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1 Introduction
It has been pointed out that an important issue for low-complexity UE operation is half-duplex FDD (HD-FDD) mode. In Rel-8 HD-FDD, subframes are assigned for uplink or downlink transmission dynamically as a result of the scheduler operation. However, there are conflicts between downlink reception, uplink transmission, and guard period that cannot be completely addressed by scheduling algorithm.
The subframe timing conflict problem is exacerbated if the low-complexity UE requires longer time to switch from UL to DL, and switch from DL to UL. In last meeting, RAN4 has pointed out to RAN1 (R4-141235) that
(a) For low complexity HD-FDD MTC UE, the Rx-to-Tx switching time is up to 1ms if single oscillator is used.
(b) For low complexity HD-FDD MTC UE, the Tx-to-Rx switching time is up to 1ms if single oscillator is used.
With Rx-to-Tx switching and Tx-to-Rx switching each taking the duration of one whole subframe, it is inadequate to rely on scheduler operation for HD-FDD operation.
This contribution discusses how to define the HD-FDD UE behaviour when facing timing conflicts between the variety of downlink and uplink signals, in the presence of guard subframes.
2 Downlink Signals
On the downlink, normally there are several subframes that an FDD UE is required to receive. 

(a) Paging: For UE in RRC_IDLE mode, the UE needs to be prepared to receive the paging channel in subframe #0, #4, #5, and #9.  Paging is also used in RRC_CONNECTED to notify a coming modification of SIBs.
(b) PBCH/SIB1/PSS/SSS: For UE in RRC_CONNECTED mode, the UE needs to receive subframe #0 and #5, which carries broadcast type of information including PBCH, SIB1, PSS, and SSS. 
(c) PHICH: When the eNB is expected to transmit PHICH in response to an earlier PUSCH transmission, normally the UE needs to switch to DL to receive the PHICH. Compared to paging and broadcast information, dropping of PHICH is tolerable since this can be made up by retransmission opportunities. It is worth noting that for the purpose of receiving PHICH, it is feasible that the UE only receives the control region (up to 4 OFDM symbols) while skipping the data region of the same subframe.

(d) CSI-RS: The CSI-RS periodicity 
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can be {5, 10, 20, 40, 80} subframes. The eNB can configure the CSI-RS such that the subframes for CSI-RS coincide with other required DL signal, for example, subframe #0 and #5. With this, CSI-RS does not impose additional constraint on the DL-UL subframe timing.
(e) SPS DL: After a Semi-Persistent downlink assignment is configured, the UE shall consider sequentially that the DL assignment occurs with interval of semiPersistSchedIntervalDL, where semiPersistSchedIntervalDL is configured by RRC signaling. semiPersistSchedIntervalDL can be {10, 20, 32, 40, 64, 80, 128, 160, 320, 640} subframes. Similar to CSI-RS, SPS DL can be configured such that it does not impose additional constraint on the DL-UL subframe timing.
For low-complexity UE operating in HD-FDD mode, it is still necessary to receive the mandatory DL information listed above. Whenever possible, the UE needs to finish ON-to-OFF switching (when necessary), and be ready to receive the above-mentioned subframes on the downlink. If there is a conflict between DL reception and a lower-priority uplink transmission in these subframes, the DL signal can be protected by skipping the UL transmission.
3 Uplink Signals

On the uplink, while the initial transmission of a PUSCH is controllable by UL grants, there are several other types of channel/signal that a HD-FDD UE needs to transmit. 
(a) PRACH: The UE needs to be able to perform random access by transmitting PRACH. The random access procedure can be triggered for a variety of reasons, such as UL data arrival and timing advance adjustment. PRACH should be assigned high priority since loss of PRACH opportunity may mean loss of physical connection.

(b) Scheduling Request (SR): SR may be carried by PUCCH with a periodicity 
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 of {1, 2, 5, 10, 20, 40, 80} ms. Due to the need to receive mandatory DL channels, it is impractical for a low-complexity HD-FDD UE to accommodate the low end of the SR periodicity. It is desirable to maintain only the larger SR periodicity, for example, {5, 10, 20, 40, 80} ms. 
(c) Periodic CSI Reporting using PUCCH: Periodicity  
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   for FDD can be { 2, 5, 10, 20, 40, 80, 160, 32, 64, 128} ms. Similar to SR, it is impractical to have low periodicity of CSI reporting in HD-FDD mode. Considering the UL HARQ round trip time of 8 ms, it is desirable to maintain only the larger CSI periodicity of {40, 80, 160, 64, 128} ms.

(d) HARQ-ACK in response to DL transmission: There is a predefined {n, n+4} relationship between a PDSCH and its HARQ-ACK on the uplink.  For HD-FDD under timing conflict, although it is undesirable, dropping of HARQ-ACK is not crippling since it can be simply treated as DTX which can already happen due to missed uplink grant or fading channel. The eNB will by default compensate by retransmission of the same transport block.
(e) PUSCH retransmission: For uplink data, the HARQ process synchronous, such that a retransmission follows 8 subframes after the initial transmission if the initial transmission failed. For HD-FDD under timing conflict, although undesirable, dropping of a PUSCH retransmission is acceptable since this can be treated the same as loss of PUSCH due to fading channel. The eNB will send a NACK on PHICH (or PDCCH), requesting a retransmission from the UE.

(f) Sounding reference signal (SRS): For Type 0 SRS configuration, the UE-specific SRS periodicity 
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 for FDD can be {2, 5, 10, 20, 40, 80, 160, 320}.  For Type 1 triggered SRS configuration, the UE Specific SRS periodicity 
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 can be {2, 5, 10}. 
(g) SPS UL: After a Semi-Persistent Scheduling uplink grant is configured, the UE shall consider sequentially that the UL grant occurs with interval of semiPersistSchedIntervalUL, where semiPersistSchedIntervalUL is configured by RRC signaling. semiPersistSchedIntervalUL can be {10, 20, 32, 40, 64, 80, 128, 160, 320, 640} subframes. Consider the hARQ round trip time of 8 subframes, it is preferred that the lower values of semiPersistSchedIntervalUL are not used in HD-FDD. That is, semiPersistSchedIntervalUL can be {32, 40, 64, 80, 128, 160, 320, 640} subframes for HD-FDD mode.
4 Conflict Resolution
Considering the downlink and uplink signals discussed above, it is clear that conflict between uplink and downlink can often happen in HD-FDD mode. This cannot be fully resolved by scheduler implementation alone. Mechanisms need to be defined such that both eNB and UE know what to expect when operating in HD-FDD mode. Below three possible solutions are described.

Solution 1: UE implementation

As in Rel-8, the UE is expected to switch to UL transmission as a result of the normal FDD timing associations between PDSCH and ACK/NACK and between PDCCH carrying UL grants and PUSCH. The UE is expected to receive PHICH in response to PUSCH transmission.  The UE is expected to receive DL signal whenever it is done with UL transmission.

If there is any conflict between UL signal, DL signal, and guard period, it is up to UE implementation to decide what to prioritize.

While this is simple and requires little specification work, it is difficult to know what performance the UE will give, and if the UE will miss important information without eNB knowing it. 
Solution 2: Define prioritization guideline of downlink and uplink signals

To resolve UL-DL conflict, the channels/signals can be assigned with priority levels, which are ordered from high-priority to low-priority. When a higher priority UL transmission (or DL reception) is in conflict with a lower priority DL reception (or UL transmission), the HD-FDD UE should drop the lower priority DL reception (or UL transmission) in favour of the higher priority UL transmission (or DL reception). The prioritization needs to also take into account the cost of two guard subframe, one for Tx-to-Rx switching, one for Rx-to-Tx switching. Switching should be minimized if dropping of signal (DL or UL) is to be minimized. Further, if switching to transmit (or receive) a high-priority signal would mean blanking out an even-higher-priority signal, then the switching would not be worthwhile. Optimization in the presence of guard subframes can become fairly complicated.
For channels/signals going in the same direction (either DL or UL), no dropping is necessary if the channels/signals can be multiplexed onto the same subframe.

One example priority list is:
1. Dowlink:

(a) PBCH/SIB/PSS/SSS for RRC_CONNECTED;
(b) Paging for RRC_CONNECTED and RRC_IDLE;

2. Uplink:

(c) PRACH; 

(d) Scheduling request ;
3. Downlink:

(e) PHICH;

4. Uplink:
(f) HARQ-ACK in response to DL transmission;
(g) Periodic CSI Reporting using PUCCH;

(h) PUSCH retransmission;
Note that in the priority list above, PDSCH and initial transmission of PUSCH are not considered, since they are controllable by scheduler. CSI-RS and SPS DL are not included, assuming that the eNB can configure them properly to coincide with existing DL subframe patterns.
Solution 3: Define semi-static subframe pattern

Alternatively, if prioritization levels are not defined, the conflict can be resolved by defining a UE-specific subframe pattern, similar to the TDD subframe configuration. In this case, the timing of Uplink-Downlink-Guard subframe is known to both eNB and UE once it is configured. 

The periodic DL channel/signal is guaranteed to be received when they coincide with the DL subframe, and the periodic UL channel/signal is guaranteed to be received when they coincide with the UL subframe. When the periodic DL channel/signal falls outside of the designated DL subframes (i.e., fall under subframes for uplink or guard), then those DL channel/signals are skipped by the UE. When the periodic UL channel/signal falls outside of the designated UL subframes (i.e., fall under subframes for downlink or guard), then those UL channel/signals are dropped by the UE.
In Table 1 and Table 2, two subframe configuration patterns are provided as examples. Here the U/D/G (uplink, downlink, guard) subframe timing for 1-3 HARQ processes are illustrated for low-complexity UE with ON-to-OFF and OFF-to-ON switching time of 0.5 ms [4] and TA<0.5ms. Since the HARQ processes takes 8 subframes to make a round trip, while the radio frame contains 10 subframes, 4 radio frame (i.e., 40 subframes) contain one cycle of HARQ timing. Here it is assumed that subframe #0 and #5 are always assigned to DL for broadcast message. For both Table 1 and Table 2, the basic pattern is in the last row of the table (“3 HARQ process”) which enables the maximum  number of HRQ processes, and the preceding rows provide the subframe pattern when fewer than the maximum number of HARQ process is used.

The unlabeled subframes are for DL reception which does not require HARQ. The UL subframes that are not used for any HARQ process is denoted as ‘v’. These ‘v’ subframes can be used for transmission of UL channel/signal that are not involved in a HARQ process, for example, PUCCH carrying CSI, PRACH, scheduling request (SR).

Table 1. The first subframe configuration pattern of U/D/G subframe timing for TA<=0.5ms.
[image: image6.emf]radio frame # 1 2 3 4

subframe # 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9

1 HARQ Process G v v G D1 D1 G U1v G D1 G v G D1 G U1G D1

1 HARQ Process G U2v G D2 D2 G v U2G D2 G v G D2 G v G D2

1 HARQ Process G v U3G D3 D3G v v G D3 G U3G D3G v G D3

2 HARQ Process G U2v G D1D2 D1D2 G U1U2G D1D2 G v G D1D2 G U1G D1D2

2 HARQ Process G v U3G D1 D3 D1 D3G U1v G D1 D3 G U3G D1 D3G U1G D1 D3

2 HARQ Process G U2U3G D2D3 D2D3G v U2G D2D3 G U3G D2D3G v G D2D3

3 HARQ Process G U2U3G D1D2D3 D1D2D3G U1U2G D1D2D3 G U3G D1D2D3G U1G D1D2D3


Table 2. The second subframe configuration pattern of U/D/G subframe timing for TA<=0.5ms.
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subframe # 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9

1 HARQ Process G U1v G D1 G v G D1 G U1G D1 G v v G D1 D1

1 HARQ Process G v U2G D2 G v G D2 G v G D2 G U2v G D2 D2

1 HARQ ProcessD3G v v G D3 G U3G D3G v G D3 G v U3G D3

2 HARQ Process G U1U2G D1D2 G v G D1D2 G U1G D1D2 G U2v G D1D2 D1D2

2 HARQ ProcessD3G U1v G D1 D3 G U3G D1 D3G U1G D1 D3 G v U3G D1 D3 D1

2 HARQ ProcessD3G v U2G D2D3 G U3G D2D3G v G D2D3 G U2U3G D2D3 D2

3 HARQ ProcessD3G U1U2G D1D2D3 G U3G D1D2D3G U1G D1D2D3 G U2U3G D1D2D3 D1D2


5 Conclusions

This contribution discusses the conflict resolution between downlink and uplink signals for HD-FDD UEs. The proposals below follow from the discussion.

Proposals:

1. It is preferable that mechanisms are explicitly defined to resolve the timing conflict uplink/downlink/guard subframes.

2. Periodicity ranges of periodic downlink and uplink channel/signals are revisited for HD-FDD if the need is confirmed. It is suggested to keep only periodicities that are useful HD-FDD operation.
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