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Loca@on,	  Loca@on,	  Loca@on	  
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Terminology	  of	  Loca@on	  Systems	  

•  Posi@on	  type	  
-‐  Symbolic	  versus	  physical	  

-‐  Abstract	  idea	  versus	  la@tude/longitude	  
-‐  Absolute	  versus	  rela@ve	  

-‐  GPS	  versus	  beacons	  or	  bluetooth	  

•  Accuracy	  
-‐  How	  close	  to	  the	  accurate	  posi@on	  the	  system	  says	  you	  are	  

•  Precision	  
-‐  How	  oKen	  it	  is	  accurate…	  99%?	  	  

Ranging	  Techniques	  

•  Time	  of	  Arrival	  (ToA,	  Time	  of	  Flight)	  (requirement?)	  
–  Signal	  propaga@on	  @me	  
–  Signal	  velocity	  

•  Radio	  signal	  versus	  sound	  signal	  (which	  “beUer”?)	  
•  One-‐way	  @me	  of	  arrival	  method	  (requirement?)	  

	   	   	   	  distij	  =	  (t2-‐t1)*v	  

•  Two-‐way	  @me	  of	  arrival	  method	  
	   	   	   	   	  distij	  =	  ((t4-‐t1)-‐(t3-‐t2))*v/2	  

Computer	  Science	  and	  Engineering	  -‐	  University	  of	  Notre	  Dame	  



9/14/09	  

2	  

Ranging	  Techniques	  

•  Time	  Difference	  of	  Arrival	  (TDoA)	  
–  2	  signals	  with	  different	  veloci@es	  (example?)	  
dist	  =	  (v1-‐v2)	  *	  (t4-‐t2-‐twait)	  

–  Advantage?	  Disadvantage?	  
–  Alterna@ve:	  sender	  sends	  one	  signal	  to	  mul@ple	  receivers	  
where	  receivers	  have	  known	  loca@ons	  
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Ranging	  Techniques	  

•  Angle	  of	  Arrival	  (AoA)	  
–  Using	  antenna	  or	  microphone	  array	  
–  Angle	  between	  propaga@on	  direc@on	  and	  reference	  
direc@on	  

–  Disadvantage?	  

Computer	  Science	  and	  Engineering	  -‐	  University	  of	  Notre	  Dame	  

Ranging	  Techniques	  

•  Received	  Signal	  Strength	  (RSS)	  
–  RSSI:	  Received	  Signal	  Strength	  Indicator	  
–  RSS	  degrades	  with	  square	  of	  distance	  from	  sender	  

Pr/Pt	  =	  GtGrλ2/((4π)2R2)	  
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Triangula@on	  -‐	  Trilatera@on	  
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Trilatera@on	  

Scene	  Analysis	  

	  Features	  of	  an	  observed	  scene	  from	  a	  par@cular	  
vantage	  point	  used	  to	  infer	  loca@on.	  

•  Sta@c:	  observa@ons	  matched	  to	  features	  recorded	  in	  a	  
database	  with	  corresponding	  loca@ons.	  

•  Differen@al:	  examine	  differences	  between	  two	  successive	  
scenes	  to	  calculate	  loca@on.	  

Requires	  compiling	  a	  database	  of	  features:	  extensive	  
infrastructure.	  
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Proximity	  

	  Detec@ng	  an	  object	  when	  it	  is	  near	  a	  known	  
loca@on	  through	  observed	  changes	  at	  that	  
loca@on.	  

•  Physical	  contact:	  pressure	  sensors,	  capacitance	  field	  
detector,	  …	  	  	  (Smart	  Floor)	  

•  Monitoring	  access	  point	  =	  ‘in-‐range’	  proximity	  (Ac@ve	  
Badge)	  

•  Automa@c	  ID	  Systems:	  RFID	  badges,	  UPC	  scanning,	  phone	  &	  
computer	  logs.	  Loca@on	  of	  scanner,	  badge,	  computer,	  
phone,	  iden@fies	  loca@on	  of	  object.	  

	  	  GPS	  

•  Global	  Posi@oning	  System,	  example	  of	  GNSS	  (Global	  Naviga@on	  Satellite	  
System)	  

•  At	  least	  24	  satellites	  orbi@ng	  Earth	  at	  11,000	  miles	  	  
•  The	  orbit	  al@tude	  is	  such	  that	  the	  satellites	  repeat	  the	  same	  track	  and	  

configura@on	  over	  any	  point	  approximately	  each	  24	  hours	  	  
•  Powered	  by	  solar	  energy	  (also	  have	  backup	  baUeries	  on	  board)	  
•  GPS	  is	  a	  line-‐of-‐sight	  technology:	  the	  receiver	  needs	  a	  clear	  view	  of	  the	  

satellites	  it	  is	  using	  to	  calculate	  its	  posi@on	  	  
•  Each	  has	  4	  rubidium	  atomic	  clocks	  	  

–  locally	  averaged	  to	  maintain	  accuracy	  	  
–  updated	  daily	  by	  a	  Master	  Control	  facility	  

GPS	  

Computer	  Science	  and	  Engineering	  -‐	  University	  of	  Notre	  Dame	  

Your	  loca)on	  is:	  
101o	  42.323’	  E	  
3o	  02.162’	  N	  
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GPS	  

Computer	  Science	  and	  Engineering	  -‐	  University	  of	  Notre	  Dame	  

Signal 
Blocked 

Signal 
Blocked 

Mul@path,	  Signal	  Obstruc@on	  (Buildings,	  Mountains,	  Foliage,	  etc	  )	  

	  	  	  Satellites	  Orbits	  

Satellites	  Posi@ons	  and	  Orbits	  
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GPS	  
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GPS	  

•  3	  satellites	  sufficient	  for	  localiza@on	  

•  4th	  is	  needed	  to	  obtain	  accurate	  posi@on	  

•  Clock	  errors	  can	  be	  significant,	  e.g.,	  error	  of	  1ms	  
results	  in	  localiza@on	  error	  of	  300km	  

•  Typical	  posi@oning	  error:	  1-‐5m	  (95-‐99%)	  

Computer	  Science	  and	  Engineering	  -‐	  University	  of	  Notre	  Dame	  

	  	  GPS	  

•  Master	  Control	  Sta@on	  (MCS,	  Colorado	  Springs)	  and	  at	  
least	  six	  monitor	  sta@ons	  monitor	  the	  satellites	  

•  Computes	  precise	  orbital	  data	  (i.e.,	  ephemeris)	  &	  clock	  
correc@ons	  for	  each	  satellite	  



9/14/09	  

7	  

GPS	  Satellite	  Signals	  	  

As	  light	  moves	  through	  a	  given	  medium,	  low-‐frequency	  signals	  get	  “refracted”	  or	  
slowed	  more	  than	  high-‐frequency	  signals.	  

Satellites	  transmit	  two	  microwave	  carrier	  signals:	  

1.  L1	  frequency	  (1575.42	  MHz)	  carries	  the	  naviga@on	  message	  (satellite	  
orbits,	  clock	  correc@ons	  &	  other	  system	  parameters)	  and	  a	  unique	  
iden@fier	  code	  

2.  L2	  frequency	  (1227.60	  MHz)	  is	  used	  to	  measure	  the	  ionospheric	  delay	  

3.  By	  comparing	  the	  delays	  of	  the	  two	  different	  carrier	  frequencies	  of	  the	  GPS	  
signal	  L1	  &	  L2,	  we	  can	  deduce	  what	  the	  medium	  is	  (i.e.,	  atmosphere)	  and	  
can	  correct	  for	  it	  

	  	  Differen@al	  GPS	  (DGPS)	  

•  Underlying	  assump@on:	  any	  
two	  receivers	  that	  are	  
rela@vely	  close	  together	  will	  
experience	  similar	  atmospheric	  
errors	  

•  Requires	  reference	  sta@on:	  a	  
GPS	  receiver	  been	  set	  up	  on	  a	  
precisely	  known	  loca@on	  	  

•  Reference	  sta@ons	  calculate	  
their	  posi@on	  based	  on	  satellite	  
signals	  and	  compare	  this	  
loca@on	  to	  the	  known	  loca@on	  

Ad-‐Hoc	  Posi@oning	  System	  

•  Mul@hop	  localiza@on	  schemes	  (APS);	  uses	  a	  
distance-‐vector	  flooding	  technique	  to	  determine	  
the	  minimum	  hop	  count	  and	  average	  hop	  
distance	  to	  known	  beacon	  posi@ons.	  	  
–  Each	  beacon	  broadcasts	  a	  packet	  with	  its	  loca@on	  and	  a	  
hop	  count,	  ini@alized	  to	  one.	  	  

–  The	  hop-‐count	  is	  incremented	  by	  each	  node	  as	  the	  
packet	  is	  forwarded.	  

–  Each	  node	  maintains	  a	  table	  of	  minimum	  hop-‐count	  
distances	  to	  each	  beacon.	  	  
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Ad-‐Hoc	  Posi@oning	  System	  

30	  m	   60	  m	  

30	  +	  60	  
	  	  3	  +	  4	  

=	  12.9m	  

Phased	  Antenna	  Array	  

•  Mul@ple	  antennas	  with	  known	  separa@on	  	  

•  Each	  measures	  @me	  of	  arrival	  of	  signal	  
•  Given	  the	  difference	  in	  @me	  of	  arrival	  and	  the	  
geometry	  of	  the	  receiving	  array,	  we	  can	  compute	  the	  
angle	  from	  which	  the	  emission	  was	  originated	  

•  If	  there	  are	  enough	  elements	  in	  the	  array	  and	  large	  
enough	  separa@on,	  angula@on	  can	  be	  performed	  

Cricket	  system	  

•  Beacon:	  
–  Consists	  of	  a	  micro-‐controller	  running	  at	  10MHz,	  with	  68	  
bytes	  of	  RAM	  and	  1024	  words	  of	  program	  memory	  

–  Lower	  power	  RF-‐transmiUer,	  and	  single-‐chip	  RF	  receiver,	  
both	  in	  418MHz	  unlicensed	  band	  

–  Ultrasonic	  transmiUer	  opera@ng	  at	  40Hz	  
–  All	  of	  these	  are	  assembled	  on	  a	  small-‐board	  and	  mounted	  
on	  a	  ceiling	  

•  Receiver:	  
–  Similar	  to	  the	  beacon	  but	  with	  also	  an	  interface	  to	  the	  host	  
device	  (e.g.,	  laptop,	  printer)	  
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Cricket	  system	  

•  Beacon	  sends	  concurrently	  an	  RF	  message	  (with	  info	  
about	  the	  space)	  and	  an	  ultrasonic	  pulse	  

•  When	  the	  listener	  hears	  the	  RF	  signal,	  it	  uses	  the	  
first	  few	  bits	  as	  training	  informa@on	  and	  then	  turns	  
on	  its	  ultrasonic	  receiver	  

•  Then,	  it	  listens	  for	  the	  ultrasonic	  pulse,	  which	  will	  
usually	  arrive	  a	  short	  @me	  later	  

•  It	  determines	  the	  distance	  to	  the	  beacon	  from	  the	  
@me	  difference	  between	  the	  receipt	  of	  the	  first	  bit	  
RF	  informa@on	  and	  the	  ultrasonic	  distance	  

Cricket	  Problems	  

•  Lack	  of	  coordina@on	  can	  cause:	  
–  RF	  transmissions	  from	  different	  beacons	  to	  collide	  
–  A	  listener	  to	  wrongly	  correlate	  the	  RF	  data	  of	  one	  beacon	  
with	  the	  ultrasonic	  signal	  of	  another	  yielding	  false	  results	  

•  Ultrasonic	  recep@on	  suffers	  from	  severe	  mul@-‐path	  
effect	  	  
–  Order	  of	  magnitude	  longer	  in	  @me	  than	  RF	  mul@-‐path	  
because	  of	  the	  rela@vely	  long	  propaga@on	  @me	  for	  sound	  
waves	  in	  air	  

Ac@ve	  Badge	  

•  Users	  wear	  infrared	  badges	  
–  badge	  emits	  user	  ID	  every	  10	  seconds	  

•  Building	  equipped	  with	  IR	  sensors	  
•  Issues	  
–  fluorescent	  lights	  
–  accuracy	  limited	  by	  IR	  range	  
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Ac@ve	  Bat	  

•  User	  has	  a	  mobile	  “Bat”	  
–  responds	  to	  radio	  request	  with	  ultrasonic	  beacon	  
–  ceiling	  sensors	  measure	  @me-‐of-‐flight	  

–  central	  system	  determines	  loca@on	  using	  latera@on	  

•  Issues	  
–  requires	  large	  infrastructure	  

RADAR	  

•  Uses	  exis@ng	  802.11	  infrastructure	  
•  Scene	  Analysis	  Version	  
–  3-‐meter	  accuracy	  /	  50%	  precision	  

•  Latera@on	  Version	  
–  4.3-‐meter	  accuracy	  /	  50%	  precision	  

Mo@onStar	  Magne@c	  Tracker	  

•  Used	  in	  virtual	  reality	  systems	  
•  Generate	  axial	  DC	  magne@c-‐field	  pulses	  from	  a	  fixed	  
transmivng	  antenna	  
–  Computes	  posi@on	  and	  orienta@on	  of	  receiving	  antennas	  by	  
measuring	  the	  response	  to	  the	  transmiUed	  pulse	  in	  3	  
orthogonal	  axes	  

–  1mm	  spa@al,	  1ms	  @me,	  0.1°	  orienta@on	  resolu@on	  
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Easy	  Living	  

•  Uses	  3D	  cameras	  

•  Provides	  stereo-‐vision	  posi@on	  capabili@es	  
•  Designed	  for	  home	  use	  

Smart	  Floor	  

•  Pressure	  sensor	  grid	  installed	  in	  all	  floors	  
•  Can	  accurately	  determine	  posi@ons	  of	  everyone	  in	  a	  
building	  

•  Users	  do	  not	  need	  to	  wear	  a	  tag	  or	  carry	  a	  device	  
•  Cannot	  specifically	  iden@fy	  an	  individual	  

E911	  

•  FCC	  is	  requiring	  wireless	  phone	  providers	  to	  locate	  any	  
phone	  that	  makes	  an	  E911	  call	  

•  Different	  approaches	  
–  proximity	  
–  angula@on	  with	  phased	  antenna	  arrays	  
–  GPS-‐enabled	  handsets	  

•  Will	  lead	  to	  numerous	  new	  consumer	  services	  
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Survey	  of	  Loca@on	  Systems	  

Survey	  of	  Loca@on	  Systems	  

Survey	  of	  Loca@on	  Systems	  


