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1 Introduction
In RAN1#76bis, it has been agreed that there is no explicit restriction on the resource allocation size for MTC UEs for both broadcast and unicast UEs. It has also been discussed that half-duplex FDD (HD-FDD) is an important operation mode towards further lowering the complexity of a MTC UE. 
As stated in the reply LS from RAN4 to RAN1 [3],  

(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 

(c) The definitions of Tx-to-Rx and Rx-to-Tx guard period need to be clarified in TS36.211 for low complexity HD-FDD MTC UE.
This contribution discusses the guard period timing for low-complexity MTC UE operating in HD-FDD mode. In response to the request from RAN4, a way to capture the guard period definition is proposed. Moreover, this contribution also discusses the impact of guard period to the maximum number of HARQ processes.
2 Discussion
2.1 Guard Period for HD-FDD
Currently the HD-FDD mode is as defined in Rel-8, which assumes (a) small switching time 1μs to 50μs (< 1 OFDM symbol; for example for cells between 100m and 7.5km), and (b) small but not-close-to-zero TA (TA≥20 μs). Switching time for the downlink-to-uplink transition is created by allowing the UE to DRX the last OFDM symbols in a downlink subframe immediately preceding an uplink subframe.  Switching time for the uplink-to-downlink transition is handled by setting the appropriate amount of timing advance in the UE. This is illustrated in Figure 1. The same adjustment of the uplink timing from the eNB perspective is also applied to full duplex UEs in the same cell.
As considered in Rel-8, the guard period can be a fraction of a subframe, which then cause DTX in a fraction of UL subframe, and/or DRX in a fraction of a DL subframe. For low-complexity MTC UE, severe issues need to be considered in this case, as the guard period of low-complexity MTC UE can be a substantial fraction of a subframe, rendering an entire DL (or UL) subframe useless. In the following, only guard period of an integer number of subframes is considered, as suggested in the RAN4 LS. 
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Figure 1. Current assumption of HD-FDD timing.

For FDD frame structure, transmission of the uplink radio frame number 
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for frame structure type 1 (FDD). Here the maximum value NTA = 20512 corresponds to the round trip time of 20512/(15000×2048) (seconds) = 667 μs. While most cells have a range less than 75 km (thus TA less than 500 μs), an LTE cell can have a range up to 100 km and require a TA up to 667 μs.
The diagram below illustrates the UL and DL subframe timing from the perspective of the low-complexity UE. In the analysis below it is assumed that the low-complexity UE needs 0.5 ms for ON-to-OFF switching time, and also 0.5 ms for OFF-to-ON switching time, i.e., TOFF_ON = TON_OFF = 0.5 ms, due to the low-complexity implementation choice at the UE. 

When TA≤0.5 ms, the TA is not sufficient for the ON-to-OFF switching time, thus there is a need to put 1 ms of guard period to switch from UL to DL (Figure 2).
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Figure 2. Guard periods of low-complexity UE when TA≤0.5 ms.
When 0.667ms>TA>0.5 ms, the TA is sufficient for the ON-to-OFF switching time. But (1-TA) is not sufficient for OFF-to-ON switching time, thus there is a need to put 2 ms (i.e., 2 subframes) of guard period to switch from DL to UL (Figure 3).
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Figure 3. Guard periods of low-complexity UE when TA>0.5 ms..

As illustrated above, the guard period configuration includes (a) duration of guard period, and (b) location of guard period relevant to the uplink and downlink subframes. The guard period configuration is a function of two factors:

1) UE capability

· This is static as the UE hardware implementation determines the ON-to-OFF switching time and OFF-to-ON switching time.

2) Timing advance

· This is can be considered semi-static in general, where the TA value depends on the distance between UE and eNB as the UE moves.
For the HD-FDD to function properly, the eNB and UE should have correct mutual understanding of the guard period configuration. There is thus a need to define a set of guard period configurations in the specification and signal such information between eNB and UE. For low-complexity UE, the guard period configurations can be defined with guard period configuration indices 1 and 2 as shown in the Table 1 below. Here ‘D’ denotes a downlink subframe, ‘U’ denotes an uplink subframe, ‘G’ denotes a guard subframe. Note that to allow Rel-8 type normal UE to operate in HD-FDD mode, the guard period configuration index 0 is also included in Table 1. Since legacy UEs do not recognize guard period configuration index, guard period configuration 0 can be interpreted as the default configuration if no configuration index is explicitly defined.

Initialization of guard period configuration is necessary for the low-complexity UE to function in HD-FDD mode. Once initialized, little or no updates is necessary. The guard period configuration does not need to be updated for stationary UE since the TA does not change. For mobile UE, only when TA changes dramatically above or below a threshold relative to the UE switching time, guard period configuration needs to be updated. This is expected to be infrequent. When such a need arises, either UE or eNB can trigger an update. 
Table 1. List of guard period configurations for low-complexity UE
	Guard period configuration index
	Guard period configuration
	Subframes for DL-to-UL
	Subframes for UL-to-DL

	0
	DTX in last one or more OFDM symbols in the DL subframe prior to UL transmission
	[D U]
	[U D]

	1
	Two subframes for guard period 
	[D G G U]
	[U D]

	2
	Two subframes for guard period
	[D G U]
	[U G D]


Proposals:
· A set of guard period configurations is introduced in the specification TS 36.211 for proper operation of eNB and UE in HD-FDD mode.

· The selected guard period configuration is exchanged between eNB and UE.

2.2 Number of HARQ processes
For Rel-8 UE operating in HD-FDD mode, a maximum of 4 HARQ processes are possible, as illustrated in Figure 4. 
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Figure 4. Maximum number of HARQ processes possible is 4 for HD-FDD operation.

For low-complexity UE with TA≤0.5 ms, there can be at most 3 parallel HARQ processes per UE, as illustrated in Figure 5.
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Figure 5. Maximum number of HARQ processes possible is 3 for low-complexity UE when TA≤0.5 ms.

For low-complexity UE with TA>0.5 ms, there can be at most 2 parallel HARQ processes per UE, as illustrated in  Figure 6. Note that as illustrated in Figure 6, while there can be at most two parallel HARQ processes for UL and DL, the UE can monitor at least 4 DL subframes out of every 8 subframes. During the subframes labelled as “monitor DL subframes” in Figure 6:
· The UE can receive channels and signals that do not require UL feedback. This includes broadcast type of information such as MIB, SIB, paging channel, RAR, PSS/SSS. 
· The UE can also perform measurements with reference signals including CRS and CSI-RS.
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Figure 6. Maximum number of HARQ processes possible is 2 for low-complexity UE when TA>0.5 ms.

Considering the reduced number of HARQ processes the HD-FDD UE can maintain, the following text proposals come naturally:

	Text Proposal:
36.213, Section 7 “Physical downlink shared channel related procedures”
“For full-duplex FDD, there shall be a maximum of 8 downlink HARQ processes per serving cell. For half-duplex FDD, there shall be a maximum of 4 downlink HARQ processes per serving cell.”


If this is not changed, then the low-complexity UE will be required to dimension storage for 8 DL HARQ processes, even though there can be at most 4 parallel HARQ processes. 
	Text Proposal:
36.213, Section 8, “Physical uplink shared channel related procedures”
For full-duplex FDD and transmission mode 1, there shall be 8 uplink HARQ processes per serving cell for non-subframe bundling operation, i.e. normal HARQ operation, and 4 uplink HARQ processes for subframe bundling operation. For full-duplex FDD and transmission mode 2, there shall be 16 uplink HARQ processes per serving cell for non-subframe bundling operation and there are two HARQ processes associated with a given subframe as described in [8]. 
For half-duplex FDD and transmission mode 1, there shall be 4 uplink HARQ processes per serving cell for non-subframe bundling operation, i.e. normal HARQ operation, and 2 uplink HARQ processes for subframe bundling operation. For half-duplex FDD and transmission mode 2, there shall be 8 uplink HARQ processes per serving cell for non-subframe bundling operation and there are two HARQ processes associated with a given subframe as described in [8].


In 36.212, the DCI field has “HARQ process number – 3 bits (FDD) , 4 bits (TDD)”. Once it is specified that half-duplex FDD can have at most 4 HARQ processes, only 2 bits of the HARQ process number will actually be used, with the highest bit set to 0 always.
Note that the proposed changes above do not affect the relative timing between a data transmission and its HARQ-ACK, or the relative timing between a NACK and the subsequent retransmission.

Proposal:

· Clearly define the maximum number of HARQ processes a HD-FDD UE can maintain in TS 36.213, separate from the full duplex mode, for both DL and UL.
3 Conclusions

This contribution discussed issues of low-complexity UE operating in half-duplex mode. In response to RAN4 LS, the guard period configuration is described. The resulting maximum number of HARQ processes is also described for HD-FDD mode. 
Based on the analysis, we have the following proposals.
Proposals:

1. A set of guard period configurations is introduced in the specification TS 36.211 for proper operation of eNB and UE in HD-FDD mode.

2. The selected guard period configuration is exchanged between eNB and UE.
3. Clearly define the maximum number of HARQ processes a HD-FDD UE can maintain in TS 36.213, separate from the full duplex mode, for both DL and UL.
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