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[bookmark: _Ref177802497]1	Introduction
1.1	Background Information
A study on Cellular System Support for Ultra Low Complexity and Low Throughput Internet of Things was approved at GERAN#62.
The study allows both for an evolution of GSM, to comply with the objectives of the study, and non-backwards compatible solutions by a new system design.
1.2	Reason for change
In GERAN#67, a new system design, i.e., NB-LTE, based on the current LTE system but use only 200 kHz bandwidth is proposed in GP-150779. This document contains the description of the uplink physical layer design. 
1.3	Summary of change
The uplink physical layer design of NB-LTE. Updates are highlighted in blue. 
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7.4.3 	Uplink Physical Layer Design
7.4.3.1 	General description
Similar to LTE, uplink NB-LTE is based on SC-FDMA, which allows flexible UE bandwidth allocation including single tone transmission as a special case of SC-FDMA. One important aspect for uplink SC-FDMA is to time-align multiple co-scheduled UEs so that the difference in arrival time at the eNB is within the cyclic prefix (CP). Ideally, also for UL 15 kHz sub-carrier spacing should be used in the NB-LTE, but considering the time-accuracy that can be achieved when detecting the PRACH from UEs in extremely poor coverage condition, the CP duration might need to be increased. One way to achieve that is to reduce the subcarrier spacing by a factor of 6, which should be sufficient to accommodate the worst timing estimation and adjustment inaccuracy expected in NB-LTE, giving rise to 2.5 kHz subcarrier spacing for NB-LTE M-PUSCH. Another motivation for reducing the subcarrier spacing is to allow a higher degree of user multiplexing. For example, one user  is basically allocated with one single subcarrier. This is more efficient for users in extreme coverage limited conditions as such users do not benefit from being allocated with higher bandwidth while the system capacity increases due to multiple UEs using their maximum TX power simultaneously. SC-FDMA is used for transmission of multiple tones to support higher data rate when possible with additional PAPR reduction techniques. 
NB-LTE uplink contains three basic channels including M-PRACH, M-PUCCH, and M-PUSCH. To feedback ACK/NACK information for the received downlink packet, two alternatives are supported to efficiently handle the feedback information according to the uplink traffic situation as well as the cell loading. Basically, a dedicated PUCCH specifically for ACK/NACK feedback is supported. Here, the M-PUCCH occupies one tone at each edge of the system band as shown in Figure 7.4.3.1-1. M-PUCCH allocations for multiple UEs are time-division multiplexed, the location information of which are informed in DL grant. The M-PUCCH can be configured by eNB and the resource can be used for M-PUSCH, if needed.
[image: ]
Figure 7.4.3.1-1: Uplink physical channels
Alternatively, in order to avoid reserving M-PUCCH resources when possible, the uplink control information can be carried on either M-PRACH or M-PUSCH. Due to the data package size of CIoT applications, the uplink control information (ACK/NACK for PDSCH) can be multiplexed with the regular data package in M-PUSCH. The eNB therefore has to provide an UL grant occurring whenever the feedback for the DL is due. It could either be an ACK/NACK only for the corresponding DL process or an RLC status report. Both options may be considered even though we prefer the former. 
The dedicated scheduling request (D-SR) mapped to the PUCCH in LTE is beneficial and efficient for frequent packet arrivals (e.g. during TCP slow start). Considering the traffic patterns expected from CIoT applications and the low data rates, a dedicated scheduling request mechanism is not considered beneficial for NB-LTE. Hence, for the initial uplink resource request or when the UE is in idle mode, the PRACH procedures can be used for the uplink resource request.
7.4.3.2	Time-domain frame and slot structure
With 2.5 kHz subcarrier spacing, all the uplink time units in NB-LTE are exactly 6 times of the corresponding LTE time units. For example, a radio frame and subframe in uplink NB-LTE are 60 ms and 6 ms, respectively. Like in the case of NB-LTE downlink, we refer to these as M-frame and M-subframe, respectively. Figure 7.4.3.2-1 visualizes how the uplink numerology is stretched in time domain. The NB-LTE carrier comprises of 6 PRBs in frequency domain. Each NB-LTE PRB contains 12 subcarriers. The resulting uplink frame structure based on 2.5 kHz subcarrier spacing is illustrated in Figure 7.4.3.2-2.
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[bookmark: _Ref426292669]Figure 7.4.3.2-1: Stretching uplink numerology in time domain and 
thereby reducing subcarrier spacing from 15 kHz to 2.5 kHz
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[bookmark: _Ref425929435]Figure 7.4.3.2-2: Time units for uplink NB-LTE based on 2.5 kHz subcarrier spacing.

7.4.3.3 Uplink transport channels
7.4.3.3.1   Physical random access channel
In NB-LTE, random access serves multiple purposes such as initial access when establishing a radio link, scheduling request, etc. Among others, a main objective of random access is to achieve uplink synchronization, which is important for maintaining the uplink orthogonality. Due to the reduced bandwidth in NB-LTE, new Random Access Preambles are designed for NB-LTE. The remaining random access procedure follows its counterpart in LTE [27].
For the case of no dedicated M-PUCCH, the multiplexing of PRACH with M-PUSCH in NB LTE is shown in Figure 7.4.3.3-1. PRACH time-frequency resources can be configured by the base station. When necessary, M-PUSCH can be frequency multiplexed with PRACH in PRACH slots. In the uplink of NB LTE, eight 2.5 kHz edge subcarriers are always reserved for M-PUSCH. This leaves 160 kHz bandwidth for PRACH.
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[bookmark: _Ref424914760]Figure 7.4.3.3-1: PRACH multiplexing with M-PUSCH
Zadoff-Chu sequences based preambles are used in the NB-LTE PRACH preamble design, and the length is 491. The subcarrier spacing used in NB-LTE PRACH is 312.5 Hz. The proposed design is shown in Figure 7.4.3.3-2. Furthermore, the same number of preambles as in LTE, i.e., 64 preambles, is assumed to be available for NB-LTE. 
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[bookmark: _Ref424919550]Figure 7.4.3.3-2: PRACH preamble length and subcarrier spacing
The PRACH slot duration and period can be configured depending on the load and cell size. One such configuration is provided as follows. With 312.5 Hz subcarrier spacing, the preamble sequence duration is 3.2 ms. In NB-LTE, the basic scheduling unit is M-subframe of 6 ms. Two M-subframes constitute one PRACH slot of 12 ms. Each 12 ms PRACH slot is further divided into three 4 ms PRACH segments. Since the preamble sequence duration is 3.2 ms, there are 0.8 ms resources remaining for CP and guard time. A CP of length 0.4 ms is chosen to maximize the coverage. Figure 7.4.3.3-3 illustrates the proposed PRACH CP and guard time dimensioning.
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[bookmark: _Ref425154421]Figure 7.4.3.3-3: PRACH cyclic prefix/guard period dimensioning
A CP length of 0.4 ms can address cell sizes up to 60 km. Based on the above CP and guard time dimensioning, three PRACH formats are defined in Table 7.4.3.3-1. Formats 0, 1, and 2 are respectively used by users in basic, robust, and extreme coverage in NB-LTE. 
· For users in basic coverage, one PRACH segment is sufficient to send their preambles. 
· For users in robust coverage, each preamble transmission is repeated six times and thus occupies two 12 ms PRACH slots. 
· For users in extreme coverage, each preamble transmission is repeated 18 times and thus requires six 12 ms PRACH slots. 
[bookmark: _Ref425155854]Table 7.4.3.3-1: PRACH formats
	Format
	Tcp (ms)
	Tseq (ms)
	Number of repetitions
	Number of preambles

	0
	0.4
	3.2
	1
	N0

	1
	0.4
	3.2
	6
	N1

	2
	0.4
	3.2
	18
	N2



7.4.3.3.2   Uplink shared channels
With the time expansion principle there are still 6 PRBs per M-subframe that can be allocated to the M-PUSCH of up to 6 UEs. The provisioning of the corresponding downlink control information as well as a bundling-scheme for spanning an M-PUSCH transport block across multiple M-subframes is described subsection 7.4.2.3.2. As for the M-PDSCH we conclude there that an EPDCCH based design will be favourable for providing the uplink grants to the UE. Figure 7.4.3.3-4 shows that the M-EPDCCH structure outlined in subsection 7.4.2.3.2 is also well-suited to allocate these M-M-PUSCH resources. 
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[bookmark: _Ref426294494]Figure 7.4.3.3-4: Scheduling M-PUSCH resources by M-EPDCCH
Without any changes, the DCI formats for scheduling the LTE M-PUSCH could be re-used to assign M-PUSCH resources on a NB-LTE carrier. As mentioned above, it is however desirable to allocate even narrower resources for UEs in bad channel conditions. Due to the time domain expansion a PRB covers now 30 kHz bandwidth, i.e., 12 subcarriers of 2.5 kHz each. In “extreme” coverage (~ 164 dB MCL) it is favourable to allocate as little as one subcarrier to a UE. Consequently, the smallest scheduling unit of the M-PUSCH is 6 ms (1 M-subframe) in time- and 1 subcarrier (2.5 kHz) in frequency domain. To achieve this, the M-EPDCCH needs to support the additional granularity. 
As for the downlink, a single M-subframe is not sufficient for the M-PUSCH to carry a transport block of reasonable size. Therefore, multiple subsequent M-subframes are bundled and the receiver (eNB) accumulates the M-PUSCH across all these M-subframes. This in combination with the robust M-EPDCCH transmission is depicted in Figure 7.4.3.3-5. 
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[bookmark: _Ref426296408]Figure 7.4.3.3-5: Scheduling M-PUSCH resources by M-EPDCCH in extreme coverage
7.4.3.4   Uplink processing chain
In NB LTE, single tone transmission is used for M-PUSCH to minimize the PAPR and hence to improve coverage. SC-FDMA with PAPR reduction techniques can be used for using multiple subcarriers allocated to a UE to provide higher data rate, where the number of subcarriers is not necessarily an integer multiple of 12. M-PUSCH processing is shown in Figure 7.4.3.4-1. 
gCRC24B(D) = [D24 + D23 + D6 + D5 + D + 1].			(1)

[image: ]
[bookmark: _Ref426226208]Figure 7.4.3.4-1: M-PUSCH processing. 
The CRC generation uses the same polynomial as that for generating the CRC for M-PDSCH, see Equation (1) in 7.4.2.4. Channel coding is based the LTE turbo code encoder shown in Figure 7.4.3.4-2. In terms of base station complexity, using convolutional codes is beneficial if the candidate technology is to be supported on legacy GSM/EDGE base stations, as also has been investigated during the GERAN Evolution feasibility study.
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[bookmark: _Ref426226229]Figure 7.4.3.4-2: The LTE turbo encoder used for M-PUSCH.
Interleaving and rate matching is the same as M-PDSCH, with the details given in section 5.1.4.1 of [9]. The encoded bits after rate-matching are scrambled with a scrambling mask generated according to the RNTI associated with the M-M-PUSCH transmission, see section 7.2 of [3]. The scrambled code word is modulated with BPSK or QPSK modulation according to the mapping tables in Table 7.4.3.4-1 and Table 7.4.2.4-1, respectively. Whether higher order modulations such as 16-QAM and 64-QAM are used for M-PUSCH is for further study.
[bookmark: _Ref426226288]Table 7.4.3.4-1: BPSK modulation mapping
	
	I
	Q

	0
	1
	0

	1
	
 -1
	0





The modulated symbols are grouped into the subcarriers that are allocated to an M-PUSCH. 
In case of single tone transmission, transform precoding in Figure 7.4.3.4-1 is bypassed and a group of MF tones is indicated by the eNB, where MF = 1, 2, 4, or 8. If only a single tone is indicated, i.e., MF = 1, the indicated tone is used for M-PUSCH transmission. Otherwise, each set of log2MF + log2MQ bits determines a combination of a transmitted tone among the MF tones and a modulation symbol, where MQ corresponds to the modulation order, e.g., 2 for BPSK and 4 for QPSK. 
[bookmark: _GoBack]For the multi-tone transmission, the transform precoding is applied to each group as described in section 5.3.3 of [15] to obtain so-called frequency-domain symbols (a.k.a., SC-FDMA). Moreover, to further reduce the PAPR, additional PAPR reduction techniques can be applied. An example of PAPR reduction techniques is to apply an additional precoding filter of M x L dimension (M > L) to the output of the L x L DFT precoding. 

Thereafter, the th baseband time-continuous signal is generated based on frequency-domain symbols as described below. 

	











for where,  is the number of subcarriers allocated to M-PUSCH, , ,  and  is the frequency-domain symbol on subcarrier  of the th symbol. Table 7.4.3.4-3 lists the values of that shall be used. For the special case of , The th baseband time-continuous signal is generated based on frequency-domain symbols as described below. 

			
[bookmark: _Ref426130341]Table 7.4.3.4-3: Uplink CP length.
	Configuration
	
Cyclic prefix length 

	Normal cyclic prefix
	








Note that both equations (2) and (3) are essentially the same as how LTE SC-FDMA baseband signal is generated according to [15], except for different parameters such as subcarrier spacing (), sampling time (), CP values, number of time-domain samples before CP insertion (N), and number of subcarriers that can be allocated to M-PUSCH.
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