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1  Introduction
At the RAN1 #84 meeting, the following were agreed on NB-PUSCH [1]:

· 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

Further, during the 2nd RAN1 ad-hoc meeting on NB-IoT, the following agreements were made [2]:

· Maximum TBS size for NB-PUSCH is 1000 bits

· Two redundancy versions, LTE RV0 and LTE RV2, are supported for NB-PUSCH

· For multi-tone and single-tone,
· RV0 or RV2 is separately indicated by 1 bit DCI. RV2 is supported in all ITBS
· Starting point is to reuse TBS/MCS table for DL
· ITBS is 4 bits indication in DCI
· NPRB is 3 bits indication in DCI. NPRB indicates the number of resource unit   
· For multi-tone, support ITBS equals 0 to at least 10
· For single-tone, support ITBS equals 0 to 10
· For single-tone cases,
· Pi/2 BPSK is used for the lowest one ITBS entry or lowest two ITBS entries. Pi/4 QPSK is used in the other ITBS entries. 
In this contribution, we present our views on the remaining details of the Narrowband-Physical Uplink Shared Channel (NB-PUSCH) design. 
2 NB-PUSCH physical structure 
2.1 Channel coding and repetitions 
It has been agreed that for NB-PUSCH, channel coding is 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. In this regard, the following was agreed during the recently concluded RAN1 email discussion:

· For NB-PDSCH and NB-PUSCH, 
· The repetition pattern within the allocated resources is realized by using Cyclic repetition 
· Different scrambling is used in each cycle 
· For NB-PUSCH,
· In each cycle of one RV, each subframe/NB-slot in the allocated resources is repeated consecutively for Z times 
· Z = Min(4, repetition/2) for multi-tone transmission 

· Z = 1 for single-tone transmission

· After one cycle of one RV, the other RV is used. The first RV is indicated by DCI.

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 [3]:

· 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 [4]:

· 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.
The option of supporting TPSK for those UEs not indicating support of multi-tone transmissions was discussed further during the 2nd RAN1 ad-hoc meeting on NB-IoT, but without reaching any consensus. Given the current lack of consensus at the late stage of the WI and considering the recent RAN agreement, in our view the support of TPSK is not necessary 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.
Proposal 2
· When multi-tone is allocated, only QPSK is supported for NB-PUSCH transmissions. 
3 Configuration of number of repetitions for NB-PUSCH
The results presented in this contribution are based on the agreed simulation assumptions in 3GPP TR 45.820 [5], Sections 4 & 5, and Annex A. The target Block Error Ratio (BLER) is assumed as 10%. 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 for the extreme and robust coverage case, i.e., corresponding to MCL values of 164 dB and 154 dB respectively. 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.
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 2 and 3 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. 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, since RV cycling is supported, the rate-matching need not necessarily be as low as 1/3rd with effective reduction in the coding rate achieved via RV cycling across the repetitions.
Table 2: Burst Mapping Options for Extreme Coverage Case 
(Number of Subcarriers = 1, 15 kHz subcarrier spacing)

	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 3: 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. Thus, a maximum N_RU of 10 resource units can provide rate-matching of a single transport block to: (i) up to 80ms of NB-PUSCH with single-tone transmission with 15 kHz subcarrier spacing, and (ii) up to 320ms of duration for single-tone transmissions with 3.75 kHz subcarrier spacing.
For the signaling of the number of repetitions to be used for the transmission of an UL TB, the exact number of repetitions can be signaled via the DCI from out of 8 or 4 values using a 3-bit or 2-bit field [6]. Next, using the above results, we estimate the appropriate maximum value of the repetitions that need to be supported for NB-PUSCH. 
Towards this, first we observe that the maximum number of repetitions can be expected primarily for the extreme coverage case, for which we can focus mainly on single-tone transmissions. Based the agreed MCS/TBS tables for NB-PUSCH, we observe that the highest code rate for the largest NB-PUSCH TBS of 1000 bits is to 0.53 for N_RU = 10. Thus, with RV cycling across repetitions, the effective code-rate can be as low as 0.27 < 1/3. Therefore, using the result from Table 2, it would be a reasonable approximation to scale the NB-PUSCH transmission duration for 776 bits TBS to NB-PUSCH with 1000 bits TBS as 2048*1024/800 = 2622 ms (appx). 
For N_RU = 10, about 32 repetitions would be needed for single-tone transmissions with 15 kHz subcarrier spacing. Therefore, considering an implementation margin of ~3dB, the maximum number of NB-PUSCH repetitions that need to be supported via specifications is 64. Note that, for 3.75 kHz subcarrier spacing, the number of required repetitions can be expected to be less than that for 15 kHz subcarrier spacing when targeting similar operating points.
Thus, the repetitions for NB-PUSCH can be defined by the set {1, 2, 4, 8, 16, 32, 64, reserved} and one of these values can be indicated by a 3-bit field in the DCI. 
Alternatively, the field indicating the number of repetitions for NB-PUSCH can be reduced to 2 bits, and in this case, the set of candidate values are configured via RRC signaling. Specifically, only the largest value in the set of 4 candidates may be indicated by the RRC signaling, and 2 bits in the DCI signal one of the 4 consecutive values decreasing from (and including) the largest value configured via higher-layer signaling. This can help reduce the number of bits in the DCI format N0 (conveying the UL grant), and reduce (or even avoid) the need for any padding of the DCI format N1 (conveying the DL assignment) to match the size of DCI format N0 [6].

Proposal 3
· The number of repetitions for NB-PUSCH is signaled using a 2-bit field in the DCI indicating one out of 4 values from a set defined by the largest number of repetitions, that, in turn is configured via UE-specific RRC signaling from out of the set {1, 2, 4, 8, 16, 32, 64, reserved}.
4 Remaining details of UL power control

In this section, we discuss the remaining details of UL power control for NB-PUSCH. During the 2nd RAN1 ad-hoc meeting on NB-IoT, the following was agreed [2]:

· For NB-PUSCH data transmission, the uplink power setting re-use section 5.1.1.1 of 36.213, that is for serving cell c and subframe i ( for 15 kHz subcarrier spacing) or NB-Slot i (for 3.75 kHz subcarrier spacing)

· PNPUSCH,c(i)=min{PCMAX,c(i), 10log10(MNPUSCH,c(i))+PO_NPUSCH,c+ αc(j) PLc+fc(i)}

· MNPUSCH,c(i)

· Alt 1: {1/4, 1,3,6,12} (reflecting UL transmission resource BW)
· Alt 2: {1,3,6,12} (3.75 kHz is adjusted by using PO_NPUSCH,c)
· PO_NPUSCH,c(j)=PO_UE_NPUSCH,c(j)+PO_NOMINAL_NPUSCH,c(j)

· When j = 1, PO_UE_NPUSCH,c(1) and PO_NOMINAL_NPUSCH,c(1) are configured by higher layers, where j = 1 is used for NB-PUSCH data (re)transmissions.

· When j = 2, which is used for NB-PUSCH (re)transmissions corresponding to the random access response grant, PO_UE_NPUSCH,c(2)=0 and PO_NOMINAL_NPUSCH,c(2)=PO_PRE+ΔPREAMBLE_Msg3, where the parameter PO_PRE and ΔPREAMBLE_Msg3 are signaled from higher layers for serving cell .

· For j = 1, αc(j) is configured by higher layers, and αc(j)=1 for j = 2.

· fc(i)

· Alt 1: A power adjustment parameter indicated by DCI

· Alt 2: No TPC command, fc(i)=0

Regarding the first outstanding issue on the UL transmission resource BW, Alt 1 above could be more flexible in terms of the reduced need to reconfigure the UE with the PO_UE_NPUSCH,c(j) value in case the subcarrier spacing is changed. However, the configuration of the UE’s subcarrier spacing for single-tone transmissions is not expected to change often, and thus, both alternatives may be equally viable. 
On the issue of the need for closed loop power control, in our view, for the typical NB-IoT applications assumed for Rel-13 NB-IoT, it would be most likely that a UE wakes up to transmit an UL report and goes back to sleep, i.e., frequent UL transmissions may be quite rare for NB-IoT use cases, thereby, diminishing the benefits from defininig a closed loop power control mechanism. In general, UL power control would be effective mostly for UEs in good coverage conditions, while those in worse coverage conditions should simply use maximum transmission power. Further, for UEs in good channel conditions, the OLPC mechanism may be sufficiently accurate as long as the target SINR and the pathloss compensation values are configured appropriately, thereby further reducing the need for CLPC mechanisms. 

Considering the above and the fact that Alt 2 for fc(i) (i.e., no TPC command) saves a couple of bits in the UL grant carried by DCI format N0, Alt 2 (i.e., no closed loop power control) is preferred.
Proposal 4

· Support of closed loop power control via TPC commands carried by the DCI is not needed for Rel-13 NB-IoT.

5 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
· The number of repetitions for NB-PUSCH is signaled using a 2-bit field in the DCI indicating one out of 4 values from a set defined by the largest number of repetitions, that, in turn is configured via UE-specific RRC signaling from out of the set {1, 2, 4, 8, 16, 32, 64, reserved}.

· Proposal 4

· Support of closed loop power control via TPC commands carried by the DCI is not needed for Rel-13 NB-IoT.
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