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ii
AbstratResearh on multiple antenna systems is mainly theoretial. A lot of workhas been done to prove their operation on a mathematial basis � but nowit is time for an experimental setup to demonstrate in real-time operationwhether they work in an realisti senario.For this purpose a testbed has been developed and set up whih anserve up to four transmit and four reeive antennas simultaneously. It on-sists primarily of two PCs, one ontaining the transmit hardware and theother ontaining all the reeive hardware. The user who wants to transmitdata interfaes this system via a network onnetion by the use of simpleMatlab ommands. The developed interfae is very easy to use, powerful,and platform independent. Furthermore, the user does not need to performany hardware programming.Using this powerful testbed, it is very easy to add a real-time transmis-sion to existing Matlab simulations by just simply inserting a few Matlabommands. Transmissions via air or hannel emulators will enable new pos-sibilities of DSP ode development and testing of, e.g., UMTS, OFDM, andMIMO systems.The testbed an be extended by DSP/FPGA modules. It is possible touse these modules in a separate PC to perform testing of oding tehniquesin a real-time hardware environment. They also interfae the transmit andreeive hardware via a network onnetion and simple Matlab ommands.First impressive results using the developed MIMO testbed have alreadybeen ahieved by Christian Mehlführer. His work shows exatly mathingwith existing simulation results.



iiiZusammenfassungIn den letzten Jahren wurden Mehrantennensysteme vor allem theoretisherforsht. Es wurde sehr viel unternommen, um ihr Funktionieren auf einermathematishen Grundlage zu zeigen � doh nun ist es daran in Ehtzeitzu zeigen, ob all dies auh in einem realistishen Szenario funktioniert oderniht.Zu diesem Zwek wurde ein Testsystem entwikelt und in Betrieb genom-men, mit dem bis zu vier Sende- und Empfangsantennen gleihzeitig synhronbedient werden können. Das System besteht im Wesentlihen aus zwei PCs.Einer beherbergt die Hardeware zum Senden, der andere die zum Empfan-gen. Der Anwender, der seine Daten übertragen möhte, kommuniziert mitdiesem System über eine Netzwerkverbindung und wenige einfahe MatlabKommandos. Die hierfür entwikelte Shnittstelle ist sehr einfah zu verwen-den, sehr leistungsfähig und plattformunabhängig. Des weiteren benötigt derBenutzer keine Kentnisse über Hardwareprogrammierung.Aufbauend auf dieser Grundlage ist es vergleihsweise einfah, eine beste-hendeMatlab Simulation um eine Ehtzeitübertragung zu erweitern. Shonein paar einfahe Matlab Befehle genügen für eine Übertragung über Luftoder Kanalemulatoren. Dies erö�net neue Möglihkeiten zur DSP Codeent-wiklung und -testung, z.B. für UMTS, OFDM und MIMO Systeme.Darüber hinaus ist es möglih das Testsystem um DSP/FPGA Modulezu erweitern. Dies ermögliht es einem Benutzer Detektionsverfahren, Kodie-rer und Detektoren in einer Ehtzeitumgebung zu testen. Mit dem MIMOTestsystem kommuniziert der Benutzer weiterhin mittels einiger einfaherMatlab Befehle über eine Netztwerkverbindung.Erste beeindrukende Resultate mit diesem Testsystem wurden auh shonvon Christian Mehlführer in seiner Arbeit vorgestellt. Sie zeigen eine exakteÜbereinstimmung mit bereits vorhandenen Simulationsergebnissen.
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Chapter 1IntrodutionAll over the world, a lot of researh has already been performed to investigatethe behavior and possibilities of multiple antenna systems but unfortunately,most MIMO1 algorithms are tested only theoretially. A lot of symbolialalulations and numerial simulations (e.g. in Matlab2) desribe the an-tiipated behavior of multiple antenna transmissions. But atually it is notexatly known, whether all these results will stand the test of a real airtransmission.Matlab an be used to perfetly simulate the behavior of digital trans-mitters and reeivers. Every transmission needs a hannel and, up to now,there is no way to re�et a real world senario perfetly in a simulation. Alot of approahes exist to desribe extremely simpli�ed versions of the realworld in form of hannel models. Due to a lak of omputing power andknowledge, these models are quite simple while still overing all the impor-tant aspets of a transmission. They are ontinuously optimized but basedon their assumptions they remain models, not desribing exat transmissionbehavior.In order to obtain realisti behavior, the physial hannel should be usedinstead. Therefore, the intention of this diploma thesis was to develop andset up a MIMO testbed whih is able to arry out transmissions through aphysial hannel.A user, investigating oding and deoding shemes, is usually not able totake are of hardware developing and setting up due to a lak of time andspeialized knowledge; therefore, he must be able to use the testbed easilywith nearly no e�ort diretly out of an environment he knows well, e.g.1MIMO = Multiple Input Multiple Output, more than one antenna is used2Matlab is a trademark of MathWorks In.1



CHAPTER 1. INTRODUCTION 2Matlab. Multi user operation, LAN operation, and extensive data storageare important requirements to ahieve this goal.Chapter 2 of this thesis desribes the setup of the developed MIMOtestbed (see Figure 1.1). An introdution into the parts of the testbed isfollowed by a detailed desription on how to use it. Code examples and a listof all operation modes round up this hapter.Chapter 3 desribes an extension of the testbed by DSP3+FPGA4 boards.Using these boards enhanes the possibilities of the MIMO testbed signi�-antly by introduing a real-time environment for DSP ode developmentand testing.
Receive PC

Channel

Transmit PC

Figure 1.1: Piture of the MIMO testbed.
3DSP = Digital Signal Proessor4FPGA = Field Programmable Gate Array, a user programmable logi devie



Chapter 2The MIMO TestbedThe developed MIMO testbed is optimized to quikly transmit and reeivedata over an RF hannel diretly out of Matlab with minimum e�ort. Itan be used to implement, test, and optimize signal proessing algorithmsfor MIMO transmission using any modulation sheme. Detailed knowledgeof the hardware and hardware programming is therefore not needed. Thisredues ode development time dramatially and enables multiple users tooperate the same very expensive hardware.This hapter �rst presents a short overview about how the testbed isbuilt up. Sine the overall system is very omplex, only the basi hardwareinformation whih is needed to understand how the overall system works isgiven. Next, it is explained how to interfae this testbed by using Matlabin order to transmit and reeive data. Some ode examples and a summaryof all the di�erent opportunities of this testbed end this hapter.2.1 System OverviewThe main task of the MIMO testbed is to transmit and reeive user-data overan RF hannel. This user-data is generated by a user PC whih is onnetedto the testbed via a LAN1 onnetion. The whole system is made up of fourmain parts as shown in Figure 2.1.1.Furthermore, the overall testbed an be extended by DSP/FPGA boardsloated in the �user PC� (see Figure 2.1.1) to implement and test signaldetetion algorithms in an realisti real-time senario. This extension of thetestbed will be desribed in Chapter 3.1LAN = Loal Area Network, onnetion between omputers3



CHAPTER 2. THE MIMO TESTBED 4
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Figure 2.1.1: The MIMO testbed.The MIMO testbed onsists of2:1. one or more user PCs where the baseband signals are generated. Theso alled Matlab Interfae (Setion 2.1.1) is used to transmit thisdata to the other parts of the system via a LAN onnetion and by theuse of Matlab ommands.2. a server PC, named Pollux, whih gets the omplex baseband datasamples from the user PC and automatially up-onverts them to band-pass IF samples. After a digital to analog onversion the PC �nallytransmits the IF signal over the hannel (see Setion 2.3.3). This PCalso does all the handshaking needed for the Matlab Interfae.3. a hannel whih onsists of IF to RF up-onverters, RF to IF down-onverters, and RF hannel emulators or a real air interfae. Theseparts were developed by Robert Langwieser [4℄ and Lukas Mayer [5℄in their diploma theses for an IF of 70MHz and an RF of 2.45GHz.Figure 2.1.2 shows this hannel whih is not part of this diploma thesisand is therefore onsidered as a working blak box.
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Figure 2.1.2: RF hannel for the MIMO testbed.2The item numbers orrespond to the numbers in Figure 2.1.1



CHAPTER 2. THE MIMO TESTBED 54. a server PC, namedCastor, whih reeives the bandpass IF signal fromthe hannel, onverts it to the digital domain and automatially down-onverts the resulting digital samples from IF to baseband. Finally thePC stores the omplex baseband data samples on the internal hard-diskso that the user an read them via the LAN (see Setion 2.4.2).While maintaining onsiderable performane and �exibility, the systemwas designed to provide a very easy to use interfae. To ahieve this main ob-jetive, Matlab (in ombination with C++) has been used as programminglanguage for the server PCs and for the user interfae.2.1.1 The Matlab InterfaeThe above mentioned Matlab Interfae is the basi idea of the system.Using this interfae, the user is able to transmit and reeive data diretlydelivered from Matlab from anywhere in the LAN without hardware pro-gramming and/or debugging.The interfae is ompletely implemented in Matlab beause Matlabis platform independent3, powerful, easy to use, and probably the mostused programming language for development and testing of signal proess-ing shemes in engineering. Furthermore, this interfae uses ordinary �les toommuniate and handshake, not TCP/IP ommands. This enables bathproessing, redues ode development time, and gives the possibility to in-terfae the MIMO System even through a �rewall by using Seure-FTP(Figure 2.1.3):
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Figure 2.1.3: Interfaing via Seure-FTP.3Matlab is available for the following platforms: All Windows versions, Linux, MaintoshOSX, Solaris, AIX, Digital UNIX, HP-UX 10, HP-UX 20, and IRIX/IRIX64



CHAPTER 2. THE MIMO TESTBED 6Without going into further details of the hardware implementation, theoperation of theMatlab Interfae an be simpli�ed to the following mainsequenes4 (see Figure 2.1.4):
save TX-data
save options

save 0 byte .do-file wait for this .do-file

do transmission

save 0 byte .done- filewait for this .done-file

load error load RX-data

save RX-data or error

(2)

(1)
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(3)
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Figure 2.1.4: The Matlab Interfae, handshaking.1. The user saves the generated omplex baseband data samples andan array of options (desired enter frequeny of the bandpass signal,et.) using the Matlab save(...) ommand to a dediated folder (seeSetion 2.3).
4The item numpers orrespond to the numbers in Figure 2.1.4



CHAPTER 2. THE MIMO TESTBED 72. After ompleting the save(...) ommand the user saves a 0 byte large.do-�le to the same folder. Beause network �le operations are alwaysproessed one after the other, it is guaranteed that the omplex base-band data samples are ompletely saved when the .do-�le is reated.3. This .do-�le triggers the operation of Pollux (and Pollux triggers theoperation of Castor if needed). The overall signal transmission isarried out automatially by the server software of these PCs (seeSetion 2.3.3).4. The user waits (polling operation) for a 0 byte large .done-�le in a ded-iated network folder that indiates that Pollux has ompleted opera-tion.5. Now the user heks whether an error �le has been written by Pollux. Ifsuh a �le exists, the user loads this �le ontaining the error messages.If not, the user loads the reeived omplex baseband data samples usingthe Matlab load(...) ommand (see Setion 2.4).This proedure an now be used to operate the whole system from a singlePC via a LAN onnetion using Matlab. The user is able to:1. transmit data over a hannel (without reeiving anything),2. reeive data from a hannel (without transmitting anything),3. transmit data over a hannel and reeive it,4. and hibernate5 Pollux and Castor if not needed any more.These four operation modes are muh related to eah other and theirimplementation is very similar. A detailed desription and some examplesan be obtained from Setion 2.5.1.2.2 Setting Up the MIMO System2.2.1 Setting Up the MIMO ServersBefore data an be transmitted, the two host PCs have to be set up properly.As mentioned before, the transmitting PC is alled Pollux and the reeivingPC is alled Castor.5The Windows hibernate feature saves everything in memory on the hard disk, turns o�the monitor and hard disk, and then turns o� the omputer. When the omputer isrestarted, the desktop is restored exatly.



CHAPTER 2. THE MIMO TESTBED 8The following steps have to be performed:1. Castor and Pollux have to be powered on.2. If lok synhronization between Pollux and Castor is needed, the exter-nal frequeny divider has to be turned on. See Figure 2.2.2 for furtherinformation on how to onnet this devie.3. On Pollux, the server program has to be started by double liking atthe �MIMO TRANSMITTER� ion on the desktop if it is not alreadyrunning.4. On Castor, the server program has to be started by double likingat the �MIMO RECEIVER� ion on the desktop if it is not alreadyrunning (see Figure 2.2.1).The two server programs of Pollux and Castor look and behave verysimilar. User interation is never required; therefore, the server programsshow only a status sreen like in the following Figure 2.2.1:
Time of 

Transmission

Filename

Status of 
Transmission

Error Message

Bytes
Transmitted Figure 2.2.1: Server program on Pollux.If idle, the server displays �Waiting for .do �le� and inrements a numbernext to this message. If a transmission is triggered, �rst the urrent time isdisplayed and then, next to it, the �lename whih ativated this operation.The next line shows atual status information (the meaning is desribed inSetion 2.4.1), and if an error ours, a message is displayed.



CHAPTER 2. THE MIMO TESTBED 92.2.2 Setting Up the External HardwarePollux onverts the digital omplex baseband data samples, made availableby the user PC, to analog IF signals. Therefore, some external hardware hasto be onneted to make use of these signals. Furthermore, this hardwarealso has to be onneted to Castor and external synhronization is needed(see Figure 2.2.2).
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Figure 2.2.2: Connetions on Castor and Pollux.� The four analog IF outputs of Pollux (1p), (2p), (3p), and (4p) haveto be onneted to external RF hardware. Figure 2.2.3 shows theseSMA onnetors loated on the bak of Pollux. They are situated onthe ICS-564 board [10℄ (see Appendix A). Full sale output is 1.2Vpp



CHAPTER 2. THE MIMO TESTBED 10on a 50Ω load. Thus the ahievable mean output power in operationdepends on the rest fator of the signal. The IF output signal is not�ltered as shown in Figure 2.3.4.� The four reeive IF signals (1), (2), (3), and (4) have to be on-neted to the ICS-554 board [13℄ (see Appendix B) on the bak ofCastor (see Figure 2.2.3). The maximum input voltage is 1.2Vpp on a50Ω load. Thus bak to bak operation of the ICS-564 and the ICS-554board is possible for testing purposes.
(1p) (2p) (3p) (4p)(5p) (6p)

(1c) (2c) (3c) (4c)(5c) (6c)

Connectors of Pollux (=Transmit PC):

Connectors of Castor (=Receive PC):Figure 2.2.3: External hardware onnetors of Pollux and Castor.(The orientation mathes the atual orientation in the PC.)Apart from the fat that the IF signals have to be onneted, some otherexternal onnetions are neessary for a proper operation of the system:� Reeption has to be triggered with the transmission of data. There-fore, the BNC onnetor (7), the only BNC onnetor on the bak ofPollux, has to be onneted to the BNC onnetor (7p) to ensure thata transmission only starts if the reeiver is ready. Also the SMA on-netor (5p) has to be onneted with the SMA onnetor (5) so thatthe reeption is triggered exatly when the transmission starts. Furtherinformation on the triggering proedure is given in Setion 2.4.1.



CHAPTER 2. THE MIMO TESTBED 11� If needed, the internal loks of Pollux and Castor an be synhronized.This an be ahieved by onneting the 100MHz LVTTL6 lok outputof Castor (6) to the 50MHz LVTTL lok input of Pollux (6p) via anexternal frequeny divider (6). Subsetion 2.5.5 desribes how to enablethis synhronization in the Matlab Interfae.Furthermore, it is also possible to synhronize Pollux at onnetor (6p)with an externally generated 50MHz LVTTL lok. SynhronizingCastor with an external lok is not possible without modifying thehardware sine onnetor (6) is on�gured as an output. See [13℄ forfurther details.� At last, Pollux (8p) and Castor (8) have to be onneted bak to bakwith a rossed network able to provide a fast 1,000MBit/s onnetion,needed for internal data exhange. The LAN onnetion to the usersis provided via (9) and (9p) at a speed of 100MBit/s.The above desribed external able onnetions are not always needed.For example, triggering an be done by the use of �les. It is also possible toomit external lok synhronization if not required. In order to make use ofthese possibilities, the user has to set �ags in the Matlab Interfae asdesribed in Setion 2.5.2.3 Transmitting Data via theMatlab InterfaeAs previously outlined in Setion 2.1.1, interfaing the transmit PC is rathersimple. In order to transmit (not reeive) data over one or more of the fourpossible intermediate frequeny hannels, the user only has to1. reate omplex baseband data samples in Matlab as desribed in thefollowing Setion 2.3.1,2. save these samples, and trigger the operation of Pollux (the transmit-ting PC) as desribed in Setion 2.3.2.2.3.1 Creating the Complex Baseband Data SamplesTo allow maximum �exibility, the user does not provide data bits or sym-bols to the Matlab Interfae but 14 bit omplex baseband data samples.6LVTTL = Low-Voltage Transistor-Transistor Logi, logi signal level standard



CHAPTER 2. THE MIMO TESTBED 12Therefore, the interfae is independent of the modulation sheme and signal�ltering. By generating baseband data samples in Matlab, the user is ableto reate a wide range of baseband (and as a onsequene IF) signals.To ful�ll the Matlab Interfae spei�ation, the user has to reate amatrix whih ontains all the omplex baseband data samples. This matrixmust be named xvTXData7. Besides this, the real and the imaginary part of thesamples have to be smaller than 213
−1 and larger than−213 before onvertingthem to the presribed int16 data type. An over�ow is not heked in theMatlab Interfae in order to maximize the data throughput. If needed,this hek an be easily implemented in Matlab before transmitting thedata to the Matlab Interfae.The following ode sample shows how to reate a simple baseband signal:a sine wave. A omplete opy of the Matlab soure ode an be obtainedfrom \\Pollux\MIMO_TX_Data\samples\xmTX_Sine.m.xvTXChannels = 4; % maximum 4xvTXBlokLen = 2^16; % maximum 2^17xvTXData = sin((1:xvTXBlokLen)*pi/4)).'*ones(1,xvTXChannels);xvTXData = int16(xvTXData*8176);Exeuting this ode, the following data matrix is reated:xvTXData =5781 5781 5781 57818176 8176 8176 81765781 5781 5781 57810 0 0 0-5781 -5781 -5781 -5781-8176 -8176 -8176 -8176... ... ... ...Eah olumn orresponds to one of the four possible IF output hannels.Column 1 orresponds to hannel 1, olumn 2 orresponds to hannel 2, andso on. This assignment is �xed and annot be hanged. Thus, for example,it is not possible to transmit data only on hannel 3. As an alternative,the able onnetions an be rewired to transmit data only on hannel one(whih is possible by generating just one olumn), or dummy data an betransmitted on hannel one and two (and three olumns are generated).7As a programming onvention, to prevent aidental use of MATLAB funtions, onstantsalways begin with x, variables with xv, and m-�les with xm.



CHAPTER 2. THE MIMO TESTBED 13The number of olumns and, as a onsequene, the number of hannelsan be set to 1, 2, 3, or 4. If not all four hannels are needed, the amountof memory required to store the baseband data samples is also redued bydereasing the number of olumns.The rows of xvTXData represent onseutive omplex baseband data sam-ples. All samples in one row are up-onverted and transmitted simultane-ously8 on di�erent hannels as desribed later on.If just transmitting one blok, the maximum number of rows, and there-fore, the maximum number of data samples in one data blok, islimited to 217 (217 = 131072) by the transmitter FIFOs. This value does notdepend on the number of hannels transmitted simultaneously (=the numberof olumns). Only half of this value is available if multiple bloks are trans-mitted one after the other beause the internal FIFOs must be able to storethe next blok, while still transmitting the previous one. More informationon how to transmit more than one blok of data will be given in Setion 2.3.7.2.3.2 Triggering the Operation of PolluxAfter the omplex baseband data samples (xvTXData) have been generated,they an be easily transmitted to Pollux by using the Matlab Interfae.A vetor named xvTXDataOptions spei�es all user on�gurable options, e.g.the enter frequeny of the bandpass signal. These options are desribed inSetion 2.5.In order to transmit the data samples and options, the user has to savethem to a .mat-�le. Afterwards, he has to reate a 0 byte large .do-�le whihtriggers the operation of the transmitting PC, alled Pollux. As desribed indetail in Setion 2.1.1, this �le also ensures that all data samples have beensaved ompletely to the .mat-�le before triggering Pollux.xTXDir = '\\Pollux\MIMO_TXData\';xvFileName = 'Example Sine Wave';xvTXDataOptions = [1, inf , 70.0, 4, 0, 0, 0, 0, 0, 0, 0, 0, 0℄save([xTXDir xvFileName '.mat'℄,'xvTXData','xvTXDataOptions');xvFID=fopen([xTXDir xvFileName '.do'℄,'w'); flose(xvFID);After exeuting these �ve lines of Matlab ode, Pollux reates the analogIF signal. However, there is only one blok of baseband data whih will beproessed by Pollux. A possibility to transmit more data bloks one afterthe other is desribed in Setion 2.3.7.8Due to a �rmware error, the up-onversion is simultaneous but not synhronous. Themaximum error is ± half of a baseband sample length.



CHAPTER 2. THE MIMO TESTBED 142.3.3 The Automati Digital Up-onversion
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Figure 2.3.1: Simpli�ed data �ow for a transmission.Triggered by a .do-�le, Pollux starts its operation automatially. The up-onversion proess an be simpli�ed to the following steps (see Figure 2.3.1):1. As desribed in the previous subsetion, the user at �rst reates thedigital baseband data samples and transmit options on his own PC. Todo so, he an either use Matlab and/or some optional hardware.2. Then he stores this data via a LAN onnetion. . .3. . . . using the Matlab save(...) ommand, on the internal hard-diskof Pollux, followed by a .do-�le. As a huge number of tests showed,this proess of saving data does not a�et the performane of Polluxin any way. Therefore, it is possible to store multiple jobs on Pollux'shard-disk even while it is in operation and transmitting data.4. If idle, the server program running on Pollux polls for new .do-�lesavailable and thus, for new data to be transmitted. After setting upthe ICS-564 board [10℄ to �t the needs of the next transmission. . .



CHAPTER 2. THE MIMO TESTBED 155. . . . the data samples are �rst moved to the internal memory of Pollux.This is neessary beause there is no diret onnetion between thehard-disk and the up-onverter board.6. Next, the data samples are transferred into the internal FIFOs of theICS-564 board (IDT72V72100 [8℄) where they stay ready until thetransmission is triggered. These four FIFOs (217 samples per han-nel), in onnetion with the internal memory, limit the maximum boksize of a transmission as previously desribed.7. The rest of the signal proessing happens in real-time in an Ana-log Devies hip (AD9857 [7℄) loated on the up-onverter board (seeAppendix A). In this hip, the data, taken out of the FIFOs, is pro-essed as shown in Figure 2.3.2:
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Figure 2.3.2: Simpli�ed data �ow in the ICS-564 board.Sine all four data streams (all four transmit hannels) are equally pro-essed and synhronously transmitted, only the data �ow of one hannel willbe desribed in the following (see Figure 2.3.2):1. The data samples taken out of the FIFO onsist of 14 bits for the realpart and 14 bits for the imaginary part. Interpolation is ahieved by a�xed ×4 interpolation �lter and. . .2. . . . a user programmable (×1 to ×63) (see Setion 2.5.4) interpolation�lter. Thus the overall interpolation an be set from 4 to 252, in steps



CHAPTER 2. THE MIMO TESTBED 16of 4, by the user. The output sample rate of this �ltering proess isalways �xed to 200MSamples/s.3. In the next stage, the signal is multiplied with a omplex sine wave inorder to shift the signal to the IF domain.4. This arrier is generated by a digital osillator whih is user pro-grammable (see Setion 2.5.3) in the range from 0 to 100MHz. Thetheoretial resolution is smaller than 0.1Hz, while the auray is lim-ited by the internal rystal osillator to a muh larger value.5. In the last stage the digital 14 bit signal is onverted to the analogdomain at 200MSamples/s. The output of the onverter is not �lteredas desribed in Setion 2.3.4. Thus higher order harmonis will appearin the spetrum at multiples of 200MHz ± enter frequeny.The overall proess is a lot more omplex than desribed here but tomaintain simpliity, only neessary information to understand the overallsystem was listed. Further information on the up-onversion proess an beobtained from the manuals of the ICS-564 board [10, 12℄, its �rmware [11℄,the FIFOs [8℄, and the four digital up-onverters [6℄ loated on this board.Sine the up-onversion proess is arried out ompletely automatially bythe Matlab Interfae, a user does not need detailed hardware knowledgeof it in order to use the MIMO testbed.2.3.4 The Analog Intermediate Frequeny SignalIn the previous example, four lines of Matlab ode were needed to generatethe baseband signal samples, and with �ve more ode lines this signal wastransmitted on all four IF hannels.To transmit data (1) in an endless loop (inf) at a enter frequeny of70MHz (70) with an overall interpolation fator of 4 (4) the following optionsmust be set in the Matlab Interfae (see Setion 2.5 for more details):xvTXDataOptions=[1,inf,70,4,0,0,0,0,0,0,0,0,0℄The next Figure 2.3.3 shows the measured9 output spetrum for the gener-ated sine wave.9An Advantest R3271 spetrum analyzer was used to obtain the measurement results viaa GPIB onnetion.



CHAPTER 2. THE MIMO TESTBED 17Sine in the above example the omplex baseband data samples werede�ned as xvTXData[n] = sin(2πθon) with θo = 1/8, the bandpass signalonsists of two spetral lines at 70MHz ± θo · 1/4· 200MHz = 70MHz ±6.25MHz. (200MHz is the sampling frequeny of the ADC and 1/4 denotesthe overall interpolation fator.)
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Figure 2.3.3: Measured IF spetrum of hannel one.xvTXDataOptions = [1,inf,70.0,32,0,0,0,0,0,0,0,0,0℄Due to the un�ltered output of the digital to analog onversion, higherorder harmonis appear in the spetrum at multiples of 200MHz ± enterfrequeny. They an be easily �ltered with an analog low-pass �lter. LukasMayer built �ve of them with a ut-o� frequeny of 75MHz in his diplomathesis [5℄. They are boxed, have two SMA onnetors, and operate for anyIF lower than 75MHz.The maximum bandwidth of the IF signal is determined by the max-imum sample rate of the baseband signal (200MHz/4) minus some marginbeause of the internal �ltering (80%). Although it is possible to trans-mit signals with 40MHz bandwidth, it is not possible to reeive them (seeSetion 2.4.3) due to limitations of the reeiver. Reeption an only be per-formed with an eight times lower maximum sample rate (6.25MHz) whihleads to a theoretially possible reeption bandwidth of 6.25MHz minus somemargin. A detailed desription will be given in Setion 2.4.3.Due to imperfet interpolation �lters (espeially if using higher interpo-lation fators) there are some undesired spetral omponents, in addition to



CHAPTER 2. THE MIMO TESTBED 18the higher order harmonis generated by the digital to analog onversion.They an be easily �ltered with an IF �lter. Furthermore, the basebandsignal is hard limited at the beginning and at the end of eah blok (equalto a retangular window funtion). This may also lead to undesired spetrallines.2.3.5 Example: Transmitting a 16QAMTo demonstrate how to use theMatlab Interfae to generate a more om-plex signal, the following example ompletely shows how to reate a 16QAMsignal. As in the previous example, the IF signal is transmitted at a enterfrequeny of 70MHz in an endless loop.The following ode example is working without any additions. It an bealso found on Pollux at \\Pollux\MIMO_TXData\samples\xmTX_16QAM.m.xvTXData = [ randsr(5000, 1, [-3 1 1 3℄/3)...+ j*randsr(5000, 1, [-3 1 1 3℄/3) ℄;xvFilter = rosine (1, 4, 'fir/sqrt', 0.22, 40);xvTXData = rosflt (xvTXData, 1, 4, 'filter', xvFilter);xvTXData = int16 (xvTXData*8176);xTXDir = '\\Pollux\MIMO_TXData\';xvFileName = 'Test 16 QAM';xvTXDataOptions = [1, inf , 70.0, 32, 0, 0, 0, 0, 0, 0, 0, 0, 0℄save([xTXDir xvFileName '.mat'℄,'xvTXData','xvTXDataOptions');xvFID=fopen([xTXDir xvFileName '.do'℄,'w'); flose(xvFID);First, the Matlab ode reates a sequene of 5000 random 16QAMsymbols. Next, these samples are �ltered by a root raised osine �lter withan interpolation rate of 4 and a roll o� fator of 0.22. At last, the data matrixplus the options are saved, and the transmission is triggered by reating a.do-�le.The resulting QAM bandwidth of 1.90625MHz is therefore the symbolrate of 6.25MHz (200MHz/32 overall internal interpolation) divided by afator of 4 (root raised osine �lter interpolation) times 1.22 (for the 0.22 rollof fator). The overall interpolation fator of 32 was hosen beause it is theminimum possible value for reeiving this data after a hannel, as shown inthe next Setion 2.4.



CHAPTER 2. THE MIMO TESTBED 19Figure 2.3.4 shows the measured spetrum of the IF signal. In additionto the higher harmonis generated by digital to analog onversion, there arealso some undesired spetral omponents smaller -85 dBm/10 kHz outside thearea shown. They are results of imperfet internal interpolation and an benegleted. The 70MHz arrier, whih an be seen learly, is a result of thetransient response of the root raised osine �lter.
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Figure 2.3.4: Measured IF spetrum of a 16QAM signal.xvTXDataOptions = [1,inf,70.0,32,0,0,0,0,0,0,0,0,0℄Beause the maximum output signal level was used in this example, themaximum output power for a 16QAM an be determined by simply in-tegrating the spetral power density. Using a retangular approximation of-33 dBm/10kHz in a 1.906MHz range, an IF signal power of approximately-10 dBm is obtained.2.3.6 Example: Signal for a Multitone MeasurementNot only modulation shemes an be tested using the Matlab Interfaebut it an be also used in some ompletely di�erent appliations, e.g. arbi-trary signal generation. The following Matlab ode reates a set of equallyspaed spetral lines. Up-onverted to the IF, the resulting signal an beused for multitone measurements:xvTXData = 0.1*(ones(1,9)*sin([1:9℄'*[1:2^17℄*pi/20))'-0.05;xvTXData = int16(xvTXData*8176);



CHAPTER 2. THE MIMO TESTBED 20The measured output spetrum is shown in the Figure 2.3.5 below. Thissignal has already been suessfully used to implement multitone measure-ments on an IF to RF up-onverter. The omplete example an be found in\samples\xmTX_Multitone.m.
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Figure 2.3.5: Measured IF spetrum for a multitone measurement.xvTXDataOptions = [1,inf,70.0,32,0,0,0,0,0,0,0,0,0℄2.3.7 Transmitting Multiple Bloks of DataAs previously desribed, the size of a transmit blok is limited by the inter-nal FIFOs of the up-onverter boards. But using the Matlab Interfaemultiple equally sized bloks of data an be transmitted one after the otherin one operation:xTXDir = '\\Pollux\MIMO_TXData\';xvFileName = 'Test Multiple Bloks';xvTXDataOptions = [1, 1, 70.0, 32, 0, 0, 0, 0, 0, 0, 0, 0, 0℄xvTXData = [reate your data for blok 1℄save([xTXDir xvFileName '_1.mat'℄,'xvTXData','xvTXDataOptions');xvTXData = [reate your data for blok 2℄save([xTXDir xvFileName '_2.mat'℄,'xvTXData');xvTXData = [reate your data for blok 3℄save([xTXDir xvFileName '_3.mat'℄,'xvTXData');xvFID=fopen([xTXDir xvFileName '.do'℄,'w'); flose(xvFID);



CHAPTER 2. THE MIMO TESTBED 21Now, not only one .mat-�le is reated but a set of multiple _i.mat-�les,where i denotes the number of the transmit bloks. This number must beginwith 1 and is inreased by one for every subsequent blok. After saving allthese _i.mat-�les, still only one .do-�le is needed to trigger the operation ofthe transmit PC.� Under speial onditions, it is possible to transmit multiple bloks ofdata one after the other with no spae in between. This is equal totransmitting a ontinuous signal and limits the maximum signal lengthto the free memory of Pollux (e.g. 600MByte) divided by the num-ber of hannels (typially 4) and the bytes per omplex sample (4).The resulting signal length in this ase is 37.5million samples. SeeSetion 2.5.13.0 for more information on how to set the needed `TXontinuous mode' �ag in the Matlab Interfae.� Furthermore, it is possible to repeat all these bloks in a loop with nospae in between to further enhane the signal length. The number ofrepetitions is user de�ned. See Setion 2.5.2 for further information onthe `TX repeat how often' parameter.� If a ontinuous wave is not needed, it is possible to transmit bloksof maximum length with small spaes in between, one after the other,diretly from the hard-disk. Although the maximum blok length islimited to 217, the number of bloks is only limited by the free hard-diskspae. Assuming 25GBytes free, a blok length of 217 samples, and 4transmit hannels 25 ·109/(217
·4 ·4) ≈ 11920 bloks an be transmittedin a row. Furthermore, repetition of this data is also possible. SeeSetion 2.5.13.5 for more information on how to transmit only via thehard-disk by using the `TX fore HDD operation' �ag.The maximum blok length of the whole transmission system is furthermorelimited by the maximum blok length of the reeiver. The above desribedlimitations only apply to the transmitter, they do not exatly math thoseof the reeiver. See Setion 2.4.3 for further information.The \samples\xmTXMultiple_FMradio.m example uses this ability to trans-mit one blok after the other to reate an ordinary FM radio transmit signalfrom a musi �le. Proof of operation was ahieved by reeiving this signalwith an FM radio at 89.9MHz. For further information please examine theexample.



CHAPTER 2. THE MIMO TESTBED 222.4 Reeiving Data via theMatlab InterfaeReeiving data using the Matlab Interfae is as simple as transmitting.In order to transmit and reeive data over a hannel, the user has to performthe following steps:1. Generate omplex baseband data samples (xvTXData) to be transmitted:xvTXData = [ randsr(5000, 1, [-3 1 1 3℄/3)...+ j*randsr(5000, 1, [-3 1 1 3℄/3) ℄;xvFilter = rosine (1, 4, 'fir/sqrt', 0.22, 40);xvTXData = rosflt (xvTXData, 1, 4, 'filter', xvFilter);xvTXData = int16 (xvTXData*8176);2. Delete a possible .done-�le of a previous transmission:xTXDir = '\\Pollux\MIMO_TXData\';xvFileName = 'Test 16 QAM';if size(dir([xTXDir xvFileName '.done'℄),1)~=0delete ([xTXDir xvFileName '.done'℄);end;3. Save the data plus some options10 (xvTXDataOptions) to a .mat-�le fol-lowed by a .do-�le to trigger the operation of Pollux:xvTXDataOptions = [3, 1, 70.0, 32, 1, 0, 0, 4, 0, 0, 0, 0, 0℄save([xTXDir xvFileName '.mat'℄,'xvTXData','xvTXDataOptions');xvFID=fopen([xTXDir xvFileName '.do'℄,'w'); flose(xvFID);4. Wait for a .done-�le (polling operation) on Pollux. This .done-�leindiates that the transmission has been ompleted and the reeiveddata is available:while size(dir([xTXDir xvFileName '.done'℄),1)==0pause(0.2);end;10Please note that the �st number in xvTXDataOptions is now �3� instead of �1� whihmeans to �transmit and reeive data� instead of �only transmit data�. More informationabout the options an be obtained from Setion 2.5.1.



CHAPTER 2. THE MIMO TESTBED 23For longer transmissions, this waiting period an be used to arry outsome other alulations. This possibility to interleave other Matlabode with the transmission of data is the reason, why the MatlabInterfae is not implemented using a single .m Matlab funtion.5. Chek whether an error has ourred by looking if a _err.mat-�le exists.In ase of an error, this error is loaded and trapped:if length(dir([xTXDir xvFileName '_err.mat'℄))~=0load ([xTXDir xvFileName '_err.mat'℄);error(xvError);end;6. Finally the reeived omplex baseband data samples are be obtainedby simply loading them from the hard-disk of Castor:xRXDir = '\\Castor\MIMO_RXData\';load([xRXDir xvFileName '.mat'℄);xvRXData = double(xvRXData);If multiple bloks are reeived, an i_.mat-�le (i denotes the blok num-ber) is reated for eah blok as desribed in Setion 2.5.9.The �nal onversion to omplex double values is not neessary but thereeived data samples are of type `int32 omplex' andMatlab annotperform further alulations with them if they are not onverted.The above desribed soure ode is omplete and an be obtained from\\Pollux\MIMO_TXData\samples\xmTXRX_Simple_16QAM.As desribed in Setion 2.5.13.4, it is furthermore possible to detet theend of the data reeption of Castor by using the `reate .reeived �le' �ag.This makes it possible to hange the hannel while the reeived data is stillbeing saved to the hard-disk of Castor after reeption.2.4.1 Handshaking of Pollux and CastorTriggered by a .do-�le, Pollux starts its operation as previously desribed inSetion 2.3.3 but with the di�erene that now data is also reeived. This ir-umstane makes the overall proess a lot more ompliated (see Figure 2.4.1).
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Figure 2.4.1: Handshaking of the User, Pollux, and Castor.



CHAPTER 2. THE MIMO TESTBED 25Although the overall proess is arried out automatially, it is neessaryto understand it in order to deal with errors returned by the Matlab In-terfae (the item numbers orrespond to Figure 2.4.1):1. If idle, Pollux ontinuously polls for the existene of a .do-�le to startoperation. Multiple .do-�les are proessed one after the other in alpha-betial order.2. Next, all the transmit data samples are loaded into the internal memoryof Pollux. In the ase of multiple transmit bloks, this an take quitea long time, thus `Load Data' is displayed on Pollux's sreen.3. Now Pollux has loaded all data, it displays a `Mode: TX&RX' message.But before a transmission an be started, Pollux gets the reeiving PC,Castor, ready by reating a .doRX-�le11 �le.4. Castor on his part ontinuously polls for the existene of this .doRX-�leto start operation.5. Displaying `Mode: TX&RX', Castor gets ready to operate and reatesa .busy-�le to signal this to Pollux.6. Pollux, awaiting this .busy-�le displays `RX ready ??' while waiting.Obviously, if there is still no .busy-�le after some time, Castor is outof order. Displaying `Timeout while waiting for reeiver to be ready.',Pollux terminates operation and ontinuous at item 14 with reportingthis error to the user.7. At the same time Pollux and Castor initialize their up- (ICS-554 board),or rather down-onverter board (ICS-554 board) and display `TX' orrather `RX'.The data transmission itself onsists of one or more bloks that are trans-mitted and reeived at exatly the same time. To do so, additional triggeringis needed before eah transmission:8. To indiate that the internal down-onverter board is ready to reeive,Castor sets the BNC Trigger output (7), shown in Figure 2.2.2, high.11All internal handshaking �les are stored in \\Pollux\MIMO_TXData\_Internal\ or\\Castor\MIMO_RXData\_Internal\, so that a PC always polls for the existene ofa �le on the own hard-disk.



CHAPTER 2. THE MIMO TESTBED 269. In Pollux, this high level on the BNC trigger input (7p) reates aninterrupt and starts the up-onverter hardware.10. This hardware sets a trigger impulse on the SMA trigger onnetion(5p) and synhronously begins to transmit data.11. Triggered by this triggering pulse, the reeiving hardware on Castorstarts its operation and reeives all the data of one blok. Furthermorethe BNC trigger output (7) is automatially set to low by the hardwarewhen the �rst data sample is reeived.The next �gure shows this triggering proess, whih is arried out forevery blok of transmitted data:
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Data Block 1 Data Block 2 Data Block 3Figure 2.4.2: Triggering of the transmit and reeive hardware.Step (9) is often longer before the �rst transmit blok beause Polluxneeds a lot more time to initialize its internal hardware and is, therefore,later ready to transmit.Several tests showed that the proess of reeiving and transmitting datais not disturbed by any other hard-disk operation (e.g. loading or savingdata via the LAN to the hard-disk). Further, a task running at low systempriority on Pollux or Castor does not a�et the overall performane.12. After the transmission is omplete, Castor displays `Saving xx Bloks'(xx is the atual number of bloks) and stores all the reeived datasamples from the internal memory to the internal hard-disk at a rateof about 50MBytes/s.13. If the operation of Castor had to be terminated due to an error, it isontinued here. The error is displayed and saved to a _RXerr.mat-�le.



CHAPTER 2. THE MIMO TESTBED 2714. Pollux on his parts also ontinuous operation here if an error has o-urred. But Pollux also heks if there has been an error on Castor andsaves all errors to a _err.mat-�le to be read by the user. Therefore, theuser only has to examine this _err.mat-�le as previously desribed toreeive all error messages from Pollux and Castor.15. Displaying `Finished' Castor deletes the .busy-�le and returns to idlemode.16. After the .busy-�le has been erased, Pollux also displays `Finished'whih indiates that the overall transmission is omplete.17. As a last step the .done-�le is reated to signalize the user, that eitherthe reeived omplex baseband data samples are ready, or a orrespond-ing error �le has been rated.1. Now, the overall proess starts again. If idle, Pollux ontinuously pollsfor the existene of a .do-�le to start. . .2.4.2 The Automati Digital Down-onversionIn this subsetion the data �ow in Castor is onsidered, where the four inter-mediate frequeny signals at �rst get in touh with the ICS-554 board (seeAppendix B) [13, 14, 15℄ whih performs the down-onversion operated bythe Matlab Interfae (see Figure 2.4.3):
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Figure 2.4.3: Simpli�ed data �ow in Castor's ICS-554 board.



CHAPTER 2. THE MIMO TESTBED 281. At �rst, the analog intermediate frequeny signals are sampled at a rateof 100MSamples/s and onverted to 14 bit digital values. The AD6645[7℄ used for this onversion is apable of sampling IF signals with aenter frequeny of up to 200MHz12 with a spei�ed SNR of 72 dB.The full sale input voltage is 1.2Vpp.Digital down onversion is then performed by the Texas InstrumentsGC4016 multi-standard quad DDC hip [9℄ (one quad hip for eah han-nel). This hip has a multitude of apabilities but only basi operation wasimplemented in this diploma thesis as desribed in the following. The inter-ested user should onsult the doumentation of the hip for further details[9℄. Changing its on�guration is only possible by modifying the soure odesof the Matlab server on Castor. Nevertheless, with the standard on�gu-ration implemented in the Matlab Interfae, everything required shouldbe possible beause the user an always implement additional features (e.g.�ltering) in his own Matlab ode.2. A mixer and a numerially ontrolled osillator are used to quadra-ture down-onvert the signal from a user on�gurable enter frequeny(see Setion 2.5.10) to the base band. Like in the up-onverter, thetheoretial resolution of the osillator frequeny is smaller than 0.1Hz,while the auray is limited by the internal rystal osillator to a muhhigher value. Although only tuning frequenies of 0 to 50MHz are gen-erated internally, programming higher enter frequenies is possible toperform undersampling of the bandwidth-limited IF signal.Setting a enter frequeny of 70MHz at the transmitter (the inter-nal osillator will be automatially set to 70MHz) and at the reeiver(the internal osillator will be automatially set to 30MHz to performundersampling) while using external synhronization does not lead toexat frequeny synhronization. This is due to numerial limitationsin the digital generation of the osillator frequenies.3. After the digital down-onversion the signal is �ltered. First a asadedintegrator omb �lter deimates the signal. This �lter is followed bya ompensating �nite impulse response �lter (the standard �lter usedis the `CFIR_80' [9℄). A programmable �nite impulse response �lter(`PFIR_80' is the standard �lter used [9℄) followed by a resampler om-pletes the �ltering proess. Only a swithing between prede�ned �lters12The 100MSamples/s ADC is able to perform undersampling of the IF signal whih mustbe bandwidth-limited to satisfy the Nyquist riteria.



CHAPTER 2. THE MIMO TESTBED 29was implemented in the Matlab Interfae but user on�gurationof the �lter oe�ients is not possible.The Matlab Interfae allows the user to set the overall deimationfator L of the down-onversion in a range of four times a value between4 to 2048 (see Setion 2.5.11). The value set in the Matlab Inter-fae (2·L) is two times higher. This has the advantage that the samevalue of interpolation in the transmitter and in the reeiver leads to thesame baseband sample rate, although the IF sampling rates are di�er-ent. E.g. setting an interpolation rate of 32 for the transmitter and thereeiver leads to a baseband data rate of 6.25MHz (=200MHz/32) inthe transmitter and the reeiver.
LAN

User PC

MATLAB

Optional DSP

.mat file

(8)

IC
S

 5
54

P
C

I 
B

o
ar

d
Castor

MIMO Receiver    PC

4xADC+4xDownconverter

Server Software

2x FIFO

PC Memory

PC Hard-disk(7)

(6)

(5)

(4)

(1-3)4x
 I

F
S

ig
n

al

(9)

Figure 2.4.4: Simpli�ed data �ow for a reeption.4. The reeived data samples are stored in real-time and alternating be-tween the two available FIFOs [8℄ to maximize the possible blok lengthof a transmission (see Figure 2.4.4).5. After moving all the reeived data samples to the internal memory ofCastor. . .



CHAPTER 2. THE MIMO TESTBED 306. . . . they are preproessed by the server software. This proessing in-ludes de-interleaving of the serialized data stream from four hannelsand two FIFOs to aMatlab ompatible data matrix for eah reeivedblok.7. The de-interleaved data samples are next stored to a .mat-�le on theinternal hard-disk. If multiple bloks are reeived, an i_.mat-�le (idenotes the blok number) is reated for eah blok as desribed inSetion 2.5.9.8. Via a loal area network onnetion, the user an now load these re-eived 2×24 bit omplex baseband data samples by using the load(...)ommand into Matlab.9. As a last optional step, this data an be moved to a DSP/FPGA boardto perform real-time proessing (see Chapter 3).2.4.3 The Complex Baseband Data SamplesAs an example, the following measurement setup is used to reeive (nottransmit) omplex baseband data samples:
Synthesizer
Sine Wave: 

71MHz, -3dBm

fcenter=70MHz
fsample=6.25MHz

Castor
Channel 1

LAN

MATLAB

INTERFACE

User

Pollux

Figure 2.4.5: Measurement setup.A synthesizer reates a sine wave at 71MHz with a power of -3 dBm. Thissignal is then reeived with the Matlab Interfae at a arrier frequenyof 70MHz using the following options:xvTXDataOptions = [2,0,0,0,0,0,2^17,1,1,70.0,32,0,0℄A baseband sample rate of 6.25MHz was hosen (=200MHz divided byan interpolation fator of 32). Thus the period of the sine wave is 6.25samples. The drop of signal power outside 80% of the spetrum, shown inFigure 2.4.6, is due to the standard �ltering in the down-onversion. The



CHAPTER 2. THE MIMO TESTBED 31omplete Matlab ode an be found in \samples\xmRX_Simple.m. This allleads to the following spetrum and baseband signal:plot(([1:6001℄-3000)/3000*3.125, 20*log10(...fftshift(abs(fft(hanning(6001).*xvRXData(1000:7000)))))-200)
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Sample NumberFigure 2.4.6: Reeiving a sine wave at 71MHz.xvTXDataOptions = [2,0,0,0,0,0,2^17,1,1,70.0,32,0,0℄As previously desribed, a matrix of reeived data samples is loaded byusing the Matlab load(...) ommand. It has exatly the same formatas the transmitted data samples desribed in Setion 2.3.1: Eah olumnrepresents a reeived hannel, and the rows represent onseutive basebanddata samples.� The omplex baseband data samples onsist of 24 bits for the real partand 24 bits for the imaginary part. Due to a lak of a int24 type inMatlab they are internally stored as int32 values and thus, 8 bytesper sample are needed.� The number of hannels reeived an only be set to `1' or `4'. In theformer ase only hannel 1 is reeived, and four times less memory isneeded to store the data samples.� Themaximum blok length whih an be reeived is 217 samples forone hannel and 215 if data is olleted at all four hannels. Continuousreeption of one hannel is always possible. For four hannels, the datarate has to be half of the maximum possible, in order to reeive dataontinuously (see Setion 2.5.13.1).



CHAPTER 2. THE MIMO TESTBED 32� The maximum bandwidth (5MHz with the default �lters) of thereeived intermediate frequeny signal is determined by the maximumbaseband sample rate of 6.25MHz (=100MHz/(4×4)) and some marginwhih is set to 80% by the internal �lters. This default �lter on�gu-ration an be hanged to almost 100% by using the `RX �lter' optionin the Matlab Interfae as desribed in Setion 2.5.12.A further enhanement of this theoretially possible 6.25MHz band-width is not possible without modifying the �rmware of the FPGAs(sine it has been hanged in order to maximize the FIFO spae) andrewriting the Matlab server software of Castor. The modi�ationswhih are neessary to hange from the so alled �Split-IQ mode� tothe �Wideband on�guration� mode, without disturbing the urrentMatlab Interfae would be quite ompliated. Further details anbe obtained from the ICS-554 board manual [13℄.2.4.4 Example: 16QAMAs another example, the 16QAM signal shown in Figure 2.3.4 is now trans-mitted and reeived by using the Matlab Interfae at a enter frequenyof 70MHz. The internal loks of Pollux and Castor are externally synhro-nized but the phase o�set is not sine this is not possible. The followingsetup has been used:
5th Order LP Filter

fc=75MHz

fcenter=70MHz
fsample=6.25MHz

Castor
Channel 1

LAN

MATLAB

INTERFACE

User

Pollux
Channel 1

fcenter=70MHz
fsample=6.25MHz

Figure 2.4.7: Measurement setup.To suppress the higher harmoni frequenies, an analog 5th order lowpass�lter with a ut o� frequeny of 75MHz has been used. Its attenuation at130MHz is approximately -40 dB.



CHAPTER 2. THE MIMO TESTBED 33Transmitting, reeiving, and displaying the following spetrum and base-band signal was performed using the \samples\xmTXRX_16QAM example. Polluxneeds approximately 0.3 seonds to omplete this operation (see Figure 2.4.8):
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Figure 2.4.8: A reeived 16QAM signal (not synhronized).xvTXDataOptions = [3,1,70,32,1,0,0,1,1,0,0,0,0℄The interpolation of the root raised osine �lter was four, thus thereare four data samples per symbol. During his diploma thesis, ChristianMehlführer wrote aMatlab sript to synhronize this QAM signal to reeivebloks of random data without bit errors (see Figure 2.4.9). This sript anbe found in \samples\ber\mber.m. See [3℄ for further information.

0 2 4 6 8
−2

−1

0

1

2

Eyediagram of the Received Signal

Sample Durations 
−1 −0.5 0 0.5 1

−1

−0.5

0

0.5

1

Scatterplot of the Received Signal

Inphase

Q
u
ad
ra
tu
re

Figure 2.4.9: A reeived 16QAM signal (synhronized).xvTXDataOptions = [3,1,70,32,1,0,0,1,1,0,0,0,0℄



CHAPTER 2. THE MIMO TESTBED 342.5 �xvTXDataOptions�The way how the Matlab Interfae up-onverts the omplex basebanddata samples to the intermediate frequeny and bak is basially determinedby two di�erent sets of input data:1. The omplex baseband data samples stored in xvTXData do not onlydesignate the sample values but also the number of transmit han-nels (=number of olumns in xvTXData) and the overall blok lengthin samples (=number of rows in xvTXData).The olumn number equals the hannel number on whih the data istransmitted. At a maximum four transmit hannels an be served butany value less is also possible and dereases the amount of memoryneeded for baseband data. The maximum number of samples possibleis desribed in Setion 2.5.14.2. All the other user on�gurable parameters are stored in a rowvetor alled xvTXDataOptions. Eah of the 13 elements has a spei�funtion the user must understand in order to use theMatlab Inter-fae, for example:xvTXDataOptions = ...[ 3 , ... % ( 1) 1 to 4 operation mode1 , ... % ( 2) int TX Number of Repetitions70.0 , ... % ( 3) double TX enter frequeny in MHz32 , ... % ( 4) int TX interpolation fator1 , ... % ( 5) boolean TX external lok0 , ... % ( 6) int TX delay betw. bloks in ms0 , ... % ( 7) int RX number of samples1 , ... % ( 8) 1 or 4 RX number of hannels1 , ... % ( 9) int RX Number of Repetitions0 , ... % (10) double RX enter frequeny0 , ... % (11) int RX interpolation ratio0 , ... % (12) int RX filter0*1 + ... % flag 1 TX ontinuous mode0*2 + ... % flag 2 RX ontinuous mode0*4 + ... % flag 4 TX do not delete .mat file0*8 + ... % flag 8 RX use .dat file0*16 + ... % flag 16 reate .reeived file0*32 + ... % flag 32 TX fore HDD operation0*64 + ... % flag 64 RX fore HDD operation0*128 + ... % flag 128 syn via file0*256 ℄; % flag 256 RX Chek CW Data



CHAPTER 2. THE MIMO TESTBED 35or in short form:xvTXDataOptions = [3,1,70,32,1,0,0,1,1,0,0,0,0℄In the following subsetion, eah parameter will be disussed in detail. Byagreement, 0 does always mean that a parameter is not set. In ase of a notrequired parameter the Matlab Interfae will evaluate this parameter ifneeded. (For example, if 0, the reeiver enter frequeny will be set to thetransmitter enter frequeny.)In order to allow for a multitude of new, di�erent setups,the Matlab Interfae does not hekthe options for orretness!This provides maximum �exibility to the user but may lead to strange resultsif erroneous options are set.2.5.1 Operation Mode(The subsetion numbers orrespond to element numbers in xvTXDataOptions.)The �rst element of xvTXDataOptions determines the operation mode. Itan be set to 1, 2, 3, or 4. The Matlab Interfae is always used in thesame way as desribed in Setion 2.3 and Setion 2.4.1. Only Transmit Data:If set to 1, the Matlab Interfae only performs a transmission. Nodata is reeived and, therefore, Castor is not needed at all. Parameters1 to 4 are required in this mode, the others an be set to 0 if not needed.2. Only Reeive Data:If set to 2, theMatlab Interfae only reeives omplex data samplesthrough Castor. The matrix xvTXData is not needed for this operationand an be omitted. Parameters 1 and 7 to 11 are required for thisoperation, the others an be set to 0 if not needed.3. Reeive Transmitted Data:If set to 3, the Matlab Interfae transmits data via Pollux andreeives data via Castor at the same time. This mode is basially usedto transmit data through an external hannel whih is set up betweenCastor and Pollux. Parameters 1 to 4 are required for this operation,the others an be set to 0 if not needed.



CHAPTER 2. THE MIMO TESTBED 364. Hibernate Pollux and Castor:If set to 4, Pollux and Castor will hibernate instead of transmitting orreeiving data. No other parameter or data is needed for this operation.2.5.2 TX Number of RepetitionsThis parameter determines how often the omplex baseband data samplesare repeated during one operation. It an be set to:� any positive integer valueThe given baseband data bloks (there an be more than one as de-sribes in Setion 2.3.7) are repeated as often as set by this integervalue. Flag `TX Continuous Mode' (see Setion 2.5.13.0) determines ifthere is any spae between the data bloks. Parameter `Delay BetweenBloks' (see Setion 2.5.6) an be used to set this spae to a dediatedvalue in ms. This works for `Operation Mode' 1 and 3.The \samples\xmTXMultiRXMulti_Sine.m program shows how to repeatthree bloks of data four times with minimum spae in between. Theoutput signal of hannel one was measured by using an Agilent 54622Aosillosope:
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Block 1, 2, and 3Figure 2.5.1: Measurement, repeated multiple transmit bloks.xvTXDataOptions = [3,4,70,32,1,0,0,0,0,0,0,0,0℄The transmit length of one blok (5.24ms) an be alulated by dividingthe number of samples per blok (215 in the above example) by thebaseband sample rate (200MHz/32 times interpolation).



CHAPTER 2. THE MIMO TESTBED 37� infThe samples in xvTXData (in this mode only one blok is allowed) arerepeated in an endless loop with no spae in between. This loop anbe only stopped by the next transmission or if Pollux is turned o�.This an be very useful to generate a ontinuous wave signal for mea-suring the signal power with a power meter or the spetrum with aspetrum analyzer.e.g.: xvTXDataOptions = [1,inf,70,32,0,0,0,0,0,0,0,0,0℄It an also be used to reeive multiple bloks of this ontinuous wavesignal.e.g.: xvTXDataOptions = [3,inf,70,32,1,0,2^17,1,1000,0,0,0,2℄2.5.3 TX Center FrequenyThis is the enter frequeny of the up-onverted bandpass signal. It an beset to any value between 0 and 100MHz. The theoretial resolution is smallerthan 0.1Hz while the auray is limited by the internal rystal osillator toa muh higher value.See `TX external lok' (Setion 2.5.5) for further details on how to usean external lok referene for the enter frequeny to either synhronize itwith the reeiver or inrease the auray.2.5.4 TX Interpolation FatorAs desribed in autorefuponversion, the digital baseband data samples areinterpolated by a user on�gurable fator before they are analog to digitalonverted at a sample rate of 200MSamples/s. This fator an be determinedby this parameter to an integer value between 4 and 252 in steps of four.The baseband sample rate is therefore 200MHz divided by the interpolationfator. The interpolation rate of the transmitter is independent from theinterpolation rate of the reeiver.2.5.5 TX External ClokAll internal loks of the transmitting hardware (and therefore also the enterfrequeny of the intermediate frequeny signal) are derived from an on-board50MHz rystal osillator if this parameter is set to 0.By hanging this parameter to 1, the user an onnet an external 50MHzlok soure (square or sine wave at LVTTL levels) to the SMA onnetor(6p) shown in Figure 2.2.3.



CHAPTER 2. THE MIMO TESTBED 38� By onneting an external osillator, the lok of the hardware an beset arbitrarily aurately.� By onneting the lok output of Castor (6) via a frequeny dividerto the transmit hardware, the internal lok of this hardware is ex-atly synhronized with the reeiver hardware. This leads to exatlysynhronized intermediate frequenies and baseband data sample rates.
PCI Card 
ICS-564
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ICS-554

Pollux

Transmit PC

Castor

Receive PC

(6p) (6c)
1 : 2

Frequency
Divider

50MHz 
Clock Input

100 MHz 
Clock Output

Figure 2.5.2: External lok synhronization.(See Figure 2.2.3 on page 10 for the loation of the onnetors.)It is not possible to provide an external lok to the reeiver board ofCastor without modifying the hardware. This option was therefore not on-sidered in the Matlab Interfae.2.5.6 TX Delay Between BloksThe Matlab Interfae o�ers two ways to introdue a delay in the trans-mission of subsequent bloks:2.5.6.1 Delaying by Using the C++ Sleep(...) Funtion:If multiple bloks of data are transmitted, this parameter sets the delaybetween subsequent bloks in ms. Therefore, it an be set to any positiveinteger value.The transmissions is delayed by using the C++ Sleep(...) funtion.Measurements showed, that the delay introdued by this funtion is quan-tized. The resulting delays last 10ms, 25ms, 41ms, and so on (measuredvalues). However, this delay is highly onstant, as several tests proved. If,



CHAPTER 2. THE MIMO TESTBED 39for example, a delay of 5ms is set, the resulting delay is 10ms, and it isalways 10ms. The exat delay measured is jittering about ±0.08ms.Beause it is not possible to detet the end of a transmission with theused hardware, the delay is always set between the end of the reeption (datastored to the PC Memory, BNC trigger signal goes high) and the beginningof the next transmission (BNC trigger signal goes low). The data is storedontinuously during the reeption, thus the time marked �Store Data� in thefollowing Figure 2.5.3 is the time whih is needed to omplete the ongoingstorage proess. See Setion 2.4.1 for further details on the triggering proess.Using the same setup as for the example in Figure 2.5.1 but setting a delayof 5ms, the following transmit signal was measured. The omplete examplean be obtained from \samples\xmTXMultiRXMulti_Sine.m by hanging the`TX Delay Between Bloks' parameter to `5'.

0 10 20 30 40 50 60 70
−0.2

0

0.2

Time [ms]

0

2

4

C
h
an
n
el
 O
n
e

V
o
lt
ag
e 
[V
]
B
N
C
 T
ri
g
g
er

V
o
lt
ag
e 
[V
]

Block Length= 5.24ms

Store Data     360µs~

Delay= 10ms

Block 1, 2, and 3

~

Figure 2.5.3: Measurement, delayed multiple transmit bloks.xvTXDataOptions = [3,4,70,32,1,5,0,0,0,0,0,0,0℄The overall delay between subsequent transmit bloks is 10.36ms (mea-sured value).



CHAPTER 2. THE MIMO TESTBED 402.5.6.2 Delaying by Using the CPU's High Performane Counter:To introdue highly aurate delays, the Matlab Interfae is able todelay the transmission of subsequent bloks by using the CPU's internalHigh Performane Counter. Therefore, the time is measured by using theQueryPerformaneCounter(...) Windows funtion.The `TX Delay Between Bloks' parameter an be set to any nega-tive value to introdue suh a delay. If, for example, a delay of -11.25msis set, the resulting delay between the beginnings of subsequent bloks is11.25ms, and it is always 11.25ms. The exat delay measured is jitteringabout ±0.06ms.
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Block 1, 2, and 3Figure 2.5.4: Measurement, delayed multiple transmit bloks.xvTXDataOptions = [3,4,70,32,1,-11.25,0,0,0,0,0,0,0℄As a basi drawbak, the waiting funtion onsumes 100% of the CPU'sproessing power to introdue this delay. It has not been tested yet if thishas any negative side e�ets.As an advantage, the delay introdued does not depend on the timeneeded to save data to the Castor's hard-disk. This is espeially impor-tant, if the `RX Fore HDD Operation' �ag is set to store data diretly tothe hard-disk (see Setion 2.5.13.5).



CHAPTER 2. THE MIMO TESTBED 412.5.7 RX Number of SamplesThis value only has to be set if the `Operation Mode' is 2. In this ase, itdetermines the amount of reeived data samples per hannel in one blok.This orresponds to the number of rows in xvRXData. The atual number ofreeived data samples is sometimes enlarged to �t the needs of the reeiverhardware, e.g. it must be a multiple of 128.If data is only reeived (`Operation Mode'=2), the maximum possiblevalue is 217 if one hannel, and 215 if four hannels are reeived (`RX Numberof Channels')If `RX Number of Samples' is set to `0', the value is automatially deter-mined as the number of transmit samples (rows in xvTXData) multiplied withthe ratio of the interpolation fators of the transmitted and reeived datastreams (`TX Interpolation Fator'/`RX Interpolation Fator').2.5.8 RX Number of ChannelsThis value, the number of reeived hannels (the number of olumns inxvRXData), is ompletely independent from the number of transmit hannels(the number of olumns in xvTXData).It an be set to 1 or 4. No other value is possible. In the former ase datawill be reeived only on hannel one. Reeiving data, e.g., only on hanneltwo is not possible.2.5.9 RX Number of RepetitionsThis value has to be set if the `Operation Mode' is 2. It determines thenumber of bloks reeived.If set to 0, the value is automatially determined as the number of trans-mit bloks (see Setion 2.3.7) multiplied with the number of their repetitions(`TX Repeat How Often').If `TX Repeat How Often' is set to `inf', only a ontinuous reeption ofdata is possible (see `Flag: TX Continuous Mode'). The value must also beset beause it annot be determined automatially:e.g.: xvTXDataOptions =[3,inf,70,32,1,0,1,2^15,1,10,0,0,2℄See \samples\xmTXInfRXMulti_Sine.m for an example on how to performthis operation using the Matlab Interfae.



CHAPTER 2. THE MIMO TESTBED 42In ontrast to Item 6 on page 23 the reeived bloks of data are nowstored in more than one �le. Therefore, eah blok of data must be readseparately:xRXDir = '\\Castor\MIMO_RXData\';load([xRXDir xvFileName '_1.mat'℄);xvRXData1 = double(xvRXData);load([xRXDir xvFileName '_2.mat'℄);xvRXData2 = double(xvRXData);...The rest of the reeiving proedure remains the same. See `Flag: RX use.dat File' for a possibility to avoid too many .mat-�les.2.5.10 RX Center FrequenyThis is the enter frequeny of the bandpass signal to be down-onverted. Itan be set to any value between 0 and 100MHz. The theoretial resolutionis smaller than 0.1Hz while the auray is limited by the internal rystalosillator to a muh higher value.If set to 0, the enter frequeny of the reeiver is set to the same value asthat of the transmitter. There is no need to do so.2.5.11 RX Interpolation FatorAs desribed in Setion 2.4.2 on, the intermediate frequeny signal is inter-polated by a user on�gurable fator after the analog to digital onversion.This fator an be determined by this parameter to an integer value between32 and 16384 in steps of 8. Thus the baseband sample rate is 200MHz di-vided by the interpolation fator. The interpolation fator of the transmitteris independent from the interpolation fator of the reeiver.2.5.12 RX FilterThis parameter sets the reeive �lter to be used in the down-onverter. ACFIR13 and a PFIR14 �lter an be hosen independently. If, e.g., a CFIR_68(=3) and a PFIR_150 (=5) �lter is desired, `RX Filter' must be set to3+5·16.13CFIR = Casaded Integrator Comb Finite Impulse Response Filter, digital �lter14PFIR = Programmabe Finite Impulse Response Filter, digital �lter



CHAPTER 2. THE MIMO TESTBED 43lower 4 bits: higher 4 bits:CFIR_80 = 0 PFIR_80 = 0CFIR_17 = 1 PFIR_17 = 1CFIR_34 = 2 PFIR_34 = 2CFIR_68 = 3 PFIR_68 = 3CFIR_100 = 4 PFIR_100 = 4CFIR_150 = 5 PFIR_150 = 5CFIR_GSM = 6 PFIR_GSM = 6CFIR_IS95 = 7 PFIR_IS95 = 7CFIR_UMTS = 8 PFIR_UMTS = 8CFIR_4014 = 9 PFIR_UMTS_24X = 9PFIR_DAMPS = 10The standard value is 0. See [13℄ and [9℄ for further information on the �lters.2.5.13 FlagsThis last parameter is used to set several additional features in the MatlabInterfae. Eah of these �ags an be set by just adding the orrespondingvalue. If, for example, `TX Continuous Mode', `RX Continuous Mode' and`Create .reeived File' are desired, set the Flags to 1+2+16.2.5.13.0 Flag 1: TX Continuous Mode(Two to the power of the setion number orresponds to the �ag value)Setting this �ag fores the transmission to be ontinuous with time gapsin between the bloks. If a reeption is arried out, this also has to beontinuous in this ase.Due to the limited speed of the internal bus of Pollux this operation modedoes not work with a too low interpolation fator in the up-onverter boardof the transmitter. To guarantee a ontinuous stream of baseband data, the`TX Interpolation Fator' must be an integer value bigger than four timesthe number of hannels transmitted (olumns in xvTXData).If the data is diretly transferred from the hard-disk by using the `TXfore HDD operation' �ag, the interpolation rate has to be a lot larger. The\samples\xmTXMultiple_FMradio.m example uses this ability to transmit oneblok after the other to reate an FM radio transmit signal from a musi �le.It an be reeived by using an ordinary FM radio. Further information anbe obtained by examining the example.



CHAPTER 2. THE MIMO TESTBED 442.5.13.1 Flag 2: RX Continuous ModeSetting this �ag, fores the reeption to be ontinuous with no time gapsin between the bloks. If a transmission is arried out, this also has to beontinuous or looped `inf' in this ase.To guarantee a ontinuous stream of baseband data, the `RX InterpolationFator' must be an integer value bigger than eight15 times the number ofhannels transmitted (olumns in xvRXData).Using the same setup as for the example in Figure 2.5.1 but transmittingontinuously with no spaes between the bloks, the following transmit signalwas measured:
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Block 1, 2, and 3Figure 2.5.5: Measurement, ontinuously transmitted bloks.xvTXDataOptions = [3,4,70,32,1,0,0,0,0,0,0,0,1+2℄The \samples\xmTXMultiRXMulti_Sine.m example an be simply modi�edby setting the `RX Continuous Mode' and `RX Continuous Mode' �ags toshow this behavior.2.5.13.2 Flag 4: TX do not Delete .mat FileThis �ag fores the transmitter to not delete the .mat �le ontaining all thedata needed for a transmission. Setting this �ag, it is possible to triggeridential transmissions by just reating a .do-�le.The \samples\xmTXRX_Sine_DoNotDeleteMat.m example shows how to usethis �ag.
15In ontrast to the transmitter, a two times greater interpolation fator is needed beausethe reeived data requires eight instead of four bytes per sample.



CHAPTER 2. THE MIMO TESTBED 452.5.13.3 Flag 8: RX Use .dat FileThis �ag fores the reeiver to reate a single .dat-�le instead of multiple_i.mat-�les, where i is the number of the reeived blok. This .dat-�le an beread by using the \samples\xmICS_ReeiveData.dll Matlab funtion. Thefollowing soure ode therefore replaes item 6 on page 23 if multiple bloksof data are reeived:xRXDir = '\\Castor\MIMO_RXData\';xvRXDataOptions = ...[ 0 , ... % int Position in Samples2^15 , ... % ( 6) int RX Number of Samples1 , ... % ( 7) int RX Number of Channels0 % boolean RX Chek CW Data℄;xvRXData=double(...xmICS_LoadData(xvRXDataOptions,[xRXDir xvFileName '.dat'℄));In fat, Castor always reates a .dat-�le internally and afterwards storesthe data to multiple _i.mat-�les. This last step an be omitted by settingthe `RX Use .dat File' �ag. The transmission gets a lot faster (the data isnot loaded and saved to _i.mat-�les), and only one �le is reated instead ofmany single ones.Used to load data from the internal hard-disk of a PC (not from a net-work path), the xmICS_LoadData(...) is a lot faster in reading data thanthe Matlab load(...) ommand. For example, 60MBytes/s instead of10MBytes/s were measured on a ommon PC. Data must be read from po-sitions whih are multiples of the setor size of the hard-disk to show thisbehavior. For a setor size of 512 bytes this is automatially ensured.� `Position in Samples' sets the position where to start reading thedata samples. It an be set to any number, even somewhere in themiddle of a blok.� `RX Number of Samples' spei�es the amount of data samples tobe read. Even multiple bloks of data an be read at one, by settingthis value greater than the atual blok length.� `RX Number of Channels' must be set to the number of hannelswhih were reeived. If, for example, the atual transmission reeivedfour hannels, this value must be set to `4', even if only one hannel isneeded.



CHAPTER 2. THE MIMO TESTBED 46� `RX Chek CW Data' an be set to `0' or `1'. If set to `1', the loadeddata samples are heked for being ontinuously reeived without anygaps in between. See `RX Chek CW Data' �ag for further details.The \samples\xmTXMultiRXMulti_Sine_Dat.m example ontains further de-tails on how to implement this feature.2.5.13.4 Flag 16: Create .reeived FileThis �ag fores the reeiver to reate a .reeived �le when the atual trans-mission of data has ompleted. In the handshaking diagram on page 24 thisis right before the blok marked `(12)'. The user is able to, e.g., hange thehannel while the data is saved to the hard-disk of Castor whih an needquite a long time.To do so, the following ode has to be inserted between item 3 and 4 onpage 22:3a. Wait for a .reeived-�le (polling operation) on Pollux. This .reeived-�le indiates that the atual transmission over the hannel has beenompleted. The reeived data is not available yet.while ((size(dir([xTXDir xvFileName '.done' ℄),1)==0)&&...(size(dir([xTXDir xvFileName '.reeived'℄),1)==0))pause(0.2);end;[Insert your own ode here, e.g. to hange the hannel℄The \samples\xmTXMultiRXMulti_Sine_Reeived.m example ontains futherdetails. Before a transmission is initiated, the previous reeived-�le has tobe deleted:if size(dir([xTXDir xvFileName '.reeived'℄),1)~=0delete([xTXDir xvFileName '.reeived'℄);end;



CHAPTER 2. THE MIMO TESTBED 472.5.13.5 Flag 32: TX fore HDD operationThis �ag fores the transmitter to load the transmit data samples diretlyfrom the hard-disk via the internal memory into the transmit FIFOs. There-fore, less memory is needed to arry out a transmission. Instead of su�ientmemory to store all data bloks, now only enough memory for one blok isneeded.� The delay between subsequent bloks is not onstant beause of the notonstant transfer rate from the hard-disk. Negative `TX Delay BetweenBloks' values an be used to deal with this problem.� `TX/RX Continuous Mode' will require muh higher interpolation ratesto work properly.Using this mode is only reommended if the amount of memory is not bigenough to store all data samples needed for a transmission.2.5.13.6 Flag 64: RX Fore HDD OperationThe same as `TX fore HDD operation' but for the reeiving PC.2.5.13.7 Flag 128: Syn via FileThis mode is used to omit the `BNC Trigger onnetion' desribed in Item1. on page 10. Blok (8) and (9) shown on page 24 still stay the same butare realized by reating a �le (8) and polling for this �le (9).As a basi drawbak of this �ag, synhronization via �les is neither fastnor aurate. Small and/or onstant delays between subsequent bloks areimpossible. Using negative `TX Delay Between Bloks' values may solve thelast problem if the delay set between the bloks is big enough.2.5.13.8 Flag 256: RX Chek CW DataThe reeived data samples are numbered in the reeiving hardware and antherefore be heked by the Matlab Interfae for being ontinuouslyreeived. Use this �ag to ensure that the `RX Continuous Mode' is workingproperly. Using this �ag requires a lot of omputing power; thus, omit it ifnot needed.



CHAPTER 2. THE MIMO TESTBED 482.5.14 The Maximum Number of Samples per BlokThe following strategy an be used to determine the maximum number oftransmit samples per hannel and blok (= the number of rows in xvTXData):1. Assume that the number of samples per hannel and blok is 217.2. If more than one blok of data is transmitted, it is 216. (For reeivingdata only, this limit does not apply. It also does not apply if thetransmit data is looped `inf')3. If four hannels are reeived, it is 215. (For transmitting data only, thislimit does not apply.)Although not reommended, it is also possible to reeive 216 sampleswith four hannels. Beause a very time ritial proess is used for thisoperation, there is no guarantee that this really works in an operating systemas Windows. Therefore, avoid to reeive 216 samples on four hannels ifpossible.2.6 Interfaing the MIMO Testbed via FTPAs previously desribed, the Matlab Interfae not only enables the pos-sibility to aess the MIMO testbed developed from the loal area networkbut also from anywhere in the world. Beause the Matlab Interfae usesordinary �les to handshake, it an be easily adapted to work over a SeureFTP onnetion. The \samples\ftp\xmTXRX_ftp.m example shows how to doso and transmit a 16QAM signal.Tests showed, that a .do-�le reated via a Seure FTP onnetion annotbe deleted immediately16. Therefore, the �ag numbered `512' has to be setby the user to solve this problem. The example ontains further details onthe implementation.
16It is possible to delete this �le immediately after it was reated but for unknown reasonsit will be reated again.



Chapter 3Extending the Testbed withDSP/FPGA BoardsBy using DSP/FPGA boards, the user is able to extend the possibilities ofthe developed MIMO testbed signi�antly:� These boards run a lot faster than ordinary PCs.� This enables the opportunity implement and test DSP odes in an real-time environment not just for transmission but also for detetion.� Furthermore, they are loser to a �nal produt sine not all thatworks in Matlab an be implemented in a �nal produt.Figure 3.1 shows how the MIMO testbed an be extended by SundaneSMT-365 DSP/FPGA boards (see Appendix C) [16℄. There is no diretonnetion between the DSP/FPGA boards and the MIMO testbed:
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PCI Board

MIMO 

TestbedPCI bus 

connection

Figure 3.1: The Sundane SMT-365 DSP/FPGA board.49



CHAPTER 3. EXTENDING THE TESTBED 50The DSP/FPGA boards are equipped with a 600MHz Texas InstrumentsTMS320C6416 64 bit �xed point DSP (4800MIPS peak performane), a Xil-inx Virtex II XC2V1000-4-FF896 FPGA, and 8Mbytes of high speed RAM.Figure 3.2 shows a blok diagram of the overall testbed extended by theseDSP/FPGA boards (User 3) and a Seure FTP onnetion (User 1):
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Figure 3.2: The omplete MIMO testbed with several users.Inserting the DSP/FPGA boards into the user PC and not into the trans-mit/reeive PC to generate omplex baseband data samples has the followingadvantages:� Using the Matlab Interfae there is the possibility to test ode inan DSP/FPGA environment without knowing the hardware of the up-and down-onverter boards in detail.� Multiple users an simultaneously develop ode on multiple DSP/FPGAboards on their own PCs without interrupting the operation of theMIMO testbed.



CHAPTER 3. EXTENDING THE TESTBED 51� New types of DSP/FPGA boards an be integrated into the existingstruture of the testbed without any need for ompliated onnetionsin hardware.� By using Matlab to transfer the data to the MIMO testbed, thisMatlab ode an also be adapted to preproess the data. E.g., thisenables the possibility to implement reeiver funtions part by partonto the DSP while still simulating all the other parts in Matlab.� Furthermore, Matlab an be used to display and analyze the resultsof the data proessed in the DSP.Due to a lak of time this setup was not systematially tested. Exampleson how to transfer data from the DSP/FPGA board an be obtained from\\Pollux\MIMO_TXData\samples\sundane\*.* and [16℄.



ConlusionDuring this diploma thesis, a 4×4 MIMO testbed has been set up. Several�rmware related issues of the hardware have been solved to put the overallsystem into operation. Muh emphasis was put on the development of aneasy to use interfae.This so alled Matlab Interfae is the major innovation for suh atestbed. It dramatially redues the ode development time to perform atransmission. For example, not more than seven lines of Matlab ode areneeded to arry out a transmission.The usage of Matlab, in ombination with the Matlab Interfaedeveloped for aessing the testbed, allows a user to test a multitude ofdi�erent setups and signal parameters with nearly no e�ort. It is the powerof this ombination that makes the MIMO testbed developed so attrativefor ode development and testing.By using DSP/FPGA boards and transmitting the omplex basebanddata samples via the Matlab Interfae, oding and enoding shemesan be implemented in a real-time environment being lose to a �nal prod-ut. Multiple users an simultaneously develop DSP/FPGA ode on multipleboards on their own PCs without interrupting the operation of eah otherand the MIMO testbed.Presently, the testbed is operating ontinuously. More then �ve Terabytes of data have already been transmitted and reeived without any trou-ble. Bit error ratio measurements showed exat mathing with existing simu-lation results, promising great possibilities for future work with this testbed.
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Appendix APiture of the ICS-564 board
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Figure A.1: The ICS-554 up-onverter+ADC board.(This board is plugged onto a PCI arrier board.)
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Appendix BPiture of the ICS-554 board
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Figure B.1: The ICS-554 down-onverter+ADC board.(This board is plugged onto a PCI arrier board.)
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Appendix CPiture of the SMT-365 board
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Figure C.1: The SMT-365 DSP/FPGA board.(This board is plugged onto a PCI arrier board.)
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List of AbbreviationsADC Analog to Digital Converter, onverts digital data samples to ananalog signalCFIR Casaded Integrator Comb Finite Impulse Response Filter, dig-ital �lterDAC Digtal to Analog Converter, onverts digital data samples to ananalog signalDSP Digital Signal ProessorFIFO First In First Out, memory to bu�er a stream of data asyn-hronouslyFPGA Field Programmable Gate Array, a user programmable logi de-vieHSC High Speed Channel, The interfae between the DSP/FPGAboards and the PC via the PCI busICS Interative Ciruits and Systems Ltd, Canadian CompanyIF Intermediate Frequeny, in our ase between 0 and 100MHzLAN Loal Area Network, onnetion between omputersLVTTL Low-Voltage Transistor-Transistor Logi, logi signal level stan-dardMIMO Multiple Input Multiple Output, more than one antenna is usedMISO Multiple Input Single Output, multiple antennas transmit, whilejust one reeivesOFDM Orthogonal Frequeny DivisionMultiplexing, modulation sheme56



PCI Peripheral Component Interonnetion, system bus in a personalomputerPFIR Programmabe Finite Impulse Response Filter, digital �lterRF Radio FrequenySHB Sundane High Speed BusSMT Sundane Multiproessor Tehnology Ltd., ompany, manufa-turer of the DSP/FPGA boardsTI Texas Instruments, ompany, manufaturer of the DSP on theDSP/FPGA boardsUMTS Universal Mobile Telephone System, mobile telephone systemstandardVHDL Very High Speed Integrated Ciruits Hardware Desription Lan-guage, programming language used for FPGAs or ASICsXeon IntelTM Xeonr Proessors are proessors speially designed forserver platforms
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