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1 Introduction
In technical report [1], LTE model is given to evaluate adjacent channel interference for LTE and other mobile systems. To evaluate adjacent channel interference between Licensed-Assisted Access (LAA) and Wi-Fi, Monte Carlo static simulation should be adopted to collect interference and calculate throughput which are described by models in each snapshot. This contribution will discuss Wi-Fi and LAA models in coexistence.

2 Wi-Fi Model

In this Section, we describe transmission probability of Wi-Fi single cell defined in Bianchi Markov model [2], and then give the throughput model of Wi-Fi multi-cell under adjacent channel interference based on Bianchi model [3]. Considering the worst case, all nodes in Wi-Fi cells are in common channel with co-channel interference.
2.1 DCF 

IEEE802.11 defines two MAC protocols to solve the transmission collision problem. These two MAC protocols are distributed coordination function (DCF) and centralized coordination function (PCF). The DCF uses the contention MAC algorithm in AdHoc or Infrastructure network, whereas the PCF offers contention free access. 
DCF contains two kinds of protocol, one is called basic mechanism, and the other one is called RTS/CTS mechanism.
The DCF basic mode works as follows. Before sending, STA senses whether there are transmissions by other STAs. If the medium is sensed idle during a period called Distributed Interframe Space (DIFS), the STA can send data on the media, while if the media is sensed busy, the transmission is delayed until the channel is sensed idle. The delayed backoff interval is selected uniformly between [0, CW-1] where CW is an exponential contention window. The back timer is decreased as long as the channel is sensed idle, and stopped when the channel is sensed busy and reactivated when the channel is sensed idle for more than a DIFS. When the back off timer expires, the STA will send data. After the receiver successfully receives the data, it will reply an ACK after a Short Interframe Space (SIFS) period. 

[image: image1.emf]
Figure 1: Basic and RTS/CTS Access

The RTS/CTS mode is also called four-way handshaking mechanism. Before sending data frame, the STA firstly sends a special frame called Request to Send (RTS) to book the channel, and receiver sends a Clear to Send (CTS) to response the STA in a SIFS period. Then STA will send data in a SIFS period after receiving CTS. The flowchart of basic and RTS/CTS access is shown in figure 1.

2.2 Wi-Fi Single-Cell Transmission Probability
Bianchi firstly gave the model of DCF using Markov chain, and provided algorithm of nodes transmission probability and saturation throughput in a single Wi-Fi cell [2]. To analyze the transmission probability of each STA, a two-dimensional stochastic process {s(t), b(t)} is established to describe the DCF backoff process. Where, s(t) is a random process and shows STA backoff level (0, 1, ..., m) at time t. According to the IEEE802.11 protocol [4], if the backoff is failed, i.e. after backoff action, the channel is still sensed busy, the backoff window is doubled expressed as CWi = 2i • CWmin, b (t) is also a random process which shows the value of backoff counter at time t. This state transition flow chart is shown in figure 2.
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Figure 2: LAA deployment scenarios

The non null one-step transition probabilities are 
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Where, p is collision probability supposed to be a constant value.

Calculate the stationary distribution of status P{s(t) = i, b(t) = k} by transition probabilities and when timer backoff to 0, one transmission occurs. This transmission probability τ can be expressed as
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Further, W is CWmin as the minimum contention window size, p is the probability that a transmitted packet encounters a collision and can be expressed as

         
[image: image5.wmf]H

l

n

BER

p

+

-

-

×

-

-

=

)

1

(

)

1

(

1

1

t

                                       (3)

BER is the link bit error rate, l is the packet size and H is the packet header length. (2) and (3) constitute nonlinear equations with two unknown variables τ and p, and the equations have a unique solution which can be solved by numerical solution. For BER equal to zero, the transmission probability versus quantity of nodes curve is shown in figure 3.
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Figure 3: Wi-Fi single cell transmission probability
2.3 Wi-Fi Single-cell Model with Adjacent-channel Interference
Bianchi’s model gives the transmission probability and saturation throughput in a single Wi-Fi cell [2]. In [3], the factor of PER (packet error rate) is introduced to Bianchi’s model to evaluate Wi-Fi single cell performance in the case of error packet transmission. The saturation throughput S can be expressed as 
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Here, E[P] is the average payload size, Ts, Tc, Ter are the average times the channel is sensed busy because of a successful transmission, a collision and an errored transmission respectively. Ter is equal to Ts minus ACK time interval, since ACK is transmitted only when signal is received correctly. Further, the following relationships can be obtained as
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Where, Ptr is the conditional probability that at least one transmission occurs in a random slot time, and Ps is the conditional probability that transmission is successful. The probability Pc indicates a collision occurs and Per means a packet is received in error. PER is a function of SINR (signal interference noise ratio). Interference included in SINR is dominated by adjacent channel interference. To evaluate this adjacent channel interference, we assume a scenario where each station transmits to an AP in saturation mode and AP is just a node for receiving data which is transmitted from stations. So SINR can be calculated at the AP for each station in its coverage. Then we can obtain average SINR of Wi-Fi cell by simply average summation of each SINR because the adjacent channel interference suffered by an AP is a constant in one simulation snapshot. At last, the PER in equation (5) is given according to link simulation curves of 802.11 SINR versus PER.
2.4 Wi-Fi Multi-cell Model with Co-channel Interference 

Due to the CSMA/CA mechanism, co-channel interference could induce undesired results, such as hidden node and exposed node problems which are common for multiple overlapping cells. Bianchi’s model was again revised to deal with co-channel interference of Wi-Fi multi-cell. Reference [3] assumes long term fairness among the nodes sharing the same channel; that is, in the long term, all stations have same probabilities to access the common channel. So in one of simulation snapshots, throughput of each node sharing in a cell is decided by numbers of competitors, i.e. the node with same number of competitors will have same probability to access the channel. This model gives the proportion factor of each node sharing the throughput of a cell which is centered by this node and includes nodes in its sensed range. Specifically, for a given number of nodes N, throughput of each node i (i∈N) can be calculated as
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Where, Ci is a subset of N, including not only all the stations within the range of station i’s AP, but also stations in node i’s sensing area. Therefore, the exposed node problem can be solved. The hidden nodes problem is minimized by using RTS/CTS. From equation (6), we can obtain the throughput Si of node i, which is determined by two factors. One is the size of the subset Ci which determines the system throughput Sth of Ci, and the other is the size of maximum interference clique of each node i which determines the proportion s(i, Ci,) of node i sharing the system throughput. The maximum interference clique of node i can be expressed as number of stations in range of node i. According to the assumption of long term fairness, we can conclude proportion s(i, Ci,) of the node i which with the most contenders in all nodes is equal to |Ci|-1, then we can go on with this assumption and method to obtain other nodes proportion until the last node in a Wi-Fi cell. This node proportion will be calculated by equation (7), where uj is the sharing proportion of node j, and |Y| is the size of set Y. This equation shows the excess bandwidth not used by nodes which have more contenders is available to node which has least contenders. 

Figure 4 shows two Wi-Fi cells, cell A includes 4 nodes and cell B includes 1 node. Because node i and node j which belong to different cells can sense each other, these nodes are defined as exposed nodes. Considering above methodology of sharing proportion calculation, since node i has most contenders, we can start from node i. The subset Ci include 5 nodes and sharing proportion of node i expressed as u​i is 1/5. With the same method, sharing proportion of other nodes in cell A are 1/4, 1/4 respectively, and the last node which has least contenders in its subset will share the excess bandwidth as proportion is equal to 3/10. Node j will share the excess bandwidth in its subset which includes i and j by minus u​i , at last uj is equal to 4/5.
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Figure 4: Sharing proportion calculation of Wi-Fi nodes

3 LAA Downlink Model

In 36.889 technical report [5], LAA is studied for downlink-only in unlicensed spectrum and uplink scenario is FFS. So this section will discuss LAA downlink-only model.

In unlicensed spectrum, LAA employs LBT mechanism described by DCF function in section 2.1.1, which is the same with Wi-Fi mechanism. This will ensure fair competency to access media for LAA and Wi-Fi. Because only downlink scenario is for study in unlicensed spectrum, LAA base station can be approximately thought as a node in Markov model described in section 2.2.1. 
3.1 Aggressor of LAA Model

When LAA works as an aggressor, by considering the worse case, we assume every LAA node is a stand alone system, i.e. no sensing between each other. According to Markov model and figure 1 in section 2.2.1, transmission probability of LAA base station is a constant as quantity of node is equal to one. The scenario for Wi-Fi stations of two cells in figure 4 interfered by LAA base station is shown in figure 5. In this scenario, LAA transmits at probability of 0.06 according to case 1 in table 1 and two Wi-Fi cells performance is evaluated by Wi-Fi multi-cell model in section 2.4. For case 1 interference for LAA aggressing Wi-Fi is calculated in 3 steps.

1  LAA base station transmits at probability of constant 0.06. Wi-Fi station senses CCA threshold under LAA base station adjacent channel interfering. If the adjacent channel interference level is higher than the CCA threshold, this station of Wi-Fi is muted in this simulation snapshot. 
2  Calculate the interference of LAA base station aggressing Wi-Fi AP.

3  Stations which are not muted in step 1 will transmit signal to AP by DCF mechanism. Calculate SINR of these stations at AP with interference in step2. Then throughput of Wi-Fi multiple cells is obtained according to Wi-Fi model described in section 2.3 and 2.4


[image: image12.emf]F1

F1

F2

F2

Small cells 

Cluster

F1: LAA in unlicensed frequency channel 1

F2: Wi-Fi in unlicensed frequency channel 2

 Cell A

 Cell B

Exposed 

nodes

①

②

③


Figure 5: Scenario for LAA interfering Wi-Fi
3.2 Victim of LAA Model

When LAA works as an victim, because we mainly concern on the LAA system performance under adjacent channel interfering from other operators or standard systems and further the evaluation metric (throughput loss) is a relative value, to a certain extent, we can assume no sensing between LAA own co-channel system.

According to the above analysis, LAA system can inherit LTE evaluation model but with some transmission probability. In a simulation snapshot, this probability is zero when LAA base station is muted by adjacent channel interference (i.e. the adjacent channel interference level is higher than the CCA threshold) and is a non-zero constant otherwise.For case 2 and 3, in one simulation snapshot, interference for LAA/Wi-Fi aggressing LAA is calculated in 3 steps as shown in figure 6. 
1 The aggressor of LAA/Wi-Fi transmits at some probability which is constant 0.06 for LAA base station and is determined by number of stations for Wi-Fi expressed as function (2). Victim of LAA base station senses CCA threshold under LAA/Wi-Fi adjacent channel interfering. If the adjacent channel interference level is higher than the CCA threshold, this victim of LAA base station is muted in this simulation snapshot. 
2  Calculate the interference of LAA/Wi-Fi aggressing LAA in adjacent channel.

3  Victim of LAA base stations which are not muted in step 1 will transmit signal to UE at probability of 0.06. Calculate SINR with interference in step 2, then map to throughput according to LTE throughput look up table in [1]

Actually, to evaluate performance of LAA in case 2 and 3, victim of LAA can be replaced with LTE to simplify simulation process under assumption of minimum distance between aggressor LAA/Wi-Fi and victim LAA. By this distance adjacent channel interference will not mute LAA. Then evaluate performance of coexistence for LAA/Wi-Fi interfering LTE or LAA interfering LTE in adjacent channel.
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Figure 6: Scenario for LAA/Wi-Fi interfering LAA
LAA downlink and Wi-Fi model adopted in each case are shown in table 1. 

Table 1: LAA downlink and Wi-Fi model
	Case
	Aggressor system
	Victim system
	Aggressor model
	Victim model

	1
	20MHz LAA
	20MHz Wi-Fi
	LTE with transmission probability 0.06 
	Wi-Fi multi-cell model

	2
	20MHz Wi-Fi
	20MHz LAA/LTE
	Wi-Fi single-cell transmission probability
	*LTE with some transmission probability or original LTE

	3
	20MHz LAA
	20MHz LAA/LTE
	LTE with transmission probability 0.06
	*LTE with some transmission probability or original LTE


Note: *Probability is 0 when LTE base station is muted by adjacent channel system and is 0.06 otherwise. Probability 0.06 is obtained by single-cell with only 1 node as shown in figure 3.
4 Conclusions

This contribution describes Wi-Fi MAC layer mechanism includes DCF which has been modeled by Markov chain, then gives Wi-Fi single-cell transmission probability and throughput performance for multiple cells. According to Wi-Fi single-cell transmission probability, we give LAA downlink transmission probability model. At last a table for LAA downlink and Wi-Fi model adopted in different simulation cases are shown as conclusion.  
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