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Introduction
At GERAN#62 a new study item named Cellular System Support for Ultra Low Complexity and Low Throughput Internet of Things (WI code: FS_IoT_LC)  was approved to meet the needs of cellular internet of things  [1]. The study is open to both a non-legacy based design, and/or a backward compatible evolution of GSM/EDGE.
A narrowband LTE based solution (called NB-LTE) is proposed in [3]. The document highlights two options for the downlink control channels of NB-LTE that are used to transmit downlink control information (DCI) messages. DCI messages include resource assignment and other control information for one user equipment (UE) or a group of UEs. The two options are physical downlink control channel (M-PDCCH) and enhanced PDCCH (M-EPDCCH). This contribution provides a more detailed description on M-PDCCH and M-EPDCCH and the scheduling mechanisms with M-PDCCH and M-EPDCCH in NB-LTE.
M-PDCCH and M-EPDCCH Structure and Processing
[bookmark: _Ref426385869]M-PDCCH and M-EPDCCH Physical Resources and Formats
The concept of M-PDCCH is similar to its counterpart PDCCH in LTE [4], except a revised resource re-mapping by the time expansion principle introduced in [3]. In NB-LTE, two fixed OFDM symbols are used in each subframe for M-PDCCH. Based on the time expansion principle introduced in [3], the M-PDCCH is distributed in time across an M-subframe (i.e., six subframes). 
The structure and DCI formats of the existing PDCCH are re-used. Specifically, each M-PDCCH consists of one or more control channel elements (CCEs). Each CCE consists of nine resource element groups (REGs), where each REG corresponds to four resource elements (REs). The number of CCEs used in one M-PDCCH transmission can be adapted to the coverage class of the targeting UE. 
Instead of M-PDCCH it is possible to use M-EPDCCH as downlink control channel for NB-LTE. The M-EPDCCH concept is the same as its counterpart EPDCCH in LTE that is typically sent in one physical resource block (PRB) in one subframe. Specifically, each 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). The number of ECCEs used to send one M-PDCCH can be adapted to the coverage class of the targeting UE.
Figure 1 illustrates the M-PDCCH and M-EPDCCH structures.
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[bookmark: _Ref426382009]Figure 1: M-PDCCH and M-EPDCCH Structures
M-PDCCH and M-EPDCCH Physical Layer Processing
The physical layer processing of M-PDCCH and M-EPDCCH is similar to their counterparts in LTE [4] and is briefly described as follows.
1. 16-bit cyclic redundancy check (CRC) is appended to each DCI message.
2. For each M-PDCCH or M-EPDCCH, the information bits are encoded with a rate 1/3 convolutional code and rate-matched to the available resource elements.
3. If multiple M-PDCCHs are sent in the same M-subframe, their encoded bits are multiplexed.
4. The M-PDCCH block of bits are scrambled with a cell-specific reference sequence, while the M-EPDCCH encoded bits are scrambled with a UE-specific reference sequence.
5. The scrambled bits are modulated with Quadrature Phase Shift Keying (QPSK) and mapped to the available resource elements.
More detailed description (and evaluation results) may be found in [5].
Scheduling with PDCCH or EPDCCH
In this section we discuss the resource scheduling for M-PDSCH and M-PUSCH. As usual, we follow the LTE baseline as much as possible and deviate only where necessary. 
We discuss the options of using a PDCCH- or EPDCCH- based control channel for carrying theDCI. 
Downlink scheduling 
[bookmark: _Ref426386221]In an M-subframe, the minimum scheduling unit is 1 PRB (1 ms x 180 kHz). Hence, in principle, up to 6 UEs may be scheduled in an M-subframe. Following the principle of LTE, a transport block is mapped to the scheduling units (PRBs) assigned to a UE in one M-subframe. Unlike LTE, these scheduling units now appear in time dimension as shown in [3] which results in the structure shown in Figure 2. Besides that, the structure and DCI formats of the existing PDCCH are re-used. 
After the M-PDCCH occurrence in the last subframe of M-subframe n, the UE performs the blind decoding. If it detects a valid DCI on the M-PDCCH, it attempts to receive the corresponding M-PDSCH in M-subframe n+1. That means a downlink assignment received in M-subframe n is valid for M-subframe n+1. Subsequently, the M-PDCCH in M-subframe n+1 is valid for M-subframe n+2, and so on. In order to further relax the processing demand on the UE and to account for timing advance or DL/UL retuning of half-duplex UEs, it may be preferable to expand the pre-scheduling time. That means, a grant or assignment received on M-PDCCH in M-subframe n becomes valid only in M-subframe n+k where k >= 2. The following figures illustrate the case where k=1. 
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[bookmark: _Ref426204816]Figure 2:  M-PDSCH resource allocation for NB-LTE using existing M-PDCCH formats for 1.4 MHz in combination with forward scheduling. 
With decreasing channel quality the number of bits that can be carried in the M-PDSCH of an M-subframe decreases. In other words, the transport block size that can be received with a desirable block error rate decreases. Therefore, as explained in [6], the relative L1/2 protocol overhead increases with decreasing transport block size. For the highest targeted Maximum Coupling Loss (MCL) the expected M-PDSCH data rate is in the order of a few kbps (see [7]), which corresponds to a few octets in each M-subframe. This is in the same order or even less than the L2 protocol overhead and the L1 CRC. 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 one M-subframe. The same basic principle is supported in LTE and known as “TTI bundling” (see section 5.4.2.1 of [8]). 
When applied in the context of NB-LTE as described above, a downlink assignment received in M-subframe n is not only valid for an initial transmission in M-subframe n+1 but also for a number of retransmissions in the subsequent M-subframes. On the receiver side (here the UE), the transmission attempts are soft-combined. In order to efficiently address the coverage extension of 20 dB, the bundling level in NB-LTE should be configurable on a per-UE basis. It could be configured semi-statically by RRC or be signaled as part of the downlink control information. In [7] bundling levels of 1, 6 and 36 have been used. That means, an assignment is valid for the following 1, 6 or 36 M-subframes. 
Figure 3 illustrates a resource allocation for extreme coverage where the downlink assignment allocates 6 PRBs following the existing PDCCH DCI format for 1.4 MHz LTE. In accordance with the configured bundling level, the UE applies this assignment in the subsequent 36 M-subframes. 
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[bookmark: _Ref426207301]Figure 3: TTI bundling applied to M-PDSCH 
(example: Bundling Factor = 36; DL assignment for 6 PRBs in each M-subframe)
It is worth noting that the forward scheduling across many M-subframes enables temporary use of M-PDCCH resource elements for M-PDSCH. In the example depicted in Figure 3, the M-PDCCH in the left-most M-subframe assigns all 6 PRBs in each of 36 subsequent M-subframes to a single UE. Consequently, this UE does not attempt to receive M-PDCCH in M-subframes n+1 to n+35 but rather expects these additional resource elements to be allocated to the M-PDSCH (indicated by the dashed M-PDCCH occurrences). Other UEs might try to receive M-PDCCH in those M-subframes (whenever they are not in DRX) but will not find a valid DCI. Only from M-subframe n+36 onwards the eNB will start sending M-PDCCH on the M-PDCCH resource elements.
Figure 4 shows another example where different UEs are configured with different bundling levels (or no bundling). 
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[bookmark: _Ref426207557]Figure 4: M-PDSCH resource allocation for UEs 
configured with different bundling levels
Instead of PDCCH it is possible to use EPDCCH as baseline for the control channel for NB-LTE which has a number of advantages as shown in the following. The pre-scheduling by one or more M-subframe as well as the support of “M-subframe bundling” applies in the same way as described above for the M-PDCCH. Only the placement of the M-EPDCCH would be different as shown in Figure 5.
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[bookmark: _Ref426227843]Figure 5: M-EPDCCH for NB-LTE UE in “basic” coverage
For UEs in basic coverage the primary advantage is in terms of battery consumption: While the M-PDCCH in Figure 2, Figure 3 and Figure 4 requires a UE to monitor all 6 subframes in an M-subframe, the M-EPDCCH occurs typically on only one subframe. Secondly, the UE has more time to decode the DCI and, in case of uplink, to prepare the corresponding transport block. Furthermore, when an NB-LTE carrier is deployed within a legacy LTE carrier, the PDCCH of the latter would only coincide with a few symbols of the M-EPDCCH of the former (shown as light-grey vertical bars in Figure 5). Fortunately, LTE already specifies how to handle this overlap of PDCCH and EPDCCH on a legacy LTE carrier and hence no new functionality needs to be added. 
The reduced time diversity compared to the PDCCH based approach may have slightly negative impact on the reception performance. However, as shown in [5] the M-EPDCCH generally outperforms the M-PDCCH.
The M-EPDCCH shows its key advantage when used in robust or extreme coverage: While the M-PDCCH structure shown above does not allow allocating an arbitrarily large fraction of the resources for delivering DCI, the M-EPDCCH resources can be configured individually per UE. Our M-EPDCCH evaluation in [5] shows that the transmission of a DCI block (UL grant, DL assignment) of 64 bit (48 DCI + 16 CRC) requires 0.5, 4 and 48 PRBs (subframes) in basic, robust and extreme coverage, respectively. The example in Figure 6 shows how an M-EPDCCH using 4 PRBs provides a DL assignment to a UE in robust coverage. 
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[bookmark: _Ref426231169]Figure 6: M-EPDCCH for a UE in robust coverage extension mode
(M-EPDCCH on 4 PRBs followed by M-PDSCH on 6 entire M-subframes)
In “extreme” coverage conditions (MCL ~ 164 dB) the M-EPDCCH resources configurable in one M-subframe will not be sufficient as shown in [5]. Hence, the M-EPDCCH transmission needs to be expanded across M-subframes. This expansion does not follow naturally from the time domain expansion principle by a factor of 6 outlined in [3]. However, it is very similar to the bundling scheme introduced for the M-PDSCH. An example using the repetition levels according to [5] and [7] is shown in Figure 7.
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[bookmark: _Ref426290111]Figure 7: M-EPDCCH for a UE in extreme coverage extension mode
A UE should of course not be required to read and blindly decode M-EPDCCH continuously in all M-subframes. It could be configurable whether the M-EPDCCH recurs only once every M-PDSCH bundling window or e.g. twice or four times within this cycle. If, as in the figure, the UE decodes a valid assignment in M-subframe n, it knows that the next possible M-EPDCCH occurrence will be after “bundling factor” subframes. Furthermore, the UE would only attempt to decode M-EPDCCH in M-subframes where it is not in DRX. 
Based on this analysis and the performance evaluation in [5] we have a preference for using an EPDCCH based scheme for the downlink control channel of NB-LTE. 
Besides the downlink assignments for M-PDSCH the M-EPDCCH carries also the uplink grants for the M-PUSCH. Details of the latter will be explained in the following section.
Uplink scheduling
With the time expansion principle there are still 6 PRBs per M-subframe that can be allocated to the PUSCH of up to 6 UEs. Figure 8 shows that the M-EPDCCH structure outlined above for the downlink is also well-suited to allocate M-PUSCH resources. 
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[bookmark: _Ref426294494]Figure 8: Scheduling M-PUSCH resources by M-EPDCCH
Without any changes, the DCI formats for scheduling the LTE 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 favorable 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 9. Performance evaluation results for the M-PUSCH are provided in [7].
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[bookmark: _Ref426296408]Figure 9: Scheduling M-PUSCH resources by M-EPDCCH in extreme coverage
Conclusions
In this contribution we presented the two options, M-PDCCH and M-EPDCCH, for carrying DCI messages, and described the scheduling mechanisms with M-PDCCH and M-EPDCCH in NB-LTE. Besides the provisioning of the DCI, we explained how to apply a bundling scheme similar to TTI Bundling (as defined for LTE’s PUSCH) for the M-PDSCH and the M-PUSCH. Such a scheme enables the use of sufficiently large transport blocks even in challenging coverage situations while maintaining the basic scheduling principles of LTE. 
The general design principles of NB-LTE M-PDCCH follow those of LTE, but a simple resource re-mapping is applied to adapt the LTE PDCCH design to NB-LTE that operates with a much reduced bandwidth. Such a resource remapping is however not needed for M-EPDCCH.
Simulation results in [5] show that the NB-LTE M-PDCCH and M-EPDCCH design can meet the 164 dB MCL target. Based on the analysis in this contribution and performance evaluation in [5], M-EPDCCH is the preferred scheme for the downlink control channel of NB-LTE. 
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