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Introduction
A new Work Item (WI) on further NB-IoT enhancements was approved as a working agreement in RAN # 75 [1], then in RAN #76 the WI became approved with slight changes (power consumption prioritization) [2]. According with the Work Item Description (WID) [1], one of the objectives refers to work on the support of the TDD operation into NB-IoT, which should commence from RAN #76. 
B. Work on the following objective to commence from RAN#76
Support for TDD [RAN1, RAN2, RAN4]

Specify TDD support for in-band, guard-band, and standalone operation modes of NB-IoT. The design shall assume no UL compensation gaps are needed by UE, and strive towards a common design among the deployment modes. 
· Relaxations of MCL and/or latency and/or capacity targets to be considered by RAN1.
· Baseline is to support the same features as Rel-13 NB-IoT, additionally considering small-cells scenarios.

A starting point for addressing the above WID’s objective should consists in analysing first how compatible the existing LTE TDD configurations are with respect to the physical channels, signals, and transmission characteristics that have been introduced for NB-IoT. Thereafter, MCL, capacity, latency and other common aspects which are impacted differently depending on the TDD configuration can be assessed. Performing such a preliminary analysis will allow us to identify what would be the limitations, implications, and considerations that would have to be made for introducing the support of TDD into NB-IoT with the least possible impacts. 
This contribution analyses the existing LTE TDD configurations envisioning their usability in NB-IoT, as well as common aspects related to MCL relaxations & capacity targets, HARQ aspects, latency, and cross-carrier scheduling for the support of TDD into NB-IoT.
Background
The WID on “further NB-IoT enhancements” highlights the importance of supporting the TDD operation into NB-IoT. The text shown below can be found as part of the WID’s justification [1]. 
· The expedited standardization process in Rel-13 developed the air interface to support half-duplex FDD. However, TDD spectrum also exists globally, including regulatory environments and operator markets where there is strong un-met demand for NB-IoT. In some cases this demand has existed since the early phases of the Rel-13 work. 
· Therefore, Rel-15 is the right time to add TDD support into NB-IoT, after establishing what the needed targets in terms of coverage, latency, etc. should be.
Before starting the analysis on how to introduce the TDD support into NB-IoT, it is important to highlight that the fundamental difference between FDD and TDD is that in a time division duplex operation the same carrier frequency is used for downlink and uplink transmissions. 
Common aspects on the TDD support into NB-IoT
This section analyses first the LTE TDD configurations within the scope of NB-IoT. Then, other common aspects such as MCL relaxations and capacity targets, HARQ aspects, and the support of multi-carrier are addressed.
TDD configurations 
UL & DL in the TDD configurations
In a TDD operation, the downlink and uplink radio resources have been made to coexist within the same radio frame, being the switching between downlink and uplink performed during a guard period contained within a special subframe [3]. Table 1 shows the existing LTE TDD configurations as described by the LTE standard [3].

[bookmark: _Ref488749878]Table 1 Uplink-downlink TDD configurations
	Uplink-downlink 
configuration
	Downlink-to-Uplink 
Switch-point periodicity
	Subframe number
	Number of subframes / frame

	
	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	DL
	UL
	S

	0
	5 ms
	D
	S
	U
	U
	U
	D
	S
	U
	U
	U
	2
	6
	2

	1
	5 ms
	D
	S
	U
	U
	D
	D
	S
	U
	U
	D
	4
	4
	2

	2
	5 ms
	D
	S
	U
	D
	D
	D
	S
	U
	D
	D
	6
	2
	2

	3
	10 ms
	D
	S
	U
	U
	U
	D
	D
	D
	D
	D
	6
	3
	1

	4
	10 ms
	D
	S
	U
	U
	D
	D
	D
	D
	D
	D
	7
	2
	1

	5
	10 ms
	D
	S
	U
	D
	D
	D
	D
	D
	D
	D
	8
	1
	1

	6
	5 ms
	D
	S
	U
	U
	U
	D
	S
	U
	U
	D
	3
	5
	2



D: Downlink; U: Uplink; S: Special Subframe
As can be seen from Table 1 there are seven possible ways in which the TDD operation can be configured, three of them (i.e., configuration #3, #4, and #5) have a Downlink-to-Uplink switching periodicity equal to 10ms, meaning that there is only one “special subframe” per every radio frame. While, all the other TDD configurations (i.e., configuration #0, #1, #2, and #6) use a Downlink-to-Uplink switching periodicity equal to 5ms, where there are two “special subframes” per every radio frame.
The existing LTE TDD configurations count with a well-defined and commercially used framework. Therefore, in our view the existing LTE TDD configurations should be used as a baseline for introducing the TDD support into NB-IoT. This is especially important for “in-band” and “guard-band” deployments, but relevant as well for “stand-alone” operation mode if we consider that there might be two variants: 1.- In the same band and 2.- far away from the mobile broadband.
Proposal 1. [bookmark: _Ref488751840]Use the existing LTE TDD configurations as a baseline for introducing the TDD support into NB-IoT. 
In terms of resource utilization, one important aspect to be taken into consideration is that the physical channels and signals as they were designed for NB-IoT make a significant use of the allocated resources in the time domain, which makes that some TDD configurations result to be too limiting or restrictive for the support of TDD into NB-IoT. As can be seen from Table 1, this is the case of the TDD configurations #0 and #5 since in those configurations, there are only two usable subframes for DL and one for UL (i.e., per radio frame) for performing DL or UL transmissions respectively. As discussed in [4], for configuration #0, there are only two DL subframes per radio frame, meaning that the resources are hardly sufficient for carrying NPSS, NSSS, and NPBCH with no room for other channels, if only one DL carrier is configured.
Observation 1. [bookmark: _Ref488751905][bookmark: _Hlk489790864]Some TDD configurations result to be too limiting or restrictive for the support of TDD into NB-IoT. This is the case of the TDD configurations #0 and #5 since per every radio frame in those configurations there are only two usable subframe for DL and one for UL respectively. RAN1 to discuss the potential down-selection of the LTE TDD configurations to be used for NB-IoT in TDD mode.
Special Subframes in the TDD configurations
As it is shown in Table 1, uplink-downlink TDD configurations with both 5 ms and 10 ms downlink-to-uplink switch-point periodicity are supported.
· In case of 5 ms downlink-to-uplink switch-point periodicity, the special subframe exists in both half-frames.
· In case of 10 ms downlink-to-uplink switch-point periodicity, the special subframe exists in the first half-frame only.

A special subframe counts with three fields DwPTS (Downlink Pilot Time Slot), GP (Guard Period), and UpPTS (Uplink Pilot Time Slot) of variable length, which are subject to a total length equal to[3]. Figure 1 depicts the structure of a special subframe. 
[image: ]
Figure 1 Fields carried over the special subframe
Table 2 shows the available special subframe configurations for normal cyclic prefix in both uplink and downlink.

Table 2 Configuration of special subframe (lengths of DwPTS/GP/UpPTS)
	Special subframe configuration
	Normal cyclic prefix in downlink
	Number of OFDM symbols/subframe

	
	DwPTS
	UpPTS
(Normal cyclic prefix
 in  uplink)
	DwPTS
	GP
	UpPTS

	0
	

	2192∙Ts
	3
	10
	1

	1
	

	
	9
	4
	1

	2
	

	
	10
	3
	1

	3
	

	
	11
	2
	1

	4
	

	
	12
	1
	1

	5
	

	4384∙Ts

	3
	9
	2

	6
	

	
	9
	3
	2

	7
	

	
	10
	2
	2

	8
	

	
	11
	1
	2

	9
	

	
	3
	10
	1

	10
	

	13152∙Ts
	6
	2
	6



In all the TDD configurations, subframes #0, #5 (see Table 1), and DwPTS are always reserved for downlink transmissions. UpPTS and the subframe immediately following the special subframe are always reserved for uplink transmissions. Annex 1 shows examples on how the UL and DL capacity (in terms of percentage) can slightly be increased when the available resources in UpPTS and DwPTS are utilized (See Table A1 & A2 respectively).
Envisioning the usage of the special subframe in NB-IoT, one important aspect to highlight refers to the guard period duration because there are configurations that count with only one symbol for switching between downlink and uplink, which may be too short for NB-IoT devices. It is therefore important to ask the TSG RAN WG4 about the minimum downlink to uplink switching time that should be considered for NB-IoT devices operating in TDD mode.
Proposal 2. [bookmark: _Ref488751863]Send a LS to the TSG RAN WG4 to ask what is the minimum time (guard period length within a special) for switching between downlink and uplink for NB-IoT UEs operating in TDD mode.

MCL relaxations and capacity targets
The coexistence of DL and UL transmissions within the same radio frame will inherently impose significant limitations in terms of resource mapping, which in the end will lead to obtain a different performance as compared to FDD even if the same NB-IoT setup were used. This is the case of the resulting MCL and throughput, which will be impacted by the transmission gaps introduced by the TDD configurations.
As an example, preliminary considerations associated with the side impacts on MCL, capacity, and latency for NPUSCH in TDD were performed:
· [bookmark: _Hlk486417350]MCL: During a given period of time, in TDD a lesser number of transmissions can be performed as compared to FDD. The available MCL results in [5], and linear interpolation where used to obtain MCL estimates for FDD and TDD configurations for repetitions performed over 64ms (TBS = 72bits, TU, 1Hz Doppler) [6].
According with the obtained results in [6], which uses as a reference a given transmission duration (64ms) where for FDD every subframe is an UL available resource, for TDD the number of repetitions that can be fit in the available UL resources during such a transmission duration gets reduced at least by half (e.g., TDD configuration #6) and up to 8 times (e.g., TDD configuration #4) depending on the TDD configuration, which impacts the achievable MCLs. The ultimate MCL estimates and other impacts like on the Cross-SF channel estimation filter derived from discontinuous UL transmissions would need to be assessed via simulations.
· Capacity: As only one 200 kHz carrier is both used for UL and DL in the TDD system, a reduction of the system capacity can be expected as compared to an FDD system counting with 200 kHz bandwidth for UL and DL, respectively. As an example, the analysis described in [5], mentions that the achievable throughput in TDD can largely vary depending on whether a given TDD configuration uses its available DL resources for carrying NPDCCH/NPDSCH and NPSS/NSSS/NPBCH or only for carrying NPDCCH/NPDSCH when an anchor carrier is used for carrying NPSS/NSSS/NPBCH. Therefore, the ultimate throughput estimates will depend very much on whether the anchor carrier concept is adopted for TDD into NB-IoT or not. 
Additional results on how the UL and DL capacity can be slightly increased by using the UpPTS and DwPTS fields in the special subframes are shown in Annex 1 for both UL and DL.
· Latency: As mentioned in [6], The latency estimates for TDD will obviously vary per configuration, and will also be dependent on the capacity aspects mentioned above. It is therefore necessary to wait for the TSG RAN WG1 to determine whether the usage of an anchor carrier will be adopted or not, as well as the common assumptions (e.g., TBS) for estimating the latency of a NB-IoT transmission in each of the TDD configurations..
The above analysis on MCL and capacity provide a preliminary hint on the relaxations/considerations that would have to be taken into account for supporting NB-IoT in TDD without causing severe impacts to the specifications and NB-IoT devices.
Observation 2. [bookmark: _Ref488751920]For supporting TDD into NB-IoT with minimum specification and device impacts, the most appropriate LTE TDD configurations along with the NB-IoT functionalities fitting better the available UL & DL resources should be used. This will help to avoid cases where the loss of performance is most significant, while for the rest of the cases is important to face the fact that the performance won’t be the same as compared to FDD even if the same NB-IoT setup were used (e.g., the achievable MCLs in TDD as compared to FDD).
HARQ aspects
In the FDD system asynchronized HARQ is supported. Two HARQ processes were introduced in Rel-14 as an optional UE capability. Therefore, considering it may potentially be the case that some of the chipset that are dimensioned for one HARQ process can be software updated to support TDD, it is beneficial to have similar arrangement for NB-IoT FDD, i.e., two HARQ processes should be an optional UE capability.
Furthermore, for some TDD configurations, the use of two HARQ processes does not increase the throughput significantly either. For example, as we see from Table 3, for TDD configuration#0, in the DL if one HARQ process is used, considering the best NPDCCH configurations and scheduling delays, the highest throughput is 33 kbps, and if two HARQ process are configured, at most the highest throughput is 42 kbps. If considering the scheduling for SI, and paging, the difference in achievable highest throughput between one and two HARQ process may be even smaller for some of the TDD configurations. By using 2 HARQ process, the most significant increase of DL throughput for NPDSCH is observed in the TDD configurations that have more DL subframes than UL subframes. However, in these configurations, the UL throughput increase by using 2 HARQ processes is foreseen to be limited. 
Proposal 3. [bookmark: _Ref488751878]Supporting two HARQ processes should be an optional UE capability in NB-IoT TDD system. 

[bookmark: _Ref488751298]Table 3 Comparison of Maximum achievable NPDSCH throughput of one and two HARQ processes
	Uplink-downlink
configuration
	One HARQ process
	Two HARQ processes

	0
	33 kbps
	42.26 kbps

	1
	50.72 kbps
	67.63 kbps

	2
	61.85 kbps
	78.03 kbps

	3
	61.85 kbps
	88.98 kbps

	4
	61.85 kbps
	88.98 kbps

	5
	51.75 kbps
	88.98 kbps

	6
	42.26 kbps
	56.99 kbps



Notice that in the current FDD system, per HARQ process, after receiving the NPDSCH, the UE needs 12 ms to decode the NPDSCH and send ACK/NACK. Since in the FDD system, the UE operates in a half-duplex fashion, the scheduler can optimize the scheduling in such a way that once the NPDSCH from both HARQ processes had been received, then the UL sends the ACK/NACK, as shown in Figure 2. 

[image: ]
[bookmark: _Ref488751460]Figure 2 Example of two HARQ processes in an FDD system
However, in a TDD system, as the UL and DL subframes are interlaced, it is likely that for the DL transmission of the 2nd HARQ process to start before the ACK/NACK of the 1st HARQ process, as shown in Figure 3 (configuration#0 is used as an example). 

[image: ]
[bookmark: _Ref488751503]Figure 3 Example of two HARQ processes in a TDD system
Therefore, from a resource utilization point of view, in a TDD system, if two HARQ process are configured, we should allow a UE to perform an UL transmission while there is a DL reception still in progress, and vice versa. This can further improve the throughput. 
Proposal 4. [bookmark: _Ref488751890]To further improve the throughput, A UE should be allowed to have UL transmission while there is an DL reception, and vice versa.
Multi-carrier support
In the current NB-IoT FDD design, multiple carriers (anchor and non-anchor) are supported. However, cross-carrier scheduling is not supported. Notice that in an FDD system, the number of UL and DL carriers can be independently configured (they do not have to be in pairs). Therefore, a simple support of multiple carriers can offer enough flexibility to cope with different load in the UL and DL, and it is not necessary to support cross-carrier scheduling. 
However, this is not the case in a TDD system, where the UL and DL are separated in time. Therefore, when multiple carriers (anchor and non-anchor) are configured, the same TDD configurations are required for both anchor and non-anchor carriers. Therefore, the number of carriers can be dimensioned based on the direction (i.e., UL or DL) having most of the traffic. In this case, cross-carrier scheduling can help to achieve a better loading balancing among carriers, and therefore potentially reduce the number of carriers that are needed in a cell. 
As mentioned in our companion paper [4], DL gap should be supported in NB-IoT TDD due to the same reason as it is in FDD. In the TDD case, we should also take the DL and UL configurations from different TDD configurations into consideration.  When a DL gap is configured, we can notice that in some of the TDD configurations the number of available DL subframes are limited, which means there may not be enough DL subframes to finish sending the intended NPDSCH together with NPDCCH during a DL gap. However, since the DL transmission of NPDCCH is usually short, it can be beneficial to send the NPDCCH in the DL gap, and redirect the UE to another carrier for the scheduled NPDSCH. In this case, the DL gap can be better utilized to solve the blocking problem. 
Proposal 5. Cross carrier scheduling should be supported in NB-IoT TDD.

Conclusions 
This contribution provided an analysis on the LTE TDD configurations, and on common aspects associated with MCL relaxations & capacity targets, HARQ aspects, latency, and cross-carrier scheduling for the support of TDD into NB-IoT. From the analysis performed the following points can be highlighted:

· A new Work Item (WI) on further NB-IoT enhancements was approved as a working agreement in RAN # 75 [1], then in RAN #76 the WI became approved with slight changes [2].
· One of the WID’s objectives refers to work on the support of the TDD operation into NB-IoT, which should commence from RAN #76 [1].
· The fundamental difference between FDD and TDD is that in TDD operation the same carrier frequency is used for downlink and uplink transmissions.
· Table 1 (see section 3.1) shows the available LTE TDD configurations as described by the standard [3].
· The existing LTE TDD configurations count with a well-defined and commercially used framework, reason why they should be used as a baseline for introducing the TDD support into NB-IoT. This is especially important for “in-band” and “guard-band” deployments, but relevant as well for “stand-alone” operation mode if we consider that there might be two variants: 1.- In the same band and 2.- far away from the mobile broadband.
· The design of the physical channels and signals as introduced by NB-IoT make a significant use of the allocated resources in the time domain, which makes that some TDD configurations result to be too limiting or restrictive for the support of TDD into NB-IoT.
· This is the case of the TDD configurations #0 and #5 since in those configurations there are only two usable subframe for DL and one for UL per radio frame for performing an UL or DL transmission respectively.
· The TDD configurations count with special subframes which contain a configurable gap period for switching from downlink to uplink.
· Some of the special subframe configurations count with only one symbol for switching between downlink and uplink, which may be too short for NB-IoT devices. It is therefore important to ask RAN4 about the minimum downlink to uplink switching time that should be considered for NB-IoT devices operating in TDD mode
· The limitations in terms of resource mapping in a TDD operation, will result in obtaining different performance (e.g., in terms of MCL) as compared to FDD even if the same NB-IoT setup were used.
· A preliminary analysis based on MCL, capacity, and latency for NPUSCH in TDD summarized in section 3.2 and described in detail in [6], provides an initial hint on the relaxations/considerations that would have to be taken into account for supporting NB-IoT in TDD without causing severe impacts to the specifications and NB-IoT devices.
· In terms of HARQ processes, considering that the usage of two HARQ processes is an optional UE capability and that some of the chipsets might be in principle dimensioned for one HARQ process, in our view two HARQ processes should be an optional UE capability for TDD into NB-IoT. In addition, Table 3 shows that for some TDD configurations, the use of two HARQ processes does not increase the throughput significantly either.
· The support of Multi-carrier for TDD into NB-IoT can be seen as beneficial, since cross-carrier scheduling can help to achieve a better loading balancing among carriers, and therefore potentially reduce the number of carriers that are needed in a cell.

Proposal 1: Use the existing LTE TDD configurations as a baseline for introducing the TDD support into NB-IoT.
Proposal 2: Send a LS to the TSG RAN WG4 to ask what is the minimum time (guard period length within a special) for switching between downlink and uplink for NB-IoT UEs operating in TDD mode.
Proposal 3: Supporting two HARQ processes should be an optional UE capability in NB-IoT TDD system.
Proposal 4: To further improve the throughput, A UE should be allowed to have UL transmission while there is an DL reception, and vice versa.
Observation 1: Some TDD configurations result to be too limiting or restrictive for the support of TDD into NB-IoT. This is the case of the TDD configurations #0 and #5 since per every radio frame in those configurations there are only two usable subframe for DL and one for UL respectively.
Observation 2: For supporting TDD into NB-IoT with minimum specification and device impacts, the most appropriate LTE TDD configurations along with the NB-IoT functionalities fitting better the available UL & DL resources should be used. This will help to avoid cases where the loss of performance is most significant, while for the rest of the cases is important to face the fact that the performance won’t be the same as compared to FDD even if the same NB-IoT setup were used (e.g., the achievable MCLs in TDD as compared to FDD).
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Annex 1
Table A1: Potential UL capacity increase for TDD configurations derived from the usage of UpPTS.
	Configuration
	Potential capacity increase provided by the UpPTS in the Special Subframe

	TDD Configuration #1
	Special Subframe
Format 0 to 4
	3.5714%

	
	Special Subframe
Format 5 to 8
	7.1429%

	TDD Configuration #2
	Special Subframe
Format 0 to 4
	7.1429%

	
	Special Subframe
Format 5 to 8
	14.2857%

	TDD Configuration #3
	Special Subframe
Format 0 to 4
	2.381%

	
	Special Subframe
Format 5 to 8
	4.7619%

	TDD Configuration #4
	Special Subframe
Format 0 to 4
	3.5714%

	
	Special Subframe
Format 5 to 8
	7.1429%

	TDD Configuration #6
	Special Subframe
Format 0 to 4
	2.8571%

	
	Special Subframe
Format 5 to 8
	5.7143%



Table A1: Potential DL capacity increase for TDD configurations derived from the usage of DwPTS.
	Configuration
	Potential capacity increase provided by the DwPTS in the Special Subframe

	TDD Configuration #1
	Special Subframe

	Format 0
	  10.7143%

	
	
	Format 1
	   32.1429%

	
	
	Format 2
	   35.7143%

	
	
	Format 3
	   39.2857%

	
	
	Format 4
	   42.8571%

	
	
	Format 5
	   10.7143%

	
	
	Format 6
	   32.1429%

	
	
	Format 7
	   35.7143%

	
	
	Format 8
	   39.2857%

	
	
	Format 9
	   10.7143%

	TDD Configuration #2
	Special Subframe

	Format 0
	     7.1429%

	
	
	Format 1
	   21.4286%

	
	
	Format 2
	   23.8095%

	
	
	Format 3
	   26.1905%

	
	
	Format 4
	   28.5714%

	
	
	Format 5
	    7.1429%

	
	
	Format 6
	   21.4286%

	
	
	Format 7
	   23.8095%

	
	
	Format 8
	   26.1905%

	
	
	Format 9
	    7.1429%

	TDD Configuration #3
	Special Subframe

	Format 0
	     3.5714%

	
	
	Format 1
	   10.7143%

	
	
	Format 2
	   11.9048%

	
	
	Format 3
	   13.0952%

	
	
	Format 4
	   14.2857%

	
	
	Format 5
	    3.5714%

	
	
	Format 6
	   10.7143%

	
	
	Format 7
	   11.9048%

	
	
	Format 8
	   13.0952%

	
	
	Format 9
	    3.5714%

	TDD Configuration #4
	Special Subframe

	Format 0
	    3.0612%

	
	
	Format 1
	    9.1837%

	
	
	Format 2
	   10.2041%

	
	
	Format 3
	   11.2245%

	
	
	Format 4
	   12.2449%

	
	
	Format 5
	    3.0612%

	
	
	Format 6
	    9.1837%

	
	
	Format 7
	   10.2041%

	
	
	Format 8
	   11.2245%

	
	
	Format 9
	    3.0612%

	TDD Configuration #6
	Special Subframe

	Format 0
	   14.2857%

	
	
	Format 1
	   42.8571%

	
	
	Format 2
	   47.6190%

	
	
	Format 3
	   52.3810%

	
	
	Format 4
	   57.1429%

	
	
	Format 5
	   14.2857%

	
	
	Format 6
	   42.8571%

	
	
	Format 7
	   47.6190%

	
	
	Format 8
	   52.3810%

	
	
	Format 9
	   14.2857%
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