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Abstrat
In this projet, as the title suggest, is presented a handshake protool for CognitiveRadio. We talk about Cognitive Radio when in a wireless ommuniation, the set-upis able to look at some partiulars fators and then, as a result of this, it an deide ifthe ommuniation would be better if some parameters of the onnetion were hanged.Parameters suh as the modulation of the signal, the frequeny enter, the bandwidth,et.This readjust of the parameters will be done automatially and the user will not evennotie it. So, the interhange of information will not be interrupted.To ahieve this, the devie will be developed as software devie and not as hardware.This is alled Software-De�ned Radio. Cognitive Radio is, in fat, an extension of theSoftware-De�ned Radio.From all the fators that an be taken into aount, the radio frequeny spetrumstands out for its bad e�ieny. While some ranges of the spetrum an be overloaded,other are rather empty.To solve this, a Cognitive Radio system has to look at the spetrum and analyse whihwould be a better frequeny to start the ommuniation. When the system is able to dothis, it also means that the system must be able to reognize whih is this frequeny.What is presented in this projet is a simple system of one transmitter and onereeiver, whih must reognize themselves in the radio frequeny spetrum. This is exatlythe handshake protool.In a real-life example, the transmitter would deide �rst whih is the most appropriatefrequeny to stablish the onnetion. After this, the reeiver is the one that will have to�nd whih is this frequeny. Here is where the handshake protool starts and when it isover, both devies are able to start the ommuniation. i
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End of Protocol Figure 1: ProtoolThe protool will be the one shown in the �gure 1.For the implementation of the ode, it has been used the GNU Radio software, whihwas designed on purpose for Software-De�ned Radio, then it makes this tool very usefulfor the aim of this projet.The GNU Radio works in bloks developed with C++. Eah blok has its signalproessing funtion, suh as a Fast Fourier Transformation (FFT) or a modulation proess.To onnet this with the radio frequeny spetrum is used the USRP. The USRP isa devie whih its main funtion is to transmit or reeive the information from the RFand onvert it for the right proessing in the GNU Radio. So it is omposed by a DAC(Digital-to-Analog Converter), a ADC (Analog-to-Digital Converter) and a devie thetransmit and reeive this information.In the �gure 2 an be seen how the GNU Radio is onneted to the USRP. As an beobserved one USRP an work as a transmitter and a reeiver at the same time.
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Figure 2: USRPThe transmitter and the reeiver will, both, need to be used as a transmitter and



a reeiver. The transmitter will transmit the beaon signal and reeive the ACK signalwhile the reeiver will reeive the beaon signal and transmit the ACK signal.First of all, both devies must agree in a sequene for the beaon signal and anotherone for the ACK signal. This sequene will be the one that permits to know them if thesignal reeived is the one they are waiting for.One the system is ready to start, the transmitter will send the beaon signal at thefrequeny it has previously hosen. The transmitter will send the sequene in pakets.These pakets will be sent in GMSK modulation.Is used GMSK modulation beause, it provides a good spetrum e�ieny in wirelesstransmission systems, so when interhanging the information between the transmitter andreeiver it will be able to send more data than others modulation. Another reason is thatit has onstant envelope whih will permit to transmit the signal at higher power andso, to be deteted for the other devie easily. The relatively narrow bandwidth and theoherent detetion apability are others good harateristis of the GMSK modulation.Then, using the possibilities of GNU Radio, the sequene will be sent paket by paketand modulated in GMSK as it has been explained before. The reeiver, waiting for thesignal, will �rst detet any signal that omes to it.To detet the signal is used a energy detetor as is shown in the �gure 3
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Figure 3: Energy detetor: peak detetedBut, this protool needs to get the frequeny with a higher preision. So, to detetthe frequeny with good preision the transmitter hange its deimation in order to getfoused in the frequeny point, getting at the end to the frequeny with a tolerane ofjust 5 - 10 kHz.



To make this fous useful it will be also neessary to re-tune the USRP to the frequenydeteted. This has to be done every time that is hanging the deimation.
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Figure 4: Zoom to the frequeny detetedAs is shown in the �gure 4, the last plot of the signal shows learly the envelope of aGMSK, and its enter frequeny is entered at the middle of the FFT size. Whih is goodas the frequeny should be around the frequeny deteted in the previous detetion.The hange of deimation is done 4 times beause passing from a big range of sanningto a little one just in one step, is not a good idea as in the �rst step the resolution isthe order of 5 kHz and sometimes ould result that the range of the new deimation is sosmall that the frequeny is really out of the range.One this signal is deteted the reeiver will have to hek if the sequene of thesignal is the right one. To make this it just need to ompare the pakets reeived withthe original sequene, takin into aount the it will probably be delayed as shown in the�gure 5.3.If the result of this is that the sequene is the orret one, the reeiver will sendthe ACK signal to the transmitter. With this, the reeiver will be ready to start thetransmission of the information.



Packets Rx

Fibonacci seriesFigure 5: Cheking of the paketsBak in the transmitter, the protool will be the same, reeive the ACK signal anddemodulate the pakets to ompare them to the original sequene of the ACK signal.If this is orret, the transmitter is ready for the data transmission too.In the projet an be found the whole desription of how the Tx and the Rx areimplemented with the GNU Radio bloks and also the ode of how is the signal deteted.There are also some setion whih talk about the possible problems of the protool.All of them with the own solution.
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Chapter 1
Introdution

The world of information evolves really fast. Anyone who does not inform itself aboutnews tehnologies and its innovations or renovations will be out of the �eld in a very shorttime. These last deades the ommuniation topis have been hanging in a revolutionaryway.Internet as the main new tehnology, and as a great invention. Internet gives to thepeople a high-speed ommuniation to any kind of information. In other words, sinethen, people was able to be in ommuniation with all the world.On the other hand, wireless tehnology has been also evolving. Due to mobility, whihis one of the most important harateristis in the modern soiety. Wireless tehnologygives to the people the ability to get information while they are moving.This wireless tehnology and its atual use are growing up. This makes an inreasein mobile servies and so an inrease in the demand for mobile tehnology. The mobileellular is now a lifestyle, not just in a business way but also avoiding the problem of timeand distane.Sine this happened, there exists plenty investigations in wireless ommuniations, anda lot of them foused in developing intelligent radios. A good example is when somebodyis alling with his mobile phone and as it is moving, the signal from the terminal used tostablish the ommuniation gets too far. The phone will readjust this by swithing theonnetion to another terminal.This example is eye-athing. Another one ould be the design of reon�gurablereeivers the reognize the modulation of the signal automatially. And that last onegives another view to the developing of the devies. 1



As said before, the more use in wireless ommuniation the more demand of newservies. And these news servies fores the tehnology to innovate. This evolution isgoing so fast that what now ould be de�ned in advaned tehnology quikly will beomeommon to everybody. And this has happened these last years in every new tehnologythat is invented.Getting bak to the mobility, this issue is not just with ellular phones, it an beapplied to many systems. And not just with a swith from one terminal to another onebut in with harateristis. And nowadays, these systems are required to readjust theirparameters onstantly and automatially.To ahieve this state, where the system, an manage itself in purpose to keep theommuniation, the devies that ompose the system, they must be able to know aboutthe state of the onnetion, and not just the onnetion but information about how toimprove or at least to maintain it.In wireless ommuniations it is known that the RF spetrum is bad shared. Thisfat leads to some kind of new job that the system will have to do. The searh of newfrequenies to realize the ommuniation.In this projet is attaked this issue. The projet presents a system whih is ableto start the ommuniation in a random frequeny. For this, previously, the systemwould have deided whih is the best frequeny to stablish the onnetion. For theimplementation of the system is used Cognitive Radio.

2



Chapter 2
Cognitive Radio

The de�nition of Cognitive Radio an be expressed in several ways. To give a generalone, it ould be de�ned as 'the ability of a network to hange its parameters, either intransmission or reeption, to get a ommuniation in a more e�ient way'The pratial meaning of the Cognitive Radio is to hange the ommuniation networkin order to not overload it. To give an example, imagine that you are listening to a radiostation (on a spei� frequeny), then other transmitters interfere with your reeption.In a non-ognitive radio ase, the reeiver would not make any ation, so you would justhave to wait until it gets out of the interferene. But, with the Cognitive Radio ase itwould respond by swithing automatially to an open bakup frequeny that arries yourstation's broadast. If this example is taken as a ell-phone user, whih is trying to do anemergeny all; the all may be ut o� and you would have to re-all again. The CognitiveRadio, in this partiular example will really help as you would not have to re-all again;and in ase the emergeny all is really serious, it would even save a life.2.1 IntrodutionCognitive Radio �rst appearane was in an artile wrote by Joseph Mitola III and GeraldQ. Maguire, Jr in 1999. After this, Mitola desribed this advane in wireless ommunia-tions with the following words:"The point in whih wireless personal digital assistants (PDAs) and the related net-works are su�iently omputationally intelligent about radio resoures and related omputer-to-omputer ommuniations to detet user ommuniations needs as a funtion of useontext, and to provide radio resoures and wireless servies most appropriate to thoseneeds." [MM99℄ 3



2.2. TypesSoftware-De�ned RadioThe idea of Cognitive Radio ame from the Software-De�ned Radio (SDR). A good ex-planation of the SDR systems, how Cognitive Radio omes from these systems and itsevolution an be found in [Jon05℄. To desribe SDR, �rst has to be notied that originally,the radio, understood as any devie whih reeive or transmit signals through wireless on-netion in purpose to transfer information, it was based just in hardware. It means thatit just ould be modi�ed physially. Whih this, an be translated into a bigger ost inthe prodution and a low �exibility. In SDR, instead, it's used devies working under theommand of software, in whih ase it won't need to replae mahinery to readjust thesystem.
Radio Frequency Spectrum Signal Processing Application

Figure 2.1: Software-De�ned Radio2.2 TypesThere are plenty parameters that an be taken into aount to take the deision of re-on�guring the set up of the system. Depending on whih parameters are being used,Cognitive Radio an be divided in, mainly, two sorts:
• Full Cognitive Radio (sometimes known as 'Mitola Radio') whih is when everyparameter observable is taken into aount.
• Spetrum Sensing Cognitive Radio, in this ase, as its names suggests, thesoftware just pay attention to the radio frequeny spetrum.Another distintion an be done; this division will be done depending on the parts ofthe spetrum available.
• Liensed Band Cognitive Radio is the kind of radio that is allowed to use bandsassigned to liensed users, besides the unliensed ones.
• Unliensed Band Cognitive Radio an only make use of the unliensed bandsof the spetrum.4



2. Cognitive Radio2.3 Frequeny SpetrumOperating frequeny, power output, antenna orientation and beam-width, modulation,and transmitter bandwidth are a few of the parameters that the Cognitive Radio systeman adjust automatially in order to solve all kind of problems that ould appear in aommuniation between reeiver and transmitter. That is why, at �rst, Cognitive Radiowas supposed to be a Software-De�ned Radio extension. However, from all these variables,the one that has the less e�ieny in the way whih is used is the RF spetrum. In fat,the major investigation work in Cognitive Radio is entred in Spetrum Sensing CognitiveRadio [CMB04℄.The Federal Communiations Commission in the United States, and its ounterpartsaround the world, alloate the radio spetrum in swaths of frequeny of varying widths[SW04℄. The di�erent bands overs AM radio VHF television, ell phones, and so on.But not every hannel in every band is used the whole time. Some statistis independentfrom the FCC says that in some points during the day, the use of the spetrum doesnot exeed 30% [MMBF+02℄. In a ase like this, it would be really ridiulous to get abad ommuniation beause of an interferene while in other frequenies there is nobodytransmitting. Here is where Cognitive Radio would help with its automatially parametershanges [Sav06℄.From now on, with the problem deteted, we need to get the solution. And theCognitive Radio has it. That's why the prinipals funtions are:
• Spetrum detetion: of ourse, if we are looking for a more e�etive distributionin the RF spetrum, the �rst to do, is to �nd out the loation of the less oupiedranges. This an be done through di�erent methods suh as:� Interhanging information between users to know about the situation of thespetrum� Interferenes detetion, so that will give information about the using in thisrange� The ability of deteting if other main signals are in a spei� spetrum
• Spetrum management: use the spetral bandwidth whih is more suitable withthe Quality of Servie (QoS) required for the user over all the available ones. Heretwo parts an be distinguished:� Spetrum analysis; identify the harateristis of every available band to knowwhih are the advantages and the drawbaks of using it (i.e. delays, bit error...)� Spetrum deision; due to the �rst part, it's time to ompare and ontrast everyone of them to hoose the best option 5



2.3. Frequeny SpetrumAfter these two main points, what a good Cognitive Radio must also ahieve is theability of hanging the frequeny automatially and giving no problems to the user. An-other good point to get for would be the fair distribution in the spetrum taking intoaount all the users [Hay05℄.
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Chapter 3
Tools

In order to make a good ontribution within the ognitive radio world, it is neessary toget some suitable tools to proeed into the work. As has been said before, ognitive radiois a kind of software-de�ned radio, then, one of the tools that needs to be hosen is thesoftware to use.3.1 GNU RadioGNU Radio is a software that was developed by Eri Blossom on purpose to be used inSDR systems. One of the points about it that makes GNU Radio work is that is an opensoftware and it's released under the GNU General Publi Liense. The GNU GeneralPubli Liense (GNU GPL or simply GPL) is a used free software liense. It helps to thefree software de�nition, and preserve its own development [Blo01℄.And not only GNU Radio is free but all the equipment it might be needed on thework; for example, Python, C++ and Linux. Nearly all the GNU Radio appliationsare written in Python, whih is a relatively easy to manage and quite useful high-levelprogramming language. All the funtions and a detailed explanation of how Python worksan be found in [Do℄. So, it means that although it ould seem, as it is a really huge anduseful software, GNU Radio has not big hardware requirements but rather the opposite,with usual omputers an work in a very worthy (although USRP it's needed). Anothergood reason related to the money one is that it does not need, in the most ondition,expensive RF test mahine.With GNU Radio an be ahieved a good �exibility in both software and hardware.In software, as it's an SDR, an be reon�gured for many other modulation methods and,7



3.1. GNU Radioobviously, just hanging the algorithms an be an improve in the quality of the system.In the hardware side, as it will be shown afterwards with the USRP, an selet both Rxor Tx methods and retune the frequeny [ZKY06℄.The arhiteture of GNU Radio, as is shown in �gure 3.1, onsists of bloks. Theseare made in C++.
Source Sink

Process Blocks

i.e. Filter

Figure 3.1: Arhiteture of the GNU RadioThe verties are signal proessing bloks and the edges represent the data �ow betweenthem. Every �ow graph must have at least one soure and one sink to work. With thissimple way to use it, it looks at �rst glane that the reon�gurability an be done with justonneting di�erent bloks to another instead of using multiple expensive radios [Pro℄.GNU Radio is a powerful signal proessing software. There are plenty of bloks to use,and what is more, reate new signal proessing bloks it is not a tough job. Eah blokworks independently, and as an be seen, GNU Radio is the perfet substitute for thehardware.With the software it's easier to ahieve the purpose. And here is where GNU Radiogets its own goal, whih is to give to the people the ability to work easily with thefrequeny spetrum.For example, in �gure 3.2, is shown a simple program whih takes the radio frequenyspetrum, then pass it through a low pass �lter (LPF) and �nally save the result in a �le.
Receiver LPF FileFigure 3.2: Low Pass FilterIn this ase, the soure is the reeiver of the spetrum and the sink is the �le whereis saved the information.But, in the GNU Radio's world, not everything is free. The only ost it need to bepaid is the knowledge one. If something's wrong with this software is that there is a8



3. Toolslarge knowledge involved. In the software environment it's needed to work with Pythonand C++ and their libraries. The Linux and its supports pakages and the GNU Radioarhiteture. And as it's working in ommuniations, it's also needed to posses digitalommuniations, wireless ommuniations and DSP knowledge. As it might be used someFPGA and Assembly language.3.2 USRPIn SDR, as it is used the software instead hardware, it will be also neessary to usedigital information instead of the analogue one. So, it is going to be neessary a digitalto analogue onverter (DAC). The devie that is used in GNU Radio is the UniversalSoftware Radio Peripheral (USRP).The USRP is developed by a team led by Matt Ettus [LLCa℄. Although it has anopen design, and beause of this, everybody an work on it.The USRP is onneted to the omputer through USB port and it's omposed basiallyby the daughterboard, whih is an implementation of RF front ends, and the USRP itself,whih an be alled as motherboard.In the �gure 3.3 is shown the reeive path of the USRP and in the �gure 3.4 thetransmit path.
Receive RF

Front end
ADC Code

Receive RF

Front end
ADC Code
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Figure 3.3: Reeive path
USRP

Front end
Code

Transmit RF
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3.2. USRPThere are plenty di�erent daughterboards, eah one for di�erent frequeny bands. Therange these daughterboards an a�ord is from DC to approximately 5.9 GHz. Dependingon whih daughterboard is used, its harateristis hange a little, besides, of ourse, thefrequeny band [Ham08℄.The USRP an be used suh as a Tx or a Rx, so it means that is a DAC and a ADCat the same time. Another good point of the USRP is its prie, whih in a relative way,for all the advantages that are given with it, is really a�ordable; not more than 1000$Inside the motherboard as shown in the �gure 3.5, an be found 3 main parts; theUSB ontroller, the FPGA and the DAC or the ADC [Blo01; Pro; ZKY06℄.
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Figure 3.5: Arhiteture of a USRP
• USB� Support USB 2.0, but not good for USB 1.x� Support 32 MBps aross the USB� Samples sent are in 16-bit signed integers in IQ format (16-bit I and 16-bit Qomplex data)
• FPGA� Inludes digital down onverters (DDC) implemented with asaded integrator-omb (CIC) �lters. A DDC onverts the signal from the IF band to the base-band.� Inludes digital up onverters (DUC), whih are in the AD9862 CODEC hips,not in the FPGA� Deimation and interpolation10



3. Tools
• DAC/ADC� DAC four 14-bit 128 Mega-samples per seond, 83 dB SFDR� ADC four 12-bit 64 Mega-samples per seond, 85 dB SFDRIn 2008 it also has been invented USRP2, whih, although it seems, beause of thename, that it is a substitute of the original USRP, it is not. USRP2 has others featuresand the FPGA is not ompatible [LLCb℄. Although USRP is not the only devie that anbe used with GNU Radio, nearly all the people who works on it use it.Investigation projetsThe USRP has been used as [Wik℄:
• An APCO25 ompatible Transmitter/Reeiver and Deoder
• RFID reader
• Testing equipment
• A ellular GSM base station
• A GPS reeiver
• An FM radio reeiver
• An FM radio transmitter
• A digital television deoder
• Passive radar
• Syntheti aperture radar
• An amateur radio
• A teahing aid
• Digital Audio Broadasting (DAB/DAB+/DMB) transmitter

11





Chapter 4
Goals

As explained before, the ognitive radio helps in the ommuniation proess. Due to thatit an look at the parameters of the onnetion and evaluate if there is a better way tokeep up with the ommuniation.4.1 IntrodutionAs is known, the radio frequeny spetrum is one of the atual problems in teleommu-niations due to it's not well used. The point is not that the division of the spetrum iswrong, the main problem is that eah division is not managed as good as ould be.This projet tries to help a little into these kind of ommuniation systems. Forexample, when a system is done in order to transmit in a unique frequeny and by thetime that ommuniation wants to start, this frequeny is oupied for another onnetion,or let's just say that there are some interferenes. Normally, the system would wait until itgets free or maybe start the ommuniation but with a non-usual high bit error probability.What if in another frequeny, in that moment, there is no transmission, or it's lessoverload. Thanks to ognitive radio, a system an look at its parameters and deide whihfrequeny ould be better for the onnetion. Of ourse, ognitive radio is always awareif the frequeny range is a liensed band or not and if it is possible to use it.The situation an be solved if the transmitter and the reeiver an hange the fre-queny of the ommuniation. If the system ould retune automatially its antenna intoa frequeny that the system itself thinks it's more appropriate beause it seems to be freein that moment or, at least, seems to have more stability, the users of the system ouldstart the onnetion without even taking are of the problem. 13



4.2. Handshake Protool4.2 Handshake ProtoolIn this projet it is presented a partiular handshake protool between a transmitter anda reeiver. In [BEJ09℄ is explained why this protool is used in CR and is detailed how isdone the terminal synhronisation.Previously, the transmitter should have found whih is the appropriate frequeny forthe system onnetion. One the transmitter knows the frequeny that is going to use,it sends a sequene of pakets at this frequeny. The information that is sent must be asequene known by both, transmitter and reeiver.Then, the reeiver, gets the signal and heks if the sequene is the orret one.When this happens, the reeiver will know the frequeny that the transmitter has hosen.After knowing the frequeny, the reeiver will send an aknowledge signal (ACK) to thetransmitter, in the same frequeny.When the transmitter, whih now is onverted in a reeiver, gets the ACK then theonnetion is ready to start at the frequeny that the transmitter wants.
• TX:� Send the Beaon Signal� Wait for ACK Signal
• RX:� San the Radio Frequeny Spetrum� Get the Signal and so the Frequeny at whih is Reeived� Chek if the Pakets are the expeted Sequene� Send an ACK at the same FrequenyThose are the main steps that the transmitter and the reeiver will have to do to getthe protool done.4.2.1 Transmitter and ReeiverAs the transmitter will not know if the reeiver is waiting for the beaon signal, and vieversa, the reeiver will not know when the transmitter will start to send the pakets; bothdevies will have to wait inde�nitely for this to happen.On the Tx side, the transmitter just have to start the onnetion, whenever the userdeides. But it also has to wait for the ACK from the reeiver. So, in this ase, there willbe two states; send the beaon signal and wait for the ACK. One the ACK signal hasbeen reeived then the information exhange an start.14



4. Goals
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Communication startsFigure 4.1: Transmitter States Diagram
On the Rx side has not the problem of hange its state from reeiver to transmitterall the time, as it has only to wait for the beaon signal, and then, when it detets it,just send bak the ACK signal. The problem in here is that there might be some othersignals whih the reeiver will detet and hek if these are the pakets he is waiting for.In the ase that they are not the right ones, the reeiver goes to the waiting status againuntil it gets the orret signal. When this beaon signal is found, then the reeiver exitsthe waiting status and sends the ACK, whih it means that its job is over.
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4.2. Handshake Protool4.2.2 SynhronizationAnother point to get into aount is the time. On one side, there is the transmitter whihis sending the beaon signal and then, waiting for the ACK signal On the other, thereeiver is sanning the radio frequeny spetrum.In a perfet world, the time diagram of the protool would be like is shown in the�gure 4.3.
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4. GoalsBut what would the transmitter do if it gets no answer from the reeiver. And this isnot just in ase it has no time to get the ACK signal but, for example, when the reeiverdevie is not started.The transmitter will repeat its job until something is reeived.In the �gure 4.4, the ACK signal is reeived at the seond time.
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4.2. Handshake ProtoolAnother problem ould be if the reeiver is started, but it has been done with somedelay. So, there is the possibility that the reeiver, during the sanning, reeives thesignal orretly, but then, when it goes to hek if the pakets are the orret ones, thetransmitter turns to be in the waiting state.As shown in the �gure 4.5, it takes 2 times to the reeiver to get the signal and hekthe pakets.
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4. GoalsBut the real problem in synhronization, is when the time of the Send the BeaonSignal is not long enough for the reeiver to get the signal, get the frequeny of it andhek the pakets. Then, there is a faint possibility that the reeiver never gets out of thereeiving state.
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Chapter 5
Implementation

The implementation of the handshake protool is the main hapter in this projet. Aftergetting all the information from Cognitive Radio, GNU Radio, Python, USRP, et. . . andlearning the way to use it, is time to start everything up.5.1 IntrodutionIn this setion are desribed the steps that have been done to get the �nal ode for theprotool. The aim of the protool is that both devies reognize themselves in the radiofrequeny spetrum. One, the transmitter, will deide whih frequeny wants to transmit.On the other hand, there is the reeiver, whih will have to �nd the frequeny that thetransmitter has hosen. When that last one has found the frequeny, the system will beready to transmit the information.First of all, is needed to know the basi struture of the system. One ahieved, itwill be easier to deide the ode. Whih will be translate into GNU Radio bloks, USRPon�guration and Python algorithms [OCE07℄.5.2 StrutureIn the system that is going to be implemented, there are transmitter and reeiver. That'swhy are needed two di�erent odes. Although most part of the ode an be used for bothof them, the struture of the Tx and the Rx will be a little di�erent. 21



5.2. Struture5.2.1 TransmitterThe struture of the transmitter is based in two parts. The Tx of the beaon signaland the Rx of the ACK signal from the reeiver. For the �rst part, is needed a spei�sequene whih will be transmitted repeatedly until the ACK signal is reeived.As said previously, the sequene must be known by both devies. One transmittedthis sequene, the transmitter will start the waiting state, hoping to get the ACK. Sineboth signals will be in the same frequeny and one is sent and the other is reeived, itseems to be better not to use the same sequene for both, beaon and ACK signals.After the waiting state, there might be two ways. The �rst one, if the transmitter hasnot reeived the signal. Whih an be that the reeiver has not sent the ACK or that thetransmitter did not have time enough to hek it, maybe beause it has reeived the ACKwhen it was running out the waiting time. If it is like this, then, the devie will return toits �rst state and will send again the beaon signal. This will be repeated as many timesas needed.The other way means that the transmitter has reeived the ACK. In this ase, theprotool is over. Whih means that the system is ready to start the transmission ofinformation at the frequeny deided. Then, the Cognitive Radio would have done its jobproperly.
Sending beacon signal

Waiting for ACK

Start

MAIN LOOP

End of Protocol:

Communication startFigure 5.1: Transmitter Struture5.2.2 ReeiverOn the reeiver side, it an be distinguished also two parts. The Rx of the beaon signaland the Tx of the ACK signal.22



5. ImplementationOn the reeiving part, it also an be divided in two piees. The �rst one is going tosearh any signal that omes into the range of the radio frequeny spetrum where thedevie is aware of. This part of the ode will be repeated in�nitely until something omesin. After getting a signal, as it does not mean that it is going to be the right signal, isneeded a heking proess to know if the signal reeived is the expeted beaon signal.To do this, is needed to go paket by paket and then, when all of them are saved, hekif it is the orret sequene or not.If the heking state gives a negative answer, the program will go bak to the �rststep, where the devie is looking again for any signal to omes in.However, if the answer is a positive one, it will mean that the reeiver has got thebeaon signal and therefore, the devie already know the frequeny of the signal and nowthis state is done.Knowing the frequeny, now the reeiver beomes a transmitter. The reeiver willsend the ACK signal to the same frequeny whih it �rst reeived the beaon signal. Thiswill be sent taking into aount the time that takes the transmitter to send the beaonsignal and reeive the ACK; for it to be able to get the ACK signal.One this is over, the onnetion is ready to be started.
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End of Protocol:

Communication startFigure 5.2: Reeiver Struture5.3 Signal PropertiesBefore getting to the spei� ode for the protool, is needed to know muh more aboutthe signal in order to write a good program. 23



5.4. TransmitterAbout the signal, is really important to take a good modulation. Aording to theprotool used, �rst it looks for any signal and then it heks the pakets of this signal.As an example, GSM systems uses GMSK, whih beame famous and very used sinethen [WMJ98℄. GMSK provides a straightforward, spetrally e�ient modulation for thewireless ommuniations.This good spetral e�ieny will permit the system, when it is ready to start theommuniation, to transmit more data in less time than what it would send using othermodulations.Another good property of GMSK is its linearity and the onstant envelope it has[AB99℄. If the envelope is onstant it gives the possibility to transmit the signal in a highpower lose to the saturation level. If the modulation used had non-onstant envelopeit would require a linear power ampli�ation whih would onsume a big part of theprimary power, generate heat and is a relatively expensive devie. GMSK omes from aMSK modulation, whih is not a linear modulation. But, due to the linearity in phase thatthe Gaussian low pass �lter (Gaussian LPF) gives to the modulation, and the suppressionof the side-lobes that MSK generates, GMSK is an appropriate modulation for wirelesstransmission.Another good points of using GMSK is its relatively narrow bandwidth, whih is alsothanks to the G-LPF, and it oherent detetion apability.For an extensive explanation of how GMSK works with wireless systems and why itsproperties are advantages an be found in [MH81℄.Other alternative modulations ould be DBPSK or DQPSK whih ome from BPSKand QPSK, respetively. But in both alternatives, GMSK still have better use of thebandwidth (narrower bandwidth), and so, more power. Another point, for example, isthat most mobile produts uses Class C power ampli�ers, and as they are non-linearGMSK is better in front of QPSK. In front of the DBPSK the GMSK gets to reduethe bandwidth in exhange for inreasing inter-symbol interferene in the system. WhileDBPSK gets lower error probability but with more bandwidth [NP08℄.Beause of all this interdependene is impossible to deide whih modulation is betterin front of the other.One known the information to start oding, it is time to divide the two programs.One will be for the Tx and the other one for the Rx, as also will be needed two devies forthe system, whih also means that will be neessary two USRP's. However, both devies,both USRP's and both programs will at as both transmitter and reeiver.5.4 TransmitterThe �rst thing needed for the transmitter is to de�ne the sequene. Any sequene is goodto be a beaon signal. Even just a number would be enough for it to work out.24



5. Implementation5.4.1 SignalHowever, in this projet is used a partiular sequene of 14 numbers. Atually, thesequene is the beginning of the Fibonai series. The deision of hoosing this sequeneis just that this sequene, as many others, does not repeat the numbers and so there isless onfusion if it has to be taken a number as a referene. So, any other sequene thatomplies this requirement would be good enough.The Fibonai numbers of the series are:
0, 1, 1, 2, 3, 5, 8, 13, 21, 34, 55, 89, 144, 233, . . .Although in this partiular ase, the 0 has been replaed by number 88, just beauseit is a number easily reognizable. And in ase of errors, it would be easier to detet if ithad happened something with the pakets.This �rst number will be the referene to ompare the pakets reeived with thesequene. It means; when the paket ontaining number 88 is reeived, the paketsreeived will have a position to start omparing the numbers. Although all the paketsnumbers will be saved into auxiliary variables, it will not start heking until it gets thereferene paket

Packets Rx

Aux sequence

Fibonacci series Figure 5.3: Sequene Chek DiagramThis sequene must be sent repeatedly until the state time is over. The state time isalso a parameter to take into aount as the speed of the protool will be diretly a�etedby this timing and others. The longer it is, the more will have to wait the next state.And as well, the shorter it is, the less time will have the reeiver to get it.In theory, the time whih will get the best e�ieny is the time that takes the reeiverto get the signal and to hek the pakets. But, as there might be some problems from theoutside, suh as noise or interferenes, and it an provoke some errors in the transmission;the time given to make the whole proess will be longer. 25



5.4. TransmitterOne the sequene is hosen, it has to be modulated into GMSK pakets. In GNURadio, already exists a blok whih modulate the signal and send it as pakets.This blok works as a soure, and the data to be, �rst modulated and �nally sent, willbe given from the Python domain. When reating the blok there are a few parametersto set for the transmission of the signal. The most important is to hoose the modulation,whih in this ase will be GMSK.In the Python side, will be neessary just to all the funtion send_paket() intro-duing on it the data for it to be sent. The data will be the number of the sequene, so,for sending the whole sequene (14 numbers) the funtion send_paket() must be used 14times, whih will generate 14 pakets.5.4.2 Tx stateNow, to send the beaon signal, just need the program to be started.The program will �rst ask in whih frequeny the user want to send the signal. Ina possible future, this frequeny will be given by the own software, when it an gets allthe information of the hannel, so an deide whih is the best frequeny to plae theonnetion.Then, the main loop will be started. Here will be required a variable whih will beset to '0' from the beginning and it will only hange to '1' when the ACK sequene isheked, so the program will get out of the loop, and the protool will be �nished. In thesame possible future, when this protool is �nished, the interhange of information wouldstart here.The �rst thing to do in the main loop is to set-up the USRP. In this set-up stagewill be de�ned a lot of parameters. The frequeny, whih has been given by the userpreviously. The gain of the signal, the interpolation (or deimation in Rx ase), the bitrate and several other features whih are pre-de�ned although they an be rede�ned ifneessary.Although in the setting of the USRP are needed a lot of lines and parameters tode�ne, in the end, the USRP will just work as a sink. So, this state will just onsist intwo bloks. The modulator blok, and the USRP as a sink.As explained before, it will send the sequene using the send_paket() funtion. Soit an be used as many times as required.The set of the time that the program will send the beaon signal is done by thenumber of times that the send_paket() funtion is alled. This time an be readjusteddepending on the bytes sent and if is neessary to send the sequene repeatedly manytimes. For the �nal paket to send it is neessary to all the send_paket() but this timewith the End Of Line (EOF) set to '1'.26



5. ImplementationOne this last paket is sent, the program will be able ton ontinue and go to the Rxstate.Below, in the �gure 5.4, there is the diagram of the basi program and the bloksused for the transmission.
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Figure 5.4: GNU Radio bloks for the Tx5.4.3 Rx stateWhen the Tx proess is already done, now the program will have to start the set-up forbeing a Rx.As it is supposed, the reeption shall be done in the same frequeny as the transmis-sion. So, the �rst thing to do here is to set-up the USRP. But this time, the USRP willbe set as the soure blok.For reeiving the pakets will be required the same kind of bloks as in the transmis-sion.Is normal that if exists a modulation blok, there also will be a demodulation blok.This blok works almost in the same way that the �rst one.This time is needed a variable where will be plaed all the data reeived, and everytime a new paket is demodulated it will be saved into an auxiliary variable in order toget all the pakets and �nally rereate the sequene.The di�erene in this ase is that, as the Rx does not know when the pakets willome, to set the time it will be used another system. Python itself provides a library oftime and in it has plenty of funtions.The funtion used this time is alled sleep(). This funtion will 'sleep' the programin the Python domain, so the GNU Radio bloks will be still working and, of ourse, ableto get all the pakets that ame in. Thanks to this funtion, this time will be easier toontrol the time that the program is stoked in this state. 27



5.5. ReeiverOne the time set is over, the program will have in the auxiliary variable all thepakets reeived and is ready to hek if these pakets are the ones from the sequene.Here in the �gure 5.5 is shown the �ow graph used for the demodulation proess.
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with all parameters setFigure 5.5: GNU Radio bloks for the RxThis time, as said before, is reeived another sequene. This sequene will be alsoknown by both devies. This time is hosen a sequene whih an not be onfused ormixed with the �rst one.
99, 101, 101, 102, 103, 105, 108, 113, 121, 134, 155, 189The heking proess will be the same for the Fibonai series, taking into referenethe �rst number of the sequene. If the heking proess on�rm that the pakets reeivedmath the sequene it will mean that the protool is �nished. So, here is the time to setthe variable of the main loop to '1', so the program an exit the loop.However, if the result of the heking proess is negative; this global variable will notbe set to stop the main loop. Then, the program will go again to the beginning, where itsends the beaon signal.5.5 ReeiverIn the reeiver program, the �rst thing needed is to set up the USRP. This time, as thereeiver still does not know the frequeny of the signal, obviously, as it is the aim ofthis projet, is needed to set the USRP in order to ahieve the maximum possible radiofrequeny spetrum.28



5. Implementation5.5.1 USRPThis time, unlike the previous one, it will be not the only time that the USRP is set.To get the maximum possible range spetrum, the deimation will have to be as low aspossible. Whih in the USRP used will be 8 (the deimation of the USRP an goes from8 to 256, two by two).Depending on the daughterboard used, the frequeny range will be around the 400MHz, 900 MHz, 2.4 GHz, et. . . As the sample rate of the USRP is �xed (64 Mega-samplesper seond in Rx and 128 Mega-samples per seond in Tx), the range of the frequenyspetrum that an be gotten is easily alulated.Is just needed to divide the sample rate for the deimation fator. In the ase of adeimation fator of 8, the range of the radio frequeny spetrum that over will be 8MHzTaking, as an example, the 400 MHz daughterboard, the range will be from 396 MHzto 404 MHz.Is really important to set-up the USRP in order to get the pakets from the �rstUSRP. So, the parameters for the good reeption of the pakets will must be the sameas the USRP of the transmitter. The bit rate, the deimation and other parameters arelinked to the set-up of the transmitter.5.5.2 Rx stateThe reeption state onsists in two sub-states, the one where it is looking for any signaland the seond when there is something reeived, for heking the pakets.In this ase, the main loop will just ontain the Rx state, as it will only get to theTx state when it has reeived and heked the beaon signal. Then, it will remain in thetransmission stage and will not get bak to the reeption stage.One it has entered the main loop and set the USRP it will diretly go to the searhingstate.5.5.2.1 Searhing signalThis probably is, the most important an elaborate part of the whole protool. Here, theprogram wants to get the beaon signal. The USRP, as a soure blok, will provide all theRF spetrum signals, and the program will have to �nd the frequeny of the signals. Forthis, will be neessary a transformation from time to frequeny. In GNU Radio alreadyexists a blok, alled FFT, where the input vetor is transformed from time domain tofrequeny domain. 29



5.5. Reeiver
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SINK BLOCKFigure 5.6: Tx bloks; �rst stepThis partiular blok will be the most important one in this stage, and the one thatwill determine the omposition of the whole �ow graph.As said before, the FFT blok needs a vetor as an input; and the soure blok (theUSRP) outputs stream. Fortunately, in GNU Radio, exists a blok whih onverts streamof items into a stream of bloks, or in other words, to a vetor.
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Figure 5.7: Tx bloks; seond stepHowever, it is not enough. As the FFT blok will only give the result with a �niteinput vetor. But thanks again to the GNU Radio bloks, there is also another blok,alled head, whih takes the �rst 'n' items of a signal/vetor and pass it through theoutput, after this, the signal is over. Now, the program an take the signal, make it �nite,onvert it to a vetor, and �nally pass it to frequeny domain.
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Figure 5.8: Tx bloks; third stepAs the FFT blok will output the domain onversion of the signal, the sink will reeiveomplex items. And as it is needed to get envelope of the signal, the program will use30



5. Implementationanother blok, alled omplex_to_mag_squared, whih will give the envelope squared ofthe signal.
usrp.source_c

USRP

with all parameters set

gr.fft_vcc

FFT

FFT size = 2048

SINK BLOCK

gr.stream_to_vector

Conversion

to complex

gr.head

Head

2048 items

gr.complex_to_mag_squared

Squared Magnitude

2048 itemsFigure 5.9: Tx bloks; fourth stepNow the program is ready to see if there is a relevant signal taking a look at thefrequeny spetrum. To �nd any signal in the frequeny, when looking in the spetrumthere is a pik, this is the signal. To get this peak, there are plenty of possibilities. Forexample, GNU Radio itself, has several bloks that detet it, and output di�erent vetorsdepending on the on�guration of the blok.However, in this projet it has been deided to take the vetor to the Python domainto work there with it. To pass the information from GNU Radio to Python it has beenused a blok alled message sink. Whih take the input and onvert it into a message andsave it into a queue, that will be easily aessible from PythonOne this is done, the �ow graph is already done, and it looks like in the following�gure:

Figure 5.10: Tx bloks; �nal step 31



5.5. ReeiverWith this �ow graph �nished, it is time to proess the information and searh thebeaon signal. When the information is reeived in the python domain, a funtion willsearh the peak of the signal. whih is quite easy as it is just the max() funtion.At this point the program will need a referene level. All the vetors will have amaximum point, however, this does not mean that there is a signal. That is why, beforegetting to the next step, this point will have to pass a threshold. If this sample doesnot overpass the threshold, the program will do again the reeption and it will try to getanother time any signal.This is repeated until the maximum point get over the threshold. It will mean thatit has reeived something di�erent from just noise.Knowing the highest point in the vetor, the position of that point in the vetor willbe the frequeny. To get whih is the frequeny is needed a onversion from the numberof the FFT to the real frequeny.Due to the Digital Down Converter (DDC) of the USRP, the �rst sample of the FFToutput (sample number '0') whih is the DC, so 0 Hz, is referred to the entral frequenyof the USRP. Continuing in the example of 400 MHz, the �rst sample will be understoodas the 400 MHz sample.To alulate whih frequenies orrespond to whih sample, it is needed the samplerate (whih is alulated before with the deimation) and the FFT size. The FFT sizewill be the same as the size of the vetor. In this program it has taken a size of 2048samples.So, to know the frequeny orrespondene is needed a simple onversion.
pos = position of the sample that has the peak of the vetor

fs = sample rate
N = size of the FFT

fD = pos ∗ fs/NThen, if the sample belongs to the �rst half of the vetor the real frequeny is:
ff = fc + fDHowever, if the sample belong to the seond half, the frequeny is:32



5. Implementation
ff = fc − fDWith this, the frequeny will be known and theoretially, this is ready to hek thepakets in the next stage.The point is that the preision of the detetion is not good enough due to the reso-lution, whih in the previous example is 4 kHz. Whih means that just 5 samples wrong(out of 2048) are 20 kHz of mis�t. As the blok of the reeiving pakets has a toleranearound 10-15 kHz, will be need a really good preision in the detetion. To solve this,there are di�erent possibilities.What is needed is to get the result of the formula position * sample rate / FFT sizeas low as possible. Sample rate and FFT size are the parameters able to be hanged.The FFT size is 2048 so it seems to be big enough, and if it turns to get more size,maybe it will make the program run too muh slower. On the other hand, it is possibleto hange the sample rate by inreasing the deimation.When the deimation is inreased, the range of the spetrum reeived is smaller andthen, the resolution is bigger. The protool has been programmed to do 4 di�erentdeimations, although with just 3, or even 2 would be enough.This is going to be like make a zoom into the frequeny deteted in eah time.The �gure 5.11 shows this 4 di�erent vetors, gotten from the 4 di�erent deimations.In this partiular example, the frequeny of the USRP was set at 900 MHz and the signalwas at 903 MHz.In the piture, the plots have been hanged in order to get the enter frequeny inthe middle of the vetor and not in the sample number '0'.As an be seen, the �rst time, the frequeny deteted remains at 902972656 Hz,whih is a little far from the 903 MHz, but as an be seen in the next ones, the number isgetting loser, getting to the last one, whih is at just 489 Hz away from the really enterfrequeny.This proess will inrease the detetion time just little and gives to the next stage areally aurate result so the pakets reeive will not have problems to get them. The onlyproblem in this time inreasing, is that there is the remote hane that the transmitterstop sending when the program is looking for the 3rd time, so it will not get a signal inthe 4th time, whih means that it will have to bak again to the beginning of the waitingtime. Obviously, setting again the deimation to 8, just for the ase that it was not theorret signal.Finally, when all these steps are done, and if there is a result at the 4th time that theprogram is looking for the signal. This frequeny will be the one that is passed to thenext stage. 33



5.5. Reeiver
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Figure 5.11: FFT plot with 4 di�erent deimations5.5.2.2 Cheking paketsThe very �rst of all, is setting the USRP to its parameters. The important parameterswill be, basially, the deimation and the enter frequeny. Beause the bit rate and theothers should be in the right on�guration. The deimation will be set to 256 and theenter frequeny to the frequeny reeived from the previous state.One the USRP is set up, the pakets will be heked the same way that in thetransmitter. This time, with the Fibonai series.Depending on the result of the hek, the protool will go to one or another point. Ifthe result is negative, the protool will remain in the main loop for, at least, one moretime.Although the hek stage says that the pakets reeived are not the orret ones, thereis the possibility that the transmitter has stopped transmitting the signal in that verymoment. But, as the reeiver an not know this until it has heked all the sequene, theprotool will make its job and will go bak to the beginning of the program.On the other hand, if the heking reveals that the sequene is the Fibonai series,the main loop will be over and the hek state will be over.The protool will get out of the main loop and will go to the Tx state. The last job ofthis state is to pass the frequeny enter to the next step for it to send the ACK signal.34



5. Implementation5.5.3 Tx stateOne the whole Rx state is �nished, the only thing to do for the reeiver is to sendthe ACK signal, and then, the handshake protool will give way to the transmission ofinformation.For sending the ACK signal, �rst of all, is needed to set-up the USRP. As explainedbefore, the USRP on�guration must math with the on�guration from the transmitter.After the set up of the USRP, whih will be the sink blok, in GNU Radio domain,is time to reate the pakets. For this, it will be used the same system that in thetransmitter. First they will be modulated and then they will be transmitted by allingthe send_paket funtion.Unlike the transmitter, this time, the ACK signal will be repeated in�nitely. This isdone as in the protool ends at the moment that the ACK signal is sent.In a possible future appliation, the ACK signal will be sent for a while. The enoughtime for the transmitter (now onverted into reeiver) to reeive and hek it.

35





Chapter 6
Conlusions

The goal of this projet was to onnet two wireless nodes. This two nodes, were, sup-posedly waiting for transmit information. Having the property of Cognitive Radio, theyan deide whih is the best frequeny to stablish the onnetion.One of the devies deides the frequeny where the ommuniations will be, then, theother one has to onnet it without knowing, a priori, whih is the frequeny hosen bythe �rst devie.The protool of this projet is able to ahieve the onnetion between this two nodes.The range of ation of the protool is 8 MHz.This two nodes an be two nodes in a network or they an also be two independentusers trying to onnet themselves. This �exibility provides several appliations wherethis protool an be used.In this projet the system presented was omposed by just two devies, one alledtransmitter and the other one alled reeiver. The �rst one was alled transmitter beausethat one is the devie to deide the onnetion frequeny and beause it is the one to sendthe beaon signal.Keeping this nomenlature, in the system an be added many reeivers as wantedbeause all of them are able to listen to the RF spetrum and hek the signal. The odewould be adapted in the transmitter program whih would not start the ommuniationuntil all the reeivers sent their ACK signal.With a little bit more of omplexity, more transmitter ould be added in the system ifthe program is adapted for all of them to listen for Beaon signals and at the same time,for transmitting it. 37



6.1. Future Work6.1 Future WorkThe protool an be adapted into several di�erent ways. Adapted to many di�erentCognitive Radio systems and of ourse, the protool an be improved.Improved, for example, in more preision to get the frequeny. Can also be improvedin the timing. Whih means to make the protool faster.Finally, mention that this protool an give some ideas on how detet signals usingenergy detetors or, as well, how to detet signals using other kinds of proess. Maybehow to synhronise the beaon signal to improve the e�ieny of the reeiving time.
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Appendix A
Transmitter Protool Code

Eah and every line of the ode has a little explanation of what is its aim.Start TransmitterThe main part of the ode starts asking the frequeny hosen and getting into the mainloop omposed by the 'sending beaon signal stage' and the 'waiting for ACK signal stage'.i f __name__ == '__main__' :try : x = 0#Variab le o f the main loopprint ' \033 [ 1 ; 44 mStart \033 [ 1 ;m'print ' \033 [ 1 ; 36mEnter f requeny \033 [ 1 ;m'f = in t ( raw_input ( ) )#Ask the user f o r the f requeny he wants to t ransmi twhile x == 0 :#s t a r t the main loopmain( f )#s t a r t the s tage ' send beaon s i g n a l 'x = main2 ( f )#s t a r t the s tage ' wai t f o r ACK s i g n a l '#and wa i t ing f o r the r e s u l t 41



A.1. Send Paketsi f x == 1 :#ACK de t e  t e dprint ' \033 [ 1 ; 32mTHE END\033 [ 1 ;m'else :#ACK no dete ted , we don ' t g e t out o f the loopprint ' \033 [ 1 ; 31mNO ACK deteted \033 [ 1 ;m'exept KeyboardInterrupt :passA.1 Send PaketsThe ode of how the pakets are send and whih is the size used to send are written below.nbytes = in t (1 e6 ∗ opt i on s . megabytes )n = 0#va r i a b l e s f o r the time of the sendingpkt_size = in t ( opt i on s . s i z e )f i b = [88 , 1 , 1 , 2 , 3 , 5 , 8 , 13 , 21 , 34 , 55 , 89 , 144 , 233 ℄#sequene o f 14 numbersi = 0#ounterprint ' \033 [ 1 ; 34mSending Beaon s i g n a l  at \033 [ 1 ;m' , f r equenywhile n < nbytes /6 :data = ( pkt_size − 2) ∗ hr ( f i b [ i ℄ & 0 x f f )#the pake t w i l l have one s i z e#but the important par t i s the header#whih has the number o f the f i b o n a   i s e r i e spayload = s t ru  t . pak ( ' !H ' , f i b [ i ℄ & 0 x f f f f ) + data#pak the pay load and ready to be sentsend_pkt ( payload )#send the pake ti = i + 1#inrease the ounter42



A. Transmitter Protool Codei f i == 14 :i = 0#hek i f the ounter has ge t to the end o f the sequene#in order to repea t i tn += len ( payload )i f opt i on s . d i s ont inuous and pktno % 5 == 4 :time . s l e ep (1 )pktno += 1send_pkt ( eo f=True )#send the l a s t paket , so the program w i l l s top sending#and ge t to the next s t ep ; wa i t ing f o r ACK s i g n a lChek ACKFor the heking of the ACK signal, look at Appendix B.The heking proess of the beaon signal by the reeiver has the same ode that thehek proess of the ACK signal.The only di�erene is that the sequene to hek is another one.
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Appendix B
Reeiver Protool Code

B.1 Get SignalThe 'get signal' ode is divided in GNU Radio domain and Python domain.Get Signal; GNU Radio partThe �ow graph of the 'get signal' wants to get the signal into the frequeny domain andtranslate it to the Python part to work with it.lass get_s igna l ( gr . top_blok ) :def __init__( s e l f , u , Number ) :#u == the usrp#Number == FFT s i z e , de ided p r e v i o u s l ygr . top_blok .__init__( s e l f )num = Numberhead_ = gr . head ( gr . sizeof_gr_omplex , num)#b lo  k t ha t ge t the f i r s t 'num ' i temsnitems_per_blok = Numberstr_ve = gr . stream_to_vetor ( gr . sizeof_gr_omplex ,nitems_per_blok ) 45



B.1. Get Signal#b lo  k t ha t onver t s stream ( input ) to a ve to r ( output )#in t h i s ase , in omplex samplesf f t_ s i z e = Numberwind = [ 1 ℄ ∗ f f t_ s i z e#in t h i s ase the re i s no p a r t i  u l a r windows hosens h i f t = Fal sea t i on = True #True f o r FFT − False f o r iFFTf f t = gr . f f t_v ( f f t_s i z e , at ion , wind , s h i f t )#FFT b l o  k#onver t s the s i g n a l to f requeny domainvlen1 = Numbersquared = gr . omplex_to_mag_squared ( vlen1 )#ge t the magnitude squared o f the s i g n a ls e l f .mq = gr . msg_queue ( )l en = Number∗4sinkmq = gr . message_sink ( len , s e l f .mq, Fa l se )#sink b l o  k#w i l l be aessed from the python domain#to work with the sampless e l f . onnet (u , head_ , str_ve , f f t , squared , sinkmq )#onnet a l l the b l o  k sGet Signal; Python partThis part of the ode is for the detetion of the signal. In the ode are the four di�erentdeimations done for the zoom to the frequeny detetedN = 2048#FFT s i z esample_rate = 64000000/deim#64 Mega−samples ( from the USRP)#deim == 8#sample ra t e == 8 MHzhek = 0#main loop v a r i a b l e46



B. Reeiver Protool Codeounter1 = 0#ounter f o r the f i r s t l ook a t the samples#with deimat ion paramater s e t a t 8m1 = 0#f i r s t l ook loop v a r i a b l ef_ f i n a l = 0f_ f i na l 2 = 0f_ f i na l 3 = 0f_ f i na l 4 = 0#the frequeny go t t en from the r e su l t , f i r s t s e t a t 0 Hz#t h i s i s needed j u s t to i n i t i a l i z a t e i taux = sample_rate/2#t h i s w i l l g i v e the range o f the spetrumprint ' \033 [ 1 ; 47mThe range  i s  from %4d                to  %4d \033 [ 1 ;m' % ( f−aux , f+aux )print ' \033 [ 1 ; 44 mStart \033 [ 1 ;m'#The range where the program an look o f the spetrum#entered in the f requeny o f the USRP ( f )while hek == 0 :#main loop s t a r t e dprint ' \033 [ 1 ; 34mWaiting f o r  Beaon s i g n a l \ 033 [ 1 ;m'while m1 == 0 :#f i r s t l i t t l e loopounter1 = ounter1 + 1#inrease f i r s t ounter#t h i s i s a u x i l i a r y f o r knowing#how many t imes i t has been s toked heretb2 = get_s igna l ( tb . u , N)tb2 . run ( )#se t and s t a r t the ge t s i g n a l f l ow graphd1 = tb2 .mq. delete_head ( )long = ' 2048 f 'i n f o 1 = unpak ( long , d1 . to_str ing ( ) ) 47



B.1. Get Signal #ge t the in format ion from the f lowgraphth r e sho ld = 5∗1 e12#se t a t h r e s ho l dx = in f o1#opy the in format ion to work with i ti f max(x)>thre sho ld :#see i f t h e re i s any s i g n a lpo s i t i o n = searh_maximum (x )#searh the p o s i t i o n o f the peaki f po s i t i o n < len ( i n f o 1 ) /2 :m1 = sample_rate∗ po s i t i o n /Nf_ f i n a l = m1 + felse :m1 = sample_rate ∗( l en ( i n f o 1 ) − po s i t i o n )/Nf_ f i n a l = f − m1#ge t the f requeny o f the peak#WE HAVE THE 'F ' . . . NOWWE NEED RESOLUTIONdeim2 = 16tb . u . set_deim ( deim2 )tb . u . set_enter_freq ( f_ f i n a l )#se t a new deimat ion#s e t the new en te r f requenym2 = 0#seond look loop v a r i a b l eounter2 = 0#ounter to not ge t s t oked in the seond look#and be ab l e to ge t to the f i r s t one i f t h e re i s noth ing#fo r g e t t i n g the maximum po s s i b l e rangesample_rate2 = 64000000/deim2f2 = f_ f i n a l#new sample ra t e and new en te r f requenywhile m2==0:48



B. Reeiver Protool Codei f ounter2 > 5 :m2 = 1#i f in 5 t imes i t has not d e t e  t a s i g n a l#i t goes bak to the f i r s t l i t t l e loopounter2 = ounter2 + 1tb2 = get_s igna l ( tb . u , N)tb2 . run ( )#se t and s t a r t the ge t s i g n a l f l ow graphd2 = tb2 .mq. delete_head ( )long = ' 2048 f 'i n f o 2 = unpak ( long , d2 . to_str ing ( ) )#ge t the in format ion from the f lowgraphth r e sho ld = 5∗1 e12x2 = in f o2#se t a t h r e s ho l d#opy the in format ion to work with i ti f max( x2)>thre sho ld :#see i f t h e re i s any s i g n a lpo s i t i on2 = searh_maximum (x2 )#searh the p o s i t i o n o f the peaki f po s i t i on2 < len ( i n f o 2 ) /2 :m2 = sample_rate2∗ po s i t i on2 /Nf_ f i na l 2 = m2+f2else :m2 = sample_rate2 ∗( l en ( i n f o 2 ) − po s i t i on2 )/Nf_ f i na l 2 = f2−m2#ge t the f requeny o f the peaki f m2 == 1 :m3 = 1#i f i t has passed the loop but t he re was no s i g n a l found#i t won ' t g e t in the 3rd l i t t l e loopelse :m3 = 0ounter3 = 0
49



B.1. Get Signal f 3 = f_ f i na l 2deim3 = 64sample_rate3 = 64000000/deim3tb . u . set_deim ( deim3 )tb . u . set_enter_freq ( f_ f i na l 2 )#in ase i t has passed the loop and the re i s a s i g n a l#the USRP i s re−s e twhile m3==0:i f ounter3 > 5 :m3 = 1ounter3 = ounter3 + 1#i f in 5 t imes i t has not d e t e  t a s i g n a l#i t goes bak to the f i r s t l i t t l e looptb2 = get_s igna l ( tb . u , N)tb2 . run ( )#se t and s t a r t the ge t s i g n a l f l ow graphd3 = tb2 .mq. delete_head ( )long = ' 2048 f 'i n f o 3 = unpak ( long , d3 . to_str ing ( ) )#ge t the in format ion from the f lowgraphth r e sho ld = 5∗1 e12x3 = in f o3#se t a t h r e s ho l d#opy the in format ion to work with i ti f max( x3)>thre sho ld :#see i f t h e re i s any s i g n a lpo s i t i on3 = searh_maximum (x3 )#searh the p o s i t i o n o f the peaki f po s i t i on3 < len ( i n f o 3 ) /2 :m3 = sample_rate3∗ po s i t i on3 /Nf_ f i na l 3 = m3+f3else :m3 = sample_rate3 ∗( l en ( i n f o 3 ) − po s i t i on3 )/Nf_ f i na l 3 = f3−m3#ge t the f requeny o f the peak
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B. Reeiver Protool Codei f m3 == 1 :m4 = 1#i f i t has passed the loop but t he re was no s i g n a l found#i t won ' t g e t in the 4 th l i t t l e loopelse :m4 = 0deim4 = 256tb . u . set_deim ( deim4 )tb . u . set_enter_freq ( f_ f i na l 3 )sample_rate4 = 64000000/deim4f4 = f_ f i na l 3ounter4 = 0#in ase i t has passed the loop and the re i s a s i g n a l#the USRP i s re−s e twhile m4==0:i f ounter4 > 5 :m4 = 1ounter4 = ounter4 + 1#i f in 5 t imes i t has not d e t e  t a s i g n a l#i t goes bak to the f i r s t l i t t l e looptb2 = get_s igna l ( tb . u , N)tb2 . run ( )#se t and s t a r t the ge t s i g n a l f l ow graphd4 = tb2 .mq. delete_head ( )long = ' 2048 f 'i n f o 4 = unpak ( long , d4 . to_str ing ( ) )#ge t the in format ion from the f lowgraphth r e sho ld = 5∗1 e12x4 = in f o4#se t a t h r e s ho l d#opy the in format ion to work with i ti f max( x4)>thre sho ld :#see i f t h e re i s any s i g n a lpo s i t i on4 = searh_maximum (x4 )#searh the p o s i t i o n o f the peak
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B.1. Get Signal i f po s i t i on4 < len ( i n f o 4 ) /2 :m4 = sample_rate4∗ po s i t i on4 /Nf_ f i na l 4 = m4+f4else :m4 = sample_rate4 ∗( l en ( i n f o 4 ) − po s i t i on4 )/Nf_ f i na l 4 = f4−m4#ge t the f requeny o f the peakprint ' \033 [ 1 ; 32mFound a s i g n a l  at \033 [ 1 ;m' , f_ f i na l 4#in ase the re i s a s i g n a l found#i t w i l l p r i n t the f requeny#i f i t has ge t here , bu t i t has not found a s i g n a l#i t w i l l p r i n t a '0 'i f m4 == 1 :m1 = 0tb . u . set_deim (8)tb . u . set_enter_freq ( f )f_ f i n a l = 0f_ f i na l 2 = 0f_ f i na l 3 = 0f_ f i na l 4 = 0#i f i t hasn ' t found a s i g n a l in a l l o f the 2nd , 3 rd or 4 th#i t w i l l go bak to the f i r s t l i t t l e loop#with a l l the parameters re−s e telse :tb . u . set_enter_freq ( f_ f i na l 4 )tb . s t a r t ( ) # s t a r t f l ow graphtime . s l e ep (5 )tb . stop ( )tb . wait ( )#in ase i t has found something#i t w i l l s t a r t the hek ing s t a t e#i t w i l l g i v e 5 seonds to l ook f o r the pake t si f  o r r e  t == 1 :hek = 1#i f the hek i s  o r r e  t#i t w i l l put the v a r i a b l e o f the main loop to 1#so i t w i l l g e t out o f the loop#and w i l l go to the sending ACK s t a t e52



B. Reeiver Protool Codeelse :print ' \033 [ 1 ; 38mNot the  Beaon s i g n a l \ 033 [ 1 ;m'f_ f i n a l = 0f_ f i na l 2 = 0f_ f i na l 3 = 0f_ f i na l 4 = 0tb . u . set_deim (8)tb . u . set_enter_freq ( f )m1 = 0#i f the hek s t a t e i s n e ga t i v e#the parameters are re−s e t#as we l l the USRP#and i t w i l l go bak to the beg inningGet Signal; Auxiliary FuntionThis funtion returns the position in the FFT vetor where the peak is plaeddef searh_maximum ( samples ) :maximum = max( samples )for i in range ( l en ( samples ) ) :i f sample [ i ℄ == maximum:po s i t i o n = ireturn po s i t i o n#return the p o s i t i o n in the ve to r where the peak i s p laedB.2 Chek SignalThis funtion reeives the pakets in the heking state. It saves every paket to anauxiliary sequene to be able to hek it when it is ompletedef rx_al lbak ( ok , payload ) :#i t g e t s the pake t s from the demodulation b l o  kglobal beaon_found ,  o r r e  t( pktno , ) = s t ru  t . unpak ( ' !H ' , payload [ 0 : 2 ℄ )#i t only l o o k s a t the va lue o f the header#( the number o f the sequene ) 53



B.2. Chek Signal o r r e  t = fib_work ( pktno , beaon_found )#i t save the va lue and says#i f the sequene i s heked or notebeaon_found = beaon_found + 1i f beaon_found == 14 :beaon_found = 0#t h i s i s f o r p o s i t i o n i n g the va lue in the sequene#to be a b l e to ompare i t l a t e rChek Signal; Auxiliary FuntionThis is the atual funtion that saves the pakets into an auxiliary variable and returns a'1' when the sequene is hekeddef fib_work ( value , pos ) :global f i b s eq , no_print#f i b s e q i s the ve to r where w i l l be p laed#the pake t s r e  e i v e d in the Rxauxseq = range ( l en ( f i b s e q ) )#t h i s ve to r i s a u x i l i a r y and not g l o b a lf i b = [88 , 1 , 1 , 2 , 3 , 5 , 8 , 13 , 21 , 34 , 55 , 89 , 144 , 233 ℄#f i b ona   i s e r i e s o f 14 numbersfor i in range ( l en ( f i b s e q ) ) :auxseq [ i ℄ = f i b s e q [ i ℄i f i == pos :auxseq [ i ℄ = value#here the va lue i s p laed#in the proper p l aef i b s e q = auxseqauxseq2 = range ( l en ( f i b s e q ) )#t h i s i s a seond a u x i l i a r y sequenei f f i b s e q == f i b :i f no_print == 0 :print ' \033 [ 1 ; 42mSequene Cheked \033 [ 1 ;m'no_print = 154



B. Reeiver Protool Codereturn 1#ompare the whole sequene#i t an happens tha t , by  a s u a l i t y#the pake t s r e  e i v e d s t a r t wi th the f i r s t one (88)aux = 0#au x i l i a r y v a r i a b l efor i in range ( l en ( f i b s e q ) ) :i f f i b s e q [ i ℄==88:aux = i#hek i f the pake t number 88 i s r e  e i v e d#and i f i t i s , g e t the p o s i t i o nfor i in range ( l en ( f i b s e q ) ) :i f i + aux > 13 :auxseq2 [ i ℄ = f i b s e q [ i+aux−14℄else :auxseq2 [ i ℄ = f i b s e q [ i+aux ℄#takes the sequene r e  e i v e d at t h a t moment#and op i e s to the seond a u x i l i a r y sequene#with the r e f e r en e (88) de l ayi f auxseq2 == f i b :i f no_print == 0 :print ' \033 [ 1 ; 42mSequene Cheked \033 [ 1 ;m'no_print = 1return 1#ompare the sequene o f pake t s r e  e i v e d#with the f i b o n a   i s e r i e s sequene#with the r e f e r en e (88) de l ay#i f the r e s u l t i s p o s i t i v e , i t r e tu rns '1 ' ( p o s i t i v e )#i f i t g e t s here , i t means t ha t the sequene#has not been heked ye treturn 0#so i t r e tu rns '0 ' ( n e ga t i v e )
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B.2. Chek SignalSend ACK SignalFor the sending of the ACK signal, look at Appendix A.The sending proess of the beaon signal by the transmitter has the same ode thatthe sending proess of the ACK signal.The only di�erene is that the sequene to send is another one.
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