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1. Introduction
In accordance with Procedure 22 of the IEEE 802 Policies and Procedures, project 802.11n (p802.11n), enhancements for higher throughput to the IEEE 802.11 (2005) standard has produced a coexistence assurance (CA) document in partial fulfillment of the requirements for working group letter ballot and sponsor ballot.  While the preparation of this document is not strictly mandated in the five criteria for p802.11n, the timeline for development and delivery of this amendment led to an advisory at the IEEE 802.19 July 2005 plenary meeting to create such a CA document.
This CA document addresses coexistence with relevant approved 802 and other wireless standards specifying devices for unlicensed operation in the 2.400 – 2.483 GHz (2.4 GHz) and 5.150 – 5.850 GHz (5 GHz) bands in accordance with the analytic CA models presented in document 19-04-0038r1.
2. Scope of Analysis

The principal focus of this analysis is geometric and temporal interferer modeling.  IEEE P802.15.1 personal area networks, IEEE P802.16 broadband wireless access networks, and cordless telephony systems have been addressed.  The most detailed analysis is on IEEE P802.15.1 personal area network operation in the 2.4 GHz band.  Geometric and simple interferer modeling is provided for IEEE P802.16.  p802.16h will define and provide co-existence mechanisms for IEEE P802.16 broadband wireless access networks in unlicensed bands of operation, but is in the call for contributions stage at this time.  Per Procedure 22, coexistence shall be addressed with respect to relevant approved 802 standards, so CA analysis with respect to p802.16h is deferred until it is further developed.  The extensive use of various proprietary transmission methods for 2.4 and 5.8 GHz cordless telephony, and the closed nature of these protocols make complete CA modeling with respect to this class of products impractical.  However, an analysis based on basic parameters of one widely available system is presented.  Even though 2.4GHz operation is an optional mode of IEEE P802.15.4, coexistence with p802.11n will be examined.
Ultra wideband systems under various standards cover a wide frequency range.  However, at the time of this document’s development, only band group 1 (3.1 – 4.7 GHz) is defined as mandatory for ultra wideband operation, so there is no overlap with p802.11n modes of operation.  
3. p802.11n AWN to P802.15.1 IWN
A PHY interference model with a p802.11n affected wireless network (AWN) and a P802.15.1 network as the interfering wireless network (IWN) will be presented.  A geometric analysis will demonstrate the necessary separation between AWN and IWN to avoid packet collisions.  This is followed by a temporal packet collision analysis, in which we determine probability of the AWN and IWN in close proximity transmitting at coincidental times and frequencies.  And last, the geometric and temporal packet collision analysis is combined to illustrate the overall throughput of the AWN as a function of location of the IWN.
3.1. Geometric Analysis

The basic PHY geometric model is given by a STA communicating with an AP while simultaneously a nearby P802.15.1 device is transmitting causing interference to the STA.  This is illustrated below.
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Figure 1: Basic PHY geometric model
We initially assume with pure geometric analysis complete overlap of transmission of AP-STA and interference-STA in time and frequency.  Our goal is to determine the separation necessary between IWN device and STA to completely avoid interference.  We define an “interference free” link as one that achieves a PER of 1%.
To perform this analysis, we first specify the separation between the STA and AP.  The separation between STA and AP sets the received signal level, and therefore the SNR of the link.  An example of this analysis is given in the link budget below:
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Figure 2:  AP - STA link budget

In the above example, the separation between the STA and AP is 20m.  This results in a total pathloss of 79 dB, based on the pathloss and shadow fading model in [7].  This combined with the EIRP and receiver antenna gain results in a RSSI of -58dBm.  
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With a noise figure of 6 dB and a noise bandwidth of 20MHz, the thermal noise power is -95dBm.  
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We then specify the target MCS for the STA-AP link.  From the target MCS, the required SNR at a PER equal to 1% can be derived.  Figure 3 illustrates PHY simulation results for MCS 0, 7, and 15 for 20 MHz.  Figure 4 illustrates PHY simulation results for MCS 32, 0, 7, and 15 for 40 MHz.  Simulation conditions are described in [6, 7, and 13]
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Figure 3:  PER curves for 20MHz, channel model B
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Figure 4: PER curves for 40MHz, channel model B

The required SNR at 1% PER is given in the table below:
Table 1: Required SNR for Select MCS

	MCS
	BW (MHz)
	Data Rate Mb/s
	Required SNR (dB)

	32
	40
	6
	7

	0
	20
	6.5
	12

	0
	40
	13.5
	10

	7
	20
	65
	31

	7
	40
	135
	29

	15
	20
	130
	35.5

	15
	40
	270
	34.5


For the example in Figure 2, we will use MCS 0 with a required SNR of 12dB.  With a received SNR of 37dB, this example link exceeds this requirement.  The analysis is performed with a static MCS.  p802.11n does not describe a rate selection algorithm, and hence how a receiver would react to interference is implementation dependent.
The next step is to determine the amount of interference that can be tolerated by the receiver.  Figure 5 illustrates the simulation results of a 20 MHz p802.11n receiver in the presence of a P802.15.1 interferer.  The simulation assumes that the signal and interferer propagate though a channel based on the same model, but independent paths.  The signal to interference ratio (SIR) is swept from 0 to 40 dB, with a fixed SNR of 40 dB.  A high SNR operating point was selected to better isolate how the p802.11n receiver reacts to a P802.15.1 interferer.  A standard MMSE receiver is modeled, with no additional interference mitigation techniques implemented.  As can be seen in Figure 5, the higher order modulations are increasingly sensitive to interference, even narrow band as P802.15.1.  In fact, a comparison between Figure 3 and Figure 5, show that the receiver performs better in AWGN than in interference.
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Figure 5: PER vs. SIR for 20MHz, channel model B with P802.15.1 interference
Figure 6 demonstrates the performance of a 40 MHz p802.11n receiver in the presence of a P802.15.1 interferer.  By comparing Figure 5 and Figure 6, we see that 20 MHz and 40 MHz p802.11n receivers experience similar degradation from a P802.15.1 interferer.
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Figure 6: PER vs. SIR for 40MHz, channel model B with P802.15.1 interference
For the example in Figure 2, a link with an SNR of 37dB can tolerate an SIR of 21dB with MCS 0 and 20MHz bandwidth.

With the RSSI and minimum allowable C/I, the maximum allowable level of interference can be derived as follows:
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The resulting maximum allowable interference is -79dBm.  The minimum pathloss between the interferer and the STA is derived as follows:
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with the allowable pathloss equaling 83dB.  Since the pathloss equation is a function of range, we invert the pathloss equation to derive the necessary separation between the interferer and STA.  In this example the separation is 26m.
The above example derived the interferer – STA separation based on a specific STA – AP separation and MCS.  The following figure expands the analysis to span a range of separation between STA – AP for MCS 0, 7, and 15 (20MHz).
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Figure 7: Required separation between STA and interferer for interference free operation
As illustrated for each MCS, the required interferer – STA separation for collision free performance is calculated based on the corresponding STA – AP separation.  As the STA – AP separation increases, the required interferer – STA separation increases.  And with higher MSC, the sensitivity to interference increases resulting in larger required separation between interferer and STA.
3.2. Temporal Analysis

In the previous section, geometric analysis assumed complete overlap of transmission of AP-STA and interference-STA in time and frequency.  In this section we will investigate the probability of overlap based on analysis by Ennis 1998[3] and Zyren 1998[5].  

We begin by highlighting the two new features in p802.11n that will most impact time and frequency properties of a p802.11n transmission.  In order to increase efficiency, aggregation is used to increase packet lengths.  A typical p802.11n packet exchange with aggregation and block ACK is illustrated in the figure below.
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Figure 8: Typical p802.11n packet exchange with aggregation

Longer packet lengths will lead to more time overlap with P802.15.1 interferers.

A second feature in p802.11n is 40MHz channels, for more than double increase in PHY data rate. 
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Figure 9: 40MHz spectral plot

Occupying double the bandwidth, a 40 MHz p802.11n transmission will be more susceptible to P802.15.1 frequency hops.

A temporal collision occurs when neighboring AWN and IWN devices transmit packets which overlap in time.  The figure below illustrates a P802.15.1 packet stream overlapping with a p802.11n aggregated packet.
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Figure 10: Temporal collision

Since P802.15.1 is a frequency hopped system, a packet collision only occurs if the frequency hop coincides with the p802.11n channel.  This is illustrated in the figure below.
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Figure 11: Frequency overlap
To calculate the probability of a collision, the joint probability of a temporal and frequency overlap must be computed.  As a first step, we determine the number of P802.15.1 packets would overlap with the p802.11n aggregated packet, and the probability of such an event occurring.  Two types of aggregation are included in p802.11n, A-MSDU and A-MPDU.  With A-MSDU aggregation, the entire aggregate is protected by a single FCS.  Therefore bit errors anywhere in the aggregate will cause all subframes to be lost and require retransmission.  As such,  A-MSDU aggregation follows the derivation in Zyren 1998[5].
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Next, we determine the probability of an overlap in frequency,
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The joint probability is given by the following:
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Individual P802.15.1 devices do not typically occupy all time slots.  For all time slots to be occupied, a number of P802.15.1 devices must be active in a P802.15.1 picocell.  The impact of partial utilization (or occupancy) within a P802.15.1 picocell is accommodated by multiplying the above collision probability by the picocell’s percentage utilization.  Figure 12 - Figure 15 illustrate the impact of aggregate packet length and P802.15.1 utilization on probability of collision for two 20 MHz data rates, 130 Mb/s and 6.5 Mb/s, and for two 40 MHz data rates, 270 Mb/s and 13.5 Mb/s.
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Figure 12: Impact of aggregate packet length and P802.15.1 utilization on probability of collision for 130Mb/s, 20MHz mode
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Figure 13: Impact of aggregate packet length and P802.15.1 utilization on probability of collision for 6.5Mb/s, 20MHz mode
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Figure 14: Impact of aggregate packet length and P802.15.1 utilization on probability of collision for 270Mb/s, 40MHz mode
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Figure 15 Impact of aggregate packet length and P802.15.1 utilization on probability of collision for 13.5Mb/s, 40MHz mode


Given the probability of a collision, we need to determine the impact on system performance.  Assume a collision causes a packet error.  This will necessitate a retransmission, reducing throughput.  The average time on air of a p802.11n aggregated packet exchange during a TXOP is:

DIFS + Avg backoff time + RTS + SIFS + CTS + SIFS + 11n Aggregated Packet + SIFS +  BA

where the p802.11n aggregated packet time is:
Legacy Preamble + HT preamble + Data + Data + …

Throughput with no collisions with P802.15.1 packets or other sources of packet errors is given by:
Information bits / Time on air
where information bits are defined as only those conveyed during the data portion of the aggregate.
Throughput with collision with P802.15.1 packets and retransmission of entire aggregate is given as follows:
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Figure 16 - Figure 19 illustrate the impact of aggregate packet length and P802.15.1 utilization on p802.11n throughput for two 20 MHz data rates, 130 Mb/s and 6.5 Mb/s, and for two 40 MHz data rates, 270 Mb/s and 13.5 Mb/s.  The curves with P802.15.1 utilization equal to 0 (noted by blue curve with label “BT occup = 0%”) illustrates throughput with no collisions.  This demonstrates the dramatic improvement in efficiency derived from aggregation.  However as the P802.15.1 utilization increases to 100%, the higher the likelihood of a temporal overlap and a collision with longer packet lengths.  With 40MHz, this effect is even more dramatic with double the probability of a P802.15.1 device hopping in-band.  With very low PHY data rates the effect is less noticeable since individual data segments occupy so much time on air that there is little opportunity to aggregate many packets with typical TXOP lengths.
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Figure 16: Impact of aggregate packet length and P802.15.1 utilization on p802.11n throughput for 130Mb/s, 20MHz mode
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Figure 17: Impact of aggregate packet length and P802.15.1 utilization on p802.11n throughput for 6.5 Mb/s, 20MHz mode
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Figure 18: Impact of aggregate packet length and P802.15.1 utilization on p802.11n throughput for 270 Mb/s, 40MHz mode
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Figure 19: Impact of aggregate packet length and P802.15.1 utilization on p802.11n throughput for 13.5 Mb/s, 40MHz mode

With A-MPDU aggregation, each MPDU contains its own FCS.  In addition, each MPDU is preceded by a delimiter.  Therefore portions of the transmission can be corrupted without loosing all MPDUs.  The delimiters make resynchronization possible by scanning forward to the next valid delimiter.  If a collision occurs with a P802.15.1 device, only those effected MPDUs will require retransmission.  The issue with high P802.15.1 utilization and the drop in throughput as the aggregate packet length increases (as illustrated in Figure 16and Figure 18) will be alleviated by only requiring retransmission of effected MPDUs.  However, if the PHY preamble and header are corrupted by a collision with a P802.15.1 packet, the entire aggregate will still be lost.
A simulation was constructed to model the frequency and time overlap between P802.15.1 packets and individual MPDUs in a p802.11n A-MPDU aggregate.  Only MPDUs which collided with P802.15.1 packets were considered lost.  If a P802.15.1 packet collided with the PHY preamble, the entire aggregate was considered lost.  The throughput results for 20 MHz, data rate 130 Mb/s, and for 40 MHz, data rate 270 Mb/s are illustrated in Figure 20 and Figure 21.  We demonstrate that even with 100% P802.15.1 utilization, throughput increases with increasing aggregate length.
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Figure 20: Impact of aggregate packet length and P802.15.1 utilization on p802.11n throughput for 130Mb/s, 20MHz mode with A-MPDU model
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Figure 21: Impact of aggregate packet length and P802.15.1 utilization on p802.11n throughput for 270Mb/s, 40MHz mode with A-MPDU model

As a final note on temporal and frequency overlap analysis, we address the issue of adaptive frequency hopping (AFH) in P802.15.1.  AFH changes the hopping pattern of the P802.15.1 devices.  The AFH enabled P802.15.1 devices measure the interference on individual 1 MHz channels.  The P802.15.1 devices can then restrict its hopping pattern to skip channels with interference.  The hopping pattern can be reduced to a minimum of 20 hops.

The benefit of AFH is subject to the ability to accurately measure interference in the channel.  In addition, the efficacy of AFH depends on the overlap between WLAN cells and the location of the P802.15.1 and p802.11n devices.  Consider a three cell/AP p802.11n system with each occupying one of channels 1, 6, and 11.  At the triple point between the three cells, fairly equal power levels will be received by P802.15.1 devices on each channel.  It will be difficult for a P802.15.1 device to select channels to skip.  This is further exacerbated by a p802.11n system utilizing 40MHz channels

Obviously AFH will improve performance in many situations.  The analysis presented here, without considering AFH, can be considered a conservative estimate of coexistence between these systems.
3.3. Combined Geometric and Temporal Analysis
Geometric and temporal analysis can be combined to provide insight into the impact of STA – interferer separation on throughput in an interference limited environment.  Figure 22 illustrates the throughput with 20MHz and MCS 0, 7, and 15 as the separation between the STA and interferer increases.  The results are based on an aggregate filling up a 1.5ms TXOP.  The P802.15.1 occupancy is assumed to be 50%.  The C/N level is 40dB, creating an interference limited environment.  
Moderate throughputs are achieved with small separation given a reasonable length aggregate and P802.15.1 occupancy.  As expected, as the separation increases between the STA and interferer, the throughput increases.
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Figure 22: p802.11n throughput with A-MSDU aggregation
The following steps were taken to derive the curves for throughput as a function of STA – interferer separation in Figure 22.  As a first step, in the geometric analysis of Section 3.1, the STA – AP separation is set small enough to achieve a C/N of 40dB to create an interference limited environment.  With C/N fixed at 40dB, we sweep over a range of the C/I levels.  With RSSI and C/I, the range of interference levels is calculated.  Using the pathloss equation, the range of STA – Interferer separation is derived from the interference level giving the x-axis values in Figure 22.
As a second step, we begin again with the C/N and C/I values from before.  These are converted to a range of PER values from the waterfall curves for each MSC illustrated in Figure 5.  To compute the joint probability of a packet error, these PER values are multiplied by the temporal probability of collision and the P802.15.1 percent occupancy.  The probability of collision is computed based on p802.11n packets with A-MSDU type aggregation, as described in Section 3.2.  With a TXOP of 1.5ms, the aggregate packet length is approximately 19kB.  Finally, the throughput is calculated with the joint probability of a packet error, as follows.
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As a check we see in Figure 16 that with an aggregate packet length of 19kB, the range in throughput for MCS 15 (130 Mb/s) 75Mb/s to 105 Mb/s, with P802.15.1 occupancy from 50% to 0% respectively.  This matches with the range in throughput for MCS 15 in Figure 22.

The A-MPDU simulation constructed for temporal analysis was modified to include the joint probability of a packet error for combined geometric and temporal analysis.  Figure 23 illustrates throughput as a function of STA – interferer separation with A-MPDU type aggregation.
[image: image33.emf]C/N = 40dB

0

10

20

30

40

50

60

70

80

90

100

110

0 10 20 30 40 50 60 70 80 90 100110120

STA - Interferer Separation (m)

11n Throughput (Mbps)

MCS 0, 1x2

MCS 7, 1x2

MCS 15, 2x3


Figure 23: p802.11n throughput with A-MPDU aggregation
4. p802.11n IWN to P802.15.1 AWN

As included by reference in Ennis 1998[3] and Zyren 1998[5], the incidence of a wideband P802.11 network interfering with a fast frequency hopping narrowband P802.15.1 network will be extremely low.  There are no amendments in p802.11n that should affect this situation or the prior analysis. 

5. p802.11n AWN to P802.16 IWN

IEEE P802.16-2004 enables broadband wireless access in license-exempt bands below 11GHz.  In the 5GHz band, the channelization is 10 and 20MHz on 5MHz spacing.  Certain modes utilize OFDM for transmission.  Such an interference source will appear broadband noise like to a p802.11n IWN.  In the licensed exempt bands, time division duplexing is mandated.
For an initial conservative analysis, we assume a continuous downstream transmission from a P802.16 basestation.  We also assume complete overlap in frequency band and channel bandwidth.

In 5GHz band, the FCC regulatory requirements for power limits are as follows:

	Frequency Band

(GHz)
	Maximum Conducted Output Power
	Maximum Antenna Gain w/o Reduction in Output power

	5.150 – 5.250
	Min(50mW,

4dBm+10log10(BW_MHz)
	6dBi

	5.250 – 5.350
5.470 – 5.725
	Min(250mW, 11dBm+10log10(BW_MHz)
	6dBi

	5.725-5.850

	Min(1000mW, 17dBm+10log10(BW_MHz)
	6dBi


Therefore, the maximum allowable EIRP in 5GHz is 36dBm in the 5.8GHz band.  We shall assume that the P802.16 basestation is transmitting with the maximum allowable EIRP.

Under the CEPT regulatory domain, there are similar transmit power limits for the frequencies below 5.725 GHz which effectively preclude P802.16 operation.  5.725 – 5.850 GHz under current CEPT rules also precludes P802.16 operation based on its allocation for unspecified short range devices.  License-exempt regulatory requirements under Japan MIC and Republic of Korea MIC are similar to CEPT with respect to P802.16 operation.  Other regulatory domains permitting 5.725 – 5.850 GHz license exempt operation such as Australia and Canada do so with ISM power levels similar to FCC regulations, so the analysis following does apply to them.
5.1. Geometric Analysis

To perform this analysis, we first specify the separation between the STA and AP.  The separation between STA and AP sets the received signal level, and therefore the SNR of the link.  In addition, for simplicity we assume a broadband noise-like interferer.  Therefore, the required SNR equals the required SINR.  An example of this analysis is given in the link budget below:
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Figure 24:  AP - STA link budget for p802.11n AWN to P802.16 IWN 
In the above example, the separation between the STA and AP is 20m.  This results in a total pathloss of 87 dB, based on the pathloss and shadow fading model in [7].  This combined with the EIRP and receiver antenna gain results in a RSSI of -66 dBm.  With a noise figure of 6 dB and a noise bandwidth of 20MHz, the thermal noise power is -95dBm.  

We then specify the target MCS for the STA-AP link.  From the target MCS, the required SNR at a PER equal to 1% can be derived (given in Table 1).  Figure 3 illustrates PHY simulation results for MCS 0, 7, and 15 for 20.  For the example in Figure 24, we use MCS 0 with a required SNR of 12dB.

With the RSSI, noise power, and required SINR, the allowable level of interference is derived as follows:
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The resulting maximum allowable interference is -78dBm.  The corresponding minimum pathloss between the interferer and the STA is 116 dB.  Since the pathloss equation is a function of range, we invert the pathloss equation to derive the necessary separation between the interferer and STA.  In this example the separation is 136 m.

The above example derived the interferer – STA separation based on a specific STA – AP separation and MCS.  Figure 25 expands the analysis to span a range of separation between STA – AP for MCS 0, 7, and 15 (20MHz).  Figure 25 illustrates the necessary separation between a P802.16 basestation interferer and a STA as a function of STA – AP separation and MCS.  As the STA – AP separation increases, the required interferer – STA separation increases.  And with higher MSC, the sensitivity to interference increases resulting in larger required separation between interferer and STA.  A large separation between STA and interferer is required in the presence of a high power interferer.  
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Figure 25: Required separation between STA and P802.16 basestation interferer

5.2. Throughput Analysis
We follow the analysis outlined in Section 3.3 to calculate throughput as a function of STA –interferer separation.  As before, STA – interferer separation is derived from SINR with the C/N set to 40dB, creating an interference limited environment.  Unlike P802.15.1, the temporal probability of collision is set to 1 and the percent occupancy of a fully active P802.16 basestation is assumed to be 100%.  Therefore there will be no performance difference between A-MSDU and A-MPDU aggregation.  Packet error is derived from SINR, which is used to compute throughput degraded by retransmissions.
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Figure 26: p802.11n throughput with P802.16 basestation interferer
Figure 26 illustrates throughput as a function of STA – interferer separation.  As the separation between STA and interferer decreases, the throughput reduces to zero.  The higher MCS’s require larger separation between the STA and interferer.  For MCS 15, a separation of 400m is required for unimpaired performance.  The results would be improved by more accurate modeling of the time division duplexing mechanism employed by P802.16 to provide a better estimate of temporal overlap.  

6. p802.11n AWN to UWB IWN
At least two industry consortiums have emerged in area of UWB WPAN based on two technologies: OFDM and DS.  The specifications for these consortiums should be similar to submissions in p802.15.3a.

The OFDM proposal outlines the band plan in [9, Section 1.4.1.2].  The spectrum within the band 3.1 – 10.6 GHz is divided up in to five band groups: (1) 3.1-4.7 GHz (2) 4.7-6.3 GHz (3) 6.3-7.9 GHz (4) 7.9-9.5 GHz and (5) 9.5-10.6 GHz.  The proposal goes on to state that band group one is mandatory.  The remaining band groups are reserved for future use.

A recent update to the DS proposal in [10, slide 4] describes the operating bands for the DS-UWB system.  Each piconet operates in one of two bands: 3.1 – 4.9 GHz (required) and 6.2 – 9.7 GHz (optional).
Neither system has mandatory bands of operation within the 2.4 or 5 GHz operating bands of p802.11n.

7. p802.11n AWN to Cordless Telephony IWN

Many cordless technologies have emerged in 2.4 and 5GHz involving both analog and digital techniques.  Proprietary systems emerged in the US, whereas various standards were developed in Europe.  Digital techniques are typically based on either DSSS or FHSS.  Due to the broad range of implementations, interference from WDCT system as outlined in [11] will be analyzed to determine the impact to a p802.11n AWN.
As described in [11], these standardized cordless telephone systems are FHSS-based with 95 channels, 864 kHz spacing, and 800 kHz typical bandwidth.  The hop set is comprised of 75 channels, 20 channels are kept in reserve.  They are TDD systems with a 10 ms frame.  The frame is divided into eight 1.25 ms time slots.  The first four time slots are used by handsets to receive transmissions from the base; the second four time slots are used by the handsets to transmit to the base.  The system can support up to four handsets, each utilizing a pair of slots.  In addition, the power limit is 1 Watt; however 250mWatt is more typical and will be used in the analysis.
Standardized cordless telephone systems are thus conceptually very similar to P802.15.1, and the analysis in Section 3 can be modified to their specific parameters.  We will apply the analysis to the 2.4GHz band, but it will equally apply to cordless phones operation in the 5.8GHz band, and proprietary frequency hopping cordless telephones with comparable physical parameters.
7.1. Geometric Analysis
Following the steps in Section 3.1, we derive the interferer – STA separation based on a specific STA – AP separation and MCS.  The primary difference is in Section 3.1 the interferer transmit power was 0dBm, and for cordless telephony this analysis uses 24dBm.  The results are illustrated in the Figure 27 below.  As expected with the increase in interferer transmit power, the required separation drastically increases.
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Figure 27: Required separation between STA and interferer for cordless telephony

7.2. Temporal Analysis
The analysis in Section 3.2 is repeated for cordless telephony.  The slot size is modified from 625us to 1.25ms.  The P802.15.1 signal only occupies 366 us of the slot.  We currently have no information on how much of the slot the cordless telephone signal occupies.  As a conservative estimate, we will assume the entire slot is occupied.  The results will be updated when actual parameters become available.  Furthermore, P802.15.1 hops over 79 channels, the cordless telephone hops over 75 channels.  Figure 28 - Figure 31 illustrate the impact of aggregate packet length and cordless telephone utilization on p802.11n throughput with A-MSDU aggregation.  The results are similar to P802.15.1 since the hoping and slot sizes are similar to those of standardized cordless telephones.
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Figure 28: Impact of aggregate packet length and phone utilization for 130Mb/s, 20MHz mode
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Figure 29: of aggregate packet length and phone utilization for 6.5 Mb/s, 20MHz mode
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Figure 30: Impact of aggregate packet length and phone utilization for 270 Mb/s, 40MHz mode
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Figure 31: Impact of aggregate packet length and phone utilization for 13.5 Mb/s, 40MHz mode
By simulation, the A-MPDU results for 20 MHz, data rate 130 Mb/s, and for 40 MHz, data rate 270 Mb/s are given in Figure 32 and Figure 33.
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Figure 32: Impact of aggregate packet length and phone utilization for 130Mb/s, 20MHz mode with A-MPDU model
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Figure 33: Impact of aggregate packet length and phone utilization for 270Mb/s, 40MHz mode with A-MPDU model

7.3. Combined Geometric and Temporal Analysis
Following the analysis of Section 3.3, the geometric and temporal analysis of Sections 7.1 and 7.2 is combined to illustrate the impact of STA – interferer separation on throughput in a cordless telephone interference limited environment.  As in Section 3.3, the results are based on an aggregate filling up a 1.5ms TXOP.  The cordless telephone occupancy is assumed to be 50%.  The C/N level is 40dB, creating an interference limited environment.
Figure 34 and Figure 35 illustrate the throughput with MCS 0, 7, and 15 as the separation between the STA and interferer increases.  With moderate length aggregate and cordless telephone occupancy, reasonable throughputs are achieved with small separation.  However, to achieve higher throughputs, much larger STA – interferer separation is required with cordless telephones than with P802.15.1 due to much higher interferer transmit power.  Figure 34 and Figure 35 provide results for A-MSDU and A-MPDU aggregation, respectively.
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Figure 34: p802.11n throughput with cordless telephone interferer with A-MSDU aggregation
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Figure 35: p802.11n throughput with cordless telephone interferer with A-MPDU aggregation

8. p802.11n AWN to P802.15.4 IWN 
The scope and purpose of P802.15.4 is to provide specification for low data rate connectivity and ultra-low power consumption for use in the personal operating space of 10 m.  The applications range from interactive toys to sensor and automation.  Media access is similar to P802.11 in that P802.15.4 defines a CSMA-CA channel access scheme.  The PHY layer of P802.15.4 at 2.4GHz comprises of a narrow band signal with ~2 MHz bandwidth.  The system has low transmit power, low duty cycle, small packet lengths, and employs dynamic channel selection.  All will minimize the interference to a p802.11n receiver.  Pertinent P802.15.4 parameters to coexistence with p802.11n:

· Tx Power [12, Annex E.2.5] 

· ranging from -3 dBm to 10 dBm

· 0 dBm typical

· Low Duty Cycle [12, Annex E.2.4] 

· 1%

· Dynamic Channel Selection [12, Annex E.2.6] 
· Channel center frequency Fc = 2405+(k - 11)*5  in MHz, for k = 11, 12,…, 26

· Channels 15, 20, 25, and 26 do not overlap with 802.11, 2.4 GHz, channels 1, 6, and 11 with 20 MHz channel
· Average Packet Length [12, Annex E.3.1.9] 

· 22 bytes

· with overhead, typical P802.15.4 packet length is ~900 μsec, on the order of a p802.11n TXOP
Given the low duty cycle, short range, and number of non-overlapping channels, the probability of collision between a p802.11n packet transmission and P802.15.4 interference is very low.  For completeness we include PHY simulation results modeling PER in the presence of P802.15.4 interference.  These are illustrated in Figure 37 and Figure 38 for 20 MHz and 40 MHz, respectively.  Results are given for all overlapping frequency offsets between the center frequency of the P802.15.4 interferer and the p802.11n receiver.  These include -7 MHz, -2 MHz, +3 MHz, and +8 MHz for 20 MHz channel and -17 MHz, -12 MHz, -7 MHz, -2 MHz, +3 MHz, +8 MHz, +13 MHz, and +18 MHz for 40 MHz channel, as illustrated in Figure 36.  The time-on-air of a p802.11n transmission and P802.15.4 transmission are comparable.  Therefore, as a conservative estimate we assume complete overlap of the p802.11n transmission and the P802.15.4 interference.
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Figure 36: Channel Selection
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Figure 37: PER vs. SIR for 20 MHz, channel model B with P802.15.4 interference
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Figure 38: PER vs. SIR for 40 MHz, channel model B with P802.15.4 interference
As compared to Figure 3 and Figure 4, a p802.11n receiver is more sensitive to P802.15.4 interference than to AWGN.  The degradation of MCS 15 is on average 7 dB and MCS 7 is 5 dB.  The degradation of MCS 0 varies substantially with carrier offset, 4 dB – 9 dB.  Additionally for 40 MHz, the degradation for MCS 32 varies between 3 dB and 8 dB.
9. p802.11n IWN to P802.15.4 AWN 
As described in [12, Annex E], P802.15.4 provides several mechanisms that minimize the impact of a p802.11n interferer.  
The relatively wideband interference from a p802.11n device, would appear like white noise to a P802.15.4 receiver.  Since only a fraction of the signal power from a p802.11n interferer would fall within the P802.15.4 receiver bandwidth, the SIR requirement would be ~10 dB lower than the SNR requirement. [12]
A P802.15.4 has the capability to perform dynamic channel selection, either at network initialization or in response to an outage.  A P802.15.4 device will scan a set of channels specified by a channel list parameter.  For P802.15.4 networks that are installed in areas known to have high IEEE p802.11n activity, the channel list can be defined as sets which minimize overlap with p802.11n channel usage in order to enhance the coexistence of the networks. [12]
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