I OOEI 0O0d, !''T AAO ' Aoil AT A %O

#1 1 OOEAOOI O0qd_ #AOI T O ! AOEAI

/' 1 AEEAA $AQUOCEAIT Eh * AA&EAE
NWAEDODRE] EOI *1T OAAIT

THE UNIVERSITY of
NEW MEXICO

2] ] /
Ibero-American Science & J | N E I

Technology Education Consortium GI bal Inni n Network for
hp nd Technology

$ OA3EROAD P& A T



Introduction to Communication Systems Draft &ptemberll, 2014
UsingNIl USRP Lab Manual

1

2

3

oo 18X 1T o PR 1
1.1 SYHBDUS....eeeeeee e a e 1
1.2 Structure Of LabS.......ceeveiiiieeie e A
1.2.1 = Lo I8 =0 [U1To] 0] .01 1 | OO 4
1.2.2  FOrmat Of LADS. ... 4
An Introduction to Digital Communications Lab..............ccceeeiiiiiiiiiieec e 6
P2 R T 10 4= PP 6
A = 7- T3 (o | (o 11 ] o [PPSR a
2.2.1  Software and Other Materials for the COULSE.........ccccuviiiiieiiiiiiiiiiiee e 6.
2.2.2  Introduction t0 NI USRPO20.........cciiiuiiiiiiieiiiiiiiiiiee et e e sirraeee e e snnnnneeee s 6
2.2.3 Introduction to National Instruments LabVIEW............ccoeeeie 6
2.3 PIELAD e e 8
2.4 LA PrOCEAUIE. ... ...ttt e e e e e s e e e e e e st e e e e e e e s ansbnaeeeeeeeann 8
P St R €1 o] o =Y IR =Y 1 o S 8
2.5 SBIUP Sl S . i i e et e et e e e e e e e e e e e e e e e e e e e e e 8
251 Vistobeusedinthe lab.......cccooiiiiiiiiii e 9
122 30 GV OSSR 9.
2.5.3  RX Vit a e e s e e e e e n 9.
P2 T N =1 (o T To (o= 1 Y/ [ To [ PR 10
255 {(0dzRSYy (i a QuuNB.QSAASNIL.AS O i, 11
2.5.6 Point to poiNt WIreleSS (P2PWN)......coiiiiiiiiiiii et 12
257 Loopback (Cable Carrier EXample)...........cooooiiiiiiiiiieic v 12
26 ¢! b20GS&a F2NI {SO0GA2uf...odm. . ¢L.OA4 . ¢ NLY.AY.A03GSNI { 8§
A A - Lo BV 1 (=TU o PP PP PP PPPPPPP 14
P < T o= (=] €= g o] =SSP 15
Frequencydomain Characterization of Signals: A Look at the Fourier Transform.....16
G 701 Y 1 o1 1 = T Y 2 16
3 = 7= T4 (o |0 18] o SRR 16
3.2.1 Software and Other Materials for the lab............ccccuveiiiieeei, 16
3.2.2 Introduction to the Fourier TranSformM.........c.cccvvvviieeiie 16
TR T o = I o PSPPSR 20
I S - Lo I o o Yo =Y [ = USRS 20
T e USSR 20
3.4.2  Worksheet: The Effect of Varying the Pulse Duration.............cccccovvvvveeeeeennnes 21

Table of ©ntents

3.4.3 Monitoring the spectrum with NI USRIRd LabVIEW spectrum monitoring example VI

23

Printed on:9/11/2014 © 2014, Anees Abrol and Eric Hamke



Introduction to Communication Systems Draft &ptemberll, 2014
UsingNIl USRP Lab Manual

TR T - Lo TR V1Y 11U S SPSUPRP 27
G T T o= 1= €= g ol PP 28
4  Digital Filter Design: Introduction to LabVIEW Filter Design Toolkit......................... 29
S T [ 10 = Y 5P RSRPPPP 29
4.2 BACKGIOUNG......eeiiiiiiiiiiiiiiie ettt e s e e e s s et e e e s s e e e e e e e annren s 29
42.1 Finite Impulse ReSPONSE FilterS.........coooiiiiiiii e 29
4.2.2 Infinite IMpulse RESPONTHEIS.........ccoveiieeieei e 29
e T S - 1o o] [T o TN (=T0 [V T=] g oo S 30
4.2.4  Filter design SPECIfICALIONS.........uuuuiiiiiiiiiiiiiiieee e 30
4.2.5 DeSIgN MELNOUS ........eiiiiiee e e e 32
G T £ I o P EEPEEER 33
N I | o N o o Tod=To (U] PRI 36
44.1 11T ol ] ] 1) o PP URPUURRRPRR 36
A5 LAD WITBUP et a e e e e e e 47
T = (=] (= o =Y 48
5  Amplitude Modulation..............eueeiieiiiiiiiiiiniieiiieeeieeeeeeeeeeee e 49
L0 A U [ 01 0 0 = T Y ORISR 1 |
L = 7- Tod (o | (o 11 o PSP ERPPPPRRRTR 49
521  Amplitude MOAUIALION...........eiiiiiiee e 49
B.3  PIELAD et a e e e 51
ST 0 R I = 1 ] o ] 1= T UPRPRPPR 51
5.3.2  REBCBIVEL...c ittt ettt e e e e e e et e e e e e e e reaeaeeans 54
5.4 Lab PrOCEAUIE.....coii e e e et e e e e e e e e e e e e aaaeaeaaeaaeeas 57
5.4.1  Worksheet: The Effect of Varying the Modulation IndeX............ccccccveeennniinnnnn. 59
5.4.2  Worksheet: The Effect of Varyinget Receiver Gain...........ccccoovviviiiienniiiiiiennn 60
R T - 1o R VY 41 (U o TP 61
5.6 REIBIENCES. ... i e e e e 62
6 FrequeICy MOUIATION............oiiiiiiiii e e e e 63
6.1 SUMIMIAIY ...ttt ettt e et e e e e et e e e e s b b e e e neneseereeeeeeeeeeeeaeeeaeeesd 63
LA = 7= T4 (o |0 18] o SRR 63
6.2.1 FrequenCYMOAUIALION. ...........uiiiii e 63
6.2.2 Frequency DemOUIATION. ..........ooiiiiiiiiiie e 65
L0 TR = = - o PP 66
L0 Tt R I = 1 11 12111 (= RSP SSSRRRURRRRY 66
6.4  Lab ProCedure.........oooo ittt e e e e e e e e e e e e e e e e eeaeeeeneneennenneen O
6.4.1 RECEIVEL ... e e e e e e e e e eas 70
6.4.2  Testingthe transmitter and reCEIVEL............ccvvviiiieiiiiiiiiieeee e A 3
6.5 LA WU ..ottt e e e e e a b e e e e e 76
i

Printed on:9/11/2014 © 2014, Anees Abrol and Eric Hamke



Introduction to Communication Systems Draft &ptemberll, 2014
UsingNIl USRP Lab Manual

LI ST o= (=] €= g ol PSSP 77
7 PulSePOSItioN MOAUIALIONL. ...t e e e e e e e e e e e e e e s e e s e e e e e 78
% R U 0 =V 2SS 78
2 = 7- Tod (o | (o 11 ] o U EPPRPRRPTR 78
7.2.1 PulsePosition MOAUIAtION.............cooiiiie e e e e e e e 78
T3 PrELAD e e e e e e 81
7.3.1  Vistobeusedinthe [ah..........cooiiiiiiiiiii e 82
7.3.2  Transmitter (PPM_Lab_ TXWNi)....ooooiiiiiiiciiree e e e e 82
7.3.3 Receiver (PPM_Lab RXVI)....cooiioi ittt ee e e e e e e e e e e e e a e e e 86
A S - Lo TN o o Yo Yo [ | = PSSR 88
7.4.1  Worksheet: The Effect of Removing Timer-SUb............ccccoveiiiiiii i, 91
742 2 2N] aKSSGyYy ¢KS 9FFSQhL..2F...¢KS...L.£.2.01.948 5dzieé
7.4.3  Worksheet: The Effect of Phase on PPM TransSmiSSIiON..........cccvveveeeviiiivveenenn. 93
S T - Lo T 1 (=T U o TP PTPPPRPPPP 94
ST o= (=] €= g o= PP 95
8 Random Process, Cresarrelation and Power Spectral Density..........vvvveeveeeveeeeeenen.. 96
e F0 A YU [ 10 0 = T Y P 96
8.2  BaACKGIOUNG.....coiiiiiiiiiiic e e e e e e e e e e e e e e e e e e e 96
B.2.1  RADAR ... e e e n i ——aaeea e 96
8.2.2 (O £ 11> o] ¢ (=1 F= 11T o 97
8.2.3 Power SPecCtral DENSILY.......cviiiiiiiiiiiiieee e 98
SR T o = - 1 o SR PORPPPRPR 99
8.3.1 RADAR TranSMUtEE. ....iee e i e e e e e e e e e e e e aeeaaeeaaaaens 99
8.3.2 RADAR REtUIM PrOCESSING.....cciiiiiiiiiiiiiie ettt 101
8.3.3 Radar Simulation (Debugging Of SULS)............ccccuiiiiiiiiiiieieee e 104
8.4 LA PrOCEAUIE. ... ..eeiiiiiee ettt e e e e e e e e e e e e e e st aeeeeeeeaans 106
8.4.1  Worksheet: The Effect of Distance to Target on Ceoseelation and Beat Frequency
MBASUIEIMENTS. ... .ttt e e ettt et et e e e e e e e e et e et e et b e e e e e e e eeeeeenbennaanns 106
8.4.2  Worksheet: The Effect of Noisen Crosgorrelation and Beat Frequency
MBASUIEIMEINTS. ...ttt ettt e e e e e e e e e et e e e e e bb e e e e e rb s e e e eaba e e eeeanaa s 108
8.4.3  Worksheet: RADAR OPEIratiOn..........ccuiiiiiuiiiiiieeaiiiiiiieeeeesssiineeeee e e asinneeeeeens 110
S TR T - Lo TN V1Y 1T o OSSP 113
S TSI w = (=] €= o o] PRSP 114
9  Amplitude Modulation with Additive Gaussian White Noise..................ccccoeeviiieenns 115
0.1 SUMIMIANY .ttt bbb e e et e e e e et e e e et e et e e e e aaaaaaaeeas 115
LS I = 7= Tod (o |0 11 ] o PSR 115
9.2.1  Additive Gaussian Whit€ NOISE.........coviiiiiiiiiiiiii s 115
LS TR T o = I o PSSR 116
il

Printed on:9/11/2014 © 2014, Anees Abrol and Eric Hamke



Introduction to Communication Systems Draft &ptemberll, 2014
UsingNIl USRP Lab Manual

LS 0 Tt R I = 1 1= 00111 = PR 116
9.3.2 RECEBIVEL. ...ttt a e e e e e e e e 119
9.4 Lab PrOCEAUIE.......eiiiiiii ettt e e e et e e e e e e et an e e e e e e ans 123
9.4.1  Worksheet: The Effect of Varying the Noise Level........ccccvveeveveiieeiieiiinnnnnnn. 126
9.4.2  Worksheet: The Effect of Lepass Order on Eerlope Detection................ceeeee. 128
0.5 LA WU ettt ettt e e e s s e e e e e e r e e e e e a e 129
0.6 REIEIENCES. ... .t e e 130
10 Frequency Modulation with Additive Gaussian White NOIs€.............ccccccvvvvvvvinnennnee. 131
O 0 R YU {1 ] 0= T Y PP 131
10.2  BACKGIOUNG........uiiiiiiieiiiiiei ittt e e e e et e e e s e r e e e e e s e nnnnrn e e e e e e eaans 131
10.2.1 Noise Performance of Frequenbodulation Systems...........cccccceeeeiiiiinniennenn. 131
TR T o (= I o PP PTPPPPRR 132
IO TR 70t R I - 0 51 11 = TP OPPPPPRRPRN 132
O 0 o LYot =1V 135
O S - Vo I o (o Tol= o [N = PP 138
10.4.1 Testing the Transmir and RECEIVEN............oovvieiiiiiiii e 138
10.4.2 Worksheet: The Effect of Varying the Noise Level.......................ccon, 141
10.4.3 Worksheet: The effect of loyass filter oder on envelope detection................. 143
10.5  LAD WILEUD ..eeeie ettt e e e e e e e et e e e e e e e s nnnnr e e e e e s 144
10.6  REMEIENCES.....ii i it e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aaaaas 145
11 Frequency Domain MUIPIEXING.......uuuiuiiiiiiiieiieicceeeee e 146
00 O Y U 0 0= 146
11.2  BACKGIOUNG.......cueiiiiiieiiiiieei ittt e e et e e e e et e e e e e e nnnben e e e e e e naan 146
11.2.1  FrequencyDivision MURIpIEXING BASICS.......ccoiviiiiiiiiiiiieeeiiiie e 146
0 T = =1 o I RPRPPPRRt 148
I O S = Vo I o o T o [ ] = PRSP 155
11.4.1 Testing the Transmitter and RECEIVEL.............coooeiiiiiiiiii e 155
11.4.2 Worksheet: The Effects of Channel Separation and dra@gs..................ccc........ 159
11.4.3 Worksheet: The Effect of Varying the Modulation IndeX............ccccocvieiinnnnnee. 161
50 T = Vo TNV 1 (= U o USRS 162
I G ] (=T =T o =TT 163
12 Entropy and Coding EffICIENCY........cuuuiiiiiiiiiiie et 164
12,1 SUMIMAIY ittt e et ettt e et e e et e e e eaaeaaeeeaaaeaeaaassaasaaaaaanannnnes 164
122 BACKGOUN........ciiiiiiiieiiiiiee ettt e et e e e e e et e e e e e e nnbaeeeeeeeaaan 164
12.2.1 Digital Communications SYStEMS.........ceiiieiiiieeiieei e 164
12.2.2 Source Coding, Entropy and Entropy ENcoding..............ceeveeeeiimeiieeieiniiienneeenn. 165
12.2.3  HUfMAN COAING ...eiiiiiiiiiiiiiiie et 165
12.2.4 Source Coding EffICIENCY.......uutiiiiiiiiiiiiieee e 165
iv

Printed on:9/11/2014 © 2014, Anees Abrol and Eric Hamke



Introduction to Communication Systems Draft &ptemberll, 2014
UsingNIl USRP Lab Manual

020G T = (= I o U PPPRERR 169
D2 S - Vo I e (o o= o [ 1] = SRS 169
12.4.1 Code Tree for an IMaAQE.......c..uuuuiiiiiiiiiiiiiiieiieee e e e 169
12.4.2  HUffman Codebhok..........cooeiiiiiiiiiiiie e e e e 172
12.4.3 Code Efficiency COMPUIALIONS. ......ccoiiiiiiiiiiiee et 173
I S - | o R ST 173
12.5 LA WIBUD coeeeeeeeceee e e e e e e e e e e e e e e e e e e e e 175
12.6  REMEIENCES... ..o ittt et e e e e e s e e e e e e e s bt eaeeeeeean 176
13 Asynchronous Serial CommuNiCatiQN............ccceeereiiiiiiii e 177
13,1 SUMIMAIY i e e e e e e e e e et e e e e e e e e e e eeeaeeaeeeesaeassaannanannnnnnne 177
13.2  BACKGIOUNG.......ciiiiiiiieiiiiie ettt e e et e e e e st e e e e e e nnnbrnneeeeenaans 177
13.2.1  UART BASICS...uuuiiiiieiiiiiiiiiiee e eiiiie et e e sttt e e s st e e e e e s s bt e e e e s s snssreeeeaesans 177
133 PrELab. .o re e e e e ane 179
13.3.1 Sample Voltage to Bit Polarity Mapper...........covveiiiiiiiieieeee e 181
R 0 = 11 o D= =T 1 o] USSR 181
13.3.3  Bit Counting and StOrage........ccccceecuriiriiiiriiirrireirrrrer e e e e e e eaeeaaaaaaaaaaaeaaanas 182
13.3.4 Binary to Decimal Conversion and Byte Storage............ccccceeieeeeiieiiieccccccinns 183
G TR S =V o I o o Tt =T L1 RO SOTPPPRPR 183
13.4.1 Debugging the Resettable Counter SUDVL.........covvviiiiiiiiiiiii e, 183
13.4.2 Debugging the Bit Counter and STQLEI............cuvviiieeeiiiiiiiii e 185
13.4.3 Debugging the Binary to Decimal Conversion and Byte Storage.................... 186
13.5 LA WIBUP coeeeeeeeieeeeeee e e e e e e e e e e e e e e e e e e e e 187
R G B L] (=] 1= o =PRI 188
14 Binary Phase Shift KEYING.........coiiiiiiiiiiiiieee e 189
AL SUMIMAIY ittt e e e e e ettt e et e e et e e e eaaaaaaeaeaeeaeaaassaanaanaaannnnnes 189
I =¥ Tod (o {00 Vo TR 189
14.2.1 Digital Communications SYStEMS..........ccceeeiiiiiiiiiiii e 189
14.2.2 Binary Phase Shift Keying Modulation BasSICS............ccccuviiiieiniiiiiiiiieee e 189
14.2.3 Binary Phase Key Shifting Demodulation BasiCs..........ccccccuuvimmirreieeiniiiinennnn. 190
I T = = I o R OPPRERR 191
14.3.1  BPSK MOGUIALO.......cciiiiiiiiiie ettt e e e e e e e e e nnnneeeeeees 192
I - Yo T o (o o= o [ 1] = PP 193
I I = =S G 1T 1 4T To [ ] = o R 193
14.4.2 Testing it @ll tOGETNEL. .....coiiiiiiie e 194
I T - Vo IV 1 (= U o USRS 195
I G ] (=T =] o =L RS RUPRRRRR 196
15 Appendix A: LADVIEW TULOKIBL.........euieiiiiieiiiiee e 198
16 Appendix B: Communications Paleties..........c.uuviiiiiiiiiiiiiiiee i 200
v

Printed on:9/11/2014 © 2014, Anees Abrol and Eric Hamke



Introduction to Communication Systems Draft &ptemberll, 2014
UsingNIl USRP Lab Manual

17 Appendix C: Caghna SPecifiCations............oueieeieeiioiiie e 205

Vi
Printed on:9/11/2014 © 2014, Anees Abrol and Eric Hamke



Introduction to Communication Systems Draft &ptemberll, 2014
UsingNIl USRP Lab Manual

List of Figures

Fig. 1: LADVIEW VI INEEITACES. ...uvveiieiiiiiieieee ettt e e 7
Fig. 2FFinding the IP Addes Radio Connectivity TeSL.........cooooiiiiiiii e 9
Fig. 3: Appropriate Field Setup In TX ANd RX. VIS ......iiiiiiiiiiiiieiiiiiieeeeee e 10
Fig. 4: BroadCaST SEIUD........uiiiiiiie ittt e e e s e e e e e e s e e e e e e s annrrneeeeeeans 11
Fig. 5: VERTA00 ANTENNA. ... .uttiiiieeiiiiiieeeee e e ettt e e s s e e e e e e e e r e e e e e s s anbe e e e e e e e s annnnreeeeeas 11
Fig. 6: USRP Front PAmeL.........c..oviiiiiiiiii ettt 11
Fig. 7: P2PW WIireleSS SEUUR.......eeeiiiiiiiiiiiieee ettt e e 12
Fig. 8: LOOPDACK SEIUP PICIULR.......eeiiiieiiiiiii et e e e e e 13
Fig. 9sinc(t) and Rectangle FUNCHONS. .......ooiiiiiieieee et e e 17
Fig. 10: OFDMInc and Rectangle FUNCHANS..........cuuriiiiieiiiieiee e 18
Fig. 11: RIROOLS OF UNItY.....cvoveviviecececeeieeetete ettt ettt n s s s s s s s s s s e 19
Fig. 12: FFT demo VI Block diagram (top) aot panel (Dottom)..........cooooiieiiiiiiiiiiiiieeeee 21
Fig. 13: Changing the scaling factor on the Amplitude Spectrum Display..............cccvveeeeernne 21
Fig. 14: Graph Palette Magnifi@@ TOOIS.............ooeeiieiiiiii e 22
Fig. 15Finding the IP Address: Radio Connectivity Testk............ccooeiiiiicciiiiiniiiiivrrreereeeeeeeeee 24
Fig. 16: USRP physical-apt connecting the antenna tihe RX2 input....................ooeeiiiiiiiinn, 24
Fig. 17: Front Panel of nilUSRP EX Spectral Monitoring (INnteractive).Mi.........cccccvvvvvevvvnnennen. 25
Fig. 18: ODbSErved SPECIIUML.....ccoi i e e re e e e e e e e e e e aaaaaaaaaaaaaaaaaaeaaaans 25
CAad mohpY { LIS OMENHzZF GEANMEENSTAEKSINR L. ..., 26
CAId®d HnY hoaSNBSR {LISOGNHzY 6AGK chabges..{.l..Y.LR6A Yy 3 wl (
Fig. 21: Lovpass FIR Filter: IMpulSe RESPONSE.......uuuiiiiiiiiiiiieieiieeeeee et 29
Fig. 22: Lowpass IIR Filter: IMPUISE RESPONSE......uuiiiiiiiiieiiiiicereiee et 30
Fig. 23: Absolute Loywass Filter: Magnitude Frequency RESPONSE........cccccccuvvvrivnnrvrnnvennennnne. 30
Fig. 24: Absolute Higbass Filter: Magnitude Frequency RespoHSE...........cccccvveveveveveveverenennne, 31
Fig. 25: Absolute Baruhss Filter: Magnitude Frequency ReSpOHSE...........ccccevvveveveeveeerenenne. 31
Fig. 26: Absolute Barstop Filter: Magnitude Frequency Respoftse.............ccccccvcveveveveieneeense. 32
Fig. 27: DTMF Keypad TONE FreQUENCIES .........uuuiiiiiiiiiriiieee ettt e e e 33
Fig. 28: Key Press of 4 Time Domain and Frequency Spectrurdd(a@v).................ccooevvvveeenn. 34
Fig. 29: Combination of both 3 and 4 Keys DTMF Tones-8divai’ and dtm#d.wav)................... 35
Fig. 30: DTMF_DEeMO_LPF_STAM M. .ecvceieieeeeeeeeiee ettt en e 37
Fig. 31: Classical Filter Design TOOl SCIEEM........ciiuiiiiiieee e 38
CAad oHY LYyaSNIWY3I. . 0KS. . .4a.CAL.O0SNAY.3E... {.dz0..... 38
Fig. 33: Desired LOpass Filter RESUIL.............uuiiiiiiiiiiiiiieiiieeeeeeeee e 39

CA3® onY LY&ASNIAYI . GKS. .a{ 8680064 /.2y 0NRL. B39
CAI® opY LyaSNIyAR B +iSKNTI AdON 2 dzytke 30658412240y [/ 2y

Fig. 36: LOWPASS FilteE...eeeeeeeeieeiiiee e e e e e e e e 41
Fig. 37: HIgIDAss FIlteri.. ... e e e e e e e e e e e e e e e e e a e 42
Fig. 38: DTMF_Demo _BPF_Start. Ml .. ...t 43
Fig. 39: Desired Barhss Filter ReSUlt...........cooiiiii e A4
Fig. 40: Bandpagaiter.......coooiiiiiiiii it e e e e e e e e e e e e e e e e e e e e e e e e e 45
Fig. 41: Ban@top Filer . ... 46
Fig. 42: AM Signal: Modulation INAeX & 0. ... e e e e e e e e e 49
Fig. 43. AM Signal: Modulation INdeX =.0.5.........ceiiiiiiiiie e 50
Fig. 44: AM_Tx_Template Front Panel...........coooiiiiiiiiiiiiiie e 51
Fig. 45: Get Waveform COMPATIB Vi.........ooiiiiiiiiiiiiiieiiee et 52
Fig. 46: MathSCHPE NOGE.......eeiiiiiiiiiii et e e e s s e e e e e nanes 53
Fig. 47: Array Max and MiN.VL. ... 53
Fig. 48: NIUSRP Write TX Data.Vl.......ccoiiiiiiiiiiiiieie ettt e e 54
Fig. 49: Reciever VI Front Panel.............ooo ittt 54
Fig. 50: NIUSRP FetCh RX DAta.Vl........ccooiiiiiiiiiiei ettt e e 55
Vi

Printed on:9/11/2014 © 2014, Anees Abrol and Eric Hamke



Introduction to Communication Systems Draft &ptemberll, 2014
UsingNIl USRP Lab Manual

Fig. 51: ChebySheV FIlEr ML......oo e e e e e e e e e e e e e e e e e e e e 55
Fig. 52: Complex to Real/lmaginary. Vl..........cooiiiiiiee s 55
Fig. 53: ABBIULE VAIUE V...t e e 56
Fig. 54: BULEIWOIth FIltEr VL......oooeiiie e 56
Fig. 55Finding the IP Address: Radio CONNECLIVIty TeSL........ccceiiiiiiiiiiieeeiiiiiiee e 57
[0 STl T (o = (o [or= T A= (1 o 57
Fig. 57: Generating a FM Signal Using a Phase Modulator..................ooooeei i, 63
Fig. 58: FIM WaVefOrmMS.......coo oo e e e e e e e e e e e e e e e e e e e e e e e e s e e e e s s e s e aaans 64
Fig. 59: FM DiSCHMINALOL. ......ciiiiiiee e r e e e e e e e e e e e e e aaaaaaaaaaaaeaaaeas 65
Fig. 60: Front Panel of FM_TX_Template.Vi.........cooooiiiiiiiiiciiievsee e e e e e e 66
Fig. 61: Get Waveform ComponentS. VL .....cccccccuiiiiiiiiiiiiiiiiieieereeereee e aeeeee e e 6.7
1o T G2 @ U Tod o 1 1= TR Y 67
Fig. 63: BUild Waveform Ml....... ... 68
Fig. 64: FFT Power Spectrum and PSD.VL........ooo e e e e 638
Fig. 65: IIR Filter with Initial CoNditioNS.Vl..........cuviiiiiiiiiiiiiiiee 69
Fig. 66: Polar TO COMPIEX VL. ....uiiiiiiiiiiieieee et 69
Fig. 67: Front panel of FM_RX_TeMPIAE.VI.......uuiiiiiiiiiiiiieee et 70
Fig. 68: ComMPIEX T0 POIAI. VL.t e e 70
Fig. 69: UnNWrap PRASE.V1........coooiiiiiiiiiiee et ssinrne e e s e ssnnnneeee e d L
Fig. 70: FIR Filter with Initial CoNAitioNS. VL.......c.cuuiiiiiiiiiie e 71
Fig. 71: Top: Build Array VI; Bottom: Negate and Reciprocal functians...............ccccvvvveeeennnnne 72
Fig. 72: BULEIWOIt FIIEr VL. ...oeeiiiiee e 72
Fig. 73Finding the IP Address: Radio CONNECEIVILY TeSL........ccceiiiiiiiriieieeiiiiiiee e 73
Fig. 74: BrOoaOCaAST SEUUD......ceiiiiiiiiiii ettt e e e s st e e e s s e e e e e e e nnneees 74
Fig. 75Waveforms used t€reateTransmitter PPMBIgNa..............oovveeiiiiiiiiieiiiiiieeee e 79
Fig. 76Transmitted PUISE SIgNal.............uuiiiiiiiiiiiiiiiiiieeeeer e e e 79
Fig. 77: Waveforms UsedReconstruction of Message...........ooooieeicciinniniiiiiiiineieeeeeeeeee e 80
Fig. 78: Waveforms Usedigital Message RECONSIIUCHIQN............uuuviiiiiiiiiiieriieirieereeeeeeeeeeeend 81
Fig. 79Simulate Signal Express VI in the Waveform Generation Palette.............ccccccoeeeee. 82
CAI® ynyY W/ 2y @S Nlctiof NherSighad Mahipukation Paletie.]:..Q............... 83
CA3d ymY ! RRAY3I | W2 [ @SE2NN..LKENIQ. .02 ENBY G LIy S
Fig. 82: MESSAQE SIQNAl........ccooiiiiiiiiiii e e e e e e e e e e e e e e e e e e e e e e e e e e e e e s e e e aaaaans 84
CA3d yoY ! RRAY3I | W{l.dz.NB..2.L@2ST2NN.Q..ISYy.S584 (2 NJ
Fig.&iY ! RRAY3 | WaSNBS. . { AIYLLA2Q. £l 85
Fig. 85: PPM With CIOCK WaVETOIML... ... 85
Fig. 86: Transmitted WaVETOIML...........uiiiiiie e e e e 86
Fig. 87: NI USRP Write Tx Data VI (CDB WDT MOGE).......cccovevveeereeeeeeeeeeeieeeeneeeeeeienn s, 86
Fig. 88: NI USRP FetCh RX DAtA.V........uuuuiiiiiiiiiiiiiiiiiieiieereer ettt aeaaaa e e e e e e e e e e s e e s s as e nnnnes 386
Fig.89: TIME dEIAY VL ... e e e a e e e aneee s 87
Fig. 90: Basic Level Trigger DeteCtioN. Ml.........ooi it 87
Fig. 91Finding the IP Address: Radio CONNECHIVILY TeSL........cccueiiiiiiiiieieieiiiiiiee e 88
Fig. 92: USRP SEUUP ... euitiiiieiiiiitte ettt e e ettt e e e e e st e e e e e e e s bbb e e e e e e e annbneees 388
Fig. 93: Transmitter VI CONTIOIS. ..........viiiiiie et re e e 89
Fig. 94: REEVEr VI CONIIOIS...... ittt e e e e 89
Fig. 95: Transmitter DULY CYCLE........cooiiiiiiiiiiie e 92
Fig. 96: Transmitter COoNtrol PRaSE.... ..ot 93
Fig. 97: PRas@ COMPONENL........uuiiiiiiiiiiiee ettt e et eeeeeeees 96
Fig. 98: Simulation of a Transmitted and Received Pulse (Echo) With a 0.1 Second Delay..97
Fig. 99: Crossorrelation between Signals with a 0.1 sec Delay and NQiSe...............cccvveeeeeen. 98
Fig. 100: CrosSorrelation with Noisy Echo with a 0.8 sec Delay with Noise..............cccvveeeeen. 98
Fig. 101: Power Spectral Density (M(f)) Showing Beat Frequencies..................ccccceieiiiinnes 99
viii

Printed on:9/11/2014 © 2014, Anees Abrol and Eric Hamke



Introduction to Communication Systems Draft &ptemberll, 2014
UsingNIl USRP Lab Manual

Fig. 102: Top Level Block Diagram of RADAR System for.Lab............cccccciiiiiiiiiiicii, 99
Fig. 103: Transmitter Setup BIOCK DIagLam..........coiiiiiiiiiiiieiieeeeeiiiee e 100
Fig. 104: Transmitter Pulse Generation and Transmitter Block Diagram.................ccccee...e. 100
Fig. 105: Radar Pulse Train BIOCK Diagram...........ccuuriiiiierniiiiiieee e 101
Fig. 106: Receiver Setup BIOCK Diagram...........coueiiiiiiieiiieeeiiiiiie e 101
Fig. 107: Rern Processing BIOCK Diagrams.........ccccuuiuiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeaeaeaaaaaaaaaaaeaaens 102
Fig. 108: Fast Fourier Transform On Signal Processing Palette.........................ccceieiiine 103
1o T 0L R A 4 =\ Y o= 1= 1= PP 103
Fig. 110: Mathematics Palette..........ccoiiiiree e e e e 103
Fig. 111: Signal Processing Palelle............coooiiiiiii it a e e e e e e e 104
Fig. 112: Radar Return Processing Block Diagraml..............oooviiieeiiiiiiiniiiiiiinvveeveeeeee e 104
Fig. 113: RADAR Simulation Page Front Ranel............cccccoiiiiiiiiiiiiiiiiiceecceeeeee e 105
Fig. 114: RADAR SImUgitiCONIIOIS.........ccoi it e e e e e e e e e e e e e e 106
Fig. 115: Reading Waveforms (Sim) DiSPlay...........ccccuurrriiiiiiiiiiiiiiiieieriere e eeeeaae e e e e e e e 107
Fig. 116: Sim Cross Correlation DISPIAY..............ooooiiiiieciiicrreererr e e e e e e 107
Fig. 117: Beat FrequeNnCy DISQLaAY...........oicuuririiieiiaeiiie ittt 107
Fig. 118: RADAR Simulation CONLLQIS...........uviiiiieeiiiiiiieee et 108
Fig. 119: Readg Waveforms (Sim) DiSPlay...........ccouiiiiiiiiiriiiiiiieeee e 109
Fig. 120: Sim Cross Correlation DiSPIAY. ..........uureiiiiiiiiiiiie et e e 109
Fig. 121: Beat FrequeNnCy DISQLAY.........c.oiuirriiiieiiaiiieiee et 109
Fig. 122Finding the IP Address Radio CoNNECtIVIty TeSL.........occcuviiiieiiiiiiiiieeee e 110
Fig. 123: RADAR CONNECHVILY......ciiitiiiiieee ettt e s e e e s s e e eeeeas 111
Fig. 124: USRP SetUP PaAgB.......ueiiiiieiiiiiiiiiee ettt s e e e e e e 111
Fig. 125: RADAR Operate Page Front Panel..........cccooocuiiiriiiiiiiiiiiceeiiieeeee e 112
Fig. 126: NOISe FIOOr MEASUIEMENL.........uviiiiieeiiiiiiee et e e e 116
Fig. 127: Transmitter VI Template Front Panel.........cccccviiiii i 117
Fig. 128: Gaussian White N0Oise Waveform. VL.t 117
Fig. 129: Boolean Switch and LED Palette Location and Wiring............cccccoveevvvvvvvnvinnnnnnnen. 118
Fig. 130: SINAD ANAIYZEL.ML..cooooeiiiiieeeeeee e e e e e 118
Fig. 131Mean PLBYPT Vl......ccoiiiiiiiiiiie et 119
Fig. 132: FFT Power Spectrum and PSD. VL. 119
Fig. 133: Receiver VI Template Front Panel............occ e, 120
Fig. 134: Filter SeleCtion LOGIC.........ccoeiiiiii e r e e e e e e e e e e e e e e a e e e e e 121
Fig. 135: Nested Case Structure for Filter Selection..................ooooe i, 122
Fig. 136: Filters Paletll...cc it e e e e e e e e 122
Fig. 137: Creating a Control for an INQUL..........c..uviiiiiiii e 123
Fig. 138Finding the IP Address: Radio CONMAIYE TEST........cccoviiiiiiiiiiie e 123
Fig. 139: BrOAUCAST SEUUR . ....eeiiiiiiiteieeee ettt e ettt e e e e e e e e e s r e e e e e e e st e e e e e e e e e anne 124
Fig. 140: TX Front Panel Noise Configuration SEIUP..........c.uvvviieeiiniiiiiiee e 126
Fig. 141: RX Front Panel Filter Configuration..............ccccooiiuiiieieeiiiiiiieeee e 127
Fig. 142: Transmitter for an FM system with Added White NQISE..........cccccvviiriieiieeininiiinnn. 131
Fig. 143: FM demOUUIBTOL.......coiiiiiiiiiieee ettt e e e e e e e e e e e anne 132
Fig. 144: Transmitter VI Template Front Panel.............ccooooiiiii e 132
Fig. 145: Gaussian White NOIS@WETOINM VL........oooiiiiiiiiiiie e 133
Fig. 146: Boolean Switch and LED Palette LOCAtION...........cc.eeeiiiieiiiiiiiie e 133
Fig. 147: Get waveform COmMPONENtS. VL. ...ooooiiiiiiiiiie e 134
Fig. 148: SINAD ANAIYZEINi......eiiiiiiiiie ettt e e 134
Fig. 149: Path to Mean PIBYPLMI.........u e 135
Fig. 150: FFT PowSpectrum and PSD . V..........cooi i 135
Fig. 151: CompleX t0 POIAr VL. ....e e 136
Fig. 152: UNWrap PRASE. VL. ....... e e 136
(¢

Printed on:9/11/2014 © 2014, Anees Abrol and Eric Hamke



Introduction to Communication Systems Draft &ptemberll, 2014
UsingNIl USRP Lab Manual

Fig. 153: FIR Filter With 1.C. ML .ccoiiiiieie e 137
Fig. 154: (a) Build Array VI, (b) Negate function, (c) Reciprocal function.................ccceeueee. 137
Fig. 155: I/P and sampling freq. connections to inner l1oop filters.........cccooociiveeeieiiiiiiieennn. 137
Fig. 156: BUild WaVETOIrM Wl.......ooiiiiiieiiiieee et a e 138
Fig. 157Findirg the IP Address: Radio Connectivity TSt........cccuuviviieiiiiiiiiiieee e 139
Fig. 158: BroadCast SEIUR........ccoiiiiiiiiii et e e e e s e e e e e e e e e e e e e e e e e e e e e s s s e s s se s e e e snannnnne 139
Fig. 159: TX Front Panel Noise Configuration SEtup...............oooeeee e e eeeccicevveeveee e 141
Fig. 160: RX Front Panel Filter Configuration............c.covviiiiiiiiiii e, 141
Fig. 161. Typical OFDM Modulation Schema...............ccoooiiciiiiiiiree e 147
Fig. 162. OFDM SUAITIEIS[A].ccceeiieiiiiiiieee e e e e e e e e e e e e e 147
Fig. 163. MathSCrPt NOGE......ccoviiiiiiiiiiiiee e e e e e e e aaeaas 149
Fig. 164. Get waveform componSMl............cevviiiiiiiiiiiiii e 149
Fig. 165. Max and Min Array. VL. e e e e e 149
Fig. 166. Sine WaveformM. VL. .. ..o e e e e e e 150
Fig. 167. BasiC MUIIIONE. V... 151
Fig. 168. BUId AMTAY Ml...oiiiieiieeiiiiie ettt e e e e et e e e 151
Fig. 169. QUICK SCAIE.NL....ccoiiiiiiiiie et e e 152
Fig. 170. Re/IM t0 COMPIEX M. ....oeiiiiiiiiie et e e 152
Fig. 171. Array Size and Initialize Array.VIS........cc.oeiiiiiiiiiie e 152
Fig. 172BUild WaVETOIM VL....ccooiiiiiiiiee ettt e e e e e e e e 153
Fig. 173. RECIPIOCAIML...coiiiiieieeee e e e es 153
Fig. 174. Get Waveform CompPoNeNntS.Vl.......oouuiiiiiiiiiiiiiiiee e 154
Fig. 175. ChebYSREV. VL. ... 154
Fig. 176. ADSOIULE VaAlUE Ml.....oooiiiiiee e 155
Fig. 177.Finding the IP Address: Radio CoCIVItY TESt.........cuuviiiieeiiiiiieeee e 155
Fig. 178. BroadcCast SEIUR.........ccciiiiiiiiitiiiree e s e e e e e e e e e e e e e e e e e e e e e e s s e s s ee e s s e nnannnnne 156
Fig. 179. Transmitter VI FrONt PAnEl.............ooo ot 157
Fig. 180. Receiver VI Front Panel...........uuuueiieiiiiiiiiiiieieeeeeeeeee e 158
Fig. 181. Cross Talk EXAmMPLE..........uiiiiiiiiiiiiiiiieiiee e 159
Fig. 182. Cross Talk PdakPeak BEAMPIE..........ooovviiiiiiiiii e 161
Fig. 183Digital Communications MOGEL..............ooooiiiiiiii e 164
Fig. 184: Code Tree for Alphabet Code...........oooiiii i 167
Fig. 185: EXEICISE IMAGE ... ..o iciiiitiiiiiiiit ittt e e e e e e e e e e e eeeeaaeaaaeaeaaeeaaeaseesssaasaassannnsaneannes 169
Fig. 186: Input Tree Front Panel INtErfaCe.........uuiiiiiiiiiiieiiieieeeceeeeeeee e 170
Fig. 187: Output Tree FroRanel INtErfacCe.........ccccciiiiiiiiiiiiiiieeeeeeeeee e 171
Fig. 188: HUMMMAN TTEE.....eeiiiiiiiiiiie e e e e s e s e e e e e e anes 171
Fig. 189: Node Counts fOr NEW NOGES.......uviiiiiiiiiiiiie et 172
Fig. 190: Parent NOGE ASSOCIALIONS. .......oiiiuuriiiiieeieeiiiiee e e e e st e e e s s e e e e asibben e e e e e e annes 172
Fig. 191: Parent NOGE ASSOCIALIONS. ......coiiuuiiiiiieeeeeiiiiee e e et e e e s s e e e e s sibrenee e e e e annes 172
Fig. 192: Huffman Codebook Siegces Front Panel Interface............ccoccovviiiiiniiec e, 173
Fig. 193: Code Efficiency Input Front Panel Interface...........occvvveviieeiiiiiiieiiee e 173
Fig. 194: Huffman Code Statistics FiBanel Interface............cccocvveeiiiiiiiiiic e 173
Fig. 195: Huffman Code Input for Complete VI Front Panel Interface............cccoooniieenennns 174
Fig. 196: Huffman Code Output for Cdetp VI Front Panel Interface...........ccccccccovvviininnnennn. 174
Fig. 197Digital Communications MOEL............c.uuiiiiiiiiiii e 177
Fig. 198: UART PacCKet STIUCLUIE.......cooi ittt e ee e e e e e et e e e e e e e e e e e e e e e e e aeeaaens 178
Fig. 199: Signal Timing (Baud Rate)............uuuiiiiiiiiiiieiiiiiieeeee et 178
Fig. 200: Signal Timing With Over Sampling (Baud Rate)...........ccccccuvimiiiiiiiiiiiiiiieeieeeeeeeee 179
Fig. 201: UART Transmitter SChemMALiC.............ooiii oo e 179
[0 T 0 S = (=N Y/ Tod 11 T 180
Fig. 203: Lab View Idle State Templale..........ooooiiiiiiiiie e e 180
X

Printed on:9/11/2014 © 2014, Anees Abrol and Eric Hamke



Introduction to Communication Systems Draft &ptemberll, 2014
UsingNIl USRP Lab Manual

Fig. 204: Lab VIieW Read SEALE............uviiiiiiiiiiieie e 181
Fig. 205: Boolean To (0, 1) CONVEILOL.........uuuiiiiiiiiiieeeeee e et e e e r e s e e e e s 182
Fig. 206: Feedback NOE...........oooiiiie e 182
Fig. 207: Setting Up & Drea@KPOINL........ccoiiiiiiiiee e 184
Fig. 208: Setting Up @ Prabe...........ciiiiiiieie ettt e e 184
Fig. 209: Clearing a BreakpPOinL..........uuueeeeieiiieiieeiieee e e e e ee e e s e e s s s s eeeerreeareeeeeeees 185
Fig. 210Digital Communications MOGEL.............ooooiiiiiii e 189
Fig. 211: Gegration of BPSK SIrea@m...........cooiiiiiiiiicccccnr e eee e e e e e e e e e e e e e e e e e e 190
Fig. 212: BPSK SignaBioary OUutput Signal...............cooooiiiiiiciiiirrrree e 191
Fig. 213: Data flow diagram of BPSK modulation/dertaditun of UART pulses.............ccueeee. 191
Fig. 214: BPSK Modulator BIOCK DIiagramL.........ccccciuviiiiiiiiiiiiiiiiiieeeeeeeeeeeeeseeseeaeaaeaaeaaeaaeeaeeens 192
Fig. 215: Basic Level Trigger DeteCtion Ml.......ccccciiiiiiiiiiieiiie e 193
Fig. 216: Sample BPSK modulated wWaveform..............ooo oo 195
Fig. 217: Block Diagram Structure and EXECULION..........c..covviiiiiiiieiiie e, 198
Fig. 218: Transmitter se8l Selection Tool PaletteError! Reference source not faund........... 200
Fig. 219: BasiC TranSMItIer SIUCILELE.........oiiuiiiiiii e ettt e e e e e e e 201
Fig. 220: TranSmMitter TEMPIALE.......cciiiiiiiiiii e e e e 201
Fig. 221 TranSMIEr SETUP......eeiiiiiiiiiiii ettt e e e e e s r e e e e s s snnrreeeeeeean 201
Fig. 222: Data TranNSMUSSION........eiiuuueiieteeeeaiitteeeeee e e st e e e e e s sanes e e e e e e s asnr b e eeeeeessnnrnnneeeeesann 202
Fig. 223: Reciever stifi Selection TOOl Palette.............cuvviiiiiiiiiiiiiieece e 203
Fig. 224: ReCEIVEr TEMPIALE ..ottt e e e e e e s e e e e e e aans 203
Fig. 225: Assembled CantenNa..........cooouiiiiiiiiee et e e 206
Xi

Printed on:9/11/2014 © 2014, Anees Abrol and Eric Hamke



Introduction to Communication Systems Draft &ptemberll, 2014
UsingNIl USRP Lab Manual

List of Tables

Table Ig TrainiNg COUrSE OVEIVIEW.......c.iieiieee e e e e e e e e e e e e e e aaaaaaaaaas 2
Table lig Puse DUuration OBSEIVALIONS. .........ocuuuiiiiiiie e e e e e e e e aaa s 23
Table llig IR Design Method SUMMEALY........cviiiiiiiiiieeie e 33
Table I/ Specifications For Lowpass And Highpass FilterS..........ccccvveviiiiiiiiee e 35
Table \+ Specifications For Barghss And Bandtop Filters...........ccevvviiiiiiiiiiiiiieeee e 35
Table VE TransSmitter SETHNGS. .. ....ooi et e s eaeeas 58
Table VIE RECEIVEN SEEHNGS ... . ettt e e s e e e s e e e e e e e en 58
Table VIIE Modulation IndeX ODSErvVationNS...........occeviiiieiiiiiiee e e 59
Table X Receier Gain ODSEIVAtIONS ... ...ciii it e e e e e e e e e e e e e 60
Table X TranSMIEr SETHNGS. ... .u iii e e e s e e e s nn e e aeeas 74
Table Xt Transmitter Message SettiNgS........ccuvvviiiiiiiiieiie e 74
Table XIE RECEIVET SEIINGS ... . uiiiiiiiiiiiie et e s e e e e e e e e e e en 74
Table XIWW{ LISOATFTAOIF G A2y a F2N W{l.dz:. NE...2.L..4S.Q..L.\8R
Table XIV{ LISOAFAOI A2y a F2N WL2Y.SSNI.. . ENRY..528)88Y
Table XV Specifications for the square waveforms A and.B.............ccccccciviiiiiiiiiiiieeeeeeeeeee, 84
Talde XVI Specifications for the sine waveform.C..............o e 85
Table XVHPhase Observation Table. ...t 93
Table XVIKk 20,000km Test Case REIBORB............cueiiiiieii et e e 105
Table XIX Distance to Target MeasSUremMENLS...........ccoeeeiiiiiiiiiiee s e e rerr e eeeeeeees 107
Table XX Distance to Target With Noise Measurements..............cccooeeceecviivnnnivinnenneeeeeeeeen. 109
Table XXE TranSmMitter SEHINGS. ........uuuiiiiiiiiiiiiiiireerer e e e e e e e e e e e e e e s e e e e s e e s e ee e ssaaarranaranee 111
Table XXIt RECEIVEN SEIINGS ......ccoc i e e e e e e e e e e e e e e e e e e e e e s e e s s e e aaaaneanee 112
Table XXIt Actual RADAR ODSEIVALIONS. .......cuuuiiiiiiei e et ee et e et e e e sat e e s eeba e e e e eaaas 112
Table XX SWItCh and LED SEtHNGS......uuutiieiiiiiiiiiiie et e e 121
Table XXX TransSmitter ParameEterS........uuuiiiiiiii et e e et e e e e e e e e e e eearana s 124
Table XXM RECEIVEr PAramMeterS..........uuiiiiii ittt e et e e 124
Table XXVH Effect of Varying the NOISe LEVEL.........cooiiiiiiiiiiiie e 127
Table XXVIY Effect of LowPass Filter Order on Envelope Detection............ccccvvveeiiiinneeenn. 128
Table XXIE TranSmMItterSEtlNGS. .....c..uvieiiie et e e e e e e 139
Table XXE REEIVET SEIINGS. .....iiuiiiiiiieiiiiit ettt e e e s s e e e e e s abb e eeeeeeananes 140
Table XXXIEffect of Varying the Standard Deviation of Noise (Chebyshev Filter)................ 142
Table XXX}IEffect ofVarying the Standard Deviation of Noise (Butterworth Filter)............... 142
Table XXXHMWorksheet for Studying Effect of Varying the Filter Order On SINAD............... 143
Table XXXIAM_on_Subcarrier VI Inputs and OUIPLES.........uvvveeeiieiiiiiiieiiieeieeeeeeeeeeeeee e, 150
Table XXXY TransSmitter SEHINGS......ccccciciiiiiiiiiii it e e e e e e e e ae e e e e e e e e e e e s e as s ee s seannnes 156
Table XXXV Transmitter Message SettiNgS........ccooiiieiiiiiiiiirrer e e e 156
Table XXXVMEIRECEIVET SETHNGS. .. ..uuuiuuiiiiiiiiiiieiiieeeie e eee e re e e e et e e e e e e e e e e e ae s e e s s s e s s s aaaassaaaseaanranee 157
Table XXXVKRICrosstalk ObSErvations...........ccoieiieiieii ettt 160
Table XXXIXModulation Index ObSErVatiOnS.............cuueiiiiiiiiieeeieee e 161
Table XLRelative Frequency of Letters in the English Language...............ooo oo 165
Table XL¢Huffman Code Letters in the English Language.............cooooiiieiiiiiiiiiiiiieiieeeeeeee, 166
Table XLHRelative Frequency of Letters in the English Language..........ccccccccvveeveeniinnnnnn... 168
Table XLIKFixed Length Code Letters in the English Language............cccccceeerviiiiiiieeeeennns 168
Table XLI{Image FrequenCy COUNLIS. ........cuiiiiiiiiiiiie ettt s s aneeeee e s 170
Xii

Printed on:9/11/2014 © 2014, Anees Abrol and Eric Hamke



Introduction to Communication Systems Draft &ptemberll, 2014
UsingNIl USRP Lab Manual

1 Introduction

The studats at the University of New Mexico Electrical and Computer Engineering Department are
planning to use an integrated set of lectures and labs to better understand basic communications
systems. The lectures are based on the textbook by Ziemer and Trddtegiples of
Communications Systems, Modulation, and Noise. The labs are developed using the National
Instruments Universal Software Radio Peripheral (USRP). The choice of this radio provides 2
advantages from an instructional perspective: it mingaithe amount of lab equipment necessary

for performing the labs, and its range of flexibility to support spectrum sensing, cognitive radio and
alternate modulation schemes.

The labs are written with the idea that the students not only need to make measemts, but also

learn how to write their own Virtual Instruments (VIs) supporting the modoaschemes being
studied. The first lab will include a demo where the USRPs are used to transmit and receive. The
students will have a chance to setup the raliand gain experience with USRP interface
Input/Output. The review will build on this experience to familiarize them with the standard lab
interfaces used in the training. The review will culminate with having them modify and use the
Spectrum Monitoring eémple provided with the LabVIEW USRP toolkit.

The other labs will build around a common interface and will have the students write their own
modulation VIs. The students will then integrate their Modulation Vls into the standard interface
that was deveadped or discussed in the review labs. The integration process will help the students
become more advanced users as they need to plan and debug their application. The work involved in
the resulting series of labs will be of increasing levels of difficultyis approach is to ensure that

the students do not spend excessive amounts of time on the labs and not learn the theory in class.
The initial level will be structured such that the students are given an almost working AM
modulation module and have taigt debug it to get it to work. Essentially, using a working example,
they would need to figure out what is missing and add it in. The next lab will have more elements
missing and more discussion of what needs to be done. This will progress untiighkalfi where

they will be given a description of what needs to be done, and they compose the final VI to
accomplish the desire objective.

1.1 Syllabus

The following is an overview of the course and its labtie Class Lecture Topics in the syllabus were
deweloped by Dr. Sudharman K. Jayaweera, angl summarized in the following table. The
supporting lab exercises and lectures aresented in the Lab Topics of the tabldne main effort is
synchronizing the material in the lab with the material being idtroed in class. In later labs, the
emphasis is based on reinforcing or making the mathematical abstractions discussed in lecture more
concrete. Our experience is that the Engineering students learn by actually making things work
(many students learn iniffierent ways). This practical kind of knowledge is what we hope will make
good the students into thinking and productive individuals capable of handling new and diverse
assignments.
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Tablel ¢ Training Course Overview

Week Class Lecture Topic Lab Topics

1. | Review and introduction of sign{ Goal:Thisis anintroductory lab exercise to:

models and classifications 1 Ensure that students have a working installation
LabVIEW on their computers.

I Train the students to setup the USRRdagain
experience with Radio interface Input/Output.

1 Gain familiarity with the standard lab interface
used in the training and the desired codi
practices.

2. | Frequencydomain Goak:. This &b will discuss fourier transform i
characterization of (periodig¢ communications and its relationship with to 4
signals (Fourier series analysis) | observed spectrumThe students will:

1 Observe the aplitude spectrum of a given signg
and thenmodify the time domain signal paramete
to observethe resulting impactn the frequency,
domain

1 Learn how to use the USRPconfigured as &
spectrum analyzer.

3. | Power spectral density (PSD), Goat LabView training needed for the next set
correlation weeks to include:

Signals and linear systems 1 Learning to wite and debug a simple LabVIE
Virtual Instument in a groudead exercise.

1 Familiarization with the USRP swub functions for
configuring/managing, transmitting data to, an
receiving data from the radio.

4. | Bandwidth, sampling, DFT Goal: This lab will introduce théabVIEW filter desigt
Hilbert transform, analytic signalg toolkit and its use. The students will:
complex envelope representatiorn]  Observe the power spectrum of a given sagjrfor
of bandpass signals and band combination of signals)
pass systems 1 Design a series of digital filters that will allaive

isolatation and analysisf a specific tone from
linear combinaibn of tones.

5. | Linear modulation (DSB, AM, SS| Goal:This lakfocuses on:

Linear modulation (continued). | Learning to write a VI that uses tH8SRP asnag
(DSB, AM, SSB) amplitude modlation (AM) transmitter and a
receiver.

1 Designing and implementingheelope detectos for
AM signals using LabVIEW Signal Processing
sub-Vis

6. | Angle modulation (PM and FM Goal:This lafocuses on:

Narrowband angle modulatio | 1 Learning to write a VI that uses the USRP as
power efficiency frequency modulation (FM)transmitter and a
Angle modulation (PM and FM receiver.

Narrowband angle modulatior] § Investigating demodulation of an FM signal
Demodulation of anglkenodulated software which is much simpler than demodulati
signals, PLL. procedures in the traditional hardware approach.

7.1 Analog Pulse modulation (PAN Goal: This labwill explore the use of Puls€osition

PWM, PPM), digital puls
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Tablel ¢ Training Course Overview

Week Class Lecture Topic Lab Topics
modulation (PCM, Delt; transmitter/receiver
modulation), multiplexing
Probability, random variables
t 5CQad
8. | Random processes, correlation, | Goat This lab provides an example use of Cross
PSD Corrdation and Power Spectral Density (PSD) to pre
the distance of an object (or target) by comparing the
transmitted and reflected signal in the context aof a
ideal and a noisRADAR environment.
9. Semester Break
10 Review for Mid=Term
11} Noise in linear stems, Goal:This laboratory exercise haso objectives
narrowband noise, quadrature | Implementing @ Additive Gaussian Whiteolée
components of narrowband noisg source in LbView.
Noise sources, noise figure, 1 Investigaingthe effects of noise o0AM signal
narrowband noise, quadrature envelopedetection
components of narrowband noisg
SNR, AM and noise (coherent an
envelope demodulations)
12| Noise in Angle modulation Goal:This laboratory exersé hagwo objectives
systems, FM and noise (above | Investigaingthe effects ofAdditive Gaussian Whitg
threshold operation) Noise onFMsignal envelopéletection
Digital communication systems, |1 Comparison of FM to AM results from previous lg
Analogto-digital conversion,
sampling, quantization,
compression, binary digital
modulation and demodulation,
probability of error analysis of
integrate-and-dump receiver in
AWGN
13| Binary data transmission, binary | Goal: In this lah the stwents will design aserial
signal detection, Likelihood ratio | interface by developing aUniversal Asynchronou
(LR) detector, MAP and ML Receive TransmitUARY receiver VI.The UART wi
detectors acceptasouce sting;
Binary data transmission with 1 Encoded using the Americantéhdard Code fol
arbitrary signal shapes, matched Information Interchange (ASCII).
filter receiver, optimality of 1 With replicated bits useda minimize bit error
matched filter in norGaussian rates.
noise
Additionally, the lab will include esigning state
machines using LabVIEW
14} Coherent detecton of binary Goal: In this lab, a bit stream is transmitted ar

signals in digital communication
systems: BPSK, OOK, BFSK, an
probability of error analysis

Non-coherent modulation
schemes and nonoherent
detection of binary digital signals

DPSK andon-coherent BFSK,

received usin@inary Phase Key ShiftilBPSK) as th

modulation technique by:

1 Using the UART d@nsmitter and receiver from thg
previous lab to generate the bit stream.

1 Using a binary phase mapping to convert bits i
phase values for an FM transmitter.
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Tablel ¢ Training Course Overview

Week Class Lecture Topic Lab Topics

probability of error analysis

15| Digital communication over band| Goal: This lab to develop annderstanding ofentropy

limited channels, Baseband coding by investigatingluffman codinglgorithm:
modulation, Linecodes and their | 1 Understanding the mechanisms and importance
spectra source coding and data compression.
Inter-symbol interference, Nyquis| § Investigating the efficienogf Huffman Coding
criterion for zeralSI, Nyquist 1 Implementation of Huffman Codinglgorithm in
bandwidth, raised cosine pulses, LabVIEW
Equalization, zerforcing
equalizer

16/ M-ary modulation, signal spad Goal:The purpose of this lab is to:
concept 1 Introduce the concept of frequenegivision
Spread Spectrum, Multicarrig multiplexing.
modulation, and OFDM 1 Modulatingtwo messages ogseparate sukcarriers.

1 Explore the concept of intermediaieequency
filtering in the receiver.

17| Project Presentations: Best projects selected as
labs for next year. All projects will be added to cou
contentlibrary.

1.2 Structure of Labs

1.2.1 Lab Equiopment
A typical lab configuration will include:
1) One desktop computer with LabVIEW Student Developer License and access to the USRP
driver and Modulation Toolkit.
2) One data switch to support interfacing with the radias 1 gigabit per second and an
Ethernet interface running at 100 megabit per second.
3) 2 USRP radios.

1.2.2 Format of Labs
1. Summary

This section should be a paragraph describing learning objectives and a list of learning tasks and
activities. The paragraph is @@ to introduce the learning objectives. These are meant to
introduce the tasks or activities that the students are intended to accomplish in the lab. The list is
composed of simple sentences or phrases.

2. Background

This section should briefly summarimgaterial presented during lecture with additional material
needed to support making the observations needed to support @igectivesd S O (i fasky/d@ &
activities. Note that the observation techniques are introduced here but they are explained in more
detail in theLab Procedureection.

Additional subsections deal with configuring the USRP. With a detailed description of creation of the
transmitter/receiver VI needed to perform the lab.

3. Prelab
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This would include any preliminary work that you mighkpect the students to have accomplished
prior to the lab. The preliminary work should include any programming assignments needed to
support the lab. It is important that you stress that this needs to be completed prior to the lab since
no time has beemllocated to do this in the lab.

Transmitter

A template for the transmitter will be provided. This template contains the four interface Vis
described in theBackgrounda SOG A2y Ff2y3 6AGK | ayYSaalr3asS 3ASyS
message signal. Motask is to add blocks as needed to produce the modulated signal needed for

the lab, and then to pass the modulated signal into wgle loop to the Write Tx Data block. The
modulation index is to be usesettable in the rangen XX ,xand>¥ frantpanel control will be

provided.

Receiver

A template for the receiver will also be provided. This template contains the six interface Vis
described in theBackgroundsection above along with a waveform graph on which to display you
demodulated output signal.

4. Lab Procedure

This section provides instructions for making specific observations needed to complete the tasks or
activities introduced in th®bjectivessection. These instructions need to be very specific, providing
detailsas to how to configure the VIs used in the observations, and also instructions for recording
observations such as getting a screen capture, saving data off to a file for post processing, and lab
notebook entries. The Observation step should have simjpe&rtdquestions that when answered
gAftft R20dzySyid GKS t1 004 SESOdziaAzy o

5. Lab Writeup

This section should include directions for preparing the Lab wigteincluding a secondary set of
guestions that ask the student:
1) To describe what he/she learned in terno$ the tasks or activities introduced in the
Objectivessection.
2) To explain what could have possibly gone wrong and the consequences of these problems.
3) How to improve the lab.

Printed on:9/11/2014 © 2014, Anees Abrol and Eric Hamke



Introduction to Communication Systems Draft &ptemberll, 2014
UsingNIl USRP Lab Manual

2 An Introduction to Digital Communications Lab

2.1 Summary

The course will focusmapplyingthe theory discussed in claséou will be using a software defined

radio (SDR) that implemesnithe algorithms necessary for digital communicatonn this lab, you

will be designing and implementing SDR applications using National Instridentsrsal Software

Radio Peripheral ({ wt 0 KI NRg I NB | y RLabVIEWRh#oygh the impjementdtiry Sy (G a Q
of this SDR you will investigate practical design issues in digital communications.

In this particuladab, you will setup the USR&nd run the provided lab igual Instrumens (2.2.3.].
It is important that you follow lab safety proceduresavoid damaging the equipment. The radios
are sensitive and can burn out if not used correctly.

This part of the lab Wianswer the following questions:
1 How does USRP work?
T Whatis NI LabVIEW and wisyit used irthis lab?
1 Isthere such a thing as good code style in LabVIEW?

2.2 Background
Overall, his lab is meant to introducthe basic functioning of the USRP, drabVIEWAS a toolto
design digital communicatiosystems in this course

2.2.1 Software and Other Materials for the Course

Throughout the course you will be required to do sopreparatory work(e.g., prelabs)before
entering the lab itself. In order to complete thee assignments, you must have accésshe
following National Instrumentssoftwaretools and packages outside of class.

wNI LabVIEW 2012 or later
wNI LabVIEW Modulation Toolkit 4.3.1 or later

Note: Your instructor will provide information about howattcess LabVIEW at your University.

2.2.2 Introduction to NI USRP -2920

NI USRRUniversal Software Radio Peripheral)ailexible software definedradio that turns a
standardpersonal computeinto a high-performancewireless prototyping platform. Paired witKI
LabVIEW software, NI USRP transceivers provide a powerful systestptgou learn and program
quickly. TheNI USRR92x transceiverased in this course latse adequate fohandson laboratory
learning inthe field of RF and communicationg/ith the USRPs and LabVIEdftware, you will have
the opportunity of experimentng with realworld signals indigital communications laboratories.
With this solutionyou mayfocus on theactualimplementation of algorithms ancelatedrealworld
impairments. More product information and specifications can be found on the National
Instruments website.

2.2.3 Introduction to National Instruments LabVIEW

2.2.3.1 Whatls LabVIEW?

LabVIEW is a graphical programming language developed by National Instruments. The basic
building blo& of LabVIEW is the virtual instrument (VI). Conceptually, a VI is analogous to a
procedure or function in conventional programming languages. Each VI considitook aliagram

and afront panel(Fig. 1). The block diagram describes the functionabifythe VI, while the front

panel is a top level interface to the VI.
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m . Time

Block Diagram Front Panel
Fig.1: LabVIEW VI Interfaces

2.2.3.2 LabVIEWEnvironment VIs

Many of the algorithms implemeatlin this lab (and in digital communitiansin general) use linear
algebra. BbVIEW providesupport for matrix and vector manipulatipand linear algebrawith Vs
for functions likematrix inversion Ifiverse Matrix.yi matrix multiplication A x B.\ji, and reshaping
arrays Reshape Arrayi) LabVIEW also has many biiltsignal processing functions, such as the
fast Fourier transform KFT.Ji inversefast Fourier transform (Inverse FFT)viand convolution
(Convolution.yi Additionally, he Modulation Toolkit is a toolset of common i) communication
algorithms which will also be leveraged in theb. Note that many of the functions you will
implement in this lab are already available in the Modulation Toolkit in some form. The objective of
this course is to understand the principl®f wireless digital communication by implementing the
physical layer in as much detail as possible. Once familiar with these congmptsgill be able to
decide when to use ésting VIs and when to write yowwn. It is recommended thagou explore
tool palettessuch as the (1pignal Processing paletté) Digital palette (part of the Modulation
Toolkit palette),(3) Structures palette(4) Complex palette (part of the Numeric palette), aft)
Array palettein order toacquaint yourselthe VIs likef to be usedn this course.

AppendixB enumerates some common VIs ahighlights how tcaccess them.

For this introductory labyou will use only existing Vls, tailored specifically to the course material.
The intention is to allovstudentsto focus onthe lab theory These VIs have beeigorously tested
checked out and should not keesource of erromvhen checkindab results. Th&/Isfor this lab are
divided into two categoriesTransmittes and Receiver and have been included in Appendix B for
ease of reference.

2.2.3.3 Codng Style in LabVIEW

Pay close attention to the code used to create the VIs for this lab. In future labs you will be asked to
write your own VIs, and the provided algorithms are excellent examples of the preferred coding
styles. Rmembe that the codingstyle shouldexhibit the following qualities:

1. ConsistencyAll codeshould follow the same coding style at all times.
2. Readability
i The code shouldbe organized in a modular fashion that promotes reuse and
maintenance.
1 Connectios (signals or lines) should be laid out with the least number of overlapping
lines, and a signal should appear to enter a block at only one point.

7
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1 Connections should appear to enter or leave only the blocks being used. A connection
should not be overlappelly a block that is not the starting point or ending point.
3. Documentation- Documentation should not be few and far betwedgbood documentation
includes not only free text labelsee the Decorations palette, which is part of the Structures
palette), but also descriptive variable, block, and sty I YS & @€

The design of a digital communication system is modular and sequential in nétuherefore
makes sense to adopt a coding style which makes use of modularity and hier&mbg. many
algorithms indigital communications can often be boiled down to a recipg.( A then B then)Cit
is critical hat youuse subVIs whenever possible.

2.3 Pre-Lab
Prior to beginning the itlass portion of this lab, you will be expected to install LabVIEW on your
laptop and familiarize yourself with its features using the information provided in Appendikha.
following tutorials and reference material will help guigidentsthrough the process of learning
LabVIEW:

1 LabVIEW 10[5];

1 LabVIEW Fundamentdl®m National Instrument§o];

1 Online LabVIEW tutorials from 8], [4].

New LabVIEW programmers shouldrefully review all of the material ifb] and [4]. Please
remember to refer to[6] and [4] often as they are excellent references fall basic LabVIEW
questions. NAy 3 | ye [jdzSadAaz2ya 2N O2yOSNya NBIIFNRAyYS3
attention.

2.4 Lab Procedure

2.4.1 Global set-up
Each workstation will have two USRP radmse for tansmission and the other one for reception.
There are two possible configurations:
a) Both radios connected to single computer (running both the transmitter and receiver VIs)
with a duatport Gigabit Ethernet interface, or using a data switch.
b) Each radio corected to a different computer; one running the transmitter VI, and the other,
the receiver VI.

2.5 Set-up steps

1. Connect the computer to the USRP using an Ethernet cable.

2. Open the NWUSRP Configuration Utility found in the National Instruments directory under
programs files as shown ig.2. Be sure to record the IP addresses since you will need them to
configure your software.
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[E ) Bl NI License Manager > N"ﬁ
P socbepescen Gr NI Registration Wizard =
& N Update Service Change IP Address \ USRP2 SD Card Bumer | N2woc/NI-292« Image Updater |
. Datasocket Device ID 1P Address [ Type/Revision
| LabVIEW 2012 UHD Devies 0 | 192.168.10.2 | NI USRP-2520 Selected IP Address
. Medulation
| NLUSRP New IP Address
. FPGA and Firmware Images
::.1.’, MNI-USRP Configuration Utility Change IP Address
> AllPrograms ——3 . Utilities |
Start Search . Documentation
1. Select All Programs 2. Select the NUSRP e ‘
from menu Configuration Utility
from the National

L 3. Select Find Devices and record the
address of the radio or radios since you
will need them to configure the
software in the lab.

Instruments directory

Fig.2: Finding the IP Address Radio Connectivity Test

If the IP address does nappear in the window then check your connections and ask the
Teaching Assistant (TA) to verify that the LAN card has been configured correctly.

2.5.1 ViIsto be used in the lab:

The following Vs, transmitter (Tx) and receiver (Rx), will be used on eachfoltte Q& SESNOA &S 4

252 TxVI

TKS a! {wt ¢gFYyPa 2 dzy R (Ix Nlprsadeoiwithitis NabH materak{ash available at
https://decibel.ni.com/content/docs/DOR5893 which implements an FMransmitter that will
transmit the contents of avav filewill be used as the Tx VI (Fig. 3.).

253 RxVI

Choose one from the tweM Demod VI exampke provided with LabVIEW to be used as the Rx VI for
this lab by following the pathStart MenuA All Programsy National Instrumentsy NIFUSRP
Example®y LabVIEWA ModulationToolkitExamples
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Fig.3: Appropriate Field Setup ITX AndRXVIs

Important setup notes:

V Determine the IP addresses for your radios using tRESRP configuram utility.

V Make sure the Tx and Rx VIs are always set to the same carrier frequency whg
you pair them up to communicate (see Fig. 3.).

V Transmission should start only after receiving workstations are ready to receive.

V Verify that device name fields iboth Tx and Rx VIs are set to the IP address of]
URSP in use (see fig 3).

V Make sure to connect the provided attenuator betwettte receiver] { w Rxihaut
and the antenndoopbackcable The attenuator is used to decrease the power le
ofthetran AGGSR aAraytrft Ay 2NRSNJI G2 | @24
duetowE | y R e¢raximityyolehieti gther

2.5.4 Broadcast Mode
The TA will be leading/moderating this exercise, aitl set one of the USRRs the classroom as

the transmitter. Al the students in their workstatiowill set one of their respective radids receive
at agiven frequency, which will be announced by the TA.

10
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Fig.4: Broadcast Setup

255 300AAT OO08setoRAAAEOAO
1. Gonnect the VERT400 Anten(féig.5) to the RXITX1 Fig.6) or RX2nput (Fig.6) on one of
the two radios connected to the workstationRemember to connectthe provided
FG0GSydzh G2 N oRSitpat 8rl intehnpLwt Q&

_— -

Fig.5: VERT400 Antenna

TX1/RX1RX2

Ml USRF-2920

T NATIONAL
INSTRUMENTS S WiHe- 2.3GH:

FEF IN FFZIH MRS E<FANSDN GE ETHEFMET

—

Fig.6: USRP Front Panel

2. Connect a set of speakers tioe computer b listen tothe audio file transmittedrom the
¢! Qa adlidArzy

3. Openthe Rx VI.

Set theWdrrier Frequencybn front panel toY | (G OK fteju@ricy ¢ E

SetWctive Atennaon the front panel to the right input according to tleetual USRP Rx

being used (connected to the antenna).

6. Save this modified VI.

o ks

11
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7. Run the Rx Mhen the TA indicates that the transmitter is broadcasti@gce the TA starts
GNFyavYAlGliAay3as GKS O2ydSyidta 2F (GKS s+ @ FTAES al

2.5.6 Point to point Wireless (P2PW)

In this section we will get to check the effect of chahinterferenceby broadcasting over a
frequency that is already in us¥ou will use bottUSRB, one for transmission and the other one for
reception.

Fig.7: P2RN Wireless Setup

1. onnect the VERT400 Antenta the RX1 (or RX2grminal Fig.6) on one radio and TX1
terminal (Fig.6) on the other.Remember to connect the provided attenuator between the
'{wtQa wE AyLdzi I'yR GKS FyiSyyl

2. Connect a set of speakers to themputer.
3. Se the Wdrrier frequencydn the front panel to the frequency of a local radstation (eg.
101.3 FM) Note: For this section to work you must have an USRP 292x series radio.
4. SetWctive Atennaon the front panelaccording to the actual USRP iRgut being used
(connected to the antenna).
5. Run the Rx VI taat listening to thetuned radio station.
6. Openthe Tx VI
7. {SG GKS FTNBI|dSyoe 2y (KAa *LQa FTNRBYyd LI ySt i
8. Run the Tx VI with an appropriatav file

The transmited wav file should be heard over the radio chanfidlis is because thgignal from
the radio station is being overpowered by the stronger signal transmitted from the U&RP o
the same frequency channel.

2.5.7 Loop-back (Cable Carrier Example)
In this sectionjnstead of the antennas, we usel@pback cale (SMAM-to-SMAM cable asthe
transmission media

12
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Fig.8: Loopback Setup Picture

1. If still attached, detach th#’ ERT400 vertical antennrom the USRP
2. Connect one end of theobp-back cable to the RX1/TX1 (or RX2) term{R&.6) on one
radio and RX1/TX1 termindFig. 6) on the other. Remember to connect the provided
FGGSydzd 6§2N) 6SiG6SSy (Kdpbackcable Qa wE Ay Ldzi |y
3. Connect a set of speakers to the computer.
Verify that both the transmitter and receiver are getthe same carrier frequency.
{ SHO®WA @S dnyhé Bofitypan@l according to the actual USRP Rx input being used
(connected to the loopback cal)le
Open and run the RVI.

ok

. Openand run the X Viwith an appropriate wav file
KS UNIYYaYAGUSR 61 @ FAES aK2dZ R 6S | dzRAGE S

6.
7.{080 GKS FTNBljdSyOe 2y (KA& +LQ& FNRBY( LI ySt
8
¢

2.6 TA Notes for Section 3.14 | &@nsmitter S et-up

7

R Gl

2y

lj :

1. Qonnect the VERT400 Antenna (prowde g A 1 K 0 KS | { wt NMeRAmAIAOL G2
onthe radia

2. OpentheTx VI.

3. Setthe frequencynthex L Qa FNRyYy (G LI ySt (G2 | &adzAadroftS oI

(VERT400 Fdand ommi-directional vertical antenna provided with the USRP
Announce this frequency to the students.

Wait till all students run their Rx Vis.

The TA willun the VIwith an appropriatevav file.

o as
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2.7 Lab Writeup
Performance Checklist

Introduction to Digial Communications

Short Answer Questions
1. What is the USRP? What is LabView?

2. What is a VI®hy do we use two VIs in this lab?

3. 9 E LJ Brbadcasid 6Point to Point 6t Ht 0 GANBt S-aBOE

transmissions.

Performance Measures

Dy &t Sk

Tak Standards

Sat/Unsat

Hardware Setup Working setup for all 3 configurations: Broadcast, K
wireless, and Loopackcable.

Running Vis Successful transmission and reception of audio 1
for all 3 configurations: Broadcast, Point to po
wireless, ad Loopbacicable.

QOS in P2P wireley Quality ofreceived signal heard over the radio channe

configuration point to point wireless configuration.

Discussion

Did all configurations perform as expected?

Did you have any difficulties completingethab?

Did your TA provide enough guidance?

Do you have any recommendations to improve the lab?

14
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3 Frequency-domain Characterization of Signals: A Look at the
Fourier Transform

3.1 Summary
This lab will discuss the importance of Fourier Transform and itsnudigital communicationsYou
will also receive some additional training in the use of LabVIEW.

The LabVIEW training will consist of a set of lecturesded on witing and debugging an example
code. The example will be provided at the start of the lecture and you and your partner are expected
to follow along with the lecture. There is no RArab assignment and the Lab Procedure will be to
follow along with the leatre.

The Fourier Transform portion of this laldigided into two parts:

1 The first part of this lab will introduce students to the Fourier Transfofou will write a VI
to observe the mplitude spectrum of a given signal, and therodify the time domain
signal parameterto observethe resulting impact in the frequency domain

9 The second part will shoywou how to connect to the USRP radiod useit as a spectrum
analyzer.You will useniUSRP EX Spectral Monitoring (Interactive)tgi monitor the
spectum, anduse itto identify thedifferent frequency components.

3.2 Background

3.2.1 Software and Other Materials for the lab
To complete this lab you will need the following National Instruments software and radio
equipment.
1 NI LabVIEW 2012 or later
NI LabVIEW USRPS Y 2 v & (i NIniUSRP ¥X SpdctraBMonitoring (Interactive).vi
NI LabVIEW USRP radio
VERZ?450 Antenna
a data switch (optional manages transition from 1 Gigabit to 100 Megabit Ethernet
interface)

)l
1
1
)l

3.2.2 Introduction to the Fourier Transform 3 . o
Note: For a moe indepth discussionsee{ A Ay I f a I Yy R [ A§[H.IYbdldskodldreas Y a
his chapter, specifically the FT section, aslithelp you to answer some of the writg questions.

3.2.2.1 What Is the Fourier Transform?

All waveforms, no matter what youesdcribe or observe in the universe, are actually just the sum of
weighted sinusoidvaveforms (both sineand cosines) of different frequencieihe representation

of a periodic function, or of a function that is defined only on a finite interval as trearlin
combination of sine and cosines, is known as the Fourier series expansion of uhetidn.
Essentiallythe Fourier series decomposesuch functions into a sum of sinusoids. The Fourier
Transform is theextension of this idea, and isiused for obtaiing the amplitude and phase
information in thefrequency domain for sequences and functions which are not periodic in the time
domain.

The Fourier Transformis the mathematical tool(1) that deconstrucs the waveform intoan
equivalent representation usinginusoidal components. In other words, tReurier transforms the
frequencydomain representation of a sign@ O, and itis denoted ash "Q. TheFourier transformis
afunction of thefrequency™Q & "Qis often called the spectrum @b 6 . The amplitude spectrum of
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8 A& defined as a plot a8 ASvs."Q gives how much poweb 0 contains at the frequenciQ while
the phase spectrum, defined as the plot & Avs."Qwill give the phase aQ

L w0 OQ ®woQ Qo Q)

Conversion back frorthe frequency domain to the timelomain representation of the signal is then
called the Invers&ourierTransform(2).

e o O Q0 )

The previous two equationsre referred to as the Fourier transform pair. One of the most
important of these pairsHig.9) is the rectangle function (A and theO E 10 function. Nyquist in

his work identified these as the ideal functions for representing a frequency -liaitdd/time-
sampled signal. The frequenbgand limiting is obvious from observing the rectangle function. The
O E O Ainction has a unique property, its value at t=0 zero is 1, and zero at angatormultiple of

the sampling period’Y). As discussed in the next sectiorsignal sampled ategular intervals or
sampling period’{ results in a finite sequence of data that can be represented as

0. ¢"Y

wo we Y Qs—(x)Y— 3
and, in the frequency domain, as
O 1L QYW Q 4)
A L [
A\/\U U/\v 0
. L f [
5t -3t -t t 3t bt T 2
e’ "Qqt
wW oA e A OEI 0
O0OEbA —— e EFS‘Q "Qct
Q.
@) shse "gct

wheret is the pulse width/duration
(b).

Fig.9: sinc(t) and Reangle Functions

In the lab you will also be looking at the same transform pair, but in a different order. This
alternative way of looking at the transform pair is used in theOrthogonal Frequency Division
Multiplexing (OFDM) modulation techniqueThisallows for a signal to be multiplexed in the time
domain, and for each time interval to have its own orthogonal carrier frequency. The orthogonality
guarantees that the signals will not interfere with each other.
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(a)

Fig.10: OFDMsinc and Rectangle Functions

The basic idea behind OFDMthe abilityto map a window of time in the frequency domain to a
specific carrier frequency. In practice it is possible to break a signal up into a sequence of windows
the time domain each having a unique orthogonal carrier frequenthe windows in time ae
represented asectangle functions. The timdomain windowing function and its resulting frequency
domain functionare given by equation§5) and(6), respectively.
e o DOETQT
® Q oo tOET™ A 6)

3.2.2.2 Discrete Fourier Transform
The Discrete Fourier TransfornDET is the equivalent of the comtuous Fourier Transformfor

signalssampled at regular intervals or sampling peridd, (resulting in a finite sequence of dafthe
DFT gives an approximation of the Fourier spectrum of the original sign® at . 4, where
Q rphgB MG p. The original signal is truncated to an N number of sam[8gs.

A dven discrete sequena@ QY &, has theDFTtransform
O O wQ h omi@ mpheBhl p (7)
O ® Ow homMi@® Q T (8)
The inverse DFT is then defined as:

o g ORI 0MmI & TipiB [ p )
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It should be noted thats  for'Q mifpicf8 M) p arecalledthe N" roots of unity They ae called

this because, ircomplex arithmeic, © p for all Q The can be thought of as the
vertices of a regular polygon inscribé&d the unit circle of the complex plan@ig.11), with one
vertex at(1; 0). Below are roots of unitjor 0 ¢, 0 Tandl Y, graphed in the complex
plane?

w e 129
%

A Imag = A Imag
we el 1229
=1 VV42: 1 Vv40:l
W :expge-j%(l) Real Real
= 1 8 2
WL = a _'Q
i = expeeriy (9
6 —_
= =
V\é . Imag a 20 ﬁﬁ \/E
~ 7 P ON<
w=enk i 2(g §=2 2 Wmexreg () 0% 13
: o
W= 1 Wr=1
> Remember,
Real
- 5 J2 2 e =coqq) 4 sif &
W =exp-i 2 (g §=Y2 2. . 5 ~ .

o y a . 02 \/5 P -

8 =2 2 Wl v\/slzexpge-ng(J) 9% 1= €7 =codg) -j sif §

Fig.11: N" Roots of Wity

Powers of roots of unity are periodic with peridd since the R roots of unity arepoints on the
complex unit circle everg“j 0 radians apart, and multiplying bg is equivalent to rotation
clockwise by this angle. Multiplication By is rotation by¢“ radians,that is, no rotation at all. In
general,® W for all integer’QThus, when raisingg to a power, the exponent can be

taken moduloN

3.2.2.3 Fast Fourier Transform
Before discussing thBast Fourier TransforifiFFT)algorithm, let us explore what is involvéad just

using the definition give in the preceding section. Suppose we wish to compute the DFT far.
So starting with equatio(8), we get the following

@ ® p homi®@ Q o
: 2 ¢ o)
w p w p
) p O (10
0w o
This is fairly easy, so let us move owto T,
A ® Q homi® Q- 10
® 02 o 0° o 0° o 0° (11)
W Qo Q » T ®
O O O 0 O ° W W
19

Printed on:9/11/2014 © 2014, Anees Abrol and Eric Hamke



Introduction to Communication Systems Draft &ptemberll, 2014
UsingNIl USRP Lab Manual

W w QD

E: e: E:

O w ©O°
w W w ©°
D w © ©°

e:E e
e e €

Notice that in the second part of the above calculations that we can perform the calculations by first
determining @ @& h & @ ho & hand @ @& . Nextwe can combine these as shown
to solve for®w, @, @ and ® . This process is faster than evaluating the formulas one at a time
because we would computés  ® h & @ h® ® and & @& twice.

The Fast Fourier Transform (FFT) is an algorithm to compute theamFits inverseby taking
advantage of this computational savinghe computation is faster than computing the DFT using
the definition, especially for the large data sets with which you will be working with in this lab. The
FFT utilizes properties of thBeFT summation to reduce the overall computations by computing
elements of the summation only once and then reusing them as needed. The key to the FFT involves
realizing that what can be broken into two parts: a sum over the auanbered indicesqa and a
sum over the odehumbered indices¢a p , and further realizing that the even summation and
the odd summation have roughly the same form as showi 2).

7 7

A O ® 0 o 0 (12

The inverse FFT is given as

e ¥
& UB Ol o & Dl po (13)

So using the algorithm cqootes the exponential terms only once and then uses them as needed.
The data flow for the FFT is showrFig.12. The E [] terms are the even terms and the O [ ] terms
are the odd terms from above.

TheFFT will result in a sptrum of N points. The spectrum sampling interval is given as

¢Q

, (14
)

yQ
The range of frequency values is"Ch"Q. So the center frequency() is located at thed)j ¢O
index of the FFT output.

3.3 Pre-Lab
In addition to reviewing the theory behind the Fourieransform prior to this lab you should look at
G ¢ KS C2 dzNRA Endr! Refidreyica Joardelviat fouh, and get familiarized with the concepts
described there.

3.4 Lab Procedure

341 FFT

In this activity youwe will use LabVIEW tmwmpute the FFT of given signal, e.g. sguare window
function. YoulQ f f  Mitima domain parameters, in particular the time duration (or signal width)
of a pulse waveforand observe the impact of this change in the frequency domepresentation

of the signal.
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For this exercisegu will be given an existing ¥ modify for the second part of the exercise.

Note: The FFT is more efficient with a size (number of samples taken from the original time domain
signal) power of 2, hencgpuare goingto use such a value your LabVIEW VIs.

3.4.2 Worksheet: The Effect of Varyi ng the Pulse Duration
1. Opendfft_demo.vié @
2. Set theFFT size of 512 samples (as showFigril2).
3. Set thepulse width(t) (Fig.12) to the first value inTablell.

Time Waveform G| Amplitude Spectrum Plot0 [N

FFT Size 1.5- 5
2. Number of samples—3 [= )|

4 [512 125
g 1- 5
3 =]
= =
Pulse Width 5 o 2
3. Pulse widtht() = | l < 0. <
- - 0.25-]
: 7
- S 200 300344
n STOP - e Tlme - B - B 0

Fig.12: FFT demo VI Block diagram (top) and Front panel (bottom)

4. Before running the VI, modify the amplitude spectrum display By ytHAy 3 (G KS RA &L
center point value from O to 256 as followsgint cick the amplitude gectrum graph and
then select PropertiegFig.13F 0 @ | ScRlgsBbAIW St KIS at NPLISNIASaé ¢
GKS a{ OF f Aya-2bFF0.43B)N] hTFTas

Visible Items 3 {3 Graph Properties: Amplitude Spectrum &J‘
Find Terminal
i fermina Appearance | Display Format PIotsCursors Documentation | «
Amplitude Spectrum B  Changeto Control
Time (%-Axis) =]
5 Make Type Def.
Mame Time
Description and Tip...
V| Show scale label V| Autoscale
§ Create 4 V| Show scale
% Replace . » Log
E Data Operations » Tnverted
< caling Factors
Advanced »
-256 Offse
Fit Control to Pane
y J Scale Object with Pane E Multiplier
0- ] 1 1 1 Scale Style and Colors Grid Style and Colors
-256 -240 -220 -200 -180 -160 -140 K Scale 4 B Major tick
Time ¥ Scale » - M.ajnrtl.(k ‘ I W wzjor grid
e — oo- inertic W Minor grid
i{ﬂ I Markertext
+ Autosize Plot Legend )
Export 4
E oK | C | Hel
o (et
(@) (b)

Fig.13: Changing the scaling factor on the Amplitude Spectriisplay

5. Start/Runé¥ T YRS Y2 ©QOA ¢

6. Observe the waveform oAmplitude Spectrumwaveform chart and record #hamplitude
and bandwidth as indicated ihablell.

7. Update thepulse width(t) (Fig.12) to the next value ifTablell and repeat steps until the
table is complete.
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Note: Yadz ¢gAft KIF@S (G2 dz&aS (GKS LX 20 Qa Yhedwave®dmOl GA2Y
chart in the demo VI will have the Graph palette visible as show#igii4(a) in the lower left hand

corner. When you click on the middle than, you will see the Graph Magnification Tools Palette.

The please select the Horizontal magnification tbg.14(b). This tool will allow you to zoom in

along the xaxis without changing the-gxis. This will allow you to fas in on the point of contact on

the xaxis Fig.14(c)). The cursor will showp as a pair of vertical lines delineating the range -of x

values of interest. Finally, you can see the point of contgig.{4(d) green box) and record your
observations. After observing the dataywyshould use the return to nemagnified mode using the

return to original scaling tooF{g.14(d) red box).

Amplitude Spectrum

1. SelectMagnification 2. Select Horizontal
Button Magnification
(a) (b)

Amplitude Spectrum Plot 0 m

S
123

L
100
Frequency

3. Select Horizontal
Range to be magnified
dzaAy3 (G22f¢

4. Observalata and return to
© non-magnifi

gnified mode for next
observation.

(d)

Fig.14: Graph Palette Magnification Tools
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Tablell ¢ Pulse Duration Observations
Pulse | Bandwidth | Amplitude
Width (Hz)
Band Width (2)
1 Amplitude Spectrum | « > Plot 0 m I
3 L
Amplitude &
. &
7
I

9

3.4.3 Monitoring the spectrum with NI USRP and LabVIEW spectrum monitoring

example VI

Spectrum monitoring involves examining the frequency content of a spectral band as a function of
time. This display uses the FFT to obtain a spectrum from observed data.

Important setup notes:
V Make sure the global setp configuration (discussed in lab 1) has been performed be;

V Verify that device name fields in both Tx and Rx VIs are set to the IP address of the URS
(see figure 16 below).

nterfacing withthe USRPs.

=

Connect the computer to the USRP using an Ethernet cable.
Open the N[USRP Configuration Utility found in the National Instruments directory under
programs files as shown irig.2. Be sure to record the IP addresses since you will need

them to configure your software.
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-/‘l \S

. Mational Instruments
Distributed System Manager 2012
9 Measurement & Automation Explor

| Internet
Mazilla Firefox
= F.

4 pai
Y paint

1223 rascroset e werd 20 W NI Customer Experience Improveme
. = ; Wi
| 53 Mitsosut Office PuwerPuint 2007 NI License Manager AT Cunﬁg
AdobeReacer 41 C NI Registration Wizard
NI Update Service Crangs IP Addhess | USRP2 SD Card Bumer | N2ov/NI292« Image Updater |
. Datasocket Device 1D 1P Address [ Type/Revision | sdected P
UHD Device 0 [ 192.163.102 | NIUSRP-2320 elect ress

. LabVIEW 2012 —

. Modulation

| NI-USRP New IP Address

. FPGA and Firmware Images : :
11 MI-USRP Configuration Utility Change IP Address

> AllPrograms ——> | Utilities

. Documentation

1. Select All Programs 2. Select the NUSRP

from menu Configuration Utility
from the National
Instruments directory

Find Devices ‘

l. 3. Select Find Devices and record the
address of the radio or radios since you
will need them to configure the
software in the lab.

Fig.15: Finding the IP Address: Radio Connectivity Test

If the IP address does not appear in the window then check your connections and ask the
Teaching Assistant (TA) to verify that the LAN card has been configured correctly.

3. Connect the VER#50Antenna to he RX2 input on one of theradiosconnected toyour
workstation (seeFig.16). C2 NJ (G KA & S E SNXDA &ofnediugedhe dttenyiabti y S SR
betweenthe! { wt Q& w Hhe antehddzi |+ y R

Fig.16: USRPphysical setup: connecting the antenna to the RX2 input.

4. Locate and open the \BhiUSRP EX Spectral Monitoring (Interactive)®@i LG OFy o6S T2
C\Program FilédNational Instrumentd.abVIEW 2012xamplesinstAniUSRR.  When
opened, you should see ¢hfront panel illustrated irfrig.17.
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5. Set theUSRP IP AddregseeFig.17) to the actual IP of the USRP you are using (each USRP

should be labeled with its IP address).
6. {SG GKS I OUA@SeeFigiDSyyl (2 aw-Hé 064

Acquired Signal Re I%
003 m
002-] |

2 001
T o0
£ 00

-002-|

003 | |
1] 0.0025 0.005

I I T D T
0.0075 ! 0.0125 0.015 0.0175

Time [sec]

HEw |
Magnitude Spectrum piot0 JENY |
65~

701

Amplitude
dy
bl

PR
=)
-

85 | ' ! | 0 g g g
90.4023M  90.42M 90.44M 90.46M 90.48M 90.5M 90.52M 90.54M 90.56M

! '
90.58M  90.5976M

Frequency [Hz]
] 1q Sampling 1Q Sampling Spectrum Averaging
s Fate [5/sec Rate [/sec] (actual) “averaging mode
2 —_— % 192168102 | 200k o 2 No averaging
. % Carrier Carrier Frequen s e

[Intemal = ey et el J Exponential

T_”te':a sl ,j‘lgum Jo number of averages
il & L Gain [dB] Gain [dB] (actual) ;“l—m

{intemal «J‘HB o o

Reconfigure | STOP |

ficq Duration [sec] Frame Size [samples] Active Antenna .
4 50 0 R2
o 50m ] | Click reconfigure after changing a parameter to enact the change

Fig.17: Front Panel of nilUSRP EX Spectral Monitoring (Interactive).vi

7. wdzy GKS L O0F2NJ y2¢ R2y Qi OKIy3aS |ye 27
the resulting spectrum rading (sed-ig.18; the amplitude is shown in decibels: (Db)).
Acquired Signal re BV
0.0002- i B

0.0001 —|

o-
-0.0002 - ; ; |
0 0.05

' '
0.01 0.02 0.03 0.04
Time [sec]

Bel= kIl |
Magnitude Spectrum Pioto ERWY |
80—

Amplitude

-100-
120
-140-
160

Amplitude

! ! [ |
915.04M 915.06M 915.08M 915.1mM

-180— i | | | ] |
914.9M 914.92M  914.94M  91496M  914.98M 915K 915.02M

Frequency [Hz]

Fig.18: ObservedSpectrum

Note: The top display iifrig. 18 shows the quadrature signals{phaseis shown irred, and

out-of-phasein white) sensed by the radio. The USRP is designed use quadrature modulation

andyoug Aff 0SS dzaAy3d GKS NIRA2Q& OFLI oAt AGER
other modulation approache&or now you will focusnly on the magnitude spectrum.

8. [ SI@S tt 20§KSNJ LI NI YSGSNBR dzy OKI y3ISR SEOSLI
¢ K

i K

(RMS averagiy 2PBdk Gold dzAAy 3 GKS dz2ok R2éy odziliz2y o

picture, showing the existing frequency peaks.
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Plot0 g |

Magnitude Spectrum

90—
100 -
110-

m <
=
2
5 -
=
<

-130- 1 1 i
915.04M  915.06M  915.08M a151m

1
914.9M

1 | | 1 1 |
014,920 914940 914.96M  914.98M a15Mm 915.02M
Frequency [Hz] 1

Fig.19: Spectrumg A (i K RMS dv&aginéior cPeak hold

9. { S QakeFrequency [HE] O2y GNRf G2 (GKS 2 GFlgRo). WhaRA 2 adl

other radio stations do you see?

10./ K y 3 A yoSanmprgRatai[S/sed] O2y i NRBf G2 dzZlJ G2 wHa
you to observe a wider band of spectruffig. 20 shows the spectrum reading results of
changing the=arliermentioned controlsWhat additional radio stations dgou see?

Pioto %G |

al YLX S

Magnitude Spectrum
-40 -

Amplitude
S B B
o o

| |

;

' i
96M 96.1M

-130- i ! i i i i
! ! 95M 95.2M 95.4M 95.6M 95.8M

94.1M
Frequency [Hz]

Spectrum Averaging

ﬂ’ﬂﬂJ Q Sampling 1Q Sampling
AT o s 8 . f\llRate [S/zec] Rate [S/sec] (actual) averaging mode
%192168.10.2 | gi2v = )l Peak hold
Ref E S arrier Carrier Frequency weighting mode
Erence Frequency source 7 Frequency [Hz] [Hz] (actual) -y .
« oy -—)l Exponential
7 |95'1M |95'1M number of averages

|Interna|

Timebase Clock Source Gain [dB] (actual) = m

Fig.20: Observed Spectrung A GI® Saipling Ratel y arider Frequendy OK Il y3S &
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3.5 Lab Write -up
Performance Checklist
Fast Fourier Transforms

1. Describe your observatiorabout the pulse widthWhat happens to the anlijude spectrum of
the signal wheryou change the pulse duration thetime domair?

2. Calculate the actuafrequencyvalues for the first two zero intersections of the Amplitude
spectrum corresponding tthe equation inFig.10b.Use. I mMn | YR HA ®

3. Discuss the cause of the distortion in the spectrum analyzers at the center freq(sradyig.
19).

4, GDAGSY @2dzNJ I yasSNa (2 (GKS LINBSGA2dza ljdzSatArzyas
would you séect the size of the time window [symbols] in the OFDM windowing function given
Ay Sljdzr iA2y O0pOKE

5. Given your observations of the FM spectrum usage in the second part of the lab prodedure
possible to set up an OFDM frequency band in the FM spa@riVhat is the frequency spacing
for FM radio stations?

Performance Measures

Task Standards Sat/Unsat

Hardware Setup Working setup for all 3 configurations: Broadcast, K
wireless, and Loopackcable.

Running Vis Successful transmission and reten of audio files
for all 3 configurations: Broadcast, Point to po
wireless, and Loopbadatable.

QOS in P2P wireley Quality ofreceived signal heard over the radio channe
configuration point to point wireless configuration.

Discussion

Didall configurations perform as expected?

Did you have any difficulties completing the lab?

Did your TA provide enough guidance?

Do you have any recommendations to improve the lab?
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4 Digital Filter Design: Introduction to LabVIEW Filter Design
Toolkit.

4.1 Summary

This lab willintroduce you to the LabVIEW filter design toolkit. Yall be asked toobserve the
power spectrum of a given signal (or combination of signateu will be asked to observe the power
spectrum of a given signal (or combination of signals) and design & sérdbgital filters that will
allow you to isolate and analyze specific signal frequencies

The NI software below will be used in the course:

T NI LabVIEW 2012 or later.
1 NI LabVIEW Filter Design Toolkit

4.2 Background

You will be asked to observe the power swam of a given signal (or combination of signals) and
design a series of digital filters that will allow you to isolate and analyze specific signal frequencies.
You have the option ofdesignng both a Finite Impulse Respons€If and an Infinite Impule
ResponsdlIR filters. You will need to determine a sampling frequentilter specifications, and
design method.

4.2.1 Finite Impulse Response Filter s o 3 . .
A FIR ononrecursive filtd\) Kl & y2 FSSRol Ol ® ¢KS FAf{ dSNDa 2 dziLd
The difference equatiois given by

0E OwE Q (15)

where,¢ is the filter output,& is the signal being filteredp are the filter coefficients, and
where 0 is the filter order The output signako & of the filter in lesponse to an impulse is limited
only the last) values ofv¢ |, so afterl  p samples the response returns to zero. For example, the
response of a fifth order filterHig.21) consists of a finite sequence of gix ( p) samples.

L 3 3 [

1 4 =g > Finite Sfe6quence FIR Response | |
o8- =y 0 e Impul i

N :'O, Otherwist / e

S 06 P I .

‘é i - y[n =0.0152x[n] ©.126x[n 1]
S 04r | | +0.3588 | -2] ©.358& [ 3]
0.2 ! ( { ! +0.126x|n -4] 8.015Xph 5-

N 0 O
L L L L [

Sample number (n)

Fig.21: Lowpass FIFFilter: ImpulseResponse

4.2.2 Infinite Impulse Response filters
Infinite Impulse Responder recursivefilters are a more complex type of filténan a FIR filterwith
an output at timen, given by:

wEé wwe Q wwe Q (16)
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where, ¢ is the filter output,@¢ is the signal being filteredy andc are the filter coefficients,
andwhere) previous inputeand0 outputs. The output signal of the filter can be naero infinitely,

even when the input signal has a value of zero. In theory, when a recursive filter is excited by an
impulse, the output will persist forever.

1~ t . t ) T T —. L"R response 9
oo Jlrl= & o dsindas) s
g ov / A
= 0.2+ I ° T ]

0 *—¢ 5 8 ? ; I ® : I ; 3 § 8§ ? > o o o ? .~ o o o

0 5 10 15 20 e =

Sample number (n)

Fig.22: Lowpass lIRFiter: ImpulseResponse

The coresponding transfer function for an IIR filter is given by equation.
oy B _Ga 0 a7
¢ o B ®a Oa

This equation, in addition to having zeros (as the FIR, the rootsfd ), it also had) poles (the
roots of O & ), which for a stale filter, are required to be inside the unit circle in the z plane.

4.2.3 Sampling frequency

The symbolQdenotesthe sampling frequency, whidk the expected rate at which you sample the
input signalto the filter. In the LabVIEW Digital Filter DesigmlKit, the default sampling frequency
is 1, which is the normalized sampling frequency.

4.2.4 Filter design specifications
In this lab, you will be asked to design lpass, higkpass, bangpass, and bandtop filters, the
characteristics of which are outlindzklow.

A
|

1 —-== f- -z:C
() 1
(%] 1
c 1
o 1
o 1
(7] 1
(&) 1
x |
o L
3 transition
= band | !
g : !

0 : " L,

t 1 T t “Frequency
Passband Stopband Highest f
edge edge frequency in 78
frequency frequency source

Fig.23: AbsoluteLow-passFilter: Magnitude Frequency Response

30
Printed on:9/11/2014 © 2014, Anees Abrol and Eric Hamke



Introduction to Communication Systems Draft &ptemberll, 2014
UsingNIl USRP Lab Manual

A
1] ------=----"7% ————
® i
- 1
o) 1
o 1
%) 1
b 1
D: 1
° 1
S transition :
= band :
o |
('U 1
= |
; ' Frequency
f f t g
Stopband Passband Highest
edge edge frequency in k
frequency frequency source 2

Fig.24: AbsoluteHigh-passFilter: Magnitude Frequency ResponEé

As illustrated irFig.23 and Fig.24 (low-pass and higipass), e frequency range from the passand
edge frequencycut-off frequency)to the stopband edge frequency is the transition band, which
has an unspecifiedrequency respores. The filter paspand and stoghand maycontain oscillations,
which are known as ripples. A typical example of a ripple appears in the (zodmed viewpf the
previousin Fig. 23. In the figure,p indicates the magnitude of the padsnd ripple (orthe
maximum deviatia from the unity) and sindicates the magnitudef the response of the stofpand
ripple (or themaximum deviation from zejo

. 1
c
S
o
(%]
o
@
® g
E transition transition
= band 1 band 2
o
&)
=
Frequency
f f f .
Stopband Passband Passband Stopband Highest 1 ¢
edge edge edge edge frequency ing —
freq. 1 freq. 1 freq. 2 freq. 2 source

Fig.25: AbsoluteBandpass Filter: Magnitude Frequency Respongé

For bandpass filters fig.25), stop-band edge frequency 1 indicates the maximum frequency of the
lower frequency ranged be attenuated, and the stop-band elge frequency 2 indicates the
minimum frequency of the higher frequency rangelie attenuated. The frequency range between
passband edge frequencies 1 and 2 indicates the range of frequencies that can pass through the
filter.
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Fig.26: AbsoluteBand-stop Filter: Magnitude Frequency Respongé

For bandstop filters, Fig.26), passband edge frequency 1 indicates the maximum frequency of the
lower frequency range that can pa through the filter, and pagsand edge frequency 2 indicates
the minimum frequency of the higher frequency range that can pass through the filter. The
frequency range between stalpand edge frequenciet and 2 indicates the range of frequencies t

be attenuated.

4.2.5 Design methods

The LabVIEW Digital Filter Design To[ﬂ)]llptovides the following finite impulse respse (FIR) filter
design methods:

A Kaiser Window
A DolphChebyshev Window
A Equiipple FIR

The Kaiser Window method aride Dolgh-Chebyshev Window method alloyou to obtain the filter
coefficients directly from the analytical equations, making them easier to use than the Equiripple FIR
method. The Equiripple FIR method is more complicated becdiugses a least square timization

to producean optimal filterandis often the bestsolutionfor most FIR filter design problems.

In addition to the FIRased methods, the Digital Filter Design Toolkit supports the following infinite
impulse respase (IIR) filter design methed

Butterworth
Chebyshev

Inverse Chebyshev
Elliptic

I >

The following table summarizes the main features of the foubH&d design methods so you can
determine thebestlIR filter design method to use.
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Tablelll ¢ lIR Design Metho&ummary

: Mg i Ripple in | Transition Bandwidth| Order for GiverFilter
IIR Filter Pass . e
Stopband?| for aFixed Order Specifications
band?
Butterworth No No Widest Highest
Chebyshev Yes No Narrower Lower
Inverse Chebyshq No Yes Narrower Lower
Elliptic Yes Yes Narrowest (Sharpest Lowest

4.3 Pre-Lab

In this lab, you will be designing four digital filters: low pass,-pags, bangbass, and bandtop.

For each filter type, you will analyze the power spectrum of a chosen signal and frame a set of
specificéions for a desired output. You will be using thealTone MultiFrequency (DTMF) coding
scheme. You have probably heard them when you dial a telephone number. Each key on the phone
is assigned a pair of frequencidus each key will two peaks in thevger spectrum of the signal

(Fig 27).

1209 Hz | 1334 Hz| 1477 Hz| 1633 Hz
697 Hz 1 2 3 A
770 Hz 4 5 6 B
852 Hz 7 8 9 C
941 Hz * 0 # D

A key press of 4 is encoded as
y(t) =sin(770( )t) +sif 1200 )
=sin(483&) +sin{ 7596)

Fig 27: DTMF Keypad Tone Frequencies

Given a desired output, you can easily determine the frequency specifications of your filter design by
using tones of the DTMEeding.

a) A Lowpass filter that isolates the lower tone in the DTMF for a key press &ig428).
Record your specifications TrablelV for future reference.

b) A Highpass filter that isolates the high&equency in the DTMF for a key press oF@28).
Record your specifications frablelV for future reference.
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Indicators

Time Domain Signal Output signal NG
06-

Amplitude
=
1

- [ [ 1 1
0.069613 0.072 0.074 0.076 0.077653

Power Spectrum Piot0 PG

.........

| - .. e - .-_-.-.-.-.-. il i ..... - —
127.045 500 750 1000 1250 1500 1750 2054.82

@l |

Fig.28: Key Press of 4 Time Domain and Frequency Spectrumfid.wav)

c) Bandpass filter to isolate a key press of Hig.28) when both 3 and 4 keys are pressed at
the same time Fig.29). Record your specifications TbleV for future reference.

d) Bandstop filter to isolate a key press of Big.28) when both 3 and 4 keys are pressed at
the same time Fig.29). Record your specifications TbleV for future reference.
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Indicators

Draft &ptemberll, 2014

Time Domain Signal

Amplitude

Qutput signal m J

I
800

+Hi@wl |

900

lllﬂﬂ
Frequency

1
1200

1 1
1300 1400 155335

Fig.29: Combination ofboth 3 and 4 Keys DTMF Tonesnidi-3.wav and dtmf4.wav)

TablelV - Specifications FotowpassAnd Highpasd-ilters

Specification

Lowpass Highpass

Passhand edge freqgency

Passhand Ripple

Stopband edge frequency

el IR A

Stopband attenuation

TableV - Specifications FoBandpassAnd Band-stop Filters

Specification

Bandpass Bandstop

Passband edge frequency 1

Passhand edge frequecy 2

Passband ripple

Stopband edge frequency 1

Stopband edge frequency 2

S I N .

Stopband attenuation

Printed on:9/11/2014
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4.4 Lab Procedure

4.4.1 Description

You will be designing four VIs, each using a different filter type to filter a DTMF wav file or a
combination of DTMRvav files. The specifications framed in the {mb are to be used for the first

Ayail yoSeo |1 26SOHSNE Ay OFasS &2dNJ FAfGSNR R2y Qi 4
specifications later.

44,11 Low-pass filter design

1. h LISPTM& Demd PRvié Figh30k 0 ' YR NHzy -A&®F St SgRetieREYW T20
signalin the time and frequency domair(§ig.30b). Note the sampling frequency, you will
need it to configure the filter block.

2. NavigatetoKS o0f 201 RAFINIY F2N GKS FAEGSNE FyR N
structure as directed.

3.5N}3 YR RNRBL)] GKBNBY i B8 AORA AGaif28 RidkESa GONIKORE dAN
structure.

4. 52dz20t S Of A0l 2y GKS épvindawsdFigBD will appkdr. Tishdp +L |y
up window is your design tool screen where you enter the respective filter design
specificationsTablelV).

Note: This lab has been designed on LabVIEW 2012rediti@signal processing/digital filter
design palettes and sulVIs could be modified in future LabVIEW releaegou cannot
find the necessary functions or controls, ask the TA for help.

36
Printed on:9/11/2014 © 2014, Anees Abrol and Eric Hamke



Introduction to Communication Systems Draft &ptemberll, 2014
UsingNIl USRP Lab Manual

1000
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| |
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Data
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L@ H Time Domain Signal

Sound File path M Disabled <] @

File Dialog 4 Sound Format
selected path -4 4 T | — s |
error out H

FFT Spectrum (Mag-Phase)vi  Power Spectrum

@3 keai]
stop
O
a) Block diagram
Controls Indicators
Sound File path Time Domain Signal Output signal g

06~

|r",, C\Users\Owner\Dropbox\Final

Sound Format

Samp“ng famp\erate(sfsj .

Frequency| | |

number of channels

- ki N v/ L
E|
A 0.077653¢

bits per sample

= IR

Amplitude

I

Power Spectrum ploto IR

n-

1 il [
127.045 1500 1750

LPF Switch

§ e | BsToP

ekl

b) Front panel

Fig.30: DTMF_Demo_LPF_Start VI
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i3 Configure Classical Filter Design [Classical Filter Design] l ]
Main Settings = Passhand
. . = )| |
Filter type Lowpass (=] | Magnitude in dB = Stopband Haewm
20
Filter Specifications ;
Sampling 1k Hz -
frequency = = -20-
2
Passband edge 100 Hz = 400 Hz 5 -40-
frequency = = A
= -60
Passhand - t]
01dB £ _an-
ripple - Y
Stepband edge W0 H: = 200 Hz -100 -
frequency -120-, | | | | |
Stopband - 0.0 100.0 2000 300.0 400.0 500.0
attenuation 60 d& = Frequency [Hz]
— 110+ —
Design method Elliptic EI - Z-Plane & . Unit circle
EEES
Desion Feedback 0.80- Zeroes Lo
esign e g Poles B
0.60- N T
Filter order 5
0.40-
Error message ®
- 0.20-
- 010 1 1 1 1 1 | | (]
-110 -0.75 -0.50 -0.25 000 025 050 075 110
| QK | | Cancel | | Help

Fig.31: Classical Filter Design Tool Screen

5. Select the appropriatdilter type, sampling frequency (check the sound file details on front
LI ySt 0 YR RSaAdy YSiK2R o6DENSB enterdithedzi (i S NI 3
specifications of the lovpass filter you designed &blelV).

6. To use the filter you designed aboveNJ 3 | Y R RN LJ -Vi Fi§.32dr@thell S NR y 3 ¢
GRA&I 0f SRito i KBENHG KNS ¢ 2 2 LI®

¥ Signal Processing

L Digital Filter Design R () oy
L ProcessV Sigl'lEll in . {3 Sigl'la| ok
Filker =& =
" s errar in fno erraor) ==& = errar out
Filtering Int Delay Marrowband
Filters an input signal continuously. Wire data to #ignal
Ry g

L =& ininput to determine the polymorphic instance to use or
Filtering wS  Int Delay wS Marrowband .. manua"y select the instance.

Fig.32 InsertingtKk S G CAf GMNA y 3¢ { dzo

7.2 ANB (KS az2dzyR FTA{S FyR (GKS RSaA3IySR TFAfildSN
terminals respectively, respectively.

8. To analyze the performance of youfifiE NE O2yy SOl GKS FAEt GSNBR &A:
5FGF¢ L G2 ftAaldSys FyR (2 (Ghgtne and @egdeacly OKI |
domairs.

9. { I @S GKS Y2RATASR YQURHNTIARE A 4 QY5SY2y[t Cy

10. Next, run your VI. You will sé¢leat your nput signal has been filtered: the higher frequency
peak is no longer present, and you have a clean sinusoid in the time ddR@BE].
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Controls Indicators
Sound File path Time Domain Signal Output signal [N
( |'1 ChUsers\Owner\Dropbox\Final 025
Sound Format o
E
famplerate(&"s) X %_
[T .
numherofcha‘nnels
2
bitspersampl?
26 J R
Power Spectrum ploto NG
016~
LPF Switch | [ ] 1250 1500 1750 2054.82
j e | BsTOP Frequency
4 ) IR
Fig.33: DesiredLow-passFilter Result
LY &2dz RRAYAKGIRBadKET NRIKG OtAO] 2y GKS &/ f |
change the filter specifications. Keep testing until you get it righié next task is to apply
the front

some logic to the VI so that filtering is done only when the filter is turmedrom

panel.
11. Drag and drop thet { St S O G &ig.3AZFYNRNE (i KS

loop structure

a RA #lyait

¥ Programming
L Comparison t
g E? tf
B B B> s
Equal? Not Equal? Greater? I:
B> J B> ) :
Equal To 0? Vot Equal To... GreaterThs  REIUINS the value wired to thieinput or f
% an input, depending on the value &f Ifsis
sdect | Mecamin mrengesn 1 RUE, this function returns the value wirec
> > B> tot. If sis FALSE, this function returns the
Decimal Digit? Hex Digit? Octal Digi Value ered td

Fig.34: Insertingtk S & { St S0G¢ /2y GNPt

Wire the unfiltered and tk filtered data to the FALSE and TRUE case terminals respectively.

¢tKA&a YStrya GGKFG GKS FAEUGSNBR RIFGL
terminal, you have to wire condition.
12.Drag and drop thex + SN A AT S¢ Figasw a i OKR 6

(Fig.350) T N2 Y (i KS
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AYRAOLI G2 NJ heiwavefdzil/ S
Ad Ga2F¥Fé¢ ocl[{9 O

az2yé¢ oc¢cw) 9 O a
OKIFNIi® 2KSy (K
is not passed to the waveform chart.

R 2y
&880

4 ®

Teggle Switch LED (Silver)

Front Panel Front Panel

LPF Switch @
; TF

TF

Block Diagram
Block Diagram (b)

(a)
Fig35LYyaSNIAy3d (KFRaw2&NRADS 6omralgdat S¢ . 221t Sty |/

Verify your results for both caseFEif.36).
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Controls Indicators

Sound File path Time Domain Signal Output signal NG

06—

‘“h C\Users\Owner\Dropbozx\Final

Sound Format

sample rate (5/s)

44100

number of channels 0. W |/
\ J T 1 1 [
1 0.077653,

bits per sample

o] +H@w |

Amplitude

pioto IRNG

LPF Switch | | 1 1000 1250 1500 1750 205482
j e | BSsTOP Froquency
. J ]
a) Filter off
Controls Indicators
Output signal m

Time Domain Signal

Sound File path
03-

|q,, ChUsers\Owner\Dropbox\Final

Sound Format

sample rate (5/s)

44100

Amplitude

number of channels 2-0 ! L
2
L J T [}
! 0.077653
bits per sample

(8 ) iR |

riot0 NG

iy i i i i
1000 1250 1500 1750 205482
Frequency

LPF Switch

B STOP
‘ J i |

b) Filter on
Fig.36: Low-passFilter
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4.4.1.2 High-pass filter design

a) Copy and pastthe lowpass filter design block diagram to a new VI.

b) { S { OEMFDemdHRF YQUR_INITIAME

c) Double click on the filter you designed to open the properties window (filter design tool
screen). Change the filter type to Highss and modify thether specifications to the ones
you designed in the priab sessionTablelV).

d) Run the VI and verify your results for both cageg.B70 ® LT &2dz R2y Qi 3S
modify the filter specifiations.

Controls Indicators
Time Domain Signal o I
Sound File path T 9 tpregel ]
4, C:\Users\Owner\Dropbox\Final
Sound Format
sample rate (5/5)
44100
number of channels
2
& ) 0 077"653
bits per sample
16
Power Spectrum piot0 RN
HPF Switch | : . R S ‘ L
o 1250 1500 1750 205482
J B8 STOP Frequency
~ - P
a) Filter off
Controls Indicators
Time Domain Signal Output signal NG

Sound File path
% C:\Users\Owner\Dropbox\Final

Sound Format

0.3

o

-

2
sample rate (5/5) H
14100 5.
number of channels 0.
12 J 03— ;

0.069613 0.077653}
bits per sample
(£ J +Higwl |
Power Spectrum pioto RN

HPF Switch | ) e / ; i T s om0 asia
L B8 STOP
L J el |
b) Filter on

Fig.37: High-passFilter
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4.4.1.3 Band-pass filter design

1. Open the given VI: DTMF_Demo_BPFig.88a) Y R NXzy A (-abd§ IS
| - B g kb Gifie Sdca@ndlIObervethe dgnalin in the time and frequencyFig.

FTALES
38h).

Draft &ptemberll, 2014

Az A

S

-

O1i2 \RW KT

e

File Dialog
selected path

Sound File1 path
=

error out L4

(57

Sound File 2 path

Sound Format 1

i

m
3 .

Play Waveform
Data

a

rrrrreery

A[Disabled ~p|

Time Domain Signal

Power Spectrum
File Dialog2 E = | = | = FE | i P =
selected path & i
error out ¥
stop
|
a) Block diagram
Controls Indicators

Sound File 1 path
|'L C\Users\Owner\Dropbox\Final

Sound Format 1

sample rate (5/s)

44100
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¢ 2 J

bits per sample

.16 J

Sound File 2 path

|‘L C\Users\Owner\Dropbox\Final

Sound Format 2

sample rate (5/s)

44100

number of channels
2
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.16 J

Filter Switch
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Qutput signal m

Time
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""" i 0 o
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Frequency

{2

GRA&LIOf SR¢

structure.
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Drag andRNR LJ G KS

b) Front panel

Fig.38: DTMF_Demo_BPF_Start VI

a 0 NHzO 0 dzNB |

43

G/ EFTHBRXOLKS CARA NBE SRK S ad N&IZOf(

As before, Navigate to the block diagram for the filter, and remthes blocks from the

- z

a
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4. 52dz0t S Of A01 2y GKS dp WwindéwdFig® \iill agpkalr. Grsshdp +L | Y
up window is your design tool screen where you enter the respective filter design
specificationsTableV).

5. 5NJ 3 | YR RNER LI -Vil Fi§.320FQVRE Vi SINKRS/ 3¢ R xadklngail t2 S RisK Sa NG (
loop.

6. 2ANB (KS O2YO0AYSR az2zdzyR FAE{S yR GKS RSaiAdy
GCAEf GSNE GSN¥YAYlLFIfa NBALSOGABSteod

7. To analyze the performance of your filter, connect the filtered signal G KS at t & 21| @&

5FLaGF¢ Lo

S#S GKS Y2RATASRBPFYOURANITARDRSIA € W5 SY 2 Y

Next, run your VI. You must sdbat your input signal has been filtered: the outer

frequencies are no longer present, and you have just the inner frequencies in the power

spectrum Fig.39).

© ®©

Controls Indicators

Sound File 1 path . Time Domain Signal Output signal [R¥G
|‘L C\Users\Owner\Dropbox\Final 06-

Sound Format 1

sample rate (5/s)

44100

number of channels
2
bits per sample

16 J

Sound File 2 path
|'L C:\Users\Owner\Dropbox\Final

Amplitude

|
0.077653

Time

e Power Spectrum pioto ER%G

sample rate (5/5) 0.16-
44100 014+

number of channels 0.12-
2

bits per sample

\16 J

mplitude

f
Al
i

" - [ i | o
Filter Switch 640.844700 800 1000 1100 1200 1300 1400 155335

‘ B STOP _ Do
Y | J +i@e |

Fig.39: DesiredBandpassFilter Result

10.LT @2dz R2y Qi 3SG GKS NRARIKG NBadzZ G NRIKG Of A
change the filter specifications. Keep testing until you gegfit!

11.1''a 0SFTF2NBI RNI3I YR RNRBL)] a{StSOl¢ O2YLI NRaz2y
[95¢ o[ 95Figh¢ Rg3BI (BMBY (KS aRAZl6f SRE sod NHzO G dz
that filtering is done only when the filter is turned on from the front paréérify your
results for both cases-(g 40).
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4.4.1.4 Band-stop filter design
1. Copy and paste the baruhss filter design block diagram to a new VI.

2. {I @S

Draft &ptemberll, 2014

i OBMFzBmo B YGUR_INITIAME @
3. Double click on the filter you designed to open the properties window (filter design tool
screen). Change the filter type to bastbp and modify the other specifications to the ones

you designed in the prab sessionTableV).
4. Run the VI and verify your results for both cadeig.4l).
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2
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16
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. 44100
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2
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L

a) Filter off

Indicators

Time Domain Signal Output signal  [RNG

Ploto RN
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b) Filter on

Fig 40: Bandpass Filter
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Controls Indicators
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b) Filter on

Fig.41: Band-stop Filter
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4.5 Lab Write -up
Performance Checklist
Digital Filter Design

Question From any of the given sample VIs give the function of the following blocks:

1000
a) 9
[
Sound file 1 path
File Dialog
selected path ¥
error out
b)
12 sound format1
5
Power Spectrum
=T rrrrrrr .
X 5EH
g L

Performance Measures

Satisfactory/

Task Standards Unsatisfactory

Desciption of above sample VIs Quality of descriptionScale (4)

Functionality achieved:

Filter Design 1. Lowpass Filter (Yes/No)
2. Highpass Filter (Yes/No)
3. Bandpass Filter (Yes/No)
4. Bandstop Filter (Yes/No)
Discussion

Have youwstarted enjoying programming in LabVIE®W
Did all VIs perform as expected?

Did you have any difficulties completing the lab?

Did your TA provide enough guidance?

Do you have any recomendations to improve the lab?
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4.6 References
[1] National InstrumentsNI Manuas: Digital Filter Design Basics, retrieved August 23, 2014.
http://zone.ni.com/reference/enXX/help/371988F01/TOC2.htm?nisrc=E2013
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5 Amplitude Modulation

5.1 Summary

This laboratory exercise has two objectives. The first is to gain experience in actually programming
the USRP to act as a transmittara receiver. The second is to investigasessical analog amplitude
modulation and the envelope detector.

5.2 Background

5.2.1 Amplitude Modulation

Amplitude modulation (AM) is one of the oldest of the modulation methods. It is still in use today in
a variety of systems, including, of course, AM broadcadior In digital form it is the most common
method for transmitting data over optical fib§t].

fa oAa | o0lFaSolyR aYvYSaal aSand@AIXy ™M a6 4 G K OF NINEISNE Dk
carier frequency;Q then we can write the AM sign@o as

i~ a0 o ..

Qo 0 p ‘d—AI@m (18

where the parametet A& Ol f t SR (KS aY2RdzZ I GA2Yy TAYRSPBDE | YR |
to 100%) in normal operation. For the special case in which & AT ¢©"® where™Q is the
frequency of the messageve can write equatiofl) as

MO 6 p ‘AT OQO AT OD®
o6 AT O™ c AT®Q Qo AT®Q Qo (19

In the above expression the first term is the carrier, and the second and third terms are the lower
and upper sidebands, respectivellfig.42 and Fig.43 is a plot of a 20 kHz carrier modulated by a 1
kHz sinusoid at 100% and 50% modulation.

AM 100% Modulation

Amplitde

I I I
0 0.001 0.002 0.003
Time (s)

Fig.42: AM Signal: Modulatiorindex = 1

49
Printed on:9/11/2014 © 2014, Anees Abrol and Eric Hamke



Introduction to Communication Systems Draft &ptemberll, 2014
UsingNIl USRP Lab Manual

AM 50% Modulation
1.5-
1_

] ] ]
0 0.001 0.002 0.003
Time (5)

Fig.43. AM Signal: Modulation Index = 0.5
When the AM signal arrives at the receiver, it has the form

Go ..
to & p —AlOD — (20)

where the angle—represents the difference in phase between the transmitter and receiver carrier
oscillators. We will follow a common practice and offset tBedSA SN & 2 a @Aréni + G2 NI F
GKS GNI yavYAldSN®Rahis@rowtpsrhs Signal NB |j dzSy O&é =

ao .. .

where the seOl £ £ SR & A y @uemtlr(FRddivend® TN The signal O can be
passed through a bandpass filter to remove interference from unwanted signals on frequencies near
"Q Usually the signal 0 is amplified sinc® 0 due to signal attenuation as it moves through

the transmission medium.

Demodulation of the signal 0 is most effectively carried out by an envelope detector. An

envelope detector can be implemented as a rectifier followed by a lowpass filterenMedoped 0
ofi 0 is given by

806 b p ‘=—— b —a 0 22)
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5.3 Pre-Lab

5.3.1 Transmitter

The task is to add blocks as needed to produce an AM signal, and then to pass tigm& Mo the

while loop to the Write Tx Data block. A template for the transmitter has been provided in the file
AM_Tx_Template.\(Fig.44). This template containsix interface controls, two waveform graphs to

display your mesage signal and scaled amplitude modulated signal, @dSa al 3S 3ISy SNI
controls set to produce a message signal consisting of three tones. The three tones are initially set

to 1, 2, and 3 kHz, but these frequencies can be changed using the messagatgefont-panel

controls.

Device Names Active Antenna Message

[i102168202 || [ma ‘ 3-

L J { )
1Q Rate Actual IQ Rate 2+

2o | ook | 2.

3

Carrier Frequency Actual Frequency s 0

= [o15aM | [100k | 1

P 3 -2

Sein(dB) Actua) Oain [t 030619203065 0307 0375 0308 03085 0309 03055 031 ' 0310747
S|20 |0 Time

HiRw
Message Length Scaled AM Signal
(samples) Modulation Index o
=1 [200000 || [1 1| |
e e ———— 08+
Start Frequency Delta Frequency g 06 \
S rooe ) 100k | £ ]
10 et TR ‘ Bos
# Tones
(A 1 02
<13 |
i : - 0-, [ 1 1 3 1 I | 0 0 1
0 20000 40000 60000 80000 100000 120000 140000 160000 180000 200000
Error Time
- R ®l

Jd

source

’7, B sTtop

Fig.44: AM_Tx Template Front Panel

Tx Programming Notes:

a) Observe that the baseband sigrigie “Vis actually two baseband signals. By lstending
tradition, the real partQ ¢ "Yiscal SR (KIS &aSkéy O2Y LRy Sy ad 27
and the imaginary parfQ ¢ "YA 4 OF fft SR GKS daljdzZr RN} G dzNB ¢
signal. The AM signal thgbu will generate in this lab project uses only thephase
component, with

iKS
02)

‘s oy a0
QeY o p !

o (23
And
QEY T (24)
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You will explore other modulation methods in subsequent lab projects that use both

components.
The baseband signal is expresssd

MQEY QEY KQEY
The signal transmitted by the USRP is

QEY 6 QEATO® 6 Q& YAT O

(29)

(26)

These vales are entered in thexXIFront PanelKig.44) in the following fields

9 "Qis the carrier frequency.
 SamplingintervalYA & G KS NBOALINR OI €

27

GKS a4aLv

Note that the signalQo produced by the USRP is a conbogtime signal; the discretéo-

continuous conversion is done inside the USRP.

[aN

b) The message generator creates a signal that is the sum of a set of sinusoids of equal
amplitude. You can choose the number of sinusoids to include in the set, you can choose
their frequencies, and you carhoose their common amplitudd.he initial phase angles of
the sinusoids are chosen at random, however, and will be different every time the VI runs.
DSGi GKS RIFGEF @lFftdzSa 2F GKS 3ISySNIASRY Gasred y4 If
(Fig.45) for amplitude modulation operations.

\y Programming
LWa\reform
- = = Get Waveform Components
Wes &l o S a (Analog Waveform) Function
Get Wfm Co... JBuild Wavef... Set Attribute  Get Attribute
waveform component
M waveform .
Analog to Di... Digital to An... Idx Wfm Array  Copy Wfm dt Havetorm cempenent
b, B
Align Times
AE:IA[
Scale Delta t
G By
Digital Wfm  Wfm File YO
Fig.45: Get Waveform Components VI

c) { SG dzLJ I & a | Eig4p) GitdatavalueoRtBegenérated signal}{maximum
value of the generated signanf}, and modulation indexnfuY | & Ay Llzia® | a$s
YR aA ¥ig. 47)xth get the maximum value of the generated signal, and the
GazRdz I A2y LYRSE¢ 02y NRifdexaMRPUSeequationg®3p & S i

(24), and(25) to set up the textbased script to get the baseband sigrigl {

Printed on:9/11/2014

52
© 2014, Anees Abrol and Eric Hamke

Ny

a

CI



Introduction to Communication Systems Draft &ptemberll, 2014
UsingNIl USRP Lab Manual

¥ Programming MathScript Node
L Structures

[ » —
€2 e & input variable — 41 SumA = eye(size(A));
4 02 EB (optional) 2 fori=1lin
input variable —| 3@  SumA = SumA + A%iffactorial(); [Delk 2l output variable
(optional) i end (optional)
l 5 Delta = SuméA - expmx(A);
emor in e emor out

=

For Loop While Loop  Timed Struct...
In Place Ele... Flat Sequence Stacked Seq...

Executes LabVIEW MathScripts and your other text-based scripts using the
MathScript RT Medule engine. You can use the MathScript Node to

EM“ evaluate scripts that you create in the LabVIEW MathScript Window.
Conditional ... Formula Node Shared Varia... Local Variable Global Varia... If a MathScript Node contains a warning glyph, LabVIEW operates with
o\ slower run-time performance for the node. You can modify your script to
oo remove the warning glyph from the MathScript Node and improve run-
time performance.

Decorations Feedback No...

Fig.46: MathScript Node

* Programming

5o £
- = Array Max & Min
B max value
array E @ max indexi{es)
- . min value
Eh?te FEm . Initialize Array  Build Array  Array Subset min index(es)
Eﬁ ﬁ b ?
3 = - E ﬂiﬁ = Returns the maximum and minimum
Max & Min | Reshape Array  Sort1D Amay Search 1D Ar... '_"alues found in array, along with the
=8 Ay indexes for each value.
By [ b
Split1D Array Reverse1D A... RotatelD Ar... Interpolatel...
e N 3 I B~
L ¥ =3 B -= s i

Threshold1... InterleavelD... DecimatelD... Transposel...

Fig.47: Array Max and Min VI

d) There is one practical constraint imposed hg D/A converters in the USRP: The maximum
magnitude of the transmitted sign&Q¢ " needs to have a maximuntaled value of 1
Set up a texbased script by dividing the baseband sigbably the maximum of its absolute
value fnax(abs(b)})to get the scaled baseband sign&jl.{

e) The USRP is designed to transmit usirguadrature modulation approachSo in order to
use the radio to transmit an AM signal, it is necessary to represensignal as a complex
sequenceThe quadrature modulation then transmits the real and complex sequences using
two orthogonal waeforms.The realpart is sent using a cosine carrier and the complex part
using a sine function as the carrigbet up a texbased script to convert the scaled
amplitude modulated signal from 1D doubla}{to 1D complex double formG}. The 1D
complex double form is attaed by multiplying the 1D double form b¥{* }.

f) Set up both the forms of the scaled baseband signal as outputs of the MathScript Node. Plot
the scaled baseband sign#y{ o0& dzaAy3a (GKS a.FaSotyR {A3dylf

7

and input the comfex form BY (2 G KS day A ! { Wig.48} tdife Gresmitted. 5 | G | £
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niUSRP Write Tx Data (poly).vi

channel list
session handle session handle out
data =i,
fimeaut error out
end of data? —
HI-UERF R
T error in (no error) :
use waveform dt for [Q rate? e d
CDB Cluster = ) . )
Writes data to the specified channel list.
Terminal Data Type
data (cluster of 3 element:
=1 1 al (~15 d
=] di b4 -bit real (~15
=1 Y (1D array of
EE Mumeric (double complex [-15 digit precision]
Fig.48: nilUSRP Write Tx Data VI
9 { I #S &2dNJ GNFYEAYAGGSNI AY | TRAES BRRAE2§NIVBYA

Note: Modulation with the carrier occurs after the baseband signal is sent to the buffer for
transmission. To visualize the amplitude modulated signal, you may plot the waveform
received at the receiver end.

5.3.2 Receiver

A template for the receiver has been pided in the fileAM_Rx_Template.\{Fig.49). This template
contains the six interface controls and two waveform graphs to display the received amplitude
modulated signal and the demodulated baseband output.

Device Names _ Active Antenna Baseband Output
/1192168102 Ef 1 [ | 01—
1Q Rate Actual IQ Rate 0,054
= < i - g M
=lEL | 100k | E ,
Carrier Frequency Actual Frequency| E’
— = i S ]
=] ]915M 100k | -0.05-]
Gain (dB) ) Actual Gain (dB) -01- . " ' | ' ' ' ! ! !
= ’U—‘ ,0—| 0 002 0.04 0.06 0.08 l?‘l 012 0.14 016 018 0.2
L J L ) Time
Number of Samples
= = IR )
=] | 200000
Error Out
status  code
4 Fo -
source m STOP J

Fig.49: Recieer VI Front Panel

Rx Programming Notes:
a)tt2d GKS NBOSAYSR | YLX AGdzZRS Y2Rdzf | Fg.RO) aA Iy f
dzaAy3a GKS awkE !a {Aylrfé g1 @ST2NY 3IANI LK LINR G,
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niUSRP Fetch Rx Data (poly).vi
channel list el

session handle session handle out

SRR
number of samples - E{’m ke data
timeout — E timestamp
o grror out

error in (no error)

Fetches data from the specified channel list.

Fig.50: niUSRP Fetch Rx Data VI

GFtdzSa 2F GKS aA3yl f FigdByS A SR

b) DS
g I @ SF29)36 ad@peérfayfileyhy épations.L 0

dzaAy3 |

c¢) To remove unwanted interferences around carrier frequency, design a fifth order
G/ KSo e a KmagssilterdFlg. IR with a high cutoff frequency of 105 kHalow cutoff
frequency of 95 kHzpassband ripple of 0.1 dB and asampling frequencyequal to the

al Ouddzl £ Lv NI U SiUSREOnlidure FIGEVIFNBY UKS
¥ Signal Processing
L Filters
= =] = Eee Chebyshev Filter.vi
el i )
Butterworth | Chebyshev [Inv Chebyshev Elliptic - typ)e( m.l Filtered X
= (B ] = B : ]
. !:] A sampling freq: fs ' - l error
high cutoff freq: fh i

Bessel Equi-Ripple LP Equi-Ripple ... Equi-Ripple BP low cutoff freq: fl i
= B | h-i ripple(dB) i
ot 4 @=0 | oy order

Equi-Ripple BS  Inverse f Zero Phase  FIR Win Filter init/cont (init:F) i
= = I »
e U"l[? Generates a digital Chebyshev filter by calling the Chebyshev

alld, fimta s Coefficients V1. Wire data to the X input to determine the
Median Filter Savitzky-Golay Mathematic... AdvancedR  polymorphic instance to use or manually select the instance.
m »
FIR
Advanced FIR

Fig.51: Chebyshev Filter VI

d) Extract the real part of the complditered signal fronthe output of the Chepshev band
LJa&d FAEfOGSNI dzaAy3
shown in equatior(21).

¥  Mathematics

L Numeric
L Complex
. Complex To Re/Im
. X
Complex Co... Polar To Co.¥ ComplexTo ... X+iy y
@} Breaks a complex number into its
Re/Im To Co...| Complex To ...} Re/Im To Pol... rectangular components.

Polar To Re/l...

Fig.52: Complex to Real/lmaginary VI
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e) | a$o&@2f dzi S akefthdz8bsolute Laluéf the real part of the filtered signal for
full-wave rectification.

¥ Mathematics

L Numeric
32"
[> > > >
Add Subtract Multiply Divide Quotient & ... Conversion
y I — M
\ [> D [z> [ﬁ> E Absolute Value
f Increment Decrement  Add Array El... Multiply Arra... Compound ... Data Manipu...
B | B B B B ] W
lute Val...| R ToN.. R Towa... R Towa... I Pow... 1 .
|Absolute Va ound To N ound Towa ound Towa... Scale By Pow. Ccmp:x Returns the absolute value of the mput.
B> > > B> >
Square Root Square Negate Reciprocal Sign Scaling
- S ¢
(X E i 52
Numeric Co... Enum Const... Ring Constant Random Nu... Expression N.. Fixed-Point
»
=] = [<] .El
DBL Numeri... +Inf -Inf Machine Eps... Math Consta...

Fig.53: Absolute Value VI

f) To filter out high frequencies to complete envelope detectioesign a second order
G . dzii G S NJ-pabslfilkee Fig 54 with a low cutoff frequency of 5 kHzand asampling
frequencythe same asthé | Ol dzt £ Lv NI i QiSREOnfigure FIh&R VITF N2 Y K

¥ Signal Processing
L Filters
N
Butterworth Chebyshev

Butterworth Filter VI

filker type

®

sampling freq: fs
high cutoff freq; Fh
lowy cukoff freg: fl
order

NI DN (RiEEF) e

Filtered ¥
arrar

Advanced FIR

Fig.54: Butterworth Filter VI

g) Build a waveform from the data values of the output of the Jpass filter designed above
0 &€ dza ByldWakeforéé VI, setting the sampling time interval same as that of the
NEOSAGSR 6 OSTF2NYO tf 20 (i BaSeband GpHtF @aMdiorma 6 (| A y ¢
graph provided

h) Save your receiver in a file whose name includes tie &INB & ! a ywEE . I YR & 2 dzNJ

56
Printed on:9/11/2014 © 2014, Anees Abrol and Eric Hamke



Introduction to Communication Systems Draft &ptemberll, 2014
UsingNlI USRP Lab Manual

5.4 Lab Procedure

1. Run LabVIEW and open the transmitter and receifletthat you created in the prkab.

2. Connect the computer to the UBRising an Ethernet cable.

3. Open the NMUSRP Configuration Utility found in the National Instruments directory under
programs files as shown fRig.2. Be sure to record the IP addresses since you will need
them to configure youraftware.

; Intemet i
Meils Firefo

=] i .. National Instruments Owner
%/ Paint Distributed Systern Manager 2012
! 3 Measurement & Automation Explor Documents
W NI Customer Experience Improveme

P22 macrosort rmee wera o

[;E Micrsol Office Puwver Puinl 2007 @ NI License Manager
Adobe Rescer i1 Q-b NI Registration Wizard
1! NI Update Service
. Datasocket
J LabVIEW 2012
. Modulation
J NI-USRP
. FPGA and Firmware Images
)1 NI-USRP Configuration Utility
> AllPrograms ——> 1 Utilities
Start Search . Documentation

( *;,Irﬂn EE.L Il

Change IP Address | USRP2 5D Card Bumer | N2o/NI-282« Image Updaer |

Device ID IP Address [ Type/Revision |
UHD Device 0 | 192.168.10.2 NI USRP-2920 Selected IP Address

S

New IP Address
Change IP Address

1. Select All Programs 2. Select the NUSRP

from menu Configuration Utility
from the National
Instruments directory

L 3. Select Find Devices and record the |
address of the radio or radios since you
will need them to configure the
software in the lab.

Fig.55: Finding the IP Address: Radio Connectivity Test

If the IP address does not appear in the window then check your connections and ask the
Teaching Assistant (TA) to verify that the LAN card has been configuredtlyor
4. Connect a loopback cable between the TX 1 and RX 2 antenna conn&sorsmber to
connect the attenuator to the receiver end.

- P e e

Fig. 56: Broadcast Setup

5. Ensure that the transmitter VI is set up accordind &bleVI.
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TableVI¢ Transmitter Settings

Field Setting Field Setting
Device Name 192.168.10.x | Message Length 200,000 sampleq
Carrier Frequency 915.1 MHz Modulation Index 1.0
IQ Rate 200 kHz Start Frequency 1 kHz
Gain 20 dB Delta Frequency 1 kHz
Active Antenna TX1 Number of Tones 3

Important setup notes:

V Make sure the global satp configuration has been performed before interfacing with t

USRPs.

V Make sure the Tx and Rx VIs are always set to the same carrier frequency whenever V|
them up to communicate.
Transmission should start only after receiving workstations are ready to receive.
Verify that device name fields in both Tx and Rx Vls dr® dke IP address of the URSP in us
Make sure to connect the provided attenuator betwethe receiver; { w RXd¥put and the
antenndloopbackcable The attenuator is used to decrease the power level of the transmi
signal in order to avoid a high}22 6 SNJ aA 3yl t i GKS8E NBYRBA O
proximityto each other

<< <

6. wdzy GKS UGNIYyaYAGGSNI L [ 95 a! € gAftf AffdzYAy

zoom operations to check the message and scaled baseband waveforms on the transmitter
VI front panel.
7. Stop the transmission by usitige larged { ¢ tbattén on the front panel
b2dSY ! aiAy3d (GKS a{¢hté¢ odzitdz2y 2y TFNRYU
9 E S O dhilitfor? ofi $he menu bar ensures thitte USRS stopped cleanly.
8. Ensue thatthe receiver Vis set up according tdableViIL

TableVIl ¢ ReceiverSettings

Field Setting
Device Name: 192.168.10.x
Carrier Frequency: | 915 MHz
IQ Rate: 1 MHz
Gain: 0dB
Active Antenna: RX2
Number of Samples:] 200,000samples

9. wdzy GKS NBOSAGSNI £L & [ 9ibthedatidis réckiding dataf t dzY Ay | G S

10. Next, run the transmitter.

11. U zooming operationgrom the graph palette to zoom into th&a wE ! a { A 3Jy | f ¢

éBaseband @z{i LJdz¥eformson the receiver front panelThe demodulated AM waveform

G. 14801 yR hdzi BIRS ¥ (0 B &I2 UzABD 6 FRS { & I, yekcépt forg I JSF 2

scaling (receiver output has a DC offset) and marginal noise.
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5.4.1 Worksheet: The Effect of Varying the M odul ation Index
1. Set the transmitter to usene of the three tones. Please note that using more than one tone
will make it very hard to make the observations.

2. Set the Start Frequency to 1 kHz.
3. Set thetransmitter VImodulation index to the first value ifiableVIIl
4. Start thetransmitter VI.
5. hoaSNWBS (KS RSY2RdzZ 4GSR aAayltt AdSod 4. |
the peak to peak voltage ifableVIlTablelX
6. Stop thereceiver VI.Update the modulation index to the next valueTiableVllland repeat
steps 4 througl® until the table is complete.
TableVIIl ¢ Modulation Index Observations
Modulatio | Amplitud
nindex |e
(Peak to
Peak)
Baseband Output
0.1 -
0.14-
0.2 0.12—7-“
03 . 01- Vpeakto—peak
' LU S m= 0.1

0.4 2 0.06- '

< 0.04-
0.5 0.02—
06 U_I 1 1 1 1

0 0.05 01 015 0.2
0.8 G2 ]
0.9
1.0
59
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5.4.2 Worksheet: The Effect of Varying th e Receiver Gain.
Warning: Too much receiver gain will overload the receiver A/D converters.

1. Set the transmitter to usene of the 3 tones. Please note that using more than one tone will
make it very hard to make the observations.

2. Set thetransmitter Vigainto 20 dB.

3. Set thereceiver Vhain tothe first value inTablelX

4. Run the receiver VI, and thenghransmitter VI.

5. hoaSNWWS G(KS RSY2Rdz FGSR aAdaylt A®dSod a. I a
voltage inTablelX

6. Stop the receiver VIUpdate the receiver gain to the next valueTiablelXandRepeat steps

4 through6 until the table is complete.

TablelX ¢ Receiver Gain Observations

Receiver] Voltage
Gain | (Peakto-
(dB) Peak)
0 Baseband Output
1 0.4-
2 0.3-
<
3 %0.2— Vpeakto-peak
4 L TxGain = 20dB
01-] Rx Gaimr 10dB
5
u 1 1 1 1 1
6 0 0.05 01 015 02
Tirme
7 -
. i o)
9
10
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5.5 Lab Write -up

Performance Cheklist
Amplitude Modulation

Short Answer Questions
1. What is the relation between the message bandwidth and the IF and baseband filter
bandwidths?

2. What is the effect of varying the modulation index?

3. What is the effect of varying the transtter and receiver gain?

Performance Measures

Task Standards Sat/Unsat
Hardware Setup Working setup for all with Loopbadable.
Running Vls Successful transmission and reception of tones.
Data Collection Collect data to answer Short Answ@uestions.
Discussion

Did all configurations perform as expected?

Did you have any difficulties completing the lab?

Did your TA provide enough guidance?

Do you have any recommendations to improve the lab?
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5.6 References
[1] Lab 2: Amplitude Modulation, Bruée Black, Rosdulman Institute of Technologyuly2013
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6 Frequency Modulation

6.1 Summary

This laboratory exercise introduces frequency modulation (FM) with two objecfiles first is to
provide you arexperience in programming the USRP to actragstransmitter or a receiverThe
second is to investigatdemodulating FM in software which is much simpler than demodulation
procedures in the traditional hardware approach.

6.2 Background

6.2.1 Frequency Modulation

Frequency modulation (FM) was introduced by EA.Ai N2y 3 Ay GKS mMdponQa I a
AM commonly in use at the time for broadcasting. The advantage to frequency modulation is that,

for a given transmitted power, the siga@-noise ratio is much higher at the receiver output than it

is for AM.The digital version of FM, frequenshift keying, has been in use since an even earlier
date[2].

Of the two forms of agle modulation frequency modulation (FM) and phase modulation (Ptiis
lab would focuon FM modulatin, and provide you with aice illustration of the utility of theasier
to implement software-defined radio approachThe general anglef the modulated signal is the
output (w 0)inFig.57 andFig.58.

o O6ATO® —o (27)
where0 is the amplitude of the carrier signal affdis the carrier frequeay.

PHASE
INTEGRATOR MODULATOR

q(t)

S WA 2prmaX|=jm( §d ———> Acog pft+ qt)) ——>

|

f

[

Fig.57: Generating a FM Signal Usiag®hase Modulator
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s TIRATARITT] o
» WLV VIV = NV

M MEANANAL g - wﬂ | rrmw1 | ﬁ | m | ﬁ | rﬂw ﬂ i rrmw1 ﬂ'
LA -
o] ﬁ?e o] -';)me

Fig.58 FMWaveforms

In FM, the instantaneouphase—0 of the carrier is varied linearly with the messagjgnald o .
Thus, the instantaneous frequenc@ o , of the carrier signal varies linearly with the message signal
G O and can be written

Qo Q V& o (28)

whereQ is thedfrequency sasitivityé of the FM modulatorThe maximum instantaneous frequency
change from the carrier frequency produced by the modulating signal is given by

yo i1 A@Qo " Qi Ag os (29)

Given he instantaneous frequency, we can find the total instantaneous abgte, of the carrier by
integrating the instantaneous frequency as

v

%0 ¢ Q Q ¢Qo ¢YQ 4 | Q (30)

whered 0 is the normalized message sigrdgfined as

a o

TA@ o3 S8

a o

Using Equatiori30), the FM signal can be expressed in terms of its instantaneous freqaewcye
can rewrite Equation(27) for the FM signado 0, in terms of its instantaneous frequency.

o O0AT & ¢“YQ a | Q| (32

Note thatthe second term ir{32) represents—0 of the FM signalThus, the instantaneous phase is
the integral of a normalized message multiplied by a peak frequency deviat@n ().
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To create an FM signal using the USR& ctimplexvalued signalQo is formed, where
WO 6 QO Q¢ YO a | Q (33)

When generating a PM signal, the process is similar to that illustrat&igi®7, but it requires a
differentiator and a frequency modulator, rather than an integrator and a phase modulator.

6.2.2 Frequency Demodulation

An FM demodulator recovers the message signal from the received FM waveform. This requires a
circuit that produces an output that is linearly proportional to the instantaneous frequency of the
input FM signal. FM demodulation is much easier to carry out using the WSRE than
conventional hardware. FM demoduiah can bedivided into three broad categries: Frequency
discrimination, Phasshift discrimination, and Phadecked loop (PLL)his lab focuses soletn
frequency discrimination as illustrated fig.59.

IDEAL
DIFFERENTIATOR DESCRIMATOR
t e(t Yo (1)
cSUN e I ORI YT
dt 20 dt

Fig.59: FM Disciminator

The signafo 0 receivedideally is the same as the transmittsijnalis the same a¥20 ,
o 0AgB¢® —o (39
TheNB I £ 02 YLR y Sy (i owdpit (FRAFiSgSeMB@E), A I G 2 ND &

Q6 0 ¢ S OB —¢ 35
o) 0 ¢ o g O (35)

where0 ¢“ 0 is the frequency discriminator gain constant, expressealtsiHz.
And the output of the ideal discriminator is

Q%
® o C%o 30 (36)

where
%0 D ¢'YQ a | Q (37)
This means that we can write Equati(®®) as
o ¢Q UuLYQ a o (38)

In practice;Q] 'Q4+Qps0™Q 'Q+Q @s always positive.
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6.3 Prelab
Your prelab task is to design the transmitter \dr frequency modulating a given message signal.

6.3.1 Transmitter

A template for the transmitter has been provided#M _Tx_Template.viTheBasic Multitone VI is
usedasthedt YS&aal 385 ® PrgdScbmessagk signdl 6 consisting ofa chosen number

of tones, start frequency (frequency of first tone) and delta frequency (increment in frequency for
next tones w.r.t. frequency of first toneJhesevaluescan beselectedusing frontpanel controls.
Fig.60 shows the front panel oFM_Tx Template.vi.

Device Names Active Antenna Message
fo2i8102 | e | ]
\ J | J g g5
4 0.
2
IQ Rate Actual IQ Rate 5 09
= = 1 i g .
= [200k 100k < 05
: - : ; A= | | | | | | | | | |
Carrier Frequency Actual Frequency 0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004 0.0045 0.005
= [a15Mm 100k e
e ‘ f § R
Gain (dB) Actual Gain (dB) =
= 1 I ‘ Message Spectrum
= ’—‘0 ’—|0 ge 2p
L J L J 06—
@
B 044
2
a
Message Length (samples) Peak Deviation (Hz) ‘-:- 0.2
. <1|200000 | ~}|30000 0 ' | ' ' ' I ' I ' |
" - 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Start Frequency Delta Frequency Frequency
=] [1.00k =100k
. J \ J @
f‘“’““ ) Frequency Modulated Signal
=113 1
3§ 05
'g 0
Error Out ?EI-
status  code - < -05-
g o - ! ! ! ! ! y ! y ! '
0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004 0.0045 0.005
source B sTop :
Time
@l
Frequency Modulated
i signal spectrum
0175
015~
@
o
2 01
a
E oos
0 | | | | | | | | | |
] 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Frequency
@

Fig.60: FrontPanel of FM_Tx Template.vi

Your task is to add blocks as needed to produceftéguency modulatedsignal("Qo of Equation
R, yR GKSy (2 LI aaStikkEasSatBybt2026®PKS a2 NR G

Stepby-step LabVIEW setup to creatd-B modulated signal using USRP
a) Obtain thedata values and sampling time interval of the analog messag®ld 0 using
GDSG 21 @ST2N)Y Fig6Y)Ldad/getyha sofmalized message sigal| by
usingthed v dzA O1 Figadtf S¢ L 6
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¥ Programming

L Waveform
- - - Get Waveform Components
] i o Mo (Analog Waveform) Function
Get Wfm Co.. JBuild Wavef...  5et Attribute  Get Attribute
waveform ——h, 0 frmmmmmm gy eform component
o= %Y l;\Il:aveFDrm component

Analog to Di..  Digital to An..

e, [

Align Times . Get Final Time Wfm Duration
Ay A T
alar I-)[T_]

Scale Deltat  Get XY Value Get Time Arr..  Ana

g

Digital Wfm  Wfm File /O

og Wfm

Fig.61: GetWaveform Components VI

¥ Signal Processing
L Signal Operation

"
Convolution Deconvolution AutoCorrelat... crossCorrelat.
AutoCorrelat...  Y[i]=X[i-n] Zero Padder Unwrap Phase Ql.IiCk Scale VI
=Y Y[iJ=x[i]iMax|%|
r.. Decimate (sgl) Decimate(c.. Upsample ::zlxl
iy -
il (il
mple (c- Unit Vector
"

Conv & Corr  Scale & Map Z-Transform...

Fig.62: Quick Scal&/I

by / 2y @SNI (GKS RIGlF @FftdzSa 2F (GKS &ao0ltSR YSaa
g1 @S T 2 Ny 63) by lsettidg the sampling time same as that oé thriginal message
signal. Plot the scaled message waveform using the waveform chart provided. This would
allow you to do a comparison with the demodulated signal waveform chattseineceiver.
You may do a similar comparison for the spectrum of the mgsswaveform and its
demodulated version. To get thenessage spectrum, connect thmessage waveform
(original or scaled) tthe FFT Power Spectrum and PSD VI (FiguBYl in Signal Processing
palette, and then connect the output to a waveform graph.
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¥ Programming

LWa\reform
e N N
o] o Y,
Get Wfm Co... | Build Wawef... | Set Attribute  Get Attribute

Draft &ptemberll, 2014

Build Waveform (Analog
Waveform) Function

waveform

L

waveform

waveform component

Hg. 63: Build Waveform VI

FFT Power Spectrum and PSD VI

restart averaging (F)

errarin {no errar)
averaging parameters
window parameter

export mode

time signal
window
dB Cn (F)

= Power Spectrum § PSD
- gveraging done
averages compleked
error out

¥ Programming
L Waveform
L Analog Waveform
L Waveform Measurements

A

DERHS| /RS avelais
Basic DC-RMS  Awg DC-RMS  Cyc Avg & R...

EE =
Transition M...  Pulse Meas  Ampl & Level

"".5} Harm. SINAD

a Finalyz finalyz.

Extract Tones Harmonic Dist SINAD Analy.

ol T

FFT FFT FRF.

FFT Mag Pha... FFT Reallmag FRF Mag Pha...

=

- E ]

ful: !

Cross Mag P... Cross Real L.. Spectral
Distortion Tone Timing-Trans  Amp & Level

Fig.64: FFT Power Spectrum and PSD VI

c) Next, you have to convert the normalized analog sigmal| to discrete time lefore

multiplyingby ¢ ¥'Q Tin equation(33). We have,

a | Q| & &YV (39)
where"Yis the reciprocal of the IQ sample ratéwe consider the equation

wE a &Y\ (40)
then

wE we p a €YY a €YY we YY (41
68
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Equation(41) is a recurrence relatigror a difference equation of an IIR filtaith @ ¥ 2 N» I NR
O2STFAOASY paahd aldNIEIEBS NBEE  O2 ST T Op, Sayfiddi éas bel NNI &
implementeddza Ay 3 aLLw TFAf (S NFig6h)ingide thg'ihilelobt O2y RA (A 2

¥ Signal Processing
L Filters
L Advanced IR Filtering

IIR Filter VI

initlllcont (Inlt :F) .........................
n Filtered %

Reverse Coefficients =
Forward Coefficients

error

. Chebyshev ... Inv Chebysh..

i [
. Inverse f Filter IR Cascade
IR THHF
IR CascadeIC IR Filterwi IR with .C. | Cascade To ..

Fig.65: IIR Filteiwith Initial Conditions VI

Use shift registers to feedback the final conditions of current loop iteration to be the initial
conditions of the ext loop iteration for the IIR filter. Initialize shift registers to a zero
constant.

d) Multiply the discrete filteredd | byc“Y'Q T, which produces
—0 ¢'YQ a &Yy (42

e) Form the complex value frequency modulated sigitad (33) 0 & dziAft AT Ay3 GKS
ComplexVI(Fig.66).Ly GKA & O 4S3 Ay Llzi Bandthetaar& & ard2 £ | NJ { ;
—O0 respectively

¥ Mathematics

L MNumeric
L Complex
= Polar To Complex Function
[ s
Complex Co... |Polar To Co... |ComplexTo... Re/Im To Co... lhel; 1 * &"[Ftheta)

Fe vl Fre]
ira_of o i)

Complex To ... Re/lm To Pol... Polar To Re/l...

Fig.66: Polar To ComplexIV

f) Remember that the output signal generated by the lIRrfils a sequenceYouneed to
convert it backinto an analog waveform before sending itto thelff F SNE a2 NAGS ¢ E
UaS a. dzA f RVIGeeRDSE) 2oNdert the data values into a waveform by saitin
in the sampling interval of the frequency modulated signal as the produthhe@ampling
interval d the original message signal and the teghY'Q (Q : peak frequency
deviation).
@ 2NRGS GKS FNBIdSyOe Y2RdzA I 6SR 61 OSF2NY 2yid2 |
h) Plot the frequency modulated waveform using the waveform chart provideet tGe
frequency modulated signal spectruby connecting the wavefm (original or scaled) tthe
FFT Power Spectrum and PSD VI (Fign8)then connect the output tthe waveform graph
provided
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) @GS @2dzNJ GNI YyAYAGGESNI & | FTATES BKRAB2¥NNYBSYAY
6.4 Lab Procedure

6.4.1 Receiver

Your task is to add blocks as neededthie givenNBE OSA @GSN =L GSYLX EidS G Ca g
demodulate the complex arrayQo retrieved by (i K SFetcli Rx Dafa VI and reproduce

0 YQ & o0 to get the quick scaled message sigdal 6. This template contains the six

interfaceVIsalong with a waveform graph on which to display your demodulated dusnal.Fig.
67 shows the front panel dfFM_RxTemplate.vi.

Device Names Active Antenna Demodulated Message
192168102 - RQ \—_— ——— —
Carrier Frequency Actual Frequency 05~
“lfotsm | 100k ] E
J J 0-
1Q Rate Actual IQ Rate ‘
STV 100k 0‘5'}
Onto {80, At Gu (30} 0076786 0077 0077 0078 00785 0079 00795 0lence3
2o 0 Time
Number of Samples Peak Deviation (Hz) +HERwe
= 1200000 ~130000
U Demodulated Message Sp
Error Out °‘6';
status  code 3
<41 fo 5“-&
source B sor i°3“i
. ’ . & 02
= 0.1]
o 1 1 1 U U 1 1 U 1 1 U U U
867081 900 90 1000 1050 1100 110 1200 120 1300 130 1400 427
Frequency
+HERwl

Fig.67: Frontpanelof FM_R_Template.vi

Stepby-step LabVIEW setup temodulate the FMsignal using USRP
1. After fetchingw 6 fromi KS &y A! { wt Cdéetida& valwes anfl saihpling tirheé
interval of this received waveformusiigk S aDSG 2 I GST2 6.2 YLIR2Yy Sy (a
2. Extractthe angle ob o usingthed / 2fYS&E (0 I(RigH8).| NE

¥  Mathematics
L Mumeric

L Complex

B> B

Complex Co... PolarTo Co... | Complex To ...} Re/Im To Co...

rel Fe 1 r re]
Z . h q
imj im 8 & im|

Complex To ... Re/Im To Pol... Polar To Re/l..

Complex To Polar Function

r = e"[i*theta) {heta

Fig.68: Complexto PolarVI

3. Unwrap the angle withhe & ! y ¢ NI LIVI(Fig.695 S ¢
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¥ Signal Processing

L Signal Operation

Toa Too [T==]
HY kY
e Ly E U Ph VI
. . nwra ase
Convolution Deconvolution AuteCorrelat.., p
== Ri==1 Too Fhase Urnwrapped Phase
AL PR 0 )
f L Lo hase unit {T;“H
e —— P - errar
AutoCorrelat Y[i]=X[i-n] Zero Padder
[T == h )
e o m L)
Digital Rever... Decimate (sgl) Decimate (c...
Tz T T
1L 1.0 il lbu.
L ol ol

Raticnal Res... Resample (c-... Resample (c-..

T T
Scale Quick Scale
F] oo

Riffle AC/DCEstim... Peak Detector Threshold D...

Conv & Corr Scale & Map  Z-Transform...

Fig.69: Unwrap PhaseVI

4. The unwrapped sequence of angleshien passed into a diffieentiator. We recognize that in
discrete time

Q— — — p
Qo Y

(43

where T is the sampling time intervdlhe differentiator can be implemented using one of
KS & CL wFig70 di SONENJI+{LKES éd O LNINI-B2 -SiFa@Berdrd this/atray
& dzaAy3 GKS d.dZAfR ! NNl &é L3I NBOALINROFf of;

(@] «t-N

¥ Signal Processing

L Filters
L Advanced FIR Filtering FIR Filter with I.C. VI
B B e L, ® B Filtered
i P i s | I FIR Coefficients T ——
FIR Win Coef Parks-McCle... S-G Filter Coef FIR MarrowB... Initial % Conditions Final ¥ Conditions
Too e, e, B,
FIF, F F
Y, B - B

Convolution FIR. Filter FIR with 1.C. | FIR MarrowE...

Fig.70: FIR Filtewith Initial Conditions VI
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¥ Programming

L Array
Array Size Replace Subs...
o 5.,
“@ :
Initialize Array Array Subset

Sort10 Array Search1D Ar.. Split 1D Array
=
- H
- B
polatel... Thresholdl.. Interleave1D...
¥ Programming
L Numeric
Multiply
Decrement
... Absolute Val...
|
Round Towa... le By Pow..  Complex
| Negate Reciprocal Sign
= 5]
Enum Const.. Ring Constant Random Nu...
E:3 = =
DBL Numeri... +Inf -Inf

Reverse 1D A...
B
g ~m
B -

Decimate 1D...

V4

Divide

W4

Add Array EL..

A7

Round T

)

A4

Square Root

=

S<a|-n§
1 1)

Expression N...

[

Machine Eps...

=]
&
)

e From ...

'

I 68

»
2
>
&

©
o
>
A

13y

]

Rotate 1D Ar..,

Transpose 2...

&4

Quotient & ...

W4

Multiply Arra...

v

. Round Towa...

\V4

Square

123

Numeric Co...

Fixed-Paint

iof

Math Consta...

Draft &ptemberll, 2014

Build Array

array

element appended array

ment
HCHIL

Cic

elemen

Concatenates multiple arrays or appends
elements to an n-dimensional array.

Negates the input value.

Reciprocal

B>

Divides 1 by the input
value.

X 1/x

Fig.71: Top: BuildArray VI; Bottom Negate and Reciprocal functions

Use shift registers to feedback the final conditions of current loop iteration to be the initial
conditions of the next loop iteration for the FIR filter. Initialize shift registers to a zero

constant.The output from thedifferentiator is given ag“ YQ @ |

The output from the differentiators thenpassed into an envelop#etector; a lowpass filter
would be best since differentiation tends to enhance Higgguency noiseln this example,
we use the Butterworth Filter VI (Fig3)l but any lowpass filter will produce usable results.
Set the filter type as lowpass, filter order as 5, lowut off frequency as 5000 Hz, and the

sampling frequency as reciprocal of sampling time.

* Signal Processing

L Fitters
[ [
Butterworth Chebyshev  Inv Chebyshev
B, [ B,
Bessel Equi-Ripple LP Equi-Ripple ... Equi-Ripple BP

i

Equi-Ripple BS  Inversef Zero Phase
B, B,
P =-5 (MMF
i Jrﬁ

Median Filter Savitzky-Golay Mathematic...

L—JP

3
FIR

Advanced FIR
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1r:

Advanced IR

Butterworth Filter VI

filter bype

k4

sarmpling freq: fs
high cutoff Freq: fh
lan cukaff Freq:
order

M COE (R F e

Filtered
Brror

Fig.72: Butterworth Filter VI
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6. Connect the outputof the LPRo the & . dzA f R 2 VI@H§. B3 hgét the analog
waveform.Set the sampling time interval to be the same as that of the FM signal fetched by
the buffer.

7. Downscale the amjilide of the waveform by a factor @ Y'Q to getthe message signal
a o.

8. Plot the downscaled waveform and compare it with the original message signal you
modulated and transmitted. Plot the spectrum of the demodulated signal usingfrg
t 26 SNJ { LIS Ol NHzYFig. b4, Rnd tthéns cbnnetnly thedoutput thereof to a
waveform graph.

9. SaveyourecelSNJ a4 | FAES 6K2aS RyPpwes:d AlyyOR dERSENJIGAKYSA

6.4.2 Testing the transmitter and receiver
Test your designed transmitter and receiver VIs for this lab.

1. Run LabVIEW and open the transmitter and receiflethat you created

2. Connect the computer to the USRP using an Ethernet cable.

3. Open the NMUSRP Configuration Utility found in the Nationatimments directory under
programs files as shown ifig.2. Be sure to record the IP addresses since you will need
them to configure your software.

. Mational Instruments Owner
Distributed System Manager 2012
@ Measurement & Automation Explor Documents
L8 Mucrosort e Werd S W NI Customer Experience Improveme
B = . [
| 2 MirwsoL Offics PowerPoint 2067 Q NI LICE.HSE I\.flanag.er r NI’USRPC“EE
E Adobe Reacer 11 G\; NI Registration Wizard
& NI Update Service Change IP Address | USRP2 SD Card Bumer | N2ow/NI-232x Image Updater |
. Datasocket Device ID 1P Address [ Type/Revision |
¥ Selected IP Address
| LabVIEW 2012 UHD Device | 132168102 | NI USRP-2920
. Modulation
| NLUSRP New IP Address
. FPGA and Firmware Images : : :
1) NI-USRP Configuration Utility N —
»  AllPrograms =——> . Utilities
Start Search . Documentation
1. Select All Programs 2. Select the NUSRP o
in
from menu Configuration Utility
from the National . .
. 3. Select Find Devices and record the

Instruments direct - . . .
struments directory address of the radio or radios since you

will need them to configure the
software in the lab.

Fig.73: Finding the IP Address: Radio ConnectivitysiTe

If the IP address does not appear in the window then check your connections and ask the
Teaching Assistant (TA) to verify that the LAN card has been configured correctly.

4. Connect a loopback cable between the TX 1 and RX 2 antenna conn&sorsmber
connect the attenuator to the receiver end.
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Fig. 74: Broadcast Setup

5. Ensure that thetransmitter Vlis set up according tdablell and TableXl
TableX ¢ Transmitter Settings

Field Setting
Device Name: 192.168.10.x
Carrier Frequency: 915MHz
1Q Rate: 1 MHz
Gain: Usedefault
Active Antenna: TX1
Message Length: 200,000 samples

TableXI¢ TransmitterMessageSettings

Fied Setting
Peak Frequency Deviatiof 30 KHz
Start Frequency 1 kHz
Delta Frequency 1 kHz
Number of Tones 1

6. Ensure thateceiver Vlis set upaccording toTableVIl

TableXll¢ ReceiverSettings

Field Setting

Device Name: 192.168.10.x

Carrier Frequency: 915 MHz

IQ Rate: 1 MHz

Gain: 0dB

Active Antenna: RX2

Number of Samples: 200,000samples

Peak Frequency DeV 30 kHz
7. RunthereceiverV[ 95 &/ ¢ @gAft AffdzYAyl (@ng#lata. G KS | { wt
8. wdzy (KS GNIyaYAOGGSNI zL® [ 95 a! ¢ @Attt At dzyY A
9. After a few seconds, stop the receiver using the SbH@n on the receiver Vland then

stop the transmitterusing the STOP button on the transtaitVI. Use the large STOP button
on the front panelof the VIto stop transmission; otherwise the USRP may not be stopped

cleanly.
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10.! aS GKS K2NART2ydlt 1T22Y FSIFGdz2NB 2y GKS 3INIF LK
0KS OGN YyaYA(ddSN I+ASR yRdzi1L &l ¢ ¢ B WSRRINY Ay (K
waveforms should be identical. If not, review the steps to do in the transmitter and receiver
setup.If they seem identical, compare aatalysethe plotted spectra.

11. Once you get identical waveforms, chande thumber of tones, start frequency, delta
frequency, and peak frequency deviation to different values and observe changes in the

waveforms.
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6.5 Lab Write -up
Performance Checklist
Frequency Modulation

Short Answer Questions

1. Let the number of tones in the @ssage signal = 5, start frequency = 1 kHz, delta frequency = 1
kHz, and peak deviation frequency = 30 kMpu are asked to analyze theandwidth
requirement for the carrier signal frequency modulateyglthis message.

a) Figure the bandwidth requirenmd by dieckng the spectrum of the FM modulated signal in
GKS GNIyaYAGGSNI +L uvel zRAVEASAGCEL t FBRSNI §LIBOH RN

b)Use/ | N& 2 yide¥alubtdtheSame

Comment on the similarities and differences of your findingstim jparts.

2. Why is the IIR filter used in the transmitter setup@nit be used outside the while loop this
VI? Give reasoning.

3. Whyis thelow-pass filterequired,after the signal is differentiateth the receiver setup?

Performance Meastes

Task Standards Sat/Unsat
Running Vls Successful modulation and demodulation of signal.
Questions Quality of reasoning.
Discussion

Did all configurations perform as expected?

Did you have any difficulties completing the lab?

Did your TA provigl enough guidance?

Do you have any recommendations to improve the lab?
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7 Pulse-Position Modulation

7.1 Summary

The objective of this lab is texplore Puse-Position Modulation (PPM),a form of Pulse Time
Modulation (PTM) in which analog sample values determine the position of a narrow pulse relative
to the clocking timg1],[2]. At the receiving end, the original waveforms may be reconstituted from
the PPM pulse train.

Overall, this lab will answer the following questions:
1 How does PPM work?
1 How can signals be generated, modulated and demodulated in NI LabVIEVéspitttto a
particular modulation scheme?
1 How is transmission and reception carried on NI USRPs?

7.2 Background

7.2.1 Pulse-Position Modulation

PPM signal is composed of a sequence of pulsgdaced from a speciftane referencein a manner
proportional tothe sample values of the signat that time (Fig.9). The value of the analog message
signal at the clock pulsesohwhE is then converted to a time delay with greater time shifts
assigned to larger sample valuas)( One drawback to this approach is that the maximum
magnitude of samples must be known. The maximum magnitude is used to scale thiedaaues
such that

Y (49

where “Yis the sampling period of the clock signal. This implies thatgf | w, then the
respective samplesre given a value very close to zero. If this happens with a majority of the
sampled values, the resulting reconstructed signal will be distorted. As the figure illustrates, the time
delays occur after the clock signal at the receiver (lags behind tlo& signal) for positive values,

and before the clock signal at the receiver (or lead the clock signal) for negative values.

Thus @PPM signal is represented by the expressiom as a series of signal pulses
®o "QOT QDO &Y Yo (45)

where"Qo represents the shape of the individuallpes, and the occurrence tim&® are related
to the values of the mesage signat 0 at the sampling instants "Ml signalnformationtogether
with synchronizing pulses transmitted at the sampling timesnly. Usually,"Q0 is a sinusoid
oscillating at the carrier frequenci¥}. The resulting transmittednd received pulses are shown in
Fig.76.
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Message

I I
I I
I I

T Y11

{ﬁ-_lys/&ﬂm 1 time

LT

PPM

Clock

time

Dt, {Dt, ! Dty ! Dt, DtPle Dt;l Dtg! Dty Dt Dt,;

L0 1 N

Fig.75: Waveforms used tcCreateTransmitter PPM Signal

time

Carrier Transmitted/Received
Frequency 3 Pulse 3
g(t) =sin( f,t) ‘ |

Encoded

Pulse _ _|
rect(t- (nT + 1;))

Fig.76: Transmitted Pulse Signal

At the PPMreceier, the originalsignal can be reconstituted from information rated to the
samples (Note: the signal needs to be sampled at a high enough frequency to avoid ajidking
resulting receiver outpuhasnegligible distortioneven thoughinformation related tothe signal is
not passedcontinuously as in ANFM. Unlike these other methodshe pulse width andamplitude is
kept constantin a PPM system, whereas thealsepositiors, in relation to theclock pulsgosition,
are varied byl KS Y2 Rdzf | Ay 3 ingthn@urseQuasampiBdivialedail do@difs, it is
important that the transmitteraligns the receiver clock tsendng synchronizing pulse§ed arrow

in Fig.77) so as tooperatethe timing circuits TheYd now have the correct reference to accurately
recover the values ab as shown irFig.77 and

Yo — g5 hYoaQom aé OQ

w
o " Vo . L
R Y w R Yoo OWEDaE OO (46)
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b |
Messags | \ &

yi Y2 |¥s Va Ve T Y1
a Ve Yo 10 time

LLLIARLLLAAL,
(ALLIIALLDD,
_I DtlDﬁDtSﬁ‘lDtSDtﬁDt] Dtg| Dtﬁ Dt, ﬁu

Fig.77: Waveforms Used ifrReconstruction of Message

Another approach to using PPM encoding a digital message composed of cottera. Each
character has M bits, thus there ae possible characters. Each character is assigned a unique
time-shift (Yo ). As an example suppose that we are sending characters using the American Standard
Character I1ASC)icodes. This mea that there are; bits (256 characters). Each character in the

O2RS NBOSA@®Sa || @FtdzS tA1S GKS OKINIYOGSNI a! ¢ Aa
using(5):

puv Yo .. QU

Tow 0 o

veY ° Cug (47)

The message is then recovered by translating the character time delays back to characters, as shown
in Fig.78.
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UL,
AL,

Fig.78: Waveforms Used iDigital Message Reconstruction

This fam of digital encoding is primarily useful foptical communicationsystems, where there
tends to be little or nomultipath interference. The digital encoding is also being used in the

Automatic Dependent Surveillan&roadcast (ADB) messages transtted by aircrafs equipped

with ADSBto augment data used by the air traffic management systems around the world.

PulsePositionModulationhas the following advantages

1. High noise immunity as amplitude is constamhich implies lssernoise interferace;
Easynoiseand signakeparation;

Suitahlity for applications that require lowmoise interference over long distances.
Constant transmission power for each puldae toconstantamplitudes and pulse widths
Simple @modulationthat requires least ccuitry.

And, high suitability for important applications such/d3SB (Airplane trackind}].

o gk wnN

7.3 Pre-Lab
Prior to this ld it is expected that students

1. Understand PPM byeviewingthe Summary section.
2. Havebasic knowledge of LABVIEW and NI USRPs.

The students have to complete instructed steps on the Transmitter and Receiver VIs before coming
to the lab.
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7.3.1 Vlsto be used in the lab:

Two VI templates have been provided for this lab: a transmitter VI (PPMTKXali) and a receiver VI
(PPM_Lab_RX.vi).

7.3.2 Transmitter (PPM_Lab_TX.vi)

This is the transmitter VI that needs to be designed. In thelgibe you have to generatéhe
message and the modulated signals to be transmitidate: It is expectedthat you will save a copy
of the VIs you design in the priab before coming to the lab.

The steps for generating the modulated signal to be transmitted are shown below.

Ge/ SNIYGS I o gST3qNarewadly VRAVY¥FHEKENIGO2Y G AYyAy3
W{ A&8zf £ Ay | fby Seledtiitgfha eelevant ims from the Waveform generatiotepia
(Fig.79) and configureboth waveformsausing the specifications ifiableXIll

* Programming
L Waveform

L
Analeg Waveform Simulate Signal

| & €rror in (No error) s
Al

L Waveform Generation

= Signal

e @TOT OUL

Simulates a sine wave, square wave, tniangle
wave, sawtooth wave, or noise signal.

EEE
Il ES
S0E

N

s

? [Simulate Signal o

Fig.79: Simulate Signal Express VI in the Waveform Generation Palette

TableXlll-W{ LISOAFAOI GA2ya F2NJ W{ljdzt NE 21|

Signal Type Square Sine
Frequency 5 Hz 5 Hz
Amplitude 1 20
Phase 0 0
Offset 0 30
Duty Cycle 10 --
Sampling Rate 1000 Hz 1000 Hz
Number of Samples 10 10
Timing Simulate Acquisition Timing Simulate Acquisition Timing
Time Stamps Relative Relative
Reset Signal Use Continuous Generation Use Continuous Generation
Signal Name Square Sine

a) Message Sigi
Convert the simulated sine wave from dynamic data into a scalar by usitgthg y @S NJi
R& Yy |l YA @nctohfioin De Signal manipulation pallet&ig.80), and configure it using
the specificationsn TableXIV
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¥ Express Convert from Dynamic Data

Dynamic Data Type semesaspii—— Array

L Signal Manipulation

Converts the dynamic data type to
numeric, Boolean, waveform, and array
data types for use with other Vs and

b= | o »ﬁﬁ functions.
| _n_h l L L'D

(T8 Configure Convert from Dynamic Data [Comvert from Dynamic Data2]

[Convert from Dynamic Datal

Conversion Input Signal
Crarnel0 M
Resulting data type
10 areay of scolars - most recent value R Channel 1 -
1D array of scalars - single channel

20 array of scalars - columns ace channels
2D acegof scalacs - coas ae chanpels

“Single Scalar” <€ LP

Scatar Data Type

Amplitude

© Floating point numbers (double)

(TRL FALSE) z
Boolesn (TRUE and FALSE Result Pr

Fig.80: W/ 2 y @S NI T NRB Yundiah ¥A thy Sighal Banifiulaibn Palette

TableXIV-{ LISOAFAOIGA2ya F2N ¥/

Conversion Single Scalar
Data type Floating mint numbers (double)
Channel 0

The output of this function is the original message signal (sinusoidal). Add a waveform chart
to the front panel as illustrated below.

Controls [=]

Q Search I 2, Customize™ I
\ ¥ Modern
L Graph

|Wa~.ref0rrr_1 Cihﬁp Zﬁ
i
ALY

b Siheer
Fig.81: Adding a¥2 | @S Thartsdyfront panel

&
=

e
iiF

o

&
B
&
B

El &
5]5]

After pl OA ¥y 2 | (ST 2 WIvfundtida loNdheQfront panel, feed the scalar message
signal to this waveform chart icon on the block diagram to view Y@ Saal 3S { A3y
waveform. The message should be a sine wave as illustrated figure below.
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Note: Scaling5] may differ as per your settings. You may scale manually or astale.

Message signal

Plotd. [ A/

Sine E

=

Amplitude
i

Time

Fig.82: Message Signal

b) Clock, PPM Waveforms
Generatetwo waveforns (A- Gives Clock Signal, afd Gives PM signal)containing a

square wave with th&V { 1Ij dzI NJB

and configure the waveforms using the specification§ableXV.

¥ Programming
L Waveform

= Analog Waveform
L Waveform Generation

EEE
LG0T

4!

E

Fig.83! RRA Y 3

offset
reset signal

Square Waveform.vi
frequency
amplitude

=L
phase —'§

error in (no error) =
sampling info
duty cycle (%)

signal out

error out

Generates a waveform containing a square wave.

I W{|j dzt NB

TableXV- Specifications for the square waveforms A and B

2 | gSTF2NNXQ

2 FrafhShe Wandform: GeQeration pallet@Fig.83),

ISy SNI 2N

Square waveform
VI number A B
Offset 1 0
Reset True True
Frequency 100 100
Amplitude 1 1
Phase . Scalar Message Signal + 9¢

Signal from square wavs

Simulate Signal Express degrees

(to get PPM waveform)

Sampling rate 100000 Hz 100000 Hz
Number of 30000 30000
samples
Duty Cycle 1% 10%

The output of theW { |j dzI NB

2} @S T2 Ndthewtt aQaAidaylttQ
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c) PPM with Clock
Scale the generated PPM signal ib, (1) by dividing it by 2 and then adding 0.5. Merge this
scaled PPM signal with the clock signal by usingitlaeS NB Ss(iyndtiGhyfolgét theWt t a
gAlGK sgiaRThé& @ SNH S VI sad peladdadéto the block diagram as showfign
84.

[ ¥ Express Merge Signals
L Signal Manipulation signal 1

- . m | N8 s;gmn@——combmed signal
E m — v\’) F/"\‘A signal 3
| b > o ol ol Merges two or more signals into a single
ol 1B ges 9 9
[Merge Signalsp~ l& $ 33 Elglf,: i P& output. Resize the function to add inputs.
X — % — This function appears on the block diagram
e | [E] X automatically when you wire a signal output
| [nn’_,{ G L‘f_] to the wire branch of another signal.
ig.84:! RR i a$ S - £ a +
Fig.84! RRAyYy 3 | YaSNHS Ayl ¢t Q L

Now, feed the PPM with clock signalaavaveform chart. The generated waveform should
look like:

Clock Pluse N
PPM with Clock peM Output [N
20~

Amplitude
(= =
[=] Ln
1 1

=]
in
|

=
E=1
I

0.00 J 0.02 0.03

Time

Fig.85: PPM with Clock waveform

d) Transmitted Waveform
Next, gamerate asinewaveform with theWifie2 | @S F 2 \ifif thetspeQifications iTable
XVI

TableXVI- Specifications for the sine waveform C

Sne waveform VI number C
Frequency 5000
Amplitude 1

e) Modulate Signal
Scale (multiply) the scaled PPM signal (not the PPM with Clock signal) with éheesia
generated in the previous step to get the modulated waveform for transmission. The
transmitted waveform should look like this:
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Clock Pluse N

Transmittted Waveform PPM Qutput -
2.0+

11

-20- [ [
0.02 0.03

Amplitude

Time

Fig.86: Transmitted Waveform

f)  Writing to the Transmission Buffer
C2NJ (NI yaY kansuied ywavefdinR S 6 Rgretsidn Sfloating point data)
generated in the previous step should be written into a waveform data typeibpg it to
the data terminal othe NI USRP Write TX(@bnfiguredin the CDB WDT mojle

charnmnel list
session handle HIZRE ezzion handle out
data = oy
timeout — i ':'1' errar aut
end of data? -’ :

errar in [hio error)
uze waveform dt for 10 rate? -

Fig.87: NI USRP Write Tx Data VI (CDB WDT mode)

The waveform data type is now written into the specified chanivaur prelab design for
GKS GNIXyaYAGGSNI Aad y2¢6 NBIFIRe (2 0SS Lizi dzLd Ay
repeat the operation untillie stop button is enabled.
g) Summary of overall transmission
¢KS WwWbL !{wt hLSy wg {Saarzy +LQ 2LSya GKS
[ 2y FAIdZNBE {Adylfa +xLQ O2yFAIdzNBA (GKS LINE LISNI
We¢ NI y a YA (yosgenedte B el int@ a buffeN{ USRP Write TX)Vihe session
handle terminal of which is wired thl USRP Close Sessiomo\losethe session handle to
the device.

7.3.3 Receiver (PPM_Lab RX.vi)

CKAE A& GKS NBOSAGSNI £LbLiKI{iwty SBIRGY GvE 06{SS aRaSAa2Ay3 y
aSaarzy G2 GKS RS@OAOS FyR GKS WbL ! {wt /2y7TAIIdzNI
to match with that of the transmitted channel. The NI USRP Initiate VI starts the Rx acquisition and

the acquireddata is wired to théP { S & & A 2 ifiputl térnyiralifof3t@ NI USRP Fetch Rx Data VI (in

CBT WDT mode) which fetches data from the specified channel.

nilUSRP Fetch Rx Data (poly).vi
channel list
session handle HI-USEE zezsion handle out
number of samples - mmmﬂ: data
timeout L_timestamp

error in (no error) error out

Fig.88: NI USRP Fetch Rx Data VI
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Note: Make sure that the number of sampéeyou enter here is same as that in your
transmitted signal.

a) Addad ¢ A YS VA ® pdrférm synchronization to align the local clock with the beginning
of each symbol. Configure it to a time delay of 0.02 seconds.

Time Delay
frime Delaz | Delay Time (s) -
LALLCE >
’ I error in (no error) === meccca @770 OUt
E Inserts a time delay into the calling VI.

This Express VI is configured as follows:

¥ Programming
Delay Time: 0.02 s

Timing
q '. 1753 i3 Configure Time Delay [Time Delay2] 23
~ Time delay (seconds)

T - 0.020
il /07701 1:00

» Measurement ITime Delay T — Cancel Help

Fig.89: Time delay VI

b) In the prelab for receiver design, you just have to input the fetched data to the

AAAAA

demodulating function¢.  aA O [ S@St ¢ NhnAgArs ik fanstiors ahd feedl y
the output of this function to a waveform chart for comparisoithwthe message signal.

NI_MAPro.lvlib:Basic Level Trigger Detection.vi

FEgEt s
signal in MFM' N — trigger location
level “ trigger detected?

: Trigger
hysteresis Boon grror out
location mode
error in (no error)

trigger slope

Fig.90: Basic Level Trigger Detection VI

c) TheW.  aA0 [ S@St ¢ Nkt SintleebrasS§ing fosafloyf in a waReform.

+ L Q1

For this lab you have to set up the trigger locatiortbls y' Brfl tEig@er condition asPw A & A y 3

9 R 3 ®h@trigger location terminal gives the demodulated signal which should be wired to a

waveform chart for a comparison with the origitdla S&da+ 3S { A3yl Q

From the theory, we know that the decoder/receiver units foiMP&emodulation are required

to be extremely simple. The simplicity of the receiver design for this lab is established by the

FIOG GKIG &2dz KFIoS (G2 AYLXSYSyd 2yte (KS
functions to demodulate the received san
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7.4 Lab Procedure

Draft &ptemberll, 2014

1. Run LabVIEW and open the transmitter and receifletthat you created in the prkab.

in the National Instruments directory under

Selected IP Address

o

New P Address
Change IP Address

Find Devices ‘

L 3. Select Find Devices and record the

address of the radio or radios since you

2. Connect the computer tone USRP using an Ethernet cable.
3. Open the NMUSRP Configuration Utility found
programs files as shown iRig.2. Be sure to record the IP addresses since you will need
them to configure your software.
“z; F-mail .. National Instruments Owner
?,J::MM @ Distributed System Manager 2012
i @ Measurement & Autemation Explor Documents
022 vt e v ms W NI Customer Experience Improveme
E;Ta Micruso'L Office PowerPuint 2067 @ NI License Manager
vaanem,ﬂ Q-b NI Registration Wizard
.! NI Update Service i| Change IP Address IUSHPZSD&M Bumer | N2ou/NI-292x Image Updater |
| . Datasocket Device ID | P Addess | [ Type/Revision |
K LabVIEW 2012 UHD Device 0 |152168102| NI USRP-2520
. Modulation
. NI-USRP
. FPGA and Firmware Images
1) NI-USRP Configuration Utility
»  AllPrograms =——3 0 Utilities
Start Search .. Documentation
1. Select All Programs 2. Select the NUSRP
from menu Configuration Utility
from the National
Instruments directory
will need them to configure the
software in the lab.
Fig.91: Finding the IP Address: Radio Connectivity Test
If the IP address does happear in the window then check your connections and ask the
Teaching Assistant (TA) to verify that the LAN card has been configured correctly.
4. Connect a loopback cable between the TX 1 and RX 2 antenna connectors. Remember to
connect the attenuator tole receiver end.
Fig.92: USRRSetup
5.

Printed on:9/11/2014

Configure the transmitter VI controls using the parametersijm93® Ly Ol &S @&2dz R2
values supported by the device, the USRP waoketce your values toalues supported by

the device. The coerced values are shown up as intheO G dzI £, W VOl wd § S @ | NNJR
CNB lj dehgu et dzl. £ DI Ay Q
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— Device Names Active Antenna
fi192168103 |7 [Txt J

—>| Carrier Frequency Actual Frequency
[a15m | 915000000

—>| IQ Rate Actual IQ Rate
3006 | 301205 |

—>! Gain (dB) Actual Gain (dB)
[=] 20 |

== Control Phase Duty Cycle <<
S el

Fig.93: Transmitter VI Controls

6. Ensure that theeceive Vlis set up to us¢he correct¥5 S @A O .Lonfiguré h&receiver
controls using parameters iRig.94. Note that theW/ I NN&A S NJar@d WEB {j d2®lid8 & Q
match those used by the transmitter, and tHé dzY 6 S NJ 2 T coréespdhddivith 3he
value of thetransmitted waveform.

— Device Names Active Antenna
4 192168.103 | m] RX2 J
== Carrier Frequency Actual Frequency
=] [a15Mm 915000000 |
—>! 1Q Rate Actual IQ Rate
= [300k 301205 |
=3 Gain (dB) Actual Gain (dB)
= 0 |
== Number of Samples
= 30000

Fig.94: Receiver VI Controls
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\Y,

\Y,

\Y,

Important setup notes:

Make sure the global setp configuration has been performed before interfacing with t
USRPs.

Make sure the Tx and Rx VIs are always set to the same carrier frequency whenevery
them up to communicate.

Transmission should start after receiving workstations are ready to receive.

Verify that device name fields in both Tx and Rx Vs are gbettP address of the URSP
use.

Make sure to connect the provided attenuator betwetre receiver; { w RXput and

the antenndloopbackcable The attenuator is used to decrease the power level of

transmitted signal in order to avoid a high poM@ aA 3y f 4 GKS NJX
radios proximity.
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7.4.1 Worksheet: The Effect of Removing Timer Sub -VI
1. RunthereceiverVI[(95 &/ é¢ gAfft AffdzYAYylFLGS 2y) GKS ! { wt
2. Run the transmitter VI[(9 5 dl llliminate on the USRP Hé radio is transmitting data.)
3. After a few seconds, stop the receiver using the STO®Mmut
4. Sop the transmitter.

Note: Use the large STOP button on the front pamélen you want tostop transmissioror
reception otherwise the USRP may not be stopped cleanly.

5. Observe waveform on theeceive VIand recordyour observations about the transmitted
and the received signals. The received signal should be very similar to the dHgingld a I 3 S
{ A 3 )ekcéptidr the distortion. You may encounter a timing problem since the transmitter
NEOSAODOSNI aeyOKNRYATFdA2y KFayQid o6SSy LISNF2N.
recommended you try again before making any conclusion.

6. If you see the message and demodulated sine wavesasirgp to the block diagram for the

receiver VI and delete the time delay VI.

Run the receiver VI and then the transmitter.

After a few seconds, stop the receivaard transmitterusing the STOP Hons.

Observe waveform on theeceiver Vl,and record youobservations about thenessageand

the demodulatedsignals in the space below. Is themodulatedsignal similar to the original

YaSaalr3ad {AdylfQ

© © N

10. Go to the block diagram for the receiver VI and restore the timer\8u@ig.89).

Note: Difference in your results (waveforms) and the provided illustrations could be due to
different x/y scaling for a particular waveform charts. If you are unfamiliar with scaling
charts and graphs, refer to the NI tutorial on custongzgmaphs and plot].

91
Printed on:9/11/2014 © 2014, Anees Abrol and Eric Hamke



Introduction to Communication Systems Draft &ptemberll, 2014
UsingNIl USRP Lab Manual

7.4.2  Worksheet: The Effect of The Clockd Duty Cycle
1./ KFy38 (&KBdziDd oD $086.

Device Names Active Antenna
F102168103  |[7]| X1 J
Carrier Frequency Actual Frequency
{[otsm || 915000000 ||
IQ Rate Actual IQ Rate
2006 || 301205 ||
Gain (dB) Actual Gain (dB)
(20 20 |
Control Phase Duty Cycle

Fig.95: Transmitter Duty Cycle

N

Run the transmitter VI[(95 a! ¢ @At f A f fdzhadio/id trarBmitiing datak S |
4. After a few seconds, stop the receivard transmitterusing the STOButtons.
Note: Use the large STOP button on the front panwbken you want tastop transmissioror
reception otherwise the USRP may not be stopped cleanly.
5. Observe waveform on theeceiver Vland record your observations about the associated
waveforms irthe space below.

w

6. 2 KSYy @2dz FAYAAK &2 dzNJaI5 4l @ (s ha8@diPey 3S (1 KS
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7.4.3 Worksheet: The Effgct of Phase on PPMATransmission
1. Changethe& / 2 y U NRtb thetfifstledtrs ie the table of obseations Fig.96).

Device Names Active Antenna

' 192168103 (=] THL

Carrier Frequency Actual Frequency
[£][a15m 915000000

IQ Rate Actual IQ Rate
[ [z00k 301205

Gain (dB) Actual Gain (dB)
20 20

Control Phase Duty Cycle

Elo ain

Fig.96: Transmitter Control Phase

2. wdzy GKS GNIyaYAGGSNI £L®d o[ 95 da!é¢ gAftft Aff dzyYA
3. wdzy (1 KS NBOSA dibidate bndhe & $RP ¥ tharadio is éedeiving data.)
4. After a few seconds, stop the receivard transmitterusing the STOP kons.

Note: Use the large STOP button on the front panel when you want to stop transmission or
reception, otherwise the USR®ay not be stopped cleanly.

5. Observe waveform on theeceiver Vland record your observations about the transmitted
and received signals ifablexXVIl

Change the phase to 45 degrees and note the observation.

7. Lastly, change thphase back to 90 degrees.

o

TableXVIl- Phase Observation Table

Phase
Value Observations
(Degrees)

0

45

93
Printed on:9/11/2014 © 2014, Anees Abrol and Eric Hamke



Introduction to Communication Systems Draft &ptemberll, 2014
UsingNIl USRP Lab Manual

7.5 Lab Write -up
Performance Checklist
PulsePosition Modulation
Questions(Please attach your answsr
1. What happensvhen you remove the time delay from the receiver?

-y
©
N
A
c
>
Qax
c
A
(V)]
(s}

FFSOG 2F AyONBlFraiayd (GKS Rdzie Oec

od® 2Ké& R2 ¢S IRR ¢dn RSINBSa G2 Sikuite Bifhbl&EPpred T G KS
VIQK @l AyidY ¢NB OKFy3IAy3d GKAa @FfdzS G2 nI npZ don
transmitter VI and the demodulated signal on the receiver V1.]

Performance Measures

Task Standards Satlsfz_;lctory/
Unsatisfactory

Hardware Setup Working setup (transmission/reception).

Running VIs Successful modulation and demodulation

Data Collection Quality of argument thort Answer Questions

Discussion

Did all VIs perform as expected?

Did you have any difficulties completing the lab?

Did your TA provide enough guidance?

Do you have any recommendations to improve the lab?
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8 Random Process, Crosscorrelation and Power Spectral Density

8.1 Summary

The objective of this laboratory would be to utilize LabVIEW and Universal Software Radio Peripheral
(USRP)as a RadidDetection And Range (RADAR). This laboratory would illustrate how- Cross
Correlation and Power Spectral DengiBSD)Xan be used to predict the distance of an object (or
target) by comparing the transmitted signal and received signal.

8.2 Background
8.2.1 RADAR

The general principle is best understood by looking at the general relationship for a reflected signal.
ie | ne t ove (48)

where, i is the reflected pulser) is the transmitted pulse; representsan attenuation factor(or
signal loss of power)) ¢ is an additive white aise (Gaussian distributed with zero meaa
variance equal to the power of the noise).

The lab uses a frequenoyodulated continuousvave (FMCWRADAR pulsén a FMCW RADAR a
linear sweep in frequency issed Theresultingpulseis thesignal(49).

nNo & AD%o0 (49)
where
. o~ 0,
%0 CD 0 (50)

The phasg%00 ) is a function of th&RADARarrier frequency(’Q , the sweep widthd, and the pulse
repetition period("Y). (Sed-ig.97).

L L L L L L L L

T

N

NI

o
kS

Phase Change

0 r r r r r r r r r \L

0 1 2 3 4 5 6 7 8 9 10
Time (sec)

=]

Fig.97: Phase Component

TheF NBlj dzSy O& ivistaRazéousiraqRefid@o )is

Q 0
Q0O c%,—gmo "Q Wo (51

During the frequency sweéghe instantaneous frequencyaries betweerthe carrier frequency to
the carrier frequency plus bandwidttin FMCWRADARthe signal generated by tiRADARS used
for 2 purposesThe first purpose is determining thasthnce to the target by compang the pulse
with the echo signal. The othas to radiate out ofthe antenna.The radiatedsignaltravelsto the
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target bounces backo the antenna The return isan echo. This echo is a phased shifted version of
the transnitted signal(49) asshown inFig.98. Thedistance(i ) to thetarget isgiven by

10 OAT®O t (52)

where @ is the attenuated amplitde resulting from lossegeflectivity, andRADARperformance
parameters The propagation delay of the ech{®) is

t ¢QA (53

where, Ais the speed of lighfg®o yop T 7 ‘Q.c0

1 [ [ [ [ [ [

FMCW Signal
o

= [ [ [ [
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (sec)

Return Signal

[
0.3 0.4 0.5
Time (sec)

Fig.98: Simulation of a Transmitted and Received Pulse (Echo) With a 0.1 Second Delay

8.2.2 Cross-Correlation

Crosscorrelation [1] is a measure of similarity of two waveformgu(se and return signal) as a
function of timelags. Given two realvalued sequenceg ¢ andi ¢ of finite energy the cross
correlation off) € andi € is asequenca « defined as

i & el a (54)

Notice the dange in index variable fromto ain (54). This change indicates a change in focus from
the individual observation&) to the time between an observation and all other observations with a
time differenceor lag (9). Althoughthe crosscorrelation calculation issimilar to convolution they
arenot the same. The relationship is between tr@sscorrelation and convolutiofs given by55).

i a 0are a (55)

To understand how this applies to a & systemwe will examine the pulse and its return Fig.
98. The crossorrelation of the transmitted and received signals shows they are correlatdda
0.1 second delay—{g.99). The resulting crossorrelation withthe transmitted signal clearly shows a
correlationwith a0.1 second delay{g.100).
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Fig.99: Crosscorrelation between Signals with a 0.1 sec Delay and Noise

Now suppose the target is further away, and the returned signal has an 0.8 sec delay.

0.4 T N T T T T T T [
X: -0.8001 ]
0.35— Y:04 X: -0.1003 i
03 Offset = 0.1 sec Y:0.3703 |
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-1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0

Time (sec)

Fig.100 CrossCorrelation with Noisy Echo with a 0.8 sec Delay with Noise

8.2.3 Power Spectral Density

The Power Spectral Dens[B] can also be used to estimate the distance. In this approachetgn
signal and thepulse signalare multiplied together The product contains thesum and difference
frequencies. The sumf frequenciesis approximately™Q This frequencyis beyond the frequencies
the electronics can respond tdnly the terms related to thedifference frequenciesre retained
(56).

a0 OATRO %0 .
~ (56)

OAT &Q o ¢ ot VT

wherethe returnQ Beat frequency57) is a function of thepulse modulation frequencyQ Y
and the range resolutioQ ) (58).

Q —1 00— (57)

Qi @ ¢b (59

TheQ is the largest peak in the spectrum of the product of the pulse and return si¢ffigls
101).
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Fig 101: Power Spectral Density (M(f)) Showing Beat Frequencies
8.3 Pre-Lab

¢CKS !'{wt w!5!lw (KFd S gAtf 0SS AYLI SYSYylGAy3a Ay
(TX1/RX1as the emitter and te second receiver (RX2)will act as the receiver of the reflections. The

two functions are part of the same VI. This combination will allow for the use of the transmitted

signal as a reference signal as well as the pulse generator. The focus oftheflabdz@ A y3 [ | 0L 9
signal processing tools for cressrrelation and Fast Fourier Transforms (FFT) analysis.

Fig 102 shows the general data flow for the data. The RADAR VI sends the pulse signal to the
transmitter radio through he data switch. The radio emits the signal through the wave guide
antenna (see Appendix C). The signal will bounce off a target such as the wall and picked up by the
receiver wave guide (see Appendix C). The receiving radio will then collect the rehaiesid send
it to the VI through the data switch.

PC

I Transmitter | HQ @ R [
. ! > - P |——>
| __(LnBvew | 00 |o|B)::[g —

RADAR VI —> | Data
<— Switch

|- ======= - -
- WS, 2O @) vusnan
I Range Delay Filter ‘ 00 | /

| (LABViewy 1 009 |=|O::Q

Fig 102 Top Level Block Diagram of RADAR System for Lab

8.3.1 RADARTransmitter

The RADAR Transmitter portion is divided into two parts. The first part deals with the initialization
of the transmitter. The second part involves the generation and modulation of the RADAR pulse. The
initialization of the transmitter uses th®pen Tx Sessiovil andConfigure SignaVl as usualThe
nNiIUSRP Set Time VIHg.103, 1a) resets the timer on the transmitting radio to 0 Fig. 103, 1b).

The niUSRP Configure Trigger ¥ig. 103, 2a) configures the trigger generated by the dmoard

device timer. The trigger specifies the timeKig.103, 2b) to acquire or generate the first sample.
These additional blocks are necessary to ensure that the timing elements of the signals are
consistent.
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Fig.103 Transmitter Setup Block Diagram

The second half of the transmitter blockagram Fig.104) generates the RADAR pulse (equation
(1)). Theblock diagram uses the modulation toolkits FM Modulation VI and the Write Tx Data VI to
generate and write a baseband signal to the transmitter USRP for transmission. The phase
component of the instantaneous frequenc® o , for the triangular Fig.105 waveforms. The pulse
height 6“) should be set t§ ¥ and a"Y of 1 second.

4] "Setup”, Default |

M True Vt
—
1 Transmit Signal to USRP Closes TX session
¥
H
|Radar Pulse Configurati0n| 500 g mem
™ J El :
e e 00000 B |F e
: '-\-;‘K b o] 3 ) ) ¥
- E m nilISRP Write Tx
Signal oo0] b b 2 Data (poly).vi
Generator.vi MT Modulate
FMLwi CDB Cluster ~

Fig.104: Transmitter Pulse Generation and Transmitter Bldokagram
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Fig.105: Radar Pulse Train Block Diagram

8.3.2 RADAR Return Processing

Like the RADAR Transmitter, the Receiver portion is divided into two parts. The first part deals with
the initialization of the receiver. The second paslculates the cross correlation between the
transmitted and returned pulses ( &) and the beat frequency@ ) PSD. The initialization of the
transmitter uses th@OpenRx SessioVI, Configure Signall, andRxInitiate Vlas usualThe niUSRP

Set Time VI Fig.106) resets the timer on he transmitting radio to 0. This additional block is
necessary to ensure that the timing elements of the signals are consistent.

Sets timestamp of
receiver to Zero

Parameters for RX

Device Address

I 170 :: W %.-gm- HI-USRF
iy e T
1Q Rate Actual 10 Rate A1
.......... Initiates
1.23
23 . bfizs RX Session
Frequency Actual Frequency
{1220 1 - f123]
Gain Actual Gain
zap 1 - f123]
Antenna 2
IIE
Initialize
T —
TF

Fig.106: Receiver Setup Block Diagram

The second half of the receiver block diagrafig(107) processes the return signals. The block
diagram uses thé&etch Rx Dat®¥land theMT FM Demodulation VI to convetie received signal

into a baseband signaln this lab you will be asked to compose both the PSD showing the beat
frequency and the cross correlation.
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SubVIsgo here
[ Disabled ~} n
- E)
_____________ & B8
RADAR Pulse (Modulated) e ) E-- Beat Frequency (Sim)
1
| B
RADAR Return (Modulated) e | O 'DLEJ
!
____________ ] Return Time (sec)
dt (Sirm)
™ RADAR Pulse (Demod) [?/
= ] T = Waveforms (Sim) x Iy
= - -~
b g
- : 3 E-:EI ]
Demodulator.vi sampling_interv == B3 i J
al_alignerwvi = RADAR Return (Demod) Cross Correlation (Sim)
vy R 9
m.f\_.J‘ W]
=
2
Demodulator.vi
MNumber of Samples

Fig.107: Return Processing Block Diagrams

The beat frequency is determined by

a) Firg multiplying the return signal with RADAR pulse signal. This is equivalent to performing
Amplitude modulatiorwith these signals.

b) Next the product signal is passed through Bnvelope DetectorVI capturing the beat
waveform. The envelope detector also needs the sampling frequency. For convenience we
will use the number of samples in the signal to represent tim@ing frequency. This can
be recovered using tharray SizesubVI from the array palettd-{g.109).

c) ¢KS 2dzilddzi 2F (GKS Sy@St2L)S RS(SEaSt2FNmer 2 dzi L
Transform(FFT) subVF{g.108). To properly isolate the beat frequency we need to use the
correct size for the FFT.

d) This is done by connecting the output of tNext Power of 21 to the FFT subVI. The input
is the number of samples form thrray SizesubVI.

e) The outputof the FFT is passed through a low pass filter. The output is then converted to a
magnitudeand phase using th€omplex to PolavI Fig.110).

f) The filtered FFT magnitudetise beat frequency should be the frequency componeiithw
the largest magnitude. This frequency can been recovered by determining the index of the
maximum valuaising theArray Max and Min Array!| Fig.109

g) The FFT output sent tWaveform Chartindicator for display on the front peel. The
maximum frequency Index is scaled by 0.001 and then sent tGtheyeindicator.
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¥ Programming
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Fig.108 Fast Fourier Transform On Signal Processing Palette

¥  Mathematics
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L Complex
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=
2 5
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Rotate 1D Ar.. Interpolatel.. Threshold 1. Interleave1D.. 2 e T

i im 8

iJi22 ]
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v & im)
IH0) [£] Paolar To Re/l..

Matrix to Array

Matrix

Fig.109 Array Palette Complex To Polar Function

1 = e [i"theta)l [heta

Fig.110 Mathematics Palette

The crossorrelation function will use theCross Correlation and Return Time Analy2ér from the
Signal Processing Paletted.111).

a)

b)

c)

d)

The xinput should be wired to receive the RADAR Pulse dra tinput should be
connected to RADAR Return waveforms. (Note: A negative lag time will result if they are
connected otherwise. Thalgorithm input to the VI specifies the correlation method to use.
Configure the VI computes the cross correlation usingF&Tbased technique. Since the
waveforms have a large number of points, thiequency domainmethod is faster (use a
constant with the value 1).

The VI outputs the cros=orrelation coefficients. The correlation coefficients are displayed
on Waveform Clart indicator.

The lag index corresponding to the largest coefficient (the lag where the two waveforms are
most alike) can be found usidgray Max and Min Array/| Fig.109).

The time delay can be recovered by subtracting thddie index § ) from @ ) and
multiplied by the sampling periodY ). It should be noted that the crossorrelation

has 2 times the number of samples of the signals. So we can use the number of samples as
the value ofa
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¥ Signal Processing

L Signal Operation CrossCorrelation VI

; o
Convolution Deconvolution AutoCorrelat... | crossCorrelat... | AutoCorrelat...  Y[i]=X[i-n] algorithm error

normalization

o El T o S
Zero Padder  Unwrap Phase Digital Rever.. Decimate (sgl) Decimate (c... Upsample
Rational Res... Resample (c-... Resample (c-. Unit Vector Scale

"E R i

MNormalize  Y[i]=Clip{X[i]} Riffle AC/DC Estim... Peak Detector Threshold D...

Conv & Corr

Fig.111 Signal Processing Palette

8.3.3 Radar Simulation (Debugging of sub -VIs)
Like the RADAR receiver, the simulation uses the same VIs developed in sectiig. 212)(

M "Simluate” 't
ETrue Vt
Beat Frequency (kHz)
SubVlisgo here
M Disabled ~}] 7
-- k‘
_____________ w
RADAR Pulse (Modulated) s } B--"  Beat Frequency (Sim)
I
i B
RADAR Return (Modulated) e i O - V_ﬂJ
I
i
I

_____________ Return Time (sec)
dt (Sirm)

I~ RADAR Pulse (Demod) [?/rs
| Waveforms (Sim) % Ly

B4 vﬂJ

sampling_interv i
al_aligner.vi E RADAR Return (Demod)

Cross Correlation (Sim)
N Ty e S
L —
e '\-;K

Demodulator.vi

Mumber of Samples

Fig.112 Radar Return Processing Block Diagram
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Fig.113 RADAR Simulation Page Front Panel

Since the display measurement s\ils are the same, it is possible to use the simulator to check your
work. A reference point yocan use is given fableXVIll

TableXVIll¢ 20,000km Test Case Reference

Simulated | Return Signal Ramp | Return Time (Sec) Beat Frequency(Hz)
Distance to | Reset Time (Sec)
Target. (km)

20000 0.86728(se= Fig.115 | 0.13272(seeFig. 116 | 0.337(seeFig. 117)
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8.4.1 Worksheet: The Effect of Distance to Target on Cross -correlation and Beat

Frequency Measurements

Note: The lab space is at most 20 meters in length. SB)ga RADAR target at 20 meters
would imply a delay of@&t T @ ‘@i20m/299,792,458m/s) d4.99GHz this is above the
frequency threshold for the radios. A RADAR simulatibig(113) has been provided to
better understand how the cross correlation and beat frequency processing.perfor

1. Open the RADARSimulatorpage of theJ2 RADAR v2.vi. The page should look likeig.

113

2. Start LabVIEW and then click on the start simulation button (S&g 114).

w

2. Simulated

RADAR Simulation Controls |
RADAR Sim
Start/Stop
Simulation 1. Start
D Simulation
Noise
Simulation
Start/Stop MNoise Standard
Moise Deviation
= [][1.00
Simulated
Distance (km)
40000
30000 ,,.\10,,,, 50000
25000 -0 — ‘., 55000
20000:: ;/ \ cffﬁoooo
150005 | T~ | Z65000
| |
10000 | /  T70000
.-; \ / q:ﬂ.
50007, 275000
L o 80000
] [20000

Distance Entry

Fig.114: RADAR Simulation Controls

Set theSimulateddistance to the first value ifable XIX.
Observe th&Vaveforms (Sim) displagFig. 115 andrecord theReturn Signal Ramp Reset
Time in TableXIX. You will have to use the waveform graph display tools to magnify the

x-axis to do this.

Observe th&im Cross Correlation displafFig. 116 and record th&eturn Time (Sec)in

TableXIX.

Observe the Beat Frequency (Sim) disglalg. 117) and record th8eat Frequency (Hz)in
TableXIX and calculate the return time usicajibration equation.
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pu,
Ll 59
t ooQ T po (59

For example, at 20,000 km the beat frequency is 1.956 Kh&wso ¢ p rtmultiplied by
18§ us 0.1327 seconds
7. Repeat steps 4 through 6 for each distance enfralibie XIX .
TableXIX¢ Distance to Target Measurements

Simulated Return Signal Return Time Beat Beat Frequency
Distance to Ramp Reset (Sec) Frequency Return Time

Target. (km) Time (Sec) (H2) (seq

1000

2000

4000

8000

16000

28000

30000

7] TX Waveform
Waveforms (Sim) 7] Rx Waveform R
173428

1.5
PR
2
T 0.5
E
o
04 0.5 06 07 1]
Time
HEm | Observed value is 0.86728 sec

Fig.115 Reading Waveforms (Sim) Display

Cross Correlation (Sim)
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50000 [ s A
40000 - | fﬂjf Joos-l |
30000 Wt 0a W/
20000 L o 1
10000~ \ ¥ S
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'100007\ [ 1 [ [ 1 1 1 1 I I [ 1
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Fig.116: Sim Cross Caefation Display
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Fig.117: Beat Frequencyisplay
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8.4.2 Worksheet: The Effect of Noise on Crosscorrelation and Beat Frequency
Measurements

Note: The lab space is at most 20 meters in length. SB)ga RADAR target at 20 meters

would imply a delay of@&t T @ ‘@ i§20m/299,792,458m/s) d4.99GHz this is above the

frequency threshold for the radios. A RADAR simulatibig(113) has been provided to

better understand how the cross correlation and beat frequency processing perform.

1. Open the RADARSIimulatepage of theJ2 RADAR v2.vi. The page should look likeig.
113
2. Start LabVIEW and then click on the start simulation button (&g 118

RADAR Simulation Controls |

RADAR Sim
Start/Stop
Simulation 1. Start
D Simulation
Noise
Simulation
Start/Stop Noise Standard
4. Enable Noise Deviation 3| Set Noise
I = = =
Noise ~ <> D = [1.00 Level
Simulated
Distance (km)

40000
30000 ,.\v100,,, 50000

25000 " “7., 55000

20000 .- // \ {/'c’soooo

150005 | T~ | =65000
b I -
10000~ | / 70000
N N
50007, \\\____ A 75000
L o 80000 ated
— . 2. Simulate
20000 | < =
= J Distapgce Entry

Fig.118 RADAR Simulation Controls

w

Set the noise levéo 1 standard deviatior-{g. 118).

4. Enabl e noise injection intb/ 8hepoellig. sesbghntt

118.

Set theSimulateddistance to the first value ihable XX.

6. Observe thaVvaveforms (Sim) displagFig. 119) andrecord theReturn Signal Ramp Reset
Time in TableXX \. You will have to use the waveform graph display tools to magnify the
x-axis b do this.

7. Observe th&im Cross Correlation displafig. 120 and record th&eturn Time (Sec)in
TableXX.

8. Observe the Beat Frequency (Sim) disglag. 121) and record th&eat Frequency (Hz)in

TableXX and calculate the return time usicajibrationequation(59). For example, at

o
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20,000 km the beat frequency is 1.956 Khp8ouv ¢ p mtmultiplied bym® us 0.1327

seconds.
9. Repeat steps 4 through 6 for each distance enfralie XX.

TableXX¢ Distance to Target With Noise Measurements

Simulated
Distance to
Target. (km)

Return Signal
Ramp Reset
Time (Sec)

Return Time
(Sec)

Beat
Frequency
(H2)

Beat Frequency
Return Time
(sec)

1000
2000
4000
8000
16000
28000
30000

9] TX Waveform J

Waveforms (Sim) 7] R Waveform [

4

Amplitude

04 05 06 07 0, 0.93993
Time

Observed value is 0.86728 sec

HiEw |

Fig.119: Reading Waveforms (Sim) Display

Cross Correlation (Sim) Observed value is 0.13273 sec
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Fig.120: Sm Cross Coslation Display
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Fig.121: Beat Frequencyisplay
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8.4.3 Worksheet: RADAR Operation

Note: The lab space is at most 20 meters in length. SB)ga RADAR target at 20 meters

would imply a delayf 8t T @ ‘@ i§20m/299,792,458m/s) d4.99GHz this is above the
frequency threshold for the radios.

1. Connect the computer to the USRP using an Ethernet cable.

2. Open the NlUSRP Configuration Utility found in the National Instruments directory under
programsfiles as shown irFig.2. Be sure to record the IP addresses since you will need

them to configure your software.

. Mational Instruments Owner
Distributed System Manager 2012
Q Measurement & Automation Explor Documents
B Microcort Cttee Wed W NI Customer Experience Improveme
. = . M tmmer
| 573 Micosut Office PawerPuin 2007 Q NI License Manager T N-USRP Cmﬁg
Mo,,epam,ﬂ C NI Registration Wizard
A N Update Service Change IP Address | LISRP2 5 Card Bumer | N2ooNI-282x Imags Updter |
. Datasocket Device ID P Address [ Type/Revision
LabVIEW 2012 UHD Device 0 [ 192168102 | NIUSRP-2920 e s
. Modulation
| NI-USRP New P Address
. FPGA and Firmware Images
!it)) NI-USRP Configuration Utility | Crange F Acdess
»  AllPrograms =——> . Lhilities
Start Search . Documentation
1. Select All Programs 2. Select the NUSRP oo ‘
from menu Configuration Utility
from the National , .
|. 3. Select Find Devices and record the [

Instruments directory address of the radio or radios since you

will need them to configure the
software in the lab.

Fig.122 Finding the IP Address Radio Connectivity Test

If the IP address does not aggr in the window then check your connections and ask the

Teaching Assistant (TA) to verify that the LAN card has been configured correctly.

Important set-up notes:
V Determine the IP addresses for your radios using thRSRP configuration utility.

V Make sure the Tx and Rx Vs are always set to the same carrier frequency wheneveu

pair them up to communicate.
V Transmission should start after receiving workstations are ready to receive.

V Verify that device name fields in both Tx and Rx VIs are set to the IP address of the URS

use (seeFig.122).

V MakesuA O AT1T1TAAO OEA POl OEAAA AOOAT OAOI
the antenna/loopback-cable. The attenuator is used to decrease the power level of tf
OOAT Oi EOOAA OECT Al ET 1T OAAO O1 AOI EA A

radios proximity.

3. Connect RX2 antenn@ one of the two cantennas in the RADAR antenna fixture of the
receiving USRPConnectother cantennas to the TXRX1 antenna connectorto the

transmitting USRP.
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Fig.123 RADARConnectivity

4. Using theUSRP Setupage Fg. 124) ensure that thetransmitter USRI setip according to

TableXXIl
TableXXI¢ Transmitter Settings
Field Setting
Device Name: 192.168.10.*
Carrier Frequency: 1GHz
IQ Rate: 500kHz
Gain: 1
Active Antenna: TX1

Mﬁpls&nlumlomrm|

USRP TX Radio ~ USRP RX Radio |
Device Address (TX) p (TX) Device Address (RX) Antenna
II191168.10-2 |@| Ilﬁ@' Ilmz.m&m.a |@| ||Rx2 |@|
Frequency (TX) Actual Frequency Frequency (RX) Actual Frequency (RX)
IEH IG|| I|o || IE] 1G| In |
IQ Rate (TX) Actual IQ Rate (TX) 1Q Rate (RX) Actual IQ Rate (RX)
(EIET] I ] Erss) [T )
Gain (TX) Actual Gain Gain (RX) Actual Gain (RX)

By D

If you are using the system in loopback mode ensure the 30dB attenuator is attached to the RX antenna

Buffer underflow probl can be lved by reducing the IQ Rate|

Fg. 124 USRPSetupPage

5. Againusing the RADAR Setup P#gg. 124), setupthe USRRccording toTableX Xl
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TableXXll¢ Receiver Settings

Field Setting
Device Name: 192.168.10.*
Carrier Frequency: 1GHz
IQ Rate: 500kHz
Gain: 10
Active Antenna: RX2

6. Open the RADARperatepage of the]2 RADAR v2.vThe page should look likgg.125.

Start LABView and then click on the start Start TX buttonKsp£25)

8. Observe the Waveforms (Sim) displ&ig(119) and record theReturn Signal Ramp Reset
Timein TableXXIll You will have to use th@aveform graph display tools to magnify the x
axis to do this.

9. Observe the Sim Cross Correlation displg.£20) and record thReturn Time (Sedh
TableXXIll

10. Observethe Beat Frequency (Sim) displ&jg.121) and record thBeat Frequency (Hj
TableXXIIl

~

TableXXlll¢ Actual RADAR Observations

Return Signal Ramp Reset )
Time (Sec) Return Time (Sec) Beat Frequency(Hz)
__ RADARReturn Data |

7 T Waveform 1R
Waveforms 7 Rx Waveform [
2.50833 )

2}
15-

1)
05-]
o}
05-]
a1

Amplitude

-1.58957 =5
0

e
[ ‘ RADAR Transmit Controls
Cross Correlation StartTx _ Stop
80000~ e m
70000 b - b
60000 -|
4 50000
2 40000~
2 30000
£ 2o Start
R Transmission
100001 " ) ) " " " ) " " g
-1000 -0800 -0.600 -0400 -0.200 0000 0200 0400 0600 0800 1000 B utto n

Lag Times

HEw |

Beat Frequency Spectrum
8E11- o
7e41] 0 RN\
6E11-] AT T e NN

_ SEa1-]

$ 4e11-] i ) )]
= 341 \ ‘.‘1\(/ mkgk\f i
2611 Y >4
S /,,

1E-11-}

1500 2000 2500
Frequency (kHz) Beat Frequency (Hz):

Fig.125 RADAROperate Pagé-ront Panel
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8.5 Lab Write -up
Short Answer Questions
1. What are the benefits of using cross correlation or beat frequency to measureckista

2. Discuss possible reasons for having a constant of set in the RADAR calibration e@&@ation
which is not predicted by the beat frequency equation given by equd&a@)?

3. What is the minimum range of detection for your RADAR system using cross correlation?

Performance Measures

Task Standards Sat/Unsat
Hardware Setup Working setup for all with Loopbadable.
Running Vs Successful transission and reception of square wave signal.

Determine Range an{ Setup VI's to determine range and velocity to targets.
Velocity

Discussion

Did all configurations perform as expected?

Did you have any difficulties completing the lab?

Did your TA prode enough guidance?

Do you have any recommendations to improve the lab?
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9 Amplitude Modulation with Additive Gaussian White No ise

9.1 Summary

This laboratory exercise has two objectives. The first is toaygiarience in implementing a white
noise source in LabView. The second is to investigate classical analog amplitude mofil]lation
the effectsof noise on the modulated signal envelope.

9.2 Background

9.2.1 Additive Gaussian White Noise
Additive white Gaussian noisBAWGN isused tosimulatethe effect of manyandomprocessesoo
complicated to model explicitlyThese randonprocessesare the result ofmany natural sources
such as:
1 Thermal noisds the result ofvibrations of atoms in conductorgsulting thermal energy;
1 Shot noiseis the result of random fluctuations in the movement of currentdiscrete
electric charge quanta or electrons.
1 Electroma@netic radiation emitted by the sun, earth and other large massethémmal
equilibrium
1 In the case of this lab, the distance between the transmitter and receiver, and background
radiation from other nearby transmitters.
AWGNis alsoused to simulateother types of noise such asackground noiseand interference
between other transceivers in the netwark

The model is assumed to be linear so that the noise can be super imposed or added to the message
or modulated signalA white noise process is assumed tiniformly affect all frequencies irthe

a A 3 gpettrind When the noise only affects a part of the spectrum it is referred to as colored
noise. The noise in the tirdomain results in @&equenceof random terms that are added to the

a&A 3yl f Qa Thes¥ kaludsiadzRedetined by sampling a random process witioanean

normal distribution A mean of zero is used since the process is not expected add a d& hiasnal
distribution is used because difie central limit theorem[2]. This theorem states that random
process that is sum of a large number of randeariables tends towaréd normally distribution
randomprocess

All this said, for the purposes of this lab it is a good enough approximation of backgrouatibradi
sources and can easily illustrate its effects on an AM radio station channel.

The AGWN is simulated using a pseudorandom number generator whose statistical profile is
N(O,sz), where 52 is the variance of random nuer generator whose output conforms to the
following probability density function.

(60)

I GLJASdzZR2NI yYR2Y y dz2¥gdsitNg fa Seyiedanidg & Beiience af numbyéers that
approximates the propdgies of random numbers. In terms odhndom number generationthe
sequence is not trulyandomin that it is completely determined by a relatively small set of initial
values, called the pseudorandom number generattate, which includes a trulyandom ed
Although sequences that are closer to truly random can be generated bsirdyvare random
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number generatorspseudorandommumbers are important in practice for their speed in number
generation and their reproducibility.

This is done using the Bdfuller Transformation, which uses two random variables to represent the
angle and the radius of a circle. The radius and the angland () are generated as independent
random variableghat are uniformly distributedover theinterval (0, 1]. When trarfermed back
into a two-axis Cartesian coordinatél), the coordinates represent twandependent random
variables with astandard normal distribution the interval (0, 1].

Z, =+/- 2In(U,)cod20U,) o

Z =,- 2In{U, sin(2pU2)

In LABVIEW this is implemented with the Gaussian White Noise Wavefoig.V28).

The standard deviation can be estimated using a spectrum analyzer to observe the nois€ifoor (
126). The standat deviation is calculated usif{d@9). For the purposes of the lab you will want to
set this at specific values to assess the impact of noise on the AM receiver.

Power Spectral Denisty
005

(=]
=
=

=
]
Lo

ecibels (Power)

o o
[=1
=

Noise Floor at
0.005dBm

001°

L

RTT I Al .II- TRV VY Y PR B S Ll.n..li..l.,.l.LLll‘.l..lll_J|T||,f.|._1.|1...|1:7....;1.._|._.||..+4| hr.;...!l.-l__ll.l.qu ..IJ.I_L.LI..L.I.ln..:,I...r
0 0.05 01 015 02 0.25 03 035 04 045 0.4999
Time

=
..

Fig.126: Noise Floor Measurement

s =./2@NoiseFloor ) 62

In addition to measuring the noise floor, theignalto-noise and distortion ratio(SINAD can be

used to measure the residual noise and distortion in a signal after being filtered or, in the case of a
transmitter, the amount of noise and distortion introduced as a result of modulation. SINAD is

defined as the ratia63) of the RMS energy of the received noisy signal to the RMS energy of

received noisy signal 4e the energy in the fundamental frequency, expressed in dB. This implies

that the higher the ratio is, the lower the power of the noise would be. As you will see in the lab, this
implies the receiver will have a better chance of detecting the envelope.

+ I:)noise-i_ P,

distortion
63
TP (63)

distortion

I:)signal
SINAD=

noise

9.3 Pre-Lab

9.3.1 Transmitter
Your task is to add a data entry pane to the transmitter templ&ig.£27) to allow addition of white

Gaussian noise to the amplitude modulated signaM_Noise Tx_Template.vi.
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quigo Names Active Antenna AM Signal
Fmwns 0] [ | |
1Q Rate Actual IQ Rate
=200k ] [200k
E:rrior Freql:en:y 'Adual Carrier Frequency
(BEsw) ()
Gain (dB) Actual Gain (dB)
| [2 '|Ji R W
Modulation Index | Noisy Baseband Signal
Message Length "r: |1 “J 1
om]  omren | 41
Start Frequency 100 1] g
e ) # Tones 4
Standard Deviston Noise ON I BE_]) T % a0 G s w0 ub o wo e amw
(Fe H 9 - Time (mSeconds)
SINAD (d8) Start/Stop \ HER W
| J J‘ e \ Noisy Baseband Power Spectrum
N 006
_ 004~
‘%onz-
TX Error J ‘
statys  Code 000 ] i ; ; 7 ; ] ; 7 7
g B 1 2 3 4 5 6 7 8 9 10
source mem
(e | , :
B swop
Fig.127: Transmitter VITemplateFront Panel
a) DSYSNI S | 6KAGS y2AaS a2dNDS dzai Fig12§KS aDF c

The VI generates a Gauwmsidistributed pseudorandom pattern with a mean of 0 and a
standard deviatior{s), wheres is the absolute value of the chosen standard deviation. The
value of the standard deviation input is controlled by a switch and case structure as
explained in the coming paragraphs. The sampling information for the generated white noise
shouldbe kept the same as the message signal generated by the basiciomelti

¥ Signal Processing §

L Waveform Generation Gaussian White Noise Waveform.vi

FI—; — =3 =" = T reset signal
@ E @ | B S | 5 standard deviation = signal out
seed - @l
= ) = = = =11 | s e ee—— error out
BEEE0a

error in (no error) - I
sampling info

oo ”"' Er“l‘ Iﬁz—‘_-ﬂg_— . Generates a Gaussian distributed pseudorandom
m Q r‘ (Gaussian White Noise Waveform.vil pattern whose statistical profile is (0,s), where s is
— r@j Rl the absolute value of the specified standard

. ,g deviation.

ms ||

Fig.128 Gaussian White Noise Waveform VI

b) Insert a switch and round LED indicator on the front panel to activate or deactivate noise
addition from the font panel. So when you want the noise to be added, you would turn the
A6AGOK (2 GKS 6hyé LRAAGAZY FYR GKS [95 AYRA
found in the Front Panel Boolean Controls Palette and wired as shokig.ir?9.
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=1 Controls Q, Saarch‘
r i :
Modern standard deviation Noise ON
»‘ — [l j
1 o} 1.00
e e & L
Boolean String & Path ‘Starthtop
Q ﬁ:' ' SINAD (dB) j Moise
Push Button Rocker Yert Rocker List, Table & ... Graph 1.76091
. 1 a, "
e - 4 B
Round LED  JHorizontal T Vertical Tog... Containers o
C »
s [ | [OFiY
- ] o B
Square LED Slide Switch ~ Vertical Slide... | Decorations Refnum

2) Arrange the LED and switch on th

»
» front panel
OKButton  Cancel Button  Stop Button »
'
Radio Buttons ' Sta rt,l"stgp
| Arduino , MNoise Moise OM

ke

RF Communications 3
TF TF

1) Selecf Swiigh afd Round ED
from Front Panel Controls Menu

To Case Statement

3) Arrange the LED and switch in the
block diagram

Fig.129 Boolean Switch and LED Palette Location and Wiring

c) 58aA3dy | OFrasS aidNHOGd2NE GKIFIG NBfFGSa G2 GKS
ahyé¢ LRAaAAGAZ2YST GKS adl yRIENRWHS Hoise Wavefgfm G S NI A
DSYSNI G2NJ aK2dzZ R NBOSAQGS GKS @I tdzS 2F a{idlyR

zero otherwise.
d DSG GKS RIFGEF @lfdzSa 2F GKS 3IASYSNIGSR y2A
them to the complex form of the scalébaseband signal.
e) 2NAGS (GKS y2Araae aAradylf 62 GKS ayA! {wt 2NRGS
i 52 | dezIY[’J)\[’JI[’J)\@S yzxéé yltééxa 08 FTSSRAyYSH
a{L | 5 I(Bigl180p $ebtiBE SELR NI Y2RS G fdzS (2 @Ay LIz
KS YSIyYy 2F wmnn {Lb!5 @I FdgsB) dzaAy3a (KS

Q)¢
(7))
o
N

iKS daaSly

¥ Programming
Waveform
L Analog Waveform
L Waveform Measurements

=

- = wvv. »
et 5 5 oIE SINAD Analyzer.vi
Basic DC-RMS  Avg DC-RMS  Cyc Avg & R... Wfm Monito. §
= = exported signals
' signal in detected fundamental frequency
Transition M...  Pulse Me export mode SINAD (dB)
e = error in (no error) == THD Plus Noise
rgd ; advanced search error out
e s rement info
Extract Tones Harmonic e

Takes a signal in and performs a full Signal in Noise and Distortion (SINAD)
analysis, including measuring the fundamental frequency tone and returning the
fundamental frequency and SINAD level in dB. Wire data to the signal in input to
determine the polymorphic instance to use or manually select the instance.

-m
n
-
=
I

o
©
=
&
3
o
=
2
@

=}
m
=

,
T
ENEEE

Timing-Trans Amp & Level

Fig.130: SINAD Analyzer VI
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¥ Signal Processing
L Point By Point
L probability & Statistics PtByPt Mean PtByPt.vi
= ] initialize ~mrrr
\ o | o | % ¢ % (A mean
Mean Std Deviation Variance  Sample Varia... MEAN
P o] ] ] sample length —— error
& - I .
RMS MSE MR atias Medion ¢ omputes t .e mean, or ayerage, °, t e values
. . o in the set of input data points specified by
F | & | Py sample length.
Mode Histogram  Gen. Histogr...

Fig.131: Mean PtByRVI
g tft2d GKS y2Araae aAa3dyrtt Ay GAYS yR FTNBIjdSyOe
t 26 SN { LIS Ol NI=9.130) prdviddd{ 5 ¢ =+ L
¥ Programming A 5

L FFT Power Spectrum and PSD.vi

Waveform

L Analog Waveform export mode

L Waveform Measurements e e ®
time signal i) Power Spectrum / PSD
| window - P averaging done
.v[E ’ dB On (F) - E | averages completed
E F error in (No error) ===t L. error out

averaging parameters
window parameter

FFT Power Spectrum and PSD.vi

! 3 Computes the averaged auto power spectrum of time signal. Wire
ped ) == ? a data to the time signal input to determine the polymorphic instance
NV fIEEF to use or manually select the instance.

ﬁ@@%

Fig.132 FFT Power Spectrum and PSD VI

e) Save your transmittein a file who§ Yy I YS Ay Of dzZRS &Y i KSa § ¢S (1 BRE
initials.

9.3.2 Receiver

The task is to design Boolean or digital circuit that allows the selection of no filteiClaebyshev

low-pass filter, or a Butterworth lowpassfilter to extract thet2 y S&a Ay (GKS (GNIJ yaYAl
envelope. A template for the receiver has been provided in theMile Noise Rx_Template.\isee

Fig.49).
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Device Names Received Message
[i102168103 ] j 025
IQ Rate Actual IQ Rate 02
P S e 2 »
I | |[m $oss
Carrigr F;eguenty Aqual Frequency s 01
Zlosm || [o15m 2
J ¢ 005
Gain (dB) Actual Gain (dB)
(@Er ! I = 0
B} o 0 1000000 2000000 3000000 4000000 5000000 000000 7000000 8000000 9000000 10131301
Active Antenna 'iumber of Samples. Time (mSeconds)
e 1] [(Emm] Rl
LowPass - Message Spectrum (dBV)
On "“.'"“" 0.002-
9 SINAD (dB) | i
. o |y
5 ']‘ ) §°’°°1‘
9
Chebychev
Butterworth/ o 1 2 3 H s 6 7 8 ) 10
Low Cutoff ~ Frequency (Hz)
Ord 2 7
s s eE R HE»|
~ [s M [+715000.00¢| | Error Out
e e
status  code
Chebyehed ) fo
Low Cutoff S e B stop
Order Ripple(dB) Freq: fl gl
815 |IE 010 ilﬁisooo.ooc

Fig.133 Reeiver VITemplateFront Panel

a) The Front Panel earols for the filter selection logic require you to construct the switching
network shown inFig.134. The network implements the following logic table. The name
given on the front panel will be assigned to the switch and indicHls.
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TableXXIV¢ Switch and LED Settings

Switches Indicator LEDs
Low Pass on Filter Selector Low Pass On Chebyshev Butterworth
Off Chebyshev Off On Off
Off Butterworth Off Off On
On Chebyshev On On Off
On Butterworth On Off On
Iﬁ? Pass Butterworth -] Functions Q Search|
@ Programming »
> SINAD (dB) ¥ C
: el mE e
' '3 — Structures A cwusgcm."
J =" v =l
Chebychey [ 41 Boolean
MNumeric Boolean

Al
=

yo ™ >| H
And Or Exclusive Or Not Compound ...

> i =

o
g
3

B
g
s
El
3
3

3

Low Pass
On

i
>0 ‘ Waveform Not And Not Or Mot Exclusiv... Implies
Chebyche P > >

= 4
. Py + O ‘ Synchronizat.. Graphics &5.., And ArrayEl.. OrArmay Ele.. NumtoAmay Arrayte Num  Bool to (0,1)
D Lyl Measurement /O =

Butterworth Instrument /O

l: : ® ‘ o ‘ Mathematics True Constant False Constant L
izt Ly | Signal Processing y

L

o
m
=
(=]

()
@v
&

¥

Data Communication L4

To inside case Connectivity ’

Express »l

statem.ent o .
To outside case Selecta VL.

statement G D

RF Communications 3

Fig.134: Filter Selection Logic

The switches will be used to drive the nested Case Structures illustratéig).ib35. The
ySaadSR /FaS &iNUzOG deNBa aA 4C AR NIRSANKYR yoedll Bigrest DR([B2 &
CAfGSNI hyé¢ A& Ay GKS 2 T-passliifeashoiild & yassedithr&@igha A 3y |
GAGK y2 FA{LOGSNAYAQG CAKSENIKFEEapAgAYy (GKS 2y |
through the selected filter. Remember to pihe right filter in the right case structure pane.
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Outer Case Structure is FALSE Outer Case Structure is TRUE
To inside case
Folse 7] statement

To outside case

statement N Filtered l?a?eur;s;ﬂ? case .
FromBandpass E Signal e Filtered
FromBandpass Signal
From Sample Infd —
From Sample Info =
low cutolf
freq fl

Inner Case Structure is FALSE
(Chebyshef¥ilter)

Toinside case Quter Case Structure is TRUE
statement

To outside case

Statement S

FromBandpass E

! Filtered
Signal

From Sample Info

Inner Case Structure is TRUE
(Butterworth Filter)

Fig.135 Nested Case Structure for Filter Selection

b) As in Lab 5 the filters will be found on the Filters palette showrignl136. Unlike before,
yodz gAff YIS GKS GhNRSNE |yR G[2¢ [/ dzi2FF
inputs from the main panel. This can be done by selecting the despetifor the VI on the
left-hand side of the block and right clicking and selecting the ereantrol option as shown
in Fig.137d C2NJ GKS / KSoeaKS@® FA{GSNE O2y GNP
CNBIljdzSyOeé¢ | yRI GwALLX S¢€ o

Fig.136: Filters Palette
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