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1. Introduction
Half duplex operation is an option to reduce UE cost, as described in the WID of low cost MTC [1]. According to the agreements in RAN1 #76bis [2], there are some remaining issues of low cost half duplex FDD (HD-FDD) MTC UEs as follow. 
· FFS till RAN1#77 focusing on at least the following areas:

· Whether or not current specification is sufficient to handle Tx/Rx and Rx/Tx switching

· Assumption of the number of local oscillators

· # of HARQ processes

· Soft buffer management

· Impact, if any, on PDCCH monitoring and CSI reporting

· Impact, if any, on PHICH handling

This contribution focuses on some remaining issues to be completed in Rel-12 and gives our proposals. 
2. Discussion
2.1. Assumptions of the number of local oscillators
RAN4 LS [3] doesn’t clarify the number of local oscillators supported by low cost HD-FDD MTC UEs, and only concludes that  up to 1ms is needed for both Tx-to-Rx switching and Rx-to-Tx switching in case of single oscillator.  In this section, we discuss the importance and system impact of single oscillator in low cost HD-FDD MTC terminals.
From the perspective of cost saving, oscillator (crystal + PLL) is a significant portion of the RF cost. If we say the oscillator is roughly 1/3 of the cost of a single band RF transceiver, then two oscillators increase the RF transceiver cost by 1/3 compared to single oscillator, which is an overall cost increase of 5.3%-6.7%,  assuming RF transceiver takes a cost of 40-50% of RF module [1].  GSM devices for example uses single oscillator. 
Secondly, since eNB is operating in full duplex, the cell throughput is not affected if low cost HD-FDD MTC UEs have single oscillator and requires longer switching time, because the eNB can always schedule transmission and reception for different UEs at different subframes.  
UE throughput reduction is expected for low cost HD-FDD MTC UEs with a single oscillators, since a much longer switching time that is required to return and settle the LO can be up to one whole subframe, which make that subframe not schedulable in case of single oscillator. In comparison, only the last OFDM symbols will be missed in case of two oscillators and UEs may still receive PDSCH under, for example, lower coding rate.  However, some throughput degradation should be acceptable for low cost MTC terminals since MTC traffic is quite small. 
A longer scheduling delay may also be introduced, because not all subframes can be scheduled for reception/transmission with an up to 1ms switching gap. Considering low cost MTC terminals are delay tolerant, a larger scheduling delay is acceptable. 
Proposal #1: Since single LO is a common practice in HD-FDD such as GSM systems and an additional LO can increase the cost noticeably (e.g.,  ~6%), single LO should be deemed as the preferred implementation of low cost HD-FDD MTC devices.  
2.2. Tx/Rx and Rx/Tx Switching
For HD-FDD UEs, the current specification allows UE to use the last part of DL subframe for Rx/Tx switching before UL transmission.  Tx/Rx switching is created by eNB by adjusting the timing advance value [4], without impacting UL transmission and DL reception. Regarding low cost HD-FDD MTC terminals with single oscillator, 1ms switching gap is needed in the worst case, then corresponding specification of switching GP and the corresponding eNB/UE behavior are needed. 
· Rx/Tx switching
Low cost HD-FDD UEs can follow the current rule for Rx-to-Tx switching by missing the whole of a DL subframe to ensure UL transmission in the following UL subframe, without any impact on UL transmission after switching. If eNB tries to schedule low cost HD-FDD MTC UEs in the switching subframe, a proper resource allocation, for example, a scheduled PDSCH with a lower coding rate, is necessary to guarantee correct reception. Further, some signaling from UEs is needed to indicate UE capability to facilitate eNB scheduling, which will introduce much specification impact.  
From this point of view, it’s preferred that eNB is not expected to schedule low cost HD-FDD MTC terminals in the switching subframe, no matter what the actual Rx/Tx switching time is. Such operation may lead to a degradation of UE throughput, but it has low complexity. Besides, since other UEs can be scheduled in the switching subframe,  there should be no loss of spectrum efficiency or cell throughput, while less power consumption at the UE side is expected. 
 Observation #1: A DL subframe may be used for Rx/Tx switching for low cost HD-FDD MTC UEs, and UEs may not perform any DL reception right before UL transmission.  
· Tx/Rx switching
With an up to 1ms Tx/Rx switching, which cannot be covered by RTT, there are two options to define Tx/Rx GP: 1) Option #1 is to create a Tx/Rx GP by missing the first part of or the whole DL subframe to guarantee UL transmission in the previous subframe; 2) a Tx/Rx GP is created by discarding part of UL transmission to perform Tx/Rx switching. 
Obviously, option #2 will impact on UL transmission, such as SRS, PUCCH and PRACH. According to current specification for HD-FDD UEs, uplink transmission is protected by allowing UE to miss part of downlink subframe (i.e., option #1).  
Option #1 will result in the discarding of control channels (i.e., PCFICH, PDCCH and PHICH) and the scheduled PDSCH. However, it’s expected that eNB has the scheduling flexibility not to transmit control information (including ACK/NACK) right after UL transmission and not to schedule DL traffic. Without scheduling information in the first part of subframe, UEs will fail to decode the rest subframe. Similar to the discussion of Rx/Tx switching and section 2.1, there is no loss of overall cell throughput and spectrum efficiency by not scheduling low cost HD-FDD MTC UEs, though some UE throughput reduction will be introduced, which is acceptable. As a result, it is simple to assume an entire downlink subframe is created for Tx/Rx switching and eNB doesn’t schedule low cost HD-FDD MTC UEs. 
Observation #2: A DL subframe may be used for Tx/Rx switching for low cost HD-FDD MTC UEs, and UEs may not perform any DL reception right after UL transmission.  
In the above discussions, we think low cost HD-FDD MTC UEs with 1ms switching gap are not expected to do DL reception right before or after UL transmission. Then, the following proposal is obtained:
Proposal #2: TS 36.211 is to be revised to support low cost HD-FDD MTC UEs, according to the following basic rule
· For low cost half-duplex FDD MTC operation, a Rx-to-Tx guard period is created by the UE by not receiving an entire downlink subframe immediately before an uplink subframe. 
· For low cost half-duplex FDD MTC operation, a Tx-to-Rx guard period is created by the UE by not receiving an entire downlink subframe right after an uplink subframe.
During Rel-8 discussion, it was agreed for HD-FDD UE that “The UE shall assume that any sub-frame not otherwise required for transmission of uplink may contain PDCCH for assignments of uplink and/or downlink grants” [4]. That is HD-FDD UEs will keep monitoring DL traffic if there is no UL transmission. Under such assumption and Observations #1/#2, the behavior at eNB under following cases needs to be clarified, as shown in FIG. 1. 
For case #1 and case #2, there is no enough time for UE to switch to do DL reception in subframe n+1 or n +2 and switch back to do UL transmission  in n +2 or n +3. Then, it’s expected that eNB won’t schedule any unicast information within the DL subframe between two adjacent UL subframes.  From the perspective of power consumption, it’s also expected that UEs won’t perform switching under case #1 and case #2. 
Observation #3: It’s expected that eNB won’t schedule unicast DL traffic or control information to low cost HD-FDD MTC UEs between two UL subframes with a gap of 2 subframes or less.   
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(b) Case #2
FIG. 1  Tx/Rx and Rx/Tx switching under different cases
2.3. Conflict between DL Reception and UL Transmission 
Here, the conflict between DL reception and UL transmission is defined as the collision of simultaneous DL reception and UL transmission at the same subframe, or DL and UL scheduling in the adjacent subframes (which will result in the drop of one of them due to Tx/Rx and Rx/Tx switching), as illustrated in FIG. 2.
· Obviously, HD-FDD UEs don’t support simultaneous DL reception and UL transmission at the same time. Then, case 1 should be avoided by eNB scheduling. In case there is a collision, it’s up to UE to perform either DL reception or UL transmission as per current specification. 
· Case 2 and Case 3 show DL/UL conflict in two adjacent subframes due to Rx/Tx and Tx/Rx switching. For case 2, no matter the following subframe n+2 is for DL reception or UL transmission, HD-FDD MTC UEs may fail to receive DL traffic in subframe n+1 due to switching. Similar to case 2, low cost HD-FDD MTC UEs may fail to perform DL reception in subframe n, in order to protect UL transmission in the following subframe.  
In a word, it’s expected that eNB’s scheduling flexibility can avoid such collision, at least for scheduled DL reception and UL transmission, such as unicast PDSCH/PHICH and the scheduled PUCCH/PUSCH for ACK/NACK, CSI reporting. Once the collision happens, it’s up to UE to skip UL transmission or discard DL reception.  No matter which one is missed, eNB can reschedule or retransmit the data under current specifications. Furthermore, UE is not expected to do DL reception in the subframe right before or after UL transmission, assuming 1ms switching gap (case 2 and case 3 in FIG.2). 
However, there are some occasions that a collision between DL and UL channel cannot be avoided. For example, there may be some broadcast common message, such as SIB/paging, scheduled in the switching subframe, while there is an unpredictable UL transmission like PRACH and SR at the same subframe or adjacent subframes. Under such case, it’s expected that the UE will miss the broadcast PDSCH to transmit UL channel, and detect the missed common messages at other possible occasions.
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FIG.2 Illustration of conflict between DL reception and UL transmission
From above discussions, the proposal can be drawn as
Proposal #3: It’s expected that 
· It is eNB scheduler’s responsibility to avoid conflict of DL reception and UL transmission.
·  It’s up to UE implementation to transmit UL data or receive DL traffic in case of conflict at the same subframe.
From above discussions, conflict of DL/UL should be avoided by eNB scheduling. Then, it will be applicable to follow the current PUSCH HARQ timing rule, without modification to PHICH transmission. If the control information is missed under some unexpected conditions, retransmission or rescheduling can be performed.  
Proposal #4: Legacy HARQ timing rule can be reused for low cost HD-FDD MTC UEs. 
Also, CSI reporting can be scheduled without conflict with other DL traffic under an appropriate eNB’s configuration. Currently, CSI reporting periodicity is {2, 5, 10, 20, 40, 80, 160}ms. In case of a smaller periodicity, the collision probability for DL reception and UL transmission will be quite high. It’s expected that eNB can configure a larger periodicity of CSI reporting to avoid collision, otherwise it’s up to UE in case of a collision.
Observation #4: A larger periodicity for CSI reporting may be configured to low cost HD-FDD MTC UEs, otherwise collision of DL and UL can happen often.  
2.4. HARQ Process Number
Based on an Tx/Rx or Rx/Tx GP with up to 1ms, FIG.3 and FIG.4 show the DL/UL HARQ timing line for low cost HD-FDD MTC operation under different cases, by following legacy HARQ timing rule. It should be noted that it’s assumed that there is no conflict of DL reception and UL transmission. 
For both UL and DL, it can be found that 3 HARQ processes seems applicable, where two DL subframes are used for Rx/Tx and Tx/Rx switching during one HARQ RTT cycle. 
Observation #5: At least 3 HARQ process should be supported in low cost HD-FDD MTC operation. 
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FIG.3 DL HARQ process for low cost HD-FDD operation
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FIG.4 UL HARQ process for low cost HD-FDD operation
3. Conclusion
  In this paper, some remaining issues are discussed, and we have following observations
Observation #1: A DL subframe may be used for Rx/Tx switching for low cost HD-FDD MTC UEs, and UEs may not perform any DL reception right before UL transmission.   
Observation #2: A DL subframe may be used for Tx/Rx switching for low cost HD-FDD MTC UEs, and UEs may not perform any DL reception right after UL transmission.  
Observation #3: It’s expected that eNB won’t schedule unicast DL traffic or control information to low cost HD-FDD MTC UEs between two UL subframes with a gap of 2 subframes or less.   
Observation #4: A larger periodicity for CSI reporting may be configured to low cost HD-FDD MTC UEs, otherwise collision of DL and UL can happen often.  
Observation #5: At least 3 HARQ process should be supported in low cost HD-FDD MTC operation. 
Further, the proposals are drawn as
Proposal #1: Since single LO is a common practice in HD-FDD such as GSM systems and an additional LO can increase the cost noticeably (e.g.,  ~6%), single LO should be deemed as the preferred implementation of low cost HD-FDD MTC devices.   
Proposal #2: TS 36.211 is to be revised to support low cost HD-FDD MTC UEs, according to the following basic rule
· For low cost half-duplex FDD MTC operation, a Rx-to-Tx guard period is created by the UE by not receiving an entire downlink subframe immediately before an uplink subframe. 
· For low cost half-duplex FDD MTC operation, a Tx-to-Rx guard period is created by the UE by not receiving an entire downlink subframe right after an uplink subframe.
Proposal #3: It’s expected that 
· It is eNB scheduler’s responsibility to avoid conflict of DL reception and UL transmission.
·  It’s up to UE implementation to transmit UL data or receive DL traffic in case of conflict at the same subframe.
Proposal #4: Legacy HARQ timing rule can be reused for low cost HD-FDD MTC UEs. 
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