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1
Introduction
In our earlier contribution [1], we showed that, with schemes such as the Traffic scheme, there is a severe degradation in uplink performance due to TRP-to-TRP interference. We also observed that it has a knock-on negative effect on downlink performance due to more resources being used for UL traffic due to the larger pile-up of traffic in that direction. In this contribution, we evaluate the performance of a few different methods of determining the transmission direction, both with and without the interference cancellation (IC) technique using packet exchange over Xn that we proposed in [2]. 

2.
Description of compared dynamic TDD schemes
In case of the Traffic scheme, resources are allocated in each cell independently to that direction which has larger amount of data queued in the buffer. Due to the difference in the spectral efficiencies (SE) between the downlink and the uplink, the buffer lengths may not be a true reflection of the required amount of resources.

We therefore evaluated improved variant of the Traffic scheme which we call Traffic with SE, in which the ratio of the amount of data queued in the buffer to their respective (downlink or uplink) spectral efficiencies  is used as the metric to determine the transmission direction. Particularly, a given cell chooses the transmission direction as that direction that has a larger value of this metric between DL and UL. However, as shown in Table [1], this scheme does not yield substantial additional benefit over the Traffic scheme because the queue lengths are already influenced by the spectral efficiency of the respective transmission direction, with the spectral efficiencies eventually getting reflected in the queue lengths.
In this contribution, we have also evaluated the Hybrid scheme proposed in [3]. In this scheme, dynamic TDD is used unless there is traffic in both directions to be scheduled in a given TTI, in which case, the cell is switched to a static TDD scheme with a fixed DL:UL ratio. The DL:UL ratio used is the same for all cells in the network. In this manner, the Hybrid algorithm does not allow the traffic of a single transmission direction to dominate or starve the traffic of the other transmission direction, whenever there is traffic in both directions. The Hybrid scheme comes with a cost to the delay performance. The accuracy of the semi-static frame level TDD configuration requires good estimate of the offered traffic.
We evaluated the following schemes: 

1) Traffic algorithm: This is a distributed scheme, where each cell independently determines the transmission direction (i.e., downlink or uplink) per slot. If the amount of DL data buffered is more than the amount of UL data buffered, then the cell uses DL as the transmission direction. Otherwise, it uses UL.
2) Traffic algorithm with queue lengths normalized by average spectral efficiency of their respective transmission directions

3) Hybrid algorithm

4) Traffic algorithm with IC using packet exchange

5) Hybrid algorithm with IC using packet exchange
3.
Performance evaluation of the compared dynamic TDD schemes
We compared the performance of static TDD v/s dynamic TDD using Traffic and the Hybrid schemes at 4 GHz for the UMa channel model for different DL to UL traffic ratios of 1:1, 2:1, and 4:1. The simulation assumptions used for this evaluation are provided in the appendix. The baseline static TDD scheme assigns 50%, 70%, and 80% of the TTIs for downlink for the traffic ratios of 1:1, 2:1, and 4:1, respectively.  Table 1 shows the throughput comparison for the various schemes that we evaluated.
Table 1: Performance comparison of various dynamic TDD schemes with the equivalent static TDD performance

	Urban Macro

	Ratio of DL/UL traffic
	Scheme
	DL UPT (Mbps)
	UL UPT (Mbps)

	
	
	5%-tile
	50%-tile
	95%-tile
	Average
	Served/
offered packets
	RU (%)
	5%-tile
	50%-tile
	95%-tile
	Average
	Served/
offered packets
	RU (%)

	1:1
	Static TDD
	5.5
	15.8
	24.0
	16.3
	0.99
	6.2
	1.6
	4.5
	8.5
	4.7
	0.98
	15.5

	
	Traffic
	0.5
	14.6
	44.1
	20.7
	0.97
	4.8
	0.5
	3.4
	10.0
	4.1
	0.94
	39.9

	
	Traffic With SE
	0.5
	14.9
	44.1
	21.2
	0.95
	4.5
	0.5
	3.3
	10.0
	4.1
	0.95
	40.4

	
	Traffic With IC
	7.3
	39.3
	44.2
	32.4
	0.99
	5.0
	4.8
	11.1
	23.6
	12.0
	0.99
	14.6

	
	Hybrid
	1.9
	24.1
	44.2
	26.4
	0.99
	5.2
	0.9
	3.8
	12.6
	4.9
	0.97
	37.3

	
	Hybrid IC
	2.7
	38.9
	44.2
	32.3
	0.99
	4.9
	4.8
	11.2
	23.7
	12.0
	0.99
	14.6

	2:1
	Static TDD
	9.6
	27.3
	33.0
	24.5
	0.99
	5.6
	1.0
	2.7
	5.1
	2.8
	0.97
	8.0

	
	Traffic
	1.6
	36.1
	44.1
	28.8
	0.99
	5.0
	1.5
	4.7
	12.3
	5.6
	0.95
	16.7

	
	Traffic With SE
	1.5
	34.5
	44.1
	28.7
	0.99
	5.0
	1.4
	4.7
	12.0
	5.4
	0.96
	17.3

	
	Traffic With IC
	9.8
	43.6
	44.2
	35.1
	0.99
	5.0
	4.8
	11.5
	26.0
	12.5
	0.98
	7.5

	
	Hybrid
	3.2
	39.3
	44.2
	33.7
	0.99
	4.9
	1.8
	5.3
	14.9
	6.4
	0.95
	15.9

	
	Hybrid IC
	3.6
	42.7
	44.2
	35.0
	0.99
	4.9
	4.9
	11.6
	26.0
	12.5
	0.98
	7.5

	
	Static TDD
	11.1
	32.7
	36.1
	28.0
	0.99
	5.5
	0.7
	1.8
	3.2
	1.9
	0.96
	4.3

	
	Traffic
	2.6
	40.4
	44.1
	32.1
	0.99
	5.0
	1.9
	5.2
	12.0
	5.9
	0.93
	8.0

	
	Traffic With SE
	2.5
	40.4
	44.1
	32.1
	0.99
	5.0
	2.0
	5.2
	12.0
	5.9
	0.94
	8.0

	
	Traffic With IC
	12.3
	44.2
	44.2
	36.5
	0.99
	5.0
	4.3
	11.3
	26.5
	12.1
	0.96
	4.0

	
	Hybrid
	2.5
	42.0
	44.2
	32.8
	0.99
	4.9
	1.9
	5.4
	15.2
	6.5
	0.94
	8.1

	
	Hybrid IC
	3.4
	43.5
	44.2
	34.8
	0.99
	4.9
	4.2
	11.4
	27.2
	12.3
	0.96
	3.9


We analyze these results using the bar charts shown below. Figure 1 shows the downlink geometric mean of the UE throughput performance comparison for the various evaluated schemes. The gain percentages shown are with respect to the static TDD scheme with the same DL/UL load.

[image: image1]
Figure 1: Downlink geometric mean of the UE throughput performance of various dynamic TDD schemes

Without the IC scheme, the hybrid scheme provides robust gains on the downlink with symmetric load. With larger UL traffic load (DL:UL Traffic ratio of 1:1), uplink performance degrades significantly due to TRP-to-TRP interference, which starts impacting DL throughput in the traffic algorithm, i.e., more and more slots are allocated to UL. This reduces DL throughput performance significantly for the traffic algorithm. The hybrid scheme on the other hand, limits the maximum number of slots that can be given to UL, thus insulating the DL traffic from the poorer UL throughput performance, resulting in a better DL performance. As the UL load as well as the overall load decreases, negative impact of the TRP-to-TRP interference reduces significantly. The traffic algorithm is then able to give more resources to DL, when it has more data queued up than in UL. Unlike this, in the hybrid algorithm, when both directions have traffic, we are unable to allocate more resources to DL, when it has more data queued up.

With the IC scheme the negative impact of TRP-to-TRP interference is eliminated, thus allowing the traffic algorithm to fully adapt to the traffic needs, without getting affected by CLI. Thus the traffic algorithm with IC outperforms hybrid algorithm with IC. Another reason for the relatively better performance of the traffic algorithm with IC is that the traffic algorithm in general will have more CLI due to higher chances of mismatched transmission directions. This is beneficial to DL UEs because the interference is coming from a lower transmit power UE transmission instead of a higher transmission power TRP transmission. Traffic algorithm with IC provides the best downlink performance across all the compared schemes.
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Figure 2: Uplink geometric mean of the UE throughput performance of various dynamic TDD schemes

Figure 2 shows the uplink geometric mean of the UE throughput performance comparison for the various evaluated schemes. On the uplink, both the IC schemes for traffic and hybrid algorithm show large performance benefits. The trend aligns with both the average and 5%-ile UE throughput performance. The IC benefits, as expected, are much larger for UL than for DL. For DL, it is a secondary knock-on benefit resulting from the UL traffic requiring fewer resources. With UL, there is a direct benefit of reduced interference due to elimination of interference from higher-power DL transmissions. With IC, both traffic and hybrid algorithms perform equally well. Without IC, the hybrid scheme performs better than the traffic algorithm due to lesser mismatch of transmission directions, and hence lesser TRP-to-TRP interference. 
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Figure 3: Downlink and uplink SINR Performance (DL/UL Traffic Ratio 1:1)

Figure 3 shows the downlink and uplink SINR performance at DL:UL traffic ratio of 1:1 on downlink, uplink directions respectively. 
· We see a significant downlink SINR improvement going from static scheme to either of the dynamic TDD schemes, as some of the neighbor cell interferers transmit power is reduced from the TRP’s transmit power to that of a UE.
· In case of the hybrid scheme, this benefit is somewhat diminished due to the larger use of common transmission direction in more slots by all the cells.
· This indicates that UE-to-UE interference is not a significant issue given that statistically the DL SINRs are better with the dynamic TDD schemes
· Unlike the downlink, the uplink SINR is degraded going from static to either flavors of dynamic TDD due to the large CLI caused by TRP-TRP interference
· The UL SINR is poorer with the traffic algorithm when compared to the hybrid scheme due to a larger mismatch in the transmission directions between neighbor cells.
· This clearly indicates that TRP-to-TRP interference is a significant problem, at least in macro deployments.
The SINR comparison of the dynamic TDD schemes with and without IC has been made in [1] for the Traffic algorithm. The comparison for the hybrid scheme is similar to what we observed in [1].

Observation 1: At low loads, because of smaller occurrence of cross link interference, dynamic TDD can provide good gains even without IC.
Observation 2: As the load increases, the occurrence of cross link interference should either be limited (e.g., using the Hybrid scheme) or good IC schemes should be in place to obtain the performance gains. 

Observation 3: Without IC, the Traffic dynamic TDD scheme provides better performance when compared to the Hybrid scheme, for large asymmetric traffic loads.
Observation 4: The Traffic scheme has better performance when used with IC techniques packet exchange over Xn technique to combat TRP-TRP interference as they can better adapt to varying traffic conditions.
6
Conclusion
The right kind of dynamic TDD scheme does improve performance over static TDD (even adapted to the long-term traffic ratio) even in a macro deployment and without any further interference cancellation capability. The Hybrid algorithm performs better compared to the Traffic algorithm by reducing the occurrences of cross link interference and by insulating the downlink resources from the poor performance on the uplink.
In a macro deployment, it is very important to have cross link interference mitigation schemes to improve overall performance when the load is high. With IC using packet exchange, the dynamic TDD performance improves significantly and we obtain a far more robust performance gain. With IC using packet exchange, we can be more aggressive with adapting the time slots per traffic needs, and such schemes (i.e., Traffic algorithm) give larger gains when compared to more conservative schemes, such as, the Hybrid scheme. In this contribution, we made the following observations:. 
Observation 1: At low loads, because of smaller occurrence of cross link interference, dynamic TDD can provide good gains even without IC.
Observation 2: As the load increases, the occurrence of cross link interference should either be limited (e.g., using the Hybrid scheme) or good IC schemes should be in place to obtain the performance gains. 

Observation 3: Without IC, Hybrid dynamic TDD scheme provides better performance when compared to the Traffic scheme.

Observation 4: The Traffic scheme has better performance when used with IC techniques packet exchange over Xn technique to combat TRP-TRP interference as they can better adapt to varying traffic conditions.
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Annex A:
Simulation assumptions 
Table 3: Simulation Assumptions
	      Parameters
	Values or assumptions

	Carrier frequency
	4 GHz

	ISD
	500 m

	BS antenna height
	25 m

	UE Antenna Configuration
	1T2R

	BS Antenna gain
	  8 dBi (antenna element gain) + 
  18 dBi Equivalent beam forming gain for BS antenna configuration M, N, P, Mg, Ng) = (8,4,2,1,1), Cross-pol (+/-45), 0.5λ dH and 0.5λ dV,

	System bandwidth
	                               10MHz (50PRBs)

	Max Tx Power
	gNB : 46 dBm

	
	UE:  23 dBm

	UE distribution
	10 UEs/cell on downlink, 10UEs/cell on uplink, 3 km/h

	Traffic Model
	FTP model 3, file size = 0.1 Mbytes, 
downlink = 0.25 arrivals/sec/UE, uplink = 0.25, 0.125, 0.0625 arrivals/sec/UE

	DL:UL Traffic Ratio
	1:1, 2:1, 4:1

	Baseline static TDD configuration
	{“DDDDDUUUUU” for 1:1, DDDDDDUUUU” for 2:1, “DDDDDDDDUU” for 4:1} 


	Scheduler
	Proportional Fair Scheduler

	Layout
	Hexagonal grid, 7 sites, 3 cells/site (21 active cells + 36 Interferer cells)

	Channel model
	3D UMa

	Backhaul delay 
	0 ms

	Channel estimation
	Ideal
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