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1 Introduction
At RAN1#47bis, it was decided to support half-duplex operation for FDD terminals [1].
In this contribution we propose some design assumptions for HD-FDD mode in LTE.
2 Background
It was proposed in [1] that HD-FDD operation should not be precluded in LTE, and supported so long as no serious problems are encountered in its specification.  To date no such issues have been identified, although there has been limited study of this mode of operation.  

The benefit of HD-FDD as outlined in [1] is principally to facilitate operation in certain frequency bands.  That is, there may be diversity in spectrum availability for LTE between different countries and/or regions, so that a consistent duplex spacing between UL and DL may be difficult to ensure.  However, the ability to support UEs without a duplexer, with the associated improvements in the areas of battery consumption, PA cost, output power, or Rx sensitivity, is also desirable. Certain aspects of HD-FDD operation are treated in [2]–[5].   
In [2] the question of the effect of UE distance from the eNB on the required idle period (IP) is examined.  It is proposed to allow UE-specific control of the IP, and because of the need to support cell sizes up to 100 km, the IP may need to be more than one OFDM symbol.  It is proposed to turn off the downlink transmission to create the IP, and to turn off the DL transmission (blank the final symbols) before a DL-UL switching point, but that cell-common RS always be transmitted even when the OFDM symbol containing them is blanked.  In [2] it is assumed that HD-FDD terminals will be required to operate in a cell simultaneously with full duplex (FD) UEs.
In [3] certain aspects of control signaling are treated from the perspective of HD-FDD.  It is proposed, as in [2], to blank the final symbols of a DL sub-frame before a switching point, with the exception of RSs contained in those symbols.  It is also proposed to: 

· Semi-statically configure a UE-specific transmission/reception pattern for half-duplex UEs.  

· Create the necessary guard time by using timing advance and muting the last part of the downlink PDSCH transmission prior to a downlink-to-uplink switch for a given UE.  

· Use similar mechanism as developed for TDD for transmission of uplink control signaling (e.g. ACK/NAK).
3 Design Principles
Some thoughts on design principles for HD-FDD
· The HD-FDD mode should be enabled with as few changes to the specification as possible, re-using solutions where possible (e.g. TDD ACK/NAK)

· HD-FDD mode should be designed to achieve a high spectral efficiency in both UL and DL.

· It may be acceptable to place limits on the per-UE throughput if this can simplify the design.
· Given the main purpose of this mode is to support different frequency bands rather than reduced-complexity UEs, we consider the possibility that HD-FDD mode is designed to operate on all UEs in a cell, that is, the mode is cell-wide.
4 Receive and Transmit Idle Periods

An Idle Period, or Guard Time, must be provided at both the DL-UL and UL-DL switching points, to allow the UE to re-tune its radio.  In [2], the time required to accomplish this was given as 16 sec, while in [3] it was not specified but assumed it could be done within one OFDM symbol.  It can be assumed that the UE can accomplish the switch within the period of one OFDM or SC-FDMA symbol.
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Figure 1.  Downlink - Uplink Switching Point.

Fig. 1 shows an illustration of a DL-UL switching point, where the UE is required to transmit in a sub-frame immediately following a scheduled transmission in a DL sub-frame. In order to provide enough time for the UE to re-tune its radio to the UL frequency, it must terminate reception of the DL sub-frame early.  Therefore, it has been proposed that the eNB not transmit the final one or more OFDM symbols in the DL sub-frame.
The number of punctured symbols depends on the distance of the UE from the eNB (Round Trip Time or RTT) and the time required for the UE to re-tune its radio.  The RTT can be determined by the eNB from the Timing Advance (TA) process, but the switching time is not known to the eNB.  There are several options for the choice of the number of punctured symbols, related to what the eNB knows or assumes about the switching time:
· The switching time is UE-specific and communicated to the eNB via L3 signaling so that the appropriate number of punctured symbols can be chosen

· The maximum switching time is specified for all terminals and the eNB uses this to determine the number of punctured symbols (no signaling required)

Of these options, it would be preferable to have agreement on a maximum switching time avoid having to signal this information.
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Figure 2. Uplink - Downlink Switching Point Using TA for Guard Time.
Fig. 2 shows an illustration of a UL-DL switching point, where the UE is required to receive a DL sub-frame immediately following a scheduled UL transmission.  In this situation, there needs to be sufficient time between the end of the UL transmission at the UE, and the beginning of the DL subframe reception, to allow for the frequency switch.  This can be accomplished by the Timing Advance as suggested in [3], but when the RTT smaller than the required switching time, it requires an overall advance of the UL frame boundaries relative to those of the DL.
The simplest solution to the above problem is to prevent the scheduling of an UL-DL switching point (i.e., ensure one sub-frame separates an UL transmission from a subsequent DL transmission).  This certainly should be an option and in many cases may be most appropriate.  However, this has the disadvantage of limiting UE peak throughput and scheduling flexibility.  

To allow an UL-DL switching point, the eNB can issue a timing advance larger than required, to provide the required re-tuning time, with a resultant shift of the the overall UL timing relative to the DL.  Although this is common in UTRA systems, it may have an impact to the processing time available at the UE to respond to L1 signaling from the eNB.  Alternatively, the UE could puncture the final symbol in the UL sub-frame preceding the switching point.
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Figure 3. Uplink-Downlink Switching Point Using UL Symbol Puncturing.
Fig. 3 shows an UL-DL switching point with puncturing of the final SC-FDMA symbol in the sub-frame.  Note that unlike the DL-UL switch point, only one symbol needs to be punctured to provide the necessary guard time, assuming that the switching can be done within one symbol period.  The main disadvantage of this approach is the disruption to the PUCCH.  However, this disruption is similar to the problem of SRS and PUCCH coexistence.  
It has been proposed, for example in [4], to address SRS and PUCCH coexistence by puncturing the CQI PUCCH format, and defining a new, shortened PUCCH format for ACK/NAK transmissions.  This same remedy might be used by HD-FDD terminals to address the problem of puncturing the final SC-FDMA symbol in a sub-frame.  Of course, this assumes that an SRS transmission does not occur in the same sub-frame.  But this may be an acceptable limitation to sounding flexibility, given the potential increase in peak UE throughput.
Also, it was agreed in RAN1-50bis that SRS transmissions will be located in either the first or the final SC-FDMA symbol in an UL sub-frame.  One benefit of choosing the SRS location as the final symbol of a sub-frame would be to simplify the re-use of a scheme like the one in [4] for SRS and PUCCH coexistence.
5 Conclusions and Recommendations

We reviewed prior work on the half-duplex FDD (HD-FDD) mode of LTE and proposed some general design principles for HD-FDD operation.  These are:
· Minimal changes to the specification and re-use of existing solutions where possible

· High spectral efficiency in UL and DL
· Possible limits on per-UE throughput if this can simplify the design
· Possibility for cell-wide HD-FDD mode (no mixture of FD-FDD and HD-FDD UEs in one cell)
We also considered the provisioning of guard times between DL-UL and UL-DL switching points.  
· For DL-UL switching points, the guard time is produced by puncturing final symbol(s) in the DL sub-frame
· The number of punctured symbols is calculated by the eNB based on the TA and a specified maximum UE re-tuning time

· Cell-common Reference Signals are not punctured

· For UL-DL switching points, use the TA to offset the UL sub-frame boundaries from the DL boundaries, to introduce the required idle period.
· Puncturing of the final SC-FDMA symbol in the sub-frame may also be considered if advance of UL sub-frame boundaries causes significant decrease in UE processing budget for L1 signaling.
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