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1 Introduction
The R13 SI LTE LAA [1] was started to determine a single global solution which enhances LTE operation to enable license-assisted access to unlicensed spectrum. In order to support LTE LAA operation in the 5GHz bands, compliance with regulatory requirements governing the usage of various 5 GHz band portions and fair spectrum usage with incumbent or yet to-be-deployed WiFi, LAA and other wireless services are necessary.
We expect that initial deployments of R13 LTE LAA will only occur in selected and prioritized subbands in the 5 GHz bands. Similar to past LTE releases however, it should be ensured that core specifications in RAN1 will support all functionalities to allow for frequency-agnostic LTE LAA operation in the 5 GHz bands. Actual RF, demodulation and compliance requirements for individual 5 GHz subbands will then be set through RAN4 spectrum only WIs following well-established 3GPP methodology.
In a companion contribution [2], we present a summary view of the design impacts from compliance with regulatory requirements for the various ITU regions. We distinguish between design requirements for DL only vs. DL+UL LAA SCell operation.
In this contribution we discuss LTE LAA design deriving from performance and fair spectrum usage considerations. In the first part of this contribution, we briefly summarize design impacts from meeting regulatory requirements. In the second part, we discuss LAA design targets in terms of desirable functionality for coexistence with various WiFi radio systems operating in various portions of the 5 GHz band. Then, for LBT based channel access, LTE LAA SCell operation can follow two design approaches, (1) synchronous and subframe aligned with the PCell or (2) asynchronous with respect to PCell timing. Design and specification impacts from these two different design approaches vary greatly. We discuss these briefly in the third part of this contribution.
2 Summary of LAA design requirements for regulatory compliance
In order to support a single global solution for LTE LAA operation in the 5 GHz bands, three types of functional components are required for regulatory compliance: (1) TPC (2) DFS/RADAR, (3) LBT/CCA [2].

· TPC regulatory requirements for operation in the 5 GHz bands can mainly be addressed in RAN4, in particular for DL only LAA SCell operation. If DL+UL are supported on the LAA SCell, a mechanism to configure subband and country specific UE maximum Tx power limits is needed. Existing LTE signaling functionality can be (re-)used to meet this design requirement.
· Compliance with DFS / Radar detection requirements will require that for a DL only LAA SCell where the eNB must implement a radar detection background measurement, a mechanism is needed to vacate, i.e. not use the LAA SCell channel. Existing LTE signaling, i.e. SCell (re-)configuration through RRC and (de-)activation can in principle be (re-)used to meet this design requirement. For DL+UL LAA SCell operation, also a new UE measurement, reporting and signaling mechanism between UE and eNB must be supported.
· Compliance with LBT / CCA requirements will require support for a Tx Time On/Off (DTX) mechanism and associated UE behavior on the LTE LAA SCell to restrict maximum transmission periods to not more than 9-10 ms. LBT and CCA for DL only LAA SCell operation needs to be performed at least in the eNB for a DL only LAA SCell.
3 LAA design principles for coexistence with WiFi systems

In our view, Listen-Before-Talk (LBT) through CCA measurements followed by random backoff and Tx Time On/Off through DTX patterns are the two primary mechanisms for coexistence of LTE LAA with WiFi systems (Figure 1). DL/UL Tx power control and Channel Agility should be considered as two complementary mechanisms.
This is motivated twofold: CCA reduces collision rates for initial channel access in the sense that it doesn’t interrupt any ongoing WiFi frame exchange on the channel. Tx Time On/Off (DTX) patterns impose a limit on the maximum utilization rate of the channel by the LTE LAA SCell that can be controlled by radio resource management as a function of the activity by either WiFi BSSs or other LTE LAA deployments on the channel. DTX patterns therefore control the overall LAA channel occupancy during ongoing SCell scheduling.

We note that DTX patters also offer the advantage that any type of UE measurement process in support of LAA SCell DL scheduling can be implemented using a set of known and configurable DL subframes in which CSI-RS will occur. Measurements instants for LTE type of signals and LTE LAA interferers can be deterministically controlled by the eNB. However, non-LTE type of interference measurements are unpredictable in terms of occurrence and can only be isolated when it is known by the measuring device when the LTE LAA SCell transmissions do not occur.

Recommendation 1:

Listen-Before-Talk (LBT) through CCA measurements followed by random backoff and Tx Time On/Off through DTX patterns are supported as the two primary coexistence mechanisms of LTE LAA with WiFi systems.
For the example of DL only operation on an LAA SCell (Figure 1), the eNB should perform CCA, i.e. a L1 energy detection measurement over the SCell transmission bandwidth followed by a random backoff prior to any DL scheduling. Once the channel is acquired, the eNB can then schedule DL transmissions for several subframes. After a maximum configured transmission duration to limit activity in the channel, the eNB will stop transmitting in the DL and free the channel for other devices.
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Figure 1: LTE LAA and WiFi coexistence through CCA and Tx Time ON/OFF (DTX) patterns
3.1 CCA

In our view, CCA measurements prior DL transmissions on the LAA SCell need to be done by the scheduling eNB. If UL transmission by the UE are supported, the UE will also need to perform CCA measurements.
WiFi systems rely on a combination of L1 CCA and Virtual carrier sensing for CSMA. Virtual carrier sensing relies mostly on the ability by a WiFi STA to compute the duration of a frame exchange through reading the packet size and transmission rate fields in the header of frames addressed to other STA’s. STAs will then defer any attempt for channel access until the computed duration of the ensuing frame exchange terminates.

It is clear that Virtual Carrier Sensing implies the ability to decode WiFi packet headers which cannot be assumed and cannot be required for LTE LAA operation.
Recommendation 2:

LTE LAA operation supports Listen-Before-Talk (LBT) through CCA measurements only, i.e. Virtual Carrier Sensing is not supported.

In it important to consider that channel availability for coexistence in the 5 GHZ bands is complicated by the existence of multiple types of WiFi systems which do not operate with the same channel bandwidths.

Legacy 802.11a uses nominal 20 MHz channels. 802.11n BSSs which constitute the majority of operating 802.11 systems today in the 5 GHz bands, can use up to 40 MHz for communication. This is achieved by combining a Primary 20 MHz channel, with another adjacent Secondary 20 MHz channel to form a 40 MHz wide channel. 802.11ac STAs can support 20 MHz, 40 MHz, 80 MHz and 160 MHz wide channels. 80 MHz are used in the default WFA certification profile. While 40 MHz and 80 MHz channels are formed by combining contiguous 20 MHz channels similar to 802.11n, a 160 MHz channel may be formed either by combining 8 contiguous 20 MHz channels or two non-contiguous 80 MHz channels (80+80 configuration). Transmission procedures in 802.11ac however assume the use of the entire allocated bandwidth for transmission and reception.

For any variable bandwidth WLAN system that uses multiple channel bandwidths such as 802.11n, 802.11ac the Primary channel usually has a bandwidth equal to the largest common operating bandwidth supported by all STAs in the BSS. The bandwidth of the primary channel is therefore limited by the STA that supports the smallest bandwidth operating mode. All carrier sensing and NAV setting depend on the status of the Primary channel; i.e., if the Primary channel is busy, for example, when a STA supporting only 20 MHz operating modes is transmitting to the AP, then the entire available frequency band is considered busy even though majority of it stays idle and available. For example, 802.11ac CCA requirements are hierarchical: first a CCA check is made on the Primary 20 MHz channel, then if that is clear, a check is made on the secondary 20 MHz channel, then if this channel part is also clear, a check is made on the secondary 40 MHz channel, and so on.
In consequence, channel availability for the LTE LAA SCell will depend also on co-channel deployment considerations with respect to 802.11n and 802.11ac which most often do not use just 20 MHz transmission BW.
Recommendation 3:

Performance evaluations for LTE LAA and WiFi coexistence should take into account the 802.11n and 802.11ac Primary Channel access and hierarchical CCA mechanism for co-deployment scenarios.

In theory it might be considered to implement CCA measurements in the UE and provide these back to the eNB in order to assist DL scheduling, i.e. even for the case of LAA SCell DL only operation. Hidden node detection problems and BSS throughput losses in WiFi system can to a large extent be the consequence of non-overlapping radio ranges by AP and STA in WiFi deployments.

However, typical CCA durations for 802.11a/n/ac are in the order of several us. In fact, using energy detection, 802.11n CCA detection thresholds are for a Rx signal power of -62 dBm or above within 4 us on the Primary 20 MHz channel. Signal detection based CCA must detect any signal of -72 dBm or above for a PPDU sent using 20 MHz or -69 dBm or above in 40 MHz requiring slightly longer time durations as a function of whether legacy, HT-mixed or HT-greenfield PPDU formats are in use. For baseline CSMA, STAs will then randomly backoff following a DIFS interval of min. 34 us when the channel is deemed idle. The random backoff duration is an integer multiple of the value CW times the 9 us slot time. The random backoff count is selected as random integer drawn from a uniform distribution over the interval [0,CW], where CW, an integer, is the contention window. CW takes the initial value CWmin and effectively doubles on each unsuccessful MPDU transmission attempt, for example each time an ACK response is not received for a data frame. If the CW reaches CWmax it remains at that value until it is reset. The CW is reset to CWmin after every successful MPDU transmission. For 802.11a/n/ac CWmin is 15 and CWmax is 1023.

In consequence, validity durations for a UE to report back to the eNB channel idle before the channel might then become busy again due to a WiFi STA starting to transmit following random backoff can be in the order of less than ½ nCP symbol + a minimum of 135 us (~ 2-3 OFDM symbols total) up to a theoretical maximum value of 9.2 ms (>9 subframes).
It is clear that if eNB DL scheduling decisions would rely on CCA measurement reporting from UE’s, significant changes to L1 feedback timelines would become necessary for LTE. Even if a CCA busy indication could be delivered in the next available following PCell UL subframe, the overall latency from a UE side measurement to eNB scheduling decision would be in the order of 3 subframes which would not be able to capture any intermediately occurring channel access for many WiFi transmitters. Note that CCA based reporting from UE’s to the eNB on a much slower timescale, i.e. order of several 100 ms as long-term channel averaged access statistics may still be useful for radio management including the possibility to detect hidden nodes. Such reporting features are already available as part of 802.11 standards amendments.
Recommendation 4:

To support DL only operation for LAA SCells, Listen-Before-Talk (LBT) through CCA measurements relies on eNB measurements.

3.2 Tx Time On/Off (DTX)
The use of Tx Time On/Off or DTX patterns serve two purposes. First, DTX patterns create coexistence gaps for other WiFi BSS in the vicinity to access the channel. Second, they allow LTE LAA UE’s to deterministically distinguish between time periods in which LAA SCell transmissions might occur vs. time periods in which there can’t be any transmission on the LAA SCell. The latter is particularly important in terms of DL measurement support.
The LTE throughput vs. the LAA SCell “On” duration is shown for various maximum legacy 802.11 WiFi packet lengths in Figure 2. The assumed deployment layout is a 802.11a BSS co-located in the same site as single cell LTE eNB with 10 user devices. Average channel usage time for both the LTE LAA SCell and the co-deployed WiFi BSS is 50% each.
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Figure 2: LTE LAA throughput for Tx ON duration as a function of 802.11a packet length
It can be seen that when the Tx time “On” period is small in the order of only several ms’s, LTE throughput drops significantly as the maximum average size of the WiFi packets increases. This is due to the fact that for small Tx time “On” durations, LTE suffers from more interference from WiFi. For legacy 802.11 systems such as 802.11a, the maximum packet length as a function of the transmission rate could be up to ~2.7 ms, but this value can be larger if 802.11e TXOP’s are in use or with 802.11n frame aggregation features. LTE throughput does not degrade significantly for transmission periods larger than around 5 ms which translates to a 10 ms period for the DTX patterns at 50% channel usage.
In consequence, typical Tx Time On/Off periods need to operate at timescales where some 5-10 consecutive LAA SCell subframes are used for DL scheduling by the eNB, followed by a number of silent DL subframes where the eNB does not transmit any signal.
It is also clear that any type of Tx Time On/Off behavior in practice should be adjustable and configurable. Not only will DTX periods depend on channel load and the number of WiFi BSSs deployed in the vicinity, but also they will depend on the type of 802.11 system in use due to the impact of typical frame exchange durations for 802.11a vs. 802.11n vs. 802.11ac systems.

Recommendation 5:

LTE LAA operation supports SCell Tx Time On/Off through configurable and known DTX intervals.

4 Synchronous vs. asynchronous LAA SCell operation

When CCA based LBT is used as a coexistence mechanism for LTE LAA channel access, it is one consequence that channels in the 5 GHz band become available for DL scheduling at random time instants which are a function of WiFi load and the number and type of 802.11 WiFi BSSs in vicinity.

Considering that the LTE LAA SCell will become available for DL transmission at random and unpredictable time instants, there are two possible design approaches when extending R10 Carrier Aggregation principles to LTE LAA operation,

(1) LAA SCell is asynchronous with respect to the PCell timing, or

(2) LAA SCell is synchronous and subframe aligned with the PCell.
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Figure 3: Example of Asynchronous SCell timing for LTE LAA
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Figure 4: Example of Synchronous SCell timing for LTE LAA

When using asynchronous LAA SCell timing (Figure 3) with respect to the licensed band PCell, (e)PDCCH and PDSCH DL transmission structures remain mostly unchanged, i.e. once the eNB acquires the channel, it starts transmitting entire subframes as in R8 LTE. However, A/N timing carried on the LTE PCell UL requires changes because generally speaking, SCell DL subframes where data is received will be misaligned with respect to the PCell DL subframe timing which affects both processing delays and PUCCH resource allocation. Also, cross-carrier scheduling from the PCell which in R10 is based on the principle of same subframe scheduling becomes impossible.

Using synchronous LAA SCell timing (Figure 4), the eNB, once it detects the channel to be available must wait until the beginning of the next occurring subframe boundary that is matched to the PCell subframe timing prior to the start of any DL PDSCH transmissions on the LAA SCell. This approach preserves DL (e)PDCCH and PDSCH transmission structures, i.e. the use of entire subframes and all DL and UL timing relationships including PCell UL A/N on PUCCH using existing resource allocation principles. It could be argued that such a synchronous LAA SCell approach will result in least specification changes. However, in order to avoid that WiFi transmitters start transmitting on the channel during the silent interval until the beginning of the next occurring SCell subframe, it is necessary to introduce a variable length busy signal on for LTE LAA. The use of synchronous LAA SCell timing also needs to trade-off the duration of average transmit intervals against the penalty of not using the channel for durations in the order of average 0.5 ms durations, i.e. the overhead is order of 10% for average DL scheduling durations of 5 consecutive subframes, but overhead is 50% if only 1 subframe is transmitted before LAA SCell channel access is released. Alternatively, PDSCH transmissions similar to the existing TDD special subframe PDSCH configurations could be used. We note that the introduction of a busy signal may be necessary to maintain and block the channel independent of initial channel access to prevent WiFi transmitters from accessing the channel if not all consecutive DL subframes are used for transmission by the LAA SCell.

Recommendation 6:

The subframe timing of the LAA SCell is synchronous with the (licensed band) PCell subframe timing.

5 Conclusion

In this contribution we discussed LTE LAA design principles deriving from performance and fair spectrum usage considerations. We first briefly summarized design impacts from meeting regulatory requirements. Then, we discussed LAA design targets in terms of desirable functionality for coexistence with various WiFi radio operating as incumbent systems in various portions of the 5 GHz band. Lastly, we discussed impacts of LAA SCell operation being either synchronous / subframe aligned with the PCell versus asynchronous with respect to PCell timing. 

Recommendations:

1. Listen-Before-Talk (LBT) through CCA measurements followed by random backoff and Tx Time On/Off through DTX patterns are supported as the two primary coexistence mechanisms of LTE LAA with WiFi systems.

2. LTE LAA operation supports Listen-Before-Talk (LBT) through CCA measurements only, i.e. Virtual Carrier Sensing is not supported.

3. Performance evaluations for LTE LAA and WiFi coexistence should take into account the 802.11n and 802.11ac Primary Channel access and hierarchical CCA mechanisms for co-deployment scenarios.

4. To support DL only operation for LAA SCells, Listen-Before-Talk (LBT) through CCA measurements relies on eNB measurements.

5. LTE LAA operation supports SCell Tx Time On/Off through configurable and known DTX intervals.

6. The subframe timing of the LAA SCell is synchronous with the (licensed band) PCell subframe timing.
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