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Cogni&ve	
  cycle	
  of	
  tasks	
  as	
  defined	
  by	
  Mitola	
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  Communica&ons	
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  form	
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Goals	
  of	
  this	
  Thesis	
  

	
  
	
  

The	
  primary	
  goal	
  of	
  this	
  Thesis	
  is	
  to	
  evaluate	
  and	
  
to	
   show	
   the	
   feasibility	
   of	
   the	
   applica&on	
   of	
  
cogni&ve	
   radio	
   principles	
   to	
   HF	
   systems.	
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1.	
  Acquisi&on	
  of	
  wideband	
  measurements	
  
2.	
  Design	
  a	
  NBI	
  detector	
  
3.	
  Define	
  a	
  spectrum	
  sensing	
  strategy	
  
	
  

Predict	
  HF	
  primary	
  users	
  ac&vity	
  

Define	
  a	
  decision	
  making	
  strategy	
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2.	
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  NBI	
  detector	
  
3.	
  Define	
  a	
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  sensing	
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HF	
  Measurements	
  Database	
  
Spectrum	
   ac&vity	
   in	
   the	
   14	
   MHz,	
   21	
   MHz	
   and	
   29MHz	
  
amateur	
  bands.	
  

•  Power	
  measurements	
  in	
  the	
  frequency	
  domain.	
  
•  640	
  kHz	
  bandwidth	
  (200	
  channels	
  simultaneously):	
  

amateur	
  band	
  and	
  other	
  sta&ons.	
  
•  Dura&on:	
  10	
  minutes.	
  
•  Weekdays	
  &	
  Weekends.	
  
•  Each	
  sample	
  represents	
  a	
  3kHz	
  channel	
  in	
  2	
  seconds.	
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NBI	
  in	
  wideband	
  HF	
  receivers	
  

Wideband	
  HF	
  transceiver	
  –	
  Receiver	
  diagram	
  block	
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Detec&on	
  and	
  mi&ga&on	
  must	
  be	
  performed	
  	
  
in	
  the	
  analog	
  domain	
  

Reduc&on	
  	
  
of	
  the	
  effec&ve	
  	
  
number	
  of	
  bits	
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A	
  proposal	
  based	
  on	
  Compressive	
  Sensing	
  for	
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  detec&on	
  
ADC	
  with	
  fs	
  <<	
  fNyq	
  

Antenna

Detection Phase

Mitigation 
Block

AGC
β

Random Demodulator

Narrowband
Interference

Reconstruction
(CoSaMP)

AGC
α

Receiver Chain

H(f ) ADC
Digital

Processing
Digital

Processing

Receiver

0

+1

-1

t

x(t) x(t)!p(t)

p(t)

t

t-Ts

1/ Ts

Adaptive
K’ Selection
Algorithm



19	
  

NBI	
  detec&on	
  with	
  Compressive	
  Sensing	
  

Linear	
  Measurement	
  
Process	
  

Φ	
  
M x N transforma&on	
  

(M < N)	
  

x =	
  Original	
  Signal	
  
(N	
  samples)	
  

y =	
  Compressive	
  Measurements	
  
(M	
  measurements)	
  

y = Φ x 
Basics	
  of	
  Compressive	
  Sensing:	
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NBI	
  detec&on	
  with	
  Compressive	
  Sensing	
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  Sensing:	
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Sparse	
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Fourier	
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Compressible	
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Experiments	
  Valida&on:	
  
Fit	
  of	
  the	
  experiments	
  to	
  the	
  empirical	
  formula	
  of	
  the	
  RD	
  

R ≈ CK log W /K +1( )

R-­‐square	
  fisng	
  sta&s&c:	
  0.8594	
  

R	
  =	
  Sampling	
  Rate	
  
K	
  =	
  Sparsity	
  Level	
  
W	
  =	
  Bandwidth	
  

W/3	
  

W/10	
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Spectrum	
  Sensing	
  -­‐	
  Energy	
  Detec&on	
  

Threshold	
  λ	
  is	
  defined	
  by	
  the	
  Neyman-­‐Pearson	
  Lemma	
  to	
  maximise	
  
the	
  detec&on	
  probability	
  for	
  a	
  given	
  false	
  alarm	
  probability	
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TUCB = 2 s THMM = 1 min

1 0 0 ... ... ... ...1 1 1 1 1 1 1 1 1 1 00 0 0 0 0 0 0 0 0 0
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Hidden	
  Markov	
  Model	
  
Doubly	
   embedded	
   stochas&c	
   process	
   with	
   an	
   underlying	
  
stochas&c	
  process	
  that	
  is	
  not	
  observable	
  (it	
  is	
  hidden),	
  but	
  it	
  can	
  
only	
   be	
   observed	
   through	
   another	
   set	
   of	
   stochas&c	
   processes	
  
that	
  produce	
  the	
  sequence	
  of	
  observa&ons.	
  

...

Box 1 Box 2 Box N



HF	
  Primary	
  User	
  Dynamics	
  Model	
  

•  Main	
  model:	
  
	
  Ergodic	
  HMM	
  
	
  10	
  minutes	
  sequences	
  

•  3	
  submodels:	
  
	
  Lev-­‐right	
  HMM	
  
	
  Observa&on	
  symbols	
  for	
  1	
  
	
  minute	
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HMM1 HMM2 HMM3

1 2 3 4 39 40... 38



HF	
  Primary	
  User	
  Dynamics	
  Model	
  

Submodel 1
λ1 = (A1,B1,π1)

Submodel 2
λ2 = (A2,B2,π2)

Submodel 3
λ3 = (A3,B3,π3)

P(OT|λ2) P(OT|λ3)P(OT|λ1)

B’11 B’22 B’33

High-level model

New definition of 
the high-level model:

Previous 
detected states

High-level model
λ = (A,B’,π)

max(P(OT+1|λ))

Predicted state

B’11    0    0
0    B’22    0
0    0    B’33

B’ = 

OT

Observations

t (min)TT-1

Submodels

t (min)T-1 TT-2

... ST
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Long-­‐term	
  predic&ons	
  
in	
  a	
  par&cular	
  HF	
  channel	
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Define	
  a	
  decision	
  making	
  strategy	
  



Decision	
  making	
  with	
  UCB1	
  

Upper	
  Confidence	
  Bound	
  algorithms	
  are	
  based	
  on	
  
Reinforcement	
  Learning	
  

	
  
	
  
	
  
	
  
	
  
	
  

Agent-­‐Environment	
  Interac&on	
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U
CB

1	
   Provides	
  HF	
  users	
  with	
  
Opportunis&c	
  Spectrum	
  Access	
  

Allows	
  for	
  short-­‐term	
  ac&vity	
  
predic&on	
  

Decision	
  making	
  with	
  UCB1	
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Exploita&on	
   Explora&on	
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Single-­‐Channel	
  Selec&on	
  with	
  UCB1	
  

N	
  =	
  Total	
  number	
  of	
  channels	
  
α	
  =	
  exploita&on-­‐explora&on	
  factor	
  

Best	
  Performance	
  with:	
  
N	
  =	
  8,	
  α	
  =	
  0.4	
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Mul&-­‐Channel	
  Selec&on	
  with	
  UCB1-­‐M	
  

M	
  =	
  number	
  of	
  channels	
  for	
  transmission	
  
(M	
  <	
  N)	
  

Best	
  Performance	
  with:	
  
M/N	
  =	
  1/8,	
  α	
  =	
  0.4	
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Hy
br
id
	
  U
CB

-­‐H
M
M
	
  

Reduces	
  complexity	
  of	
  N	
  HMM	
  
based	
  models	
  working	
  in	
  parallel	
  

Decreases	
  the	
  amount	
  of	
  
signalling	
  informa&on	
  exchanged	
  
between	
  transmixer	
  and	
  receiver	
  

Adapts	
  data	
  transmission	
  slots	
  to	
  
the	
  behaviour	
  of	
  the	
  

environment	
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Metacogni&ve	
  Strategy	
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Achieves	
  95%	
  successful	
  transmission	
  rate	
  

Reduces	
  by	
  61%	
  required	
  channel	
  signalling	
  

Adapts	
  its	
  configura&on	
  to	
  the	
  changes	
  in	
  the	
  
environment	
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Conclusions	
  

Cogni&ve	
  Radio	
  is	
  a	
  feasible	
  solu&on	
  to	
  
efficiently	
  use	
  the	
  HF	
  spectrum	
  resources	
  

	
  
•  Both	
   learning	
  with	
   HMM	
   and	
   decision	
  making	
  with	
  
UCB1	
  can	
  help	
  secondary	
  HF	
  users	
  to	
  avoid	
  collisions	
  
with	
  other	
  users.	
  

•  The	
   hybrid	
   UCB-­‐HMM	
   scheme	
   acts	
   as	
   a	
  
metacogni&ve	
  engine	
  in	
  the	
  HF	
  environment.	
  

•  A	
  compressive	
  detector	
  can	
  be	
  used	
  in	
  wideband	
  HF	
  
receivers	
  to	
  detect	
  NBI.	
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Future	
  Work	
  

•  Design	
   and	
   implementa&on	
   of	
   a	
   simpler	
  
mechanism	
  for	
  link	
  management	
  than	
  current	
  
HF	
  standards.	
  

•  Design	
   and	
   implementa&on	
   of	
   a	
   NBI	
  
mi&ga&on	
  scheme	
  in	
  the	
  analog	
  domain.	
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