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1. Introduction
The following methods have been studied for the signaling mechanism for dynamic TDD UL-DL reconfigurations [1]:
· System information signaling
· RRC signaling
· MAC Control Element signaling
· Physical layer signaling
The physical layer signaling can be further divided into PDCCH-based signaling and PBCH-based signaling [2, 3]. This contribution compares those signaling methods in terms of the performance benefit and related specification issues.

2. Discussion on the reconfiguration signaling methods
Regarding the time scale of the reconfiguration signaling, we consider the following two parameters:

· Update frequency: This is related “how often” the eNB can send the reconfiguration signaling to the UEs. This factor is determined by the possible UL-DL configuration update period supported by the signaling method.

· Update latency: This is related “how long” it takes for the eNB to reflect the traffic situation in the UL-DL configuration update. The update latency of L ms means that UL-DL configuration updated in subframe n is determined by the traffic situation observed in subframe n-L.
Figure 1 illustrates the definition of the update frequency and update latency. It is assumed that the UL-DL reconfiguration is updated with the period of P ms and the latency of L ms. As a result, eNB cannot reflect the buffer change (e.g., new traffic arrival) occurred after subframe n-L when it updates the UL-DL configuration in subframe n.
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Figure 1. Illustration of the UL-DL reconfiguration update frequency and latency.

2.1. System information signaling

As captured in [1], this signaling method has the reconfiguration period of 640 ms or larger. This method has the worst traffic adaptation ability, so the performance benefit of dynamic TDD UL-DL reconfigurations may shrink down. Furthermore, due to the latency and ambiguity of reconfiguration, frequent change of UL-DL configuration in the system information may cause some backward compatibility issue depending on the UE implementation. For example, the typical RRM/RLM measurement window size is several hundred milliseconds, so if the UL-DL configuration in the system information changes with a similar time scale, the UE should be able to update the measurement sample within each measurement window but this ability is not tested so far.
2.2. RRC signaling
RRC signaling has the update period about 200 ms in consideration of the RRC signaling overhead [1]. Also, RRC signaling based reconfiguration generally needs latency between 15 and 20ms [4]. 
RRC signaling method has a reconfiguration ambiguity problem during the transient periods. In other words, an eNB does not know the exact time at which the UE applied the updated TDD UL-DL configuration during the transient period. As a result, the eNB and UE have different assumptions on the currently adopted TDD UL-DL configuration, which governs UE measurement and HARQ. This reconfiguration ambiguity problem becomes more serious if the PDSCH containing the high-layer signaling is not successfully received by the UEs in the initial transmissions because the ambiguous period is extended by the necessary HARQ operation while causing additional latency in traffic adaptation. Unless a standardized solution is introduced, eNB is not able to schedule a UE during this ambiguous time duration, which leads to resource underutilization.
2.3. MAC CE signaling

Considering the case of secondary cell’s activation/deactivation, it can be assumed that the MAC CE signaling method has the latency about 8 ms. Also, it is expected that MAC CE signaling has very low control overhead (e.g., adding a few bits to the existing MAC CE), so we can assume that the signaling frequency is fast enough (e.g., the update period of 10 ms) in this method.
MAC CE signaling also has a reconfiguration ambiguity problem similarly to the RRC signaling method, but this problem can be resolved by introducing a proper solution which is similar to the method that is used to support CSI reporting during the transient period related to the secondary cell’s deactivation [5]. For example, a UE assumes that the updated TDD UL-DL configuration received in subframe n shall be applied in subframe (n+8). The TDD UL-DL configuration before receiving reconfiguration message is still valid until subframe (n+8).
Since MAC CE signaling does not have its own error recovery process, TDD UL-DL configuration assumptions between eNB and UE could be different if the HARQ-ACK corresponding to the PDSCH containing the MAC CE signaling is received incorrectly by eNB. For example, even though the group of UEs receives the reconfiguration message correctly, the eNB and some UEs have different assumptions on the currently adopted TDD UL-DL configuration due to this problem. However, since RRC signaling has its own confirmation procedure related to the reconfiguration, it is less vulnerable to the problem mentioned above. We can also investigate a proper solution for resolving the problem in MAC CE signaling. 
2.4. PDCCH-based signaling
In this method, a UE recognizes the direction of a subframe (i.e., whether it is UL subframe or DL subframe) after decoding PDCCH. As described in [2], we can consider two sub-options as the examples of the physical-layer operation – the explicit indication and implicit derivation methods. The explicit indication method requires additional specification works for designing a new DCI which includes the information of communication direction. In the implicit derivation method, the direction of each subframe is determined by the DCI format a UE detects: The UE regards subframe n as UL subframe if it detects UL grant in subframe n-k which schedules the UL transmission in subframe n. The UE regards subframe n as DL subframe if it detects DL assignment in subframe n.

The PDCCH-based signaling method has virtually no latency. If we assume an explicit indication which informs the UL-DL configuration used for a single radio frame, the update period of PDCCH-based signaling becomes 10 ms.

In the current specification, there is no feedback from the UE about the decoding result of PDCCH. So, additional specification work may be needed if some confirmation procedure is to be operated in the PDCCH-based signaling method.

2.5. PBCH-based signaling
In this method, the UL-DL reconfiguration message is embedded in PBCH by using the 10 spare bits in MIB. As the same content of MIB is repeated during 4 radio frames, the update period becomes 40 ms in this method. In addition, we can assume that its update latency is 40 ms considering that the UE needs to be informed of the updated UL-DL configuration before it is applied to the eNB operations. There is no feedback procedure about the MIB detection, but it would not be so necessary because of the high reliability of PBCH.
Using the spare bits in MIB requires further consideration. Assuming that 3 bits are needed to indicate one of the 7 UL-DL configurations, up to 3 UL-DL configurations can be indicated. Such signaling capacity may not be sufficient depending on the operation scenarios. First, if each transmission point changes its UL-DL configuration in CoMP scenario 4 where multiple transmission points share the same cell ID, signaling 3 configurations by PBCH in a cell-specific manner cannot fully accommodate all the transmission points. Second, if multiple component carriers are aggregated and dynamic UL-DL reconfiguration is operated in the aggregated carriers, the spare bits in MIB may not be enough due to the reason that the CA configuration is UE-specific and different UEs having the same PCell may have different SCell. Furthermore, using the spare bits only for the TDD-specific purpose may cause some forward compatibility issue especially from the perspective of the commonality between TDD and FDD. Those spare bits can be used for another purpose both in TDD and FDD in a future release, and one example may be the information on the EPDCCH-based common search space. Those spare bits may be used for the indication of the location of CSS in the frequency domain to enable frequency domain ICIC of CSS. Thus, the usage of the spare bits in PBCH needs to be carefully decided.
3. Performance evaluation 
The time scale of the discussed signaling methods can be summarized in Table 1 which the performance is evaluated based on. We note that no ambiguity duration is assumed in the UL-DL configuration update in the evaluations. Details of the simulation parameters are in Appendix B.
Table 1: Time scales assumed for the evaluation of the signaling methods.
	
	Update frequency  in terms of the UL-DL update period
	Update latency

	RRC signaling
	200 ms
	20 ms

	MAC CE signaling
	10 ms
	8 ms

	PBCH-based signaling
	40 ms
	40 ms

	PDCCH-based signaling
	10 ms
	0 ms 


Table 2 and 3 summarize the evaluation results for the UL-DL traffic arrival ratio (1:1) and (1:2), respectively. The tables also show the relative performance gain of the other three signaling methods compared to that of the PDCCH-based method which is the fastest. We assumed the subframe-specific eNB power setting scheme (Option 4 in [5]) in these tables, and the results with the cell clustering scheme (Option 3 in [5]) can be found in Appendix A.

Table 2: Average DL and UL throughput for the UL-DL traffic arrival ratio (1:1).
	Arrival rate 
	Signaling method
	Average DL throughput in kbps
	Average UL throughput in kbps

	0.5
	RRC signaling
	19210.7 (-19.4%)
	17577 (3.3%)

	
	MAC CE signaling
	23265.9 (-2.4%)
	16322.7 (-4.0%)

	
	PBCH-based signaling
	21450.4 (-10.0%)
	17349.7 (2.0%)

	
	PDCCH-based signaling
	23828.5
	17011

	1
	RRC signaling
	16041.6 (-13.5%)
	14047.3 (3.5%)

	
	MAC CE signaling
	18189.6 (-1.9%)
	12942.6 (-4.6%)

	
	PBCH-based signaling
	17218.6 (-7.1%)
	13708.1 (1.0%)

	
	PDCCH-based signaling
	18541
	13570.9

	1.5
	RRC signaling
	14117.1 (-7.3%)
	11571.9 (5.5%)

	
	MAC CE signaling
	14933.8 (-1.9%)
	10352.8 (-5.6%)

	
	PBCH-based signaling
	14566 (-4.4%)
	11030.2 (0.6%)

	
	PDCCH-based signaling
	15230.8
	10969.3

	2.5
	RRC signaling
	10082.8 (-2.2%)
	7260.61 (1.8%)

	
	MAC CE signaling
	10211.4 (-0.9%)
	6672.04 (-6.5%)

	
	PBCH-based signaling
	10091.3 (-2.1%)
	7079.29 (-0.8%)

	
	PDCCH-based signaling
	10308.9
	7132.89


Table 3: Average DL and UL throughput for the UL-DL traffic arrival ratio (1:2).
	Arrival rate 
	Signaling method
	Average DL throughput in kbps
	Average UL throughput in kbps

	0.5
	RRC signaling
	19696.8 (-22.7%)
	18642.6 (3.2%)

	
	MAC CE signaling
	24839.9 (-2.6%)
	17495.3 (-3.2%)

	
	PBCH-based signaling
	22310.1 (-12.5%)
	18482.3 (2.3%)

	
	PDCCH-based signaling
	25492.5
	18067.6

	1
	RRC signaling
	17574.8 (-15.3%)
	15884.2 (3.0%)

	
	MAC CE signaling
	20509.7 (-1.2%)
	14929.1 (-3.1%)

	
	PBCH-based signaling
	18960.7 (-8.7%)
	15820.6 (2.6%)

	
	PDCCH-based signaling
	20759.4
	15414.2

	1.5
	RRC signaling
	15764.5 (-13.8%)
	12888 (3.4%)

	
	MAC CE signaling
	17545.9 (-4.0%)
	11689.7 (-6.2%)

	
	PBCH-based signaling
	16816.9 (-8.0%)
	12655.9 (1.5%)

	
	PDCCH-based signaling
	18284.9
	12464.6

	2.5
	RRC signaling
	11685.4 (-10.3%)
	8824.82 (0.6%)

	
	MAC CE signaling
	12692.7 (-2.5%)
	8262.84 (-5.8%)

	
	PBCH-based signaling
	12421.1 (-4.6%)
	8840.05 (0.7%)

	
	PDCCH-based signaling
	13022.8
	8775.61


Comparing to the PDCCH-based signaling method, the RRC and PBCH-based signaling methods render degraded DL performances while the UL performance is almost similar. Noticeable DL performance degradation is observed when the arrival rate is relatively low and DL traffic is relatively heavier. We note that the performance benefit of dynamic UL-DL reconfigurations decreases as the arrival rate increases [5]. For the MAC CE signaling method, both DL and UL performance are degraded to some extent compared to the PDCCH-based method.
4. Conclusion
This contribution discussed the potential signaling methods for dynamic UL-DL reconfigurations. It was observed that the PDCCH-based signaling has the best performance compared to the other methods. Furthermore, we identified several issues like the reconfiguration ambiguity for the RRC signaling method and the lack of signaling capacity for the PBCH-based method. From the discussions, we can draw the following conclusion for the UL-DL reconfiguration signaling method.
Proposal: PDCCH-based signaling method is taken for dynamic TDD UL-DL reconfigurations. Further study is needed on the following points:

· Selection between the explicit indication using a new DCI and the implicit indication using the DCI format difference between DL assignment and UL grant,
· Confirmation from the UEs on the reception of the reconfiguration signal.
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Appendix A. Performance results with the cell clustering scheme
Table A-1: Average DL and UL throughput for the UL-DL traffic arrival ratio (1:1).

	Arrival rate 
	Signaling method
	Average DL throughput in kbps
	Average UL throughput in kbps

	0.5
	RRC signaling
	18762.3 (-16.6%)
	16676.4 (3.2%)

	
	MAC CE signaling
	22116.7 (-1.7%)
	16212.3 (0.4%)

	
	PBCH-based signaling
	20575.3 (-8.5%)
	16418.3 (1.6%)

	
	PDCCH-based signaling
	22496.7
	16152.2

	1
	RRC signaling
	15541.5 (-11.7%)
	13313.9 (2.2%)

	
	MAC CE signaling
	17385.6 (-1.2%)
	13036.7 (0.1%)

	
	PBCH-based signaling
	16562.7 (-5.9%)
	13040.4 (0.1%)

	
	PDCCH-based signaling
	17605
	13022.8

	1.5
	RRC signaling
	13588 (-6.0%)
	10800.6 (6.9%)

	
	MAC CE signaling
	14350.3 (-0.7%)
	10131.2 (0.3%)

	
	PBCH-based signaling
	14048.7 (-2.8%)
	10147.8 (0.4%)

	
	PDCCH-based signaling
	14457.1
	10103.6

	2.5
	RRC signaling
	9915.48 (-0.1%)
	7013.14 (2.4%)

	
	MAC CE signaling
	9893.3 (-0.3%)
	6827.29 (-0.4%)

	
	PBCH-based signaling
	9779.87 (-1.5%)
	6798.71 (-0.8%)

	
	PDCCH-based signaling
	9926.49
	6851.35


Table A-2: Average DL and UL throughput for the UL-DL traffic arrival ratio (1:2).
	Arrival rate 
	Signaling method
	Average DL throughput in kbps
	Average UL throughput in kbps

	0.5
	RRC signaling
	19699.7 (-19.3%)
	17951.9 (4.4%)

	
	MAC CE signaling
	23962.7 (-1.9%)
	17273.6 (0.4%)

	
	PBCH-based signaling
	21849.5 (-10.5%)
	17566.3 (2.1%)

	
	PDCCH-based signaling
	24414.5
	17199.6

	1
	RRC signaling
	17276.2 (-11.3%)
	15095.1 (3.6%)

	
	MAC CE signaling
	19397.8 (-0.4%)
	14699.7 (0.9%)

	
	PBCH-based signaling
	18056 (-7.3%)
	14757.4 (1.3%)

	
	PDCCH-based signaling
	19468.9
	14575

	1.5
	RRC signaling
	15520.6 (-9.3%)
	12219.8 (4.8%)

	
	MAC CE signaling
	16908.6 (-1.2%)
	11721.5 (0.5%)

	
	PBCH-based signaling
	16062.6 (-6.1%)
	11807.6 (1.3%)

	
	PDCCH-based signaling
	17108.4
	11658.9

	2.5
	RRC signaling
	11696.7 (-6.7%)
	7956.22 (-2.6%)

	
	MAC CE signaling
	12507.9 (-0.2%)
	8187.01 (0.2%)

	
	PBCH-based signaling
	12229.9 (-2.4%)
	8179.67 (0.1%)

	
	PDCCH-based signaling
	12535.6
	8171.19


Appendix B. Simulation parameters
Basic simulation assumptions are to be based on [1], and details on additional assumptions are as follows.

Table B-1: Simulation assumptions
	Parameters
	Assumptions

	Deployment scenario
	19*3 Macro, 4 picos per Macro

	Carrier frequency
	2 GHz

	System bandwidth
	10MHz

	eNB antenna configuration
	1Tx, 2Rx

	UE antenna configuration
	1Tx, 2Rx

	Reconfiguration time scale 
	Every 10ms

	Metric
	DL and UL metrics collected separately, following metrics can be used

· Packet throughput

· defined as the packet size over the packet transmission time, including the packet waiting time in the buffer

·  Average throughput

· defined as the mean of packet throughput from all UEs

	Traffic model
	· FTP model 1 in 36.814

· Fixed packet size of 0.5M

· Poisson distributed with arrival rate λ

· Independent traffic modeling for DL and UL per UE

· Both low and high load cases shall be covered, value of lambda is selected within the value range

	Small scaling fading channel
	Not modeled

	DL/UL CSI feedback
	Ideal


	Control channel and reference signal overhead
	· DL

· Overhead for PDCCH: 2 OFDM symbols

· UL

· Overhead for UL DM-RS: 2symbols per subframe

	Channel estimation
	Ideal

	Scheduler
	· First-in-first-out packet scheduler

· Full bandwidth assignment, i.e. without frequency selective scheduling

· MCS selection by the large scale channel quality.

	HARQ modeling
	· Ideal HARQ timing, i.e. a retransmission can happen in the first available subframe after 8ms

· Chase-combining scheme

	UL power control
	· Open-loop power control with P0 = -76dBm and α = 0.8
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