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At GERAN#62, a new feasibility study named Cellular System Support for Ultra Low Complexity and Low Throughput Internet of Things (WI code: FS_IoT_LC)  was approved, see  [1]. At GERAN#67, the FS_IoT_LC study item was completed and the TR 45.820 v2.1.0 [4] approved. Among the candidates included in the TR is the NB-LTE candidate solution.
The study in GERAN was open to both a non-legacy GSM/EDGE based design, and/or a backward compatible evolution of GSM/EDGE.
At GERAN#67, the sourcing companies presented a non-legacy based solution for Cellular Internet of Things (CIoT) applications, aiming at a great degree of synergy with LTE. This solution is referred to as narrowband LTE (NB-LTE) [2, 3], and is included in [4]. NB-LTE occupies only one LTE Physical Resource Block (PRB) and is operable within 180 kHz bandwidth. Deployment options include using a refarmed GSM carrier, in the LTE guard band adjacent to an LTE carrier, or inside an LTE carrier by allocating one PRB to operate NB-LTE.
The description in [2] focused on the deployment scenario emphasized in [1], i.e. a standalone deployment using a refarmed GSM carrier. In this contribution, a unified description is provided for all deployment scenarios. A solution tailored for LTE in-band deployment is first described, and the LTE guard-band and standalone deployments are then treated as special cases where certain protected downlink resource elements are made available to NB-LTE.
General design principles
One important objective for the downlink design is to maintain orthogonality with the mobile broadband (MBB) traffic if NB-LTE is deployed within or immediately adjacent to an LTE carrier. To achieve this, NB-LTE downlink is based on orthogonal frequency division multiple access (OFDMA) and has the same subcarrier spacing, OFDM symbol duration, slot format, slot duration, and subframe duration as LTE. Furthermore for the in-band deployment, within the NB-LTE PRB certain downlink resource elements (REs) are protected and not made available to any of the NB-LTE layer-1 (L1) channels. These protected resources are those used for certain LTE Physical channels and signals including CRS, CSI-RS, PRS, PSS, SSS, PDCCH, PCFICH, PHICH, and MBSFN. By protecting these REs, any impact on legacy LTE user equipment (UE) can be avoided.
Regarding the uplink, NB-LTE is based on single-carrier frequency division multiple access (SC-FDMA), same as LTE uplink. However, the subcarrier spacing is 2.5 kHz, which is one sixth of the LTE subcarrier spacing. As a result, SC-FDMA symbol duration, slot duration, and subframe duration are all 6 times of the LTE counterparts. The uplink total transmission bandwidth is also 180 kHz.
Since it is based on LTE, NB-LTE is intended to inherit most of the embodiments of LTE MTC enhancements in Release 12 and currently specified within 13, e.g. physical layer enhancements to MTC (eMTC), Power Save Mode (PSM), extended DRX (eDRX) cycle, etc. A deployed LTE or multi-standard base station can be upgraded to NB-LTE features through a software update. 
Further, depending on spectrum and resource availability, multiple narrowband carriers may be defined from the network’s perspective for both DL and UL to facilitate efficient system scalability with increase in the number of CIoT devices. Scheduling between multiple narrowband carriers can be considered as well. Such system deployments with can also benefit from frequency diversity gains with possible UE retuning from one narrowband to another.
The NB-LTE data rate, sufficiently covers a wide range of IoT use cases. For a vast majority of the UEs in the network, the coverage condition is good and a higher bit rate around 100 kbps can be achieved. For the exceptional cases of UE in extremely limited coverage condition, e.g. deep underground or baseband, the data rate can be scaled down to enhance coverage.
In addition to having high synergy with the LTE physical layer, NB-LTE can reuse the higher layer designs of LTE to a very large extent, see [3].
These synergies with LTE maximize the speed to market and economy of scale achievable compared to other solutions. 
Downlink Physical Layer
Channelization
The subcarrier spacing and channel bandwidth of downlink NB-LTE is illustrated in Figure 1. It occupies only one LTE PRB, i.e. 180 kHz of transmission bandwidth.
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[bookmark: _Ref425955759]Figure 1: A NB-LTE carrier consists of 12 subcarriers with 15 kHz subcarrier spacing.
Frame structure
The DL time units are shown in Figure 2. The OFDM symbol duration, slot duration, and subframe duration are exactly the same as LTE. Furthermore, the slot format is exactly the same as that in LTE. The basic schedule unit for DL is 1 PRB over 1 ms subframe. This is also the same as in LTE.
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[bookmark: _Ref425955766]Figure 2: Time units for downlink NB-LTE.
Physical channels and signals
NB-LTE will support all the LTE downlink physical channels, except for PCFICH, PHICH and PDCCH, i.e.:
· PBCH: Used for broadcast essential system information.
· PDSCH: Used for sending downlink UE data and control information.
· EPDCCH: Used for carrying downlink control information (e.g. scheduling information.).
PDCCH is not needed for NB-LTE as its function is entirely taken by EDPCCH.
PCFICH, which in LTE is used for dynamically signaling the number of OFDM symbols allocated for control channels, is not needed since PDCCH is not included in NB-LTE.
PHICH, which in LTE carries Hybrid ARQ (HARQ) acknowledgements (ACK/NACK) for uplink data transfers, is not needed as Hybrid ARQ (HARQ) acknowledgements in a NB-LTE system can be sent using EPDCCH instead. 
Like LTE, physical signals are provided
· PSS and SSS: Used for cell search. They provide cell identity information. We assume that NB-LTE and LTE share the same cell identity.
· CRS: Used for channel estimation.
The other LTE physical signals such as CSI-RS used for supporting multi-antenna operation, and PRS used for estimating positioning information are not included.
Multiplexing of PBCH, PDCCH, PDSCH, PSS, SSS, and CRS will be described below. For the remainder of this contribution, we will use prefix “M-“ to describe NB-LTE physical channels and signals, e.g. M-PDSCH and M-EPDCCH, etc.
Resource elements assignment for different physical channels
In LTE, multiplexing of different physical channels is well defined according to 3GPP TS 36.211, see Error! Reference source not found.. For example, Figure 3 shows how different physical channels and reference symbols are multiplexed onto a system bandwidth of 15 PRBs within a radio frame. As seen, the middle 6 PRBs have many essential channels that are needed by legacy LTE UEs. 
For NB-LTE, the system bandwidth is only 1 PRB. Thus, one of the LTE PRB outside of the middle 6 PRBs may be used to serve NB-LTE UEs. The NB-LTE physical channels and signals will be all multiplexed onto this PRB. The multiplexing scheme is essentially the same for all NB-LTE deployment scenarios, except for certain resource elements on the NB-LTE PRB will be protected for preserving the performance of legacy LTE UEs. For the description below, we will use a prefix “M” to differentiate the NB-LTE physical channels from the LTE physical channels.
In-band deployment
For in-band deployment, one main objective is to avoid impact on legacy LTE UEs, and thus certain REs need to be protected and not used by NB-LTE. For M-EPDCCH and M-PDSCH once the necessary NB-LTE system information  (such as cell ID) is acquired, the NB-LTE UE figures out the location of the protected REs. The necessary system information is acquired at least through M-PSS, M-SSS, and M-PBCH. During the process of system information acquisition however, the UE is not aware of the protected REs. Thus, the placement of M-PSS, M-SSS, and M-PBCH is chosen to avoid collision with LTE CRS, PRS, PSS, SSS, PDCCH, PCFICH, PHICH, and MBSFN. For CSI-RS, it is assumed that legacy CSI-RS can puncture NB-LTE channel(s).  

An example is given in Figure 4. The M-PSS and M-SSS are placed in subframes 9, which avoid any potential collision with MBSFN. It is desirable to have contiguous M-PSS transmission intervals in order to achieve good cell search performance. Thus, there will be collisions between M-PSS and LTE CRS, and when such collisions occur the RE will be used by LTE CRS. Thus, from M-PSS stand-point, these REs are punctured. Other placement(s) can be further considered. Figure 5 illustrates how M-PSS and M-SSS are allocated within a subframe. When PSS and SSS are transmitted, they get the entire downlink bandwidth of 1 PRB, except for the REs where LTE CRS may be transmitted. The M-PSS and M-SSS is each repeated every 20 ms.
The detailed design of M-PSS/M-SSS is included in section 3.7, and cell search performance can be found in [10].
M-PBCH REs are allocated in subframe 0, avoiding potential collisions with aforementioned essential LTE physical channels and signals. For example, LTE PDCCH may take up to the first 3 OFDM symbols in subframe 0. Thus, the first 3 OFDM symbols are not used by M-PBCH. Although after cell search, the UE knows the location of LTE CRS, the modulation values of LTE CRS are however not known. Thus, LTE CRS cannot be used as reference symbols for M-PBCH demodulation. M-PBCH may instead use M-PSS and M-SSS as phase references for demodulation. Alternatively, new NB-LTE specific M-CRS may be defined.   The detailed design of M-PBCH is given in section 3.5, and M-PBCH coverage performance can be found in [10].

[image: ]
[bookmark: _Ref425956358]Figure 3: Legacy LTE Resource element multiplexing and allocation among different physical channels.
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[bookmark: _Ref425956363]Figure 4: M-PSS, M-SSS, and M-PBCH placement to avoid potential collision with LTE essential resource elements.
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[bookmark: _Ref425956395]Figure 5: PSS and SSS allocations.

In Figure 4, the notion of protected resources is for the placement of M-PSS, M-SSS, and M-PBCH. Once the UE acquires system configuration information it learns how the LTE cell is configured and can infer the REs that can be allocated to M-EPDCCH and M-PDSCH. For example, the system configuration may indicate that there is no MBSFN subframe in the LTE cell, non-MBSFN subframe configuration, or a set of subframes usable for NB-LTE UEs, etc., and thus these resources may be made available to M-EPDCCH and M-PDSCH. In LTE, the number of OFDM symbols allocated to PDCCH may vary from subframe to subframe. However, in some networks, most of the UEs may support EPDCCH, and as a result there might not be a need to allocate more than one or two OFDM symbols per subframe for PDCCH. The system configuration information may include such information to the UE. Furthermore, the UE may learn through M-PBCH decoding whether the cell uses two or four transmit antennas. Based on this information, a NB-LTE UE can figure out the resource multiplexing map as illustrated in Figure 6. The LTE DM-RS’s associated with EPDCCH and LTE DM-RS’s or CRS’s are by default used as reference signals for M-EPDCCH and M-PDSCH demodulation respectively. Under certain circumstances, e.g. when a high power boosting level is applied to NB-LTE PRB for serving UEs in extremely poor coverage condition, additional NB-LTE UE specific reference symbols may be provided.
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[bookmark: _Ref428792124]Figure 6: A NB-LTE resource element multiplexing example. (NB-LTE deployed inside an LTE carrier configured with 2 antenna ports, 1 OFDM symbol per subframe for downlink control, and no MBSFN subframe)

Guard-band and stand-alone deployments
For guard-band and standalone deployments, there is no need to protect any LTE essential resource elements. A NB-LTE UE will acquire such information from M-PBCH. All the protected resource elements shown in Figure 6 will be made available to M-EPDCCH and M-PDSCH.
Broadcast channel
In NB-LTE, the essential system information (such as system frame number) for initial access to a cell is carried on M-PBCH. NB-LTE M-PBCH processing procedure follows that of LTE [5] with revised resource mapping tailed to 180 kHz channel. 
[image: ]
[bookmark: _Ref426126989]Figure 7: PBCH Structure
To support in-band deployment, NB-LTE avoids collision with certain LTE signals as much as possible.  The proposed NB-LTE M-PBCH structure is shown in Figure 7. The M-PBCH transmission time interval (TTI) is 640 ms, and the transmissions occur in subframe 0 in each LTE frame. In subframe 0, NB-LTE M-PBCH occupies five OFDM symbols, which is the same for both normal cyclic prefix (CP) and extended CP LTE deployment. 
The NB-LTE M-PBCH structure has taken into account the following in-band deployment constraints.
1) NB-LTE M-PBCH uses subframe 0, avoiding collision with LTE MBSFN that may occur in subframes 1, 2, 3, 6, 7, 8.
2) NB-LTE M-PBCH symbols avoid collision with all LTE CRS (up to 4 antenna ports).
3) NB-LTE M-PBCH symbols avoid collision with LTE PCFICH, PHICH, and PDCCH that may use up to the first 3 OFDM symbols in a subframe (for >1.4 MHz LTE bandwidth).
4) After cell search, NB-LTE UE does not know the LTE CRS values (though it can derive their positions from cell ID obtained in cell search). To enable channel estimation and coherent demodulation of PBCH, additional NB-LTE CRS could be defined within the PRBs used for PBCH, as shown in Figure 7.  
NB-LTE M-PBCH Processing
The NB-LTE M-PBCH processing procedure goes as follows.
1) The number of system information bits is 34, selected to carry the master information block (MIB). The detailed contents are discussed in the next section.
2) With 16 bit CRC (defined in subclause 5.1.1 of [6]), the total number of bits before convolutional encoding is 50.
3) The 50 bits are encoded with a tail-biting convolutional encoder (depicted in Figure 13) and rate matched to the number of available resource elements for M-PBCH. The number of available resource elements will depend on whether M-PBCH uses PSS/SSS or newly defined CRS for demodulation.
4) The coded bits are scrambled with a cell-specific reference sequence (defined in subclause 7.2 of [6]).
5) The scrambled coded bits are segmented into 8 equal-sized code sub-blocks that are sent in 640 ms TTI. Each code sub-block is self-decodable. Each code sub-block is repeated 8 times and spread over 80 ms time interval (one repetition in each subframe 0).
6) Each code sub-block is modulated with Quadrature Phase Shift Keying (QPSK).
In summary, each M-PBCH code block is divided into 8 sub-blocks. Each sub-block is further repeated 8 times over 80 ms interval. Since each code sub-block sent in each 80 ms interval is self-decodable, devices in good coverage do not need to receive all the eight code sub-blocks to decode MIB, or even do not receive all the 8 copies of one sub-block. This helps reduce latency and minimize impact on device battery life.
Note that after cell search, NB-LTE UE has found the timing within 80 ms. Due to the use of scrambling sequence over 8 code sub-blocks over 640 ms, the UE can determine the 640 ms timing by performing at most 8 separate decoding attempts using the 8 hypotheses of the M-PBCH scrambling sequence and checking the CRC accordingly.
NB-LTE Master Information Block
Detailed NB-LTE MIB contents are left for future study. Here we provide a brief discussion on MIB and motivate the 36-bit MIB that is used in performance evaluation, see [10].
System Frame Number: To support in-band deployment, it is beneficial for NB-LTE UE to have a common understanding of LTE frame timing. LTE frame timing has a periodicity of 10240 ms. After cell search and M-PBCH decoding, NB-LTE UE has found 640 ms timing. The system needs additional 4 bits to help UE obtain the remaining timing information within the 10240 period. For extended DRX, it may be preferred to further extend NB-LTE frame cycle by using e.g., 6 additional bits.
ValueTag: To be able to quickly determine if the System Information has changed one possible option is to have ValueTag included in MIB. But this information could be included in SIB1, as in LTE. If included in MIB, this may require about 5 bits.

SIB1 Scheduling Information: In Rel-13 eMTC, SIB1 is scheduled without (E)PDCCH and all scheduling parameters which cannot be fixed (e.g. TBS) are indicated in MIB.  Similar mechanism could be used for NB-LTE. A pessimistic estimate for SIB1 scheduling information could be 10 bits (which might be improved).

NB-LTE PRB Position: Knowing NB-LTE PRB position is not necessary for standalone deployment, but is needed for in-band deployment if NB-LTE re-uses LTE CRS. Without the related information of PRB position, the UE would not be able to know the CRS sequence values for channel estimation. The maximum number of LTE PRBs is 110. The number of bits needed will depend on how many potential PRBs could be used for in-band NB-LTE. Also, the UE may not know whether the deployment is in-band or standalone at this point. Thus, a specific bit pattern may be used to indicate the standalone deployment. For example, with one bit pattern reserved for indicating standalone deployment, 5 bits could help indicate  a set of possible PRB positions in LTE. In terms of indicating the possible PRB position, it is FFS about the number of indication bits and the detailed indication method. If a separate set of CRS is defined for NB-LTE, it is not necessary to include NB-LTE PRB position information in MIB. In this case, 1 bit indicating the deployment options suffices.
Taking into account 16-bit CRC, NB-LTE MIB is expected to have about 50 bits.

Downlink common control channel
[bookmark: _Toc427957510]M-EPDCCH Physical Layer Processing
Overall, the design of the LTE EPDCCH is re-used. Specifically, each M-EPDCCH consists of one or more enhanced control channel elements (ECCEs). Each ECCE consists of four or eight enhanced resource element groups (EREGs), where each EREG corresponds to nine resource elements (REs).Unlike EPDCCH in LTE, all OFDM symbols of each subframe can be utilized for M-EPDCCH when NB-LTE operates in stand-alone manner. In inband operation, it is assumed that a few OFDM symbols are reserved for legacy PDCCH such that those REs will not be used for M-EPDCCH via rate matching.  
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[bookmark: _Ref429138647]Figure 8: M-EPDCCH Structure
Figure 8 illustrates the M-EPDCCH structure. The physical layer processing of M-EPDCCH bits is similar to their counterparts in LTE [5,6] and is briefly described as follows.
1. 16-bit CRC is appended to each DCI message.
1. For each M-EPDCCH, the information bits are encoded with a rate 1/3 convolutional code and rate-matched to the available resource elements.
1. If multiple M-EPDCCHs are sent in the same transmission time interval, their encoded bits are multiplexed.
1. The M-EPDCCH blocks of bits are scrambled with a cell-specific reference sequence or with a UE-specific reference sequence.
1. The scrambled bits are modulated with QPSK and mapped to the available resource elements.

Synchronization channel
NB LTE Cell Search
Cell search in NB-LTE follows the same principle as in LTE, but with suitable modifications in the design of the different sequences to improve the cell search capability. The raster frequency for NB-LTE cell search is 100 kHz. The structure of the cell synchronization sequences used in NB LTE is provided in Figure 9. 
[image: ]
[bookmark: _Ref425163418]Figure 9 : Frame structure M-PSS and M-SSS.
An example depicted in Figure 9 are the
(a) Primary Synchronization Sequence (M-PSS): One Primary Synchronization sequence is used. The PSS spans 9 OFDM symbols and is used to determine the subframe timing as well as correcting the frequency offset. Note that in this design, the PSS is contiguous in time.
(b) Secondary Synchronization Sequence (M-SSS): The Secondary Synchronization Sequence spans 6 OFDM symbols and is used to determine the cell identity and the M-frame timing. In order to support the same number of cell identity groups as in LTE, 504 different SSS are designed. 
From the design, it can be seen that the M-PSS and M-SSS are repeated on average every 20 ms and occur 4 times within an 80 ms block. In the subframes containing the synchronization sequences, the M-PSS occupies the last 9 OFDM symbols, and the M-SSS occupies the 6th, 7th, 10th, 11th, 13th and 14th OFDM symbols in the normal cyclic prefix case (For the extended cyclic prefix case, the M-SSS occupies 5th, 6th, 9th, 11th and 12th OFDM symbols). The 9 OFDM symbols are chosen in order to provide support for inband deployment within an LTE carrier. This is because the first 3 OFDM symbols in the hosting LTE system are used to carry PDCCH and a subframe consists of a minimum of 12 OFDM symbols (for the case of extended cyclic prefix). For the M-PSS, the corresponding resource elements where CRS is transmitted in the hosting LTE system are punctured to avoid collision. The specific position of the M-PSS/M-SSS in NB-LTE avoids collision with a number of legacy LTE signals such as PDCCH, PCFICH, PHICH and MBSFN.
With respect to LTE, the design of the synchronization sequences in NB-LTE is slightly different. This is done to achieve a compromise between faster synchronization and reduced memory consumption at the user terminal. Because of the 4 times repetition in a 80 ms interval, a slightly modified design is required for the M-SSS to resolve timing uncertainty within the 80 ms interval, which we describe in the next section.
Structure of M-PSS and M-SSS
In LTE, the structure of the PSS allows a low complexity design of the timing and frequency offset estimator, and the SSS is designed to obtain frame timing and enable support for 504 unique cell identities. Reduction of number of unique cell identifies (e.g., 168) however might be considered.  
In case of LTE inband and guard band deployments the CP of NB-LTE is chosen to match the CP of the hosting system. 
A single M-PSS is specified in NB-LTE. In LTE, PSS synchronization procedure, a certain number of frequency hypotheses are used for each PSS in order to determine the symbol timing and a coarse estimation of the frequency offset. Adopting such a procedure in NB-LTE would give rise to a higher receiver processing complexity due to the use of multiple frequency hypotheses. In order to cater to this problem, a sequence resembling a differentially encoded Zadoff-Chu sequence in the time domain is proposed for the M-PSS. Because of differential encoding in the transmission stage, a differential decoding is performed during the receiver processing. As a result of this, the frequency offset gets transformed from a continuous rotation over symbols to a fixed phase offset over symbols. We start with a base sequence of length 107, and obtain

The base sequence  is then differentially encoded to give a sequence  as follows 

The sequence  is then divided into 9 sub-sequences, each of length 12 and at a sample rate of 180 kHz. A 12-point FFT is taken for each of these 9 sub-sequences, then each sequence is oversampled 128/12 times, using a zero padded 128 point IFFT, to a sample rate of 1.92 MHz. The end result is that each sequence is mapped to each of the 12 subcarriers over 9 OFDM symbols. The PSS generation is given in Figure 10.
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[bookmark: _Ref427056926]Figure 10 : Generation of the M-PSS
Note that each of the sub-sequences constitutes one OFDM symbol and there are 9 sub-sequences in total, therefore, the M-PSS occupies 9 OFDM symbols. The total M-PSS length is equal to (128 + 9)*9 + 1 = 1234 samples when normal cyclic prefix of 9 samples is used and 1440 when extended cyclic prefix is used. 
It should be noted that Figure 10 provides a method for generating the M-PSS, and the actual M-PSS to be used during transmission need not be generated every time using the same complex procedure at the transmitter/receiver. The complex coefficients corresponding to the M-PSS can be generated offline, i.e., , and these can then be stored directly at the transmitter/receiver. Also note that even though the M-PSS is generated at 1.92 MHz, the occupied bandwidth is 180 kHz. 
A comparison with LTE reveals that the frequency of occurrence of the M-PSS in NB-LTE gives a slightly larger overhead for the PSS in LTE. Specifically, the synchronization sequences used in LTE occupy 2.86 % of the total transmission resource, and the ones used in NB-LTE occupy approximately 5.36 % of the total resource. This extra overhead comes with the advantage of reducing the synchronization time as well as the memory consumption, leading to improved battery life and lower device cost. 
The Secondary Synchronization Sequence (M-SSS) is designed in the frequency domain, and occupies 12 subcarriers in each of the 6 OFDM symbols. Thus, the number of resource elements dedicated to the M-SSS is equal to 72. The M-SSS is composed of a single length 61 Zadoff Chu sequence padded with 11 zeros at the beginning. For the extended cyclic prefix case, the first 12 symbols of the M-SSS are discarded and the remaining ones are mapped to the available OFDM symbols (Note that this results in discarding only one symbol from the length 61 sequence, since there are 11 zeros in the beginning. Discarding a symbol results in a minor degradation in the correlation properties of the different SSS.). The sequence and its cyclic shifts for different roots easily provide support for up to 504 unique cell identities. The reason for using Zadoff-Chu sequences in NB-LTE compared to m-sequences in LTE is to reduce the false detection rate, which requires additional processing in LTE due to the presence of a common sequence for two different cell identity groups. 
Since the M-PSS/M-SSS occur 4 times within an 80 ms block, the LTE design of the SSS cannot be used to provide the exact timing information within this block. This is because of the special interleaving structure that can determine only 2 positions, whereas we need to determine 4 positions. Therefore, a scrambling sequence is used on top of the Zadoff-Chu sequence in order to provide information about the frame timing. 4 scrambling sequences are required to determine the 4 locations within the 80 ms block, which can be leveraged to obtain the correct timing. The M-SSS mapping is provided in Figure 11.
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[bookmark: _Ref427057816]Figure 11 : Generation of the M-SSS
Specifically, the M-SSS is given as , where  denotes the cell identity and  determines the location of the M-SSS, i.e., the number of M-SSS in the 80 ms block that have occurred before the current SSS. We have


and



Note that  is a Zadoff Chu sequence and determines the cell identity group.  The root   and the cyclic shift  are used to provide a specific cell identity.  is the scrambling sequence composed of cyclic shifts of a base sequence  and is used to indicate the M-SSS location within an M-frame in order to obtain the frame timing. Note that the cyclic shift  is dependent on . The values of  and  for a specific  are given as  and .
[bookmark: _Ref426294543]Scheduling of M-PDSCH resources
The basic scheduling unit in a NB-LTE system is 1 PRB (1 ms x 180 kHz), same as that in an LTE network. Following the principle of LTE, a transport block is mapped to the scheduling units (PRBs) assigned to a UE. Unlike LTE, these scheduling units now appear in time dimension.
LTE provides two kinds of control channels, the PDCCH and the EPDCCH. Preferable, NB-LTE should use only one of them. In [7], the two approaches based on M-PDCCH and the M-EPDCCH were described, and it was concluded that the NB-LTE downlink control channel should follow the principles of the LTE EPDCCH. 
With decreasing channel quality the number of bits that can be carried in the PDSCH of a PRB decreases. In other words, the transport block size that can be received with a desirable block error rate decreases. Therefore, as explained in [3], the relative L1/2 protocol overhead increases with decreasing transport block size. In order to reduce the relative protocol overhead, the size of a transport block needs to be increased by expanding it in the time domain beyond a subframe. How it can be applied to NB-LTE PDSCH and PUSCH and how it relates to the DCI framework is also described further in [7].

Downlink processing chain
In Figure 12, the transmitter processing of LTE PDSCH is shown. M-PDSCH follows the exact same processing as shown in Figure 12. The only step that needs to be revised is the mapping of modulated symbol to resource elements.
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[bookmark: _Ref429140663]Figure 12: M-PDSCH transmission
For completeness, we briefly summarize all the steps depicted in Figure 12 and provide corresponding references to E-UTRA specifications that describe those steps in detail. 
The CRC is 24-bit long and generated according to [6] using the following polynomial:
gCRC24B(D) = [D24 + D23 + D6 + D5 + D + 1].			(1)
Shorter CRC bits may also be considered for reducing overheads for small block size.
For the performance evaluation in this contribution we consider the LTE convolutional code. 
The LTE convolutional code encoder is shown in Figure 13.
[image: ]
[bookmark: _Ref429140780]Figure 13: LTE convolutional code encoder.
Rate matching and interleaving is performed according to Figure 14, in which the three coded bit streams from the encoder (see Figure 13) are independently interleaved before a circular buffer based rate matching process is applied. The details are given in section 5.1.4.2 of [6].
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[bookmark: _Ref429140830]Figure 14: Rate matching and interleaving for M-PDSCH. (Based on the same rate matching scheme as LTE)
The encoded bits after rate-matching are scrambled with a scrambling mask generated according to the RNTI associated with the M-PDSCH transmission (see section 7A.2 of [5]). The scrambled code word is modulated with QPSK modulation according to the mapping table below. 

[bookmark: _Ref429292294]Table 1: QPSK modulation mapping.
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In the subsequent step, the modulated symbols are mapped to the M-PDSCH resources. Afterwards, the inverse FFT (IFFT) is applied and a cyclic prefix (CP) is inserted to obtain the transmit signal in the time-domain. 
In order to increase the robustness of the M-PDSCH, the same transport block is retransmitted by the transmitter and the multiple transmission attempts may be soft-combined by the receiver. The bundling level is configured by RRC depending on the required coverage enhancement level.
Uplink Physical Layer
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, 15 kHz sub-carrier spacing should be used in the NB-LTE also for UL, but considering the time-accuracy that can be achieved when detecting the PRACH from UEs in extremely poor coverage condition, see [10], the CP duration have to be increased. One way to achieve that is to reduce the subcarrier spacing by a factor of 6, 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. 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, see subclause 7A.4.3.4 of [4]. 
NB-LTE uplink contains three basic channels including M-PRACH, M-PUCCH, and M-PUSCH. Whether M-PUCCH is needed is for further study, as the use of a dedicated PUCCH, as used in LTE for carrying uplink control information, may not be necessary since its function can be integrated to M-PRACH and M-PUSCH. Due to the data package size of CIoT applications, the uplink control information (ACK/NACK for M-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. Furthermore, 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 considered less beneficial for NB-LTE. Hence, for the initial uplink resource request or when the UE is in idle mode, the M-PRACH procedures can be used for the uplink resource request, see sec. 10.1.5 [9]. 
[bookmark: _Ref426294094]Frame 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. We will refer to the 6 ms uplink subframe as M-subframe. Figure 15 visualizes how the uplink numerology is stretched in time domain. Like an LTE 1.4 MHz carrier, 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 16.

[image: ]
[bookmark: _Ref426292669]Figure 15: Stretching uplink numerology in time domain and 
thereby reducing subcarrier spacing from 15 kHz to 2.5 kHz

[image: ]
[bookmark: _Ref425929435]Figure 16: Time units for uplink NB-LTE based on 2.5 kHz subcarrier spacing.
[bookmark: _Ref426290311]Resource mapping
M-PRACH and M-PUSCH are time- and frequency-multiplexed onto a 180 kHz NB-LTE carrier. The multiplexing in time and frequency is shown in Figure 17, in which the time-frequency resources allocated to M-PUSCH are represented in white, and all other different colors are used to indicate M-PRACH resources allocated to different coverage classes, which aim at supporting UEs with different coverage conditions. For example, the red colored resources are allocated to UEs who are in the most extreme coverage limited condition. Since these UEs need more M-PRACH repetitions, they benefit from having M-PRACH resources more frequently than UEs in other coverage classes. It is note that frequency-multiplexing between M-PRACH resources allocated to different coverage classes can be considered as well. In order to randomize the effect of the inter-cell interference, frequency hopping may be considered for M-PUSCH. According to Figure 17, within an interval of 240 ms, there is a 72 ms portion during which M-PRACH may be transmitted. The occasions of PRACH as well as the frequency allocation (centered in the NB-LTE bandwidth or shifted toward the edge) are configurable through system information.
[image: ]
[bookmark: _Ref425957092]Figure 17: NB-LTE time- and frequency-multiplexing of M-PRACH and M-PUSCH.
The edge subcarriers as shown in Figure 17 may be allocated to M-PUSCH for UEs who need extreme coverage extension (e.g. 20 dB). For inband deployment, some of these edge subcarriers may serve as a guard band to avoid or reduce interference between NB-LTE and LTE. The allocation of such guard subcarriers might be dynamically adjusted through NB-LTE uplink scheduling by simply not scheduling any NB-LTE UE on these subcarriers. 
Random Access
In NB-LTE, the subcarrier spacing for M-PUSCH is 2.5 kHz, reduced by 6 times compared to the LTE 15 kHz subcarrier spacing. In LTE, PRACH subcarrier spacing is 1.25 kHz and the preambles are Zadoff-Chu sequences of length 839. So the total used bandwidth is 1.0488 MHz (excluding guard band). 
A seemingly natural choice for NB-LTE M-PRACH design is to reduce the 1.25 kHz subcarrier spacing also by 6 times and to reuse the length-839 Zadoff-Chu sequences. There are however some problems with this design. First, the reduced subcarrier spacing is 208.3 Hz, which is relatively small considering the frequency offset between the device and base station and Doppler shift. Second, the total used bandwidth for M-PRACH would be 208.3*839=174.8 kHz, while the total uplink bandwidth is 180 kHz in NB-LTE. As a result, at most two 2.5 kHz subcarriers can be used for M-PUSCH or left as guard band for in-band deployment, and there is no guard band between M-PUSCH and M-PRACH when they are frequency multiplexed. This may cause interference problems. 
In NB-LTE, 160 kHz uplink bandwidth can be used for M-PRACH. On the one hand, large subcarrier spacing is desirable to make the preamble transmission robust to carrier frequency offset (CFO) and Doppler shift. On the other hand, longer Zadoff-Chu sequences based preambles are preferred. This is because orthogonal preambles are derived by applying cyclic shifts to a base Zadoff-Chu sequence. In LTE, different cyclic shifts are applied to cells to in different size ranges [5]. For a given cell size (i.e., a given cyclic shift), the longer the preambles, the more the orthogonal preambles. With 160 kHz bandwidth for M-PRACH, a tradeoff exists between M-PRACH subcarrier spacing and preamble length. Further, the choice should enable M-PRACH to well fit within the overall frame structure in NB-LTE.
Taking into account all the constraints, it is proposed to reduce 1.25 kHz LTE PRACH subcarrier bandwidth by 4 times for NB-LTE M-PRACH, i.e., 312.5 Hz subcarrier spacing. Note that it is important to leave some guard band between M-PUSCH and M-PRACH to mitigate their mutual interference. After reserving about one data carrier on each side between M-PUSCH and M-PRACH, the actually used bandwidth for NB-LTE PRACH is 155 kHz. The maximum preamble length is thus 155/0.3125=496. To facilitate preamble sequence selection, prime-length Zadoff-Chu sequences are preferred. Since the largest prime number less than 496 is 491, it is proposed to use length-491 Zadoff-Chu sequences as preambles.
In summary, for M-PRACH in NB-LTE, it is proposed to use length-491 Zadoff-Chu sequences mapped to 312.5 Hz spaced subcarriers. The proposed design is shown in Figure 18. Further, as a working assumption, it is proposed to assume 64 preambles as in LTE are available for NB-LTE. Among the 64 preambles, each cell may configure a subset of them for contention-free random access. 
[image: ]
[bookmark: _Ref424919550]Figure 18: M-PRACH preamble length and subcarrier spacing
M-PRACH Dimensioning
The PRACH slot duration and period can be configured depending on the load and cell size. In this subsection, we provide one such configuration.
With 312.5 Hz subcarrier spacing, the preamble sequence duration is 3.2 ms. In NB-LTE, the basic scheduling unit for M-PUSCH is M-subframe of 6 ms. In this example configuration, two M-subframes constitute one M-PRACH slot of 12 ms. Each 12 ms PRACH slot is further divided into three 4 ms M-PRACH segments. Since the preamble sequence duration is 3.2 ms, there are 0.8 ms resources remaining for cyclic prefix (CP) and guard time (GT). To maximize coverage, the CP is dimensioned to be 0.4 ms (ignoring the delay spread, which is on the order of a few us and has marginal impact). Figure 19 illustrates the proposed PRACH CP/GT dimensioning. More M-PRACH configurations (with different durations, CPs, or GTs) may be defined if necessary. 
[image: ]
[bookmark: _Ref425154421]Figure 19: PRACH cyclic prefix/guard period dimensioning
A CP of 0.4 ms duration can address cell sizes up to 60 km, exceeding the 35 km maximum cell size target in GERAN study [1]. Also, with 512 point IFFT for M-PRACH preamble generation, the CP size amounts to 64 samples, making adding CP straightforward in baseband processing. Though preambles are defined in frequency domain, devices can directly generate the preambles in time domain and thus can bypass the 512 point IFFT operation.
Based on the above CP/GT dimensioning, three M-PRACH formats are defined in Table 2. 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 M-PRACH segment is sufficient to send their preambles. As there are three segments per 12 ms M-PRACH slot, users in basic coverage can randomly choose one of the three segments. 
· For users in robust coverage, each preamble transmission is repeated six times and thus occupies two 12 ms M-PRACH slots. 
· For users in extreme coverage, each preamble transmission is repeated 60 times and thus requires twenty 12 ms M-PRACH slots. 
[bookmark: _Ref425155854]Table 2: M-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
	60
	Format 2-A
	N2-4

	
	
	
	
	Format 2-B
	4

	Note:  Ni<=64, i=0, 1, 2. The remaining 64-Ni preambles are reserved for contention-free random access for the corresponding coverage class. N0, N1, and N2 can be configured in each cell.



Note that Format 2 is used for users in extreme coverage with the coupling loss range [154 dB, 164 dB]. To achieve good preamble detection rate and false alarm rate, we further restrict the number of preambles that can be used for users with the coupling loss range [159 dB, 164 dB] to 4 preambles for contention-based random access. Four preambles are sufficient, given that the percentage of users with the coupling loss range [159 dB, 164 dB] is very small, as shown in Table 3.

[bookmark: _Ref428862997]Table 3: Coupling loss statistics and traffic arrival rates [2]: Scenario 2 with 0.75 inter-site correlation coefficient; traffic model (mobile autonomous reporting) in [2], periodic inter-arrival times are given as 1 day (40%), 2 hours (40%), 1 hour (15%), and 30 minutes (5%); 52547 devices per sector
	Coupling loss
	<144 dB
	[144 dB, 154 dB]
	(154,159] dB
	>159 dB

	Percentage
	88.42%
	9.01%
	1.69%
	0.88%

	MAR mean arrival rate (/s)
	6.0229
	0.6137
	0.1151
	0.06



M-PRACH Configuration
Note that the concurrent preamble transmissions of users in different coverage class may lead to potential near-far problems. To mitigate this problem, the preamble transmissions of users in different coverage class are time multiplexed in NB-LTE. Further, to avoid potential persistent inter-cell interference, it may be preferred that the preamble transmissions of users in adjacent cells are also separated in time domain. Figure 20 shows an example random access resource configuration that meets both time multiplexing requirements. In Figure 20, the periods of random access resource for Format 0, 1 and 2 are 240 ms, 240 ms, and 60 ms, respectively.  In the 480 ms time window shown in Figure 20, two M-PRACH slots are configured for Format 0, two M-PRACH slots are configured for Format 1, and eight M-PRACH slots are configured for Format 2. To sum up, 30% uplink resources are configured for random access in Figure 20. The system can configure less random access resource if the load is lower.
[image: ]
[bookmark: _Ref428187207][bookmark: _Ref428865539]Figure 20: Example random access resource configuration

Uplink shared channels
For NB-LTE uplink, there are still 6 PRBs per subframe that can be allocated to the M-PUSCH. For UEs in extremely poor coverage condition, a single subcarrier UE allocation may be used.
The provisioning of the corresponding downlink control information as well as a bundling-scheme for spanning an M-PUSCH transport block across multiple subframes is described in [7]. An M-EPDCCH based design will be favorable for providing the uplink grants to the UE. 
[image: ]
Figure 21: 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 which is assumed as a baseline. It is however desirable to allocate even narrower resources for UEs for improving multiplexing capability which can be further studied in WI phase. If this is adopted, 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. 
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 22. 
[image: ]
[bookmark: _Ref429293139]Figure 22: Scheduling M-PUSCH resources by M-EPDCCH in extreme coverage.
[bookmark: _Toc427957519]Uplink processing chain
In NB LTE, single carrier transmission is used for M-PUSCH to minimize the PAPR and hence to improve coverage. M-PUSCH processing is shown in Figure 23. 

[image: ]
[bookmark: _Ref429292027]Figure 23: M-PUSCH processing.
The CRC generation uses the same polynomial as that for generating the CRC for M-PDSCH, see Equation (1). Channel coding is based the LTE turbo code encoder shown in Figure 24. 
[image: ]
[bookmark: _Ref429292091]Figure 24: 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 [6]. The encoded bits after rate-matching are scrambled with a scrambling mask generated according to the RNTI associated with the M-PUSCH transmission, see section 7A.2 of [4]. The scrambled code word is modulated with BPSK or QPSK modulation according to the mapping tables in Table 4 and Table 1, respectively.
[bookmark: _Ref429292291]Table 4: 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 23 is bypassed, and a group of MF tones is allocated by the eNB to the scheduled UE, where MF = 1, 2, 4, or 8. If only a single tone is allocated, the allocated tone is used for M-PUSCH transmission. Otherwise, each set of log2MF + log2MQ bits determines a combination of a transmitted tone among the MF allocated tones and a modulation symbol, where MQ corresponds to the modulation order, e.g., 2 for BPSK and 4 for QPSK. 
For the SC-FDMA transmission with multiple contiguous subcarriers within a single cluster, the transform precoding is applied to each group as described in section 5.3.3 of [5] to obtain so-called frequency-domain symbols (a.k.a., SC-FDMA). Moreover, to further reduce the PAPR for BPSK/QPSK, additional potential 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. 

	(2)











for where,  is the number of subcarriers allocated to M-PUSCH, , ,  and  is the frequency-domain symbol on subcarrier  of the th symbol. Table 7A.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. 

			(3)
Table 5: 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 [5], 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. 

Conclusions
In this contribution we outlined a physical layer framework for a narrowband 180 kHz carrier that builds on top of the existing LTE physical layer design. It aims to maximize the re-use of its physical layer principles such as its DL numerology and the multiple access schemes (OFDMA and SC-FDMA). The coding, modulation, and rate matching framework already established in LTE can also be reused. Changes to the UL numerology as well as to the M-PSS/M-SSS and M-PRACH structure have been proposed while aiming also here for commonality with LTE. For example, like LTE, Zadoff Chu sequences are used for M-PRACH and the synchronization channels, and cell search is based on the same cell identity grouping method.
The proposed design maintains key properties of LTE such as tight packing of subcarriers and resulting high capacity while enhancing the coverage and reducing the device complexity and cost. The latter comes naturally from the reduction of the channel bandwidth and the introduction of a longer M-subframe as well as inter-subframe scheduling. 
The concept description is provided to show feasibility, and could be seen as a baseline for further discussion and optimization in a potential work item phase. Simple design as well as synergy and compatibility with LTE are important optimization criteria.
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