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4.X PHY Layer Link Budgets 

4.X.1 Introduction and Purpose

This section describes how various PHY layer RF performance metrics defined in this recommended practice can be used to determine the overall performance of the physical link between two 802.11 devices.  Through the concept of a link budget, individual RF performance metrics such as transmit power, sensitivity, fading, and antenna gain can be combined to determine the combined performance of a device pair across an equivalent channel.  Using the information provided here, the maximum theoretical throughput can be determined for a given PHY channel.  While this concept can be extended to encompass effects of malformed RF packets or decoding problems at the receiver, this discussion will be restricted to the assumption that the transmitting and receiving radios are both operating properly such that an ideal channel produces the theoretical maximum performance (no packet loss at each data rate).  

4.X.2 The Physical Channel

For the purposes of this discussion, the physical channel is the total RF propagation path from the output port of the transmitter of one 802.11 radio to the input port of the receiver of a second 802.11 radio.  For the purposes of this discussion, the referenced ports will typically refer to points within the devices where the conducted RF power could be accessed and measured (i.e. an RF connector that would attach to an antenna).  However, the transmit port can be considered to be the point where an RF signal is first generated, and the receive port as the point where the signal is finally detected.  For simplicity, the first part of this discussion will refer to only one leg of the wireless link (i.e. one transmitter to another receiver).  Since all 802.11 devices are transceivers, the discussion applies in both directions of the bi-directional communication link.

Figure 0.1 illustrates a simple line of sight channel between two devices.  The components of the channel include any cable from the transmitter to the transmit antenna, the transmit antenna, the space between the transmit and receive antenna, the receive antenna, and the cable between the receive antenna and the receiver.  
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Figure 0.1 Simple free-space configuration showing the components of the physical channel.
The corresponding link budget for that channel would include the loss of any cable from the transmitter to the transmit antenna, the gain of the transmit antenna in the LOS direction, the free-space path loss between the transmit and receive antenna, the gain of the receive antenna, and the cable loss between the receive antenna and the receiver.  In equation form, the path loss between the transmit port and receive port is given in dB as:  

Path LossPhysical Channel = Cable LossTX  – GainTX + Path LossFS  – GainRX + Cable LossRX
When communicating across this physical channel, the power output by the transmitter is attenuated by the path loss of the physical channel before it reaches the receiver.  As long as that received power level is above the sensitivity level of the receiver, the link will be maintained.  Put another way, as long as the path loss of the physical channel is less than the difference between the transmit power and the receiver sensitivity, the link will be maintained.  

PRX = PTX  – Path LossPhysical Channel > RX Sensitivity
or

PTX  – RX Sensitivity > Path LossPhysical Channel
Figure 0.2 illustrates what this might look like in graphical format for two different path lengths and with different transmitter and receiver performance.  The left side of the figure provides sample values for each of the path loss contributions across the frequency span of a given channel.  The right side of the figure shows the effect of applying each contribution sequentially for the two different link budgets.  Starting with the transmit power (cyan colored line), each component from the left is applied to the link to determine the power that finally reaches the receiver (green line).  For the first budget, this is well above the sensitivity (dark red line), while for the second one it ends up well below.  In the first case, the link can be maintained while in the second it cannot.
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Figure 0.2  Graphical example of link budgets for two free-space systems with different path losses and radio performance.    
This relationship defines the concept of a link budget.  The contributions to the path loss vary based on the actual physical channel used, but the overall concept remains the same.  Figure 0.3 illustrates a more complex physical channel consisting of a multipath environment influenced by the radiation patterns of both the transmit and receive antennas.  The patterns indicate that the radiation from a device (and the corresponding reception) is not uniform in all directions, but rather it varies in magnitude and phase as a function of direction.  In addition to the direct path, signals radiating in other directions reflect off of objects in the environment and arrive at the receiving antenna attenuated by the corresponding path length, the reflectivity of the reflecting objects, and the loss of any materials that they pass through.  The channel can no longer be represented by just the gain of each antenna in one direction but becomes a complex function of propagation directions relative to the transmitter and receiver and both the magnitude and phase of the signal along each ray path.  Constructive and destructive interference occurring at the receive antenna causes the received signal to vary significantly as a function of frequency.  This multipath fading (Figure 0.4) can greatly affect the ability of the receiver to detect and decode the transmitted signal.  However, unlike traditional narrow band communication, where fading typically changes the signal level across the entire bandwidth of the channel, 802.11 channels are considerably wider than the frequency dependent signal nulls produced by fading.   Thus, evaluating the effect of fading on a link budget is not as simple as determining when the received signal (or some portion of it) goes below sensitivity.  When evaluating the link budget in terms of total (integrated) channel power levels, the frequency dependent fading effectively raises (worsens) the sensitivity level of the receiver.  
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Figure 0.3  Illustration of two devices with complex antenna patterns in a multipath environment.
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Figure 0.4  Example of faded channel and its use in a link budget and the effective sensitivity for the faded channel.
While the faded channel depends on both the multipath environment and the radiation patterns of both linked devices, only the latter contributions are properties of the devices themselves.  While detailed knowledge of the radiation patterns and the details of a given environment would allow determination of how a pair of devices would perform in exactly one configuration within that environment, that’s not very useful in determining how those devices would typically perform in general.  Any slight change in position could cause a significant change in the faded channel and the associated effective sensitivity.  Instead, multipath fading is typically treated using statistical distributions (eg. Rayleigh and Rician fading statistics) or other channel models to determine the average fading that can be expected from a given configuration in a given environment. The qualitative comparison measurements provided in this recommended practice incorporate a similar statistical approach by moving the DUT(s) through a range of positions to determine an average performance in one general location.

Given that the environmental effects can be treated statistically, it becomes useful to look at the individual device performance from a statistical viewpoint as well.  Total integrated power metrics like Total Radiated Power (TRP) and Total Isotropic Sensitivity (TIS) provide a single performance metric for the transmitter (TRP) and receiver (TIS) that incorporates the average radiation pattern of the device with the performance of the radio (at each data rate), any internal losses, and other self-induced effects like platform noise, antenna mismatch or detuning, etc.  Note the importance of considering the radiation pattern of the complete device as opposed to just the antenna pattern measured independently.  The pattern and overall performance of the antenna attached to the device and placed in a typical use case (i.e. on a table top or against the human body) will be considerably different from that of the antenna and device measured separately and combined.  And the desensitization effect of platform noise and similar contributions cannot be determined from separate pattern and conducted sensitivity measurements.

Other contributions to the link budget can then be easily determined using conducted tests.  The relative difference between the sensitivity of a flat channel and that of a given faded channel can be determined using a fading simulator or channel emulator.  Similarly, the effect of a given level of external interference can be evaluated by introducing the interfering signal into a conducted sensitivity measurement and determining the corresponding desensitization. 

Putting all of these contributions together gives us something like the following:

Propagation Path Loss < TRP  – (Fading Desense + Noise Desense + TIS),

where the propagation path loss is the path loss in dB that can be introduced by the environment (i.e. due to separation distance) before communication will be lost.  Any other contributions or effects can be incorporated similarly.  However, care should be taken to ensure that the contributions are additive as opposed to exclusive.  For example, two separate noise sources may only result in the larger of the two contributions applying to the link budget as opposed to the sum of both.

4.X.3 The Bi-Directional Link Budget

The previous discussion has centered around only one leg of the link between two wireless devices.  Thus, the TRP of the first device and the TIS of the second device are paired together to determine the available link budget.  However, in most cases, a bi-directional link must be maintained in order to maintain communication.  Therefore it’s necessary to be concerned about the TRP and TIS of both devices as well as the resulting link in both directions.  The TRP of the second device is paired with the TIS of the first device to determine the available link budget for the reverse link.  Since both links must be maintained to maintain communication, the weaker link defines the available link budget for the pair.  

Figure 0.5 presents sample TRP and TIS values (represented as –TIS for the purpose of graphical representation) for a number of sample devices.  The first device has a TRP of +10 dBm and a TIS of –80 dBm.  The second device has improved TRP of +20 dBm with the same TIS as device one, while the third has the same TRP as device one, but improved TIS of –90 dBm.  The last device has both improved TRP and TIS over device one. 
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Figure 0.5  Example TRP and (-TIS) values for four different sample devices.

Figure 0.6 illustrates that for identical devices paired together, the available link budget is the same in both directions and thus neither direction of the link limits the total link performance.  However, when devices with different performance levels are paired, as in Figure 0.7, the result is considerably different.  Remembering that devices two and three both improved the performance of either their TRP or TIS by 10 dB, which provided a recognized improvement when those devices were paired with an identical device, it may be surprising to realize that there’s no improvement in system performance when either device is paired with the original device or with each other!  The resulting link budget still only has the 90 dB of dynamic range that the original pair of device ones had.  A similar behavior can be seen when evaluating the performance of device four, in that the same performance is achieved whether the device is paired with the “improved” devices two or three, or with the original device one.  However, in this case, the performance has been improved by 10 dB, with the added bonus that when two device fours are used together, the performance is boosted by 20 dB.  This illustrates a critical point, in that the only way to guarantee an improvement in performance for a given device, no matter what other devices it is linked to, is to improve both its TRP and TIS performance equivalently.  For a given linked pair, the desired improvement can also be seen if either the TRP or the TIS is improved equivalently for both devices.  However, in such a case that improvement may not be seen when a third device is substituted in.  Regulatory requirements limit the amount of radiated power that a device can generate, so all devices in a given region will have an upper limit on their TRP.  However, optimal design of the antenna and radiating system can ensure that the maximum transmit performance is obtained while staying below the regulatory limits.  Beyond that, devices that improve their sensitivity performance can be expected to see better performance on average when dealing with fading effects, etc.  

[image: image6.emf]Link Budgets Between Identical Devices

10

10

20

20

10

10

20

20

80

80

80

80

90

90

90

90

90

100

100

110

0 20 40 60 80 100 120

1->1

1->1

1 & 1

2->2

2->2

2 & 2

3->3

3->3

3 & 3

4->4

4->4

4 & 4

Device Pairs

Available Link Budget (dB)

TRP

-TIS

Max Range


Figure 0.6  Example link budgets between identical devices showing that the dynamic range of the link is the same in either direction.
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Figure 0.7  Example link budgets between different devices showing that the dynamic range of the link budget is controlled by the weaker link direction.

4.X.4 Throughput vs. Path Loss

While the link budget concept provides a useful tool for network planners and the like to make decisions about their network deployment based on the performance metrics of the components they intend to use, others prefer to relate performance to common user experience metrics like network throughput.  The same component performance metrics such as TRP and TIS can be used to estimate throughput as a function of environmental path loss.  

Sensitivity metrics like TIS are determined by measuring packet error rate (PER) as a function of received power level and determining the receive power level that results in a target PER (typically 10%) at a given packet size (typically 1000 bytes).  To determine expected throughput vs. path loss, it’s necessary to know the PER vs. receive power level for each data rate.  This can be determined from conducted measurements and used to normalize the TIS values used for a link budget.  Using the maximum theoretical throughput determined per the procedure in Section/Appendix ???, the PER vs. receive power curves can be converted to throughput vs. receive power.  Assuming infinite retries (as opposed to losing packets), then the throughput is given by:

Throughput(PER) = Max Throughput  x (1 – (PER / 100)),

where Max Throughput is the theoretical maximum throughput for a given data rate and PER is the packet error rate in percent.  Figure 0.8 shows sample PER vs. received power curves for each data rate of an 802.11b device.  The formula above was then used to generate Figure 0.9.  By combining the received power curves with the transmit power information, a corresponding link budget can be determined showing throughput vs. path loss as in Figure 0.10.  The envelope of the curves at each data rate provides the maximum theoretical throughput vs. path loss curve.  Note that the real device will fall somewhere under this curve based on the rate transition algorithm used, etc.
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Figure 0.8  Sample PER vs. Received Power for each 802.11b data rate.
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Figure 0.9  Maximum theoretical throughput vs. received power for each 802.11 data rate based on sample PER vs. received power curves.
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Figure 0.10  Maximum theoretical throughput vs. path loss for sample 802.11b link budget.
4.X.5 Throughput vs. Distance

Another way to evaluate the performance of paired devices is as throughput vs. distance.  To do so requires some knowledge of how the physical channel changes as a function of distance.  For a simple case, we can refer back to the free-space configuration described in the first example.  In this simple case, the Friis transmission equation defines the path loss as a function of distance.  The free-space path loss in dB is then:

Path LossFS = 20 log10(4d/), 

where d is the separation distance in meters and  is the wavelength in meters.  From here, it is a simple matter to convert the throughput vs. path loss curves into throughput vs. range length curves.  For more complex environments, suitable multipath fading and shadowing models can be used to determine path loss vs. distance behavior.  However, that analysis is beyond the scope of this document.
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Abstract


This document provides draft text for the informative/introductory section that introduces the concept of link budgets and ties PHY layer RF metrics like TRP and TIS to user metrics like throughput.  This document builds on the concept of maximum theoretical throughput to determine maximum throughput vs. PER for each data rate.  That information can then be used within the link budget to predict maximum throughput vs. path loss, range, etc.  This information belongs in either section 4 or as an appendix.
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