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1 Introduction

The usage of unlicensed spectrum for access to the Internet has grown to support over 50% of all Internet traffic dominated by Wi-Fi technology operating at low power and over short distances.  Internet traffic has continued to grow at a rapid rate, and it has also become a key part of cellular services with cellular systems providing widespread mobile access for data.  There is a drive to wider bandwidth operation with carrier aggregation becoming widespread for LTE and 80 MHz equipment becoming the norm for Wi-Fi in the 5GHz band.  Smart phones support both cellular and Wi-Fi data access, and the interworking of cellular and Wi-Fi has become increasingly automatic and seamless with recent extensions of cellular and Wi-Fi interworking to support automatic transfers and security procedures; IP session continuity; and handoffs for voice services.  Wider bandwidth operation and rapidly increasing data demand are driving usage of higher frequency bands and small cell architecture.  Higher frequency bands and small cells together with regulatory spectrum policy motivate the usage of unlicensed spectrum.   Unlicensed spectrum access is now seen as a key part of 5G with many envisioning a unified approach for licensed, shared and unlicensed spectrum.
In the last 2 years, a major effort has proceeded in 3GPP release 13 to adapt 4G LTE to work in unlicensed spectrum.  LAA or Licensed Assisted Access is based on existing carrier aggregation specifications with an anchor carrier in licensed spectrum and secondary carriers in unlicensed spectrum.    Key adaptations include spectrum sharing techniques such as Listen Before Talk (LBT) and discontinuous transmissions.  Some have suggested that LAA is a precursor for the usage of unlicensed spectrum by cellular systems in 5G.
The IEEE in parallel has also proceeded with the next generation Wi-Fi technology called 802.11ax to follow the current generation of Wi-Fi based on 802.11ac.  A key goal of 802.11ax is to support very high density scenarios. The existing 802.11AC standard is already capable of multi-Gbps transmission rates and supports transmit beamforming, MIMO and other advanced techniques, and typical AP’s now support over 1 Gbps rates using 80 MHz channels with 256-QAM and 3x3 or 4x4 MIMO.  802.11AX will introduce OFDMA, enhanced downlink scheduling and uplink scheduling and other techniques such as adaptive or smart LBT to improve performance in very high density scenarios.
Wi-Fi is already heavily using the 5GHz unlicensed band and 802.11ax will also use the 5 GHz band as well as other bands.  LAA focuses on the 5GHz band also.  While consideration of other unlicensed spectrum for 5G is likely, especially mmWave spectrum, the 5 GHz and nearby bands will continue to be very important due to the substantial amount of unlicensed spectrum available there on a global basis combined with propagation characteristics supporting significant non-line-of-sight operation compared to mmWave options.  Fair coexistence between Wi-Fi and LAA has received much attention in the last year and has been the topic of considerable discussion.  It has also drawn the interest of regulatory bodies.  Standards for 60 GHz unlicensed technologies will also likely use LBT procedures and having some commonality between the spectrum access procedures for different 60 GHz technologies is also desirable.  The LAA and Wi-Fi discussions appear to be only the first phase of a longer term relationship between the cellular, Wi-Fi and other communities regarding etiquettes for the fair and efficient sharing of unlicensed spectrum for wireless data access for a wide range of applications including real time services and for a plurality of frequency bands.  The usage of unlicensed spectrum and its harmonization with licensed spectrum technology will be a key part of 5G.  Issues regarding a common unlicensed spectrum access protocol are of interest to support high performance for Wi-Fi, 5G cellular unlicensed spectrum technology and other technologies.
2 Discussion
The sharing of unlicensed spectrum, especially the 5 GHz band, between Wi-Fi (802.11ac and 802.11ax) and cellular (LAA and 5G), makes fair and high performance spectrum sharing protocols of critical importance.  Both Wi-Fi and unlicensed cellular technologies have many common problems regarding access protocols.  They must also be designed to operate in many different scenarios including with legacy Wi-Fi devices present, with other unlicensed devices present, and with new Wi-Fi and cellular devices in the same area and on shared channels in dense scenarios.  Support for real time services as well as best effort data is needed.
Both Wi-Fi and cellular support 20 MHz channels or multiples of 20 MHz channels and the usage of 20 MHz channels and aggregation of 20 MHz channels is likely to dominate technology for broadband unlicensed applications at 5 GHz. The 20 MHz channels used by LAA and Wi-Fi are expected to have aligned channels between different technologies.
Non-broadband technologies often use more narrow channels or use substantial spread-spectrum processing and usually have low or very low duty cycles or low transmit power.  As long as they have low to very low duty cycles or low power, other devices are relatively friendly to unlicensed cellular and Wi-Fi devices simply by virtue of low occupancy/power.  But broadband access devices tend to use near maximum power to achieve adequate Eb/No for the high bit rates in use and they tend to occupy channels at high percentages, at least locally in time.  These characteristics combine to motivate strong coexistence protocols since broadband devices are individually potentially high resource users of unlicensed spectrum while also being vulnerable to competing devices.
LBT for devices using unlicensed spectrum is a requirement in Europe and in Japan.  It is used globally by Wi-Fi and is expected to be a key part of LAA.  Exponential backoff for the random countdown used in the LBT procedure to resolve contention between devices is used globally by Wi-Fi and it is also expected to be a key part of LAA.  Wi-Fi also waits a short period after the end of competing transmissions before beginning/resuming any LBT procedure which is known as an initial defer, and LAA is likely to also include this type of feature.  It allows the immediate transmission of short control messages such as an acknowledgement just after a data packet from the receiving device without interference in most cases.
During LBT, Wi-Fi detects other Wi-Fi devices at 20 to 30 dB (-82 dBm to -92 dBm) below Wi-Fi energy detect levels (-62 dBm) by using a preamble detection circuit to sense other devices’ transmissions which provides a high degree of friendliness to the transmissions of other Wi-Fi devices.  This preamble detection circuit is Wi-Fi waveform specific.  LAA is likely to include support for energy detection levels well below -62 dBm, at least with adaptation, to substitute for Wi-Fi preamble detection sensitivity.   Wi-Fi devices also optionally transmit a Ready To Send (RTS) short control message prior to a data packet, and it is mandatory that an addressed device transmits a Clear to Send (CTS) message if it hears an RTS message.  This is an explicit method to solve hidden-node problems.  

Neither preamble detection/transmission nor RTS/CTS compatible protocols appear likely to be mandated for LAA.  However, these protocols have been maintained across the existing 3 generations of 5 GHz Wi-Fi technology; including 802.11a, 802.11n and 802.11ac.  Also, the existing framework for 802.11ax requires compatibility with the legacy Wi-Fi preambles and is likely to also include compatible RTS/CTS.  This provides benefits for coexistence between generations of Wi-Fi to enhance performance.
LAA may include a preamble based on LTE waveforms.  This preamble may be several LTE OFDM symbols in length and may provide information useful for time synchronization, frequency offset compensation and other information.  It may also support the exchange of information with other LAA devices including information to support improved performance such as allowing high frequency reuse between LAA devices, possibly approaching a reuse of 1 for devices managed by a single operator or improved interference management between operators.
With Wi-Fi and LAA both using and/or considering the usage of over-the-air signalling of information to enhance coexistence and performance, this raises the question of over-the-air signalling to improve performance for 5G.  Wi-Fi and LAA appear likely to use similar basic methods for unlicensed spectrum access that do not require waveform compatibility, and they are expected to use LBT with exponential backoff, limited transmission periods, and other common features to support coexistence.  However, these features cannot provide the information possible with digital signalling to improve performance.
2.1 Legacy Unlicensed Spectrum Coexistence Issues

The existing 5 GHz Wi-Fi generations: 802.11a, 802.11n and 802.11ac have maintained significant compatibility and coexistence features.  They use a common 20 MHz channel plan for 5 GHz. They transmit and receive a common legacy preamble which supports carrier sense or detection of signals reliably at low levels near the noise floor.   The inclusion of a channel occupancy duration field as part of the legacy header allows other devices to know how long a competing device will use the channel.  The Wi-Fi generations also support the optional usage of RTS with a mandatory response of CTS to an addressed device which can resolve hidden node problems and reserve the channel for a specified period of time.
The generations of Wi-Fi use common procedures for LBT.  LBT includes an Energy Detect (ED) threshold at -62 dBm for a 20 MHz channel and < -82 dBm carrier sense based on preamble and packet duration field detection with actual implementations often achieving -92 dBm or lower sensitivity for carrier sense.   Some extensions for LBT are included for multi-carrier operation, but primary carrier LBT operation is common.  Contention between devices is accomplished by drawing a random number to determine how long a device must wait once a channel becomes idle before the device transmits.  The range of the random number used for contention is a function of the service type of the data flow to support QOS for voice, video, best effort data and background data.  And the size of the contention window is exponential or is doubled each time a packet is not acknowledged to address increased probability of collision when operating with a large number of devices.  These features are common between the Wi-Fi generations.
The new 802.11ax standard framework draft includes support for legacy Wi-Fi coexistence features.  Details remain to be determined.  Downlink operation is expected to be compatible with legacy Wi-Fi channel contention and LBT, including support for the legacy preamble and legacy RTS/CTS to resolve hidden node problems.  The Uplink may have some larger distinctions due to the introduction of OFDMA and scheduling on the UL by the AP’s instead of autonomous uplink transmissions.  Due to triggering a group of devices to transmit concurrently using OFDMA multiplexing, it remains TBD how LBT will be distributed between AP’s and multiple STA’s for UL transmissions and the parameters that will be used for an UL LBT.  Together these features will support strong coexistence with the previous generations of Wi-Fi.
LAA with 3GPP release 13 will be based on LTE carrier aggregation, and it will include an anchor carrier in licensed spectrum and a supplemental downlink carrier in unlicensed spectrum.  It is expected to include modifications for the unlicensed carrier for coexistence such as discontinuous transmission, LBT and maximum transmit periods of a few msecs.  It is also expected to share 20 MHz channel plans for 5 GHz with Wi-Fi.  It appears likely that the LBT procedure will also include exponential backoff in contention.

LAA is not expected to mandate support for Wi-Fi legacy preamble transmission/reception nor for legacy Wi-Fi RTS/CTS which also uses legacy Wi-Fi preambles.  However, some contributions have shown that such features could improve coexistence.
5G cellular unlicensed spectrum cellular access may include some degree of compatibility with release 13 and following LAA specifications.  LBT protocols will probably retain basic features, and it may be desirable to support waveform compatibility for features supporting enhanced performance.
LAA technology has a natural clock of 30.72 MHz for sampling the transmission waveforms while Wi-Fi has a natural clock of 40 MHz.  This distinction and other issues present some barriers to sharing of waveform signalling for enhanced coexistence.  But there is a simple 4/5 x 4/5 x 6/5 ratio between these natural clocks which is readily exploited for harmonization of circuits: both technologies use 20 MHz channels; and both technologies operate under the same regulations for the usage of unlicensed spectrum.  A larger issue may be the complexity of 2 major standards groups, 3GPP and the IEEE, and the timing of different developments and standards to share over-the-air signalling with common waveforms for unlicensed access protocols to enhance unlicensed spectrum access with the digital exchange of information.  But the usage of basic unlicensed access protocols without regard to waveforms with a high degree of similarity appears more certain.
2.2 Downlink Unlicensed Spectrum Access Issues
802.11ax may include adaptive or smart LBT procedures. Smart LBT procedures could address the conflict between LBT sensitivity and frequency reuse.  A key problem with LBT is that with lower signal level thresholds, the probability of creating interference for other devices is reduced which improves throughput and latency performance.  This can be especially important to protect real time services such as VoIP.  But lower signal level thresholds for LBT also reduce the opportunity for a device to transmit and this factor reduces performance.  To address this conflict in performance, 802.11ax may include smart algorithms with variable thresholds.  Suppose the path loss from a device contending for a channel to a victim device is known; the expected duration of activity at the victim device is known; the allowable impairment level at a victim device is known; and the required QOS or service type are all known.  Then a contending device may make a decision about transmission with significant knowledge about the cost.  But such procedures require digital information signalling between contending devices with waveform compatible protocol processing.
LTE and LAA support the usage of Transmit beamforming (TXBF) and RXBF, especially on the DL’s since base stations may have a number of antennas, to enhance performance, and 802.11AC provides a standardized method for explicit TXBF for Wi-Fi.  It has been observed that the usage of TXBF, especially higher order TXBF, or directional antennas, can create side effects for LBT for access to unlicensed spectrum by introducing an additional factor of variability in the level of the transmit signal as seen by a potential interferer as compared to omni-directional transmissions.  Wi-Fi helps to address this issue by transmitting preambles without TXBF.  LAA may choose a similar solution of transmitting some signals without TXBF for purposes of assisting LBT.  These solutions generally depend upon digital signalling to convey information about expected channel occupancy duration.  This issue is a significant motivation for common digital signalling between unlicensed spectrum technologies sharing the same channels, because beamforming introduces an unlicensed spectrum access protocol problem by adding signal level variation to a signal occupied by an active device as seen by a competing device which can degrade simple ED LBT protocols.
Work at 3GPP on LTE has included significant efforts on MIMO and 3D and/or Massive-MIMO.  The usage of advanced antenna techniques including highly directional operation is one of the major tools being enhanced by the cellular industry to help address capacity for broadband data access for 5G.  It can be expected that much of this work will be important for unlicensed spectrum access as well as licensed spectrum access.  But directional antennas and especially highly directional antennas do interact negatively with traditional LBT protocols and especially with basic energy detect protocols.
The problem of beamforming and LBT interacts with RTS/CTS in a positive way.  If beamforming is enabled while RTS/CTS messages are sent and received, then the potential interference between an aggressor and victim device is seen directly without distortions caused by beamforming on links other than the direct impairment link.  This problem is very acute for mmWave systems with massive beamforming on the order of 100 antenna elements, and solutions there are likely to rely strongly on RTS/CTS or similar exchanges to take direct measurements of impairment paths.  Where substantially directional antennas are used for 5 GHz Wi-Fi, the usage of RTS/CTS is generally recommended.  That relies on common waveform signalling.
MU-MIMO is a desirable feature to enhance performance, especially on DL’s due to the number of antennas at base stations, and LTE/LAA and Wi-Fi have introduced this technology.  However with small cells, the traffic statistics may show greater variability than in large cells due to the effects of a smaller number of users which can limit MU-MIMO effectiveness.  Adding multi-cell/multi-AP operations to MU-MIMO (Multi-cell or distributed MIMO) is one way to mitigate the effect of small numbers by allowing MU-MIMO to operate between cells or AP’s.  However, this requires at least some knowledge of the channel states between the relevant nodes and the transmission activity.  The sharing of channel state information also depends on some common channel state information signalling.
2.3 Uplink Unlicensed Spectrum Access Issues
The work on LAA has exposed a conflict between the normal UL scheduling used for LTE and LBT performed by a device which has been scheduled to transmit.  If a device checks the channel for idle with LBT only when it is scheduled to transmit, this may limit the opportunities for the device to transmit.  And if a device fails LBT when it has been scheduled to transmit, this may waste an opportunity to transmit to the controlling base station for another device which could have passed LBT.  This issue is further complicated by the usage of OFDMA on the UL where one device may succeed with a LBT that was assigned only limited resources while another device may fail LBT which was assigned a large number of resources in a case where these resources are concurrent in time using different frequency resources.  
On the other hand, transmitting at a scheduled time on the UL without any LBT by a device with LBT performed only by a base station on a preceding transmission may generate high levels of interference at a victim device.  This problem may be considered as a “double hidden node” issue.  If LBT is only performed by a base station prior to a scheduled transmission by an attached device, then the device performing LBT is removed from the device which will be transmitting a potentially impairing signal by the connecting RF link and the associated propagation uncertainty.  Any devices which may be victims are receivers and are separated from the associated transmitting devices, which can be heard by LBT protocols, by the uncertainty of propagation between them.  Hence transmitting on the UL based on scheduling without LBT at the device but depending on LBT at the base station combined with operation without RTS/CTS or a similar mechanism to resolve normal hidden node problems results in both aggressor and victim links having a degree of propagation separation each in any LBT measurement resulting in a double hidden node problem overall.
The work on 802.11ax has also observed the issue of conflict between a scheduled UL and LBT on the UL and the further complications of OFDMA for this issue on the UL.  Proposals to address this issue for both LAA and 802.11ax include either no LBT for scheduled UL’s or some limited form of LBT on the UL such as a single slot measurement and possibly higher ED thresholds than are used for DL’s.   Solutions to this problem do not necessarily rely on common digital signalling between devices except for some form of RTS/CTS, but this is a common issue for high capacity/performance unlicensed wireless access.
2.4 Carrier Aggregation for Unlicensed Spectrum

LTE carrier aggregation is a key feature and is the basis for LAA with the aggregation of a licensed and an unlicensed carrier.  Wi-Fi also aggregates carriers in the 5 GHz unlicensed band.  Both of these technologies aggregate 20 MHz carriers (up to 20 MHz in the case of LTE).   
Carrier aggregation is likely to also be a key feature of 5G, including the aggregation of licensed and unlicensed carriers; possibly over a very side range of frequencies from < 1 GHz to > 60 GHz.  Carrier aggregation can increase the reliability of wireless broadband access by providing diversity between carriers.  It can also increase delivered bit rates, of course, and protect the high bit rates of small cells using higher frequencies with seamless fall-back to large cells on lower frequencies.  Carrier aggregation at the IP packet level using protocols such as MP-TCP has certain advantages such as the disentanglement of lower layers enabling standards and product developments in licensed and unlicensed spectrum to proceed independently while carrier aggregation at lower layers can support shared RF circuits with adjacent carrier operation.
Carrier aggregation of multiple unlicensed carriers is also attractive to support very high transmission bit rates, but it also comes with some complications due to the need to support unlicensed spectrum access protocols on multiple carriers.  LBT needs to be performed on each carrier, but LBT on one carrier is generally not feasible if transmitting on another carrier within a single device due to transmit noise coupling to the receiver attempting LBT.  Multi-carrier Wi-Fi protocols coordinate the LBT’s between carriers into a joint protocol which upon completion is followed by transmissions on multiple carriers starting at the same time.  For LAA it is proposed to start the transmissions on multiple carriers at the same time and coordinate the preceding LBT’s on multiple carriers to complete with some coordination prior to starting transmissions.  Wi-Fi allows transmission on a primary carrier only or on a reduced set of carriers if LBT fails on additional carriers.  LAA may allow a more flexible approach such that any carriers that pass LBT within a certain window of time are allowed to transmit, and carriers that fail LBT are abandoned until future transmit opportunities.

Wi-Fi 802.11ac aggregates specific adjacent 20 MHz carriers into pairs for 40 MHz 2-carrier operation, and it further aggregates specific adjacent 40 MHz pairs together for 80 MHz 4-carrier operation.  This allows 4 or 5 non-overlapping 80 MHz 4-carrier groups in most countries in the 5 GHz band.  With this arrangement, it is possible to support 1, 2 or 4 carriers with a single RF chain supporting multiple bandwidths.  This also provides simple rules to ensure that the selection of an 80 MHz 4-carrier group either fully overlaps the selection made by a different device or it does not overlap at all which is helpful for frequency planning and frequency reuse with either coordinated or uncoordinated situations.  LAA may adopt a more flexible approach including aggregation of non-adjacent unlicensed carriers within the 5 GHz band and aggregation of carriers that overlap multiple 80 MHz Wi-Fi 4-carrier groups.  This may allow more dynamic usage of unlicensed spectrum and improved probability of finding some free spectrum at any given point in time.
The usage of different rules for the aggregation of unlicensed spectrum by different technologies may impact efficiency.    The differences may include aggregating different channels into sets for operation.  And different multi-carrier LBT procedures may be used.  Carrier aggregation, including aggregation of licensed and unlicensed carriers is expected to be an important tool for 5G, and the issues of carrier aggregation for unlicensed spectrum and coexistence with other technologies will play a significant role.
3 Observations
Observation:  

1) Unlicensed spectrum, especially above 5 GHz, is likely to play a major role in 5G cellular systems due to significant spectrum availability globally, no cost for spectrum usage, and a need to efficiently use limited spectrum by sharing between all users.  The continuing rapid increase in wireless Internet traffic is driving higher RF frequency operation, wider bandwidth systems and small cell architecture.
2) Strong coexistence with existing and evolving devices, especially other broadband access devices, using unlicensed spectrum is a critical consideration for 5G unlicensed spectrum technology. LBT and discontinuous transmission are basic mandatory features.  The existing usage of 20 MHz carriers for LTE and Wi-Fi forms a natural basis for common channelization for < 6 GHz operation.  Strong coexistence may include waveform compatible signaling for enhanced reliability, information exchange and improved unlicensed access protocols between technologies. 
3) Unlicensed spectrum access for 5G base stations (eNB’s or AP’s) to support downlink procedures should consider coexistence and spectrum access issues related to Massive MIMO, high-order TXBF, MU-MIMO, QOS for different types of traffic including real-time traffic, beacons, hidden nodes, and other factors.  TXBF and RXBF enhance desired link performance but will exacerbate hidden node problems, and this problem increases in severity with the number of antenna elements to the point that it renders conventional LBT ineffective with sufficient antenna directionality.
4) Unlicensed spectrum access for 5G user devices (devices or STA’s) for uplink directions should address coexistence and spectrum access issues related to scheduled access by the eNB or AP conflicting with UL LBT procedures, double-hidden nodes, and other factors.
5) A common method of aggregating carriers for 5G unlicensed spectrum technologies is desirable for best coexistence and efficiency.   The most basic issue regarding aggregation is what channel sets or groups are used to achieve a certain level of aggregation.  And the joint multi-carrier LBT procedures also impact coexistence.
4 Conclusions
While many technologies share unlicensed spectrum, broadband devices tend to be high users of resources which motivates strong coexistence features.  With LAA and Wi-Fi we already see unlicensed spectrum access protocols emerging with common basic features including discontinuous transmission, LBT, exponential backoff, and initial defer periods.  These technologies share similar problems with TXBF and RXBF interacting with hidden node problems, and the scheduling of UL transmissions by an eNB or AP interacting with LBT by devices.  As high performance features increase for unlicensed devices, this is resulting in greater coordination and information exchange between competing devices.  With 5G, there is an opportunity and need for strong and increasing commonality in unlicensed access protocols among devices using unlicensed spectrum for high performance.
