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Jeff Haydel May 2015
Wireless networks are often used to provide data communications where wired networks cannot reach. These
wireless networks are deployed in point-to-point and point-to-multipoint topologies. Unlike a wired link, a number of
important decisions and computations need to be made to ensure a successful wireless network. Numerous
variables, some constant and some changing, need to be taken into account to help make these decisions. The
values that will not change or that will be designed to the maximum value of the changing scale are the distance,
radio transmission power, and receive sensitivity. Among the values that change (variable) and decisions to be
made are the transmission frequency, antenna selection, and antenna height. This document will address these
variables and provide a mathematical means to help you make your wireless design and deployment decisions.
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Math First
First, let’s lay some ground work for you to be able to understand the relevant numbers and units to follow in the rest
of this document.
The wireless industry has standardized on the use of decibel math using a logarithmic scale to represent the
numbers relevant to wireless transmissions and reception. Decibels are a relative measurement though so the
standards need to be defined. These standards are agreed upon to be 1 mW of power for dBm and the theoretical
isotropic antenna for dBi. See the following table for a quick reference for converting milliwatts to dBm.
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There are other rules to keep in mind as well. Due to the logarithmic scale of decibels, all amplifications and
reductions in signal strength are reduced to addition and subtraction instead of multiplication or division. This is the
reason for, and strength of, the decision to use decibels in RF math. A change in value of 10 dB in either direction is
the equivalent to a tenfold change in power. A change in value of 3 dB in either direction is the equivalent to
doubling or halving the power. These two equations together are called the “Rule of 10 and 3”.

Givens in a Wireless Link
Once the decision has been made to use a wireless data link, there are a couple of variables in the equation that
will be constant. The first of these given constants is the distance of the wireless link. This distance would be the
maximum distance needed to cover if one or both units are mobile. The distance will provide us with the amount of
loss we will experience due to free space path loss.
The second given is the transmit power of the access point or transmission unit. Transmission power is the amplitude
of the signal wave created to transmit over the medium of communication; in this case, over the air. Some wireless
links are designed around not using the maximum transmission power but for purposes of this paper it can be
assumed that the maximum power will be applied. Transmission power is often measured in milliwatts (mW) or dBm.
dBm is the unit of measure, in logarithmic scale, for the ratio of RF energy emitted by the active electronics in
relation to 1mW of power.
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The third given is the receive sensitivity of the receiving radio. This quantifies the minimum level of power the
receiver has to “hear” to understand the communications. This minimum level will only get you the most basic
speeds though so refer to the data sheet of your chosen AP to set your receive sensitivity goal appropriate for the
speed needed on the link. The following table is taken from the data sheet for the Aerohive AP170 and shows the
receive sensitivity for given speeds and/or MCS values.
Speed

2.4 GHz Rx Sensitivity (dBm)

5 GHz Tx Sensitivity (dBm)

802.11b

1Mbps

-95

n/a

802.11b

11Mbps

-90

n/a

802.11g/a

6Mbps

-94

-95

802.11g/a

54Mbps

-80

-80

802.11n

MCS0

-95

-94

80211n

MCS7

-77

-76

802.11n

MCS8

-90

-91

820.11n

MCS15

-75

-73

Frequency Selection
The governmental regulatory bodies that control the use of radio wave spectrum have largely agreed on the use of
two distinct bands for unlicensed wireless communications. These bands vary slightly from country to country but
can be largely defined as the 2.4 GHz range and the 5 GHz range. Each of these bands has advantages and
disadvantages that will help guide the decision of which spectrum to use. Technically the 900 MHz band could also
be used for communications as well, but the industry as a whole has chosen to avoid that spectrum due to the
small amount of spectrum available in that band.
The 2.4 GHz range is the most widely used spectrum due to its balance of penetration and speed and the
prevalence of readily available commercial products. The IEEE has three amendments underneath the 802.11
standard that standardize communications in the 2.4 GHz range. These three amendments specify speeds and
modulation techniques and allow a high degree of interoperability between different vendor products.
The clear disadvantage of the 2.4 GHz range is a product of that interoperability. The use of spread spectrum
dictates only three non-overlapping 20-MHz channels in the roughly 100-MHz-wide range (although the FCC only
allows roughly 720 MHz of spectrum.) The limitation of three channels quickly leads to a problem in a dense wireless
environment like a multi-tenant office environment or a centralized wireless tower. It is common in newly deployed
wireless systems to find the entire 2.4 GHz space in use. Another disadvantage in this spectrum is the amount of non802.11 interference available. Microwave ovens create significant interference in the upper half of this spectrum
and there are numerous cordless phones that use this spectrum for their communication path as well.
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The 5 GHz range offers as many as 35 different channels, although individual governing bodies do not offer all
channels in their regulatory domains. In the United States 21 non-overlapping 20-MHz channels are offered when
the DFS channels are included. This makes the 5 GHz range ideal for wireless network aggregations points like
wireless towers.
The disadvantage of 5 GHz is the lack of signal propagation due to the wavelength size. At roughly 5 cm, the
wavelength is 2.5 times smaller than the 12.5 cm wavelength of a 2.4 GHz signal. This small wavelength results in
interference from the environment and a free space path loss that significantly degrades the signal over distance.

Free Space Path Loss
Free space path loss is the loss of amplitude as the radio wave passes through open space. This loss has a direct
relationship to both the distance and the frequency used in a radio transmission. The specific equation for free
space path loss is shown below. The output unit is dB.
FSPL (dB) = 20log10 (d) + 20log10 (f) + 36.58
f is the frequency in MHz
d is the distance in miles
Free space path loss will almost always represent the largest single amount of loss that will need to be overcome to
ensure a successful and resilient wireless link. For mobile or changing environments, this formula needs to be
computed for the farthest possible distance to ensure a solid wireless connection throughout the range of motion. A
small chart of common values for free space path loss over the two most common frequencies has been included
in the following table. The common rule of thumb is that a doubling of the distance adds 6 dB of loss.

50 feet

100 feet

1000 feet

3000 feet

1 mile

5 miles

10 miles

20 miles

2.4 GHz

64.18

70.21

89.76

99.30

104.18

118.16

124.18

130.21

5 GHz

71.39

77.41

96.96

106.51

111.39

125.37

131.39

137.41
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Antenna Selection
The type of antenna is the most discussed and often the most important decision made in a wireless link
configuration. Antennas are usually sized or paired to a particular frequency range. This is done by sizing the
radiating element, which also acts as the receiving element, to a certain ratio of the length of the desired
wavelength. The most common ratios are quarter-length and half-length. In certain types of antennas gain is
achieved by coupling multiple radiating elements together in series inside the antenna.
Antennas are categorized into three general groups, and each group is defined by its basic signal propagation
pattern. The three groups are omnidirectional antennas, semi-directional antennas, and highly directional antennas.
There is a fourth, theoretical, antenna that is often discussed as well; it is called the isotropic antenna.
The isotropic antenna is the ideal antenna against which all other antennas are measured. However, this ideal
antenna is only theoretical because, by definition, it is a point antenna and has a length of absolutely zero. This is
obviously impossible in the real world. The isotropic antenna is still important however as a reference point for all
other antennas in terms of gain properties as well as signal radiation properties. The theoretical isotropic antenna
would display equal radiation of its signal in 360 degrees on both the horizontal axis and the vertical axis; in other
words, its radiation pattern would be a perfect sphere. The signal from the radio would also have experienced 0 dB
of gain due to antenna gain. Usually antenna gain is recorded in units of dBi and that unit is gain in decibels in
relation to the gain of the ideal isotropic antenna.
The most important characteristic of omnidirectional antennas is a 360 degree circle of coverage on the horizontal
plane. They differ from the isotropic antenna in that they will not have a 360 degree circle of coverage on the
vertical plan. An omnidirectional antenna will receive most of its gain from “squeezing” the vertical plane at the
antenna through signal reflection and radiating element manipulation. This trade off of vertical coverage for more
gain in the horizontal plane is an important consideration in designing a wireless coverage map and needs to be
checked before an antenna is installed too high for the intended users to communicate with it. Omnidirectional
antennas are most often deployed in a central location to the area where wireless coverage is needed.
The group of antennas termed as semi-directional includes sector antennas and panel antennas. Each of these
types of antenna manipulates the RF radiation to emit RF signal in a particular cone of coverage and are often
used to provide a higher gain signal to a specific area. Sector antennas often cover a 60 or 120 degree cone of
coverage on both the horizontal and the vertical planes. This enables a deployment to achieve higher gain with
more antennas around a central point than an omnidirectional antenna would be able to do. Panel antennas will
use multiple radiating elements and a reflective backing to provide coverage in a 180 degree or less cone of
coverage on the horizontal plane. Panel antennas are often mounted to the inside of exterior walls or at the end of
hallways to provide coverage to a large area interior to the building. The following illustration has a typical antenna
coverage chart for a semi-directional antenna.
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Highly directional antennas provide a very tight cone of coverage but also offer high gain for higher signal rates
over greater distances. This classification of antennas most often includes Yagi antennas and parabolic dish
antennas. Due to the very tight cones of coverage that these antennas exhibit they are almost exclusively used for
point-to-point, stationary, wireless shots. This type of antenna requires precise alignment, which can be difficult
when the other device is miles away. The following illustration shows an antenna coverage chart for a parabolic
dish.
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Antenna Height
Antenna height is an important consideration when designing and deploying a wireless network. As shown above,
different antenna types have varying coverage characteristics and, as such, are used for different applications. An
omnidirectional antenna mounted close to the ground makes more sense in a client access type of deployment
while a parabolic dish mounted atop a 300-foot tower makes more sense in a 20 mile point-to-point wireless shot.
For indoor wireless client access, higher does not always equal better. In this type of wireless network, the clients of
the wireless access points are typically laptop computers on desks and smart tablets and phones being carried
around the area. The ideal height of an antenna in this scenario is no more than 10 to 20 feet off the floor. This is as
true for an omnidirectional antenna mounted to the drop ceiling of a conference room as it is for a panel antenna
mounted above an emergency exit door pointed down a hallway. When a higher gain omnidirectional antenna is
mounted too high, the potential for lack of coverage becomes more prevalent directly under the antenna,
creating an RF dead spot. This dead spot can be resolved by coverage from a different omnidirectional antenna
on another access point or through the use of a panel antenna on a wall. Often the best solution for indoor wireless
client access networks is a combination of panel and omnidirectional antennas.
In outdoor point-to-point and point-to-multipoint wireless solutions, higher does almost always equal better. It is
unusual to need a wireless shot across a flat, barren field but much more common to see some amount of trees,
buildings, billboards, or other obstructions between the two end points. The end points must be able to
communicate above all obstructions that are in a direct line between them. The height above these obstructions
has a direct mathematical relationship to the distance of the wireless link. When the two end points are of equal
height, the distance between the highest obstruction and the end points must be carefully considered. An
example is shown in the following illustration.

𝒅𝒅(𝒊𝒊𝒊𝒊 𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎)
𝒓𝒓(𝒊𝒊𝒊𝒊 𝒇𝒇𝒇𝒇) = 𝟕𝟕𝟕𝟕. 𝟎𝟎𝟎𝟎 𝑿𝑿 �
𝟒𝟒𝟒𝟒(𝒊𝒊𝒊𝒊 𝑮𝑮𝑮𝑮𝑮𝑮)
Due to the sinusoidal wave properties of RF signaling, RF line of sight is different from visual line of sight. As an RF
signal travels through free space it will slow spread and travel a wider distance. The safe zone of clearance around
this spreading path is called the Fresnel zone. The common rule of thumb is to design towards no more than 20%
Fresnel zone interference, which is what the above formula achieves.
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Cable Length
It is not always possible to mount the antennas immediately next to the access point. However the use of cable
between the signal generator (radio) and emitter (antenna) will introduce another source of signal loss into the
system. This can be considerable in situations involving long cable runs such as those in tall towers. In such tower
installations, one solution is to install the radio at the top or near the top of the tower, but this involves either using a
weather resistant enclosure or an access point that is weather resistant itself like the Aerohive AP170. Another
solution is to use a low-loss antenna cable to minimize signal loss and mount the antenna in a more protected or
accessible location. The two tables below show the loss introduced by two different types of cable for different
distances.
LMR-400
10 feet

50 feet

75 feet

100 feet

150 feet

250 feet

400 feet

500 feet

2.4 GHz

0.7 dB

3.4 dB

5.0 dB

6.7 dB

10.0 dB

16.7 dB

26.8 dB

33.5 dB

5.8 GHz

1.1 dB

5.5 dB

8.3 dB

11.0 dB

16.6 dB

27.6 dB

44.1 dB

55.2 dB

CA-195
1 foot

3 feet

5 feet

10 feet

15 feet

25 feet

50 feet

100 feet

2.4 GHz

0.2 dB

0.6 dB

1.0 dB

1.9 dB

3.0 dB

5.0 dB

10 dB

18.6 dB

5.8 GHz

0.3 dB

0.9 dB

1.5 dB

3.0 dB

4.5 dB

7.5 dB

14.9 dB

29.9 dB

There is also an intrinsic loss associated with each connector used to transfer signal from a cable to another device.
This loss is typically 0.3 dB per connector. The simplest example of this is one cable directly attached to an access
point on one side and an antenna on the other. The loss of the cable needs to have 0.6 dB added to properly
account for loss due to connectors. In a more advanced case where surge arrestors are used or multiple lengths of
cables are coupled together, all of these couplings must be added together and added to the loss associated with
the total cable length. This loss of only 0.3 dB per connector assumes a well-made cable. A poorly made cable or
an old cable with a loose connector can easily introduce significantly more loss or even a complete loss of signal.
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Fade Margin
Fade margin is a key term in outdoor wireless networks and when designed properly will keep a system integrator
from getting called back in a few months to fix a poor installation. Fade margin lets the designer to mathematical
build the expected loss from rain and other atmospheric conditions into the equation while still keeping dry and
warm during the testing and installation phase. A typical budget calculation will use a fade margin of no less than
10 dB although 15 dB is often used to ensure a solid and resilient link that will stand the test of time.

Link Budget Calculations
The ultimate goal of link budget calculations is to design towards the gains and receive sensitivity exceeding the
losses from free space path loss and cable lengths used. A solid design will also incorporate a good fade margin to
ensure a resilient link through all weather conditions and time. The formula to calculate a complete link budget with
all units in dB is shown below.

𝑷𝑷𝑻𝑻𝑻𝑻 + 𝑮𝑮𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻 + 𝑮𝑮𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹 − 𝑳𝑳𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭 − 𝑳𝑳𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹 − 𝑳𝑳𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻 − 𝑭𝑭𝑭𝑭 − 𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹 > 𝟎𝟎

PTX = Power of the transmission radio

GTxant = Gain of the transmitting antenna
GRxant = Gain of the receiving antenna
LFSPL = Loss due to Free Space Path Loss
LRxcable = Loss associated with any cable on the receiving side
LTxcable = Loss associated with any cable on the transmitting side
FM = Fade Margin
RSRX = Receive sensitivity on the receive side. (This number is negative but in the absolute value needs to be
added to the equation hence the negative number is subtracted.)
You can use this equation to determine the boundary values of any of the variables above as well as the minimum
antenna gain or maximum free space path loss (how far the wireless link can be.) The equation is not an absolute
as it ends in “> 0” but states that anything above a certain level is fine.

Conclusion
A successful link budget calculation is critical to ensuring a viable and resilient wireless network, particularly for longrange wireless shots. The process of gathering the required information to perform this calculation will guide you
through your choices of antenna type, height, and cabling—the three subjects that account for the most common
errors in hastily designed wireless designs. However, with the information above and a logical and methodical
approach, you can design wireless links that are viable, reliable, stable, and productive for as long as needed.
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