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1
Introduction
In this document, we discuss various existing and proposed candidate frame structures and DL-UL configurations and analyze their pros and cons. 

2
Existing radio frame structures and DL-UL configurations
LTE currently has 9 different radio frame structures for operating in the licensed spectrum with each radio frame comprises of 10 subframes. The FDD radio frame structure comprises of 10 DL subframes or 10 UL subframes and the TDD frame structure has 7 different DL-UL configurations as defined in 36.211. Each frame structure spans 10ms and starts at subframe 0 and ends at subframe 9.
Due to the nature of unlicensed spectrum, LAA eNBs may get channel access at any point with a radio frame and hence the start of transmission is not necessarily at a radio frame boundary or a subframe boundary. If an eNB can only transmit in a given subframe of a radio frame only based on existing frame configurations, then this imposes severe restrictions on transmission in unlicensed spectrum.
We first discuss several extensions to the existing frame structure that are suitable for use in unlicensed spectrum.

2.1
Reusing existing frame structures
In this configuration, the eNB is no longer restricted to starting the frame structure at the beginning of the radio frame but can begin it at the start of a transmission. Once the eNB obtains channel access it can decide to use any one of the frame structures available (FS1 with DL or one among FS2). If eIMTA is used, the eNB can choose the frame structure either semi-statically or dynamically at every channel access opportunity. 

Re-using existing frame structures with eIMTA and a flexible starting subframe results in the following scenarios:
· Case 1: eNB has to obtain channel access right at the subframe boundary. The probability of the scenario occurring is highly unlikely, especially when using LBE based channel access.
· Case 2: eNB has to transmit some reservation signal (not including PDSCH or (E)PDCCH) to occupy the channel until the next subframe boundary and then start transmission using the existing frame structure. This imposes an average penalty of 0.5ms per transmission and is inefficient especially in countries with short TXOP restrictions such as Japan.
· Case 3: eNB has to transmit a partial subframe until the next subframe boundary and then start transmission using the existing frame structure. This, in principle, would be a new frame structure with a partial subframe at the beginning of transmission and combined with one of the existing frame structures. 
· Note: RAN 1 already agreed to consider transmitting a partial subframe at the beginning of eNB transmission when needed [1].

However, we note that while the eNB can start channel access at any moment, re-using the existing frame structure would imply significant constraints on the UE as it has to obtain channel access to align with the subframe boundary or transmit partial subframes in the uplink similar to the eNB side. This would again involve significant changes to the current frame structure as UE operation with partial subframes is not defined currently.
2.2
Redesigned 10ms frames (eIMTA + partial subframes + new 10ms frame structures)
Due to the significant uncertainty and cost of channel access, it is desirable to maximize the transmission time for each channel access obtained by the eNB (and the UE). Hence, it is desirable to minimize the number of DL-UL and UL-DL switch points with each transmission opportunity. To maximize efficiency and minimize the number of switch points, one proposal is to re-organize the existing frame structures to have a sequence of DL subframes, followed by a special subframe (in which UE can start performing CCA) and then have a sequence of UL subframes.
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Figure 1: New configuration minimizing DL/UL switch points and maximizing transmission time for each channel access opportunity (not showing partial subframes at the start)
Alternatively, we can define several 10ms frame structures covering all combinations of DL and UL subframes and satisfying the constraint of minimizing DL/UL switch points. Examples of such configurations are shown in table below.

Table 1: Figure showing new 10ms DL-UL configurations

	Uplink-downlink 

configuration
	Subframe number

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	D
	S’
	U
	U
	U
	U
	U
	U
	U
	U

	1
	D
	D
	S’
	U
	U
	U
	U
	U
	U
	U

	2
	D
	D
	D
	S’
	U
	U
	U
	U
	U
	U

	3
	D
	D
	D
	D
	S’
	U
	U
	U
	U
	U

	4
	D
	D
	D
	D
	D
	S’
	U
	U
	U
	U

	5
	D
	D
	D
	D
	D
	D
	S’
	U
	U
	U

	6
	D
	D
	D
	D
	D
	D
	D
	S’
	U
	U

	7
	D
	D
	D
	D
	D
	D
	D
	D
	S’
	U

	8
	D
	D
	D
	D
	D
	D
	D
	D
	D
	D


When eIMTA is used, the UE is indicated dynamically the choice of the DL-UL configuration to be used for each transmission opportunity. 

3 
Adaptive variable length frame structure (eIMTA + redesigned frame structure + non-10ms frames)
The maximum allowed channel occupancy time is different in each country and are specified by the regulatory requirements in each region. A global LAA solution needs to have the necessary specification support to operate seamlessly in all countries. For example, Japan has a 4ms TXOP constraint and hence none of the existing 10ms frame structures are suitable for operation in Japan. Truncating the existing frame structure to 4ms allows the below listed configurations, clearly not the most efficient frame types.
· D D D D (from truncating FS Type 1)

· D S U U (from TDD configuration 0,1,2,3 and 6)

· D S U D (from TDD configuration 2 and 5)
In addition, it is highly desirable to adapt the DL-UL configuration to the instantaneous traffic load to maximize efficiency and minimize the overall channel occupancy time. For example, if the eNB instantaneously has only 3ms worth of traffic to transmit on the unlicensed spectrum, it should be able to transmit for 3ms and give up the channel. 
To take into account instantaneous load and maximum TXOP constraints in various regions, one possibility is to have a variable length frame structure which is not necessarily 10ms in duration. 
The key principles of this variable length adaptive frame structure are as follows. 
· Each TXOP is composed of N DL subframes, followed by a designated subframe at which the UE starts performing CCA and M UL subframes. 
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Figure 2: Examples of allowed DL-UL configurations
· The allowed values of N and M are specified by the eNB semi-statically as a function of the country of operation, the type of scheduling used and the expected traffic load. Such a design choice provides significant flexibility for the eNB to use a wide range of frame structures. For example,
· For SDL mode, M = 0
· When operating in Japan, N <=4.
· When operating in Europe (under ETSI regulations), N <= 13.
· When self-scheduling the unlicensed carrier, M <=4. 
· When cross-carrier scheduling the unlicensed carrier, UEs can assume that the value of M specifies the amount of time after which eNB attempts channel access once again.
· A large value of N can be signalled when traffic is DL heavy and a small value of N is signalled when eNB does not have much DL traffic or is expecting a lot of UL traffic.
· The value of N and M can be different for each TXOP and can be indicated by the eNB to the UEs in at the start of each TXOP
· Alternatively, the eNB can only specify the value of N to the UEs in each TXOP and the UEs attempt uplink transmission based only the grants provided to it.  

3.1
Advantages of the proposed frame structure and eNB signalling of the frame structure in each TXOP
Using an adaptive frame structure and signalling it to the UE at the beginning of each TXOP provides several benefits for operation in unlicensed spectrum. 

· Provides a unified framework for operating in several regions with varying maximum TXOP constraints

· Can dynamically adapt to traffic load, medium availability etc.

· Efficient utilization of spectrum by minimizing the number of DL-UL switch points and transmitting continuously once channel access is obtained. This also improves co-existence with other nodes operating in the same channel.
Signalling the frame structure to the used by the eNB at the beginning of each TXOP also provides significant benefits to the UE.
· UE unambiguously knows the location/presence of CRS, CSI-RS and CSI-IM reference signals and can compute CSI accurately even if it is not scheduled.
· Results in significant power savings as UE need not monitor control channels (PDCCH or EPDCCH) in non-DL subframes. The power consumption scales with number of carriers configured at the UE and not having to monitor control channels results in substantial power saving especially when UE is configured with a large number of unlicensed carriers.
· If a UE does not know the number of DL subframes in each burst apriori, the UE has to monitor for the reservation signal and the control channel for several partial subframe candidates in each subframes. This is because the UE is uncertain about whether the eNB is continuing transmission from the previous subframe or whether it has relinquished and re-obtained the channel and transmitted a partial subframe. This results in substantial power consumption at the UE and signalling the frame structure can reduce this power consumption.
· UE can sleep for the indicated UL duration if it does not receive any UL grants.

· Allows a simple mechanism for co-existence between SDL and UL capable UEs. SDL only capable UEs can sleep for the duration of the indicated UL subframes and can wake up to start monitoring for the eNB reservation signal at the right time, thus saving power. 
From the perspective of the other nodes operating on the same channel, signalling the DL-UL frame structure in each TXOP can be used as a “virtual channel reservation signal” and can potentially reduce the amount of interference and hidden nodes.
In addition, the chosen DL-UL configuration can be communicated to other eNBs of the same deployment, thus enabling inter-cell interference coordination.
4 
Frameless grant based transmission
In a fully grant based transmission, the eNB does not indicate any configuration to the UE and thus does not need to define a frame structure. The location of each of the reference signals and data is indicated to the UE using DL and UL grants either on the licensed or unlicensed carriers. The UE monitors the grants and channel reservation signal for several full/partial subframe configurations in each subframe as the UE does not know apriori whether the eNB is continuing transmission or has suspended the previous TXOP and attempted to start a new one.

For example, the UE would assume the presence of CSI-RS either based on a DL grant for PDSCH or exclusively based on a grant that indicates the presence of CSI-RS to all UEs. Similarly, the UE would assume that each subframe is a DL subframe for the purpose of monitoring grants unless the eNB provides it with a UL grant for PUSCH transmission applicable for a subframe. Similarly, grants would trigger the transmission of PUCCH and SRS (if supported) on the unlicensed carrier.

Such an approach is advantageous from the eNB perspective as 

1. Need not commit to a DL-UL configuration at the beginning of each burst and can dynamically change the burst duration after transmission starts

2. Allows for inter-cell coordination without any UE indication
However, such an approach also has several drawbacks as described below.
3. CCA (q value) uncertainty at the eNB and UE side as the node does not know beforehand the maximum duration of the current TXOP. 
4. UE would have monitor a significant number of grants per subframe to determine the presence of a valid DL transmission, PUCCH and SRS location, reference signals such as CSI-RS and DRS etc.
5. Due to the large number of grants/candidate reservation signals being decoded in each subframe the number of false alarms goes up significantly and can result in the UE and eNB state machine being out of sync or in corrupted measurements.

6. Significant increase in power consumption as the UE has to monitor control channels even in subframes in which eNB is idle or has not obtained channel access and designated UL subframes for other UEs as well (if UE has no transmission on that UL subframe). The power consumed scales with number of configured carriers as the UE has to monitor control channels for each of the carriers.
In summary, we note that grant based operation has significant disadvantages from a UE perspective due to the increased monitoring requirements and uncertainty at the UE.
5 
Conclusions
This contribution describes various possibilities for the frame structure to be used for LAA and discusses the pros and cons of each approach. 

 Specifically, re-using the current frame structure

· Does not efficiently cater to LBT requirements in different countries such as Japan

· Does not utilize the medium to the fullest possible extent, when channel access is obtained

· Does not minimize the number of switches between DL and UL transmissions which increases the number of CCAs to be performed for the same amount of data transmission.

· Does not adapt to the traffic load very dynamically
Similarly, a fully grant based system also has significant drawbacks due to increased UE monitoring of control channels.
A new adaptive frame structure which addresses the above issues is described. In specific, we propose that each TXOP is comprised of a certain number of DL subframes followed by a special subframe and several UL subframes. The number of DL and UL subframes may be dynamically indicated to the UE at the beginning of each TXOP.
The proposed frame structure overcomes several drawbacks of a fixed frame structure and a grant driven system and provides significant flexibility to the eNB to adapt the frame structure to a wide range of conditions expected to be seen in the unlicensed spectrum and can result in significant power savings at the UE.
Proposal:

1. Adaptive frame structure for LAA with dynamically varying number of DL and UL subframes in each transmission burst
6 
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