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1. Introduction
The decision of RAN1#47bis (Sorrento, [1]) to define signalling in support of half-duplex FDD (HD-FDD) terminals:

“at least the layer 1/2/3 protocol aspects of HD-FDD should be identified for implementation into the LTE specifications, with a view to creating band-dependent radio requirements for those bands (current and future frequency bands) where this mode of operation is deemed beneficial for the operation of the system.”
underlined the utility of half-duplex UE operation in specific radio bands. Such bands include, for example, those characterized by a relative small duplex frequency separation, which can render the design of high performance and low loss UE duplex filters extremely challenging. Other requirements, such as potential support for variable duplex frequency separation further motivates the use of HD-FDD from the UE perspective.
Some discussion of the impact of HD-FDD operation on H-ARQ timing appeared in [2], while [3] provided further comments on H-ARQ signalling and related guard intervals. This contribution further assesses timing and signalling requirement for efficient HD-FDD operation.
2. Discussion
2.1. Frame Format

It is worth reiterating that the primary purpose of half-duplex operation is to permit efficient UE radio subsystem design to meet specific criteria, such as UE self-desense avoidance as described above. Accordingly, in order to minimise the impact of HD-FDD operation on FDD UE baseband design, HD-FDD operation should be based – with as little deviation as possible – on the FDD FS1 subframe structure and numerology.
2.2. Simultaneous Support for HD- and FD-FDD UE’s and Backwards Compatibility
Some drivers for HD-FDD – such as UE filter design and integration – may improve over time, and it may be possible in future to build efficiently FD-FDD terminals for use in bands initially populated by HD-FDD designs. Two alternatives then appear:

Option 1: UE’s operating in a specific band should support only HD-FDD operation. The apparent consequence would be that such bands are designated as HD-FDD bands, and L1 signalling and timing would support only HD-FDD operation.
Option 2: both HD- and FD-FDD UE operation in the band is permitted, even although individual UE’s (and even eNB’s) may only support either HD- or FD-FDD operation (or are configured exclusively into one of those modes) but not both.
Option 1 potentially simplifies the signalling HD-FDD operation, while Option 2 offers maximum flexibility and backwards compatibility.
2.3. UE Categories

Obviously, HD-FDD operation has an impact on the UE-specific peak data rate supportable in both downlink and uplink, and the nominal peak rates associated with the currently-defined UE classes do not apply. Further, while any maximum transport block size identified in relation to FD-FDD operation also appears applicable to HD-FDD operation, the total number of H-ARQ processes to be supported (and hence addressed) and the resulting UE H-ARQ process soft storage may need to be distinguished between FD- and HD-FDD operation.
2.4. Guard Periods, Timing Advance and UE Subframe Allocation Patterns
As illustrated in Figure 1, HD-FDD UE’s supporting downlink to uplink switching periods (DtUSP’s) and uplink to downlink switching periods (UtDSP’s) require in the region of 
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 = 100s to perform switching (it is assumed that DtUSP is approximately equal to UtDSP).
Clearly, for the DtUSP event, in common with TDD mode, and in the absence of any staggering between DL and UL frame boundaries at the eNB, a UE transmitting on subframe 
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 cannot receive the complete DL transmission on subframe 
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. Two approaches then appear viable:
Option 1: in order to preserve UL signalling, and in common with TDD, the eNB transmits to the same UE in DL subframe 
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 by using only data RE’s which avoid using those OFDM symbols at the end of DL subframe 
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 which lie within the required guard interval
· again, in this instance, the amount of suppression of DL transmission to the UE  can be made consistent with UE timing advance, in increments of 1 OFDM symbol
· the amount of guard interval applicable to DL subframe 
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 is equal to 
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 - i.e. twice the propagation delay plus the UE switching period
· common downlink reference symbols transmitted in subframe 
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 need not be suppressed (i.e. DTX’d)
Option 2: downlink transmission in subframe 
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 – i.e. immediately prior to a DtUSP – is always directed to a separate UE, or set of UE’s.
Note that in the case of Option 1, assuming a maximum cell radius of, say, 100km indicates a maximum timing advance of 
[image: image10.wmf]333.3

p

Tus

=

and therefore a requirement to suppress up to 
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 of data resource elements in downlink subframe 
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. At this point, and for larger cell radii, directing subframe 
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 to a UE according to Option 1 offers little downlink capacity, although PDCCH and related signalling (up to 3 symbols) could still be accommodated for normal CP.
For the uplink to downlink switching period (UtDSP), the UE’s inherent timing advance can be exploited to avoid a guard period. However, in this case, the minimum switching period has to be at least equal to 
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. Again, in the absence of DL/UL frame staggering at the eNB, this equates to a minimum apparent UE distance of 15km from the eNB (i.e. the eNB could be configured to emulate such a minimum distance at the expense of maximum cell radius) if an UL guard symbol or suppression of the final portion of the UL subframe is to be avoided. This  suggests:
Option 1: re-formatting of the terminating symbols of the UL transmission to support the appropriate guard period.

Option 2: creation of a guard subframe, allocable, for example to different UE or set of UE’s.
2.5. Frame Structure
Clearly, allocation of patterns of consecutive subframes in DL or UL directions to a particular UE, or set of UE’s can be beneficial in maximizing link efficiency by minimizing guard intervals. The assignment of UE’s to specific DL or UL allocation patterns defined on a static or semi-static basis appears to be the most efficient approach. This results in sets of co-schedulable sets or groups of UE’s.
2.6. H-ARQ Signalling

As discussed in [3], bundled ACK/NAK signalling on both DL and UL appears necessary to support H-ARQ. However, as for TDD, there is associated impact on CQI signalling and also impact on PMI signalling and latency. This should be further assessed.

2.7. Initial and Non-Initial Cell Search

Clearly, if the UE is allocated specific UL and DL subframes, there is an interaction with non-initial cell search. In the case of inter-frequency measurements, appropriate gaps (i.e. 6ms duration with period specified as an integer multiple of 10ms intervals) in UE transmission and reception can be specified, permitting HD-FDD UE’s to operate in a fashion similar to FD-FDD devices.
Nevertheless, intra-frequency measurements can made more complex by the specific allocation of DL and UL subframes. For example, HD-FDD switching could mean that specific UE’s could be denied DL observation of SCH-associated DL subframes 0 and 5 transmitted by neighbour cells.
The impact of this would be different for asynchronous and synchronous networks. For example, in a synchronous (or quasi-synchronous) deployment, UE’s not guaranteed to observe subframes 0 and 5 from the serving cell would likewise be unable to execute measurements on neighbour cells. However, guaranteeing that all, or a subset, of the serving cell subframes 0 and 5 to be observable by the UE would similarly guarantee measurements of neighbour cells.
By contrast, in an asynchronous network, even if serving cell subframes 0 and 5 were guaranteed to be observable by all UE’s, this would not guarantee all (asynchronous) neighbour cells could be measured. In the worst-case scenario, UE’s whose UL subframe allocation interval were aligned with subframes 0 and 5 on a neighbour cell might be unable to observe a nearby neighbour cell at all.
In this case, two options (possibly complementary) appear to be available:
Option 1: all UE’s are guaranteed to be able to observe DL subframes 0 and 5 from the serving cell
- Some advantage in subframe utilisation could result from extending this approach to enable the partitioning of the population of HD-FDD UE’s into two sets of UE’s, where each set is observing alternating subframes 0 and 5, but assessment of the impact on synchronization would be required
Option 2: HD-FDD UE’s are provided measurement gaps, or at least extended periods of DL subframe allocations, to perform intra-frequency measurements.
2.8. UE Radiated Power 

If UE’s are assigned UL and DL transmission subframes according to a predefined pattern, it is obvious that UE transmission duty cycles of less than or equal to 50% are feasible. This suggests, from the perspective of mean radiated power, that an increase in the maximum mean power during active UL subframes could be enable. On this issue, additional considerations need to be taken into account. For example, the bands to which HD-FDD might be most usefully applied can also be subject to specific coexistence requirements which impose limitations on the UE emission power spectrum and hence on the post-PA transmit filter response and associated power spectrum. Similarly, UE EVM targets consistent with transmission of higher order constellations  (e.g. 16-QAM) can also lead to limitations on radiated power. Accordingly, any modification of UE radiated power levels when supporting HD-FDD should be left to RAN4 to determine as part of the overall discussion of UE radiated power vs. UE class and operating band.  
3. Conclusions

1. HD- and FD-FDD Carrier Access – Consideration should be given on whether signalling should support only a) HD-FDD terminal or b) both HD-FDD and FD-FDD terminal access to the same carrier frequency at one time.
2. Guard Intervals – UE switching times of approximately 100s should be considered for both DL to UL switching periods (DtUSP’s) and UL to DL switching periods (UtDSP’s). In order to provision the necessary guard intervals:

a. DL to UL switching periods (DtUSP) – could be supported by a) truncating the occupied data RE’s of a DL subframe immediately prior to a switching period in units of OFDM symbols, or b) allocating the DL subframe immediately prior to a switching period to another UE or group of UE’s
b. UL to DL switching periods (UtDSP) – could be supported by a) enforcing a minimum timing advance regardless of the UE location in the cell, consistent with the UE switching period, b) truncating the occupied data RE’s of an UL subframe immediately prior to a switching period in units of OFDM symbols, or c) allocating the UL subframe immediately prior to a switching period to another UE or group of UE’s
3. Subframe Allocation Pattern – UE’s should be allocated UE-specific UL/DL subframe allocation patterns which are common with those allocated to certain other UE’s. That is, sets or groups of UE’s with shared UL/DL allocation patterns should be established.
4. UE Non-Initial Cell Search – The behaviour of UE’s executing non-initial cell search should be considered from the perspective of synchronous and asynchronous networks. Modification of UL and DL subframe allocation patterns, or the provisioning of measurement gaps in support of neighbour cell measurements should be considered.
5. UE Radiated Power – UE radiated power over subframe intervals does not automatically scale with UL duty cycle. Determination of UE radiated power by band should be referred to RAN4.
6. UE Categories – The number of H-ARQ processes and total UE soft memory size may need to be revisited over the UE categories defined for the FD-FDD mode of operation.
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Figure 1 – DL to UL (DtUSP) and UL to DL (UtDSP) switching periods.
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