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Introduction
In RAN1#80bis[1], the following is agreed. 
Agreements:
· A set of DL and UL narrow-band(s) are known to UE
· Definition of narrow-band(s) is specified in the spec
· FFS details of a definition of narrow-band(s)
· FFS on how to UE knows available narrow-band(s) for MTC UEs
· One narrow-band size is 6PRB
· FFS on other narrow-band size(s)
· PRBs in a narrow-band are aligned with legacy PRB mapping
· Frequency hopping over the system bandwidth is not used for at least
· PSS/SSS
· PBCH
· At least in CE, frequency hopping over the system bandwidth can be used for common message for Rel-13 MTC UEs (RAR, paging, MTC SIB(s), FFS on response for message 3)
· Hopping pattern between narrow-bands is supported
· FFS on details of hopping pattern

In RAN1#81 [2], the following is agreed. 

Agreements:
· A narrowband is defined as a set of contiguous PRBs
· At least for TDD, the same set of narrowbands are specified for both DL and UL
· NOTE: This avoids additional retuning in TDD
· Narrowbands are non-overlapping
· FFS: Some PRBs may not be included in any narrowband
· FFS the location of these PRB(s) (e.g., edge(s), near the center, …)
· The PSS/SSS/PBCH may be in one or more narrowbands. PSS/SSS/PBCH is independent of any narrowbands
· In case a UE needs to monitor PSS/SSS/PBCH of a cell, it can be retuned to the center 72 subcarriers (excluding system DC)
· FFS how the narrowbands are defined across the system BW
· FFS if an offset is allowed for aligning UL narrowbands with legacy PUCCH and/or PRACH

Agreements:
· Working assumption: At least in case the network supports enhanced coverage, frequency hopping for MTC SIB-1 is always used at least system bandwidth >= 5Mhz
· Working assumption: The frequency location of MTC SIB-1 is determined based on subframe index (and/or SFN), cell ID and system bandwidth. 
· For frequency hopping of a channel CH, 
· YCH (frequency hopping granularity) is determined based on one of the following options
· Alt 1. A common value is used 
· FFS whether YCH is specified in the spec or configured by MIB/SIB1
· Alt 2. Multiple values are used (e.g., a single value per coverage/repetition level)
· FFS the details including mappings
· Alt 3. YCH is variable
· YCH is determined based on repetition number and the number of narrow-bands used for hopping
· One hop per narrowband (one retuning per narrowband)
· Note: Hopping pattern of common channels such as SIBx is cell-specific 
· FFS whether frequency hopping  can be used for LC UEs in non-CE
· FFS on details of mapping between hopping pattern(s) and channels

This contribution discusses further details on narrowband definition and frequency hopping mechanism. 
Discussion
Multiple narrowband formation
Narrowband(s) with smaller than 6PRB 
Depending on the formation of narrowband and/or the system bandwidth of a carrier, there could be one or two set of PRB(s) which could not form non-overlapped 6PRB narrowband(s). Since resource allocation at least for normal coverage is done per narrowband, to allow accessing all PRBs by a MTC UE, it can be considered to define narrowband(s) with small PRB size(s). For example, in 50PRB system bandwidth, a narrowband with 2 PRBs can be formed. However, usage of narrowband(s) with smaller than 6PRB may be restricted. For example, frequency hopping may be restricted to narrowbands with the same size. Also, for CSI feedback, feedback on the narrowband with small size may not be supported. Since the number of PRBs not belonging to any 6PRB narrowband is small, we prefer minimizing efforts to standardize those PRBs. 
Formation of narrowband 
Narrowband formation can be overall the following options. 
1 6PRB narrowband starts from the edge of the system bandwidth 
2 6PRB narrowband starts from the lowest PRB
3 6PRB narrowband starts from the center

We prefer Option 1 as it can be easily aligned with uplink resource such as PUCCH and PRACH. Similar to legacy PUCCH, we consider that frequency hopping of MTC PUCCH occurs in the same offset from the system edge. Also, the center region may be used for PBCH and PSS/SSS, it would be desirable to avoid overlap between narrowband and center region as much as possible. Starting from the center may need to address different system bandwidth. For example, a narrowband with 6PRB in odd system bandwidth may need to be shift 0.5PRB in either direction. Thus, overall, defining center narrowband may not be so effective.  Given additional complexity and/or alignment with legacy channels and uplink transmissions, we think Option 1 should be adopted at least for TDD. 


[image: ]
[bookmark: _Ref416255999]Figure 1. Illustration of potential narrowbands in 3/5/10Mhz system bandwidth for TDD

For FDD, when determining potential locations of narrowband, impacts on legacy UEs can be considered. For example, narrowband may be formed aligned with RBG as much as possible so that wasted resource can be minimized when multiple narrowbands are multiplexed with PDSCHs for legacy UEs. In 10Mhz system bandwidth, since 3PRBs is the unit of RBG, narrowband can start from the first PRB. In this case, Option 2 can be used for FDD downlink and Option 1 can be used for FDD uplink with possible offset for legacy PRACH/PUCCH region. 
[image: ]
Figure 2. Illustration of potential narrowbands in 10/20Mhz system bandwidth for FDD DL

For the simplicity and uniform formation, the same format based on Option 1 can be adopted. 

Proposal 1: At least for TDD, narrowband is formed from the edge of the system bandwidth. 

Signalling of narrowbands allocated for MTC UEs
Since narrowband formation would be different depending on system bandwidth, it is natural to assume that repeated PBCHs are transmitted through center 6PRB similar to legacy PBCH.  Though the possible location of narrowbands are prefixed, to allow network flexibility to adjust the resource amount allocated to MTC UEs (vs legacy UEs), a signalling of a set of subbands usable for MTC UEs would be necessary. At least, for cell-common data such as SIB, paging and RAR, a subset of subbands can be prefixed or signalled via PBCH or SIB. We consider that working assumption on frequency hopping on SIB can be confirmed where the location of narrowbands for SIB frequency hopping can be determined without explicit signalling. 

Proposal 2: Confirm the working assumption: 
· Working assumption: At least in case the network supports enhanced coverage, frequency hopping for MTC SIB-1 is always used at least system bandwidth >= 5Mhz
· Working assumption: The frequency location of MTC SIB-1 is determined based on subframe index (and/or SFN), cell ID and system bandwidth. 
To determine frequency hopping pattern of MTC SIB-1 as a function of cell ID and system bandwidth, one example is to hop between two narrowbands formed in the edge (e.g., narrowband 0 and 1). To minimize potential impacts on scheduling to legacy UEs, it is our preference to fix the edge narrowbands used for MTC SIB-1 transmission regardless of cell ID. If inter-cell randomization is necessary, different hopping pattern in time-domain may be considered which is determined based on cell ID. For example, a set of cells may perform frequency hopping in every radio frame for MTC SIB-1 and some of cells may perform frequency hopping in every two radio frames, and so on.  

In terms of indication of available narrowbands to MTC UEs, it can be done via SIB transmission. One simple approach is to signal a bitmap to indicate which narrowband(s) are usable for MTC UEs. The other approach is to signal the number of available narrowbands to MTC UEs, which indicates the number of narrowbands usable to MTC UEs starting from the lowest narrowband index. In case, explicit signaling is not available, a MTC UE may assume that all narrowbands defined in a system bandwidth is available to MTC UEs. 

Proposal 3: A subset of narrowbands is signalled for MTC UEs by SIB. Details of signalling is FFS.

Frequency Hopping
Frequency hopping enabling/disabling configuration
Though frequency hopping achieves better performance, it may impact the scheduling of legacy UEs. For example, if DVRB is used for scheduling on legacy UEs, it becomes difficult to avoid overlap with legacy UE’s scheduled PDSCH if frequency hopping is used. Thus, it is generally desirable to allow configurability of enabling/disabling of frequency hopping. Since it is generally beneficial to apply frequency hopping to all channels, enabling/disabling of frequency hopping per UE would be sufficient for unicast channels. For common channels, cell-common signalling may be necessary. In case some MTC UEs perform frequency hopping and other MTC UEs are not applying frequency hopping, the overlap/collision between two groups should be addressed. One approach to avoid collision is to divide resources usable for frequency hopping and non-frequency hopping regions such that frequency hopping occurs only through resources allocated for frequency hopping. For example, if there are possibly K narrowbands in the system bandwidth, only K1 narrowbands are used for frequency hopping where frequency hopping pattern applies only within K1 narrowbands, and K-K1 narrowbands are used for non-frequency-hopping UEs. To avoid such a case, cell-common enabling/disabling of frequency hopping is more preferred. 

Proposal 4: Cell common enabling/disabling of frequency hopping can be considered. 

Frequency hopping via narrowband switching
In the same subframe, it is expected that legacy UEs are multiplexed with MTC UEs. As legacy UEs do not utilize frequency hopping for downlink transmission, multiplexing between legacy and MTC UEs become complicated if frequency hopping of MTC UE spans the entire system bandwidth due to potential overlap/collision. As mentioned before, thus, resource separation between MTC UEs and legacy UEs are desirable. For the simplicity, we consider that a MTC UE can be configured with a set of narrowbands where frequency hopping would span resources belonging to the configured set of narrowbands only. To minimize the overlap/collision among different UEs which use frequency hopping within those resources, a common hopping pattern can be considered, which is applied regardless of actual transmission. As agreed in RAN1#80, cross-subframe channel estimation is used for unicast data transmission. To support both techniques, it is natural to assume that frequency hopping occurs in every L subframes where L is the number of subframes used for cross-subframe channel estimation. For a cell-common frequency hopping pattern, L should be a common for all UEs performing frequency hopping. If a set of narrowbands are separately configured per each coverage class, hopping pattern per coverage class can be also considered. 

As agreed in RAN1#81, overall, two hopping patterns can be considered: (1) frequency hopping in every L subframe (either L is cell-common or L is different per coverage class) (2) frequency hopping occurs in P subframe (P is determined based on the number of repetition).  The first approach is more generic and would be more efficient to handle multiple UEs/channels with different number of repetitions. Furthermore, for example, M-PDCCH, it becomes more complicated to apply the second approach as a UE needs to blindly search more than one repetition level of M-PDCCH. In other words, M-PDCCH candidates with different repetition levels would have different frequency hopping pattern. In such a case, a UE may have to monitor different narrowband per each repetition level. 

Furthermore, overall frequency hopping gain can be increased as the number of narrowbands used for frequency hopping increases as shown in Figure 3. Simulation assumptions can be found in the appendix. 


PDSCH repetition number N = 200
[image: ]
[bookmark: _Ref427311926]Figure 3. Simulation results with different frequency hopping mechanism with 200 repetitions

Assuming 200 repetition for a PDSCH, we simulated hopping pattern between two or four narrowbands with L = 5 and P = 101 and 51 (for two and four narrowbands case respectively) for both approaches. Note that we assume one subframe of frequency retuning gap. As shown in Figure 3, the first approach shows slight benefit over second approach though the difference is marginal. Though the first approach may increase the overall latency of data transmission/reception, in terms of multiplexing among different channels/UEs and frequency hopping for M-PDCCH, we propose to adopt the first approach. In terms of separating hopping pattern per coverage class or not, it may depends on the number of available narrowbands. Given that it is desirable to use at least four narrowbands for frequency hopping for a channel and there are at least three coverage levels in the system, it seems to be more straightforward to use a common ‘L’ value. 

Proposal 5: Frequency hopping pattern is cell-common. If applied, frequency hopping occurs in every L subframes where L is a cell-common value. L can be defined in the specification.


Before designing the details of frequency hopping, it is needed to consider the requirements and properties of the frequency hopping pattern. In the discussion below, the term “time unit” is used and it is assumed that narrowband switching takes place at the boundary of each time unit.
We can first list some desirable properties of the frequency hopping pattern as follows:

[bookmark: _GoBack]Property 1) The eNB should be able to control the number of narrowbands used for frequency hopping. This is to allow the network controllability in consideration of the traffic load for LC MTC UEs and normal UEs.
Property 2) Two narrowbands used in two adjacent time units should be separated as much as possible in the frequency domain. This can provide the maximal frequency diversity when repeated transmissions spans a relatively small number of time units.
Property 3) Restriction on normal UE scheduling should be minimized. Especially when a small number of narrowbands are configured in UL, these narrowbands need to be located at the edge of the system bandwidth so that all the remaining PRBs around the center can be contiguously allocated to a single PUSCH from a normal UE. We note that PUCCH region can be located outside of the narrowbands.
Property 4) Each hopping pattern should be able to use a sufficiently large number of narrowbands among those configured for LC MTC UEs. When a large number of narrowbands are configured, hopping across many narrowbands can maximize the frequency diversity.

The above properties can be maintained by configuring two groups of narrowbands at the edge of the system bandwidth as illustrated in Figure 3. The network can configure the size of each narrowband group according to the traffic load of LC MTC UEs. We note that different number of narrowbands can be configured in DL and UL due to the potential difference in traffic intensity. The PRBs in between the two narrowband groups can be allocated to normal UEs, and a wideband transmission with single carrier property is possible from a single normal UE in UL thereby satisfying Property 3. For Property 2, the frequency hopping needs to alternate between the two narrowband groups, i.e., narrowband group #0 at time unit x, x+2, x+4, …, and narrowband group #1 at time unit x+1, x+3, x+5, .... At the same time, for Property 4, the narrowband used in each narrowband group needs to change, i.e., different narrowbands are used in time unit x and time unit x+2 although they belong to the same narrowband group.

[image: ]

Figure 3. An example of configuring two narrowband groups when (a) a small number of narrowbands are configured and (b) a large number of narrowbands are configured.

In terms of allocating narrowbands for frequency hopping, whether to allocate common narrowbands for broadcast and unicast transmissions needs some consideration. If they are common, updating the set of narrowbands usable for unicast transmission becomes complicated as it also affects transmission of common data. If they are separately configured with possible overlap, some collision cases should be addressed. If they are separately configured and resources are disjoint, resources used for frequency hopping of cell common data can be utilized. Overall, it is desirable to avoid possible collision by applying the same pattern. However, if it is necessary for the flexibility, applying separate resources for cell-common and unicast transmission for frequency hopping can be considered.
 
Proposal 6: Frequency hopping is achieved via narrowband switching. Consider adopting virtual narrowband concept where physical narrowband resource can be determined based on hopping pattern and other cell common parameters. 

Narrowband switching gap
Though exact length of frequency retuning gap is not determined, it is generally expected that at least a few OFDM symbols may be necessary. For the simplicity, we propose to fix frequency retuning gap as 1msec. When the unit of narrowband switching (L) is fixed as a common value, if all MTC UEs use the last subframe of each L subframe as a gap, there will be no MTC UEs schedulable in that subframe when all MTC UEs are performing frequency hopping. Thus, it is desirable to mix some UEs with a gap in the first subframe of each L subframe and some UEs with a gap in the last subframe of each L subframe. 

Proposal 7: 1 subframe narrowband switching gap in every L subframes is assumed. Either the first or the last subframe of each L subframes is used for the gap.  

Also, it is shown that the reducing the hopping occurrence may enhance the performance with low mobility as it would allow more opportunities of multi-subframe channel estimation. Thus, L should be large such as 8 or 16. L can be different per coverage class. If narrowbands are shared among different UEs with different coverage class, it is desirable to use multiple of the lowest coverage level’s L for other coverage class (e.g., 4 for CE level 1, 8 for CE level 2, etc). 

Conclusions
This contribution discussed narrowband formation and frequency hopping. The followings capture the proposals. 

Proposal 1: At least for TDD, narrowband is formed from the edge of the system bandwidth. 

Proposal 2: Confirm the working assumption: 
· Working assumption: At least in case the network supports enhanced coverage, frequency hopping for MTC SIB-1 is always used at least system bandwidth >= 5Mhz
· Working assumption: The frequency location of MTC SIB-1 is determined based on subframe index (and/or SFN), cell ID and system bandwidth. 

Proposal 3: A subset of narrowbands is signalled for MTC UEs by SIB. Details of signalling is FFS.

Proposal 4: Cell common enabling/disabling of frequency hopping can be considered. 

Proposal 5: Frequency hopping pattern is cell-common. If applied, frequency hopping occurs in every L subframes where L is a cell-common value. L can be defined in the specification.

Proposal 6: Frequency hopping is achieved via narrowband switching. Consider adopting virtual narrowband concept where physical narrowband resource can be determined based on hopping pattern and other cell common parameters. 

Proposal 7: 1 subframe narrowband switching gap in every L subframes is assumed. Either the first or the last subframe of each L subframes is used for the gap.  
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Appendix 

1. Simulation Assumptions for frequency hopping 
	Parameter
	value

	System bandwidth
	10MHz

	Carrier frequency
	2GHz (FDD)

	Antenna configuration
	2x1, low correlation

	Channel model, Doppler spread
	EPA 1Hz

	TB size
	328 bits

	PDSCH PRB size
	6 PRBs

	Frequency tracking error
	100Hz

	Frequency hopping
	ON

	Cross-subframe channel estimation
	ON

	Performance target
	10% BLER
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