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Abstract

In order to improve the quality of live and the communication with all the devices that surround us
everyday - security alarms, home automation devices, among others - Telecom companies and regulators
have been studying different access schemes used in Short Range Devices (SRD). This thesis aims
to provide a method to choose the best access scheme according to the application scenario. The
simulator developed during the course of this thesis allows us to predict the Packet Loss Rate (PLR)
for a certain scenario where the number of devices and the interference caused by them are the main
parameters. To choose the proper access scheme one needs to consider not only the costs associated to
each algorithm complexity, but also the reliability required for each scenario. This project was developed
in collaboration with the Portuguese Authority for Management and Regulation in Communications,
ANACOM, that suggested methods and the most relevant access schemes to investigate.
Keywords: SRD, Duty Cycle, LBT, ALOHA, CSMA, Packet Loss Rate, Interference

1. Introduction

In order to improve the quality of live and the com-
munication with all the devices that surround us
everyday - security alarms, home automation de-
vices, among others - Telecom companies and reg-
ulators have been studying different access schemes
used in Short Range Devices (SRD). SRD are low
power radio communications systems which provide
either unidirectional or bidirectional communica-
tion and which have a range of a few centimeters
up to 100 meters. Their frequency bands accommo-
date a wide variety of users and applications. SRD
are associated, mainly, to services and technology to
improve comfort and security of our everyday life.
The SRD spectrum allocation varies from frequen-
cies different frequency bands but the 863-870 MHz
band covers most of the services related to Automo-
tive Industry, Alarms and Social Alarms, Home Au-
tomation, etc. The increase of spectrum occupation
- mainly in the band 863-870 MHz - makes it imper-
ative for regulators to improve the efficiency of spec-
trum sharing methods, particularly when it comes
to the SRDs context. This dissertation addresses
the parameters and concepts behind the time and
frequency domain spectrum management, through
the analysis of parameters defined in ETSI TS 106
060 [3] and spectrum sharing protocols. All consid-
erations made throughout this dissertation will con-
sider the 863-870 MHz band, as most SRD are in-

cluded in this spectrum band and intensive conges-
tion is foreseen. As such, this dissertation aims at:
Defining the parameters and formulas used to com-
pute the probability of interference in time domain
between two equipments that are using spectrum
sharing protocols; Verifying if the defined parame-
ters can be applied to spectrum sharing protocols
(e.g Duty Cycle, Listen Before Talk, etc); Studying
the relationship between the probability of interfer-
ence in time and frequency domain. In order to
achieve the points mentioned before was develop a
simulator that allow the users to know the perfor-
mance of SRD using different access schemes (DC,
ALOHA and Non-persistent CSMA). This simula-
tor was develop considering that SRD operate in an
indoor scenario where is taken into account the in-
terferences inside the building but excluded any in-
terference from outside. Also related to the simula-
tion scenario, the simulator allows a high flexibility
on a scenario construction, including for example,
the losses between different floors. The frequency
band used for all the simulations will be 900 MHz
that it is a frequency very close to the SRD band
and has a low error associated.
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2. Short Range Devices

2.1. Radio Spectrum
Before a detailed description about SRD frequency
bands and interference aspect, it is useful to un-
derstand how the radio spectrum is divided and to
know the entities behind the management of spec-
trum. The radio spectrum is a part of the elec-
tromagnetic spectrum, divided in harmonized fre-
quency bands on a global and/or international plan,
employed in many essential services in our society:
TV, mobile, sound broadcasting, radio location and
other applications. Radio technology also supports
public services such as defense, public safety and
scientific activities

2.2. SRD Frequency Band
Depending of the regions, there are several addi-
tional recommended frequencies bands identified to
be used for SRD. On this dissertation, only recom-
mendations applied to Region 1 countries (CEPT
countries) are considered. According to Recom-
mendation CEPT/ERC/REC 70-03 [2], countries
within the CEPT must take as reference certain
aspects such as frequency bands, maximum power
levels, equipment antenna, channel spacing, duty
cycle, licensing and free circulation in order to do
an effective and appropriate use of the radio spec-
trum. Particular attention has been given, by reg-
ulators, to the 863-870 MHz band due to the po-
tential expansion of SRD applications on this par-
ticular band. Figure 1 gives a diversity of services
associated to the 863-870 MHz band and the corre-
spondent sub-bands.

Figure 1: SRD applications for 863-870 MHz band.

2.3. Signal Interference
When two radio systems are deployed through-
out the same area, depending on certain condi-
tions,there is a potential risk of interference be-
tween them. The risk is assessed taking into ac-
count the operating frequencies, the emitted power,
the specification of the filters, the distance between
the transmitter and receiver (the geographic sepa-

ration), antennas, type of service (if antennas are
fixed, nomadic or mobile), the environment (ur-
ban/suburban/rural/open area), etc.

In order to simplify the understanding of the
different parameters and methods to compute the
probability of interference explained on the follow-
ing sections, Figure 2 illustrates two fixed radio sys-
tems where system B (interfering link) interferes
with system A (victim link).

Figure 2: Victim and Interferer scenario [1].

Figure 2 uses the terminology used in SEAMCAT
and the terminology adopted on this dissertation.
Victim link is composed by the Wanted transmitter
(Wt) and the Victim receiver (Vr). The power re-
ceived by the Vr is denominated Desired Received
Signal Strength (dRSS) and depends of numerous
factors (e.g. antennas gains, emission power, propa-
gation model, distance,etc.). The Interfering trans-
mitter (It) and the Wanted receiver (Wr) compose
the interfering link. Finally, the Interfering Re-
ceived Signal Strength by the Vr is called the iRSS.

2.3.1 Signal Interference

The interference mechanisms considered in radio
system analysis by SEAMCAT are the unwanted
emissions, blocking and intermodulation. Un-
wanted emissions are composed of Out-of-Band
(OoB) and spurious emissions.The OoB domain
(Figure 3) starts at a frequency offset of 0.5 times
the necessary bandwidth and extends up to 2.5
times the necessary bandwidth. the spurious do-
main (Figure 3) starts at a frequency offset of 2.5
times the necessary bandwidth.

Figure 3: OoB and spurious domains [5].
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The concept of Blocking is used to describe the
capability of the victim receiver to receive a wanted
modulated signal without exceeding a given degra-
dation, as shown in Figure 4, due to the presence of
an unwanted input signal at any frequencies other
than those of the spurious responses or the adjacent
channels.

Figure 4: Blocking of the victim receiver (total
emission power of It reduced by the blocking at-
tenuation function of the Vr) [6].

2.3.2 Methods for Interference Assessment

Two main methodologies are used by CEPT studies
to compute the probability of interference: the Min-
imum Coupling Loss (MCL) and the Monte Carlo
method. onsidering only the adjacent bands, the
most significant interference mechanisms are the
un- wanted emissions from the transmitters as well
as blocking and intermodulation in the victim re-
ceiver.

The Minimum Coupling Loss method calculates
the required isolation levels to ensure a negligible
interference between the interferer and the victim.
In operations of random nature, such as operations
of user terminals in mobile systems, the radiocom-
munications systems can not be described in static
terms. In these cases the MCL method is difficult
to be implemented.

The Monte Carlo method is a statistical method-
ology used for the simulation of random processes
where the only variables are the probability density
functions of the most relevant parameters (e.g. an-
tenna pattern, radiated power, propagation path,
etc.). The flexibility of this method is reflected
on the numerous radio interference scenarios that
Monte Carlo can address, such as: broadcasting
(terrestrial and satellite), mobile (terrestrial and
satellite); point-to-point and point-to-multipoint
[6].

2.3.3 Interference Criteria

For each valid event (where dRSS > sensitivity)
SEAMCAT, through Monte Carlo, evaluates inter-
ference condition as illustrated in the Figure 5. On
the following scheme, the difference between the

wanted signal strength (C) and the interference sig-
nal (I), measured in dB, defines the signal to inter-
ference ratio (C/Itrial). This ratio must be greater
than the required C/I (C/Itarget) threshold if inter-
ference is to be restricted.

Figure 5: Interference criteria [6].

2.4. Spectrum Sharing Techniques

As explained in ECC Report 181 [1], a sharing
technique is the ability of a radio transmitter or
transceiver system to coexist and share frequency
space in time, bandwidth or geographical space with
other radio systems causing no or a defined quan-
tifiable amount of interference to each other. The
development of spectrum access techniques has al-
lowed the increase of the number of users able to
share the same band. In this process, regulators
have an expressed preference for spectrum access
regulations that are be application and technology
neutral in order to enable the continuous develop-
ment and innovation on SRD. Neutrality principles,
which have been intensively discussed in the scien-
tific community, will be described on the following
sections in order to understand some regulatory is-
sues.

2.4.1 Neutrality Principles

Neutrality principles are crucial concepts to SRD
innovation process and for SRD spectrum manage-
ment. Due to these facts, these concepts are in
constant conflict with other characteristics such as
spectrum efficiency, power, bandwidth, etc.

In SRD context, the concept of application neu-
trality means the end of sub-bands designated
exclusively to a particular application, primarily
within the European SRD generic frequency ranges
[1]. However, a division of frequency bands based on
technical requirements may lead to a more suitable
transition and preserve some technical efficiency as-
pects.

According to the regulations for electronic com-
munications [2], in the case of technology neutral-
ity all the types of technology used for communi-
cations services can be utilized on the avail- able
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frequency bands for electronic communications de-
clared in Quadro nacional de atribuio de frequncias
(QNAF). Technology neutrality is a concept inten-
sively discussed among communications regulators
and more difficult to achieve than the application
neutrality. In most cases, it is necessary to set spe-
cific technical conditions to allow successful sharing,
so technology neutrality is at odds with spectrum
efficiency [1].

2.4.2 Sharing Techniques in Time Domain

Duty Cycle, ALOHA and LBT are all sharing spec-
trum techniques associated to time domain and can
be generally dominated by Time Division Multiple
Access (TDMA) techniques.

2.4.3 Duty Cycle

Duty cycle (DC) consists in a simple technique
where every user has a restricted transmission time.
The definition of delay is strictly associated to the
DC formulations. Delay is the time spent on a
shared channel until a message can be sent.

Consider the case of two users in shared spectrum
waiting to send a short message. If the channel is
not occupied, each user can transmit at any instant.
Figure 6, illustrate the transmission of one user,
where F (in Hertz) represents the average frequency
of transmission and Td (in seconds) is the duration
of the transmission.

Figure 6: Transmission of a signal [1].

Considering the recommendations of ECC Re-
port 37 [1], the probability of one user occupying
a channel is given by the expressions (1) and (2):

τ =
Td
1
F

. (1)

τ = TdF. (2)

Considering the recommendations of ECC Re-
port 181 [1], the following expressions consider the
scenario from the point of view of the user N , who
arrives at a channel occupied by N−1 users. Based
on previous delay expressions it is possible to estab-
lish different formulations for DC to distinct cases:

• Probability of the transmission of user N col-
liding with transmission from user m:

PCOLLm = (Tm + TN )Fm. (3)

Taking into account the generalizations Tm =
TN = T and Fm = F :

PCOLL = 1− (1− 2TF )N−1. (4)

Figure 7 shows that duty cycle has some limita-
tions in terms of the relationship between the prob-
ability of collision and duty cycle percentage. For
different applications, there are different acceptable
probabilities of collision. Taking into account the
variety of technologies in SRD, 5% of probability of
collision is a standard acceptable value. However,
when all devices are in reception range of each other
this limit decreases for values between 2.5% and 3%.

Figure 7: Probability of collision for individual
transmissions.

However, the effectiveness of duty cycle is ex-
tremely dependent of the density of spectrum use.
Very low duty cycles (τ = 0, 1%) work well for the
majority of the systems, including systems without
collision detection. As shown in Figure 7, 26 users
could send a transmission with a probability of col-
lision under the maximum acceptable value. On the
other hand, high values of duty cycle (τ = 1% or
τ = 10%) have associated low values of efficiency.
For τ = 1%, only 3 users could be accommodated
before the maximum acceptable value is reached
(PCOLL3

= 3, 96%). Obviously, for τ = 10% the ef-
ficiency decrease abruptly with the number of users
who sharing the spectrum (PCOLL2 = 20% and
PCOLLN

≈ 100% for N ≥ 22).
Associated to the simplicity of this mechanism,

the low hardware requirements is one of the impor-
tant benefits of duty cycle when assessing overall
utility and the only option for unidirectional sys-
tems.

Considering duty cycle is the only possible access
mechanism, it will only be effective in sub-bands of
low occupancy. These sub-bands should not be an-
alyzed in terms of occupancy or data throughput,
due to the fact that they are sub-bands of low occu-
pancy, but in terms of how many users they cover.
Otherwise, for bands with occupancy levels above
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3% an additional technique is necessary, by means
of carriers sensing and/or avoidance spectrum effi-
ciency may be improved.

2.4.4 ALOHA

The ALOHA mechanism [?] is a mitigation tech-
nique for detecting collisions after the event and
dealing with their effects, rather than a technique
to manage or avoid collisions.

From expression (4), the probability of one device
transmitting a clear slot (PCLEAR) is given by:

PCLEAR = (1− 2TF )N−1. (5)

Consequently, considering n the number of de-
vices and f the transmission rate, the Channel Traf-
fic (G) and PCLEAR, in order to G, are expressed
by:

G = Tfn and PCLEAR =

(
1− 2G

n

)n−1

. (6)

Channel Traffic equal to one represents the max-
imum throughput where all the messages were sent
at random times, but ordered in perfect sequence.
Otherwise, the unsuccessful messages (messages
who suffered collisions) are retransmitted, also at
random times.

This rate of successful messages (S) are simply
the rate of attempts multiplied by the probability
of an attempt being successful. Following the pro-
cedure of ECC Report 181 [?], considering that n
tends to infinity and has a Poisson distribution:

S = Ge−2G. (7)

Through (6) and (7), we obtain a maximum
throughput of S = 18.4% for G = 50% and the
correspondent unsuccessful rate (G − S) take the
value of 31.6%. In other words, for every message
successfully sent, nearly two are lost by collisions
(Sp/message = 36.8%) [].

All the ALOHA systems analyzed only assume
collisions between ALOHA own packets, but other
factors such as ACK and interference from other
systems should be taken into account for a strict
assessment.

2.4.5 Carrier Sensing Multiple Access

The CSMA protocol allows the use of Collision De-
tection (CD) and Carrier Sensing (CS) together,
Carrier Sensing Multiple Access-Collision Detec-
tion (CSMA-CD). In SRD context, pure Aloha, 1-
persistent CSMA and non-persistent CSMA are the
considered protocols, due to the smaller complexity
compared to other wireless protocols.

2.4.6 Listen Before Talk

Equivalent to CSMA in wireless terms, Listen Be-
fore Talk is a sharing technique in which the device
checks the occupation of a certain channel before
transmitting [?]. It means additional costs due to
receivers and transmitters implemented on the de-
vices but, the rate of collisions with other users de-
creases significantly. The receiver can also allow the
use of acknowledgments and return data.

When a LBT device attempts to transmit a mes-
sage, the message can be stopped because another
signal is detected, could suffer a collision or could
get through. The probability of the transmission
being successful (PSUCCESS) is given by [?]:

PSUCCESS =
PTHRU

PCOLL + PTHRU
=

PTHRU

1− PSTOP
.

(8)
and

PSTOP + PTHRU + PCOLL = 1. (9)

3. Simulation Scenario

3.1. Scenario Description
Due the fact that the majority of the SRD appli-
cations focus on this thesis operate in buildings,
an indoor scenario were used on simulations. In-
door building scenario allows a strictly approxima-
tion to a real scenario where, although the multiple
packed loss factors, the main loss factors (e.g floor
loss penetration factor) were integrated on the per-
formance evaluation of the different communication
techniques.

3.1.1 Indoor path loss model

For indoor generic scenarios, the path loss can be
expressed by the following form according to Refer-
ence31:

L = 20 log(f) + a · 10 log(d) + Lf (n) dB. (10)

This model allows to formulate a model with few
site information, considering just the loss through
multiple floors and a distance power loss coefficient
for general losses on walls, objects and other com-
mon factors of a single floor. The generic configu-
ration of this model allows the study of indoor sce-
narios with different characteristics just with the
variation of power loss coefficient and of the floor
penetration loss factor.

3.2. Interference
The interference on a certain receiver in multi-
devices environment can be measured considering

5



the interference power of other active devices plus
the noise figure (NF ) and the thermal noise (N0).
This interference plus the noise can be expressed
by the following expression (all the expressions are
represented in order to linear units):

Ik =

k∑
x=0

Ik +NF +N0 +Nman. (11)

where:

Ik = interference on receiver k.
NF = noise figure.
N0 = thermal noise.
Nman = mad man noise

From the expressions 11 and 12, it is possible to
define the SINR for SRD indoor scenario:

Power received by the receiver device

Pr = Pt/L. (12)

Considering:

Pr = power received by the receiver device.
Pt = power transmitted from device i.
L = Path Loss between the two partners i devices.

Finally, SINR is given by:

SINR = Pr/Ik. (13)

Considering the standard parameters that were
chosen based on ITU-R P.1238-8 [], ECC Report
181 [] and IMST Channel Access Rules for SRD []
documentation:

SINR =
Pr∑k

x=0 Ik + 2.5311× 10−14
. (14)

3.3. Simulator
Taking into account the SRD applications the time
interval between the data transmissions can be con-
sidered as large. Considering this temporal fac-
tor, simulator is based on event driven simulations,
where the simulation clock is initialized to zero and
is advanced to the time of the occurrence of the
most imminent of the future events.

Devices distribution and communication can be
summarized by the following items:

• All the devices are transmitting with 200 kHz
bandwidth.

• Receivers are randomly distributed inside the
building and transmitters are also placed ran-
domly within the building but following some
restrictions:

– The distance to partner receiver has to be
larger than one meter.

– Transmitter coordinates have a maxi-
mum range considering the level of power
transmitted. The distance range can
take values between ]1, dmax]. Therefore,
the maximum distance expression results
from the rearrangement of path loss for-
mula:

dmax = 10
10log(Pti

)−10log(Primin)−20log(f)−Lf (n)+28

a .
(15)

• The initial stack of events is generated based on
a random time variable within [0, Tint]. Hence,
the starting time for the data generation of
each partners devices is different, excluding the
collision of packets initially.

• Simulator integrates two methods for packets
generation: Poisson distribution, usually ap-
plied on mobile communications studies.

• Packets are successfully received if:

Pr

Th
− 2.5311× 10−14 >

k∑
x=0

Ik (16)

• Packet buffer equal to one.

• Only transmissions between partner devices
are considered (peer-to-peer network).

• For algorithms, including ACK

– TpACK : Acknowledgment packet dura-
tion.

– TResponse: Time interval between the end
of the transmission of data packet and the
start of ACK packet transmission.

– TTimeOutRep: Transmitter sets a time-
out timer as soon as a data packet has
been transmitted. If transmitter does
not receive {ACK before the timeout, the
packet is rescheduled in [0, 2·TTimeOutRep]
interval.

4. Simulation Results

4.1. Simulation Conditions
The comparison between different algorithms will
focus on the packet loss rate associated to each ac-
cess scheme in distinct environments. Packet loss
rate depends of devices distribution, the length
of packets, the techniques of retransmission, the
packet generation method, the DC and transmit
power. PLR values were obtained from numerous
simulations. The final value of PLR is computed
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through the convergence of several simulations with
an error of 0.01% associated or if this convergence is
not verified after 100 simulations the final acPLR is
the average of 100 simulations. Due the complexity
of ALOHA the maximum value of simulations was
set as 20. I n order to make sure all the scenarios
are tested, with different interference conditions, a
different scenario is generated in each simulation.
With this we guarantee space and time diversity.
On simulations, the packet length (Tp) , DC, trans-
mit power and packet generation method can take
the following values:

• Tp: 2 ms and 20 ms.

• DC: 0.1 %.

• Transmit power: -30 dBm, -10 dBm and 10
dBm.

• Packet generation method: Poisson distribu-
tion and generation between [0,Trandom], where
Trandom is determined in function of Tint.

4.2. Duty Cycle
A scenario that could represent a reference is
the transmission of data packets using duty cy-
cle scheme but without considering the interference
caused by transmit power. In other words the po-
sitions of devices are completely irrelevant for the
simulation and a packet only can be lost if two
transmitters are sending packets at the same time.
The only factor that could cause interference is the
method of packet generation. Figure 8 shows the
duty cycle performance for DC = 0.1%, Tp = 20
ms and packet generation based on [0,Trandom] in-
terval compared to expression 4.

Figure 8: Comparison of PLR between theoretic
expression and simulation considering packet gen-
eration based on [0,Trandom]

The simulation is the result of event driven sim-
ulations considering two simple events where one

event are responsible to generate packets between
[0,Trandom] and the other event responsible to verify
the receiving of packets. The PLR for simulating is
lower than duty cycle expression where Tp and Tint
are equal for all the devices, because the genera-
tion interval for each packet is randomly selected
from [0,Trandom], thus means not equal for all the
devices.

All the events starts to read the parameters of
the event on top of the stack. Therefore, event is
selected depending of the event type ID and of the
packet ID. Duty cycle simulator is based on only
two simple events:

• New packet event: the interference introduced
on receivers by active transmitters is analyzed
considering the condition ??. In case, interfer-
ence cause the collision of packets the ”packet
collision” flag is set to one. Still on this event,
it is created the ”end packet” event based on
Tp and a new ”new packet” event that comes
after considering Tint.

• End packet event: if the packet collision flag
is one the PLR is incremented, otherwise the
interference of transmitter associated to end
packet event is just subtracted.

The performance of duty cycle for different
scenarios conditions (transmit power and packet
length) is summarized on Table 2 and Figure 9

The characteristics of simulated scenarios is sum-
marized on Table 1.

Figure 9: Example of scenario with 100 partner de-
vices.

The results for 100 devices scenario are summa-
rized on Table 2. Considering 0.1 as the maximum
PLR threshold to an access scheme be applied in
a real environment, the results obtained for 20 ms
packet length shows that 100 devices is the limit for
a good performance of this algorithm.
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4.2.1 Transmit power impact

The impact of transmit power on PLR is clear on
Table 2 where it is demonstrated that the increase
of transmit power cause an increase of PLR.

In order to understand the reason of this impact,
Table 3, based on expression 15, shows the max-
imum distance that two partners can be of each
other and the maximum range of interferers.

Depending of the transmit power devices have
different coverage areas. For -30 dBm, devices only
receive signals from devices on the same floor and
from devices on the next floor. High transmit power
(10 dBm) devices can receive packets/interference
from three floors below or above. Using high trans-
mit power, devices can ”see” most or all the devices
in the building and consequently this caused inter-
ference to a higher number of receivers.

4.2.2 Packet length impact

In contrast to transmit power, the length of packets
is a factor of collision between packets but in the
time domain. For packets with high duration the
probability of numerous transmitters send informa-
tion at the same time is higher and consequently
the probability of collision increase.

Comparing the PLR for packets of 2 ms and 20
ms length, for -10 dBm transmit power, the PLR
increases around 10 times between the two lengths.
It is also important to highlight the fact that this
difference of PLR between the simulations not also
depends of static values but as Tp also of random
variables that makes the variation of PLR not linear
between simulations.

4.2.3 Reference and simulated values for
PLR

As mentioned in the previous sections, it is expected
that the simulated results of PLR are always lower
than the reference values due the flexibility given
by the spacial and time aspects.

Figure 10 resumes the differences of PLR be-
tween the expression 4, the PLR only considering
the packet generation between [0,Trandom] and the
PLR for simulations in a real environment for Pt=
-10 dBm and Tp = 20 ms.

4.3. ALOHA
In contrast with DC, ALOHA is an algorithm that
allows a bidirectional communication between de-
vices and retransmission of information in case of
collision. These functionalities are possible through
acknowledgment packets that confirm the reception
of packet in case of successful transmissions and al-
lows the retransmission of packet if no ACK packet
has been received by transmitter. ACK also will

Figure 10: PLR considering the expression 2.30 ,
PLR considering the packet generation between 0
and Trandom and PLR on a real environment: -10
dBm and Tp=20 ms

increase the probability of collision in spite of the
short lenght of ACK packets. Through the follow-
ing simulations, it will be easy to understand that
interference added by ACK packets is insignificant
compared with the retransmissions advantages.

More than comparing the behaviour of ALOHA
for different transmit powers and packet lengths it
is more interesting to evaluate the performance of
ALOHA for scenarios with hundreds of devices.

The characteristics of simulated scenarios is sum-
marized on Table 4.

Tables 5 and 6 shows the capacity of ALOHA in
environments with high density of devices, where
the transmitters and receivers have numerous in-
terferers.

On Tables 5 and 6 it is clear the capacity of
ALOHA be implemented on scenarios with lots of
devices (hundreds) despite the high number of de-
vices interfering. Comparing the PLR statistics on
Table 2 for duty cycle access scheme, it can be con-
cluded that for duty cycle maximum threshold of
devices (100 devices) ALOHA presents a null PLR
and just start to show a no null PLR for three times
the maximum number of devices of duty cycle (300
devices). The significant losses of ALOHA appears
for 400 devices that give us the possibility to imple-
ment 100 SRD per floor.

4.4. Non-persistent CSMA (with LBT)

while ALOHA is a reactive protocol, this means
first transmit the packet and afterwards, depending
of the ACK packets, responds in case of collision.
LBT has a prevention behaviour. It first checks
if the channel is free using the CCA of the physi-
cal layer. For multi-system environments typical of
SRD, ED is the most efficient CCA method because
it can be used between systems with different spec-
ifications. Before the transmission of a packet the
signal strength on the transmitter is measured and
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compared with the a threshold defined (Pdet). In
non-persistent CSMA access scheme, once a busy
channel has been detected, packet retransmission is
scheduled between [0,2Trep] interval.

The performance of the LBT method can be ex-
emplified by Figures 11 and 12, where TL is the time
interval that transmitter is listening, TD the inter-
val between the end of the listening time and the
start of the packet transmission, also called dead
time. TR is the minimum detection interval, means
during the TL the signal needs to be present for at
least TR in order to be measured.

Figure 11: LBT method: free channel.

Figure 12: LBT method: busy channel.

Although LBT uses a sensing mechanism to check
the state of the channel, this method is not com-
pletely efficient to avoid collisions. Hidden nodes
are the nodes which cause interference on the re-
ceiver, therefore packet collision, but cannot be de-
tected by transmitter. The level of transmit power
and the detection threshold (Pdet) affects directly
the number of hidden nodes. For high power lev-
els, devices have ”notion” of more devices in the
building than low power level devices, therefore the
number of hidden nodes decrease with the trans-
mit power. Table 7, results from a scenario with
one hundred partner devices and summarizes the
PLR as a function of transmit power and detec-
tion threshold. Table 7 shows not only the increase
of PLR with the power transmission but mainly
the impact of detection threshold. Using a higher
threshold increases the number of hidden nodes and
consequently the PLR.

5. Conclusions
During the course of this thesis, multiple access al-
gorithms applied to SRD were evaluated using dif-
ferent environments. The advantages of each al-
gorithm, as well as their limitations, were stud-
ied using an event simulator that allows the user
to customize multiple scenarios. The DC based
random access was tested for unidirectional links
and low device density environments. This access
scheme is used by applications requiring extremely

low cost, small size and low reliability. Simulations
have shown that the DC access scheme is only effi-
cient for scenarios with less than 100 devices. For
small packet lengths (2ms) and transmit power not
higher than 10 dBm, the DC presented good re-
sults even for 100 devices. The lack of resilience
is strongly associated to the poor performance of
DC based random access. Only an algorithm capa-
ble of recovering or anticipating collisions could be
applied to environments with numerous devices.

The simulations presented on section 4 have
shown that for scenarios with high devices den-
sity the use of a bi-directional protocol with an
acknowledgment procedure can drastically improve
the packet loss rate. ALOHA was one of the tested
algorithms capable of recovering from collisions.
Due to the possibility of bi-directional communica-
tions, this feature increases resilience in the commu-
nications between devices and brings higher costs
to this solution when compared to DC. For sys-
tems that require hundreds of devices, DC is def-
initely not recommended considering the PLR re-
sults on section 4 for 100 devices. On the other
hand, ALOHA shows a very good performance un-
til 300 devices.

Another access technique tested on this thesis
was the CSMA with LBT, where instead of re trans-
mitting the package in case of collision, it avoids the
collision before sending the package. This algorithm
strictly depends of the LBT implementation param-
eters, such as the minimum interfere measurement
time; the dead time between the end of the channel
measurement and the start of the packet transmis-
sion when the channel is free.
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6. Tables

Table 1: Office scenario parameters for duty cycle simulation
Symbol Value Description
N 100 Number of partner devices
Nfloor 4 Number of floors
Pr -30 dBm, -10dBm , 10 dBm Transmit Power
DC 0.1 % Duty Cycle
TP 2 ms, 20 ms Packet length
Tint 2 s, 20 s packet generation time interval
Packet generation [0,Trandom] Trandom=0.8Tint

Table 2: Simulation results for 100 devices scenario
Tp Pt Interferers (average) PLR <10−2 10−2<PLR<10−1 PLR >10−1 PLR (average)

20ms -30dBm 2 60 40 0 0.0156
-10dBm 8 19 70 11 0.0475
10dBm 15 5 72 23 0.0882

2ms -30dBm 2 67 33 0 0.0035
-10dBm 8 21 71 8 0.0050
10dBm 15 5 61 34 0.0332

Table 3: Transmission range as function of transmit power.
Pt (dBm) -30 -10 10

Same floor 11.4 46.1 186.3
Next floor 6.1 24.6 99.4
Separated by 2 floors - 12.3 49.5

Range (m) Separated by 3 floors - - 34.9

Table 4: Office scenario parameters for ALOHA simulation
Symbol Value Description
N 100,200,300,400,500 Number of partner devices
Nfloor 4 Number of floors
Pr -10dBm Transmit Power
DC 0.1 % Duty Cycle
TP 20 ms Packet length
TPACK 1 ms ACK packet length
Tint 20 s Packet generation time interval
Tresponse 0 Interval between the end of data packet and the start of ACK
Packet generation [0,Trandom] Trandom=0.6Tint
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Table 5: Amount of interferers, packets generated and collisions for ALHOA simulation results (DC=0.1%
and Pt=-10dBm).

N New packets Interferers (average) Packets collision (average) ACK collision (average)
100 101 18 199 4
200 101 36 247 4
300 101 56 773 5
400 101 75 2118 6
500 101 92 4734 1

Table 6: ALHOA retransmissions and PLR simulation results for DC=0.1% and Pt=-10dBm.
N Retransmission (average) PLR (average)

100 198 0
200 245 0
300 763 0.0089
400 2083 0.1240
500 4640 0.9600

Table 7: Impact of power transmission and detection threshold on PLR (20 ms of packet length)
Pt (dBm) Pdet (dBm) PLR<10−4 10−2 ≤ PLR<10−1 PLR>10−1 Mean PLR

-30 -96 61 39 0 0.0083
-86 54 46 0 0.0112

-10 -96 37 63 0 0.0172
-86 13 84 3 0.0391

+10 -96 57 53 0 0.0076
-86 28 70 2 0.0340
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