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Introduction
In the past RAN1 meetings, a lot of agreements were reached for frequency hopping for Rel-13 low complexity MTC UEs. Some of the important agreements are captured below:
Agreement at RAN1#80:
· For Rel-13 low complexity UE in enhanced coverage, the following techniques related to at least unicast PDSCH should be supported
· In order to allow cross-subframe channel estimation, PRB position is the same during at least X subframes 
· X value and configuration are FFS
· This does not preclude dis-continuous transmission for unicast PDSCH
· Frequency hopping is supported over the system BW
· If/when frequency hopping is applied, frequency location should be switched every Y consecutive subframes, where Y is equal to or larger than X, assuming re-tuning time is included in Y.
· Configurability is FFS
· FFS: Other techniques
Agreement at RAN1#80:
· For ‘physical channel(s) carrying UL data’ repetition (including different RVs) for Rel-13 low complexity MTC UEs with a coverage enhancement mode, the following techniques are supported
· Multiple-SF channel estimation
· Frequency hopping over system bandwidth across subframes
· Network can enable or disable the hopping
· FFS details of configuration
· FFS on other techniques
Agreement at RAN1#82:
Agreement:
· All narrowbands are of a size of 6 PRBs
· Total number of DL narrowbands in the system bandwidth is fixed at                
· Total number of UL narrowbands in the system bandwidth is fixed at 
Agreement:
· The remaining RBs are divided evenly at both ends of the system bandwidth, with the extra odd PRB for the system BW (e.g. 3, 5, and 15 MHz) located at the center of the system BW
· The narrowbands are numbered in order of increasing PRB number
Agreement:
· Confirm working assumption: At least in case the network supports enhanced coverage, frequency hopping for MTC-SIB1 is always used at least system bandwidth >= 5MHz.
Agreement:
· YCH (frequency hopping granularity) is either predetermined or semi-statically configured (i.e., not dynamically indicated)
· A cell-specific value of YCH is applicable at least for paging and RAR transmissions at least for the case when the repetition number is greater than the cell-specific value YCH
Agreement at RAN1#82bis:
Agreement:
· MTC-SIB1 frequency hopping takes place between 2 or 4 narrowbands depending on the system bandwidth
· narrowbands = 2 for system BW of 12-50 RBs
· narrowbands = 4 for system BW of 51-110 RBs
· Confirm the working assumption that the mentioned narrowbands are determined based on cell ID and system bandwidth 
· FFS on how to handle the case if MTC-SIB1 overlaps with PBCH
· Confirm the working assumption that the hopping sequence between these narrowbands is determined based on cell ID and subframe index (and/or SFN)
Working assumption:
· For PUSCH/PUCCH, when frequency hopping is used, frequency hopping occurs between 2 narrowbands
· FFS the case for unicast M-PDCCH/PDSCH
Agreement:
· For M-PDCCH/PDSCH, when frequency hopping is used, frequency hopping occurs between:
· a per cell configurable number of narrowbands of 2 or 4
Agreement:
· If/when frequency hopping is applied to a DL/UL physical channel, 
· Location of the PRB(s) is the same during YCH=X consecutive subframes
· For retuning between DL narrowbands, and from UL to DL (for TDD)
· RAN1 assumes that UE uses at most the first 2 OFDM symbols in legacy control region as retuning time
· eNB starts DL transmission using the CFI signaled in SIB1bis (for other transmissions than SIB1bis)
· UE behavior in case the CFI signaled in SIB1bis is smaller than 2 OFDM symbols is up to the UE implementation
· YCH  is configured per CE level
· Frequency hopping for SIB1bis is always used at least for system bandwidth ≥ 5MHz 
· Configuration of frequency hopping 
· for paging M-PDCCH and MTCSIBx is in a cell-specific manner
· For paging, FFS the corresponding PDSCH
· for RAR/msg3/msg4, is per “coverage level” (including non-CE) in a cell-specific manner
· for unicast is per UE, in a UE-specific manner

[bookmark: _GoBack]In this contribution, we provide the details of random frequency hopping pattern for LTE Rel-13 MTC and provide some proposals at the end. 


Requirements for Frequency hopping pattern 
We reiterate the following general design requirements for frequency hopping pattern:
· There should be no collision between MTC hopping UEs in the same cell 
· There should be no collision between legacy hopping UEs and new MTC hopping UEs in the same cell 
· Different hopping patterns in neighbouring cells in order to reduce inter-cell interference
· High degree of frequency diversity for one UE throughout hopping pattern for the subsequent repetitions
· It should possible to configure the narrowband positions for frequency hopping pattern in order to avoid collision with legacy transmissions such as SPS, PBCH, PSS/SSS, PUCCH, PRACH resources etc.
· Signalling overhead for informing UEs about common hopping sequence should be kept as small as possible
· It should be possible to enable or disable the frequency hopping for a given UE
· The hopping sequence period should be longer than the periodicity of longest channel interval in order to harvest the frequency diversity gain (e.g. the hopping sequence is reset after 8 radio frames in line with SIB1bis periodicity).


Narrowband Positions and Numbering
In RAN1#82, the definition of narrowbands for downlink and uplink system bandwidths has been discussed and agreed as  and  respectively.
Furthermore, it was agreed that the remaining RBs are divided evenly at both ends of the system bandwidth, with the extra odd PRB (e.g. 3, 5, and 15 MHz) located at the center of the system BW. The narrowbands are numbered in order of increasing PRB number.


To formulate the above definition into mathematical equations, let  be the first PRB of narrowband k whereas follows: 





Frequency hopping scheme
We propose to reuse the Rel-8 Type 2 PUSCH frequency-hopping for MTC transmission. The hopping pattern is cell-specific, so there is no collision among hopping UEs in the same cell. In addition, the hopping pattern provides inter-cell interference randomization among cells. 
The legacy hopping scheme is as follows:
[image: ]




where  is obtained from the scheduling grant, pusch-HoppingOffset () and the number of active sub-bands are given by higher layers and is the slot number.
To adapt the same hopping scheme for MTC transmission, we propose the following changes.


Let  be the first PRB of physical narrowband k whereas follows: 





Let  be a sub-set of physical narrowbands that are pre-configured by higher layers for frequency hopping as shown on Figure 1. (In general there may be multiple (non-overlapping) sets configured for different coverage levels or different UEs). The main benefit configuring the narrowbands for frequency hopping from higher layers is to avoid collision with legacy transmissions such as SPS, PBCH, PSS/SSS, PUCCH, PRACH resources, etc.



Let  represent a resource block assignment within a narrowband signalled in the resource assignment, and let  be the physical narrowband index which contains.



If  is a narrowband in which hopping is applied and  then  is determined as follows:
Frequency hopping scheme:




Let  be the index of  in set, i.e. 










Where the hopping function is as defined in Rel-8,  and hopping interval Y is configured from higher layers or predefined.
It can be seen that this is equivalent to the legacy Type 2 frequency hopping scheme of Rel-8 with the following changes:
· The hopping rate is once per hopping interval Y configured from higher layers or predefined (Note that Y counts all subframes regardless of valid and invalid subframes).
· The hopping sequence period can be 8 radio frames aligned with SIB1bis periodicity which means the hopping sequence is reset at every SFN mod 8 = 0. 
· The hopping narrowband size is fixed to 6 RBs
· 


is set to zero (because there is little frequency diversity benefit to be gained by applying mirroring within a 6-RB narrowband). Note for UL frequency hopping, change to. 
[image: ]


            Figure 1. Details of FH pattern with, Y = 2 and  (example in 10MHz)
Note that the above hopping sequence is utilizing the parameters of Cell ID, subframe and SFN, so it is in line with RAN1 agreement of “the hopping sequence between these narrowbands is determined based on cell ID and subframe index (and/or SFN)”.

Performance comparisons
In this section, we compare the performance of random and cyclic hopping schemes by taking into account the inter-cell interference. In random hopping scheme, the narrowband in a given subframe is randomly chosen among configured number of narrowbands while in cyclic hopping scheme the narrowband is chosen in the order of narrowband index increase.
In addition, we compare the performance of random hopping and symmetric hopping (i.e. mirroring) schemes by taking into account the inter-cell interference.
The inter-cell interference is modelled in such a way that two users are hopping at the same time in the same frequency bandwidth but each user (i.e. with a different C-RNTI) is attached to a different cell (i.e. with different Cell ID). One of the users is assumed to own the desired signal and the other one is assumed to be the interfering signal. Link level simulation assumptions from [9] are captured on Table 1 in the Appendix section.
In all simulated cases, the frequency hopping period is 8 subframes and cross-subframe channel estimation has not been performed. The number of simulated repetitions are 8, 16, 32, 64 and 128 with continuous time-domain transmission for coverage enhanced mode.

Random vs cyclic hopping schemes for four narrowbands
Three schemes were simulated and compared as follows:
· No frequency hopping scheme: the two users will always interfere with each other as both cells schedule same narrowband at the same time and the hopping is disabled. 
· Random hopping scheme: the hopping pattern is random in each cell so the two users will only clash some of the time.
· Cyclic hopping scheme: the two users will always interfere with each other as both cells apply same cyclic hopping of the narrowbands at the same time. 
Based on the above schemes, the following three cases were simulated:
· The Interference signal is 3dB higher than the desired signal
· The Interference signal and desired signal have same power 
· The Interference signal is -1.5dB lower than the desired signal

Figures 2 and 3 show the BLER performance results of TBS 328 bits for EPA channel with Doppler spread of 1Hz where the interference signal and the desired signal have relative power offsets of 3dB, 0dB and -1.5dB. It can be seen that the gain of the random hopping scheme is much larger than the cyclic hopping scheme depending on the interference level (IntOffset). Hence, the results clearly demonstrate the benefit of using random hopping scheme in all cases.
Observation: Our results clearly demonstrate the benefit of using random frequency hopping scheme in all simulated cases.

[image: ]
Figure 2. The Interference signal is 3dB higher than the desired signal (left) and same power (right).

[image: ]
Figure 3. The Interference signal is -1.5dB lower than the desired signal.
Random vs mirroring hopping schemes for two narrowbands:
Three schemes were simulated and compared as follows:
· No frequency hopping scheme: the two users will always interfere with each other as both cells schedule same narrowband at the same time and the hopping is disabled. 
· Random hopping scheme: the hopping pattern is random in each cell so the two users will only clash some of the time.
· Mirroring hopping scheme: the two users will always interfere with each other as both cells apply same symmetric hopping of the narrowbands at the same time. 
The cases in section 5.1 were repeated for the simulation results shown on Figure 5 below. Again it can be seen that the gain of the random hopping scheme is much larger than the mirroring hopping scheme depending on the interference level (IntOffset). Hence, the results clearly demonstrate the benefit of using random hopping scheme in all cases.
[image: ]
Figure 4. The Interference signal is 3dB higher than the desired signal (left) and same power (right).

Conclusion
In this contribution, we have provided the details of random frequency hopping design for LTE Rel-13 MTC. We have the following observation and proposals:
Observation: Our simulation results clearly demonstrate the benefit of using random frequency hopping scheme compare to cyclic hopping and mirroring schemes.
Proposal 1: Positions of the narrowbands for frequency hopping should be configured to each UE in advance.
Proposal 2 for modifying Type 2 Frequency hopping pattern as follows: 


Let  be the first PRB of physical narrowband k whereas follows: 





Let  be a sub-set of physical narrowbands that are pre-configured by higher layers for frequency hopping.



Let  represent a resource block assignment within a narrowband signalled in the resource assignment, and let  be the physical narrowband index which contains.



If  is a narrowband in which hopping is applied and  then  is determined as follows:
Frequency hopping scheme:




Let  be the index of  in set, i.e. 










Where the hopping function is as defined in Rel-8,  and hopping interval Y is configured from higher layers or predefined.
Note that how to capture the FH pattern in the specification can be left for the editor.
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Appendix – Simulation Assumptions
    Table 1. Link level Simulation Assumption (R1-144513)
	Parameter
	Value 

	Number of subframes
	50000

	System bandwidth
	5 MHz

	Frame structure
	FDD

	Carrier frequency
	2.0 GHz for FDD

	Antenna configuration
	2x1

	Channel model
	EPA

	Doppler spread
	1 Hz

	Transport block size (TBS)
	328 bits

	Number of  PRBs
	6 

	Redundancy versions (RV)
	RV0

	Transmission Mode
	TM2

	Frequency error
	Not modelled

	Performance target/ Requirement
	1% BLER for SIB and 10% BLER for Unicast PDSCH

	Channel estimation
	Practical (single subframe channel estimation)

	Inter-cell interference modelling
	Two cells where each cell has one user. Each user (i.e. with a different C-RNTI) is attached to a different cell (i.e. with different Cell ID)
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