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1. Introduction

Figure 1 shows the E-UTRA TDD Frame Structure [2]. Different subframes are allocated for downlink (DL) or uplink (UL) transmissions. Table 1 lists applicable DL/UL allocations [1]. 

Table 1: Downlink-Uplink Allocations

	Configuration
	Switch-point periodicity
	Subframe number

	
	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	5 ms
	D
	S
	U
	U
	U
	D
	S
	U
	U
	U

	1
	5 ms
	D
	S
	U
	U
	D
	D
	S
	U
	U
	D

	2
	5 ms
	D
	S
	U
	D
	D
	D
	S
	U
	D
	D

	3
	10 ms
	D
	S
	U
	U
	U
	D
	D
	D
	D
	D

	4
	10 ms
	D
	S
	U
	U
	D
	D
	D
	D
	D
	D

	5
	10 ms
	D
	S
	U
	D
	D
	D
	D
	D
	D
	D

	6
	5 ms
	D
	S
	U
	U
	U
	D
	S
	U
	U
	D
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Figure 1: E-UTRA TDD Frame Structure 

In TDD DL/UL configurations where there are more DL subframes than UL subframes, multiple DL subframes could be associated with one UL subframe, on which the corresponding control signals (e.g., ACK/NAK bits) are reported. For example, for each dynamically scheduled transmission in the DL subframes, ACK/NAK bits need to be transmitted in the corresponding UL subframe to support proper hybrid ARQ (HARQ) operation. In the cases where one UE is scheduled on multiple DL subframes associated with the same UL subframe, ACK/NAK bit(s) corresponding to multiple DL subframes need to be reported in a single UL subframe. 

ACK/NAK bundling is supported to resolve the uplink coverage issue. On the other hand, bundling may result in unnecessary retransmission, because all packets in the bundling window are retransmitted even if a single packet is received erroneously. Consequently, adopting ACK/NAK bundling comes at the expense of DL throughput degradation, especially if the per-subframe BLER is high. As a result, multiple ACK/NAK transmission should be supported to TDD in order to achieve the DL throughput target. 

In this contribution, system-level simulation results are presented to compare the throughput of multi-bit ACK/NAK and ACK/NAK bundling in LTE TDD. It is observed that multi-bit ACK/NAK provides up to 10% throughput gain compared to ACK/NAK bundling in different channel settings. Hence, adoption of multi-bit ACK/NAK is recommended for LTE TDD.
2. Multi-Bit ACK/NAK Design

The detailed ACK/NAK design guidelines are discussed in a companion contribution [4]. Table 2 shows the supported number of ACK/NAK bits for multi-bit and bundling, in different DL/UL ratios. Overall, the maximum number of multiple ACK/NAK bits is 4. 
Table 2: Number of Multiple ACK/NAK Bits

	Number of DL subframes associated with 1 UL subframe
	Maximum number of ACK/NAK bits

	
	Non-spatial multiplexing
	Spatial multiplexing

	
	Pure Bundling
	No Bundling
	Pure Bundling
	Spatial Sub-bundling

	2
	1
	2
	2
	2

	3
	1
	3
	2
	3

	4
	1
	4
	2
	4

	9
	1
	4
	2
	4



[image: image2.emf]Data Stream 1 Data Stream 1 Data Stream 1 Data Stream 1

DL Subframe 1 DL Subframe 2 DL Subframe 3 DL Subframe 4

Pure Bundling: 1 

ACK/NAK bit

Data Stream 1

Data Stream 2

Data Stream 1

Data Stream 2

Data Stream 1 Data Stream 1

Data Stream 2

DL Subframe 1 DL Subframe 2 DL Subframe 3 DL Subframe 4

Pure Bundling: 

ACK/NAK bit 1

Pure Bundling: 

ACK/NAK bit 2


Figure 2: Pure Bundling

3. Simulation Results

A 19-cell model with Nt = 1 transmit antenna and Nr = 2 receive antennas is assumed in the simulation. A DL/UL ratio of L:1 is considered (L = 2, 3, 4). Since there is no MIMO transmission, pure temporal bundling is applied within the bundling window for the case of bundled ACK/NAK transmission. The detailed simulation settings are given in Table 3. 

From the simulation results, it is observed that multi-bit ACK/NAK provides non-negligible performance gain (e.g., ~10%) over pure temporal ACK/NAK bundling. The gain varies as a function of the scheduling BLER. As the scheduling BLER increases, ACK/NAK bundling results in more redundant retransmission and degrades the throughput more significantly. In this case, the gain due to multi-bit ACK/NAK is more prominent.

Table 4 shows the average DL spectrum efficiency (SE) in bits/s/Hz, with various scheduling BLER targets and different numbers of UEs per sector. 
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Figure 3: DL/UL ratio = 2:1: Average SE Gain of Multi-bit ACK/NAK vs. ACK/NAK Bundling
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Figure 4: DL/UL ratio = 3:1: Average SE Gain of Multi-bit ACK/NAK vs. ACK/NAK Bundling
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Figure 5: DL/UL ratio = 4:1: Average SE Gain of Multi-bit ACK/NAK vs. ACK/NAK Bundling
Table 3: Simulation Assumptions

	Parameter
	Assumption

	HARQ scheme
	Chase Combing

	Max num of retransmission
	3

	BS total TX power
	43 dbm

	Bandwidth
	5 MHz @ 2 GHz

	Sampling frequency
	7.68 MHz

	FFT size
	512

	Number of occupied sub-carriers
	300

	Number of OFDM symbols per TTI
	14

	Number of sub-carriers per RB
	12

	Antenna Configurations
	1 x 2

	UE speed
	3 Kmph

	Channel estimation
	Modelled

	CQI feedback delay
	4ms

	CQI feedback 
	Assumed perfect

	ACK/NAK feedback
	Assumed idealized


Table 4: Average DL Spectral Efficiency (bits/s/Hz)

	DL/UL Ratio
	Scheduling BLER
	# Users
	Multi-bit ACK/NAK SE (bits/s/Hz)
	Bundled ACK/NAK SE (bits/s/Hz)
	Gain (%)

	2:1
	BLER = 5%
	5
	1.35
	1.31
	2.3%

	
	
	10
	1.46
	1.39
	4.2%

	
	
	20
	1.52
	1.40
	5.3%

	
	BLER = 10%
	5
	1.33
	1.27
	4.6%

	
	
	10
	1.43
	1.35
	5.7%

	
	
	20
	1.49
	1.41
	5.7%

	
	BLER = 15%
	5
	1.30
	1.23
	6.2%

	
	
	10
	1.39
	1.32
	5.8%

	
	
	20
	1.47
	1.37
	6.9%

	3:1
	BLER = 5%
	5
	1.37
	1.26
	8.6%

	
	
	10
	1.48
	1.36
	6.5%

	
	
	20
	1.52
	1.42
	7.1%

	
	BLER = 10%
	5
	1.33
	1.21
	9.4%

	
	
	10
	1.43
	1.29
	9.6%

	
	
	20
	1.49
	1.36
	9.6%

	
	BLER = 15%
	5
	1.31
	1.16
	12.4%

	
	
	10
	1.40
	1.25
	11.9%

	
	
	20
	1.47
	1.31
	11.8%

	4:1
	BLER = 5%
	5
	1.35
	1.25
	7.5%

	
	
	10
	1.45
	1.33
	9.0%

	
	
	20
	1.51
	1.37
	10.3%

	
	BLER = 10%
	5
	1.34
	1.19
	12.3%

	
	
	10
	1.43
	1.26
	13.3%

	
	
	20
	1.49
	1.30
	14.7%

	
	BLER = 15%
	5
	1.29
	1.14
	13.2%

	
	
	10
	1.40
	1.20
	17.3%

	
	
	20
	1.46
	1.26
	15.8%


4. Conclusion

It is observed that that multi-bit ACK/NAK provides up to 10% downlink throughput gain over ACK/NAK bundling in various settings. Given this performance benefits, multi-bit ACK/NAK is recommended to be adopted for TDD.
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