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Basics

“The fundamental problem of communication is that of reproducing at
one point either exactly or approximately a message selected at another
point.”

- Claude Shannon,A Mathematical Theory of Communication



Basics

Options
1D: sources_and_sinks
Generate Options: QT GUI

Variable
1D: samp_rate
Value: 32k

Noise Source
Noise Type: Gaussian
Ampiitude: 1
Seed: 0

signal Source
Sample Rate: 32k
Cosine

Frequency: 1k
Amplitude: 1
Offset: 0

o Demonstration of using multiple sources to create a noisy sine

Throttle
Sample Rate: 32k

QT GUI Range
1D: noise amp

Label: Noise Amplitude
Default Value: 1
start: 0

Stop: 1

Step: 10m

QT GUI Frequency Sink
Name: QT GUI Plot

FFT Size: 1.024k

Center Frequency (Hz): 0
Bandwidth (Hz): 32k

QT GUI Time Sink
Name: QT GUI Plot
Number of Points: 1.024k
Sample Rate: 32k

QT GUI Waterfall Sink
Name: OT GUI Plot

FFT Size: 1.024k

Center Frequency (Hz): 0
Bandwidth (Hz): 32k

wave and multiple sinks to view it in different domains.
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Basics
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@ Showing PSD, spectrogram, and time domain of noisy signal.
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Complex Numbers Review

“"Am | to refuse to eat because | do not
fully understand the mechanism of
digestion?”

- Oliver Heaviside




Complex Numbers Review

o z(t) = x(t)cos(2mf(t)t + ¢(t)) + jy(t)sin(2mf(t)t + &(t))
o z(t) = C(t)e—j27rf(t)t+¢(t)

o Information can be encoded in ¢(t), f(t), and ¢(t).
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Complex Numbers Review

Frequency = 100 Hz
Time per Sample = 1.0 ms
Radians per Sample = 36.0

180°

270°
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Basic Tx/Rx



Basic Tx/Rx

Options Variable || Variable Import Variable
1Dz mpsk_stagel 1Dz arity || 1 port:
Generate Options: QT GUI | | Value: 4 || Value: 4

ath || 10z samp_rate
Value: 32

Random Source PSK Mod

Number of Constellation Points: 4
Minimum: 0 e,
Maximum: 255 [o—gmmJi| Lo0 Encoding: Yes

Num Samples: 1M

Repeat: Yes Samples/Symbol: 4

Excess BW: 350m

Throttle
Sample Rate: 32k

Sample Rate: 32k

QT GUI Constellation Sink
Name: QT GUI Plot
Number of Points: 1.024k

QT GUI Frequency Sink
Name: OT GUI Plot

FFT Size: 1,024k

Center Frequency (Hz): 0
Bandwidth (Hz): 32k

@ Using a pre-built PSK modulator block from GNU Radio.




Basic Tx/Rx
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Basic Tx/Rx

Options Variable | Variable ||  Import Variable Variable
1: mpsk_stage2 ID:arity | IDisps || Import: math 1D: taps 1D: 3
Generate Options: OTGUI | | Value: 4 || Value: 4 Value:1 | | Value: 1, 250m....-200m+200m]

Random Source Channel Model

Minimums 0
Maximum: 256
Num Samples: 1M

Gray Code: Yes
Differential Encoding: Yes
Samples/Symbol: 4

1, 250m-... -200m-+200mj

Repeat: 1
== Excess BW: 350m
QT GUI Time Sink
Throttle Name: QT GUI Piot
Sample Rate: 32k Number of Points: 1024k
Sample Rate: 32
QT GUI Constellation Sink
Name: QT GUI Plot
QT GUI Range QT GUI Range QT GUI Range Number of Polnts: 1,024k

1D: noise volt 1D: time_offset
Label: Channel: Noise Voltage | | Label: Channel: Timing Offset
Default Value: 1000 Default Value: 1

QT GUI Frequency Sink
Name: QT GUI Plot

start: 0 start: 999m FFT Size: 1.024k
Stop: 1 Stop: 1001 Center Frequency (Hz): 0
Step: 10m Step: 100u Bandwidth (Hz): 32k

o We can simulate a channel model with noise, frequency and
timing offsets, and multipath.
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Basic Tx/Rx

T
e ! W h
f h
| \

| | bt P
S e ot e

o Signal captured using a multipath channel with some AWGN
noise and timing offset. No frequency offset was used.
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Timing Recovery

“Some knowledge rises out of information, disorganized but nevertheless
true.”

- James Crumly, The Wrong Case



Timing Recovery

options Variaie || variaie || import || varianie Variable Variable
1D: mpsk stage3 1D:arty | 1Dz5p= || import: math || 18+ sampcate 10: taps 1D i
Generate Options: T GUI | | Vaiue: & | Vaiue: 4 Value: 1, 250m-.-200m200m) | | Value: 32
i PSK Mod Channel Model
m':m::_ ;‘"‘“ Number of Constellation Points: 4 Noise Voltage: 100u

" Gray Code: Yes Frequency Offset: 0
Maxiur:s BB prerental Encoctng: es
— "’ g Samples/Symbol: 4

epeats Yes Excess BW: 350m

Muitiply Const Throttie
Constant: S00m+500m] Sample Rate: 32k QT GUI Constellation Sink
Name: QT GUI Plot

Number of Points: 1.024k

QT GUI Range QT GUI Range QT GUI Range QT GUI Range
1D: noise_volt 1D: freq_offset 1D: time_offset 1D: timing_loop_bw
Label: Channel: Noise Voltage || Label: Channel:..ency Offset || Label: Channel: Timing Offset | | Label: Time: B

1000 20 <1 Default Value: 62.8m
start: 0 Start: -100m Start: 999m start: 0
Stop: 1 Stop: 100m Stop: 1001 Stop: 200m

Step: 10m Step: Im : 1000 Step: 10m

o We use a control loop algorithm to find the right sampling time
to fix clock mismatches between the transmitter and receiver.
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Timing Recovery

@ Showing a no-noise situation to illustrate ISI (self-interference)
issues in the received signal before timing recovery and
matched filtering.
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Timing Recovery

Quidrature
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Timing Recovery
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Amplitude

Timing Recovery
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Timing Recovery
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Amplitude
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Timing Recovery
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u d(sym0)/dt + phi2
d(sym0)/dt + phi3
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Multipath

“There is a quaintly modern notion that
information will eventually equal
knowledge, which is neatly balanced by
the cliche that the more one learns, the
less one knows.”

- James Crumly, The Wrong Case




Multipath




Multipath
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@ This simulation allows us to adjust the multipath channel as
though we are adjusting a stereo’s equalizer.
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Multipath

combined

Power

equalizer

Frequency

@ Signal corrupted by multipath. Equalizer tries to invert the
multipath so that the combination is a flat frequency response.
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Multipath

Variable || Variable Variable Variable
T 1D: arity | 1Dz sps 1D: taps 10 taps
‘Generate Options: QTGUI || Vaiue: 4 | Value: 4 Value: 1, 250m-.200m+200m | | Value: L 250 300m 200m}
PSK Mod Channel Model
Points: 4 ge: 100,
Gray Code: s Multiply Const Frequency Offset: 0
Diferential Encoding: ves Constant: 500m 500 Epsilon: 1
Samples/Symbe: 4 Taps: 1, 250m.. 300m +200m]
Excess BW: 350m

QT GUI Range QT GUI Range QT GUI Range

1D: noise volt 1D: e m,

Label: Channel: Noise Voltage || Label: Channel:..ency Offset | Label
oou 10

QT GUI Constellation Sink
Name: QT GUI Plot
Number of Points: 1.024k.

Charne: Timing Offset
i1

start: 0 Start: 999m
stof Stop: 1001 QT GUI Constellation Sink
Step: Im Step: 1004 Name: QT GUI Plot
Number of Points: 1.024k.
QT GUI Range QT GUI Range
1D: timing_loop_ bw 1D: eq gain

Label: Equalizer rate CMA Equalizer
Default Value: 10m

Num. Taps: 11

Gain: 10m
Samples per Symbol: 2

@ Using the constant modulus algorithm (CMA) blind equalizer
is used here to correct multipath distortion.




Multipath

o Note the similarity between the time-synchronized and filtered
output with multipath and the ISI of the signal before the
matched filter with no multipath.

Tom Rondeau (tom@trondeau.com) SDR Demod 27 /46



Multipath

o Equalization working with noise.
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Phase & Fine Frequency Lock

“That receiver had a faulty
tracking-loop capacitor... Result:
Voyager 2 effectively lost all contact
with the mission controllers.”

Joel Davis, Flyby




Phase/Fine Freq.

Variable
1: samp rate
Value:

Import
Import: math

Channel Model
Noise Voltage: 100y

QT GUI Sink

Epsion: 1
Tapss 1. 250m.. 300m+200m]
Seed:0

QT GUI Range

CMA Equalizer
5

Defay
Start: 59om

stop: 1 Stops 1001

Step: 10m Step: 1000
QT GUIRange || QT GUI Range. QT GUI Range.

10: 1D: phase bw

e || Labe: Phase: Banawictn

o || Defaut vatue: 625m o
Start: 0 0 1: e
= Value: 32
Step: 10m

Value: firdes oot raised..

@ The transmitter and receiver work off different clocks, so there
will be a frequency and phase offset. We need to correct for
any small frequency and phase offsets.
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Phase/Fine Freq.

o Left figure shows a rotate constellation. The Costas Loop
block fixes the offset.
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Phase/Fine Freq.




Coarse Frequency Correction

“We can get used to nine-tube screen-grid highboy
Philco radios, although that really won't be necessary,
inasmuch as the superheterodyne circuit has already
been invented”

Philip K. Dick, Ubik

#
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Coarse Frequency correction

@ Given the pulse shaping filter's excess bandwidth.
o Create a filter for each edge of the transmitted signal in

frequency.
o The difference in the amount of energy between the two filters

is proportional to the coarse frequency offset.
|he(t) * x(t)] — [hu(t) * x(t)] oc f

Options Variable \oYeriable Variable Variable
L_explained i ate ‘ 1D: upper_taps 1D: lower_taps . g%:'l';:ts‘"k
Generate Options: QT GUI | |Valug: 33 _||Vaiue: 4 || Vatuer 4 ||Vetie: 300m | |Valaer | 11654203 + ... Valuer 11664293 + 5.9.. e et n e
Sample Rate: 32k

Autoscale: No

Channel Model
Noise Voitage: 100u
Frequency Offset: 0
Epsilon: 1
Taps: 1
Seed: 0

PSK Mod
Number of Constellation Points: 4
fg] G2y Code: Yes

Differential Encodllw Yes

Random Source
Minimum: 0
Maximum: 256  [oUf]
Num Samples: 1k
Repeat: Yes

FLL Band-Edge
Samples Per Symbol: 4
Filter Rolloff Factor: 300m
Prototype Filter Size: 45
Loop 62.8m

Excess BW: 3oom

Multiply Const Throttle
Constant: 500m +500mj Sample Rate: 32k

Decimating FIR Filter
Decimation: 1
Taps: upper_taps

Decimating FIR Filter
1
Taps: lower_taps
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Center Frequency (Hz): 0
Bandwidth (Hz): 32k
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Coarse Frequency correction
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Coarse Frequency correction
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Channel Models




Channel Models

Options.
1D: ex_freq_sel_fading_model
Generate Options: QT GUI

Source

Throttle
Vector: S110,] + [L1] + Sample Rate: 7.68M
Tags: = :

Repeat: Yes Ignore rx_rate tag: True

QT GUI Time Sink
Name: QT GUI Plot

Frequency Selective Fading Model

Sample Rate: 7.68M
Autoscale: Yes

e

GUI Time Sink
Name: QT GUI Plot

LOS Modet: RayllghNLOS
Seed: 0

: 1020k
Sample Rate: 7.65M
Autoscale: No

QT GUI Frequency Sink
Name: QT GUI Plot
o 7 S 102
Center Frequency (Hz): 0
Bandwidth (Hz): 7.66M
Autoscale: No

QT GUI Range QT GUI Range QT GUI Range
1D: noise: ID: freg
Label: Noise Voltage || Label: Frequency Offset
Default Value: 10m || Default Value: 0
Start: 0
Stop: 1
Step: 1om

QT GUI Waterfall Sink

Center Frequency (Hz):
Bandwidth (Hz): 7.68M




Channel Models
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Channel Models
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Channel Models
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Channel Models

Options
1D: mpsk stage6

Generate Options: QT GUI

Multiply Const

Throttle
Constant: 500m+500mj Sample Rate: 100k

Random Source
Minimu
Maximum:
Num Simnles. 1K
Repeat: Yes

ray Co
Differential Encoding: Yes
Samples/Symbol: 4
Excess BW: 350m

PSK Mod
Number of Constellation Points: 4
s

QT GUI Constellation Sink
Name: QT GUI Plot

Number of Points: 1.024k
Autoscale: N

Dynamic Channel Model
Sample Rate Hz: 7.

CFO Standard nevlaunn Hz p ple: 10m
Max CFO Bound Hz: 1k
SRO Standard Devi ple: 10m

Polyphase Clock Sync
4

White Noise Amplitude: 100u
Num Sinusoids (SoS model): 8
Max Doppler Freq (Hz): 2

LOS Model: Rayleigh/NLOS
Seed: 0

PDP Delays (samp)
PDP Magnitudes: 1,
Num Taps:

0,...1488
02.284m

QT GUI Range
1D noise_volt
Label: Channel: No.se Voltage
Default Value: 100
tan

Stop: 1
Step: 10m

Loop Bandwidth: 62.8m
T

Output SPs: 2

Value: 32 | Vatues frdes root_raised_.

Maximum Rne Devlitinn. 15 fiiasg]

CMA Equalizer
Num. Taps: 15
Modulus 1

om
Samples per Symbol: 2

QT GUI Constellation Sink

Costas Loop

Order: 4

Loop Bandwidth: 62.8m

Value: [-0.25,0.125, 0.0.

ariale Variable Variable
1D: pdp_tim 1D: pdp_mags 1D: samp_rate
Value: 0, 544.5...592, 31486 || Values 1, 379.0..0n, 102.264m || Value: 7.66M
Variable T Variable
1D: pdp_times_ca0 D: pdp_m: 1D: samp_rate_ca0
Vaiuar . 16529389 0.4695...| | Value: 4G

QT GUI Range I QT GUI Range Variable Variable Variable
1D: timing_loop_bw || 1D: eq_g: 1D: phase_bw 1D: pdp_times_umts_ped_a | | ID: pdp_mags_umts_ped_a 1D: samp_rate_umts_ped_a
Label: Gauaizer: ote | | Label: Phase: Bandwidth Value: 0, 844, 593, 31488 | | Value: 1, 379.0...m. 102.284m | | Value: 7.68
S e || PR
start: 0 Variable Variable Variable
stop «w Stop: 1 1D: pdp_times_umts_ped_b pdp_mags_umts_ped_b Samp_rate_umts_ped b
Step: 1om Step: Im Step: 10m Value: 0, 1.536...664, 26.416 || Value 1, 913:..m, 91.6207m Vaiue: 7 g6l
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Channel Models
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Channel Models

oOptions. Variable Variable Variable Variable
1D: ofamo4 1D: samp_rate |[ 1D: packet_len || 1D: len tag key || 1Dz it_len
Generate Options: QT GUI || Value: 32 | Value: 50 Value: packet_len || val

Random Source OFDM Transmitter
FFT Length: 125

Cyclic Prefix Length: 32
Length Tag Name: packet. len
Header Modulation: BPSK
Payload Modulation: OPSK
Rolloff length (samples): 0
Scrambie Bits: No

Stream to Tagged Stream
[i]| Packet Length: 50
Length Tag Key: packet_len

Dynamic Channel Model

Sample Rate Hz: 32k
CFO Standard Deviation Hz per sample: 10m
Max CFO Bound Hz: 1k
SRO Standard Deviation Hz per sampie: 10m
Max SRO Bound Hz: 1k

White Neise Amplitude:
B o Sinuseids (505 modl): &
Max Deppler Freq (Hz): 2
LOS Model: Rayleigh/NLOS
Seed:

PDP Delays (samp): -0.0025.
PDP Magnitudes: 0.16529889.

Sample Rate: 32k
Ignare rx rate tag:

Num Taps: §

QT GUI Range QT GUI Range QT GUI Range
1D: noise: 1D: freq 1D: timing
Label: Noise Voltage | Label: Frequency Offset || Label: Timing Offset
Default Value: 10m | Default Value: 10m Default Value: 1.0001
Start: 0 Start: 999m
Stop: 1
Step: 10m Step: 10m

Channel Model

Epsilon: 1.000L
Taps: 1
Seed: 0

OFDM Receiver
FFT Length: 128

Cyclic Prefix Length: 32
Packet Length Tag Key: rx_len
Header Modulation: BPSK

Tag Debug
Name:
Key Filter:
Displa

QT GUI Frequency Sink
Name: QT GUI Plot

FFT Size: 1.024k

Center Frequency (Hz): 0
Bandwidth (Hz): 32k
Autoscale: No

QT GUI Waterfall Sink
Name: QT GUI Plot

FFT Size: 1.024k

Center Frequency (Hz): 0
Bandwidth (Hz): 32k

SDR Demod




Over-the-Air

Options Variable | | Variable Variable
1D: mpsk_tx 1D: arity 1D: sps 1D: taps
Generate Options: QT GUI | | Value: 4 | | Value: 4 Value: 1
Random Source PSK Mod

Minimum: 0
Maximum: 256
Num Samples: 1k
Repeat: Yes

lout)

Encoding: Yes
Samples/Symbol: 4
Excess BW: 350m

Number of Constellation Points: 4

Variable
ID: samp_rate
Value: 5M

Multiply Const
Constant: 500m+500mj

QT GUI Constellation Sink
Name: QT GUI Plot

Number of Points: 1.024k
Autoscale: No

UHD: USRP Sink
Samp Rate (Sps): 5M
ChO: Center Freq (Hz): 0
ChO: Gain (dB): 0
Length tag name:

QT GUI Frequency Sink
Name: QT GUI Plot

FFT Size: 1.024k

Center Frequency (Hz): 0
Bandwidth (Hz): 5M




Over-the-Air

Variable Variable
1D: taps | | ; samp_rate
Value: 1 | |value: 5M

Options Variable | | Variable
1D: mpsk_rx 1D: arity
Generate Options: QT GUI || Value: 4

AGC2
Attack Rate: 100m
Decay Rate: 10m
Reference: 1
Gain: 1

Max Gain: 65.536k

FLL Band-Edge
Samples Per Symbol: 4
Filter Rolloff Fact:
Prototype Filter Size:
Loop Bandwidth: 62.8m

UHD: USRP Source
Samp Rate (Sps): 5M

ChO: Center Freq (Hz): 0
Cho: Gain (dB): 0

CMA Equalizer

Polyphase Clock Sync
Samples/Symbol: 4

Loop Bandwidth: 62.8m
Taps: rrc_taps

Filter Size: 32

Samples per Symbol: 2
QT GUI Constellation Sink

Name: QT GUI Plot
Number of Points: 1.024k
Autoscale: No

Costas Loop
Loop Bandwidth: 62.8m
Order: 4

Variable
1D: rrc_taps
Value: 32 || Value: firdes.root_raised_...

QT GUI Time Sink
Name: QT GUI Plot
Number of Points: 4k
Sample Rate: 5M
Autoscale: No
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