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1 Introduction

In half-duplex communications, the user throughput is reduced due to the need of a DL/UL idle period (IP) at the switching points between downlink and uplink. In large cells, to avoid a large efficiency loss, DL/UL switching points are inserted less frequently and thus latency is increased. For instance, in cells with a 30 km range, the downlink frame efficiency is 60% when downlink sub-frames are aggregated by pairs and increases to 72% if downlink sub-frames are aggregated by four (last column of Table 1). The downlink frame efficiency is defined here as the number of downlink modulated sub-carriers divided by the downlink duration and the cell spectrum allocation.

To overcome this throughput/latency degradation in large cells, which EUTRA also has to be designed for, we have shown in [3][4] how the long DL/UL idle period can be partially used for communication with UEs which are close to the Node B. The cell throughput can be significantly increased with only a small number of UEs per cell thanks to the transmission of additional symbols. 

Compared to [4], this contribution provides answers to the following points:

· the precise use of additional symbols: 

· pilots are transmitted to allow more accurate channel estimation

· data are transmitted to increase frame efficiency: either by time extension of resource blocks allocated to close UEs or by allocation of a single UE to each additional symbol

· the impact on BS-to-BS interference in TDD communications
· the impact of the DL/UL IP location (either in downlink or in uplink) on signalling
We focus on the generic frame structure described in [1, section 6.2.1.2]. We assume all along this contribution that the idle period is taken from the downlink, except if explicitly stated.
2 UE-specific idle period

In the generic frame structure depicted in Figure 1, an idle period is reserved only at DL/UL switching points. This idle period is used to create both the DL/UL idle period and the UL/DL idle period, the latter period being adjusted thanks to timing advance mechanisms. The idle period duration is chosen as a multiple X of a symbol duration. X depends on the cell size, the larger the cell, the higher the value of X.
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Figure 1: Generic frame structure


From [2, section 7.4], EUTRA should be operated with optimal performance for cell radius shorter or equal to 5 km. However, EUTRA should also be operated in larger cells with radius up to 100 km. In this case, a cell-specific DL/UL idle period according to the cell coverage and common to all UEs of the cell may lead to excessive loss of active transmission duration, especially for UEs that are close to the Node B. 

Therefore, it has been proposed in [3][4] to allow a UE-specific idle period dimensioning for EUTRA half duplex operation: In a given cell, a close UE will have the opportunity to receive data in all symbols of the sub-frame, except the last one, whereas a farther UE will only be able to receive data on a smaller number of symbols. The number of symbols available for each UE is directly computed from the timing advance information that is already sent by the Node B to each UE.
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Figure 2: UE-specific DL/UL idle period.


Figure 2 depicts an example with a cell-specific downlink active transmission duration corresponding to 4 symbols (light blue). We will call these 4 symbols, the default part of the sub-frame. It can be received by all UEs of a cell with radius R0 = 29.7 km. Indeed, the required idle period for a cell radius R0 is 2R0/C + 16e-6, assuming that the sum of UL/DL and DL/UL switching times is 16 us. UE2 and UE3, which are at a distance smaller than R1 = 19 km, can receive an additional symbol (in yellow). UE1, which is at a distance smaller than R2 = 8.3 km, can receive two additional symbols. In contrast, UE4 and UE5 cannot process the additional symbols. 

Some concerns have been raised in Tallinn about the increase of BS-to-BS interference brought by the use of the UE-specific IP. By BS-to-BS interference, we mean interference of the downlink from a first base station BS1 on the uplink to a neighbouring base station BS2. 

With cell-specific idle period, BS-to-BS interference appears when the propagation time from BS1 (cell 1) to BS2 (cell 2) is larger than the round trip delay in cell 1, i.e., when radius R2 of cell 2 is larger than radius R1 of cell 1. Let us assume that cell1 requires an idle period of 2 OFDM symbols as illustrated in Figure 3. If R2=R1, there is not any BS-to-BS interference. However, if R2=2R1, there is an overlap of the DL sub-frame from BS1 with the UL sub-frame to BS2. This overlap has the duration of one OFDM symbol. Using the macro-cell path-loss model in [1], the power of the DL sub-frame (DL1) from BS1 at BS2 is 18 dB lower than at the cell edge.
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Figure 3: BS-to-BS interference with cell-specific DL/UL idle period.
In Figure 4 with UE-specific idle period, one additional symbol is transmitted. We see that interference over one OFDM symbol appears at BS3 located at 2R1 from BS1. The downlink sub-frame power at BS3 is now 11 dB lower than at the cell edge, i.e., 7 dB higher than in the cell-specific case. At BS2, the interference has the same power as in the cell-specific case but it impacts 2 OFDM symbols instead of one. However, its impact on performance will be mitigated by channel coding, as only part of the uplink symbols are affected.
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Figure 4: BS-to-BS interference with UE-specific DL/UL idle period.
Furthermore, the use of antenna tilting in very large cells strongly reduces BS-to-BS interference. Indeed, with antenna tilting, the macro-cell path loss model does not apply on propagation in neighbouring cells.

Finally, the interference of the uplink (UL1) of a cell-edge UE of cell 1 on the uplink of a cell-edge UE of cell 2 will be much more disturbing if both UEs have same resource allocation. Indeed, this interference will have higher level and impact all blocks of the sub-frame.

As a conclusion, we consider the BS-to-BS interference as negligible.

3 Scheduling on additional symbols

We consider three realistic approaches for scheduling of additional symbols, which provide either gain in channel estimation performance only or both gain in channel estimation performance and increase of cell throughput thanks to additional resource allocation. 

When additional resource allocation is allowed, it has no impact on the current control signalling in the default part of the sub-frame. The signalling for additional symbols is either transmitted independently in each additional symbol (see section 3.2) or not required at all (see section 3.3). 

3.1 Only reference symbols in the additional symbols

For cell sizes higher than 19 km, the idle period duration is at least equal to three OFDM symbols. Thus, in the DL sub-frame preceding the switch, the fifth OFDM symbol, which includes second reference symbols (as represented in green on Figure 5), is idle. However, close UEs, at a distance smaller than 19 km from the Node B, are able to receive and process these second reference symbols. Thus, transmitting all reference symbols in the TDD frame as described on Figure 5 is beneficial for channel estimation of close UEs. Similarly, this approach may be applied to uplink if the IP is taken from the uplink sub-frame following the switch.
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Figure 5: UE-specific DL/UL idle period including pilots only 

(cell radius between 19 km and 30 km).
3.2 Allocation 1: Single UE per additional symbol

In order to also increase cell throughput, a first option is to allocate all available sub-carriers of each additional symbol to a single UE which limits signalling overhead for additional symbols. This allocation is depicted on Figure 6 with four UEs allocated in the default part of the sub-frame and two UEs separately allocated in the two additional symbols. The additional signalling per additional symbol only contains the UE ID (or short ID) and the MCS. In practice, Allocation 1 is only recommended if IP is taken from downlink. Indeed, in uplink it would require a high pilot overhead in each additional symbol.
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Figure 6: Allocation 1 - UE-specific DL/UL idle period with each additional symbol allocated to a single UE (cell radius between 19 km and 30 km).
Signalling location

There are two options for the control signalling position:

· in the default part: Each additional symbol may be considered and signalled as an additional resource unit with specific size (depending on the cell spectrum allocation).

· in each additional symbol: no impact on signalling in the default part, preferred solution. Eligible UEs know from their timing advance value that they are able to receive some additional symbols and must read the control information in a pre-defined region of each of them.

Interference profile

In case of interference coordination, there may be some constraints on transmission power in each RB of the default part. To satisfy these constraints in the additional symbols, we keep the same transmission power on each sub-carrier as in the default part.

Frame efficiency increase

Table 1 is focusing on the UL/DL symmetry. Results are given for different numbers of users in the cell, different cell radii and different types of DL slot aggregations impacting latency. For cell radii lower than 8.3 km, the cell-specific idle period only consists of one idle symbol: the UE-specific idle period dimensioning does not provide any efficiency gain. With 15 km cell radius, with DL slots aggregated by pairs of 1 ms, the DL frame efficiency is increased from 72% to 78%, even with a low number of users in the cell. The larger the cell, the larger the gain. E.g., with a 30 km cell radius, the DL frame efficiency is increased from 60% to 75.3% even with only 10 users in the cell.

3.3 Allocation 2: Extension of resource blocks for eligible UEs

In a second possible allocation, the resource blocks allocated to UE i, which is able to receive Ni additional symbols, are extended by Ni symbols, as depicted on Figure 7. Allocation 2 may also be applied if IP is taken from uplink, as channel estimation is common with the default part.
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Figure 7: Allocation 2 - UE-specific DL/UL idle period with resource block extension

(cell radius between 19 km and 30 km).
No signalling

No signalling is required as resource blocks are just extended with same MCS. Thus, Allocation 2 equally applies when the IP is taken either from the downlink or from the uplink. Furthermore, the sizes of transmitted blocks already exist in the system as they correspond to resource block sizes with smaller IP durations.

Interference profile

The interference profile is kept the same as resource blocks are just extended with same power. As close UEs may have lower transmission power, this extension reduces the BS-to-BS interference.

Frame efficiency increase

The average frame efficiency increase does not depend on the number of UEs in the cell. The increase is obviously smaller than with Allocation 1. With 15 km cell radius, with aggregation of DL slots by pairs of 1 ms, the DL frame efficiency is increased from 72% to 73.8%. With 30 km cell radius, the DL frame efficiency is increased from 60% to 68.8%.

	Cell radius (km)
	Number of contiguous DL slots
	Mean DL frame efficiency with allocation 1 (10 users/cell)
	Mean DL frame efficiency with allocation 1 (30 users/cell)
	Mean DL frame efficiency with allocation 2
	DL frame efficiency with cell-specific IP

	0-8.3
	1
	72%
	72%
	72%
	72%

	0-8.3
	2
	78%
	78%
	78%
	78%

	0-8.3
	4
	81%
	81%
	81%
	81%

	15
	1
	71.7%
	72%
	63.7%
	60%

	15
	2
	77.9%
	78%
	73.8%
	72%

	15
	4
	81%
	81%
	78.9%
	78%

	30
	1
	66.5%
	70.9%
	53.5%
	36%

	30
	2
	75.3%
	77.5%
	68.8%
	60%

	30
	4
	79.6%
	81%
	76.4%
	72%

	60
	1
	57.2%
	64.8%
	30.5%
	12%

	60
	2
	70.6%
	74.4%
	57.3%
	48%

	60
	4
	77.3%
	79.2%
	70.6%
	66%

	100
	2
	64.5%
	70.7%
	42.2%
	24%

	100
	4
	74.3%
	77.4%
	63.1%
	54%


Table 1: Efficiency of idle period dimensioning strategies averaged on all UE possible positions.

4 Summary

In this contribution, UE-specific idle period reservation is proposed to improve the benefit of the generic frame structure in half-duplex communications by decreasing the idle period duration for large cells. 

Several options are considered to use the additional symbols which can be processed by UEs close to the Node B:

· Insert only reference symbols:

· Channel estimation improvement through time interpolation for close UEs

· No frame efficiency gain

· Allocation 1:

· Largest frame efficiency improvement

· Mainly applicable to downlink (without any modification of control signalling in the default part of the sub-frame)

· Allocation 2:

· Smaller frame efficiency improvement

· Possible in both uplink and downlink without any modification of control signalling

If the idle period is taken from the downlink sub-frame, Allocation 1 is the preferred option, as a larger frame efficiency is achievable. Due to its low level compared to other types of interference, the increase of BS-to-BS interference should not impact significantly on performance. Specific control signalling can be located in each additional symbol.

As a conclusion, we propose to include the concept of UE-specific idle period in the working assumption for half-duplex communication with the generic frame structure, preferably with Allocation 1 if IP is taken from downlink and Allocation 2 if IP is taken from uplink.
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