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RIIOTE Range: Basics & Measurement
Results

By Omar Khalil

Background

The core function of any wireless communications system is to transfer data from point A to point B. The longer the
communications range is, the more robust and efficient the system becomes. Therefore, range is one of the most important
parameters to cordgr when evaluating wireless RF networks.

However, understanding range, with its, terminology, concepts, and different influencing factors, is not afetvagthtask.

This document aims to deliver a basic understanding of RF range and its vayigasdmeters. To do so, this document
consists of three parts. In the first chapter, the reader is introduced to different terms and concepts often encoumtered whe
dealing with RF networks. Chapter two describes the main factors which influence thegRBfrarnreless networks and how

a developer can tweak certain parameters to his own advantage and achieve more randellb@élyange is revealed,

where measurement results under different radio conditions are shown with the apmicatioreof the concepts learnt in
chapter two.

1.0 Understanding RF communications range

1.1Importance of understanding range calculations

A basic understanding of RF waves and their characteristics can play an important role in many parts of the process of
planning an RF network. In specific, an understanding of the basics of RF range and how it is influenced by numerous factors
can help cutosts, save time and effort, and most importantly, it could help planning the network in the most efficient way.

One of the most common questions often asked by developers in the network pidrasiag s AHow | ong wil |l
be?d0 The answer appesito be simplé The RF modul es 6 manufacturer should sta
However, in many cases, the actual range inlifeatonditions differs from the range advertised. In addition, the developer

might need to tweak a couple oframeters to achieve a certain goal, thus,alssvery beneficial for him to understand the
different mathematical models and formulas used in range calculations, in addition to the various environmental factors which
affect RF range and some tips aridks to mitigate their effects.

1.2Basics to understand range

Before diving into details, it is important to first establish some of the common terminology and concepts used when speaking
about RF range and its calculations.

Range Refers to th maximum distance at which the transmitter and receiver could be placed while still maintaining adequate
service level.

dBm: This unit is often encountered in power calculations. It is used to quantify power in reference to 1 mW. For example, 0
dBm woul translate to 1 mW. Taking this a reference, any increase in the mW side also translates to an increase in the dBm
side. However, this increase in the dBm side is logarithmic. Which means, at 10mW it is also 10 dBm, but 100 mw is 20 dBm
and 1000 mW is 3@dBm. Every multiplication by 10 in mW is just an addition of 10 in dBm. Below is a table with some of

the commonly used values.
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Power (mW) Power (dBm)
0.001 mwW -30 dBm
0.01 mW -20 dBm

0.1 mwW -10 dBm
1 mw 0 dBm
1.99 mW 3 dBm
3.98 mW 6 dBm
10 mwW 10 dBm
100 mW 20 dBm
1000 mwW 30 dBm

Tablel.mW to dBm Conversion table

RSSI: In the RF domain, received signals are measured in terms of the received signal strength indicator (RSSI). It is a power
measurement in dBmvhich makesalculations easier as all units are in dBm.

Noise Noise refers to all the other signals power available in the spectrum. Noise has many types and causes. It can be thern
noise from hardware components in everything, from your own RF mddudarrounding electrical appliances. Noise could
also be causedylmearby transmissions.

1.2.1 The Link Budget

One of the pillars to understanding range calculations in RF systems is the Link Budget. Simply, a Link Budget is an account
of all gains and logs in a communications link, in addition to the margin of losses a link can accommodate and still maintain
an adequate quality of service.

Logically, the formula for the link budget would be expressing the amount of received power as the sum oftiteetitans
power and any gains along the way, minus any losses.

Pr=Pr+ G 1 Lp+ Grx 1)
Where
Pr= Received Power (dBm)
Pr= Transmitted Power (dBm)
Grx= Gain at the transmitter (dBi)
Lr= Path Loss (dB)
Gryx= Gain at the receiver (dBi)

1.2.2 Link margin and receiver sensitivity

Using equation (1), we might be able to correctly calculate the amount of received power, however, how can we make sure th
whatever power received by the receiver will be enough for it understand the signal (décatheist)an important parameter

to define is the receiver sensitivity. Receiver sensitivity basically refers to the lowest signal power at which theceeceiver

still receive a signal and produce an adequate power level.

Therefore, we can say that the limargin, which is the margin of losses the link can afford to lose, is defined as the difference
between the received power and the receiver sensitivity. For example, if the link margin is 20 dB, it woultattean

difference between the received powed the receiver sensitivity is 20 dB, thus, if something happens on the communication
link and it loses 19 dB, the receiver would still be able to differentiate between the signal and background noise.
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Lm=PRRT S (2)
Lm=Pr+ G Lp+ Gr- R )
Where
Sk = Receiver Sensitivity (dBm)
Lm = Link Margin

According to equation (2), the sent packets will be correctly received whery thgteater than zero, otherwise, decoding
errors will occur.

1.3 Path Loss

Path loss refers to the attenuatinrsignal strength as it propagates through its designated medium. A wireless signal may
experience different types of losses during its transmission from the transmitter to the receiver. Path loss is caused by one
several of the following phenoman

1.3.1 FreeSpace loss

Freespace loss is the most basic form of losses a wireless signal can encounter. It assumes a-dlirgighir{&oS) path
between the transmitter and the receiver, without any obstacles in between. In this case, thiedpadation in signal
strength is merely a result of the epanding radiation pattern of the transmit antenna, which means the radiated power
keeps spreading to a larger transmit area every moment, thus its energy decreases.

Pathlosgs= 0@ 1 ¢mm i 1@ ¢ml i'Q (3)

Where
d = Distance between transmitter and receiver (Km)
f = Frequency (MHz)

Equation (3) depicts the relation between link budget calculations and range estimation. It depends on your staifing point
you already know your transrsisn distance and all you need is an estimate of the losses your link will incur, then equation
(3) is the correct formula to use. Whereas, if you are t
would be equation (4) below.

) 0GB el i8 (4)
Distancam=p TT

However, it is important to note that this type of path loss, since it is the least amount of loss a signal can expengnce, i
achieved in lineof-sight conditions. Please refer to chapter 2 tonleaore about Fresnel zones and how to achieve true line
of-sight in your link.

1.3.2 Multipath propagation

In nearly any signal transmission scenario, the signal reaching the receiver is never the result of only the copyadf the sign
which hadravelled directly from the transmitter to the receiver. Otherwise, the net signal received at the receiver is the sum of
all copies of the original signaicludingthe one that travelled straight towards the receassd alspthe many copies which

travelled elsewhere, reflected, then reached the receiver. This phenomenon is known as Multipath Propagation.

Reflection generally occurs due to the presence of obstacles in the path of the signal. Such reflective obstacles can include
mountains, buildings,ral even water surfaces. Reflection could also be causedbybomi ous reasons such
or even its atmosphere. The issue with reflected signals is that they often experience changes in some of their physical
parametersThis can cause ingtdity when they are all added together at the receiver as they can add up constructively or
destructively.
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2.0Factors influencing RF range

More often than not, developers are surprised by the fact that an RF module they purchased is not operbgngmyjth t
specifications advertised by its manufacturer. An easy conclusion to draw from this situation is that manufacturers advertise
unreal range numbers to create more marketing hype for their products. However, that is not the case. The issae umsually |
the testing circumstances which usually differ in tests done by the manufacturer than when the same tests are done by end
customers. |In this section, we explore some of the main
andtricks to achieve the ranges specified by the manufacturer.

2.1 Antennas

The most important components in a wireless link are the transmit and receive antennas. They emit the signal power into spa
with an attempt to retrieve it correctly at the receivedse . Ther ef ore, the antennads sett
importance as very slight changes might yield great benefit to the wireless link.

2.1.1 Antenna height and Fresnel zone clearance

As explained in the previous section, the presence of déstiamcthe path of an RF signal hugely impacts the quality of service
achieved. Thus, usually it is recommended to position transmitters and receivers in a manner where there is aodlirect line
sight path between them. However, this is not always posssbdeme obstacles are impossible to avoid. A possible solution
for this is to position the transmitters and receivers in a high position, above any obstacles. This way ensuresgnelearer si
path for transmission.

In addition to avoiding obstacles,anber i mportant concept in RF propagation,
positioning of the antennas. The Fresnel zone is basically an area, in the shape of an American football, which shows how the
signal is radiated from the transmitterrézeiver. In other words, just because when standing next to the transmitter you are
able to see the receiver, does not necessarily mean the link iso&$iight link. Instead, to have true lhad-sight in your link,

Fresnel zone formulas dictate tlaa0% clearance in the zone is essential.

D

Figure 1. Fresnel Zone.

Figure [2] below shows an illustrative example of how a
curvature, passing traffic, or fixezbstacles such as a tree.
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Figure 2. Different obstacles disrupting a Fresnel zpheense: https://creativecommons.org/licenses/by/4.0/

No changes to original picture

For example, sitable [2]shows, consideyou areplanning a 300m link operating in the 900 MHz band. Fresnel zone
calculations show that you would neeadapen spacedreawith a diameter of 5m between the transmitter and receiver to
achieve true linef-sight.

Recommended Fresnel
: Recommended Fresnel zone -
Range Distance diameter for 900 MHz zone diameter for 2.4

GHz
300 m 5m 34m
1.6 km 10m 6.4 m
8 km 21m 13 m
16 km 29 m 18 m

Table2. Recommended Fresnel zone diameters to be free for different operational bands
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However, not only treegars and buildingsc an obstruct a signal. Surprisingly, e
to a wireless link, in long distances of couSer example, a 32 km link operating in the 900MHz spectrum would need
antennas 46m highto avoidthe 16nb st acl e caused by earthés curvature. Whi

with a length of 50 km, a 60% clearance metiasan area of 23 meters at the midpoint of the link must be clear.
2.1.2 Antenna Position

As discussed in previous sewis, antenna placement is crucial to link quality. This means that for best performance, antennas
must be placed as high as possible, facing the coverage area intended. However, sometimes certain applications dictate very
poor positioning of antennaBor example, a certain use case might dictate that the antenna has to be placed in a basement
underground, or in a cabinéth such cases, a good solution woulddeonnecthe module to an antenna via a relatively long

RF cable, which givethe user some mgin to place the antenna in a better positiorvise

2.1.3 Antenna Type
Depending on the application, a developer might be faced with the task of choosing the appropriate antenna for hisnetwork.

this section, we discuss some of thgortantparameters to be considered when choosing an antenna for your application,
such as, antenna efficiency, size, and gain.

An antennaébés efficiency is a measure of how much of. the
Logically, antenna efficiencssime asur ed i n percentage and the higher the n
be.

On the other hand, an antennads directivity i s a measur e

transnitting equally in all directions. For example, if an antenna doubles the amount of power transmitted in a certain
direction, compared to a theoretical antenna which transmits equally in all directions, then this antenna is said to have a
directivity of 3 Bi.

9)°  antenna faces to 0°

Figure 3. I'llTustration of an antennads directi vi
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Often, the choice is between an internal antenna (PCB/chip) or an external antenna mounted by connector (typical SMA/RP
SMA). The product designer would normally want to use an internal (hidden) antenna due to design considerations. Howevel
this will hawe a negative impact on range as the internal antenna will not radiate freely. Moreover, enclosure and components
close to it will decrease its performance. If the requirement of internal antenna is absolute, it is important to censider th
antenna desigragly in the design process and plan enough room for an antenna.

Another important factor in choosing the appropriate antenna is the antenna size. The main difference in peidoth@ance
bigger the antenndhe more power it radiates and the more wa&gkals it will pickup. While this might sound perfect, there
are a few challenges to it. However, output powerardy beincreased to a certain extent due to regulations (more
information about that in the next chapter). On the receiver side, a targema will also pickip more noise. On the other
hand, a smaller antenna would pig less noise, but still it would not piclp the intended signal if its weaker than a certain
limit. The @nclusion is thaalarger antenna on the receiwdewill oftenshow little effect on the overall range in practice.

Therefore, a rulef thumb here would be that you have to first deeithat your limiting factor isis it high noise which
affects your signal, or is it a very long RF link with little noise. gtoise is your limiting factor, then stickitga smaller
antenna will be the right way to go as it will limit the amount of noise received. If noise is not a big issue in yoarmemtiro
and you neednhore RF rangethen using the bigger antenmagght help radiate more power, under the condition that total
radiated power is still under regulations limits

Figure 4. Different antenna sizes

2.2 Transmitted power

Logically, the more power transmitted, the higher the margin for losses in the link will be. In addition, the higheethef pow

the main signal, the bigger the ratio between it and the noise power, thus, the easier it will be for the receiventiatdiffere
between them. However, different regulatory bodies, such as the FCC for the United States and ETSI for Europe, have strict
transmission power limits for RF modules operating in unlicensed frequency baistsets a limit on the maximum

transmissia power to be used in the system.
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Moreover, one of the key requirements to nearly all IoT networks is low power consumption. For numerous IoT network
scenarios, RF modules will be deployed remotely, which might make frequent battery replacemeifezmsaible solution.

Thus, modules need to operate under minimal power consumption modes, which directly translates to using the least amount
transmission power possible.

Finally, another scenario where raising the transmission power is not a w&hjdga is when the same system uses more than
just one transmitter and r ecei v eputpowdrsthey wilestas igtexferiegmdttseaamu | t i
other which would ultimately decrease system performance.

2.3 Data Rate

Data rag refers to the speed at which data bits are carried by the communications link from the transmitter to the receiver. Dat
rate is usually expressed as number of bits per second. Often, RF modules give the developer the freedom to choose betwee
number & available data rates.

The way data rate affects range is that it directitvity i nfl
of the receiver, increasing the lowest level at which a receiver can detect a signal. In tigs, imgher data rates decrease the
RF range of a communications system.

In addition, higher data rates mean data will be sent through shorter packets. This makes the solution use less p@wer and giv
longer battery lifetime. Sahe extension of range bgducing data rate is a tradéf betweerpower consumption and battery
lifetime. However, due to the nature of noise waveforms, shorter packets are more prone to noise than longer packets. This
idea is more understood through the figure below.

20RSSI (dBm)

Py :
o j L/ IL\__‘!., ) "\“A At '\‘,\V,«.Vv

Figure5. Noi se at Radiocraftsé office for 5 kbps
Figure [5] shows the nature of noise signals. The vertieadiy represents the noise signal strength in dBm (the closer to 0 the
stronger it is) and the horizontalaxis representime, in seconds. Signal peaks, such as those seen &tahd &' second

are moments in time when the noise level is highest. Now consider a short packet, as shown in figure [6], as the case is with
high data rates, when a short packet is beingndtesi at the same time there is a noise signal peak, then the whole packet

will be lost. On the other hand, lowdatarate longpackets will be more spread in time, thus, even if it hits a noise peak, the
remaining part of the packet might still be reemble. This directly translates to error probabilities in the radio link which

directly translates to RF range.
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Figure 6. lllustration of the difference between long and short data packets.

2.4  Frequency band in use

Thefrequency band uskby the system refers to the frequency or set of frequencies used by the system for its transmissions.
The frequency spectrum, in general, is owned by a given
government and inosne aspects by international regulation bodies. However, it has been agreed that certain frequency bands
will be available for unlicensed use, under certain operation conditions. Amongst the most famous of these bands are the ban
around, 433 MHz, 868 MH®15 MHz, 2.4 GHz, and 5.8GHz.

The relationship between the frequency and the RF range is inversely proportional, meaning, lower frequencies tend to offer
wider range. This is mainly due to two reasons. Firstly, lower frequencies require bigger attenpeaate, and bigger

antennas tend to collect more power at receptiomghmaaller ones. In fact, under similar radio conditions, radio waves at 900
MHz travel twice as long as radio waves at 2.4 GHz. Secondly, lower frequencies, which have longesrgifes;g¢kbnd to

penetrate obstacles much more efficiently than high frequencies with shorter wavelengths.
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3.0 Test Results

As explained earlier, the communicationsd® range, despit
is affected by various factors which might result in different estimates than those predicted by formulas. Thus, actual range
tests mder real radio conditions had to be conducted to ensure the best demonstfatlom@fs r ange capabil it

objective of the testwasto demonstrate howR | | or&dio link would operate under various radio links, such as in urban
and indoor caditions. (To learn more about tRel | osysfem, please check ctps:/radiocrafts.com/productsiretwork
solutions/).

3.1 LoS performance

To get an estimate of the frepaceloss forR | | o, WeEdecided to place the antennas on two mountain tops to have the least
number of obstacles and ensure LoS communications. As shown in figure [7], the LoS distance between the two points is
around 7640m.

These two locations were chosen for a number of reasons. Firstly, they are at an adequate distance apart, which would yield
good estimate regardiRlloTé s L 0o S r an g e .inlo8aian®witll donsiderable Heighy above-ael, makes

them less prone to radio noise usually found in the city. Thus, it would provide a rough estimate on how radio noise affects RF
range and would also create an interesting point of comparison when comparing its results to range tests condleted at sea

in thecity. Lastly, finding a LoS path with a length of several kilometers is not an easy task in urban environments, thus,
mountain tops were the right choice.

Figure 7. Distance between the two mountain tops/

The mountain to theght of figure [7], where th& | | o sEriSor node was located, has a height of around 360m. While the
mountain to the left, where tie| | o gatBway module was located, was around 160m aboviessla

Backedup by the theoretical range estimates, a distaheeound 7.5 kms is well und&iloT6 s cover age area |
mode. Where the received signal strength indicator (RSSI) showed packets being received s@@udBimdin average.

Even though an RSSI e®9 dBm predicts that even longer ranges caadoemmodated, the background radio noise suggests
otherwise. Figure [7] shows the noise levels piekpcbyRIloT6 s gat eway modul e using the st
R1 | oKtE
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