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1 Introduction

The scarcity of licensed spectrum for cellular communications has motivated the consideration of unlicensed bands for the operation of LTE. In particular, the less crowded 5GHz bands currently used mostly for WiFi, have been proposed for LTE deployment offering a vast potential for increasing LTE throughput. Overall, the design principles for LAA include integration with the licensed spectrum, minimum change of the LTE air-interface, and guaranteed co-existence with other systems using unlicensed spectrum, such as WiFi. 
In the LTE LAA proposal [1], design objective for LAA service to coexist with other devices operating in the unlicensed spectrum has been disclosed as follows:  
Identify and define design targets for coexistence with other unlicensed spectrum deployments, including fairness with respect to Wi-Fi and other LAA services. This should be captured in terms of relevant fair sharing metrics, e.g., that LAA should not impact Wi-Fi services (data, video and voice services) more than an additional Wi-Fi network on the same carrier; these metrics could include throughput, latency, jitter etc.  This should also capture in-device coexistence for devices supporting LAA with multiple other-technology radio modems, where it should, e.g., be possible to detect Wi-Fi networks during LAA operation; note that this does not imply concurrent LAA+Wi-Fi reception/transmission. This should also capture co-channel coexistence between different LAA operators and between LAA and other technologies in the same band.
Listen before talk (LBT) is an important feature for co-existence in the unlicensed band, where-in a transmitter listens to detect potential low interference channel. Different regions such as Europe have regulations requiring LBT for operation in unlicensed bands [2]. In Europe, the regulations mandate the equipment operating on unlicensed spectrum to implement LBT by performing Clear Channel Assessment (CCA) before starting a transmission, to verify that the operating channel is not occupied. Furthermore, CCA is required to be followed by extended CCA if the channel is sensed busy. 802.11 standard compatible WiFi devices use Carrier sense multiple access with collision avoidance (CSMA/CA) as flavour of LBT scheme, compatible with the ETSI regulations. Based on the above requirements, [1] provided design principles for DL transmissions based on LBT requirements,   
In this contribution we provide our views on candidate solutions for Listen-Before-Talk (LBT) and backoff based channel access. ETSI rules defined in [2] are mainly considered since it specifies detailed requirements on LBT given that design of a single global solution is an LAA design goal. Section 2 discusses properties of the design constraints. Candidate solutions based on ETSI rules defined for Load based equipment (LBE) are given in Section 3 and Section 4, respectively. Simulations results are provided in Section 5. Summary is provided in Section 6
2 Design constraints 

ETSI standard defines European regulatory requirements for 5GHz unlicensed band [2]. Two types of LBT schemes are defined by regulation [1]: named as FBE (Frame Based Equipment) and LBE (Load Based Equipment). The differences between FBE and LBE include whether a strict frame structure should be followed, interference avoidance mechanism, and channel occupancy time. Frame based equipment require periodic sensing followed by a fixed transmit/receive timing, while LBE is demand driven and flexible. Existing deployments of WiFi are LBE based. Thus, with LBE based solution, the key requirement of WiFi co-existence can be reasonably met, rather than with FBE based.   
ETSI LBT and channel access requirements

Our design takes into account following mandatory requirement proposed ETSI standard (e.g. see Figure 1). 

1) “Before a transmission or a burst of transmissions on an Operating Channel, the equipment shall perform a Clear Channel Assessment (CCA) check using "energy detect". The equipment shall observe the Operating Channel(s) for the duration of the CCA observation time which shall be not less than 20 µs. The CCA observation time used by the equipment shall be declared by the manufacturer. The Operating Channel shall be considered occupied if the energy level in the channel exceeds the threshold corresponding to the power level given in point 5 below. If the equipment finds the channel to be clear, it may transmit immediately (see point 3 below). “

2) “If the equipment finds an Operating Channel occupied, it shall not transmit in that channel. The equipment shall perform an Extended CCA check in which the Operating Channel is observed for the duration of a random factor N multiplied by the CCA observation time. N defines the number of clear idle slots resulting in a total Idle Period that need to be observed before initiation of the transmission. The value of N shall be randomly selected in the range 1..q every time an Extended CCA is required and the value stored in a counter. The value of q is selected by the manufacturer in the range 4..32. This selected value shall be declared by the manufacturer (see clause 5.3.1 q)). The counter is decremented every time a CCA slot is considered to be "unoccupied". When the counter reaches zero, the equipment may transmit.” 
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                                           Figure 1: General design guideline by ETSI, consisting of two phases of CCA and ECCA
ETSI provides minimum requirement for channel access by any LBE based equipment. Channel access duration can be chosen to be greater than 20us (as it is 34us in 802.11 n/ac standard). Furthermore, q can also be chosen appropriately as a trade-off between channel access delay, collision probability and maximum transmission duration for better co-existence.  

Observation 1: 
In the LBE based LBT defined in ETSI standard, choice of q is an important design parameter. Note that for a fixed q, LBE can adaptively vary the transmission duration for better co-existence. 

3 Design alternatives
LBT scheme has an important objective of peaceful co-existence of multiple technologies in unlicensed bands. We first study a sub-frame aligned LBT design suitable for the existing implementation of the LTE. In this design, sub-frame boundary is maintained for a potential transmission. 

Sub-frame aligned LBT consists of 4 phases as shown in Figure 2 and Figure 3. 
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Figure 2 Example of sub-frame aligned LBT scheme
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Figure 3 Example of generalized LBT scheme
1) Carrier sense (CCA): In this stage a transmitter conducts carriers sensing (CS) for a channel for a period of W seconds and determines the average power received.  If the received power is less than a threshold T dBm, the transmitter is considered eligible for transmission. Channel is considered idle if carrier sense received power is less than the threshold, otherwise, channel is considered busy. 

2) Extended CCA (backoff): In this phase, if the transmitter is eligible for transmission, the transmitter enters into backoff phase. In this phase, the transmitters choose a timer of duration D seconds, possibly in the multiple of LTE symbols (D can be randomly chosen or by any other method). The transmitter then senses the channel for this duration. If the channel is sensed busy, the timer is frozen, and is decremented, until timer reaches 0. 

3) Reservation signal or partial subframe:  The transmitter may reserve the channel until the next sub-frame boundary, (possibly for all the samples after the end of the backoff period). In the generalized design, the reservation signal can be used by an extended subframe design as shown in Figure 3, i.e., PDSCH can be transmitted during the reservation signal

4) Transmission:  The transmitter then transmits for a predefined duration as a regular sub-frame, and a maximum known duration

Observation 2: In the ETSI standard, it can be interpreted that CCA may not be required after initial transmissions. However, CCA is an important step, required for LAA channel access. In WiFi CCA is always performed for a duration of DIFS (DCF Inter-frame Space), wherein, the channel is sensed for DIFS duration and the transmission occurs as soon as the channel is sensed idle after DIFS period. Furthermore, if the channel is sensed as idle, the WiFi transmission enters into exponential backoff ECCA like mechanism. Note that if CCA step is skipped in LAA channel access, it is likely that in high load WiFi will grab the channel often, living LAA nodes in starvation. 

4 Channel sensing
   
4.1 CCA 
This section discusses about the step 1 of the channel access requirement. It is required by the regulations that before any transmission, the device sense the channel at-least for the duration of 20 us. 
Observation 3: Sensing duration can be greater than 20us. This can be utilized for better co-existence. 

The channel sensing can be performed by following 2 options:
1)  The sensing duration can be set to C us (C can be set to 40 us. cf. compare to 34 us WiFi DIFS) for better co-existence. 
2) The sensing duration can be partitioned into multiple (e.g. 3 or 4) small intervals of 10us or 20 us. If in each of the interval energy detected is lesser than required threshold, then the channel is declared to be idle. Choice of 10 us helps to align the sensing with the sub-frame boundary. 
4.2  ECCA

The transmission enters into ECCA mode, if CCA detects that medium is busy. 
In this section, we propose one option for sensing and backoff algorithm suitable for coexistence with WiFi. According to ETSI regulations, ECCA period has to be randomly chosen between 20 us and q*20 us. We may define the minimum ECCA sensing duration E to be 10 us in accordance to the WiFi slot duration of 9us. Thus, equivalently, the counter W used for ECCA can be defined as W = q*C/E. 
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Figure 4. CCA and ECCA
Figure 4 shows the overall channel access design for LAA. In particular, in eCCA state, eNB randomly choses a number from (0, W). eNB observes the channel for any possible interference. If the channel observed is free, it decrements the contention window until the contention window counter W reaches zero. After contention window is decremented to zero, the eNB is allowed to transmit for duration of TXOP.  In case when the channel is observed busy during the contention counter decrement process, the counter is frozen. 

It is possible to extend the ECCA process, by using a version of exponential backoff, wherein the LAA, in case of highly congested medium (possibly determined based on transmission errors), the contention window is modified by doubling the previously used CW. The exponential backoff can be used if the LAA node is experiencing significant HARQ retransmissions. 
4.3 Choice of Detection threshold (T dBm)

In regulations in the ETSI standard mention that energy detection threshold T can be set as, 
The energy detection threshold for the CCA shall be proportional to the maximum transmit power (PH) of the transmitter: for a 23 dBm e.i.r.p. transmitter the CCA threshold level (TL) shall be equal or lower than -73 dBm/MHz at the input to the receiver (assuming a 0 dBi receive antenna). For other transmit power levels, the CCA threshold level TL shall be calculated using the formula: TL = -73 dBm/MHz + 23 - PH (assuming a 0 dBi receive antenna and PH specified in dBm e.i.r.p.).
Assuming 25 dBm maximum transmit power for LAA, for 20Mhz, TL can be set to -62dBm. This is equivalent to the WiFi CCA threshold for primary channel. 

For a secondary channel on used in 802.11 n/ac, TL is set to -72dBm. Thus, it is necessary to study various values of TL for LAA taking into account coexistence with LAA as well as Wi-Fi. 
5 Simulations 

In our simulation, we follow the simulation methodology proposed in [5]. In the simulation, we are interested in co-existence performance results, as q, CCA and ECCA duration is changed.  Unless otherwise mentioned, the default parameter setting is shown in Table 1 and Table 2. Other simulation details are provided in [6].  
Table 1: Simulation parameters

	Parameter
	Value

	Lpn tx power
	18 dBm

	Lpn Antenna gain 
	5 dBm

	WiFi RTS/CTS 
	Off

	WiFi TxOP 
	4ms

	LAA transmission burst length
	4ms

	STA tx power
	18 dBm

	CCA interval
	40 us

	ECCA interval
	20 us

	q
	16

	WiFi rate control
	SampleRate [4]

	Scenario 
	Indoor

	Number of unlicensed channels
	1


Table 2 Traffic parameters for WIFi-WiFi and LAA-WiFi
	WiFi -LAA
	LAA-LAA

	FTP mean file arrival interval
	Buffer Occupancy (BO)
	FTP mean file arrival interval
	FTP file arrival rate

	 1.12
	67 (High)
	 0.38
	60 (High)

	1.4
	46 (Medium)
	0.52
	44 (Medium)

	2.0
	25 (Low)
	0.9
	23 (Low)


5.1 Choice Channel sensing duration and 
choice of q parameter

In Figure 5, average UE throughput is plotted for high load traffic.
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Figure 5 Average throughput, as q is varied for high load
Observations 5: 
1)  It can be observed that as CCA is varied from 0.02 us to 0.04 us, performance of WiFi improves. This can be attributed to the fact that minimum sensing requirement for WiFi for transmission is DIFS (=34 us). 
2) With, q = 32, the WiFi performance improved, however at the cost of noticeable LAA performance. 

3) Furthermore, it can also be observed that with ECCA value of 0.01 or 0.02 and q = 16, provides good trade-off for WiFi and LAA performance. 
4) The choice of q does not seem to affect much in the high load case. This implies that adaptive backoff may not have significant impact at least for DL only scenario and FTP traffic. However, we need to further study its significance with UL traffic as well as other traffic such as VoIP. 
5.2 Choice of Energy Detection threshold (T dBm)

Choice of energy detection threshold manages the spatial transmissions across the network. Average throughput as load varies is shown in Figure 6. And 7 for WiFi-LAA and LAA-LAA simulations. 
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Figure 6 Average throughput for WiFi-LAA, as load varies
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Figure 7 Average throughput for LAA--LAA, as load varies
Observations 6:

1) For WiFi-LAA case, it can be observed that with choice of ED to be -82 dBm, WiFi performance improves significantly. For low/medium/high traffic, with ED = -82 dBm, the performance of LAA also improved.   
2) For LAA-LAA case, the performance of LAA is improved with higher ED threshold. Note that the gain is not monotonic for medium load. But, -82 dBm ED threshold provides noticeable gains. 
6 Conclusions
In this contribution, we provided our views on design of channel access schemes for the LAA downlink transmissions. In summary, we discussed design consideration for CCA and ECCA. We considered various parameters including q and energy detection threshold. 
Proposal 1:  Channel access design for LAA should incorporated ETSI compliant LBT with CCA and ECCA for coexistence and fairness.  

Proposal 2: CCA value should be chosen to be greater than or equal to DIFS. ECCA duration and q can be tuned for better co-existence performance.  
Proposal 3: We propose sensing granularity to be around 10 us or 20us. The CCA can be an integer multiple of the sensing granularity. 

Proposal 4: Based on proposal 2 and 3, CCA can be set to 40 us and ECCA to be 20 us and q= 16 or (10 us and q = 32). 
Proposal 5: Exponential backoff may not have impact on the throughput performance for DL only scenario. The exponential backoff need to be further studied for other traffic such as VoIP and if uplink traffic is considered. 
Proposal 6: Choice of ED = -82 dBm is an appropriate choice for energy detection threshold for LAA in the indoor scenario.
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