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Discussion and Decision
1 Introduction

The existing LAA coexistence evaluation effort has been focusing on scenarios from 3GPP TR 36.889 [1].   Some companies have been presenting results for both indoor and outdoor environments showing LAA providing about 2x the User Perceived Throughput (UPT) of Wi-Fi over some range of conditions.  That is similar to showing that LAA is providing about 2x the capacity of Wi-Fi.

There has been limited examination of the reasons for these large differences in LAA versus Wi-Fi throughput performance.  Some suggestions have been put forward, but the discussion through contributions and meetings has not been significant so far in the coexistence evaluations.  The importance of this is not on the basis directly of Wi-Fi versus LAA UPT performance, and indeed that is not part of the coexistence evaluations, but rather the issue is the relevance to coexistence.  

If LAA can achieve large factors over Wi-Fi in UPT or throughput, then LAA will show much lower channel and Buffer Occupancy (BO) than Wi-Fi for a given traffic offered load.    Low BO can produce friendly coexistence results for both best effort data and real time applications simply due to low occupancy of the channel and low collision rates while actual direct coexistence mechanisms may be masked.  In general, there is agreement that higher BO by either Wi-Fi or LAA for one system directly translates to reduced performance for another system due to increased contention for the channel.  Hence the issue of UPT for Wi-Fi and for LAA directly relates to BO and channel occupancy and hence to coexistence.
The assumptions made for Wi-Fi and LAA systems strongly impact the performance results.  Wi-Fi systems are rapidly evolving.  There is a vast embedded base of Wi-Fi devices that goes back over 10 years, but today, 802.11ac devices have been ramping up and 2nd generation 802.11ac is beginning with MU-MIMO.
This contribution examines factors in the approximately 2x UPT shown in some contributions between Wi-Fi and LAA and relates these to existing assumptions in the evaluation scenarios.   The state of actual Wi-Fi equipment and its evolution and operator requirements for Wi-Fi equipment are discussed.  What emerges is that assumptions for Wi-Fi appear to be simplistic and constraining on Wi-Fi performance resulting in a poor baseline for Wi-Fi performance.  This is relevant because the impact is that LAA is less loaded compared to Wi-Fi with these assumptions resulting in the masking of direct coexistence mechanisms by low channel occupancy or BO for LAA.   Proposals are made for more realistic evaluations to support robust coexistence.

2 Discussion
Over the last 6 to 12 months, there has been a burst of activity to launch new 802.11ac AP’s in home gateways, large venues and public access systems.  
1) Comcast announced in September, 2014, the DPC3941T Xfinity Wireless Gateway based on 802.11ac supporting 3x3 with explicit TXBF and 80 MHz capability.   
2) Verizon announced 802.11ac with 80 MHz channels, explicit TXBF with 3x3 in November, 2014 using the FiOS G1100 home gateway.  
3) AT&T announced 802.11ac with 80 MHz channels, explicit TXBF with 3x3 in December, 2014 using the U-verse Gateway - Motorola NVG599. 

4) Cable Labs announced Wi-Fi Requirements for Cable Modem Gateways based on 802.11ac with 80 MHz channels, explicit TXBF with 3x3 and with short guard interval support for higher throughput in December, 2014 [3].
An examination of these systems reveals that they support and are configured for a number of performance and throughput enhancing features that are not included in the existing coexistence assumptions [1].  These distinctions translate into significantly lowered UPT for Wi-Fi and then to low BO for LAA in comparative analysis with equal offered load.  Among these issues are explicit TXBF, 80 MHz support, short guard intervals, by implication rapid rate adaptation based on the channel information associated with explicit TXBF, carrier aggregation between 2.4 and 5 GHz Wi-Fi, and the introduction of 3x3 and 4x4 low-cost SOC Wi-Fi systems.  The combined throughput implications of these factors can be quite large and may substantially reduce the large factors in UPT shown between Wi-Fi and LAA in some cases and in some cases may even reverse the results [2].
The following sections discuss each of these issues individually.  We then propose that assumptions for Wi-Fi in coexistence evaluations with LAA should at least be based on what is already shipping in high volume, and optionally that the Wi-Fi capabilities that are expected to be shipping in 2016 should be considered.
2.1 Wi-Fi Transmit Beamforming

Explicit and standardized TXBF is a key feature of 802.11ac.  Even 802.11n systems often employed some form of TXBF, but there was not a single standardized approach, and so usage varied and its adoption was limited by the variety of approaches, but the potential of TXBF became well understood.  And so a strong objective of the 802.11ac standards work was a unified and single standardized approach to TXBF.  This resulted in specifications that support a short exchange of channel sounding signals just prior to a data packet.  An AP will send a sounding frame or Null Data Packet (NDP), and the STA responds with channel state information compressed into a beamforming report to the AP.  With a single standardized approach, TXBF is interoperable for 802.11ac equipment between different suppliers.  While implementing TXBF is optional in 802.11ac, it has become a baseline feature now in 802.11ac deployments and for example is required by CableLabs specifications [3].
The performance gain in UPT with and without TXBF compared to open-loop or STBC depends on many factors and can only be evaluated within the context of specific test scenarios.  But studies show that gains for 2x2 operation may be 1.5 to 3 dB under fading conditions over open-loop or STBC links, and throughput gain depends on the SNR, but the gain can be greater than 50% at very low SNR in the 0 to 10 dB range; about 20% to 30% in the 10 to 20 dB SNR range; and about 10% to 20% for SNR > 20 dB. The gain also depends on transmission rank with higher gain for rank = 1.
The existing evaluations assume TM4 or TM10 for LAA which includes per user TXBF with explicit feedback information while Wi-Fi uses open-loop STBC which appears to disadvantage Wi-Fi significantly by reducing SNR at the receiver and forcing the usage of lower MCS/rank and/or operation with higher PER.

Implementing TXBF is optional in 802.11ac, but it has become a baseline feature now in 802.11ac deployments.  Evaluation of coexistence with explicit TXBF for Wi-Fi is proposed to conform with equipment now shipping in high volume for Wi-Fi.
Proposal: Coexistence evaluations should use explicit TXBF for 802.11ac Wi-Fi as is now common with home gateway equipment and other AP’s.

2.2 Wi-Fi MCS/Rank or Rate Adaptation

MCS/rank adaptation for Wi-Fi is not standardized and is left for the innovation of the equipment producer.  The existing assumption for Wi-Fi is to use the Minstrel algorithm which assumes only knowledge of ACK/NAK.  This algorithm is quite old and while it is simple and relatively robust, it can only follow changes in the channel state very slowly.  These limitations are well known and MCS/rank adaptation enhancement has been the focus of many studies and published works.  

The characteristics of the Minstrel algorithm are problematic for a situation with significant birth/death of strong interference which is the focus of the coexistence studies.  While the algorithm will reduce MCS/rank fairly rapidly at the onset of interference, it does so more slowly than an approach with more information than ACK/NAK such as SNR and mutual information.  But it is much slower for increasing MCS/rank after the death of interference as it probes the system periodically with a packet with higher MCS/rank and if successful it will gradually raise the MCS/rank.  This results in significant waste of link throughput opportunity.
The introduction of explicit TXBF provides detailed channel state information to the sender prior to data packet transmission and hence direct information for accurate and high speed MCS/rank adaptation which we should expect is being of use.  LTE and hence LAA has embedded signals for direct and efficient MCS/rank adaptation.  Using the Minstrel algorithm for Wi-Fi while 802.11ac equipment with fast channel state feedback information is being deployed improperly disadvantages Wi-Fi.
Proposal: Coexistence evaluations should be based on fast MCS/rank adaptation using explicit TXBF information for Wi-Fi.

2.3 Wi-Fi Guard Interval

The usage of long guard intervals are specified in the coexistence evaluations.  But short guard interval support and usage is now required for compliance with Cable Labs specifications [3] and is now typical in new equipment.  The usage of long guard intervals results in a 10% bit rate penalty for Wi-Fi.  This translates into lower BO and channel occupancy for LAA than is realistic compared to Wi-Fi with up to date 802.11ac equipment.

Proposal: Coexistence evaluations should use short guard intervals for Wi-Fi.
2.4 Multi-Carrier 80 and 160 MHz Wi-Fi Operation
The evaluations of coexistence are based on 20 MHz Wi-Fi and LAA channels [1].  But 802.11ac bit rates go up 4.5x for an 80 MHz channel versus a 20 MHz channel since 234 tones are used to carry data for an 80 MHz channel versus only 52 tones used to carry data for a 20 MHz channel.  This results in a 12.5% penalty for the carried bit rate of Wi-Fi relative to typical equipment now being deployed.  On the other hand, LTE carrier aggregation scales linearly at the level of the number of usable tones.  Hence the usage of only 20 MHz channels disadvantages Wi-Fi bit rate relative to LAA LTE-U bit rate.  This translates into lower BO and channel occupancy for LAA than is realistic compared to 802.11ac Wi-Fi.  Support for 80 MHz channels is also required by Cable Labs [3].
Proposal: Coexistence evaluations should use 80 MHz 802.11ac channels with the higher efficiencies now common with Wi-Fi or adjust 20 MHz evaluations to reflect this factor.

2.5 Unlike Carrier Aggregation Issues
Some contributions discuss splitting the offered traffic load for LAA between a licensed and unlicensed carrier and present performance results with the traffic split between licensed and unlicensed carriers for LAA.  In these cases, 100% of the offered load is assumed for the Wi-Fi unlicensed carrier case, but for the LAA case, only a fraction of the load is carried on the unlicensed carrier.  This has the effect of lowering the BO or channel occupancy of LAA relative to Wi-Fi.   But Wi-Fi can also aggregate traffic on unlike carriers such as combining 2.4 GHz and 5 GHz carriers.  There exists client Wi-Fi SOC’s which supports simultaneous 2.4 and 5 GHz operation with carrier aggregation across frequency bands [4].
Considering splitting traffic between the unlicensed carrier or carriers under evaluation for coexistence purposes and some other type of carrier or resource appears outside the intent of consideration of fairness for Wi-Fi and LAA.  Both Wi-Fi and LAA unlicensed carriers can be complemented with aggregation with other resources.  A straight forward approach appears to be to only consider evaluation with all data traffic on the unlicensed carriers under coexistence evaluation.
Proposal: Coexistence evaluations should carry user data only on the target 5 GHz unlicensed carrier(s) to avoid confusion with possible aggregation either by LAA or by Wi-Fi with other systems and associated unfairness factors.

2.6 The Role of Traffic Models

The coexistence evaluations are using FTP model 3 with fixed file sizes of 0.5 Mbyte or 4 Mbits.  This is the optional and smaller size file used in RAN1 small cell studies with the baseline being 2 Mbyte files.   Assuming a nominal bit rate for LAA of only 100 Mbits/sec,  the 0.5 Mbyte file only requires 40 msec to transmit which is less than the 50 msec threshold for latency used in VoIP real time evaluations.  Furthermore, a random Poisson distribution of arrival times is used.  Taken together, this means that the traffic is spread out rather uniformly in time with randomness visible only locally in the models.  And this also means that gaps in the traffic are generally always available from a given time after some short period for any base station except for very heavy loaded situations.  This generally allows other real time devices to find suitable transmission opportunities for real time latency sensitive traffic.
The question with this is how realistic is this model which is friendly to real time traffic?   How realistic is a scenario where the traffic is highly spread in time with small files/bursts of data per transmission event?    Typical web pages today are on the order of 2 Mbytes.  The download of a single song may be 2 to 5 Mbytes, and the download of an album can easily be 50 Mbytes.  Video downloads and device synchronizations are usually larger.   Larger downloads of best effort data in the system will cause local buffer full situations in time which are not modelled with the existing evaluations and may result in optimistic conclusions for real time services on Wi-Fi.
Proposal: Further study of best effort traffic models and the effects on real time services should be considered since only using 0.5 Mbyte files may limit the occurrence of localized traffic congestion in time impacting real time traffic disproportionately.

2.7 Antenna Order
In the existing coexistence evaluations, 2x2 antenna configurations are the baseline for the downlink for both LAA and Wi-Fi.  This seems fair, but what is the underlying rationale for this assumption?  It appears to be to achieve fairness in cost.  A key factor in the widespread usage of Wi-Fi has been the development of very low cost System On Chip’s (SOC’s) which integrate almost the entire connectivity platform including all baseband processing, all basic RF functions for multiple TX and RX antennas, and interfaces to a host on a single CMOS die.  Wi-Fi 802.11ac SOC’s supporting 80 MHz channels, 3x3 TX/RX RF circuits, and host interfaces have been shipping for about 2 years, and low cost 4x4 SOC’s supporting TXBF and MU-MIMO are now ramping up in shipments.   Consideration of the low-cost of Wi-Fi versus antenna order is appropriate.
For LTE, the usage of high order FFT’s, HARQ with large soft decision buffers and other memory and logic intensive functions provides performance features important for some situations, but in small cell and pedestrian situations, some of those features are not required due to channels with small delay spread compared to macrocells and due to slow fading channels compared to high mobility channels.  LAA will largely carry the burden of costs associated with these features even though they are not of significant value in small cells with low mobility.  An LAA modem with multiple carriers may have SOC embedded memory requirements of 30 to 100 Mbits, depending on many factors to support a 300 to 600 Mbps DL while an 802.11ac 3x3 or 4x4 80 MHz modem may have 10 to 30 Mbits of memory and support over 1 Gbps.  There are similar factors for datapath complexity and processing logic.  LTE and LAA carrier aggregation, which is common with widely separated carriers, requires separate RF chains for TX and RX while Wi-Fi is organized for single RF chains for multiple carriers that are side-by-side. 
The existing coexistence evaluations are based on 2x2 TX/RX models for both Wi-Fi and LAA.  Yet actual costs of existing platforms and the underlying fundamental basis for costs for those platforms have large differences.  That means that deploying a 4x4 Wi-Fi AP may well be lower cost than a 2x2 LAA eNB.  For devices, the number of antennas may be constrained strongly simply by space, but that is generally not the case for small cell base stations with simple low gain antennas.  Should comparisons of Wi-Fi and LAA be based on costs for platforms or should it be based on the same number of antennas?   Fixing both Wi-Fi and LAA to have the same number of antennas is simple and makes the comparisons easier than considering more complex factors,  but it may be missing the larger picture.
On the basis of low-cost SOC availability and cost distinctions, it is also appropriate to consider 4x4 AP’s for Wi-Fi and 2x2 for LAA eNB’s and devices.
Proposal: Optionally, coexistence evaluations should consider 4x4 low cost SOC Wi-Fi AP’s with 2x2 LAA eNB’s and 2x2 devices to take into account underlying cost factors.
3 Proposals

[1] Coexistence evaluations should use explicit TXBF for 802.11ac Wi-Fi as is now common with home gateway equipment and other AP’s.
[2] Coexistence evaluations should be based on fast MCS/rank adaptation using explicit TXBF information for Wi-Fi.

[3] Coexistence evaluations should use short guard intervals for Wi-Fi
[4] Coexistence evaluations should use 80 MHz 802.11ac channels with the higher efficiencies now common with Wi-Fi or adjust 20 MHz evaluations to reflect this factor.
[5] Coexistence evaluations should carry user data only on the target 5 GHz unlicensed carrier(s) to avoid confusion with possible aggregation either by LAA or by Wi-Fi with other systems and associated unfairness factors.
[6] Optionally, coexistence evaluations should consider 4x4 low cost SOC Wi-Fi AP’s with 2x2 LAA eNB’s and 2x2 devices to take into account underlying cost factors.
[7] Further study of best effort traffic models and the effects on real time services should be considered since only using 0.5 Mbyte files may limit the occurrence of localized traffic congestion in time impacting real time traffic disproportionately.
4 Conclusions
Some LAA and Wi-Fi coexistence results for both indoor and outdoor environments are showing LAA providing about 2x the User Perceived Throughput (UPT) of Wi-Fi over some range of conditions.  The importance of UPT performance is its relevance to coexistence.  If LAA can achieve large factors over Wi-Fi in UPT or throughput, then LAA will show much lower channel and Buffer Occupancy (BO) than Wi-Fi for a given traffic offered load.    Low BO can produce friendly coexistence results for both best effort data and real time applications simply due to low occupancy of the channel and low collision rates while actual direct coexistence mechanisms may be masked. 

An examination of the existing assumptions for coexistence evaluation shows that assumptions for Wi-Fi appear to be simplistic and constraining on Wi-Fi performance resulting in a poor baseline for Wi-Fi performance.  This results in the masking of direct coexistence mechanisms by low channel occupancy or BO for LAA with equal traffic loads with Wi-Fi.  Proposals are given to form a basis for evaluations taking into account the existing capabilities of Wi-Fi systems.
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