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1 Introduction

In RAN #65 plenary meeting, a new SI “Study on Licensed-Assisted Access using LTE” was approved [1]. This SI will evaluate LTE enhancements for a single global solution framework for licensed-assisted access to unlicensed spectrum, which involves coexistence with other unlicensed spectrum deployments. One of the objectives is:

· Document the relevant existing regulatory requirements for unlicensed spectrum deployment in the 5GHz bands [RAN4]
In RAN #63 plenary meeting, a joint paper outlined the different regulations around the world for unlicensed spectrum [2]. This contribution will focus on the existing regulatory requirements affecting physical layer design and analyze the corresponding impacts on Licensed-Assisted Access using LTE (LAA-LTE) for unlicensed spectrum deployment in the 5GHz bands.
2 Regulatory requirements affecting physical layer design
The regulatory requirements of different regions on 5GHz unlicensed deployment are specified in different regulations, e.g., European requirements are specified in ETSI standards [3] and USA requirements are governed by FCC part 15 regulations [4], so different regions may have different technical requirements. The regulatory requirements which may affect LAA-LTE physical layer design are analyzed here and the regions where each regulatory requirement is in effect are summarized based on [2] and can be found in Table 1 in Appendix. 
2.1 Channel Bandwidth
The definitions of Nominal Channel Bandwidth and Occupied Channel Bandwidth in ETSI standards [3]:
The Nominal Channel Bandwidth is the widest band of frequencies, inclusive of guard bands, assigned to a single channel.
The Occupied Channel Bandwidth is the bandwidth containing 99 % of the power of the signal.
The corresponding limits are: 
The Nominal Channel Bandwidth shall be at least 5 MHz at all times.

The Occupied Channel Bandwidth shall be between 80 % and 100 % of the declared Nominal Channel Bandwidth. In case of smart antenna systems (devices with multiple transmit chains) each of the transmit chains shall meet this requirement.

NOTE: During an established communication, a device is allowed to operate temporarily in a mode where its Occupied Channel Bandwidth may be reduced to as low as 40 % of its Nominal Channel Bandwidth with a minimum of 4 MHz. 
Impacts on LAA physical layer design
The nominal channel bandwidth is declared by the manufacturer and it shall be at least 5MHz at all times. LTE system is designed to support 6 bandwidths, namely 1.4 MHz, 3 MHz, 5 MHz, 10 MHz, and 20MHz. For LAA-LTE, we may focus on the design of 5 MHz and above to meet the requirement. 
The occupied channel bandwidth shall be between 80% and 100% of the declared nominal channel bandwidth, contain 99% of the power of the signal, and be verified under normal operating conditions by a spectrum analyser with a resolution bandwidth of 100kHz. If uplink transmission on unlicensed spectrum is supported, a single UE scheduled for data transmission on this spectrum shall meet the requirement of occupying at least 80% of its nominal channel bandwidth and then the benefits of frequency division multiplexing provided by eNB scheduling are restricted.
Proposal 1: LAA-LTE design should focus on channel bandwidth of 5MHz and above.
2.2 Transmit Power Control (TPC)
Most regions have the limits on power related parameters, e.g., RF output power, transmit power control (TPC), power density, transmitter unwanted emissions, receiver spurious emissions, radiated emissions,  band edge emissions, etc. From physical layer perspective, we only focus on TPC requirement since RAN4 will discuss the RF requirements.
The definition for transmit power control (TPC) in ETSI standards [3] is attached here as an example:
Transmit Power Control (TPC) is a mechanism to be used by the RLAN device to ensure a mitigation factor of at least 3 dB on the aggregate power from a large number of devices. This requires the RLAN device to have a TPC range from which the lowest value is at least 6 dB below the values for mean e.i.r.p. given in table 1 for devices with TPC.
Table 1 in 4.4.2.1 in ETSI standards gives the mean e.i.r.p. limits for RF output power and power density at the highest power level.

Impacts on LAA physical layer design
In current LTE system, TPC is supported already for downlink power allocation and uplink power control. If eNB reduces the downlink transmit power in a proportion of 3dB or 6dB, there is no impact on UE behaviour from demodulation point of view, since UE only needs to know the power ratio of reference signal to data for demodulation which can be kept unchanged during TPC procedure. The absolute value of the power level is used for RRM measurement or pathloss calculation, which can be indicated to UE, e.g., by licensed carrier if LAA is considered. For uplink transmission, the TPC information can be indicated to UE in UL grant. Therefore, the current TPC mechanism can be reused for LTE deployment on unlicensed spectrum.
Proposal 2: TPC function is already supported in current LTE and has no additional impact on LAA-LTE physical layer design. 
2.3 Dynamic Frequency Selection (DFS)
Some bands in 5GHz spectrum, i.e., 5250 MHz to 5350 MHz and 5470 MHz to 5725 MHz, are utilized by military/civilian radar systems around the world. Radar should have the highest priority in this spectrum, so the usage of DFS in some regions is mandated by governments as pre-condition for unlicensed devices to share the spectrum. A device shall employ a DFS function to: 
· detect interference from radar systems (radar detection) and to avoid co-channel operation with these systems;
Specifically, a device with DFS function shall monitor for radar signals in these bands before it establishes any communication links. If radar signal is detected on the selected channel, the channel becomes an Unavailable Channel and the system shall not do any operations on it. If no radar signal is detected on the selected channel, the channel becomes an Available Channel and the system can start operations on it. During normal operation of transmission, the device shall also continuously monitor for radar signals to ensure that there are no radars. If radar signals are detected during In-Service Monitoring, the system shall initiate a transmission move to another Available Channel and transmit control information to close the current transmission to avoid interfering. No traffic is expected on the radar-detected channel and the radar-detected channel shall be shut down for Non-Occupancy Period before it becomes a usable channel again. 
Impacts on LAA physical layer design
A master device, e.g., eNB, shall support DFS function in order to detect radar signals if it works on the band with DFS requirements. According to the test requirements in [3][4], if a radar signal is detected on the selected channel during a transmission, the system shall instruct all its associated devices to stop transmitting on this channel within Channel Move Time, e.g., 10s. During the Channel Move Time, the aggregate duration of all transmissions of the system on this channel shall be limited to the Channel Closing Transmission Time, which is 1s in Europe and 200ms in USA. If LAA-LTE detects a radar signal on unlicensed spectrum, the licensed carrier can be used to indicate UEs to stop transmission. The small cell on-off operation from on-state to off-state can be performed within several tens of msec and the higher layer signalling can be configured to indicate UEs to reselect a carrier within several tens of msec, both of which are possible methods for LAA-LTE system to close/transfer a transmission within the required time. So there is no impact of DFS on physical layer design for LAA.
Proposal 3: DFS function has no additional impact on LAA-LTE physical layer design.

2.4 Channel Access Mechanism 
Channel access mechanism, e.g., Listen-Before-Talk (LBT) or carrier sense, can provide an opportunistic channel access by which a device applies clear channel assessment (CCA) before using the channel to avoid concurrent transmissions in a same channel with other RLAN systems. This requirement is in effect in Europe and Japan. 
Listen-Before-Talk in Europe
· Frame Based Equipment (FBE)

An example of timing for FBE is described in Figure 1. The Fixed Frame Period of FBE consists of Channel Occupancy Time and Idle Period. Before starting transmissions on an Operating Channel, the equipment shall perform a CCA check towards the end of the Idle Period using "energy detect" for the duration of the CCA observation time which shall be not less than 20µs. 
If the energy level in the channel exceeds the given energy detection threshold, the Operating Channel shall be considered occupied and the equipment shall not transmit on that channel during the next Fixed Frame Period. If the equipment finds the Operating Channel to be clear, it may transmit immediately and can transmit without re-evaluating the availability of that channel for Channel Occupancy Time. 
The Channel Occupancy Time shall be in the range 1ms to 10ms and the minimum Idle Period shall be at least 5% of the Channel Occupancy Time used by the equipment for the current Fixed Frame Period. 
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Figure 1: Example of timing for Frame Based Equipment
The CCA observation time and the given energy detection threshold are specified as:
The CCA observation time used by the equipment shall be declared by the manufacturer.
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.).
· Load Based Equipment (LBE)

For LBE based LBT, a CCA check using "energy detect" for the duration of the CCA observation time which shall be not less than 20µs is applied before transmission. In this mechanism, CCA check can be performed at any time if there is a demand of data transmission. Specifically, before a transmission or a burst of transmissions on an Operating Channel, the equipment shall perform a CCA check. If the equipment finds the Operating Channel to be clear, it may transmit immediately and can transmit continuously at most for Maximum Channel Occupancy Time. If the equipment finds an Operating Channel occupied, or it makes use of an Operating Channel continued for Maximum Channel Occupancy Time, it shall not transmit in that channel and shall perform an Extended CCA check. 
For an Extended CCA check, 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 of 1 to q every time and stored in a counter. The counter is decremented every time a CCA slot is considered to be "unoccupied". When the counter reaches zero, the equipment may transmit.
The value of q is selected by the manufacturer in the range of 4 to 32 and this selected value shall be declared by the manufacturer. The Maximum Channel Occupancy Time shall be less than (13/32) × q ms.

Similar to FBE, the CCA observation time and the given energy detection threshold are specified as:
The CCA observation time used by the equipment shall be declared by the manufacturer.
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.).
· Exception: Short Control Signalling Transmissions
Short control signalling transmission is an exception of LBT since it can skip CCA before transmission upon some conditions. The definition of Short Control Signalling Transmissions in ETSI standards [3] is:
Short Control Signalling Transmissions are transmissions used by Adaptive equipment to send management and control frames (e.g. ACK/NACK signals) without sensing the channel for the presence of other signals. 

NOTE: Adaptive equipment may or may not have Short Control Signalling Transmissions.
And the corresponding limit is:
If implemented, Short Control Signalling Transmissions of Adaptive equipment shall have a maximum duty cycle of 5 % within an observation period of 50 ms.
For both FBE and LBE, the equipment is allowed to have Short Control Signalling Transmissions if it complies with the above requirements. For example, the equipment can skip CCA check and immediately proceed with the transmission of management and control frames (e.g. ACK and Block ACK frames) if this equipment correctly received a packet which was intended for it. This transmission of management and control frames shall have a maximum duty cycle of 5% within an observation period of 50 ms.
Listen-Before-Talk in Japan
Opportunistic channel access in Japan is similar to LBT in Europe except there is no exception for short control signalling transmission, so LBT is required before every transmission. According to [2], it should be noted that “Max Burst Length” is specified as less than 4ms for RLAN systems in Japan.
Briefly review of channel access mechanism for Wi-Fi
This coexistence of Wi-Fi system can be achieved by CSMA/CA (carrier sense multiple access with collision avoidance) protocols. In Wi-Fi system, different kinds of interframe space (IFS) which indicate different durations between frames are defined to provide priority levels for access to the operating channel. During the IFS durations, the STA shall sense the channel to determine the channel is idle before it start to transmit data unless it is expected to transmit an ACK which can skip channel sense. 
Figure 2 shows the data exchange procedure from a source STA to a destination STA. Before a source STA to transmit, it shall sense the channel by using CS mechanism to determine if the channel is idle. The CS mechanism combines physical CS and virtual CS to determine the busy/idle state of the channel. When either function indicates a busy state, the channel shall be considered busy; otherwise, the channel shall be considered idle. The physical CS mechanism shall be provided by carrier sense/clear channel assessment (CS/CCA) using energy detection. The virtual CS mechanism is referred to the NAV.
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Figure 2: RTS/CTS/data/ACK and NAV setting
If the channel is determined to be idle for DIFS duration, the source STA may start to transmit a RTS frame before the actual data transmission. The destination STA shall feedback the CTS frame after it receives the RTS frame and determines the channel is idle for SIFS duration. If the source STA receives the CTS frame from the destination STA and determines the channel is idle for SIFS duration, it can start to transmit data information. At the receiver side, after the data is successfully received, the destination STA can start the transmission of ACK frame immediately after a SIFS period without determining the busy/idle state of the channel. For other STAs except the source and the destination STAs, a NAV value shall be set according to the value announced in RTS/CTS frames right after they received RTS or CTS frames. This NAV value indicates the duration information which provides a prediction of future traffic on the channel. 
If the channel is determined to be busy, the STA shall defer until the end of the current transmission. After deferral, or prior to attempting to transmit again immediately after a successful transmission, the STA shall select a random backoff interval. The backoff interval counter is decremented every time the channel is considered to be idle. When the counter reaches zero, the STA may transmit.
Note that Wi-Fi system is one kind of LBE though it does not verbally follow exact LBT definition in ETSI standards. If Wi-Fi system works in Europe or Japan, it shall follow the corresponding requirements, e.g., the CCA observation time shall be not less than 20µs and the maximum channel occupancy time shall be less than (13/32) × q ms in Europe, the maximum channel occupancy time shall be less than 4ms in Japan. If it works in other regions, there are no such limits.
Impacts on LAA physical layer design
LBT mechanism/carrier sense provides an opportunistic channel access to share the unlicensed spectrum in the 5GHz bands in Europe and Japan to avoid concurrent transmissions/interference with other RLAN systems. However, this mechanism may impact on the physical design of LAA. For example, CCA should be applied before transmission on unlicensed carrier for both eNB and UE, which will impact on eNB/UE behaviours since carrier sense capability is required. 
For downlink transmission, in current LTE system, UEs acquire timing and frequency synchronization by tracking on periodically transmitted reference signals. If LBT mechanism is considered, reference signals may lose the opportunity for transmission when they are supposed to transmit and UEs may fail to achieve synchronization, RRM measurement, etc. From transmission point of view, UE CSI feedback is important for LTE system to achieve better throughput. With opportunistic transmission, the time interval between CSI measurement and CSI use may be extended, the channel state when UE determines CQI/PMI/RI may be inconsistent with the channel state when eNB has the opportunity to use them, so the reported CSI may be not suitable for the transmission and the benefit loss due to using inaccurate CSI may be observed. Also, how to perform ACK/NACK feedback and how to operate HARQ procedure should be considered. 
For uplink transmission, UEs may lose the opportunity for transmission at eNB assigned time, so there may be a mismatch between eNB scheduling and availability of channel occupancy for UE transmission, which may lead to incorrect demodulation at eNB side. Therefore, the impact of LBT mechanism should be carefully considered for LAA design.
In addition to LBT mechanism/carrier sense, there may be other channel access mechanism which can also achieve a harmonized coexistence between technologies applied in unlicensed spectrum but with less impact on LTE system. One example is preconfigured small cell on/off periods between LTE and Wi-Fi as well as between LTE operators.
Proposal 4: Some functionalities should be supported to meet the regulation on coexistence, including carrier sensing, discontinuous transmission (i.e., on/off), and potential contention resolution. 
In the SID [1], a single global solution framework for LAA to unlicensed spectrum using LTE is suggested. As summarized in Table 1, different regions may have regional technical requirements. Under the same framework, the LAA-LTE would provide a global solution with different options to better fulfill the regional requirements. The regional options may have different solutions, parameters, requirements, or performance gains. They could be studied under the same framework, but with different designs and harmonize them later on.
3 Conclusion
In this contribution, the existing regulatory requirements affecting physical layer design are reviewed and the corresponding impacts on LAA using LTE for unlicensed spectrum deployment in the 5GHz bands are analyze. The following observations are made:
Proposal 1: LAA-LTE design should focus on channel bandwidth of 5MHz and above.
Proposal 2: TPC function is already supported in current LTE and has no additional impact on LAA-LTE physical layer design.

Proposal 3: DFS function has no additional impact on LAA-LTE physical layer design.

Proposal 4: Some functionalities should be supported to meet the regulation on coexistence, including carrier sensing, discontinuous transmission (i.e., on/off), and potential contention resolution. 
Note that under the same framework, the LAA-LTE would provide a global solution with different options to better fulfill the regional requirements. The regional options may have different solutions, parameters, requirements, or performance gains. They could be studied under the same framework, but with different designs and harmonize them later on.
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Appendix
The summary of regions where each regulatory requirement is in effect is shown in Table 1.
Table 1: Summary of regions where the regulatory requirements are in effect
	Requirements
	5150-5250 MHz
	5250-5350 MHz
	5470-5725 MHz
	5725-5875 MHz

	Frequency open to indoor RLAN only
	Europe, 
South Africa, Turkey, 

Brazil, 

China,
Japan
	Europe, 
South Africa, Turkey, 

Brazil, 

China,
Japan
	
	

	Frequency open to WAS/RLAN/FWA
	Israel, 

Russia, 

USA,

Canada,

Mexico, 

Korea (5100-5250), 

India, 

Singapore, 

Australia
	Israel, 

Russia, 

USA,

Canada,

Mexico, 

Korea, 

India, 

Taiwan, 
Singapore, 

Australia
	Europe, 
Russia (5650-5725), 

South Africa, 

Turkey, 

USA,

Canada (5470-5600, 5650-5725),

Brazil (5470-5590, 5650-5725), 

Mexico (5470-5600, 5650-5725), 

Japan, 

Korea (5470-5650), Taiwan (5470-5590, 5650-5725), Singapore, 

Australia (5470-5600, 5650-5725)
	Europe, 
Russia (5725-5825), 

USA (5725-5850),

Canada (5725-5825),

Brazil (5725-5850), 

Mexico, 

China (5725-5850, light licensed), 

Korea (5725-5825, Point To Point transmission only), 

India, 

Taiwan(5725-5850), Singapore(5725-5850)

	Occupied Channel Bandwidth 
	Europe,

Russia 
	Europe,
Russia
	Europe,
Russia

	

	TPC
	
	Europe, 
Russia,
USA,

Canada,

China, 

Japan, 

Korea, 

Australia
	Europe, 
Russia,
Turkey, 

USA,

Canada (5470-5600, 5650-5725),

Japan, 

Korea (5470-5650), 

Australia (5470-5600, 5650-5725)
	Europe

	DFS
	
	Europe, 
Russia,
USA,

Canada,

China, 
Japan, 
Korea, 
Australia
	Europe, 
Russia,
Turkey, 

USA,

Canada (5470-5600, 5650-5725),

Brazil (5470-5725), 

Japan, 
Korea (5470-5650), 
Australia (5470-5600, 5650-5725)
	Europe (5725-5850)

	LBT/Carrier sense
	Europe, 
Russia,
Japan
	Europe, 
Russia,
Japan
	Europe, 
Russia,
Japan
	


Note 1: Within each frequency range, the band(s) in brackets is the effective band(s) in that region.

Note 2: European Union includes Austria, Belgium, Bulgaria, Croatia, Cyprus, Czech Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Ireland, Italy, Latvia, Lithuania, Luxembourg, Malta, Netherlands, Poland, Portugal, Romania, Slovakia, Slovenia, Spain, Sweden, United Kingdom, etc.







