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1. Introduction

RAN1 has agreed on a number of principles for half-duplex FDD operation in LTE ‎[1]. This contribution discusses different aspects of half-duplex UE operation, and investigates what impacts agreements listed in ‎[1] have, if any, on RAN2 specifications. The paper focuses on system deployments where both half-duplex and full-duplex UEs could co-exist.
In particular, the following topics are addressed:
· Initial connection setup procedure;

· Analysis of possible error cases;

· Interactions between dynamic and semi-persistent scheduling;

· Interactions between uplink and downlink resources;
· DRX and downlink sub-frames with half-duplex operation;

Based on the analysis presented in this document, our current understanding is that:

· RAN2 specifications appear sufficient to create functional half-duplex UE implementations, with no specific impact to full-duplex UEs in a mixed-mode FDD system;

· no specific impact to support half-duplex UE operation on RAN2 specifications can be foreseen at this point, other than specification related to UE capabilities and possibly a clarification to the MAC specification on the wording of downlink sub-frame for DRX;
The following sections provide more details on our reasoning for each of those topics.
2. Background - Half-duplex FDD operation
The main principles in ‎[1] include that sub-frames are assigned for uplink or downlink transmission dynamically as a result of the scheduler operation, and 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 resources. A reserved period is provided at the end of the downlink sub-frame to allow the UE to switch to uplink reception.
General timing relations of FDD operation
The HARQ RTT is 8 sub-frames. Eight HARQ processes are needed for continuous downlink transmissions; uplink transmissions also maps to eight HARQ processes.

For downlink transmissions, asynchronous adaptive HARQ is used. Assuming the eNB sends PDCCH with a downlink DL-SCH assignment in e.g. sub-frame x:

· the UE transmits HARQ feedback either on PUCCH or PUSCH at a fixed time (in sub-frame x+4) after the reception of a DL-SCH transport block;

· the eNB schedules downlink retransmissions no earlier than in sub-frame x+8 using PDCCH.

For uplink transmissions, synchronous HARQ is used. Assuming the eNB sends PDCCH with an uplink grant, a UL-SCH transmission is triggered four sub-frames later in e.g. sub-frame y:

· the eNB transmits a (negative) acknowledgement on PHICH at a fixed time, in sub-frame y+4, after the reception of a UL-SCH transport block;

· the UE performs a synchronous (possibly adaptive) retransmission in sub-frame y+8.
General implications of half-duplex operation for FDD
Because of the timing relations for HARQ feedback, the maximum number of transmission opportunities for a half-duplex UE is at any time half as for a full-duplex UE, for both the downlink and the uplink, independently of each other. This also implies that half-duplex UEs will have a reduced maximum peak rate, at most half the peak rate of a full-duplex UE.
· For one HARQ RTT, an equal number of sub-frames must be allocated for uplink and for downlink; at most four sub-frames can be allocated for either uplink or downlink.
This is true even when data is transmitted only in the uplink, or only in the downlink, or for both uplink and downlink within one HARQ RTT. For each sub-frame with a PUSCH transmission (initial transmission, or synchronous retransmission), one downlink sub-frame is needed for the PDCCH grant (initial resource, or to adapt a retransmission) and/or PHICH HARQ feedback. For each sub-frame with a PDSCH transmission, one uplink sub-frame is needed for synchronous HARQ feedback (either on PUCCH or PUSCH). This does not however take into account reception of e.g. P-BCH.
The scheduler thus has to allocate resources differently for half-duplex UEs than for full-duplex UEs, to avoid collisions between uplink (PRACH, PUCCH, PUSCH) and downlink (PDCCH, PDSCH, PHICH) transmissions as well as to mitigate other possible error cases such as HARQ misinterpretation and missed PDCCH.
2.1. Initial connection setup procedure
The next step is to investigate whether the connection setup signaling needs to be modified for the period under which the eNB does not yet know whether the UE accessing the system is a full-duplex UE.
The eNB has to assume that a UE accessing the system is a half-duplex UE until it receives the UE capabilities, i.e. until either:

· it receives the Initial Context Setup Request from the core network (MME), i.e. after the RRC Connection Setup Complete message; or
· it receives the UE Capability Information from the UE.
There are no specific considerations for half-duplex UE operation with respect to system information acquisition or to random access timing synchronization prior to sending the random access preamble, because these procedures do not involve uplink transmissions. Downlink reference signals and cell common data (e.g. P-BCH) are always periodically transmitted.
Random Access (RA)
The random access is contention-based, i.e. it is not scheduled, and the UE can select any RACH opportunity to send the RA preamble. The UE monitors PDCCH for every sub-frame during the RA window or until it receives a successful RA response with an initial grant. Subsequent attempts in case of RA failure follow the same procedure. All the steps of the initial access are sequential and will not create uplink/downlink collisions. 

· No specific implication of half duplex operation for the initial random access.
RRC Connection Setup
The RRC Connection Setup procedure establishes SRB1. The UE sends RRC Connection Request on PUSCH using the initial grant, using SRB0 over RLC TM. The size of this message is fixed and it cannot be segmented; it will thus not require more than one uplink sub-frame. The eNB sends HARQ feedback, and will not attempt any downlink transmission until it acknowledges reception of the connection request.

The eNB then sends the RRC Connection Setup (PDCCH and PDSCH), using SRB0 over RLC TM; this message cannot be segmented. The UE will not attempt any uplink transmission until it successfully receives the setup message together with an uplink grant for the RRC Connection Setup Complete message.
It could be desirable for the eNB to allocate dedicated PUCCH resources for CQI already in the RRC Connection Setup message. It is expected that eNB implementation will always assume the most constraining set of (i.e. worst-case) capabilities, until the exact capabilities of the UE are known. The configuration of dedicated resources in the RRC Connection Setup message, when assuming half-duplex UE operation, would be no different and would simply add to the set of capabilities the eNB will take into account. Alternatively, the eNB may configure these resources with the RRC Reconfiguration procedure; until then, it can instead allocate CQI resources dynamically. It may also proactively perform blind scheduling to avoid scheduling requests (SR) via the random access procedure.

· The eNB can avoid interactions between uplink PUCCH resources and PDCCH, until it receives the UE capabilities.
From this point, RLC AM over SRB1 is used in both uplink and downlink. The UE sends RRC Connection Setup Complete and expects HARQ feedback. This message can be segmented. The UE is not expected to attempt any other UL transmission until this message is acknowledged.
All steps of the RRC Connection Setup procedure are sequential and will not create uplink/downlink collisions, unless the eNB would transmit the RRC Connection Setup message using more than 4 consecutive sub-frames.

· No specific implication of half duplex operation for the RRC Connection Setup procedure provided the RRC Connection Setup / Setup Complete messages can be sent using no more than four sub-frames; otherwise the eNB has to avoid using more than four consecutive sub-frames.
Security Mode Command
Once SRB1 is established, the UE does not yet make any uplink transmission and monitors the PDCCH; the eNB sends the SMC on PDSCH. This message takes less than 4 sub-frames to transmit. The UE responds with the Security Mode Command Complete on PUSCH.
UE Capability Enquiry 
This message is sent only after the SMC has been successful. The UE responds with the UE Capability Information. Both messages may require segmentation; the eNB can make sure that these are sent using not using more than four consecutive sub-frames.
· No specific implication of half duplex operation for the UE capability exchange, provided UE Capability Enquiry / Information messages can be sent using no more than four sub-frames; otherwise the eNB has to avoid using more than four consecutive sub-frames.
Summary for the initial RRC connection setup
It is our understanding that only RRC Connection Setup, and possibly UE capability inquiry and UE capability information messages, need to be sent in a way that does not use more than four consecutive sub-frames during one HARQ RTT. In addition, there are no indications that the initial assumption that a UE is only half-duplex capable would lead to higher delays, including for full-duplex UEs.

2.2. Analysis of possible errors cases

In relation to the general FDD timing relations for HARQ feedback and retransmissions, half-duplex operation can introduce new errors in case uplink and downlink transmissions collide. The UE could wrongly think that a sub-frame is for uplink transmission while it is the opposite, increasing the probability that it misses a PDCCH.

NACK to ACK errors

When a NACK to ACK error occurs, the UE will listen to the PDCCH instead of performing a synchronous retransmission and thus, the UE will not miss the PDCCH due to this error.

· No additional impact from half-duplex operation for the case of NACK to ACK error.

ACK to NACK errors
This error case has similar consequences as for full-duplex operation. For downlink transmissions, the eNB will schedule unnecessary retransmissions; however, no additional impacts are expected. For uplink transmissions however, the UE performs a synchronous retransmission at sub-frame y+8, and will not listen to the PDCCH for that sub-frame; the probability that a PDCCH is missed increases. In addition, at sub-frame y+12, the UE erroneously assumes that it needs to listen to the PHICH for HARQ feedback.
· The probability that a PDCCH is missed by the UE increases with half-duplex operation, in case PDCCH collides with a synchronous uplink retransmission triggered by an ACK to NACK error.
Conflicts with configured uplink resources (PRACH, PUCCH-CQI/SR)
A sub-frame which is assigned PUCCH resources for CQI reports or for dedicated SRs, or a sub-frame with resources allocated to PRACH will be considered by the UE as an uplink sub-frame; the UE will not decode downlink transmission, i.e.:
· The eNB has to avoid collisions between allocated uplink resources and downlink feedback on PHICH and PUCCH, also to avoid additional losses of PDCCH.
PDCCH False Alarm
False alarm occurs when the UE incorrectly detects a grant for itself, due to undetected bit errors in the PDCCH transmission. In this case, the UE will assume the sub-frame in which it believes resources were granted to be an uplink sub-frame, which may in fact collide with a downlink PDCCH that the UE would then miss.

Summary on error cases due to half-duplex operation
HARQ feedback error cases i.e. ACK to NACK errors and PDCCH false alarm increases the probability of the UE missing PDCCH; this will however be resolved by PDCCH transmission at the moment the feedback on PHICH for the potentially unnecessary uplink transmission on PUSCH will occur. Conflicting uplink and downlink resources can be avoided by careful allocation of resources by the eNB.
· The eNB can avoid the increased error probability by making sure that PDCCH is not sent in a sub-frame previously used for uplink transmission, and by considering configured PUCCH and PRACH resources as uplink sub-frames.
The topic of resource allocations is further addressed in the next section.

2.3. Interactions between dynamic and semi-persistent scheduling

When semi-persistent resources are allocated to a half-duplex UE, interactions with dynamic scheduling -- where conflicts between uplink and downlink resources could occur -- can be avoided.

For the uplink, the periodicity of all persistent allocations can be an integer multiple of the HARQ RTT (i.e. a multiple of 8 sub-frames) to ensure that retransmissions can be sent synchronously, without conflicting with a dedicated (e.g. PHICH) downlink sub-frame.

For the downlink, the same principle can be applied, for simplicity; a retransmission may still be moved in time, e.g. if colliding with BCH, but not so that it would collide with an uplink sub-frame.

· The eNB can avoid conflicts between semi-persistent resources and dynamically allocated resources using a proper configuration, for both downlink and uplink.

2.4. Interactions between uplink and downlink resources

Half-duplex operation in FDD system brings a number of limitations on the allocation of uplink and downlink sub-frames for half-duplex UEs. The eNB must take into account not only PDSCH and PDCCH, but also downlink PDCCH, PHICH and uplink PUCCH (for CQI and SR), PRACH and P-BCH transmissions.
This is further discussed in the following sub-sections.
2.4.1 UE initiated uplink transmissions
Looking at UE initiated uplink transmissions, from the agreed principles of half-duplex operation, the UE regards all sub-frames as downlink sub-frames unless the eNB has indicated otherwise.

This means that one of the following conditions identifies an uplink sub-frame:

· an uplink grant was scheduled four sub-frames before this sub-frame;
· a semi-persistent uplink grant is available for this sub-frame;
· periodic CQI reporting is configured for this sub-frame;
· a dedicated scheduling request channel is configured for this sub-frame;
· PRACH is configured for this sub-frame. 

According to the above, there is thus no “UE initiated” uplink transmission and …
· the eNB has complete control over which sub-frames are uplink sub-frames.

2.4.2 Reception of PDSCH/PDCCH and CQI/SR transmission opportunities
Transmission of scheduling requests (SR), either via the RA procedure (RA-SR) or using dedicated resources on PUCCH (D-SR), and transmission of CQI reports on PUCCH can lead to conflicts. Interactions are eliminated if the scheduler does not send dedicated downlink information on PDCCH or PDSCH during uplink sub-frames.

RACH, D-SR and periodic CQI cannot occur more than 50% of all sub-frames for a half-duplex UE.
The scheduler can also send uplink grants so that the PUSCH transmission matches the periodic CQI/SR sub-frames, when possible; the UE will then report CQI on the PUSCH resource rather than on PUCCH, and the UE does not need to send SR as it has received a grant. 

2.4.3 Uplink transmissions and P-BCH reception for half-duplex UEs

Typically, the UE does not need to listen to the P-BCH in RRC_Connected state. The UE listens to P-BCH when it is notified of a change in system information, after a radio link failure or after a timeout. 

If the P-BCH is on a fixed sub-frame (e.g. SF=0), every UE will regularly have the opportunity to listen to the P-BCH, as one uplink-downlink cycle corresponds to one HARQ RTT (8 sub-frames), whereas the BCH would then occur every tenth sub-frame.
· P-BCH can be configured to provide regular opportunities for half-duplex UEs.

Summary of the impacts of half-duplex operation on uplink and downlink resources
It is possible for the eNB to configure resources for half-duplex UEs to avoid increasing the probability that error cases occur, as well as to avoid possible collisions.

While half-duplex UE operation introduces scheduling restrictions, scheduling can be simplified using an uplink assignment with periodicity equal to the HARQ RTT (i.e. 8 sub-frames), and having up to 4 uplink assignments in a block. RA access opportunities can also be configured so that they match the uplink/downlink assignment.

An example of a reasonable resource allocation for a half duplex UE is provided in the Appendix A. As shown in the Appendix, the eNB may schedule all sub-frames for both uplink and downlink if sufficiently many UEs have data available in their queues; good usage of cell resources is possible. However UEs will reach at most 50% of the maximum peak rate of a full-duplex UE.

· Interactions between uplink and downlink resources lead to scheduler restrictions, but it is possible to achieve a reasonable allocation of uplink and downlink sub-frames.

2.5. DRX and downlink sub-frames with half-duplex operation

There might be a need to adjust the wording of “downlink sub-frame” for DRX in the MAC specifications, considering the agreements on half-duplex operation. Error cases that can lead the UE to wrongly assume that a sub-frame is for uplink transmission while it is the opposite, means that for half-duplex UEs it would be more suitable to consider all subframes at all time for DRX timing purposes, similar as for full-duplex FDD operation. 
An alternative would be to rely on specifying a fixed pattern for UL and DL subframes for half-duplex UE; however, this would increase specification complexity/effort and, as explained in the previous sections, is not necessary to adequately support half-duplex UE operation. 

The updated wording should still imply that for FFD systems, all sub-frames are downlink sub-frames, but also preclude any misinterpretation for half-duplex operation which considers some sub-frames to be uplink only. 

One alternative could be to reword “downlink sub-frame” to “sub-frame where a PDCCH resource is configured”. It could be sufficient to modify the first occurrence of "downlink sub-frame" in section 5.7, i.e.:

-------------------------------  Section 5.7, unchanged text not included -------------------------------
The DRX functionality consists of a Long DRX cycle, a DRX Inactivity Timer, a DRX Retransmission Timer and optionally a Short DRX Cycle and a DRX Short Cycle Timer all defined in subclause 3.1.

When a DRX cycle has been configured, the UE shall for each subframe with a configured PDCCH resource:

-------------------------------  Section 5.7, unchanged text not included -------------------------------
The intent with this simple modification is to have a wording that is applicable for half- and full-duplex FDD UEs as well as for TDD UEs.

In FDD, resources for PDCCH signaling are configured for every sub-frame; for FDD UEs, this means that all sub-frames are counted as downlink sub-frames for the purpose of DRX timing, independently of whether the UE operates half-duplex or not, and independently of whether or not the UE assumes UL transmission mode. The eNB then configures DRX accordingly, together with other scheduling restrictions due to half-duplex operation, knowing the UE considers all sub-frames as “downlink sub-frames” for the purpose of DRX timing.

For TDD, the reworded text maintains the same meaning as the earlier wording (i.e. "downlink sub-frame").
3. Conclusions
Based on the analysis presented in this document, our current understanding is that the agreements listed in ‎[1] on half-duplex UE operation should not require additional specification efforts in RAN2, other than a possible minor clarification for MAC DRX and to specify UE capabilities. To support this understanding, an example of a reasonable resource allocation is also provided in Appendix A for the benefit of the discussion.
We would like to discuss whether this understanding is shared by other RAN2 members, and if not, determine what needs to be explicitly addressed in RAN2 to ensure that working half-duplex UEs can be implemented.  
More specifically, our main conclusions with respect to half-duplex UE operation are that:

· For one HARQ RTT, an equal number of sub-frames must be allocated for uplink and for downlink; at most four sub-frames can be allocated for either uplink or downlink.
· The eNB can avoid interactions between uplink PUCCH resources and PDCCH, until it receives the UE capabilities.
· No specific implication of half duplex operation for the RRC Connection Setup procedure provided the RRC Connection Setup / Setup Complete messages can be sent using no more than four sub-frames; otherwise the eNB has to avoid using more than four consecutive sub-frames.

· No specific implication of half duplex operation for the UE capability exchange, provided UE Capability Enquiry / Information messages can be sent using no more than four sub-frames; otherwise the eNB has to avoid using more than four consecutive sub-frames.
· The eNB can avoid the increased error probability by making sure that PDCCH is not sent in a sub-frame previously used for uplink transmission, and by considering configured PUCCH and PRACH resources as uplink sub-frames.
· The eNB can avoid conflicts between semi-persistent resources and dynamically allocated resources using a proper configuration, for both downlink and uplink.

· Interactions between uplink and downlink resources lead to scheduler restrictions, but it is possible to achieve a reasonable allocation of uplink and downlink sub-frames.

· For MAC DRX, the first occurrence of "downlink sub-frame" in section 5.7 in the MAC specifications should be reworded using “sub-frame where a PDCCH can be transmitted”.
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5. Appendix A
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Table: Example of resource allocation for a half-duplex UE (Excel sheet)
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		UL Data										0		0		UD		UD		0		0		0		0		0		0		UD		UD		0		0		0		0		0		0		UD		UD		0		0		0		0		0		0		UD		UD		0		0		0		0		0		0		UD		UD		0		0		0		0		0		0		UD		UD		0		0		0		0		0		0		UD		UD		0		0		0		0		0		0		UD		UD		0		0		0		0		0		0		UD		UD		0		0		0		0

		PUCCH ACK/NACK										UF		UF		UF		UF		0		0		0		0		UF		UF		UF		UF		0		0		0		0		UF		UF		UF		UF		0		0		0		0		UF		UF		UF		UF		0		0		0		0		UF		UF		UF		UF		0		0		0		0		UF		UF		UF		UF		0		0		0		0		UF		UF		UF		UF		0		0		0		0		UF		UF		UF		UF		0		0		0		0		UF		UF		UF		UF		0		0		0		0

		RACH						R												0		0		R		0		0		0		0		0		0		0		R		0		0		0		0		0		0		0		R		0		0		0		0		0		0		0		R		0		0		0		0		0		0		0		R		0		0		0		0		0		0		0		R		0		0		0		0		0		0		0		R		0		0		0		0		0		0		0		R		0		0		0		0		0		0		0		R		0

		Dedicated SR						S												0		0		S		0		0		0		0		0		0		0		S		0		0		0		0		0		0		0		S		0		0		0		0		0		0		0		S		0		0		0		0		0		0		0		S		0		0		0		0		0		0		0		S		0		0		0		0		0		0		0		S		0		0		0		0		0		0		0		S		0		0		0		0		0		0		0		S		0

		Periodic CQI				C														0		C		0		0		0		0		0		0		0		C		0		0		0		0		0		0		0		C		0		0		0		0		0		0		0		C		0		0		0		0		0		0		0		C		0		0		0		0		0		0		0		C		0		0		0		0		0		0		0		C		0		0		0		0		0		0		0		C		0		0		0		0		0		0		0		C		0		0

		DL Assignment										DA		DA		DA		DA		0		0		0		0		DA		DA		DA		DA		0		0		0		0		DA		DA		DA		DA		0		0		0		0		DA		DA		DA		DA		0		0		0		0		DA		DA		DA		DA		0		0		0		0		DA		DA		DA		DA		0		0		0		0		DA		DA		DA		DA		0		0		0		0		DA		DA		DA		DA		0		0		0		0		DA		DA		DA		DA		0		0		0		0

		DL Data		0		0		0		0		DD		DD		DD		DD		0		0		0		0		DD		DD		DD		DD		0		0		0		0		DD		DD		DD		DD		0		0		0		0		DD		DD		DD		DD		0		0		0		0		DD		DD		DD		DD		0		0		0		0		DD		DD		DD		DD		0		0		0		0		DD		DD		DD		DD		0		0		0		0		DD		DD		DD		DD		0		0		0		0		DD		DD		DD		DD		0		0		0		0

		PHICH ACK/NACK														0		0		0		0		0		0		DF		0		DF		0		0		0		0		0		DF		0		DF		0		0		0		0		0		DF		0		DF		0		0		0		0		0		DF		0		DF		0		0		0		0		0		DF		0		DF		0		0		0		0		0		DF		0		DF		0		0		0		0		0		DF		0		DF		0		0		0		0		0		DF		0		DF		0		0		0		0		0

		UL Assignment										UA				UA				0		0		0		0		UA		0		UA		0		0		0		0		0		UA		0		UA		0		0		0		0		0		UA		0		UA		0		0		0		0		0		UA		0		UA		0		0		0		0		0		UA		0		UA		0		0		0		0		0		UA		0		UA		0		0		0		0		0		UA		0		UA		0		0		0		0		0		UA		0		UA		0		0		0		0		0

		UL Data										0		0		0		0		UD		0		UD		0		0		0		0		0		UD		0		UD		0		0		0		0		0		UD		0		UD		0		0		0		0		0		UD		0		UD		0		0		0		0		0		UD		0		UD		0		0		0		0		0		UD		0		UD		0		0		0		0		0		UD		0		UD		0		0		0		0		0		UD		0		UD		0		0		0		0		0		UD		0		UD		0

		PUCCH ACK/NACK										0		0		0		0		UF		UF		UF		UF		0		0		0		0		UF		UF		UF		UF		0		0		0		0		UF		UF		UF		UF		0		0		0		0		UF		UF		UF		UF		0		0		0		0		UF		UF		UF		UF		0		0		0		0		UF		UF		UF		UF		0		0		0		0		UF		UF		UF		UF		0		0		0		0		UF		UF		UF		UF		0		0		0		0		UF		UF		UF		UF






