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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.

Further, RAN sent an LS to RAN1 WG [2], indicating the following working assumptions:

· Both of the following are supported by the specifications:

· 3.75 kHz subcarrier spacing for the first transmission after the first UL random access transmission

· 15 kHz subcarrier spacing for the first transmission after the first UL random access transmission

· Details of network configurability is left to WGs (including the possibility of configuring both in the same cell)

· RAN will make the decision on capability/interoperability testing at RAN#71. 

Considering the narrowband nature of the NB-IoT system, the coverage enhancement, UE battery life, and latency objectives, and the supported waveform and numerologies, in this contribution, we present our views on the design of the Narrowband-Physical Uplink Shared Channel (NB-PUSCH). 
2 NB-PUSCH design considerations

2.1 Multiplexing of UEs within a PRB and sub-PRB NB-PUSCH
NB-PUSCH is expected to support both single- and multi-tone transmissions. Considering the need for higher multiplexing capacity as well as increased transmit PSD for NB-PUSCH from UEs in poor coverage conditions, sub-PRB transmissions using multiple subcarriers should be supported. In this case, support of 1, 3, 6, and 12 subcarriers for 15 kHz subcarrier spacing can be considered. 
For sub-PRB NB-PUSCH, it is clear that the number of subframes a single TB is mapped to should be more than one. It has been proposed that a fixed number of subframes are assumed irrespective of the number of subcarriers used for the NB-PUSCH. While such a design can help with the multiplexing of UEs from the network perspective, considering the range of variation in the possible number of subcarriers, there may be a significant impact in either the supported code rate or the UE power consumption when a fixed number of subframes are used to map a TB irrespective of the number of subcarriers used. For instance, for a UE in good coverage, transmitting using 12 subcarriers over multiple subframes at a low code rate may be clearly efficient from both the system as well as the UE power consumption perspectives. On the other hand, when the UE is in extreme coverage, mapping the TB to the same number of subframes but now using single-tone transmission may lead to a very high initial code rate that may not be recoverable via redundancy version (RV) cycling. 
Hence, it is proposed that the number of subframes that a TB is mapped to for NB-PUSCH is determined at least as a function of the number of subcarriers used for the NB-PUSCH transmissions. For instance, a simple mapping option may be to fix the overall time-frequency resources to a single PRB-pair and scale the number of subframes according to the number of subcarriers used (when < 12). Alternatively, this mapping could also take into consideration the scheduled TBS and accordingly, the single PRB-pair resource unit could be scaled such that effectively the TB is mapped to multiple PRB-pairs as indicated in UL grant. 
The use of sub-PRB NB-PUSCH may also be configured as a function of the UE’s coverage class and capabilities (e.g., support of subcarrier spacing for single-tone transmissions or support of single-tone only or single-tone and multi-tone transmissions), and accordingly, this can be provided as part of the RRC configuration of the UE’s coverage class. 

Proposal 1:

· The number of subframes that a TB is mapped to for NB-PUSCH is determined at least as a function of the number of subcarriers used for the NB-PUSCH transmissions.
2.2 NB-PUSCH physical structure 
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. 

In general, except for the support of sub-PRB NB-PUSCH and possibly the NB-PUSCH DM-RS, the rest of the physical structure for NB-PUSCH should follow as specified for Rel-13 eMTC. 
2.3 DM-RS options for sub-PRB NB-PUSCH 

For the design of the DM-RS for sub-PRB NB-PUSCH, the following options may be considered:
Option 1: 

Truncate the 1 PRB LTE PUSCH DM-RS sequence to the number of subcarriers used to transmit the NB-PUSCH. That is, the DM-RS associated with NB-PUSCH for sub-PRB transmissions using nSC subcarriers (nSC < 12) is generated by truncating the length 12 DM-RS sequence. For instance, the first nSC element(s) of the length-12 LTE PUSCH DM-RS sequence can be used. This is shown in Figure 1 below.
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Figure 1: An example of single-tone NB-PUSCH with DM-RS (Option 1)
Similar to LTE PUSCH or PUCCH, the DM-RS is mapped directly onto the subcarriers without any DFT precoding. Thus, for sub-PRB transmissions, both the SC-FDMA symbols with data as well as the DM-RS can benefit from the improved transmission PSD for a certain transmission power level, i.e., both data and the RS symbols experience the same Signal to interference + noise (SINR) level. Further, frequency domain multiplexing of the NB-PUSCH transmissions from different UEs can be supported for both the data and the DM-RS symbols in a straightforward manner.

However, for this option, compared to the case of using nSC = 12 tones, the channel estimation performance at the eNodeB may be degraded due to the lack of noise and interference suppression/randomization even though the transmission PSD is increased, the exact amount of degradation depending on the number of subcarriers used. In other words, the less number of REs to be used for channel estimation filtering would turn out the less de-spreading gain in channel estimation process/filtering. 

Option 2:

Use the 1 PRB LTE PUSCH DM-RS sequence (length 12) even though the data REs are restricted to a subset of the subcarriers. In this case, the processing gain of the longer DM-RS sequence may overcome the decrease in the transmission PSD for the DM-RS REs. Further, for the case of multiplexing of UEs within a single Uplink PRB that are multiplexed using FDM for the data symbols, for the DM-RS transmissions, time-domain cyclic shifts (CS) within an OFDM/SC-FDM symbol or orthogonal cover code (OCC) across OFDM/SC-FDM symbols or a combination of the two can be applied to distinguish the DM-RS transmitted by different UEs, thereby enabling more accurate channel estimation at the eNodeB for each UE as well as better noise and interference suppression achieved by processing a longer DM-RS sequence. Longer DM-RS can be located in the SC-FDMA symbol so that the DM-RS can occupy the entirely allocated frequency region (in this example, 12 REs allocation). The DM-RS can be either contiguous in frequency (Figure 2) or distributed (IFDMA type - Figure 3).
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Figure 2: An example of single-tone NB-PUSCH with DM-RS (Option 2: Contiguous tones)
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Figure 3: An example of single-tone NB-PUSCH with DM-RS (Option 2: IFDMA option)
For the case of single-tone NB-PUSCH with 3.75 kHz subcarrier spacing, the DM-RS used for the NB-PUSCH transmission can be similarly defined – i.e., either using truncated version of a longer DM-RS sequence (truncated to a single-tone) or a longer DM-RS sequence itself mapped to multiple subcarriers although the data is modulated onto a single 3.75 kHz subcarrier. An example of the second kind is shown in Figure 4.
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Figure 4: An example of 3.75 kHz single-tone NB-PUSCH with DM-RS
Proposal 2:

· Further study the performance between the various options for DM-RS design for sub-PRB NB-PUSCH.
2.4 Multiplexing of 3.75 kHz and 15 kHz 
In general, the multiplexing between NB-PUSCH with 3.75 kHz and 15 kHz subcarrier spacing can be left up to eNodeB scheduler implementation. In general, if they are multiplexed in the frequency domain, then a guard band may be needed in between the two subcarrier options to minimize the interference between the different subcarrier spacing values. Alternatively, they could also be multiplexed in the time domain, with the time domain option being simpler in terms of coexistence and alignment of the frame structures for the two subcarrier spacing options.
Proposal 3:

· Multiplexing of NB-PUSCH with 3.75 kHz and 15 kHz subcarrier spacing is left up to eNodeB scheduler.
3 Evaluations on enhanced coverage support for NB-IoT
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. In the evaluations presented herein, no frequency hopping is assumed. Coverage enhancements are achieved by using longer TTI duration. Lastly, in the extreme case targeting the worst case MCL, all resources within a physical resource block (PRB) are allocated to a single user, i.e., no multiplexing of users within one PRB is assumed. For the different channels considered herein, the physical layer design together with the simulation results are presented in the following sections. Common assumptions are also summarized in Table 1.
Table 1: Common assumptions for link-level 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

	Timing error 

	UL: Randomly chosen from [-31.25, 31.25] us (extreme coverage case)
       Randomly chosen from [-3.125, 3.125] us     (other coverage cases)

	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 two subcarrier spacing options, i.e. 15 kHz and 3.75 kHz. 15 kHz subcarrier spacing uses the same frame structure is the same as in LTE. For 3.75 kHz subcarrier spacing, subframe and frame durations are all scaled by 4 to accommodate longer OFDM symbol duration. Data and DMRS symbols per subframe are the same as LTE for both options. Different burst structures consisting of various number of subcarrier and subframe allocations are used depending on the coverage class as shown in Table 2. 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 to improve channel estimation quality. The payload size is 800 bits including 24 bits CRC. Timing offset (TO) assumptions are derived from PRACH performance as presented in [8].  Frequency offset (FO) and frequency drift (FD) are estimated and compensated before cSF-CE. No effort is made to estimate or compensate TO. 
Link level performance results for all coverage classes are shown in Figure 5 with 3.75 kHz subcarrier spacing. Resulting MCL calculation and corresponding data rate can be seen in Table 2. MCL target of 164 dB is achieved with a data rate of 332 bits/s. 
Re-using the same subcarrier spacing as LTE has obvious advantages for in-band and guard-band operation modes due to inherent orthogonality of subcarriers. The challenge with this design option is to have less tolerance to TO due to shorter CP duration. Figure 6 shows performance results for normal and robust coverage modes. Resource mapping, data rate and resulting MCL calculation is presented in Table 2. 
In extreme coverage mode, 15 kHz subcarrier spacing suffers from ISI due to residual TO based on RACH performance as presented in [8]. TO assumptions based on [8] are summarized in Table 1 for different coverage classes. In our analysis, it is observed that single subcarrier transmission with 15 kHz subcarrier spacing does not meet MCL target of 164 dB with the given TO assumptions. Therefore, we investigated impact of different levels of TO on the performance. Results are presented in Figure 7. The burst duration is chosen as the same as in 3.75 kHz subcarrier spacing option to have a comparable data rate. The performance is shown for random TO uniformly distributed in different ranges. Maximum absolute value of TO is as shown in the legend. Vertical red line shows the target SNR value. As can be seen, SNR at 10% BLER exceeds MCL target if there is no TO. Achieved SNR is 0.4 dB and 1.4 dB away from the target for maximum TO values of 10us and 20 us, respectively. 
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Figure 5: BLER performance of NB-PUSCH with 3.75 kHz subcarrier spacing.
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Figure 6: BLER performance of NB-PUSCH with 15 kHz subcarrier spacing.
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Figure 7: BLER performance of NB-PUSCH – Impact of timing offset (TO) in extreme coverage case with 15 kHz subcarrier spacing.
Observation 1:

· Single subcarrier transmission with 3.75 kHz subcarrier spacing achieves MCL target of 164 dB with the agreed FO and TO assumptions.
· Single subcarrier transmission with 15 kHz subcarrier spacing achieved MCL target of 164 dB with the agreed FO assumptions when TO is lower than what is assumed in this work.
Thus, it can be observed that the impact of TO can play a significant role in the overall NB-PUSCH performance, especially for UEs in extreme coverage class. Additionally, it should be noted that for the 3.75 kHz case, the results reported here do not model any interference from other scheduled UEs due to the ISI (and in turn ICI) caused by the timing offset. However, even with the longer CP available for 3.75 kHz subcarrier spacing, a large value of TO can lead to significant degradation in the performance especially if another UE is scheduled in the neighboring frequency resources.
This corroborates the need for a robust timing offset estimation mechanism via a suitable NB-PRACH design as also discussed in our companion contribution [9].
Observation 2:

· The performance of NB-PUSCH, especially for UEs in extreme coverage, is dependent on the accuracy of the Time of Arrival (ToA) estimation. 
Table 2: MCL calculation for NB-PUSCH 

	
	Extreme Coverage
	Robust Coverage
	Basic Coverage

	Subcarrier Spacing (kHz)
	3.75
	3.75
	15
	3.75
	15

	Data Rate (kbps)
	0.332
	2.83
	3.23
	21.25
	21.25

	Burst duration (ms)
	2048
	240
	210
	32
	32

	Number of subcarriers in a burst
	1
	2
	2
	12
	12

	Modulation
	BPSK
	QPSK
	QPSK
	QPSK
	QPSK

	Transmitter
	
	
	
	
	

	(1) Tx power (dBm)
	23
	23
	23
	23
	23

	Receiver
	
	
	
	
	

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

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

	(4) Interference margin (dB)
	0
	0
	0
	0
	0

	(5) Occupied channel bandwidth (Hz)
	3,750
	7,500
	30,000
	45,000
	180,000

	(6) Effective noise power
= (2) + (3) + (4) + 10 log ((5)) (dBm)
	-135.3
	-132.2
	-126.2
	-124.5
	-118.4

	(7) Required SINR (dB)
	-5.8
	1.2
	-4.9
	2.0
	-3.4

	(8) Receiver sensitivity = (6) + (7) (dBm)
	-141.1
	-131
	-130.9
	-122.5
	-121.8

	(9) Rx processing gain
	0
	0
	0
	0
	0

	(10) MCL = (1) ((8) + (9) (dB)
	164.1
	154
	154.1
	145.5
	144.8


4 Conclusions

In this contribution, we present our views on the 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 and observations:

Proposal 1:

· The number of subframes that a TB is mapped to for NB-PUSCH is determined at least as a function of the number of subcarriers used for the NB-PUSCH transmissions.
Proposal 2:

· Further study the performance between the various options for DM-RS design for sub-PRB NB-PUSCH.
Proposal 3:

· Multiplexing of NB-PUSCH with 3.75 kHz and 15 kHz subcarrier spacing is left up to eNodeB scheduler.
Observation 1:

· Single subcarrier transmission with 3.75 kHz subcarrier spacing achieves MCL target of 164 dB with the agreed FO and TO assumptions.
· Single subcarrier transmission with 15 kHz subcarrier spacing achieved MCL target of 164 dB with the agreed FO assumptions when TO is lower than what is assumed in this work.
Observation 2:

· The performance of NB-PUSCH, especially for UEs in extreme coverage, is dependent on the accuracy of the Time of Arrival (ToA) estimation. 
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