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Software Defined Radio Basics: The

Link Equation, Sources, and Filters

James Flynn
Sharlene Katz

Overview

| IPreparing for the Fall

| 'The Link Equation

| ISignal Representation

I lIExamining GNU Radio Data in MATLAB
| IFiltering in GNU Radio
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Fall Meetings/Work Plan

I'"Undergraduates
11On campus meeting time
I Additional members
I IGraduates
I 'IMeeting time
I 'Possible projects
I ' Future Topics
I IDigital Communications
I 'Packet communications
11GUI Interface¥vxPython
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Performance of a Radio Link
| 'To determine how well a link performs, we n
to know:
-Signal to noise ratio at receiver
-Modulation scheme
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Performance of a Radio Link

In analog systems, performance is subjective

In digital systems, performance is precisely
specified as Probability of Bror,

_ number of errors in n bi
n

P

e

In digital systerRsdetermined by modulation
scheme and Signal to Noise Ratio, SNR.
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Performance of a Radio Link

I ISNR at receiver crucial in determining link
performance.

signal power at receiv

SNR=—= .
noise power at receivt

I IMay be expressed in dB.
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Performance of a Radio Link

1 1Signal Power at Receiver determined by LINK
EQUATION

I 1Also known as fhgisEquation

I 'Used to compute power levels at receiver based G
distance, transmitter power and antenna gain.

I TUsed only for free-space, line of sight links. Grour
wave andnospherieflection are not covered.

I TUHFfregencig800-300MH2 are line of sight.
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Performance of a Radio Link

The transmitter side:

I JAssume an isotropic radiator. Radiates pow
equally in all directions.

I IDoes not exist in reality. A mathematical

construct to compare other antennas to.

I IAssume all of the transmitter power goes inf
space.
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Performance of a Radio Link
Between transmitter and receiver:
| 1Signal expands in all directions.
I IAt some distandgesignal covers a sphere wit},
surface area:
S=4"d?
| 'lPower density; P
_R_ PR
> 8 4"d?
\e 8/18/08 /
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Performance of a Radio Link
@ 8/18/08 /

"#$"%!&

*&



4 I
Performance of a Radio Link
At the receiver:
I IAperture : How much of the signal sphere ig
OcapturedO by the receiver antenna.
| IFor isotropic antenna, aperture is expresse(
area: o
A=
A#
@ 8/18/08 /
4 I
Performance of a Radio Link
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Performance of a Radio Link
| ISignal power at the receiver:
P =APR,
Pt n2
(4#d)”
Basic Link equation with isotropic antennas
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Performance of a Radio Link

Antenna Gain
I IAntenna is a passive device b cannot add |
and may have losses.
I IGain is power increased in one direction at
expense of it in another.

)
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4 N
Performance of a Radio Link
| IAntenna gain: same power over smaller are;
I Il.e. Power density increased.
-
| IReciprocity means transmitting gain is also
receive gain for same antenna.
I ICommon gains: 2 to 30 db over isotropic.
\e 8/18/08 /
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Performance of a Radio Link
| ILink equation with antenna gains:
P _ F)thGr n2
r (4#d)2
| Mradeoffs:
I Higher frequency = lower receive power
| But easier to build high gain antennas at h
frequency
I IAlso lower noise at higher frequency
@ 8/18/08 /
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Performance of a Radio Link

Noise Sources:
| Terrestrial, mostly lightning. (HF)
| Extra-terrestrial, mostly she.(VHREhrough
microwaves)

I Man-made. (possible at all frequencies, but u
low frequency)

I Thermal (all frequencies)
I Quantizing (only in digital signal processing)
I Circuit
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Performance of a Radio Link

Thermal or Johnson noise.
Dependent on:
I IAbsolute Temperature, T (Kelvin)
| Bandwidth, B (Hz)

P, = 4kTB
k=1.38" 10" joules(K
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Performance of a Radio Link

Circuit Noise
| IFrom active devices: transistoFEadisd
I ICan be slightly above thermal noise power {
many times thermal noise power.

| ICareful design can minimize circuit noise.
@ 8/18/08
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Performance of a Radio Link
Quantizing noise

I IProduced by A to D conversion.

I IProportional to minimum digital level.

I IAlso dependant on modulation scheme.

Example: signal is almost exactly between lg

1002 and 1003. Tiny change in voltage leag

full step. Effectively adding/subtracting abo
bit level.

|
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Performance of a Radio Link
How much SNR is enough?
\e 8/18/08 /
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Performance of a Radio Link
Comparison of various simple digital systej
P E erfct—— “S ]
e,00K 2 # 2’\/— 8
1 "~/SNRY
P —erf
eFSK — 2 %&
1 . +/[SNRY
P, ok = —erfeg——
PSK 2 # ﬁ &
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Performance of a Radio Link

Designing a System Example
| IF = 400mHz
1P, <=10°
I range = 5 km max.
I lUsing PSK, data rate ¥baud
| IRequired transmitter power = ?
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Performance of a Radio Link
Noise at Receiver:
' Bandwidth = 100 kHz

I Temperature = 300 K
| IAntenna gains of 1

I IAssume average receiver with circuit noise {

thermal noise.
P, =8kTB
P, =3.3" 107w
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Performance of a Radio Link
Required SNR

SNR=90.4(19.6dB)
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Performance of a Radio Link

Required Received Power

P =90.4" 3.3" 10"
=3.0" 10"°w
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Performance of a Radio Link
And finally back to the Link Equation:
3.0" 10" = —RGtGer
(4%1)
P, =209mW

Enot a whole lot, but more than the USRP ¢

deliver.
@ 8/18/08 /
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Sine Wave Generator
#1/ usr/bin/envpython

#This program is designed to generate sine waves for captul
files.

fromgnuradiamportgr |
fromgnuradiémport audio 'mﬁ’ict’)rr;rr?ei"am
fromgnuradio.eng_optiomporteng_option

fromoptparsenportOptionParser

classny top_block(gr.top_blnck
def init_ (se)f Define class
grtop_block. init__ (9elf

8/18/08
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Sine Wave Generator
parser ptionParser(option_ctassg_optign

help="pcmoutput device name. E.g., hw:0,0 ordsigyv/
parser.add_option{;-l--sample-rate”, typestig_float

parser.add_opt{®@", "--ampl, type="eng_flodf default=.1,
help="set amplitude (0.1)")
(optionsargy = parser.parse_afps
if len(argd= 0:
parser.print_hé)p
raisgystemExit

sample_rateint(options.sample_Jate
ampk options.ampl

o

8/18/08
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parser.add_opt{th®©", "--audio-output”, type="string", default="0,

default=48000, help="set sample rate to RATE

Sine Wave Generator

srcl gr.sig_source(slmple_ratgr.GR_SIN_WAVEA4O0,
amp)

dst= audio.sinisample_rateptions.audio_output

sine_sink gr.file_sink(gr.sizeof fldaine_wave.

self.conne¢srclds)
self.conne¢srclsine_sink

if _name__=='_main__"
try:
my_top_block().rgn
excefeyboardinterrupt
pass
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Sine Wave Generator
' 'Run the program using:
11 ./sine_test.pya 0.5
11440 Hz tone is heard
| IData stored in filgine_wave.dat
I llmport file into MATLAB:
>> sine_wawvaead_float_binary(‘'sine_wavg.dat
| IResults in workspace:

Name A Value Min Max
HHSMeJNmm <106111x1 double> -0.5 0.5

e 8/18/08
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Sine Wave Generator

Name & Value Min Max
FH sine_wave <106111x1 double> -0.5 0.5

I 1Sample raté;= 48000

| 1ISampling intervél= 1/f,= 1/48000 > sine vave(i:io) -
' 'INumber of samples: N =106111 ;.0000

' 'Time Duration: W= 106111/48000 = 00575

0.0860
0.1142
0.1420 {
0.1694
0.1962]
0.2223
0.2477

@ 8/18/08
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Sine Wave Generator
Name & Value Min Max
FH sine_wave <106111x1 double> -0.5 0.5
I To plot the file data:
>>fs=48000; T=1/440 = .0022]

>>ts=1/fs;
>> plot([1:length(sine_wawgdine_waye

04
0.2
0
-0.2
-04

of the plot is shown.

9.002 0004 0.006 0,008 .01

8/18/08
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Complex Sine Wave Generator
srcl gr.sig_source(sample_ratgr.GR_SIN_WAVEA0,
ampl

ctof=gr.complex_to_fl@at

dst= audio.sinfsample_rateptions.audio_output

sine_sink gr.file_sink(gr.sizeof_gr_complex

sifle_wave_c.gat

audio_sinkgr.file_sink(gr.sizeof_fldatdio.dat

self.conne¢srclctof ds)

self.conne@ttof audio_sink

self.conne¢srclsine_sink
@ 8/18/08 /
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Complex Sine Wave Generator

11 Format for MATLAB with
>> sine_wave=cead_complex_binary('sine_wave); c

>> sine_wave_c(1:10)

ans =
0.5000 + 0.00001
0.4992 + 0.02881
0.4967 + 0.05751
0.4926 + 0.08601
0.4868 + 0.11421
0.4794 + 0.14201
0.4704 + 0.16941
0.4599 + 0.19621
0.4479 + 0.22231
0.4343 + 0.24771

@ 8/18/08
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Complex Sine Wave Generator
>> subplot(2,1,1)
>> plot(real(sine_wavp_c
>> subplot(2,1,2)
>> plot(imag(sine_wavg_c
1 Real Part of Complex Sine Wave - In Phase (1) Component
-10 160 260 360 460 560 860 760 360 960 1000
1 Imag Part of Complex Sine Wae - Quadrature (Q) Component

1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000
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What are | and Q Components?

I 1A signa() is represented as:
Hs() = I(t) cod gt + Q(H) sin! t
| IAdvantages of | and Q representation:
I IComplex mixing shifts in one direction, not both

o
8/18/08
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What are | and Q Components

I 'Properties of | and Q signals
I IMagnitude: Msgrt(P + Q)
| IPhase: taQ!/I

| IBaseband signals are represented in software as
numbers

11l and Q signals are generated by USRP and variof
daughterboards
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Filtering

| IFiltering is common component in
communications systems

I IGNU Radio implements two types of digital
filters: FIR and IIR filters

Station A | Station 8] Station G n

| IFIR filters are commonly used D linear phas

@ 8/18/08
S /

Linear Phase Filters

I IFor an inpuk(t) = X, cos(2"ft)
I 1'The output will bg(t) = X |H(f )| cos(2"ft+" (f,))
| lExample: Ideal Low Pass filfgs:

I ILinear Phas¥&(f) = - ("/2)f
| INon-linear Phaséf) = - tani(10f)

@ 8/18/08
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Linear Phase Filters

1 If we apply a signdl) = cos(2"f) + cos(4"f)
I'I'Linear Phase Filter Outp: = - ("/2)f
y(Y) = cos(2"f-"/2) + cos(4"f-")
I ' Non-linear Phase Filter Outpfix.:= - tan(10f)
y(t) = cos(2"f-ta’(10)) + cos(4"f-ta¥20))
' MATLAB:
>> t=0:.01:4;
>> x = cos(2*pi*t)+cos(4*fi*
>> X2 = cos(2*pi*t-pi/2)+cos(4*@ipi);
>> x1 = cos(2*pi*t-atan(10))+cos(4*pi*t-atan(20));
>> subplot(3,1,1plot(t,%
>> subplot(3,1,2), plot(t,x2)
>> subplot(3,1,3), plot(t,x1)

8/18/08
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Linear Phase Filters

Original Signal

0 U.I5 1I 1I5 2I 2I5 :‘I} 3.I5 4

Output of Linear Phase Filter
U.IS 1I 1.I5 2I 2.I5 3I 3.I5 4

Output of Non-linear Phase Filter

0 W

0 0.5 1 1.5 2 2.5 3 35 4

2

=3

-2

n
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FIR Filter
I IFor any linear system:
$
yn = Xn "’ hn = (yoxn#jhj
=0
| 'For a finite impulse response filter (FIR):
N
yn = xn " hn = $ xn#jhj = xnhO + xn#lhl + xn#2h2 Tt xn#NhN
j=0
1 1If N=3 (39 order filter):
3
yn = Xn " hn = $ Xn#j hj = thO + Xn#lhl + Xn#2h2 + Xn#3h3
j=0
@ 8/18/08 /
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FIR Filters
I ' The standard form of a FIR filter:
5 Yo
yn = Xn " hn = $ Xn#j hj = thO + Xn#lhl + Xn#2h2 + Xn#3h3
j=0
@ 8/18/08 /
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Using GNU Radio to Design FIR Filters
I ICompute coefficiertts (
I Use MATLAB or other filter design softwar
I Use GNU Radimptfir (optimal filter design)
I Use GNU Radibrdes (uses windowing
method)
I Implement filter with coefficients
| freq_xlating_fir_filter_ccf
| fir_filter_ccf
@ 8/18/08
4 N
Example: Low Pass Filter Design
I IDesign a low pass filter to pass signals at 1KH
block signals at 2KHz
| HGDI g
0 000 2000
-60 T %
1500 1800
@ 8/18/08
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Filter Test Script
srcO
Filter
srcl
srcO =gr.sig_source(sample_ratgr.GR_SIN_WAYEO00amp)
srcl =gr.sig_source(sample_ratgr.GR_SIN_WAYE000amp)
summer gr.add_d¢y
@ 8/18/08
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Filter Test Script

#create the channel filter coefficients
chan_tapsoptfirlow_paés
1.0, #Filter gain
48000, #Sample Rate
1500,#one sided modulation BW (edggsebajd
1800, #one sided channel BW (estgpelmnd

#creates the channel filter withdeffound above

0.1, #Passbamgple | H(GD)| s

60) # Stopbandittenuation

. . -0.1

print "Channel filter tapseth(chan_tgps 1000
-60

T

2(

1

chare gr.freq_xlating_fir_filter_gcf
1, #Decimation rate
chan_tapgtcoefficients

48e3) #incoming sample rate
o

1500

0, #Offset frequency - could be used to shift

1800

8/18/08
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Filter Test Script

summer_sirkgr.file_sink(gr.sizeof_gr_compexn_c.dat
filter_sink= gr.file_sink(gr.sizeof gr_compfdter.dat)

ctof=gr.complex_to_flgnt
dst= audio.sinfsample_rateptions.audio_output

self.conne¢srcO, (summer, 0))
self.conneésrcl, (summer, 1))
self.conne¢summechanctof ds)
self.conne@hanfilter_sink
self.conne¢summesummer_sihk

8/18/08

Filter Test Script Output

11436 taps were required
I Two data files are generatan; c.dandilter.dat
I'1Using the following MATLAB commands:

>> fs=48000;

>> ts=1/fs;

>> sum-=read_complex_binary('sum_).dat
>> filtered=read_complex_binary(‘filte)dat
>> subplot(2,1,1)

>> plot([1:500]*ts,real(sum(1:500)))

>> subplot(2,1,2)

>> plot([1:500]*ts,real(filtered(1:500)))
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Filter Test Script Output

e Inp'ut
1+ ]
0.5 §
o} i
.05 1 1 1 1 1
0 0.002 0.004 0.006 0.008 0.01 0.012

Filtered Output
1 T

T T T T
051 4
0 4

-0.5 1 1 1 1 1
0 0.002 0.004 0.006 0.008 0.01 0.012
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