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1
Introduction

In this document, we discuss the LBT operation at the eNB and UE with multiple LBT carriers. We first review the multi-channel operation for WiFi nodes. We then discuss the key differences in LAA and WiFi operation and propose several candidate solutions for multi-carrier transmission by LAA nodes.
2
Review of 802.11/WiFi multi-channel LBT [1]

2.1
Primary and secondary channels 
In this section, we discuss various aspects of multi-channel LBT for WiFi nodes. In the 5GHz band, wider channel widths of 40MHz, 80MHz, 160MHz or 80+80MHz are formed by combining 20MHz sub-channels in a non-overlapping manner. The relationship between the sub-channels making up the wider channel is shown in Figure 1. One of the 20MHz channels is chosen as the primary 20MHz channel. The primary 40MHz channel and the primary 80MHz channel are then the valid 40MHz and 80MHz channels respectively that contain the primary 20MHz channel. The 20MHz channel adjacent to the primary 20MHz channel in the primary 40MHz channel is called the 20MHz secondary channel. The 40MHz channel adjacent to the primary 40MHz channel in the primary 80MHz channel is the secondary 40MHz channel. The primary 80MHz channel and the secondary 80MHz channel together form the contiguous 160MHz channel or the non-contiguous 80+80MHz channel. 
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Figure 1: Showing WiFi primary and secondary channels for 160MHz transmission

All transmissions that are associated with a WiFi node occupy the primary 20MHz channel. A 20MHz transmission occurs on the primary 20MHz channel. A 40MHz transmission occurs in the primary 40MHz channel and an 80MHz transmission occurs in the primary 80MHz channel. Occupying the primary 20MHz channel in all transmissions is important since all channel access timing for a node is based on the CCA of the primary 20MHz channel.
2.2
LBT/CCA procedure for WiFi multi-channel operation
In 802.11, the requirements for the CCA procedure have evolved with the need to support wider channel operation. We now briefly review the wider channel CCA procedure for WiFi nodes. 

2.2.1 CCA in primary 20MHz channel

The CCA requirements for the primary 20MHz channel have remained consistent through the evolution of WiFi to larger bandwidths. The basic requirements are

1. To detect the start of a valid OFDM packet at or above -82dBm within 4us and to hold CCA busy for the duration of the packet. This is referred to as signal detect (SD).

2. To detect any signal above -62dBm within 4us. This is referred to as energy detect (ED). 

2.2.2 CCA in 40MHz and above channel bandwidths (802.11ac based)

The CCA requirements for larger bandwidths are hierarchical. A check is first made on the primary 20MHz channel. If that is clear, then a check is made on the secondary 20MHz channel. If that is clear, then a check is made on the secondary 40MHz channel and so on. If the secondary 20MHz channel is busy, the rest of the channels are not checked and transmission is permitted only on the primary 20MHz channel.
For operation in 40MHz bandwidth, a node is required to additionally perform on the secondary 20MHz channel

1. SD at -72dBm within 25us

2. ED at -62dBm within 4us
Similarly for operation in 80MHz bandwidth, a node is additionally required to perform on the secondary 40MHz channel

1. ED at -59dBm within 4us

2. SD at -72dBm within 25us for a 40MHz WiFi transmission

3. SD at -72dBm within 25us for a 20MHz WiFi transmission on all 20MHz channels as part of the primary

Finally, for operation in 160MHz bandwidth, a node is additionally required to perform on the secondary 80MHz channel

1. ED at -56dBm within 4us

2. SD at -69dBm within 25us for 80MHz WiFi transmission

3. SD at -72dBm within 25us for a 40MHz WiFi transmission within the 40MHz channels in the secondary 80MHz channel

4. SD at -72dBm within 25us for a 20MHz WiFi transmission within the 20MHz channels in the secondary 80MHz channel

Figure 2 shows the CCA procedure for wide channels (Note that PIFS is 25us). The primary channel performs the contention window based random access procedure using a defer period after medium busy and then counts down the random number generated. The secondary channels only perform the additional check (based on the criteria defined previously) for 25us before the potential start of transmission to determine if the channel is available for transmission. If available transmission is performed on the larger bandwidths, otherwise transmission falls back to smaller bandwidths. For example, we observe in Figure 2(b) that the transmission is only on the primary 40MHz as the secondary 40MHz channel was busy during the PIFS period. Figure 2(c) shows an implementation where no transmission is performed unless all secondary channels are clear.

As noted previously, WiFi only performs ECCA on the primary channel and can only transmit on any carrier if and only if the primary channel is clear. This implies that the selection of the primary channel has to be performed very carefully to ensure fairness with other nodes operating co-channel to the node under consideration. 

[image: image2.emf]
Figure 2: CCA procedure for wider channel bandwidths

In summary, we note that WiFi nodes perform the extended CCA procedure only on the primary 20MHz channel and perform only sensing for 25us just before the potential start of transmission on all the secondary channels. In addition, WiFi nodes are allowed to transmit only on the primary 20MHz, primary 40MHz, primary 80MHz, primary 80 + secondary 80 MHz and no other channel combinations are allowed.
3


Multi-carrier LBT for LAA nodes 

3.1
Key differences between wider bandwidth operation of WiFi and LAA 

In WiFi, connection establishment is performed on through the primary 20MHz channel and each data PPDU can be transmitted over larger bandwidths depending on the amount of bandwidth available just before the start of transmission. Each PPDU can be dynamically encoded on the fly to occupy the total bandwidth available for transmission. We also note that a wider bandwidth transmission always occurs from a single physical device.

In LTE, the maximum bandwidth of each carrier currently supported is 20MHz and LTE uses more available bandwidth by aggregating multiple RF carriers using the carrier aggregation framework defined. Intra-band contiguous and non-contiguous CA and inter-band CA both in the DL and UL are currently supported in LTE. In the CA framework, cells are categorized into primary and secondary cells. The UE uses the primary cell to perform connection establishment and management and several upper layer procedures while the secondary cells can provide additional radio resources after connection establishment. For LAA, the primary cell is always on a licensed carrier and multiple secondary cells may be operating in the unlicensed spectrum. In general, the secondary cells need not be contiguous in frequency and could also be transmitted from geographically separated physical devices connected by an ideal backhaul.

There is one HARQ entity per serving cell (either primary or secondary) at the UE. The transport blocks on each carrier are independently encoded and the HARQ processes for each serving cell are independently managed especially from the perspective of HARQ retransmissions. Similarly, ACK/NACK reporting and CQI and measurements are performed independently on all carriers.

3.2 

Multi-carrier LBT operation for LAA

As discussed previously, each LAA secondary cell can be configured and activated independently of other component carriers, is independent from other carriers from a data transmission perspective and can be transmitted from physical devices at different locations connected by ideal backhaul.

In contrast, WiFi scales to higher bandwidth using contiguous transmissions, each PPDU is encoded and transmitted to occupy the available bandwidth and is transmitted from a single physical device. 

To accommodate such diverse operation in LAA under the CA framework, we propose that the LBT procedure be performed independently on each unlicensed carrier for LAA using methods such as synchronizing the random number N (using the same “q”) across all active carriers. 
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Figure 3: LBT procedure for LAA carriers
Figure 3 demonstrates the LBT procedure for multi-carrier LAA under various interference conditions. First, we note that the active carriers need not be contiguous in frequency. Secondly, due to RF leakage into adjacent carriers the likelihood of LBT success when one of the carriers is transmitting is minimal. 

In the presence of differing amounts of interference on each carrier, one option is for each carrier to wait for additional CCA slots to let the carrier complete the count down and then utilize the entire bandwidth as shown in the later part of Figure 3. This allows the eNB to synchronize transmission across multiple carriers and utilize the benefit from the increased bandwidth available at the cost of waiting additional CCA slots and at the risk of losing the carriers for which countdown has already been completed. 

The eNB can autonomously decide the number of additional slots to wait to trade off the delay in channel access and probability of losing the channel with the increased bandwidth available. 

3.2.1 Multi-carrier operation with LBT synchronization boundary (LSB)

To illustrate this proposal, we first define a node which has completed the extended CCA procedure following a transmission but does not transmit as a self-deferring node. The key difference between an idle node and a self-deferring node is that an idle node has no data to transmit while a self-deferring node has data but chooses not to transmit immediately.
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Figure 4: LBT with synchronization across carriers
The eNB/UE after finishing a transmission performs an extended CCA and goes into self-deferral state independently on each carrier. The devices then defines an LBT synchronization boundary (LSB) (in the case of eNB) or receives an indication for LSB (in the case of a UE) until which the node is in self-deferral and does not transmit even though it has completed the ECCA procedure. At the eNB, this can be based on an estimation of the amount of wait time needed for completing the ECCA procedure on a desired number of carriers and can be determined dynamically for each transmission burst. The LSB can also be chosen in a manner to enable re-use 1 or enable TDM operation across other nodes in the network. For UL transmission by UEs, the LSB may be chosen to enable multiplexing of UEs in the frequency or spatial domain.

At the LSB, the self-deferring node becomes active, perform an initial CCA on all the carriers for which it has previously completed the ECCA procedure and then starts transmission on the subset of carriers for which ICCA is successful.

4



Conclusions 

In this document, we discuss various options for LBT across multiple carriers for both DL and UL LAA transmissions. We propose mechanisms to synchronize the transmissions across carriers at the eNB side and also enable frequency and spatial multiplexing of UL transmissions from different UEs.

Proposal
1. LBT procedure runs independently across all the carriers 
2. Consider mechanisms such as self-deferral to synchronize the transmission across multiple carriers and nodes for the DL and in addition across multiple UEs on the UL
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