((8) + (9) (dB)
	164
	154.1
	144.8


While mapping of a TB to a very long burst provides the lowest code rate, it becomes difficult to support symbol-level combining or, more importantly, use data REs for residual frequency offset estimation. An alternative is to transmit a burst using multiple repetitions of a shorter TTI. We investigated alternative mapping options for a given TB as shown in Tables 3 and 4. A given TB is encoded and mapped to a burst with [X] ms duration. These burst are then repeated with or without RV cycling. 
Two different receiver implementations were evaluated. For the case of repetitions with fixed RV, receiver performs IQ combining at the symbol level before decoding. If RV cycling is enabled between repetitions, LLR combining is performed. When enabled, RV toggles between two values in each repetition. 
Tables 3 and 4 summarize achieved SNR level of each burst mapping option for a given total transmission time. As a reference, the performance is also shown when the TB is mapped to a very long burst without any repetitions. As can be expected, there is up to 1 dB loss compared to using a single long burst when due to short TTI the code rate is significantly high that cannot be recovered due to absence of RV cycling. It should be noted that for the case when the code-rate is lower than 1/3, there is still some performance loss observed without RV cycling and this can be attributed to the difference in the receiver implementations in the presence of residual frequency offsets. 

In terms of the size of the rate-matched code-block, if RV cycling is supported, then the rate-matching need not extend to 1/3rd code-rate, while if RV cycling is not supported (following decision for DL), then the rate-matched code-block should be mapped to 1/3rd or at least near-1/3rd code rate to maximize the robustness from channel coding gains.
Table 3: Burst Mapping Options for Extreme Coverage Case (Number of Subcarriers = 1)

	TBS (bits)
	776
	256

	Burst Mapping (ms x repetition)
	2048x1
	256x8
	128x16
	832x1
	104x8
	52x16

	Code Rate per Burst
	0.0326
	0.26
	0.52
	0.028
	0.22
	0.44

	RV cycle btw bursts on/off
	N/A
	On
	Off
	On
	Off
	N/A
	On
	Off
	On
	Off

	SNR(dB)@BLER=10-1
	-11.9
	-11.7
	-11.4
	-11.7
	-10.8
	-11.9
	-11.9
	-10.9
	-11.75
	-10.7


Table 4: Burst Mapping Options for Robust Coverage Case (Number of Subcarriers = 3)

	TBS (bits)
	776

	Burst Mapping (ms x repetition)
	224x1
	112x2
	32x7

	Code Rate per Burst
	0.099
	0.198
	0.69

	RV cycle btw bursts on/off
	N/A
	On
	Off
	On
	Off

	SNR(dB)@BLER=10-1
	-6.7
	-6.7
	-6.3
	-6.7
	-5.6


These results indicate that NB-PUSCH bursts defined using a combination of TTI lengthening and repetitions provide very similar performance as TTI lengthening alone. Additionally, (although not shown in these evaluations) if the application of RV cycling is such that the same RV is maintained the same for some (‘Z’) subframes, residual frequency offset estimation and symbol-level combining can also be supported. 
However, one important aspect is whether to define the repetitions at the TTI level or at the subframe level. For the former, it may not be very helpful for frequency offset and frequency drift estimation since the identical transmitted symbols may be too far apart, separated by the length of a long TTI, to be useful for frequency offset estimation. Hence, it could be beneficial if at least some repetitions (e.g., 2-4 repetitions may be sufficient) are performed at the subframe-level and the rest at the TTI level. 

Note that, compared to the DL, the need for data driven frequency offset estimation may be more helpful due to the significantly reduced set of DM-RS available for sub-PRB NB-PUSCH and also considering frequency drift at the UE oscillator affecting UL transmissions. On the other hand, repetition at the TTI-level or rate-matched code-block level may be considered as well for simplicity with more reliance on the higher capability of eNodeB receiver to perform sufficiently accurate estimation of the frequency offset and drift.
Proposal 4:

· For NB-PUSCH transmissions requiring coverage enhancements, a NB-PUSCH burst is transmitted using a rate-matched code-block spanning multiple minimum schedulable resource units and repetitions.
Proposal 5:
· RV cycling is supported with the RV (and scrambling) being maintained for certain number of consecutive subframes to enable frequency offset estimation and symbol-level combining.
· If RV cycling is not supported, then the rate-matched code-block should be long enough to accommodate close to 1/3rd code-rate.
Proposal 6:

· When the number of repetitions is larger than 4, defining at least a subset of the total number of repetitions at the subframe-level, with the rest of the repetitions at the TTI level, may be considered. 
4 Conclusions

In this contribution, we present our views on the remaining details of design of the Narrowband-Physical Uplink Shared Channel (NB-PUSCH). Based on the discussion and evaluations presented, we summarize our views using the following proposals:

Proposal 1:

· Resource mapping for NB-PUSCH follows LTE PUSCH: time-first, then frequency.

· When a TB is mapped to multiple schedulable RUs or when each schedulable RU spans multiple subframes or NB-slots, the resource mapping should be time-first, then frequency within each subframe or NB-slot.

Proposal 2:

· When multi-tone is allocated, only QPSK is supported for NB-PUSCH transmissions. 
Proposal 3:
· For single-tone transmissions, phase rotation should be applied also to the DM-RS symbols as well as to any punctured symbols. 

Proposal 4:

· For NB-PUSCH transmissions requiring coverage enhancements, a NB-PUSCH burst is transmitted using a rate-matched code-block spanning multiple minimum schedulable resource units and repetitions.

Proposal 5:
· RV cycling is supported with the RV (and scrambling) being maintained for certain number of consecutive subframes to enable frequency offset estimation and symbol-level combining.
· If RV cycling is not supported, then the rate-matched code-block should be long enough to accommodate close to 1/3rd code-rate.
Proposal 6:

· When the number of repetitions is larger than 4, defining at least a subset of the total number of repetitions at the subframe-level, with the rest of the repetitions at the TTI level, may be considered.
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