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Resumen	   de	   la	   tesis	   que	   presenta	   Roberto	   Enrique	  Magaña	   Rodríguez	   como	   requisito	   parcial	   para	   la	  
obtención	   del	   grado	   de	   Doctor	   en	   Ciencias	   en	   Electrónica	   y	   Telecomunicaciones	   con	   orientación	   en	  
Telecomunicaciones.	  

Diseño,	  análisis	  y	  evaluación	  de	  algoritmos	  de	  asignación	  dinámica	  del	  espectro	  para	  el	  
aprovisionamiento	  de	  calidad	  de	  servicio	  en	  aplicaciones	  de	  telemedicina	  bajo	  el	  estándar	  IEEE	  802.22-‐

2011	  
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La	  reciente	  migración	  de	   la	  señal	  de	  televisión	  analógica	  a	  una	  señal	  digital	  que	  se	  ha	  dado	  en	  todo	  el	  
mundo	   conlleva	   al	   desarrollo	  de	  estándares	  de	   comunicaciones	  que	   consideran	  el	   uso	  de	   los	   espacios	  
blancos	  de	  televisión,	  por	  sus	  siglas	  en	  inglés	  TVWS.	  Uno	  de	  estos	  nuevos	  estándares	  es	  la	  llamada	  red	  de	  
área	   regional	   inalámbrica	   IEEE	  802.22	   (IEEE	  802.22/WRAN),	  que	  considera	  el	  uso	  de	  TVWS	  para	   lograr	  
mejores	   características	   de	   propagación	   y	   distancias	   de	   transmisión	   más	   largas.	   Por	   lo	   tanto,	   esta	  
tecnología	   emergente	   presenta	   una	   oportunidad	   para	   proporcionar	   conectividad	   y	   servicios	   de	  
transmisión	  de	  datos	  desde	   las	  zonas	  urbanas	  hasta	   las	  rurales.	  Algunos	  tipos	  de	  servicios	  que	  podrían	  
beneficiarse	  enormemente	  de	  la	  provisión	  de	  enlaces	  de	  datos	  desde	  las	  zonas	  urbanas	  hasta	  las	  rurales	  
son	  aquellos	  relacionados	  con	  la	  telemedicina	  y	  la	  salud	  móvil.	  Sin	  embargo,	  el	  aprovisionamiento	  de	  un	  
cierto	  nivel	  de	  calidad	  de	  servicio,	  por	  sus	  siglas	  en	  ingles	  QoS,	  es	  de	  suma	  importancia	  para	  permitir	  una	  
apropiada	  prestación	  de	  servicios	  de	  telemedicina	  desde	  un	  punto	  localizado	  en	  una	  región	  urbana	  (por	  
ejemplo,	   un	   hospital	   urbano)	   hasta	   otro	   punto	   localizado	   en	   una	   zona	   rural	   (por	   ejemplo,	   una	   clínica	  
rural).	   En	   este	   contexto,	   el	   aprovisionamiento	   de	   QoS	   para	   aplicaciones	   de	   telemedicina	   a	   través	   de	  
redes	  inalámbricas	  representa	  un	  desafío	  importante	  que	  se	  debe	  abordar	  con	  la	  finalidad	  de	  alcanzar	  el	  
potencial	  que	  el	  despliegue	  de	   la	   telemedicina	   rural	  puede	   lograr	  a	   través	  de	  medios	   inalámbricos.	  En	  
esta	   tesis,	   se	   presenta	   un	   enfoque	   Cross-‐layer	   que	   combina	   la	   capas	   de	   Control	   de	   Acceso	   al	  Medio	  
(MAC)	  y	  de	  Aplicación	  (APP),	  con	  el	  objetivo	  de	  reducir	  la	  probabilidad	  de	  bloqueo	  y	  la	  probabilidad	  de	  
interrupción	  en	  los	  servicios	  de	  telemedicina	  que	  operan	  sobre	  redes	  basadas	  en	  el	  estándar	  IEEE802.22	  
/	  WRAN.	  En	  la	  capa	  APP,	  se	  definen	  perfiles	  de	  tráfico	  de	  telemedicina	  basados	  en	  tasas	  de	  utilización.	  
Por	  otro	  lado,	  en	  la	  capa	  MAC	  se	  utiliza	  un	  mecanismo	  de	  asignación	  dinámica	  del	  espectro	  basado	  en	  un	  
algoritmo	  de	  calendarización	  bajo	  un	  esquema	  de	  prioridades	  y	  un	  mecanismo	  de	  control	  de	  admisión	  
adaptativo	  para	  la	  Administración	  del	  Ancho	  de	  Banda	  (ABM),	  que	  realiza	  una	  clasificación	  basada	  en	  los	  
requerimiento	   de	  QoS	   para	   los	   servicios	   de	   telemedicina	   para	   asignar	   dinámicamente	   los	   recursos	   de	  
ancho	   de	   banda.	   Se	   consideran	   tres	   servicios	   de	   telemedicina	   (telediagnóstico,	   teleconsulta	   y	  
telemonitoreo)	   con	   diferentes	   requisitos	   de	   ancho	   de	   banda	   y	   un	   caso	   especial	   para	   los	   servicios	   de	  
teleconsulta	   que	   incluye	   diferentes	   niveles	   de	   servicio	   (es	   decir,	   teleconferencia	   de	   alta	   resolución,	  
teleconferencia	   de	  media	   resolución	   y	   teleconferencia	   sólo	   de	   audio)	   para	   realizar	   una	   evaluación	  del	  
desempeño	  de	   la	  propuesta.	  Los	  resultados	  de	   la	  simulación	  demuestran	  que	  el	  enfoque	  propuesto	  es	  
capaz	   de	   reducir	   las	   probabilidades	   de	   bloqueo	   e	   interrupción	   mediante	   la	   implementación	   de	   un	  
algoritmo	  de	  calendarización	  bajo	  un	  esquema	  de	  prioridades	  para	  tres	  servicios	  de	  telemedicina,	  junto	  
con	  el	  mecanismo	  de	  control	  de	  admisión	  ABM	  para	  el	  caso	  especial	  de	  los	  servicios	  de	  teleconsulta.	  
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Espectro,	  Algorítmos	  de	  Calendarización	   	  
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The	  recent	  switch	  from	  analog	  to	  digital	  TV	  broadcast	  around	  the	  world	  has	  led	  to	  the	  development	  of	  
communications	  standards	  that	  consider	  the	  use	  of	  TV	  White	  Spaces	  (TVWS).	  One	  of	  such	  standards	   is	  
the	   IEEE	   802.22	  wireless	   regional	   area	   network	   (WRAN),	  which	   considers	   the	   use	   of	   TVWS	   to	   achieve	  
better	   propagation	   characteristics	   and	   longer	   transmission	   distances.	   Thus,	   this	   emerging	   technology	  
presents	  an	  opportunity	  to	  provide	  connectivity	  and	  data	  based	  services	  from	  urban	  to	  rural	  areas.	  Some	  
kind	  of	  services	  that	  could	  greatly	  benefit	  from	  the	  provision	  of	  data	  links	  between	  urban	  and	  rural	  areas	  
are	  those	  related	  to	  telemedicine	  and	  m-‐health.	  Nevertheless,	  provisioning	  of	  a	  certain	  quality	  of	  service	  
(QoS)	  level	  is	  of	  paramount	  importance	  to	  enable	  proper	  telemedicine	  service	  delivery	  from	  urban	  (e.g.	  
an	  urban	  hospital)	  to	  rural	  locations	  (e.g.	  a	  rural	  clinic).	  In	  this	  context,	  QoS	  provisioning	  for	  telemedicine	  
applications	   over	   wireless	   networks	   present	   a	  major	   challenge	   to	   be	   addressed	   in	   order	   to	   fulfill	   the	  
potential	   that	   rural	  wireless	   telemedicine	  has	   to	  offer.	   In	   this	   thesis,	  a	  cross-‐layer	  approach	  combining	  
Medium	   Access	   Control	   (MAC)	   and	   Application	   (APP)	   layers	   is	   presented,	   with	   the	   aim	   of	   reducing	  
blocking	   probability	   and	   interruption	   probability	   in	   telemedicine	   services	   operating	   over	  
IEEE802.22/WRANs.	  At	  the	  APP	  layer,	  telemedicine	  traffic	  profiles	  based	  on	  utilization	  rates	  are	  defined.	  
On	   the	   other	   hand,	   at	   the	  MAC	   layer	   a	   dynamic	   spectrum	   allocation	  mechanism	   based	   on	   a	   priority	  
scheduling	  algorithm,	  and	  an	  Adaptive	  Bandwidth	  Management	  (ABM)	  mechanism	  are	  used	  to	  perform	  a	  
QoS-‐based	   classification	   of	   telemedicine	   services	   and	   then	   dynamically	   allocating	   the	   bandwidth	  
requirements.	  Three	  telemedicine	  services	  (i.e.	  tele-‐diagnosis,	  tele-‐consulting	  and	  tele-‐monitoring)	  with	  
different	  bandwidth	  requirements	  and	  a	  special	  case	  of	  tele-‐consulting	  services	  that	  comprises	  different	  
service	   levels	   (i.e.	   high-‐resolution	   teleconference,	   medium-‐	   resolution	   teleconference,	   and	   audio-‐only	  
teleconference)	  are	  considered	  when	  evaluating	  the	  proposed	  approach	  performance.	  Simulation	  results	  
demonstrate	   that	   the	   proposed	   approach	   is	   able	   to	   reduce	   blocking	   and	   interruption	   probabilities	   by	  
using	   a	   priority	   scheduling	   algorithm	   for	   three	   telemedicine	   services,	   along	   with	   the	   ABM	   admission	  
control	  mechanism	  for	  special	  case	  of	  tele-‐consulting	  services.	  
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Chapter 1. Introduction	  

1.1. Background	  

Derived	   from	   the	   continuous	   development	   of	   wireless	   telecommunication	   technologies,	   and	   the	  

increasing	   user	   demands	   for	   broadband	   services,	   the	   use	   of	   broadband	   wireless	   access	   (BWA)	  

communications	   has	   become	   part	   of	   our	   daily	   life	   in	   last	   decades.	   BWA	   networks	   can	   be	   categorized	  

according	  to	  their	  coverage	  ratio	  as	  short-‐range	  and	  long-‐range	  (Kuran	  &	  Tugcu,	  2007).	  The	  short-‐range	  

category	   comprises	   Personal-‐	   and	   Local-‐	   area	   networks,	   (PAN,	   LAN,	   e.g.	   	   IEEE	   802.15.4/ZigBee,	   IEEE	  

802.15.1/Bluetooth,	   IEEE	  802.15.6/UWB	  and	   IEEE	  802.11/WiFi),	  which	  have	  a	  maximum	  coverage	  ratio	  

of	   10	  meters	   and	   100	  meters,	   respectively.	   On	   long-‐range	   coverage,	   the	  wide	   and	  metropolitan	   area	  

networks	   (e.g.	   4G/LTE,	   GSM,	   GPRS,	   CMDA	   and	   IEEE	   802.16)	   can	   reach	   up	   to	   15	   kilometers	   and	   50	  

kilometers,	  correspondingly.	  Currently,	  the	  IEEE	  802.22	  standard	  is	  the	  only	  infrastructure	  network	  that	  

has	  a	  maximum	  coverage	  ratio	  of	  100	  kilometers,	  hence	  it	  has	  been	  classified	  as	  a	  Wireless	  Regional	  Area	  

Network	  (WRAN).	  

The	   IEEE	  802.22	   standard	  was	  developed	  by	   the	   Institute	  of	   Electrical	   and	  Electronics	  Engineers	   (IEEE)	  

802.22	   task	   group	   (IEEE-‐SA	   Standards	   Board,	   2011).	   This	   standard	   is	   considered	   as	   the	   first	   cognitive	  

radio	  network	  WRAN	  standard,	  because	   its	   spectrum	  access	   is	  as	   secondary	  user	   (SU)	  of	   the	  TV	  white	  

space	  (TVWS)	  channels	  ranging	  from	  54	  MHz	  to	  698	  MHz.	  The	  cognitive	  radio	  (CR)	  capability	  on	  the	  IEEE	  

802.22	  standard	  takes	  advantage	  of	  the	  digital	  dividend,	  resulting	  from	  the	  analog	  switch-‐off	   (DigiTAG,	  

2008),	  by	  means	  of	  using	  those	  TVWS	  channels	  that	  have	  been	  originally	   licensed	  to	  primary	  users	  (i.e.	  

digital	  or	  analog	  TV	  signals).	  In	  order	  to	  protect	  transmissions	  from	  primary	  users	  (PU),	  the	  IEEE	  802.22	  

standard	  has	  established	  that	  the	  access	  to	  TVWS	  spectrum	  should	  be	  ruled	  by	  an	  overlay	  scheme.	  This	  

means,	  that	  a	  customer	  premise	  equipment	  (CPE)	  subscribed	  to	  a	  IEEE	  802.22	  system,	  can	  operate	  over	  a	  

TVWS	  channel	  only	  when	   it	   is	   not	  being	  used	  by	  a	  PU;	  otherwise,	   the	   IEEE	  802.22	   system	  must	   cease	  

transmitting	   and	   abandon	   the	   operating	   channel,	   in	   order	   to	   avoid	   any	   interference.	   Therefore,	   the	  

implementation	  of	   dynamic	   spectrum	  allocation	   (DSA)	  mechanisms	  on	   cognitive	   radio	  networks	   (CRN)	  

has	  taken	  high	  relevancy.	  

The	  DSA	  algorithms	  are	  aimed	  to	  exploit	  the	  portions	  of	  unused	  spectrum	  of	  the	  licensed	  users	  such	  that	  

it	  can	  be	  allocated	  to	  a	  secondary	  user,	  based	  on	  the	  opportunistic	  access	  of	  a	  time	  slot	  on	  a	  particular	  

geographical	   location.	   This	  way,	   radio	   resources	   such	   as	   time	   slots	   and	   frequency	   bands	   can	   then	   be	  

allocated	  according	  to	  PU	  occupancy	  channel	  conditions.	  Because	  radio	  resources	  are	  limited	  in	  CRN,	  the	  
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implementation	  of	  dynamic	  resource	  allocation	  schemes	  have	  better	  performance	  compared	  to	  an	  static	  

scheme	  (Wang	  &	  Giannakis,	  2011;	  Zhang,	  Liang,	  et	  al.,	  2010).	  	  

Recently,	  an	  application	  area	  of	  BWA	  technologies	  that	  has	  taken	  relevancy	  due	  to	  its	  potential	   impact	  

on	   increasing	   services	   delivery	   is	   on	   the	   adoption	   of	   telemedicine	   in	   medical	   practice.	   Traditionally,	  

medical	   practice	   services	   include	   patient	   consultation,	   patient	   diagnosis	   and	   patient	   follow-‐up.	   These	  

involve	   several	   methods	   and	   specific	   medical	   instruments	   to	   treat	   multiple	   health	   conditions,	   which	  

require	   the	   patient	   presence	   on	   a	   face-‐to-‐face	   consultation	   with	   a	   medical	   practitioner.	   Because	   of	  

technological	   advances,	   new	   methods	   and	   instruments	   have	   been	   developed	   to	   assist	   health	  

professionals	   on	   patient	   evaluation	   and	   decision	   making	   processes.	   In	   this	   sense,	   telemedicine	  

represents	  a	  new	  paradigm	  that	  allows	  reaching	  and	  interacting	  with	  patients	  located	  in	  remote	  sites	  by	  

means	  of	  using	  communication	  technologies.	  	  

The	  medical	   services	   offered	   by	   telemedicine	   can	   be	   classified	   as	   tele-‐diagnosis,	   tele-‐consulting,	   tele-‐

monitoring,	  tele-‐education	  and	  medical	  database	  access	  (Vergados	  et	  al.,	  2006).	  Tele-‐diagnosis	  services	  

are	  aimed	  to	  collect	  health	   information	  from	  patients	   located	   in	  an	  ambulance	  or	  a	  remote	  clinic.	  This	  

way,	  health	  specialists	   in	  hospitals	  can	  use	  the	  collected	  data	  to	  emit	  recommendations,	  to	  set	  up	  pre-‐

hospital	  arrangements	  and	  to	  deliver	  treatment	  instructions,	  among	  others.	  Tele-‐consulting	  considers	  an	  

interaction	  between	  a	  local	  physician	  and	  a	  remote	  specialist.	  Generally,	  they	  are	  performed	  to	  discuss	  

the	   patient	   record,	   to	   share	   patient	   health	   condition	   and	   to	   follow-‐up	   patient	   health	   status	   after	  

treatment.	  Here,	  patient	  treatment	  recommendations	  and	  second	  opinions	  related	  to	  patient	  condition	  

are	  shared	  between	  medical	  specialists,	  physicians	  or	  health	  professionals.	   In	  Tele-‐monitoring	  services,	  

local	   biomedical	   data	   (e.g.	   blood	   pressure,	   ECG,	   EEG,	   etc.)	   is	   collected,	   sent	   and	   stored	   on	   a	   remote	  

medical	  database	  to	  update	  the	  patient's	  record.	  In	  such	  a	  way,	  the	  follow-‐up	  practice	  can	  be	  performed	  

without	  any	  restriction	  related	  to	  patient	  localization	  and	  patient	  consultation	  time	  schedule,	  by	  means	  

of	  giving	  to	  medical	  specialist	  a	  ubiquitous	  access	  to	  health	  patient's	  record.	  Differently,	  tele-‐education	  

and	   medical	   database	   access	   are	   mostly	   used	   for	   training	   physicians	   on	   new	  medical	   treatments,	   to	  

inform	  medical	  community	  about	  health	  alarms,	  to	  discuss	  about	  particular	  treatment	  procedures,	  and	  

to	   evaluate	   clinical	   issues	   with	   a	   medical	   board,	   among	   other	   subjects.	   Mainly,	   these	   services	   are	  

oriented	   to	   discuss	   public	   health	   issues	   more	   than	   to	   address	   a	   patient	   condition	   particularly,	   or	  

individual	  medical	  treatments.	  

The	  deployment	  of	  wireless	   telemedicine	  networks	  may	   contribute	   to	  overcome	   important	   challenges	  

related	   to	  mobility	   issues	   from	   health	   specialists	   and	   long	   traveling	   times	   for	   patients,	   among	   others	  
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(Siddiqua	  &	  Awal,	   2012).	  At	  present,	   there	  exists	   an	  unequal	  distribution	  of	  medical	   services	  between	  

urban	  and	  rural	  areas	  that	  results	  on	  a	  high	  constraint	  on	  medical	  services	  for	  isolated	  regions	  (Dussault	  

&	  Franceschini,	  2006)	  Hence,	  the	  implementation	  of	  telemedicine	  applications	  may	  have	  a	  higher	  impact	  

on	   rural	   regions,	   because	   medical	   services	   can	   be	   extended	   from	   urban	   regions	   to	   underserved	   and	  

sparsely	  populated	  areas.	  This	  way,	  telemedicine	  service	  delivery	  may	  contribute	  to	  overcome	  the	  denial	  

of	  medical	  services	  and	  the	  access	  limitations	  to	  medical	  specialists	  by	  means	  of	  the	  deployment	  of	  rural	  

wireless	  networks.	  

Telemedicine	  applications	  can	  be	  classified	  according	   to	   its	  emergency	  nature	  as:	  emergency-‐response	  

real-‐time	  applications	  (ERrt),	  non-‐emergency	  response	  real-‐time	  applications	  (nERrt)	  and	  non-‐emergency	  

response	  no-‐real-‐time	  applications	   (nERnrt)	   (Vergados,	  2007).	  The	  ERrt	  applications	  are	  meant	   to	  send	  

notifications	   in	   an	  urgent	  manner	   to	   inform	  medical	   specialists	   about	   any	  health	   changes	  on	  patient’s	  

condition.	   Hence,	   an	   establishment	   of	   a	   reliable	   network	   link	   for	   real-‐time	   data	   transmissions	   with	   a	  

provisioning	  of	  quality	  of	  service	   (QoS)	  should	  be	  provided.	  Even	  more	  on	  ERrt	  applications,	   the	  traffic	  

profile	   scheme	   is	  based	  on	   constant	  bit	   rate	   (CBR).	   Similar	   to	  ERrt,	   the	  applications	   classified	  as	  nERrt	  

may	  require	  the	  transmission	  of	  real-‐time	  data	  with	  the	  QoS	  provisioning,	  but	  they	  are	  different	  on	   its	  

traffic	  profile	  requirements.	  Because	  nERrt	  applications	  comprise	  non-‐emergency	  scenarios,	   its	  support	  

capabilities	   on	   traffic	   profile	   support	   are	   not	   restricted	   to	   CBR	   schemes	   since	   they	   are	   also	   able	   to	  

transmit	  on	  a	  variable	  bit	  rate	  (VBR)	  scheme.	  The	  nERnrt	  applications	  do	  not	  require	  a	  QoS	  provisioning	  

as	   they	  are	  aimed	   to	   transmit	  delay-‐tolerant	  data	   streams.	   In	  order	   to	  describe	  a	  more	  accurate	   rural	  

deployment	  scenario,	  a	  relationship	  between	  medical	  scope	  on	  telemedicine	  services	  and	  the	  emergency	  

nature	  on	  telemedicine	  applications	  should	  be	  established.	  This	  way,	  the	  medical	  scope	  of	  telemedicine	  

services	  can	  be	  mapped	  from	  the	  type	  of	  telemedicine	  service	  within	  an	  emergency	  scenario,	  to	  the	  type	  

of	  network	  application	  that	  could	  better	  fit	  its	  QoS	  requirements.	  Consequently,	  a	  tele-‐diagnosis	  service	  

can	  be	  mapped	   as	   an	   ERrt	   application,	   a	   tele-‐consulting	   as	   a	   nERrt	   and	   a	   tele-‐monitoring	   service	   as	   a	  

nERnrt	  application.	  

Among	   the	  medical	   services	   considered	   on	   a	   rural	   telemedicine	  wireless	   network	   (RTWN),	   one	   of	   the	  

most	   important	   services	   that	   comprise	   telemedicine	   sessions	   initiated	   by	   ambulances	   on	   emergency	  

scenarios	   is	   tele-‐diagnosis.	   The	   tele-‐diagnosis	   service	   could	   potentially	   improve	   the	   survival	   rate	   of	  

ambulance	   patients	   by	   means	   of	   enabling	   services	   for	   pre-‐hospital	   care,	   by	   remotely	   assisting	  

paramedics	  and	  by	  providing	  a	  second	  opinion	  on	  patient	  diagnosis.	  For	   instance,	  a	  Taiwan	  case	  study	  

based	  on	  the	  utilization	  of	  emergency	  services	   (EMS)	  over	  rural	  road	  traffic	  accidents	   (RTA)	  has	  shown	  

that	   5.63%	  of	   deaths	  were	   attended	  by	  post-‐trauma	  units	   in	   rural	   regions,	   and	  32%	  of	   those	  patients	  
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died	  before	  being	  admitted	  in	  a	  hospital	  (Li	  et	  al.,	  2008).	  Differently,	  an	  ambulance	  transportation	  service	  

in	   rural	   Richardson	   County	   involves	   elderly	   people	   that	   require	   pre-‐hospital	   EMS	   (Stripe	   &	   Susman,	  

1991).	  Here,	  70%	  of	  EMS	  patients	  are	  elderly	  people	  over	  64	  years	  old.	  Consequently,	  more	  than	  58%	  of	  

EMS	  calls	   attended	  by	  an	  ambulance	   involves	  patients	  with	   fractures,	   as	  well	   as	   cardiorespiratory	  and	  

neurologic	  problems.	  

Some	   telemedicine	   services	   require	   real-‐time	   communications	   capabilities	   to	   support	   high-‐resolution	  

applications,	   needed	   for	   streaming	   medical	   video	   and	   audio	   (Vergados,	   2007),	   therefore,	   the	   use	   of	  

broadband	   wireless	   alternatives	   have	   been	   proposed	   to	   the	   deployment	   of	   RTWN.	   The	   proposals	  

comprise	  long-‐range	  technologies,	  such	  as	  the	  IEEE	  802.16	  for	  Metropolitan	  Area	  Networks	  (Mandioma	  

et	   al.,	   2007;	   Ying	   Su	   &	   Caballero,	   2010),	   cellular	   communication	   systems	   for	   Wide	   Area	   Networks	  

(Meethal	  &	   J.,	  2011;	  Mulvaney	  et	  al.,	  2010;	  Zhu	  &	  Dong,	  2011)	  and	   the	  VSAT	  networks	   for	  Broadband	  

Satellite	  Communications	  (Chorbev	  et	  al.,	  2008;	  Ibikunle,	  2009;	  Su	  &	  Soar,	  2010).	  The	  WAN	  alternatives	  

tend	  to	  be	  used	  as	  standalone	  last-‐mile	  solutions,	  since	  its	  coverage	  ratio	  directly	  depends	  on	  previously	  

deployed	  network	  infrastructure.	  Differently,	  the	  BSC	  alternative	  provides	  an	  unlimited	  coverage	  ratio	  to	  

the	  deployment	  of	  network	  communications	  that	  are	  typically	  implemented	  in	  high	  budget	  telemedicine	  

projects.	   According	   to	   the	   World	   Health	   Organization,	   the	   financial	   costs	   on	   deployment	   of	   RTWN	  

represents	   an	   important	   barrier	   to	   enable	   telemedicine	   service	   delivery,	   since	   most	   of	   the	   project	  

initiatives	  on	   rural	   telemedicine	  are	   limited	   in	   funding	   (World	  Health	  Organization,	  2010b).	  Hence,	   the	  

high-‐costs	  involved	  in	  the	  deployment	  and	  operation	  of	  wireless	  communications	  for	  rural	  areas,	  such	  as	  

BSC	  solutions,	  may	  become	  a	  critical	  barrier	  for	  its	  broad	  implementation	  (Moffatt	  &	  Eley,	  2011;	  Shakeel	  

et	   al.,	   2001).	   This	   is	   particularly	   true	   for	   long-‐term	   telemedicine	   initiatives	   where	   funding	   is	   limited.	  

Despite	  previously	  mentioned	  proposals	  that	  have	  been	  successfully	  deployed	  as	  RTWN,	  they	  may	  also	  

be	   limited	   by	   the	   available	   rural	   infrastructure.	   This	   implies	   that	   such	   network	   architecture	   may	   not	  

consider	   particularities	   of	   rural	   scenarios	   (e.g.	   distance	   between	   rural	   clinic	   and	   urban	   hospitals,	   or	  

telemedicine	   traffic	   profiles	   based	   on	   rural	   characteristics,	   among	   others),	   nor	   a	   network	   protocol	  

framework	  designed	  to	  enable	  telemedicine	  service	  delivery	  with	  quality	  of	  service	  provisioning	  in	  rural	  

regions.	  

Because	   of	   telemedicine	   service	   delivery	   comprises	   health	   patient	   information,	   the	   design	   of	   a	   RTWN	  

solution	  should	  guarantee	  the	  provisioning	  of	  QoS	  and	  bandwidth	  resource	  reservations	  for	  telemedicine	  

applications.	  The	  QoS	  provisioning	  can	  be	  addressed	  from	  a	  network-‐centric	  approach,	  where	  the	  base	  

station	   is	   required	   to	  provide	  QoS	   support	   to	   satisfy	   requirements	   requested	  by	  applications	   (i.e.	  data	  

rate,	  delay,	  packet	   loss,	  among	  others)	   (Wu,	  2005).	  Particularly,	  guarantee	  on	  QoS	  can	  be	  achieved	  by	  
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means	  of	  defining	  proper	  traffic	  specifications	  based	  on	  application’s	  requirements,	  by	  implementing	  an	  

admission	  control	  mechanism	  (AC)	  based	  on	  QoS	  or	  by	  including	  a	  dynamic	  resource	  allocation	  scheme,	  

among	  other	  alternatives	  (i.e.	  QoS	  routing,	  packet	  scheduling	  and	  wireless	  channel	  characterization).	  	  

A	  call	  admission	  control	  defines	  whether	  a	  connection	  request	  should	  be	  rejected	  or	  admitted,	  based	  on	  

the	   availability	   of	   network	   resources	   (i.e.	   bandwidth,	   channel	   quality	   or	  QoS	   requirements).	   Thus,	   the	  

response	  on	  network	  performance	  measured	  by	  means	  of	  blocking	  probability,	  is	  highly	  dependent	  of	  its	  

design	   (Ahmed,	   2005).	   On	   the	   other	   hand,	   a	   resource	   allocation	  mechanism	   is	   aimed	   to	   provide	  QoS	  

guarantees	  by	  means	  of	  reserving	  system	  resources	  according	  to	  type	  of	  service	  requirements.	  This	  way,	  

the	   system	   performance	   could	   be	   improved	   by	   means	   of	   maximizing	   the	   resources	   utilization.	   The	  

sustainability	   on	   resource	   reservation	   (over	   all	   session	   duration)	   depends	   on	   the	   traffic	   congestion	  

characteristics	   and	   the	   resources	   demand	   requirements,	   hence	   some	   applications	   may	   suffer	   service	  

interruptions	   that	   in	   the	   worst	   case	   scenario	   may	   result	   on	   link's	   disconnection.	   In	   this	   context,	   the	  

effects	   of	   the	   resource	   allocation	  mechanism	   can	   be	  measured	   through	   interruption	   probability	   (Li	   &	  

Pan,	   2006).	   The	   definition	   of	   a	   traffic	   model	   comprises	   characteristics	   of	   traffic	   profiles	   on	   enabled	  

applications	  and	  traffic	  congestion	  level	  on	  users'	  services	  demand.	  Particularly,	  the	  traffic	  profile	  defines	  

requirements	   of	   data	   bandwidth,	   type	   of	   traffic	   flow	   (i.e.	   CBR,	   VBR)	   and	   level	   of	   QoS	   (based	   on	  

characteristics	  of	  delay,	  latency	  and	  packet	  loss,	  among	  others).	  The	  traffic	  congestion	  definition	  can	  be	  

used	  to	  depict	  urban,	  suburban,	  or	  rural	  deployment	  scenarios	  by	  means	  of	  decreasing	  the	   interarrival	  

times	  on	  access	  request,	  which	  results	  in	  increasing	  the	  number	  of	  admissions	  requests.	  Even	  more,	  the	  

network	  response	  to	  resources'	  demand	  based	  on	  the	  deployment	  scenario	  can	  be	  studied	  by	  means	  of	  

including	  session	  duration	  times	  on	  the	  traffic	  congestion	  definition	  (Bidgoli,	  2008).	  

Most	   of	   the	   reported	   proposals	   for	   implementation	   of	   call	   admission	   control	   and	   resource	   allocation	  

mechanisms	  have	  been	  designed	  for	  the	  IEEE	  802.16/WiMAX	  and/or	  mobile	  cellular	  networks	  (AlQahtani	  

&	  Mahmoud,	  2006;	  AlQahtani	  &	  Ashraf,	  2006;	  Bae	  et	  al.,	  2010;	  Chau	  et	  al.,	  2006;	  Dapeng	  Wu	  &	  Negi,	  

2003;	  Guha	  Roy	  et	  al.,	  2008;	  Hyang-‐Won	  Lee	  &	  Song	  Chong,	  2006,	  2006;	  Jirgens	  et	  al.,	  2005;	  Kalikivayi	  et	  

al.,	  2008;	  Lee	  et	  al.,	  2006;	  Luo	  et	  al.,	  2009;	  Sunho	  Lim	  et	  al.,	  2002).	  Typically,	  the	  call	  admission	  control	  

mechanisms	  are	  enhanced	  by	  means	  of	   including	   the	  QoS	   level	   in	   admittance	   criteria	  on	   the	  Medium	  

Access	  Control	  (MAC)	  layer.	  This	  way,	  the	  network	  performance	  is	  improved	  by	  means	  of	  establishing	  a	  

decision	  making	  process,	  based	  on	  a	  hierarchical	  structure	  of	  QoS,	  which	  is	  aimed	  to	  reduce	  call	  dropping	  

probability,	   packet	   loss	   probability	   or	   increase	   throughput	   performance,	   among	   other	   parameters	  

(AlQahtani	  &	  Mahmoud,	  2006;	  AlQahtani	  &	  Ashraf,	  2006;	  Bae	  et	  al.,	  2010;	  Chau	  et	  al.,	  2006;	  Jirgens	  et	  

al.,	  2005;	  Kalikivayi	  et	  al.,	  2008;	  Luo	  et	  al.,	  2009).	  On	  a	  different	  perspective,	   some	  proposals	  combine	  
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call	   admission	   control	   and	   resource	   allocation	  mechanisms	   into	   an	   integral	   solution	   that	   is	   capable	   to	  

improve	   the	   admission	   probability,	   while	   delivering	   QoS	   provisioning	   by	   means	   of	   reserving	   and	  

scheduling	  system	  resources	  (Dapeng	  Wu	  &	  Negi,	  2003;	  Guha	  Roy	  et	  al.,	  2008;	  Hyang-‐Won	  Lee	  &	  Song	  

Chong,	   2006,	   2006;	   Lee	   et	   al.,	   2006;	   Sunho	   Lim	   et	   al.,	   2002).	   In	   telemedicine	   service	   delivery,	   most	  

proposals	   that	   are	   aimed	   to	   address	   the	   QoS	   provisioning	   in	   BWA	   networks,	   comprise	   a	   resource	  

allocation	  mechanism	  to	  establish	  a	  priority	  scheme	  among	  network	  applications.	  For	   instance,	  several	  

proposals	  based	  on	  OFDM	  networks	  (i.e.	  IEEE802.16/WiMAX)	  include	  a	  scheduling	  priority	  algorithm	  that	  

is	   capable	   to	   allocate	   system	   resources	   by	   considering	   the	   QoS	   type	   of	   service	   associated	   to	   the	  

telemedicine	   service.	   This	   way,	   tele-‐diagnosis	   services	   can	   have	   a	   higher	   priority	   on	   resources	  

reservation	   than	   any	   other	   telemedicine	   service	   (Chorbev	   et	   al.,	   2008,	   2008;	   Husni	   &	  Waworundeng,	  

2011;	  Niyato	  et	  al.,	  2007a;	  Sorwar	  &	  Ali,	  2010;	  Vergados	  et	  al.,	  2006;	  Zhang,	  Ansari,	  et	  al.,	  2010a).	  	  

Regarding	   cognitive	   radio	   networks,	   the	   QoS	   provisioning	   must	   consider	   two	   of	   the	   system’s	   main	  

characteristics:	   the	   spectrum	   access	   scheme	   (overlay	   or	   underlay)	   to	   implement	   a	   dynamic	   spectrum	  

allocation	  mechanism	  (i.e.	  resource	  allocation);	  and	  the	  bandwidth	  constraints,	  given	  by	  the	  presence	  of	  

primary	   users	   on	   the	   operating	   channel,	   for	   QoS	   provisioning.	   The	   overlay	   spectrum	   access	   scheme	  

dictates	   that	  no	   secondary	  user	   can	  operate	  on	  a	   channel	   that	   is	   on	  use	  by	   a	  primary	  user,	  while	   the	  

underlay	  scheme	  allows	  a	  coexistence	  between	  primary	  and	  secondary	  users	  on	  a	  non-‐interference	  basis	  

(Qing	   Zhao	   &	   Sadler,	   2007;	   Zhao	   &	   Swami,	   2007).	   In	   cognitive	   radio	   networks,	   the	   establishment	   of	  

channel	   availability	   comprises	   spectrum	   sensing	   techniques	   that	   are	   aimed	   to	   improve	   the	   detection	  

probability	   of	   primary	   users,	   as	   an	   approach	   to	   provide	   QoS	   guarantee	   by	   means	   of	   improving	  

throughput	  (Ariananda	  et	  al.,	  2009;	  Sansoy	  &	  Buttar,	  2015;	  Suseela	  &	  Sivakumar,	  2015;	  Ying-‐Chang	  Liang	  

et	   al.,	   2008;	   Yucek	   &	   Arslan,	   2009).	   Once	   the	   secondary	   user	   has	   been	   enabled	   to	   use	   an	   available	  

channel,	  the	  network	  has	  to	  establish	  system	  resource	  availability	  to	  provide	  a	  QoS	  guarantee	  among	  the	  

users	  of	   the	  cognitive	  radio	  network.	   In	  this	  context,	   the	  throughput	  performance	  can	  be	   improved	  by	  

means	   of	   establishing	   a	   priority	   scheme	  among	   all	   active	   links,	   such	   that	   it	   can	  be	  used	   as	   a	   network	  

policy	  for	  admission	  control	  and	  resource	  allocation.	  This	  is	  not	  an	  easy	  task	  if	  we	  consider	  that	  all	  users	  

on	   cognitive	   radio	   networks	   are	   limited	   to	   access	   the	   spectrum	   as	   secondary	   users,	   which	   results	   on	  

throughput	   drops	   or	   a	   forced	   termination	   of	   its	   transmission.	   One	   way	   to	   address	   this	   issue	   is	   by	  

implementing	  a	  cross-‐layer	  architecture	  in	  the	  network	  design.	  	  

The	  cross-‐layer	  architecture	  allows	  to	  include	  an	  alternative	  network	  design,	  where	  two	  layers	  (which	  are	  

typically	   disjoint)	   can	   exchange	   information	   through	   an	   abstraction	   parameters	   process.	   This	   way,	   an	  

objective	   function	   based	   on	   previously	   designed	   objectives	   can	   be	   evaluated	   to	   modify	   specific	  
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parameters	  on	  one	  or	  both	  layers	  (Foukalas	  et	  al.,	  2008;	  Fu	  et	  al.,	  2014).	  In	  fact,	  it	  has	  been	  shown	  that	  a	  

performance	   improvement	   can	   be	   reached	   by	   including	   a	   cross-‐layer	   architecture	   on	   the	   design	   of	  

cognitive	   radio	   networks	   (Umamaheswari	   et	   al.,	   2012).	   For	   instance,	   authors	   in	   (Chen	   et	   al.,	   2011;	  

Danobeitia	  &	  Femenias,	  2011;	  Han	  et	  al.,	  2006;	  Jia	  Tang	  &	  Xi	  Zhang,	  2007;	  Matalgah	  et	  al.,	  2013;	  Wang	  et	  

al.,	  2007)	  have	  proposed	  the	  design	  of	  resource	  allocation	  mechanisms	  based	  on	  cross-‐layer	  architecture	  

to	  improve	  throughput	  performance,	  while	  guaranteeing	  QoS	  provisioning.	  On	  short-‐range	  CR	  networks	  

(e.g.	  WPAN	  and	  WLAN),	   the	  deployment	  of	  m-‐Health	  and	   telemedicine	  applications	  have	  been	  mainly	  

proposed	  for	  wireless	  sensor	  networks	  in	  a	  hospital	  environment	  (Chavez-‐Santiago	  &	  Balasingham,	  2011;	  

Mamoon	   et	   al.,	   2015;	  Naeem	  et	   al.,	   2015;	   Phunchongharn	   et	   al.,	   2010;	   Syed	  &	   Yau,	   2013).	   Regarding	  

telemedicine	  service	  delivery	  on	  CR	  networks,	  it	  has	  been	  shown	  that	  QoS	  guarantee	  can	  be	  provided	  by	  

means	  of	   implementing	  dynamic	  spectrum	  allocation	  techniques	   (Feng	  et	  al.,	  2010a).	  However,	  at	  best	  

of	  our	  knowledge,	  no	  proposal	  has	  been	  presented	  to	  enable	  telemedicine	  service	  delivery	  on	  the	  IEEE	  

802.22/WRAN	  standard.	  

	  

1.2. Problem	  Statement	  

As	   it	   was	   mentioned	   in	   above	   section,	   the	   deployment	   of	   telemedicine	   wireless	   networks	   for	   rural	  

regions	   is	   one	   of	   the	   most	   important	   scenarios,	   where	   the	   capacity	   of	   extending	   specialist	   medical	  

services	   to	   underserved	   regions	   can	   have	   a	   high	   impact.	   Furthermore,	   because	   of	   the	  

telecommunications	   infrastructure	   in	   rural	   regions	   is	   poor	   or	   null,	   the	   deployment	   of	   telemedicine	  

networks	   in	   this	   type	   of	   scenarios	   represents	   a	   high	   challenge	   that	   goes	   from	   choosing	   a	   suitable	  

technology	   to	   go	   farther,	   to	   offering	   an	   adequate	   QoS	   level	   for	   rural	   telemedicine	   services.	   By	  

considering	   that	   medical	   services	   comprises	   patient's	   health	   information,	   the	   guarantee	   on	   QoS	  

provisioning	  for	  telemedicine	  applications	  in	  BWA	  rural	  networks	  has	  become	  a	  major	  issue.	  

Typically,	  the	  IEEE	  802.16/WiMAX	  standard	  has	  represented	  the	  deployment	  of	  BWA	  technology	  on	  rural	  

regions.	  However,	  some	  isolated	  regions	  in	  rural	  environments	  may	  be	  located	  at	  distances	  longer	  than	  

the	   maximum	   transmission	   distance	   offered	   by	   WiMAX.	   In	   consequence,	   the	   underserved	   rural	  

populations	  can	  experience	  an	  access	  restriction	  to	  medical	  specialist	  services.	  This	  means	  that	  both,	  the	  

hospital	  and	  patients	  have	  to	   incur	  on	  additional	  costs	  related	  to	  transportation,	   in	  order	  to	  receive	  or	  

provide	   medical	   specialist	   services.	   In	   this	   context,	   a	   patient	   that	   requires	   a	   specialized	   medical	  

treatment	   of	   consultation,	   diagnosis	   or	   follow-‐up	   could	   be	   unnecessarily	   exposed	   to	   painful	   or	   long	  
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travel	  times,	  from	  its	  local	  community	  to	  an	  urban	  hospital,	   in	  order	  to	  receive	  medical	  attention.	  Even	  

more,	   in	   worst	   case	   scenario,	   all	   traveling	   costs	   would	   have	   to	   be	   covered	   by	   the	   patient,	   which	   for	  

people	   coming	   from	   rural	   populations	   under	   extreme	   poverty	   conditions	  may	   become	   a	  major	   issue.	  

Therefore,	  the	  consideration	  of	  emerging	  BWA	  technologies	  with	  a	  coverage	  ratio	  of	  up	  to	  100	  km,	  such	  

as	   the	   IEEE	   802.22/WRAN	   may	   become	   an	   alternative	   solution	   to	   extend	   telemedicine	   services	   to	  

isolated	  and	  underserved	  regions,	  by	  means	  of	  the	  deployment	  of	  rural	  telemedicine	  wireless	  networks.	  

Because	  the	  IEEE	  802.22/WRAN	  is	  a	  cognitive	  radio	  standard,	  its	  spectrum	  access	  is	  opportunistic	  and	  all	  

subscribed	  users	  are	  limited	  to	  operate	  as	  secondary	  users	  of	  the	  channel	  bandwidth.	  Consequently,	  all	  

secondary	   users	   are	   exposed	   to	   experience	   throughput	   drops,	   service	   interruptions,	   forced	   service	  

termination,	   or	   a	   denial	   of	   network	   services.	   Thus,	   since	   telemedicine	   service	   delivery	   involves	  

emergency	  scenarios,	  such	  as	  tele-‐diagnosis	  sessions	  for	  ambulances,	  the	  QoS	  provisioning	  on	  cognitive	  

radio	  networks	  has	  become	  a	  major	  challenge.	  Particularly,	  on	  dynamic	  spectrum	  allocation	  mechanisms	  

and	  on	  bandwidth	  availability	  that	  results	  from	  the	  presence	  of	  primary	  users	  on	  its	  operating	  channel.	  

These	  two	  factors	  affect	  the	  provisioning	  of	  a	  QoS	  guarantee	  on	  cognitive	  radio	  telemedicine	  networks,	  

which	  also	  impact	  the	  performance	  of	  dynamic	  spectrum	  allocation	  mechanisms	  on	  rural	  scenarios.	  

The	   QoS	   provisioning	   on	   cognitive	   radio	   networks,	   by	   means	   of	   resource	   allocation	  mechanisms	   and	  

channel	  bandwidth	  availability,	  have	  been	  proposed	  on	  multiple	  research	  works	  (Ariananda	  et	  al.,	  2009;	  

Chen	  et	  al.,	  2011;	  Danobeitia	  &	  Femenias,	  2011;	  Han	  et	  al.,	  2006;	  Jia	  Tang	  &	  Xi	  Zhang,	  2007;	  Matalgah	  et	  

al.,	  2013;	  Sansoy	  &	  Buttar,	  2015;	  Suseela	  &	  Sivakumar,	  2015;	  Wang	  et	  al.,	  2007;	  Ying-‐Chang	  Liang	  et	  al.,	  

2008;	  Yucek	  &	  Arslan,	  2009).	  Additionally,	  several	  proposals	  have	  studied	  the	  impact	  of	  these	  two	  factors	  

on	  the	  performance	  of	  health	  applications.	  For	  instance,	  authors	  in	  (Feng	  et	  al.,	  2010a)	  have	  established	  

that	  resource	  allocation	  algorithms	  have	  a	  main	  role	  on	  performance	  of	  wireless	  telemedicine	  networks	  

based	  on	   cognitive	   radio	   technologies.	   Furthermore,	   it	   has	   been	   shown	   that	   performance	  of	   resource	  

allocation	  mechanism	  on	  cognitive	  radio	  networks,	  depend	  on	  bandwidth	  availability	  given	  by	  presence	  

of	   primary	   users	   on	   the	   operating	   channel	   (Doost-‐Mohammady	   et	   al.,	   2014).	   From	   here,	   it	   can	   be	  

inferred	   that	   it	   is	   highly	   important	   to	   consider	   these	   two	   factors	   on	   the	   design	   of	   resource	   allocation	  

mechanisms	   for	  cognitive	  radio	  based	  telemedicine	  networks.	  However,	  despite	   that	  several	  proposals	  

on	   cognitive	   radio	   networks	   have	   considered	   the	   effects	   of	   resource	   allocation	   mechanisms	   on	   the	  

guarantee	   of	   QoS	   level	   for	   telemedicine	   applications,	   most	   of	   them	   omit	   the	   impact	   of	   bandwidth	  

availability	   constraints	   given	   by	   the	   presence	   of	   primary	   users,	   based	   on	   the	   assumption	   of	   an	   ideal	  

scenario	  where	  a	  secondary	  user	  has	  unrestricted	  access	  to	  spectrum	  usage.	  
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On	   the	   other	   hand,	   the	   availability	   of	   a	   rural	   telemedicine	   model	   will	   allow	   to	   obtain	   and	   share	  

information	   related	   to	   the	   network	   traffic	   profiles,	   the	   hierarchical	   structure	   among	   telemedicine	  

services	  and	  utilization	  characteristics	  of	  network	  services,	  in	  a	  simple	  manner.	  The	  periodic	  exchange	  of	  

this	   type	   of	   information	   could	   be	   used	   by	   base	   station	   to	   characterize	   telemedicine	   applications	   and	  

determine	  their	  QoS	  requirements.	  This	  way,	  the	  base	  station	  could	  use	  this	  information	  to	  take	  the	  best	  

decision	  on	  resource	  allocation,	  by	  means	  of	  reserving	  them	  based	  on	  particular	  priority	  characteristics	  

of	  the	  telemedicine	  network.	  Therefore,	  from	  a	  design	  perspective	  of	  a	  resource	  allocation	  mechanism,	  

the	  definition	  of	  a	  rural	  telemedicine	  model	   is	  the	  best	  way	  to	  characterize	  the	  priority	  scheme	  among	  

services	   of	   tele-‐diagnosis,	   tele-‐monitoring	   and	   tele-‐consulting.	   Typically,	   the	   policy	  management	   	   	   on	  

resource	  allocation	  is	  based	  on	  the	  QoS	  type	  of	  service	  (defined	  on	  MAC	  layer)	  that	  is	  associated	  with	  a	  

specific	   type	   of	   telemedicine	   service.	   In	   fact,	   this	   technique	   has	   been	   widely	   adopted	   to	   provide	   a	  

guarantee	  for	  QoS	  provisioning	  on	  the	  design	  of	  resource	  allocation	  mechanisms,	  both	   in	  telemedicine	  

services	  (Feng	  et	  al.,	  2010a;	  Phunchongharn	  et	  al.,	  2010)	  as	  in	  any	  other	  type	  of	  network	  service	  (Chen	  et	  

al.,	  2011;	  Matalgah	  et	  al.,	  2013).	  However,	  this	  simplistic	  perspective	  does	  not	  addresses	  two	  important	  

issues:	   it	   does	   not	   consider	   a	   priority	   scheme	   based	   on	   the	   deployment	   scenario	   of	   telemedicine	  

services,	   such	   as	   emergency	   or	   non-‐emergency;	   nor	   the	   bandwidth	   availability	   constraints	   given	   by	  

presence	   of	   primary	   users.	   There	   are	   some	   proposals	   that	   address	   the	   issue	   of	   establishing	   a	   priority	  

scheme	  for	   resource	  allocation	   in	   telemedicine	  service	  delivery;	  as	   in	   (Niyato	  et	  al.,	  2007a),	  where	   the	  

highest	  resource	  reservation	  is	  for	  tele-‐diagnosis	  services,	  while	  availability	  on	  bandwidth	  resources	  for	  

tele-‐consulting	   services	   is	   limited	  by	   a	   predetermined	   threshold.	   From	  a	  different	   perspective	   (Skorin-‐

Kapov	  &	  Matijasevic,	   2010),	   have	   provided	   a	  QoS	   guarantee	   for	   tele-‐consulting	   services,	   by	  means	   of	  

mapping	   from	   QoS	   requirements	   for	   health	   services,	   to	   existing	   QoS	   types	   of	   services	   on	   network.	  

Regarding	   mechanisms	   for	   resource	   allocation	   on	   cognitive	   radio	   networks	   that	   do	   not	   consider	  

bandwidth	   availability	   constraints	   given	   by	   presence	   of	   primary	   users,	   the	   proposals	   presented	   in	  

(Naeem	  et	  al.,	  2015;	  Phunchongharn	  et	  al.,	  2010),	  have	  shown	  a	  system	  performance	  improvement	  on	  

the	   network	   capacity	   and	   QoS	   provisioning	   (i.e.,	   transmission	   delay	   and	   loss	   probability),	   for	   health	  

services.	  However,	  these	  proposals	  have	  been	  evaluated	  under	  an	  ideal	  deployment	  scenario	  where	  the	  

base	   station	  performs	  a	   resource	  allocation	  based	  on	   the	  previous	  geo-‐location	  knowledge	  of	  primary	  

users,	  or	  by	  assuming	  that	  health	  services	  can	  be	  considered	  as	  primary	  users	  since	  they	  have	  a	  higher	  

priority	   on	   a	   telemedicine	   network.	   Even	   if	   these	   assumptions	   and	   considerations	   can	   be	   valid	   in	   a	  

hospital	   environment,	   they	   cannot	   be	   applied	   on	   rural	   telemedicine	   networks	   where	   narrowband	  

primary	   users	   (i.e.,	   wireless	   microphones)	   can	   have	   unrestricted	   access	   to	   radio	   spectrum,	   without	  

reporting	  its	  geo-‐location	  to	  the	  base	  station.	  Therefore,	  the	  results	  obtained	  on	  these	  proposals	  are	  not	  

conclusive.	  
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Most	  of	  cognitive	  radio	  telemedicine	  networks	  consider	  a	  design	  of	  dynamic	  resource	  allocation	  that	   is	  

based	  only	  on	  existing	  QoS	  type	  of	  services.	  This	  means	  that	  even	  if	  two	  telemedicine	  users	  require	  the	  

same	  type	  of	  service	  level,	  it	  does	  not	  imply	  that	  they	  are	  on	  same	  priority	  classification.	  In	  this	  context,	  

a	   tele-‐diagnosis	   service	   on	   an	   emergency	   scenario	   would	   have	   to	   contend	   for	   system	   resources	   with	  

other	   lower	   priority	   services	   that	   require	   the	   same	   type	   of	   service	   level.	   Because	   these	   proposals	   are	  

evaluated	   on	   ideal	   deployment	   scenarios,	   the	   negative	   effects	   that	   result	   from	   this	   bandwidth	  

contention	   issue	   are	   apparently	   not	   affecting	   the	   network	   performance.	   However,	   under	   a	   realistic	  

deployment	  scenario	  there	  are	  different	  factors	  that	  importantly	  affect	  the	  telemedicine	  service	  delivery	  

on	  rural	  regions,	  mainly,	  the	  traffic	  profile	  characteristics	  and	  the	  priority	  scheme	  for	  rural	  telemedicine	  

services	   (Vergados,	   2007;	   Vergados	   et	   al.,	   2006).	   Therefore,	   a	   resource	   allocation	   mechanism	   for	  

telemedicine	  service	  delivery	  on	  rural	   regions	   that	   is	  only	   ruled	  by	  existing	  QoS	  type	  of	  services,	  could	  

result	   on	   an	   erroneous	   restriction	   of	   resource	   allocation	   for	   higher	   priority	   services,	   such	   as	   tele-‐

diagnosis.	   This	   issue	   can	   affect	   the	   telemedicine	   service	   delivery,	   from	   transmission	   disruptions	   and	  

forced	   terminations	   of	   ongoing	   sessions,	   to	   a	   denial	   of	   service	   given	   by	   a	   rejection	   on	   admission	  

requests.	   Even	  more,	   an	  erroneous	   resource	  allocation	   that	  occurs	   in	  a	  homogeneous	   traffic	   scenario,	  

where	   telemedicine	  services	   that	  are	  not	  on	  highest	  priority	  and	  all	  of	   them	  require	   the	  same	   level	  of	  

QoS,	   can	   affect	   significantly	   the	   telemedicine	   network	   performance.	   Thus,	   by	   including	   rural	   region	  

characteristics	   on	   the	   design	   of	   resource	   allocation	   mechanisms,	   the	   resource	   reservation	   for	  

telemedicine	   service	   delivery	   could	   fit	   better	   particularities	   on	   QoS	   requirements,	   which	   contributes	  

positively	  to	  reduce	  the	  blocking	  probability,	  and	  interruption	  probability	  of	  telemedicine	  services.	  

It	   is	   important	   to	   notice	   that	   the	   design	   of	   resource	   allocation	   mechanisms	   for	   QoS	   provisioning	   on	  

cognitive	   radio	   networks	   has	   been	   widely	   studied	   (Chen	   et	   al.,	   2011;	   Han	   et	   al.,	   2006;	   Jia	   Tang	   &	   Xi	  

Zhang,	   2007;	  Matalgah	  et	   al.,	   2013).	   Since	   secondary	  users	  on	   cognitive	   radio	  networks	   are	   limited	   to	  

access	   spectrum	   usage	   in	   opportunistic	  manner,	  most	   of	   the	   designs	   of	   dynamic	   allocation	   spectrum	  

algorithms	  propose	  a	  cross-‐layer	  architecture.	  In	  fact,	  several	  proposal	  have	  shown	  that	  the	  use	  of	  cross-‐

layer	   architecture	   in	   the	   design	   of	   resource	   allocation	   mechanisms	   contribute	   to	   improve	   network	  

performance	  while	  guaranteeing	  QoS	  provisioning	  (Danobeitia	  &	  Femenias,	  2011;	  Wang	  et	  al.,	  2007).	  In	  

rural	   telemedicine	   deployments,	   the	   constraints	   on	   channel	   bandwidth	   can	   be	   determined	   on	   lower	  

network	  layers,	  such	  as	  PHY	  and	  MAC;	  and	  telemedicine	  service	  delivery	  characteristics	  related	  to	  data	  

bandwidth	  requirements,	  utilization	  rates	  of	  telemedicine	  services,	  traffic	  profiles	  and	  rural	  telemedicine	  

service	  particularities	   can	  be	   abstracted	   from	  upper	   layers,	   such	   as	   the	  APP	   layer.	   In	   this	   context,	   the	  

design	   of	   a	   resource	   allocation	   algorithm	   that	   includes	   a	   cross-‐layer	   architecture	   could	   improve	  

telemedicine	   network	   performance,	   by	  means	   of	   coupling	   the	  MAC	   and	   APP	   layers.	   Although	   several	  
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proposals	   have	   adopted	   the	   cross-‐layer	   architecture	   on	   the	   design	   of	   dynamic	   spectrum	   allocation	  

mechanism	  for	  telemedicine	  applications	  (Feng	  et	  al.,	  2010a;	  Naeem	  et	  al.,	  2015;	  Phunchongharn	  et	  al.,	  

2010),	   the	   presented	   results	   on	   characterization	   of	   telemedicine	   service	   delivery	   does	   not	   reflect	   the	  

particularities	  of	  deployment	  scenario	  on	  the	  design	  of	  resource	  allocation	  mechanisms	  for	  rural	  regions.	  

	  

1.3. Objectives	  

1.3.1. General	  Objective	  

The	  main	  objective	  on	  the	  presented	  research	  work	  is	  to	  study	  the	  effects	  of	  a	  priority	  scheme	  for	  QoS	  

provisioning	  and	  the	  bandwidth	  constraints	  resulting	  from	  the	  presence	  of	  primary	  users,	  on	  the	  design	  

of	   resource	   allocation	   mechanisms	   for	   rural	   telemedicine	   wireless	   networks	   based	   on	   the	   IEEE	  

802.22/WRAN	  standard.	  This	  way,	  new	  alternatives	  on	  the	  design	  of	  resource	  allocation	  algorithms	  can	  

be	   proposed	   to	   improve	   telemedicine	   network	   performance	   in	   comparison	  with	   previously	   presented	  

solutions	  for	  telemedicine	  service	  delivery.	  

1.3.2. Particular	  Objectives	  

In	   order	   to	   pursue	   the	   general	   objective	   presented	   on	   this	   research	   work,	   the	   following	   particular	  

objectives	  are	  defined:	  

The	   design	   of	   a	   rural	   telemedicine	   model	   that	   considers	   the	   particular	   characteristics	   related	   to	  

underserved	  and	   isolated	  regions,	   in	  order	  to	  establish	  a	  more	  realistic	  rural	  deployment	  scenario	  that	  

defines	   the	   interaction	   scheme	   between	   patient	   and	   medics,	   the	   traffic	   profile	   of	   telemedicine	  

applications	  and	  the	  types	  of	  telemedicine	  services,	  among	  others.	  

The	  design	  an	  admission	  control	  mechanism	  for	  rural	  telemedicine	  networks	  that	  consider	  various	  levels	  

of	   service	   for	   telemedicine	   applications	   based	   on	   videoconference	   systems,	   in	   order	   to	   improve	   its	  

system	  blocking	  probability.	  
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The	  design	  of	  a	  dynamic	  spectrum	  allocation	  algorithm	  based	  on	  the	   IEEE	  802.22/WRAN	  standard	  that	  

considers	   a	   priority	   scheme	   among	   telemedicine	   services	   on	   rural	   deployment	   scenarios,	   in	   order	   to	  

improve	  its	  interruption	  probability.	  

To	   evaluate	   and	   compare	   the	   performance	   of	   proposed	   algorithms	   by	  means	   of	   considering	   the	   IEEE	  

802.22/WRAN	   standard	   and	   realistic	   conditions	   on	   the	   deployment	   of	   rural	   telemedicine	   wireless	  

networks.	  

	  

1.4. Methodology	  

This	  research	  work	  is	  based	  on	  the	  methodology	  described	  in	  the	  following	  paragraphs:	  

Research	  on	  state	  of	   the	  art	  about	   telemedicine	  network	  deployments	   that	   includes	  QoS	  protocols	   for	  

wireless	  communication	  networks	  and	  types	  of	  telemedicine	  services	  on	  rural	  region	  scenarios	  in	  order	  

to	   implement	   a	   testbed	   that	   reflects	   the	   actual	   particular	   characteristics	   of	   rural	   telemedicine	   service	  

delivery.	  

Literature	  review	  of	  dynamic	  spectrum	  access	  algorithms	  for	  telemedicine	  applications,	  with	  or	  without	  a	  

priority	   scheme	   consideration.	   Choose	   the	   most	   relevant	   algorithms	   for	   telemedicine	   services	   and	  

evaluate	  them	  on	  a	  rural	  deployment	  scenario.	  This	  way,	  the	  opportunity	  areas	  on	  the	  design	  of	  dynamic	  

spectrum	  access	  algorithms	  for	  rural	  telemedicine	  networks	  can	  be	  detected.	  

By	  considering	  the	  opportunity	  areas	  detected,	  an	  initial	  design	  of	  a	  dynamic	  spectrum	  access	  algorithm	  

is	   proposed.	   Here,	   a	   comparative	   performance	   evaluation	   with	   previously	   reported	   solutions	   is	  

implemented,	  on	  rural	  deployment	  scenario	  conditions.	  

Based	   on	   observations	   about	   the	   results	   of	   comparative	   performance	   evaluation,	   an	   alternative	  

admission	  control	  mechanism	  for	  tele-‐consulting	  services	  is	  included	  on	  the	  final	  design.	  

The	  final	  design	  is	  evaluated	  on	  rural	  deployment	  conditions	  for	  telemedicine	  service	  delivery,	  in	  order	  to	  

establish	   a	   comparative	   with	   previous	   reported	   solutions,	   by	   considering	   the	   metrics	   of	   blocking	  

probability	  and	  interruption	  probability.	  
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1.5. Thesis	  outline	  

Chapter	   2	   presents	   in	   detail	   the	   telemedicine	   service	   delivery	   framework	   and	   the	   rural	   deployment	  

scenarios	   characteristics.	   Furthermore,	   a	   review	  of	   the	   IEEE	  802.22/WRAN	   standard	   is	   included	   in	   this	  

chapter.	  

Chapter	  3	  presents	  a	  discussion	  about	  state	  of	  art	  on	  dynamic	  spectrum	  access	  algorithms,	   in	  order	  to	  

determine	  the	  factors	  that	  should	  be	  considered	  on	  its	  design	  and	  evaluation.	  Additionally,	  this	  chapter	  

includes	  a	  review	  of	  admission	  control	  mechanisms	  and	  scheduling	  algorithms	  oriented	  to	  telemedicine	  

service	   delivery.	   This	   way,	   several	   important	   aspects	   can	   be	   identified	   as	   relevant	   to	   the	   design	   and	  

evaluation	  of	  proposed	  algorithms.	  

Chapter	  4	  presents	  the	  design	  of	  proposed	  adaptive	  bandwidth	  management	  mechanism	  for	  admission	  

control	  on	  rural	  telemedicine	  networks	  based	  on	  the	  IEEE	  802.22/WRAN	  standard,	  for	  videoconference	  

tele-‐consulting	  applications.	  

Chapter	  5	  presents	  the	  design,	  evaluation	  and	  performance	  results	  of	  the	  proposed	  scheduling	  algorithm	  

for	   rural	   telemedicine	   service	   delivery	   based	   on	   IEEE	   802.22/WRAN	   standard,	   for	   tele-‐diagnosis,	   tele-‐

consulting	  and	  tele-‐monitoring	  applications.	  

Chapter	   6	   presents	   the	   conclusions	   about	   the	   design	   of	   scheduling	   algorithms	   and	   admission	   control	  

mechanisms	  for	  telemedicine	  service	  delivery	  on	  rural	  deployment	  scenarios.	  

Finally,	  a	  list	  of	  the	  references	  that	  support	  this	  research	  work	  is	  presented.	  	  

	  

1.6. Outcomes	  

The	  work	  on	  capacity	  analysis	  of	  rural	  broadband	  wireless	  access	  technologies	  proposed	  contributed	  to	  

the	  following	  book	  chapter:	  	  

Magana-‐Rodriguez,	  R.,	  Villarreal-‐Reyes,	  S.,	  Galaviz-‐Mosqueda,	  A.,	  Rivera-‐Rodriguez,	  R.,	  &	  Conte-‐Galvan,	  

R.	  2015.	  Telemedicine	  Services	  over	  Rural	  Broadband	  Wireless	  Access	  Technologies:	  IEEE	  802.22/WRAN	  
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and	  IEEE	  802.16	  WiMAX.	  In	  S.	  Adibi	  (Ed.),	  Mobile	  Health.	  Cham:	  Springer	  International	  Publishing,	  Vol.	  5,	  

pp.	  743–769.	  Retrieved	  from	  http://link.springer.com/10.1007/978-‐3-‐319-‐12817-‐7_32	  

The	   work	   on	   Adaptive	   Bandwidth	   Management	   (ABM)	   admission	   control	   mechanism	   proposed	  

contributed	  to	  the	  following	  paper:	  	  

Magana-‐Rodriguez,	  R.,	  Villarreal-‐Reyes,	  S.,	  Galaviz-‐Mosqueda,	  A.,	  Rivera-‐Rodriguez,	  R.,	  &	  Conte-‐Galvan,	  

R.	  2017.	  An	  Adaptive	  Cross-‐layer	  Admission	  Control	  Mechanism	  for	  Telemedicine	  Services	  over	  the	  IEEE	  

802.22	  standard.	  IEICE	  Transactions	  on	  Communications,	  Vol.	  E101-‐B,	  No.	  4,	  April,	  2018.	  
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Chapter 2. Wireless	   Telemedicine	   Service	   Delivery	   over	   BWA	  
Technologies	  

2.1. Overview	  of	  Telemedicine	  

The	  use	  of	  technology	  to	  facilitate	  public	  health	  services	  is	   included	  in	  a	  discipline	  named	  public	  health	  

informatics	  (PHI).	  The	  PHI	  comprises	  the	  application	  of	  information,	  computer	  science	  and	  technology	  to	  

public	  health	  practice	  (Yasnoff	  et	  al.,	  2000).	  One	  of	  the	  many	  applications	  of	  PHI	   includes	  telehealth	  to	  

enforce	   public	   health	   infrastructure	   by	   delivering	   medical	   services	   to	   underserved	   populations	  

worldwide	  (Singh	  et	  al.,	  2010).	  According	  to	  (Institute	  of	  Medicine	  (U.S.),	  2012),	  telehealth	  is	  defined	  as	  

“the	  use	  of	  electronic	  information	  and	  telecommunications	  to	  support	  long-‐distance	  clinical	  care,	  patient	  

and	  professional	  health-‐related	  education,	  public	  health	  and	  health	  administration	  technologies”.	  By	  the	  

above	   definition,	   telemedicine	   is	   commonly	   used	   as	   a	   synonym	   of	   telehealth	   (Lievens	   &	   Jordanova,	  

2007).	   However,	   the	   use	   of	   telemedicine	   services	   differs	   from	   telehealth	   because	   the	   first	   one	   refers	  

exclusively	   to	   physicians	   or	   health	   specialists	   (e.g.	   nurses,	   pharmacists)	   (World	   Health	   Organization,	  

2010b).	  	  

A	   typical	  medical	   practice	   comprises:	   patient	   consultation,	   diagnosis,	   treatment	   and	   follow-‐up,	  where	  

the	  patient’s	  presence	  represents	  a	  necessary	  condition	  to	   treat	  multiple	  health	  conditions.	  Contrarily,	  

the	   new	   medical	   paradigm	   delivers	   medical	   information	   remotely	   by	   merging	   information	   and	  

communications	   technologies	   (ICT)	   with	   health	   services	   (Malindi,	   2011).	   Thus,	   telemedicine	   tends	   to	  

extend	   medical	   services	   through	   the	   use	   of	   telecommunications	   technologies	   (World	   Health	  

Organization,	  2010a).	  

The	  use	  of	   ICT	   for	  clinical	  activities	   includes	  the	  deployment	  of	   large	  bandwidth	  applications	   (i.e.	  voice	  

over	  IP,	  video	  streaming,	  digital	  imaging,	  etc.)	  to	  provide	  telemedicine	  services	  that	  can	  be	  classified	  as:	  

tele-‐consulting,	   tele-‐monitoring,	   tele-‐diagnosis,	   tele-‐education	   and	  medical	   database	   access	   (Vergados	  

et	   al.,	   2006).	   Additionally,	   they	   may	   also	   include:	   initial	   patient	   evaluations,	   triage	   decisions,	   second	  

opinion	  consultation,	  medical	   imaging	  and	  preventive	  medicine,	  among	  others	  (Grigsby,	  J.	  et	  al.,	  1994).	  

In	   this	   way,	   rural	   regions	   with	   sparse	   technological	   infrastructure	   may	   have	   a	   limited	   offer	   of	  

telemedicine	  services	  (Martinez	  et	  al.,	  2004a).	  Consequently,	  there	  is	  a	  health	  services	  gap	  where	  urban	  

deployments	   tend	   to	   cover	  a	  wider	  gamma	  of	   telemedicine	   services,	   than	   those	  offered	   in	   rural	   areas	  

with	   low	   population	   densities.	   Hence,	   rural	   telemedicine	   could	   contribute	   to	   close	   that	   gap	   by	  
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contributing	   to	   reduce	   travel	   times;	   costs	   of	   treatments	   and	   consultations,	   among	  others	   (Athavale	  &	  

Zodpey,	  2010;	  Dussault	  &	  Franceschini,	  2006;	  Siddiqua	  &	  Awal,	  2012).	  	  

Telemedicine	   comprises	   the	   use	   of	   information	   and	   communications	   technologies	   to	   deliver	   medical	  

information	  oriented	  to	  health	  services	  from	  one	  location	  to	  another.	  Namely,	  telemedicine	  represents	  

the	   distribution	   of	   medical	   services,	   traditionally	   offered	   by	   health	   specialists,	   through	   the	   use	   of	  

telecommunications	   technologies.	   The	   use	   of	   communications	   technologies	   to	   improve	   health	   care	  

delivery	  services	  has	  been	  growing	  in	  last	  decade,	  as	  a	  consequence	  to	  the	  rapid	  development	  shown	  by	  

ICT	   technologies.	   By	   considering	   its	   advantages	   to	   support	   high-‐consumption	   network-‐resource	  

applications	  (i.e.	  Voice	  over	  IP,	  Video	  Streaming,	  Digital	  Imaging,	  etc.)	  the	  people’s	  demand	  of	  this	  kind	  

of	   high	   data	   rate	   services	   has	   been	   also	   being	   growing.	   Consequently,	   network	   infrastructure	  

connectivity	   and	  quality	  of	   service	   guaranteeing	   requirements,	   have	  become	  a	  major	   challenge	   in	   this	  

matter.	  

Traditionally	   the	   medical	   practice	   is	   based	   on	   a	   face-‐to-‐face	   interaction	   to	   offer	   basic	   services	   of	  

consultation,	  diagnosing	  and	  follow-‐up.	  These	  services	  comprise	  several	  methods	  and	  particular	  medical	  

instruments	   over	   multiple	   health	   conditions	   and	   treatments.	   However,	   the	   use	   of	   communication	  

technologies	  in	  the	  medical	  practice	  has	  shown	  its	  potential	  to	  extend	  the	  medical	  specialist	  evaluation	  

capabilities	  over	  distance	  locations.	  For	  instance	  the	  use	  of	  remote	  robotic	  assisted	  surgery	  interventions	  

has	   been	   used	   to	   assist	  medical	   specialists	   in	   the	   decision	  making	   process.	   In	   this	   context,	   the	   use	   of	  

communication	   technologies	   as	   a	   tool	   capable	   to	   extend	   the	   medical	   service	   delivery	   over	   distance	  

locations	  is	  called	  telemedicine	  services.	  	  

According	   to	   (Grigsby,	   J.	   et	   al.,	   1994)	   telemedicine	   applications	   comprise:	   initial	   patient	   evaluations,	  

triage	   decisions,	   surgical	   follow-‐up,	   routine	   consultation	   or	   second	  opinion	   (primary	   care	   encounters),	  

medical	   imaging,	   public	   health,	   preventive	   medicine	   and	   patient	   education	   among	   others.	   From	   a	  

general	  perspective,	  telemedicine	  services	   include:	  tele-‐diagnosis,	  tele-‐education,	  tele-‐monitoring,	  tele-‐

consultation	   and	   medical	   information	   databases.	   However,	   a	   large	   list	   of	   technological	   applications	  

available	  to	  the	  implementation	  of	  telemedicine	  can	  be	  found	  in	  the	  literature.	  In	  this	  context	  two	  main	  

factors	  should	  be	  considered	  in	  the	  deployment	  of	  any	  given	  telemedicine	  application,	  the	  first	  one	  is	  the	  

medical	  application	  scenario	  and	  the	  second	  one	  is	  the	  medical	  service	  requirements.	  	  

The	   deployment	   scenario	   restricts	   the	   access	   to	   telemedicine	   services	   and	   applications	   due	   to	   the	  

technological	   infrastructure	  availability	  to	  operate	   ICT.	  Therefore,	  health	  care	  services	  offered	   in	  urban	  
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areas	   tend	   to	   cover	   a	   wide	   range	   of	   telemedicine	   services	   compared	   to	   the	   rural	   areas	   with	   a	   low	  

population	  density.	  In	  this	  context,	  rural	  telemedicine	  can	  be	  defined	  as	  the	  deployment	  of	  telemedicine	  

services	   in	   underserved	   areas	   where	   the	   health	   specialist	   mobility	   is	   limited	   by	   transportation	  

availability,	   large	   travelling	   times	   and	   the	  natural	   geographical	   barriers.	   In	   this	  matter,	   the	  broadband	  

wireless	   access	   technology	   represents	   a	   feasible	   solution	   to	   implement	   telemedicine	   services	   by	  

delivering	  medical	  services	  for	  isolated	  sparsely	  populated	  areas	  from	  a	  wide	  range	  of	  health	  specialists	  

regardless	  of	  their	  location.	  

	  

2.2. Telemedicine	  Service	  Delivery	  over	  BWA	  technologies	  

BWA	  networks	  can	  be	  categorized	  according	  to	  their	  maximum	  coverage	  area	   into	  Wireless	  Local	  Area	  

Networks	   (WLAN),	   Wireless	   Wide	   Area	   Networks	   (WWAN),	   Wireless	   Metropolitan	   Area	   Networks	  

(WMAN)	   and	   Wireless	   Regional	   Area	   Networks	   (WRAN)	   (Kuran	   &	   Tugcu,	   2007).	   The	   most	   popular	  

technologies	  capable	  to	  deliver	  high	  data	  rates	  up	  to	  100	  Mbps	  and	  270	  Mbps	  are	  WWAN	  and	  WLAN,	  

respectively.	  The	  categories	  designed	  to	  cover	  large	  areas	  up	  to	  50	  or	  100	  kilometers	  are	  the	  WMAN	  and	  

WRAN	  correspondingly.	  

The	   Institute	  of	  Electrical	  and	  Electronics	  Engineers	  802.16	  task	  group	  developed	  a	   family	  of	  standards	  

for	  WMAN	  since	  2001,	  which	  resulted	  in	  the	  IEEE	  802.16	  standards	  family	  (IEEE	  Computer	  Society	  et	  al.,	  

2009).	   Similar	   to	   the	   WiFi	   Alliance	   certification	   based	   on	   IEEE	   802.11	   standards,	   the	   Worldwide	  

Interoperability	  for	  Microwave	  Access	  (WiMAX)	  forum	  released	  a	  certification	  based	  on	  the	  IEEE	  802.16	  

standard	   for	   WMAN.	   The	   certification	   aim	   is	   to	   guarantee	   technological	   interoperability	   between	  

different	  IEEE	  802.16	  equipment	  vendors.	  With	  the	  release	  of	  the	  IEEE	  802.16m	  standard	  in	  2011	  (known	  

as	  mobile	  WiMAX	   release	   2),	   the	   IEEE	   802.16	   family	   of	   standards	   included	   both	   fixed	   and	   high-‐speed	  

mobile	   wireless	   services.	   The	   IEEE	   802.16/WiMAX	   standard	   provides	   coverage	   ranges	   of	   up	   to	   50	  

kilometers	   for	   line-‐of-‐sight	   (LOS)	   and	   up	   to	   24	   kilometers	   for	   non-‐line-‐of-‐sight	   (NLOS)	   transmissions.	  

Therefore,	  it	  is	  considered	  a	  suitable	  technology	  to	  cover	  rural	  areas	  and	  a	  feasible	  solution	  to	  serve	  as	  a	  

backbone	   network	   over	   a	   backhaul	   infrastructure.	   In	   contrast	   to	   fixed	   WiMAX,	   the	   IEEE	   802.16m	  

standard	   supports	  mobility	   and	   is	   fully	   capable	   of	   serving	   dense	   urban	   areas	  with	   a	   coverage	   ranging	  

from	  5	  to	  15	  kilometers	  for	  NLOS	  transmissions.	  This	  version	  of	  the	  standard	  provides	  peak	  data	  rates	  of	  

up	   to	   70	  Mbps	   (So-‐In	   et	   al.,	   2009).	   Through	   the	   adoption	   of	   quality	   of	   service	   (QoS)	   and	   scheduling	  

mechanisms,	  WiMAX	   is	  able	  to	  support	  time	  constrained	  transmissions	  such	  as:	  multimedia	  streaming,	  
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real	   time	   surveillance,	   Voice	   over	   IP	   (VoIP),	   and	   multimedia	   conferencing	   (Li	   et	   al.,	   2007).	   Both	  

technologies,	   IEEE	  802.16/WiMAX	  and	   IEEE	  802.22/WRAN,	  aim	  to	  offer	  wireless	  data	  services	   for	   fixed	  

and	   mobile	   users	   comparable	   to	   those	   offered	   by	   wireline	   networks.	   Thus,	   both	   standards	   can	   be	  

considered	  as	  emerging	  long	  range	  BWA	  technologies	  (Siddiqua	  &	  Awal,	  2012).	  

The	  development	  of	  BWA	  technology	  has	  been	  growing	  not	  only	  to	   increase	  network	  connectivity,	  but	  

also	   to	  provide	  higher	  data	  bandwidth.	   Lately,	   the	  use	  of	  wireless	   technology	   to	   support	   telemedicine	  

applications	  are	  ranging,	  from	  transmission	  of	  biomedical	  signals	  for	  follow-‐up	  purposes,	  to	  transmission	  

of	  high-‐definition	  ultrasound	  video	  for	  diagnosis	  purposes.	  Although,	  a	  network	  design	  methodology	  for	  

rural	   telemedicine	   has	   been	   proposed	   in	   (Mendez-‐Rangel	   &	   Lozano-‐Garzon,	   2012),	   the	   medical	  

requirements	  based	  on	  the	  patient’s	  condition	  may	  become	  an	   issue	  to	  define	  accurate	   traffic	  profiles	  

for	  QoS	  provisioning.	  	  

Basic	   telemedicine	   deployments	   generally	   involve	   data	   acquisition	   from	   patients,	   transmission,	  

processing	   and,	   depending	  on	   the	  offered	   services,	   remote	   storage.	   To	  be	   effective,	   any	   telemedicine	  

solution	   must	   consider	   the	   QoS	   and	   bandwidth	   requirements	   for	   the	   different	   telemedicine	   services	  

included	  within	   the	  deployment.	   Thus,	   in	  order	   to	  be	  a	   suitable	   alternative	   for	   the	   implementation	  of	  

rural	   telemedicine	  networks,	  a	  particular	  BWA	  technology	  must	  be	  able	  to	  satisfy	  the	  QoS,	  bandwidth,	  

and	  transmission	  range	  requirements	  of	  the	  network.	  

It	  has	  been	  shown	  that	  the	  IEEE	  802.16/WiMAX	  standard	  presents	  a	  viable	  solution	  for	  the	  deployment	  

of	   telemedicine	   and	   m-‐Health	   services	   (Alinejad	   et	   al.,	   2011,	   2012;	   Chorbev	   et	   al.,	   2008;	   Chorbev	   &	  

Mihajlov,	  2009;	  Debono	  et	  al.,	  2012;	  Feng	  et	  al.,	  2010b;	  Ibikunle,	  2009;	  Ito	  et	  al.,	  2011;	  Komnakos	  et	  al.,	  

2008;	  Lam	  et	  al.,	  2009;	  Mignanti	  et	  al.,	  2008;	  Neves	  et	  al.,	  2007;	  Niyato	  et	  al.,	  2007b;	  Panayides	  et	  al.,	  

2012,	  2013;	  Pawar	  et	  al.,	  2012;	  Yun-‐Sheng	  Yen	  et	  al.,	  2011;	  Zhang,	  Ansari,	  et	  al.,	  2010b).	  The	  proposed	  

m-‐Health	   applications	   cover	   different	   scenarios	   and	   can	   be	   categorized	   as:	   accident,	   clinical	   care,	   and	  

home	  care	  (Komnakos	  et	  al.,	  2008;	  Niyato	  et	  al.,	  2007b).	  In	  (Chorbev	  &	  Mihajlov,	  2009)	  and	  (Chorbev	  et	  

al.,	  2008)	  the	  authors	  implemented	  a	  telecommunications	  backbone	  from	  a	  local	  clinic	  to	  a	  hospital	  using	  

a	   WiMAX	   network	   aimed	   to	   support	   a	   medical	   information	   system	   (MIS).	   The	   MIS	   provided	   remote	  

locations	   with	   telemedicine	   services	   such	   as:	   expertise	   sharing	   between	   physicians;	   remote	  

consultations;	  access	  to	  laboratory	  analysis	  and	  tests	  results	  for	  physicians;	  access	  to	  a	  medical	  scientific	  

website;	   and	   an	   appointment	   scheduling	   application	   for	   patients.	   An	   integrated	   system	   using	   a	  

heterogeneous	   network	   architecture	   with	  WiMAX	   and	  WLAN	   was	   proposed	   in	   (Zhang,	   Ansari,	   et	   al.,	  

2010b)	   with	   the	   aim	   to	   deliver	   m-‐Health	   services	   such	   as	   patient	   monitoring,	   medical	   data	   access,	  
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emergency	  and	  pre-‐hospital	  care.	  In	  a	  different	  perspective	  (Alinejad	  et	  al.,	  2011),	  introduces	  a	  mapping	  

from	  multiple	  parameters	  of	  m-‐Health	  services	  to	  mobile	  QoS	  variables	  in	  WiMAX.	  In	  contrast	  (Alinejad	  

et	   al.,	   2012),	   proposes	   a	   particular	  WiMAX	   dynamic	   subframe	   allocation	   for	   the	   support	   of	  m-‐Health	  

services.	   Both	   proposals	   aim	   to	   enable	   telemedicine	   services	   under	   clinical	   care,	   home	   care,	   and	  

emergency	  scenarios.	  

The	  development	  of	   tele-‐diagnosis	  services	   for	  ambulances	  has	  received	  particular	  attention	  due	  to	   its	  

potential	   for	   improving	   the	   survival	   rate	   of	   patients	   in	   emergency	   situations.	   Typically,	   an	   emergency	  

scenario	  requires	  providing	  real-‐time	  communication	  capabilities	  in	  order	  to	  support	  the	  transmission	  of	  

biomedical	  signals,	  voice	  and/or	  video,	  all	  of	   them	  in	  a	  real	   time	  basis.	  Providing	  these	  capabilities	  will	  

enable	  the	  provisioning	  of	  services	  such	  as	  pre-‐hospital	  care,	  remote	  assistance,	  and	  second	  opinion	  to	  

paramedics.	   Different	   telemedicine	   and	   m-‐Health	   emergency	   systems	   such	   as	   WiMAX	   extensions	   for	  

remote	   and	   isolated	   research	   data	   networks	   (WEIRD),	   (Mignanti	   et	   al.,	   2008;	   Neves	   et	   al.,	   2007),	  

Emergency	   Wi-‐Medicine	   (EWM),	   (Lam	   et	   al.,	   2009),	   and	   Focused	   Assessment	   with	   Sonography	   for	  

Trauma	   using	   Tele-‐echography	   (FASTele),	   (Ito	   et	   al.,	   2011),	   have	   been	   developed	   as	   integral	   systems	  

based	   on	   WiMAX	   technologies.	   The	   WEIRD	   project	   includes	   applications	   for	   remote	   diagnosis,	  

monitoring	  and	   follow-‐up	   in	  general	   telemedicine	   scenarios.	   EWM	  tries	   to	   improve	  hospital	   admission	  

times	  through	  enhanced	  videoconferencing	  services.	  This	   is	  achieved	  by	  modifying	  the	  maximum	  video	  

bit	   rates	   over	   a	  WiMAX	   platform	   (Lam	   et	   al.,	   2009).	   The	   FASTele	   project	   uses	  WiMAX	   technology	   to	  

provide	  a	  wireless	  link	  between	  an	  ambulance	  and	  a	  hospital.	  This	  link	  is	  used	  by	  a	  physician	  located	  in	  

the	   hospital	   to	   remotely	   control	   a	   portable	   and	   attachable	   tele-‐echography	   robot	   system	   (Ito	   et	   al.,	  

2011).	  Other	  proposals	  focus	  on	  modifications	  to	  the	  IEEE	  802.16/WiMAX	  standard	  in	  order	  to	  transmit	  

high	   quality	   video	   images	   from	   ultrasound	   devices	   in	   emergency	   situations	   (Debono	   et	   al.,	   2012;	  

Panayides	  et	  al.,	  2012,	  2013).	  In	  (Debono	  et	  al.,	  2012),	  a	  cross-‐layer	  approach	  based	  on	  region	  of	  interest	  

(ROI)	   algorithms	   and	   resource	   allocation	   mechanisms	   are	   used	   to	   guarantee	   QoS	   parameters	   in	   the	  

transmission	   of	   ultrasound	   video	   data.	   Other	   approaches	   consider	   the	   use	   of	   H.264/advanced	   video	  

coding	   (AVC),	   (Panayides	   et	   al.,	   2012,	   p.	   264),	   or	   high-‐efficiency	   video	   coding	   (HEVC)	   standards,	  

(Panayides	   et	   al.,	   2013),	   to	   enable	   the	   transmission	   of	   high	   resolution	   ultrasound	   video,	   resulting	   in	  

quality	  comparable	  to	  that	  of	  in-‐hospital	  examination	  standards.	  

Another	   telemedicine	   and	  m-‐Health	   area	   that	   has	   drawn	  much	   attention	   is	   the	   development	   of	   tele-‐

monitoring	   systems	   for	   home	   care	   scenarios.	   These	   systems	   transmit	   the	  patient’s	   biomedical	   signals,	  

enabling	   health	   specialists	   to	   remotely	   evaluate	   their	   health	   status.	   In	   this	   context,	  WiMAX	   and	   IEEE	  

802.22	  can	  fulfill	  the	  requirements	  specified	  in	  (Pawar	  et	  al.,	  2012)	  to	  enable	  extra-‐BAN	  communication	  
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for	   m-‐Health	   applications.	   For	   example,	   in	   (Yun-‐Sheng	   Yen	   et	   al.,	   2011)	   a	   tele-‐monitoring	   system	  

framework	  based	  on	  WiMAX	  technology	  for	  chronic	  hypertension	  patients	  is	  proposed.	  	  

Although	  all	   the	  previously	  mentioned	  projects	   show	  that	  WiMAX	   is	  a	  viable	   technology	   to	   implement	  

telemedicine	  and	  m-‐Health	  services,	   its	  coverage	  range	  below	  50	  kilometers	  can	  represent	  a	  drawback	  

for	   its	   deployment	   in	   certain	   rural	   scenarios.	   In	   fact,	   deployment	   of	   telemedicine	   services	   in	   scarcely	  

populated	   areas	   with	   urban	   centers	   separated	   by	   long	   distances	   may	   require	   the	   use	   of	   broadband	  

satellite	   communications	   (BSC),	   leaving	   the	   use	   of	   WiMAX	   as	   a	   wireless	   last	   mile	   solution	   (Ibikunle,	  

2009),	  and	  furthermore,	  a	  drawback	  of	  a	  using	  BSC	  solution	  is	  its	  operational	  cost.	  

2.2.1. Rural	  Telemedicine	  Service	  Delivery	  

Currently	   there	   exists	   an	   unequal	   distribution	   of	   medical	   services	   between	   urban	   and	   rural	   areas	  

(Dussault	   &	   Franceschini,	   2006).	   In	   fact,	   providing	   medical	   services	   for	   rural	   regions	   faces	   several	  

challenges	   such	  as:	  health	   specialists	  mobility	   issues,	  poor	   technological	   infrastructure,	   large	   travelling	  

times,	   and	   natural	   geographical	   barriers	   among	   others	   (Siddiqua	   &	   Awal,	   2012).	   In	   this	   context,	  

telemedicine	   has	   been	   considered	   a	   fundamental	   tool	   to	   provide	   medical	   services	   for	   remote	   rural	  

communities	  (Malindi,	  2011).	  	  

One	  of	  the	  main	  challenges	  in	  rural	  telemedicine	  is	  mobility	  (Wickramasinghe	  et	  al.,	  2010).	  Since	  health	  

specialists	  are	  often	  concentrated	  in	  main	  urban	  centers,	  rural	  patients	  may	  be	  exposed	  to	  long	  traveling	  

times	   in	   order	   to	   be	   attended.	   This	   condition	   may	   represent	   a	   major	   effort	   for	   post-‐operative,	   re-‐

convalescing	   and	   elderly	   patients	   (Sudhahar	   et	   al.,	   2010).	   Wireless	   rural	   telemedicine	   presents	   an	  

alternative	  solution	  not	  only	  to	  reduce	  travel	  time	  issues,	  but	  also	  to	  extend	  health	  services	  by	  offering	  

health	  care	  specialist	  consultation	  in	  situ.	  	  

From	   a	   rural	   telemedicine	   perspective,	   the	   health	   issues	   prevalent	   among	   rural	   regions	   and	   their	  

particular	   needs	  must	   be	   taken	   into	   account.	   Thus,	   the	   telemedicine	   services	   offered	   should	   focus	   in	  

attending	  critical	  health	  issues	  prevalent	  in	  rural	  regions,	  which	  may	  be	  different	  to	  those	  found	  in	  large	  

urban	  centers.	  Another	  aspect	  that	  must	  be	  considered	  is	  the	  technological	   infrastructure	  found	  in	  the	  

place	  where	   the	   rural	   telemedicine	  solution	  will	  be	   implemented.	  For	  example,	   (Whitacre	  et	  al.,	  2007)	  

present	  a	   study	  of	   the	  economic	   impact	  of	   rural	  hospitals	   in	   the	  United	  States,	  where	   it	  was	  assumed	  

that	   the	   telemedicine	   sites	   had	   wired	   connectivity.	   Such	   assumption	   may	   not	   be	   used	   to	   perform	   a	  

similar	   study	   for	   developing	   countries,	   as	  most	   rural	   clinics	  may	   not	   have	  wired	   connectivity.	   Indeed,	  
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there	   are	   several	   examples	   in	   the	   literature	   (Ali	   et	   al.,	   2010;	   Bravo	   et	   al.,	   2013;	   Fong	  &	   Pecht,	   2010;	  

Foster,	  2010;	  Husni	  &	  Waworundeng,	  2011;	  Kachieng’a,	  2011;	  Lu	  et	  al.,	  2010;	  Luo	  Kun	  &	  Wen	  Hao,	  2010;	  

Meethal	   &	   J.,	   2011;	  Mulvaney	   et	   al.,	   2010;	   Polze	   et	   al.,	   2010;	   Sharma	   &	   Kunwar	   Singh	   Vaisla,	   2012;	  

Sudhahar	  et	  al.,	  2010;	  Whitacre	  et	  al.,	  2007;	  Wickramasinghe	  et	  al.,	  2010;	  Zambrano	  et	  al.,	  2012;	  Zhu	  &	  

Dong,	   2011),	   that	   propose	   the	   deployment	   of	   wireless	   rural	   telemedicine	   solutions	   in	   order	   to	   offer	  

medical	  services	  to	  rural	  populations	  in	  developing	  countries.	  	  

Although	   a	   large	   variety	   of	   telemedicine	   services	   have	   been	   implemented	   worldwide,	   there	   is	   not	   a	  

standard	  guideline	  that	  establishes	  the	  characteristics	  that	  should	  be	  considered	  for	  rural	  telemedicine	  

deployments	  (Kapoor	  L	  et	  al.,	  2005;	  Meethal	  &	  J.,	  2011;	  Mulvaney	  et	  al.,	  2010;	  Sharma	  &	  Kunwar	  Singh	  

Vaisla,	   2012;	  Wickramasinghe	   et	   al.,	   2010;	   Zhu	  &	  Dong,	   2011).	   To	   this	   end,	   a	   review	  of	   relevant	   rural	  

telemedicine	  projects	  of	  different	  world	  regions	  has	  been	  performed,	  specifically	  cases	  of	  rural	  regions	  in	  

Italy	   (Zanaboni	  et	  al.,	  2009),	  Mexico	  (Pacheco-‐López	  et	  al.,	  2011),	  Somalia	   (Zachariah	  et	  al.,	  2012),	  and	  

Bolivia	   (Vargas	   et	   al.,	   2014)	   were	   considered.	   These	   projects	   are	   briefly	   discussed	   in	   the	   following	  

paragraphs.	  	  

A	  pilot	  project	  named	  TELEMACO	  was	  deployed	   in	  the	  Lombardy	  region	  of	   Italy.	   It	  was	  operational	   for	  

more	   than	  4	   years	   (2006-‐2010).	   This	  project	  was	  aimed	   to	  provide	   telemedicine	   services	   such	  as	   tele-‐

consulting	  and	  tele-‐education	  for	  30	  rural	  areas.	  During	  the	  last	  two	  years	  of	  the	  project,	  a	  total	  of	  5,350	  

tele-‐consulting	  sessions	  were	  established	  to	  provide	  second-‐opinion	  support	  for	  general	  practitioners.	  By	  

considering	  a	   typical	  5	  days	  working	  week,	   it	   can	  be	  assumed	   that	   the	  TELEMACO	  project	   received	  an	  

average	  of	  10	   tele-‐consulting	   requests	  per	  day,	  which	  means	   that	  on	  a	   typical	  8	  hours	  working	  day	  an	  

average	  of	  one	  session	  per	  hour	  should	  be	  considered.	  

As	   reported	   in	   (Zachariah	   et	   al.,	   2012),	   within	   one	   year	   a	   total	   of	   527	   tele-‐consulting	   services	   were	  

provided	  between	  clinicians	  located	  in	  the	  pediatric	  ward	  of	  the	  Guri’el	  district	  hospital	  in	  Somalia	  and	  a	  

specialist	  pediatrician	   located	  in	  Nairobi,	  Kenya.	  By	  considering	  a	  typical	  40	  hours	  working	  week,	   it	  can	  

be	  assumed	  that	  the	  average	  arrival	  rate	  of	  tele-‐consulting	  sessions	  is	  one	  request	  every	  four	  hours.	  

In	   the	   case	   of	   Bolivia	   there	   is	   a	   telemedicine	   network	   deployed	   called	   RAFT-‐Altiplano,	   (Vargas	   et	   al.,	  

2014).	  More	  than	  20	  health	  institutions	  distributed	  in	  the	  broad	  area	  of	  the	  Bolivian's	  Altiplano	  are	  part	  

of	   this	   telemedicine	   network.	   The	   project	   includes	   tele-‐consulting	   services	   between	   physicians	   from	  

three	  departments	  of	  Bolivia	   i.e.,	  La	  Paz,	  Oruro	  and	  Potosí.	  The	  RAFT-‐Altiplano	  project	  comprises	  up	  to	  

15	  medical	   specialties	   that	   are	   provided	   by	   the	  Arco	   Iris	   Hospital,	   located	   in	   La	   Paz.	   According	   to	   the	  
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authors,	   an	   average	   of	   700	   tele-‐consultations	   originate	   from	   rural	   regions	   every	   year.	   By	   considering	  

similar	   working	   week	   conditions	   as	   in	   Italy	   and	   Somalia	   examples,	   it	   can	   be	   assumed	   that	   the	   RAFT-‐

Altiplano	  project	  has	  been	  attending	  an	  average	  of	  one	  tele-‐consulting	  session	  every	  three	  hours.	  	  	  

2.2.2. Telemedicine	  Service	  Delivery:	  Mexico	  

The	  definition	  of	  rural	  environments	  differs	  from	  one	  country	  to	  another,	  which	  makes	  very	  difficult	  to	  

obtain	   appropriate	   statistical	   data	   to	   construct	   a	   general	   model	   for	   a	   case	   study.	   For	   instance,	   the	  

National	   Institute	   of	   Statistics	   and	   Geography	   (INEGI)	   in	   Mexico	   states	   that	   up	   to	   51%	   of	   Chiapas’s	  

population	   is	  classified	  rural,	  because	  they	  have	   less	  than	  2,500	   inhabitants.	  Moreover,	  up	  to	  a	  99%	  of	  

the	  municipalities	  that	  comprises	  the	  Chiapas	  state	  have	  a	  population	  density	  under	  500	  inhabitants	  per	  

square	  kilometer,	  which	  turns	  it	  on	  a	  suitable	  region	  for	  the	  deployment	  of	  the	  IEEE	  802.22	  standard.	  In	  

this	  context,	  one	  BS	  located	  in	  the	  urban	  city	  of	  Tuxtla	  Gutierrez	  may	  cover	  up	  to	  25	  rural	  populations,	  in	  

a	   cell	   radius	   of	   up	   to	   34	   kilometers.	   According	   to	  Mexico’s	  Ministry	   of	   Health,	   in	   the	   Chiapas	   state	   a	  

maximum	  density	   of	   0.14	  health	   care	   centers	   per	   square	   kilometer	   is	   considered,	   because	  of	   its	   large	  

territorial	  extension.	  This	  means,	  that	   in	  best	  case	  scenario	  the	  minimum	  distance	  between	  two	  health	  

care	   centers	   is	   approximately	   7	   kilometers,	   but	   in	  worst	   case	   scenario	   (that	   represents	   approximately	  

65%	  of	  municipalities)	  the	  distances	  are	  ranging	  from	  25	  to	  100	  kilometers	  among	  them.	  Consequently,	  

the	   travel	   times	   from	   rural	   populations	   to	   urban	   cities	   could	   be	   very	   long,	   to	   patients	   that	   require	  

specialized	  medical	   treatment	   for	  consultation,	  diagnosis	  or	   follow-‐up.	   In	  addition	  to	   long	  travel	   times,	  

the	  covering	  of	   travel	  costs	   is	  considered	  a	  difficulty	   for	  patients	  enrolled	   into	  a	  specialized	  treatment,	  

since	   it	   has	   been	   established	   the	   extreme	   poverty	   issue	   that	   characterizes	   rural	   populations	   in	   the	  

Chiapas	  state.	  

Regarding	   other	   telemedicine	   deployments	   In	  México,	   it	   has	   been	   found	   that	   in	   Nuevo	   Leon	   state	   a	  

telemedicine	  public	  program	  has	  been	  operating	  since	  2002.	  This	  network	  includes	  6	  rural	  hospitals	  and	  

4	   rural	   clinics	   located	   in	   9	   municipalities,	   and	   during	   the	   year	   2014,	   a	   total	   of	   3,985	   tele-‐consulting	  

sessions	  were	  performed	  (Ramos-‐Contreras,	  2016).	  This	  Mexican	  initiative	  has	  been	  operating	  as	  part	  of	  

a	   public	   health	  program	   supported	  by	   the	  ministry	  of	   health.	   In	   this	   project,	   satellite	   communications	  

systems	   are	   used	   to	   connect	   rural	   facilities	   in	   the	   Nuevo	   Leon	   municipalities	   of	   Galeana,	   Linares,	  

Montemorelos,	  Santiago	  and	  Allende,	  as	  well	  as	  the	  Metropolitan	  hospital	  in	  the	  city	  of	  Monterrey.	  Thus,	  

it	  can	  be	  assumed	  that	  on	  a	  typical	  working	  day,	  the	  Monterrey	  telemedicine	  center	  receives	  on	  average	  

15	   tele-‐consulting	   session	   requests,	   which	   results	   on	   an	   average	   arrival	   rate	   of	   two	   tele-‐consulting	  

sessions	  every	  hour.	  	  
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2.3. Challenges	  and	  Opportunities	  of	  Telemedicine	  Service	  Delivery	  

Enabling	   effective	   telemedicine	   services	   allows	   saving	   time	   and	   reducing	   costs	   for	   both,	   patients	   and	  

healthcare	   institutions	   (Kailas	  &	   Ingram,	  2009).	   Thus,	   telemedicine	   services	  are	  particularly	   valuable	   in	  

communities	  where	   transportation	   issues	  and	  the	   lack	  of	  medical	   specialists	  pose	  major	  difficulties	   for	  

the	  provisioning	  of	  health	  services,	  as	  in	  the	  case	  of	  rural	  communities	  located	  outside	  major	  urban	  areas	  

(Martinez	  et	  al.,	  2004b).	  In	  this	  context,	  the	  deployment	  of	  Broadband	  Wireless	  Access	  (BWA)	  networks	  

is	  considered	  a	  key	  enabler	  that	  could	  radically	   increase	  the	  access	  of	  medical	  services	  for	   isolated	  and	  

underserved	   rural	   regions	   (Bravo	   et	   al.,	   2013;	   Chorbev	   et	   al.,	   2008;	   Ibikunle,	   2009;	  Mandioma	   et	   al.,	  

2007;	  Su	  &	  Soar,	  2010;	  Ying	  Su	  &	  Caballero,	  2010).	  	  

Currently	   there	   is	   a	   growing	   interest	   for	   the	   development	   of	   BWA-‐based	   technological	   solutions	   to	  

enable	  remote	  monitoring	  of	  patients	  in	  rural	  areas	  (Kas	  et	  al.,	  2010;	  Meethal	  &	  J.,	  2011;	  Mulvaney	  et	  al.,	  

2010;	  Niyato	  et	   al.,	   2007a;	   So-‐In	  et	   al.,	   2009;	   Zhu	  &	  Dong,	  2011).	   Telemedicine	   services	   that	   could	  be	  

offered	   over	   such	   networks	   include:	   medical	   second	   opinion,	   post-‐operatory	   follow-‐up	   sessions,	   and	  

primary	   care	   on	   chronic	   diseases	   among	   others	   (Hadjidj	   et	   al.,	   2013;	   Hamdi	   et	   al.,	   2014;	   Kulkarni	   &	  

Ozturk,	  2011;	  McGregor	  et	  al.,	  2007).	  As	  an	  example,	  the	  use	  of	  IEEE	  802.16/WiMAX	  has	  been	  previously	  

proposed	   in	   (Bravo	   et	   al.,	   2013;	  Mandioma	   et	   al.,	   2007;	   Ying	   Su	  &	   Caballero,	   2010),	   to	   support	  web-‐

based	   telemedicine	   applications	   (e.g.	  medical	   information	   systems).	   The	   IEEE	  802.16/WiMAX	   standard	  

and	  the	  solutions	  introduced	  in	  these	  works	  state	  maximum	  transmission	  distances	  of	  25	  km	  and	  50	  km	  

in	  non-‐line-‐of-‐sight	  and	  line-‐of-‐sight	  conditions,	  respectively.	  Particularly,	  a	  BWA	  network	  based	  on	  IEEE	  

802.16/WiMAX	  can	  offer	  peak	  data	  rates	  up	  to	  22.44,	  14.96	  and	  7.48	  Mbps	  with	  64-‐QAM,	  16-‐QAM	  and	  

QPSK	   modulations	   respectively.	   Regarding	   transmission	   ranges	   from	   the	   base	   station	   (BS),	   in	   NLOS	  

conditions	  the	   IEEE	  802.16/WiMAX	  standard	  can	  cover	  up	  to	  6	  km	  with	  64-‐QAM,	  11	  km	  with	  16-‐QAM,	  

and	  25	  km	  with	  QPSK	  (Tarhini	  &	  Chahed,	  2007).	  Consequently	   its	  use	   for	   telemedicine	  service	  delivery	  

from	  urban	   centers	   towards	  distant	   rural	   areas	   is	   limited	   (Barjis	   et	   al.,	   2013;	  Mattson,	   2011).	   Thus,	   in	  

order	   to	   fulfill	   the	   potential	   that	   BWA-‐based	   rural	   telemedicine	   provisioning	   has	   to	   offer,	   there	   is	   the	  

need	   of	   extending	   the	   coverage	   ratios	   beyond	   those	   offered	   by	   IEEE	   802.16/WiMAX-‐based	   solutions.	  

Thus,	   the	   recent	   switch-‐off	  of	  analog	   terrestrial	   TV	  networks	  presents	  an	  opportunity	   to	  provide	   long-‐

distance	  high	  data	  rate	  wireless	  connectivity	  by	  using	  the	  freed	  spectrum.	  	  

	  In	  order	  to	  clearly	  identify	  similarities	  and	  differences	  between	  the	  IEEE	  802.22/WRAN	  standard	  and	  the	  

IEEE	  802.16/WiMAX	  standard	  an	  overview	  of	  both	  is	  presented	  in	  next	  subsection.	  This	  way,	  the	  reader	  

can	  obtain	  a	  better	  understanding	  about	  the	  challenges	  that	  should	  be	  considered	  when	  deploying	  rural	  
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telemedicine	  networks	  based	  on	  the	  IEEE	  802.22/WRAN	  standard,	  in	  comparison	  with	  implementations	  

based	  on	  the	  IEEE	  802.16/WiMAX	  standard.	  	  

	  

2.4. Overview	  of	  The	  IEEE	  802.22/WRAN	  Standard	  

In	  the	  final	  quarter	  of	  2011,	  the	  IEEE	  802.22	  standard	  was	  released	  as	  the	  first	  cognitive	  radio	  wireless	  

regional	   area	   network	   technology	   (IEEE-‐SA	   Standards	   Board,	   2011).	   From	   a	   general	   perspective,	   the	  

cognitive	  radio	  technology	  considers	  a	  hierarchical	  dynamic	  spectrum	  access	  by	  classifying	  primary	  and	  

secondary	  users,	  where	  the	  first	  type	  of	  users	  are	  entitled	  to	  operate	  on	  a	  channel	  frequency,	  and	  the	  

secondary	  ones	  are	  allowed	  to	  operate	  on	  the	  same	  channel	  by	  providing	  a	  protection	  to	  primary	  users	  

with	  non-‐interference	  constraint.	  Two	  DSA	  schemes	  are	  defined	  on	  cognitive	  radio	  networks,	  the	  overlay	  

access	  and	  the	  underlay	  access.	  The	  overlay	  access	  states	  that	  SUs	  are	  allowed	  to	  transmit	  on	  a	  channel	  

frequency,	  only	  when	  non-‐presence	  of	  PUs	  has	  been	  detected	  on	  it,	  while	  the	  underlay	  access	  scheme	  

allows	   simultaneous	   transmissions	   of	   both	   types	   of	   users	   on	   the	   same	   channel	   frequency	   only	   if	   the	  

secondary	  user	  does	  not	  cause	   interference	   to	   the	  primary	  user	   transmission.	   In	   this	  context,	   the	   IEEE	  

802.22/WRAN	   standard	   establishes	   a	  mandatory	   overlay	   DSA	   scheme	   as	   a	   condition	   to	   operate	   over	  

channel's	  frequencies	  allocated	  in	  the	  VHF/UHF	  bands,	  named	  TV	  white	  space	  channels.	  

The	   TVWS	   channels	   result	   from	   the	   analog	   TV	   switch-‐off	   process.	   This	   means	   that	   several	   digital	   TV	  

signals	  have	  been	  reallocated	  to	  a	  single	  TV	  channel	  bandwidth,	  which	  once	  was	  occupied	  by	  only	  one	  

analog	  TV	  signal.	  This	  highlights	  the	  importance	  of	  cognitive	  radio	  technology	  to	  modify	  the	  operation	  of	  

the	   IEEE	   802.22	   standard,	   by	   protecting	   licensed	   PUs,	   through	   a	   spectrum	   sensing	   function	   to	   detect	  

their	  presence	   in	  the	  operation	  channel.	  Hence,	   the	  system	  can	  operate	  as	  a	  SU	  of	  the	  TVWS	  channel,	  

limited	  only	  by	  the	  presence	  of	  three	  defined	  PUs:	  Analog	  or	  Digital	  TV	  signals,	  and	  auxiliary	  broadcast	  

devices	   (i.e.	   wireless	   microphones).	   At	   present,	   the	   United	   States	   has	   regulated	   the	   access	   to	   TVWS	  

channels	   as	   unlicensed	   frequency	   bands.	   Other	   countries	   such	   as	   Mexico,	   European	   Community	  

Countries,	   South	   Africa	   and	   China,	   among	   others,	   may	   also	   consider	   to	   follow	   the	   same	   regulation	  

scheme,	   but	   they	   concerned	   about	   its	   coexistence	  with	   other	   technology	   standards	   already	   deployed	  

(i.e.	  cellular	  network	  technologies).	  

Due	   to	   the	   propagation	   characteristics	   of	   TVWS	   channel	   frequencies,	   the	   maximum	   transmission	  

distance	  of	   the	   IEEE	  802.22	   standard	   is	  beyond	  60	  miles,	   therefore	   its	  design	   is	   focused	   to	  cover	   rural	  



	  

	  

25	  

environments.	   The	   deployment	   of	   telemedicine	   networks	   requires	   quality	   of	   service	   provisioning,	   by	  

means	  of	  parameters	  such	  as	  transmission	  delay,	  packet	  loss	  rate	  and	  system	  throughput,	  among	  others.	  

Thus,	  the	  restriction	  to	  operate	  as	  a	  SU	  by	  using	  cognitive	  radio	  technology	  represents	  a	  major	  challenge	  

in	   the	  deployment	  of	   telemedicine	  networks.	  Nevertheless,	   it	   has	  been	   shown	   in	   (Feng	  et	   al.,	   2010a),	  

that	   CRNs	   are	   fully	   capable	   to	   guarantee	   QoS	   parameters	   for	   wireless	   telemedicine	   applications,	   by	  

designing	  resource	  allocation	  methods,	  for	  urgent	  and	  periodic	  traffic	  profiles.	  	  

Thus,	  the	  recent	  switch-‐off	  of	  analog	  terrestrial	  TV	  networks	  presents	  an	  opportunity	  to	  deliver	  high	  data	  

rates	  in	  rural	  and	  suburban	  areas	  through	  TV	  white	  spaces	  technology.	  In	  fact,	  the	  TV	  broadcast	  bands	  in	  

the	  high-‐VHF/low-‐UHF	  range	  are	  ideal	  for	  covering	  large	  areas	  in	  scarcely	  populated	  rural	  environments	  

because	  of	  its	  propagation	  characteristics.	  Hence,	  the	  IEEE	  802.22/WRAN	  standard	  offers	  an	  alternative	  

to	  provide	  wireless	  broadband	  access	  over	   large	  areas	  as	  observed	   in	   the	  comparative	  chart	   shown	   in	  

Fig.	  1.	  

Because	   of	   its	   coverage	   area	   and	   provided	   data	   rates,	   the	   use	   of	   IEEE	   802.22/WRAN	   based	   networks	  

presents	   an	  opportunity	   for	   the	  deployment	  of	   rural	   telemedicine	   services	  over	   rural	   areas	  where	   the	  

IEEE	  802.16/WiMAX	  coverage	  is	  too	  short	  and	  the	  deployment	  of	  BSC	  is	  unviable	  because	  of	  its	  cost.	  In	  

other	   words,	   the	   deployment	   of	   IEEE	   802.22	   based	   telemedicine	   solutions	   will	   enable	   to	   provide	  

coverage	   beyond	   50	   km	   without	   the	   need	   of	   recurring	   to	   the	   deployment	   of	   high	   cost	   broadband	  

connectivity	   solutions.	  Nevertheless,	  before	  being	  able	   to	  deploy	  an	   IEEE	  802.22	   telemedicine	  solution	  

there	  exist	  several	  issues	  that	  must	  be	  addressed.	  

	  
Fig.	  1.	  Wireless	  technologies	  classifications	  comparison	  between	  data	  rates	  and	  coverage	  area.	  



	  

	  

26	  

The	   IEEE	   802.22	   standard	   defines	   a	   point	   to	   multipoint	   WRAN	   implementation	   over	   TVWS.	   Its	   basic	  

network	   topology	   considers	   the	   deployment	   of	   a	   base	   station	   and	   several	   customer	   premises	  

equipment.	  Before	  using	  a	  particular	  TVWS	  channel,	  the	  BS	  and	  the	  CPE	  must	  verify	  that	  it	  is	  not	  being	  

occupied	  by	  transmissions	  from	  primary	  users.	  The	  IEEE	  802.22	  physical	   layer	  (PHY)	  requires	  the	  use	  of	  

an	  orthogonal	  frequency-‐division	  multiple	  access	  (OFDMA)	  scheme	  where	  each	  user	  is	  assigned	  a	  set	  of	  

resource	  blocks	  for	  downstream	  and	  upstream	  connections.	  Additionally,	  the	  IEEE	  802.22	  multiple	  access	  

procedure	   includes	   a	   quality	   of	   service	   mechanism	   that	   considers	   four	   different	   types	   of	   service	   for	  

different	  traffic	  profiles.	  However,	   the	  standard	   leaves	  to	  the	   implementer	  how	  to	  assign	  the	  priorities	  

depending	  on	  the	  application	  scenario.	  	  

One	  of	  the	  main	  issues	  to	  overcome	  for	  the	  implementation	  of	  effective	  telemedicine	  services	  over	  IEEE	  

802.22,	   is	   the	   spectrum	   allocation	   restriction	   caused	   by	   the	   protection	   of	   primary	   users.	   In	   fact,	   this	  

restriction	  may	  cause	  a	  drop	  in	  the	  throughput	  because	  of	  the	  requirement	  of	  stopping	  transmissions	  in	  

the	  frequency	  bands	  where	  the	  primary	  users	  are	  found	  (Fitch	  et	  al.,	  2011;	  Gao	  et	  al.,	  2012;	  Shellhammer	  

et	  al.,	  2009).	  Thus,	  before	  deploying	  telemedicine	  services	  over	  IEEE	  802.22,	  the	  design	  of	  mechanisms	  

aimed	   at	   guaranteeing	   the	   availability	   of	   enough	   bandwidth	   resources	   for	   telemedicine	   applications,	  

even	   in	   the	   presence	   of	   primary	   users,	   is	   needed.	   Even	   though	   the	   standard	   considers	   four	   different	  

levels	  of	  QoS,	  the	  solution	  to	  this	  problem	  is	  not	  trivial,	  as	  none	  of	  the	  QoS	  levels	  guarantees	  availability	  

of	   resources	  when	   a	   primary	   user	   is	   found.	  One	  way	   to	   overcome	   this	   issue	   is	   by	  means	   of	   resource	  

allocation	   mechanisms	   that	   enable	   a	   dynamic	   reservation	   of	   resources	   according	   to	   the	   bandwidth	  

requirements	  of	  telemedicine	  services.	  As	  IEEE	  802.22	  uses	  OFDMA,	  a	  natural	  way	  of	  reserving	  resources	  

is	   by	   means	   of	   a	   scheduling	   algorithm.	   Therefore,	   a	   properly	   designed	   scheduling	   algorithm	   should	  

enable	   the	   implementation	   of	   telemedicine	   services	   over	   IEEE	   802.22,	   by	   providing	   the	   required	  

resources	  without	  violating	  the	  spectrum	  restriction	  constraint	  of	  protecting	  the	  primary	  users.	  	  

2.4.1. Overview	  of	  PHY	  and	  MAC	  Layers	  

The	  IEEE	  802.22	  air	  interface	  includes	  50	  channels	  with	  6	  MHz	  of	  bandwidth,	  ranging	  from	  54	  to	  698	  MHz	  

for	   countries	   of	  US	   and	   Canada.	   In	  Western	   Europe	   and	  many	   other	   countries	   in	   Asia,	   Africa	   and	   the	  	  

Pacific,	  the	  channel	  bandwidth	  could	  be	  of	  7	  MHz	  or	  8	  MHz	  for	  frequencies	  ranging	  from	  50	  MHz	  to	  227	  

MHz,	  or	   ranging	   from	  474	  MHz	  to	  858	  MHz,	   respectively.	  A	  single	  air	   interface	  based	  on	  2048	  carriers	  

using	  orthogonal	  frequency-‐division	  multiple	  access	  is	  used	  to	  provide	  a	  reliable	  link	  for	  NLOS	  operation	  

in	   a	   single	   time-‐domain	   duplex	   mode.	   Because	   different	   channel	   delays	   must	   be	   supported,	   four	  

different	   lengths	   of	   cyclic	   prefix	   defined	   as	   1/4,	   1/8,	   1/16,	   and	   1/32	   are	   considered.	   The	   standard	  
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includes	   an	   adaptive	  modulation	   and	   coding	   (AMC)	   scheme	  defined	  by	   the	  PHY	   layer	  description.	   The	  

AMC	  considers	  the	  quality	  variations	  in	  the	  wireless	  link	  (caused	  by	  fading,	  interference,	  etc.)	  to	  provide	  

enhanced	  data	  rates	  between	  a	  base	  station	  and	  a	  customer	  premise	  equipment.	  Therefore,	  the	  use	  of	  

quaternary	   phase	   shift	   keying	   (QPSK),	   16-‐quadrature	   amplitude	   modulation	   (16-‐QAM),	   and	   64-‐

quadrature	  amplitude	  modulation	  (64-‐QAM),	  with	  four	  coding	  rates	  (1/2,	  2/3,	  3/4,	  5/6)	  for	  each	  OFDMA	  

subcarrier	  are	  considered	  in	  IEEE	  802.22	  to	  provide	  robustness	  over	  time-‐variable	  wireless	  links.	  

The	   MAC	   layer	   includes	   cognitive	   capabilities	   for	   a	   reliable	   protection	   of	   primary	   users	   in	   TVWS	  

frequency	  bands	  and	   for	  enabling	   self-‐coexistence	  between	   IEEE	  802.22	  networks	   located	  nearby.	  The	  

frequency	   bands	   used	   by	   an	   IEEE	   802.22	   cell	   will	   depend	   on	   the	   availability	   of	   TV	   channels,	   which	   is	  

inherent	  to	  the	  geolocation	  of	  both	  the	  BS	  and	  CPE.	  Additionally,	  the	  use	  of	  frequency	  bands	  by	  the	  BS	  

and	   the	  CPE	  will	   be	   restricted	  by	   an	  U.S.-‐FCC	  Part	  74	  device	  broadcast	   transmissions	   (i.e.	   narrowband	  

primary	   users	   -‐NPU-‐	   like	   wireless	   microphones).	   Therefore,	   the	   cognitive	   capabilities	   of	   IEEE	   802.22	  

networks	  rely	  on	  their	  capacity	  to	  detect	  the	  primary	  users	  (PUs	  –	  TV	  transmissions	  and	  NPUs)	  over	  all	  

the	  possible	  operational	  channels.	  Thus,	   the	  CPE	  and	  the	  BS	  will	  be	   forced	  to	  stop	  any	   transmission	   in	  

channels	   where	   PUs	   are	   detected.	   In	   case	   a	   CPE	   detects	   a	   PU	   it	   will	   notify	   the	   BS	   via	   an	   urgent	  

coexistence	  situation	  message.	  Then,	  an	  incumbent	  detection	  recovery	  protocol	  (IDRP)	  will	  be	  performed	  

such	  that	  the	  BS	  will	  reallocate	  the	  CPE	  transmissions	  to	  a	  backup	  channel.	  In	  case	  the	  BS	  detects	  a	  PU,	  it	  

will	  run	  the	  IDRP	  to	  reallocate	  all	  the	  transmissions	  from	  the	  CPEs	  that	  were	  using	  the	  channel	  where	  the	  

PU	  was	  found.	  	  

The	  IEEE	  802.22	  standard	  includes	  a	  normal	  operational	  mode,	  where	  one	  WRAN	  cell	  transmits	  over	  an	  

entire	  channel	  using	  all	  the	  available	  frames	  merged	  into	  a	  superframe.	  Additionally,	  a	  self-‐coexistence	  

operational	  mode	  is	  considered	  in	  the	  standard.	  This	  operational	  mode	  aims	  to	  coordinate	  transmissions	  

from	   multiple	   WRAN	   cells	   by	   assigning	   one	   or	   several	   frames	   to	   one	   particular	   WRAN.	   The	   self-‐

coexistence	   mode	   uses	   a	   coexistence	   beacon	   protocol	   (CBP)	   operated	   by	   BSs	   detecting	   concurrent	  

transmissions	   from	   other	   WRANs.	   The	   CBP	   protocol	   requires	   broadcasting	   a	   packet	   containing	   BS	  

identifiers	   through	   a	   dedicated	   self-‐coexistence	   window	   (SCW).	   This	   facilitates	   network	   discovery,	  

coordination	  and	  spectrum	  sharing.	  	  

The	   IEEE	  802.22	   systems	  use	  a	   connection-‐oriented	  protocol	   to	  exchange	   information	  between	   the	  BS	  

and	  the	  CPEs.	  This	  protocol	  allows	  the	  CPEs	  to	  request	  particular	  bandwidth	  allocations	  from	  the	  BS	  in	  a	  

dynamic	   fashion.	  However,	  as	  granting	  all	   the	  bandwidth	  allocations	  requests	   from	  different	  CPEs	  may	  

consume	  all	  the	  available	  system	  resources,	  the	  BSs	  must	  decide	  how	  to	  assign	  resources	  to	  a	  particular	  
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CPE.	   There	   is	   not	   a	   pre-‐defined	  way	   to	   perform	   this,	   leaving	   the	   resource	   allocation	   scheduling	   as	   an	  

open	  issue.	  Commonly,	  the	  scheduling	  algorithms	  look	  to	  provide	  a	  certain	  degree	  of	  fairness	  regarding	  

resource	   allocation	   to	   CPEs.	   However,	   in	   the	   case	   of	   telemedicine	   networks	   an	   “unfair”	   scheduling	  

algorithm	   that	   prioritizes	   the	   traffic	   generated	   by	   telemedicine	   and	   m-‐Health	   applications	   may	   be	  

required.	  

In	   addition	   to	   cognitive	   radio	   capabilities,	   the	   IEEE	   802.22	  MAC	   layer	   includes	   geolocation	  operations,	  

channel	   database	   access	   and	   spectrum	   sensing	   initialization.	   These	   functionalities	   are	   needed	   for	  

synchronization,	   ranging,	   capacity	   negotiation,	   registration,	   and	   connection	   setup	   authorization	  

processes.	  The	  BSs	  and	  the	  CPEs	  use	  satellite-‐based	  geolocation	  technology	  to	  perform	  two	  main	  tasks:	  

synchronization	  with	  other	  WRAN	  networks	  through	  a	  global	  time	  source,	  and	  verification	  of	  unused	  TV	  

channels	  on	  the	  region	  by	  referring	  to	  an	  up-‐to-‐date	  database.	  Nevertheless,	  regardless	  of	  the	  channel	  

status	  (used	  or	  unused)	  registered	  in	  the	  database,	  the	  spectrum	  sensing	  function	  must	  be	  performed	  by	  

both	  the	  CPEs	  and	  BSs.	  	  

The	   IEEE	   802.22	  MAC	   frame	   structure	   comprises	   two	   parts:	   the	   downstream	   (DS)	   sub-‐frame,	   and	   the	  

upstream	  (US)	  sub-‐frame.	  The	  MAC	  frame	  structure	  is	  formed	  horizontally	  by	  time	  symbols	  and	  vertically	  

by	  OFDM	  subchannels.	  The	  total	  frame	  duration	  is	  10	  ms	  divided	  in	  26	  to	  41	  time	  symbols.	  For	  example,	  

if	   the	   TV	   channel	   bandwidth	   is	   6	   MHz	   the	   maximum	   number	   of	   time	   symbols	   per	   frame	   is	   31	   (by	  

considering	   a	   1/32	   cyclic	   prefix).	   The	   standard	   allows	   to	   allocate	   symmetric	   or	   asymmetric	   data	  

bandwidths	   for	   the	  DS	   and	  US.	   This	   allocation	   is	   not	   restricted	   to	  be	   fixed,	   thus	   it	   can	  be	  dynamically	  

adjusted	  according	  to	  data	  bandwidth	  requests	  by	  the	  CPEs.	  The	  DS	  sub-‐frame	  includes:	  frame	  preamble,	  

frame	  control	  header	  (FCH),	  Downstream/Upstream	  Map	  (DS/US	  MAP),	  downstream	  channel	  descriptor	  

(DCD),	   upstream	   channel	   descriptor	   (UCD),	   and	   downstream	  payload.	   The	  US	   sub-‐frame	   includes:	   the	  

upstream	   payload,	   optional	   signaling	   contention	   intervals	   (for	   notifications,	   bandwidth	   requests,	   and	  

ranging	   protocols),	   and	   an	  optional	   self-‐coexistence	  window.	  When	   two	  or	  more	  WRAN	  networks	   are	  

nearby,	   the	  SCW	   is	   allocated	  at	   the	  end	  of	   the	   sub-‐frame	  as	  defined	  by	   the	   IEEE	  802.22	  opportunistic	  

coexistence	   beacon	   protocol.	   An	   example	   of	   an	   IEEE	   802.22	   MAC	   frame	   time/frequency	   structure	   is	  

shown	  in	  Fig.	  2.	  

The	  IEEE	  802.22	  standard	  provides	  three	  types	  of	  QoS	  schemes:	  unsolicited	  grant	  service	  (UGS),	  polling	  

service	  (PS),	  and	  best-‐effort	  service	  (BE).	  These	  schemes	  support	  constant	  bit	  rate	  and	  variable	  bit	  rate	  

traffic	   to	  enable	   real	  and	  non-‐real	   time	  transmissions.	  The	  UGS	  service	   is	  designed	  to	  carry	  CBR	  traffic	  

where	   fixed-‐size	   data	   packets	   are	   transmitted	   periodically.	   Thus,	   the	   BS	   will	   reserve	   the	   required	  
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resources	   (if	  available)	   to	  support	  CBR	  traffic	   transmissions	   from	  the	  CPE	  with	  the	  aim	  of	   reducing	  the	  

negative	   effects	   of	   delay	   and	   jitter.	   The	   PS	   service	   offers	   two	   subtypes	   supporting	   two	   kinds	   of	   VBR	  

traffic:	  real-‐time	  and	  no	  real-‐time.	  These	  service	  subtypes	  are	  called	  real-‐time	  polling	  service	  (rtPS)	  and	  

non-‐real-‐time	   polling	   service	   (nrtPS).	   The	   rtPS	   service	   supports	   the	   transmission	   of	   real-‐time	   data	  

streams	  by	  dynamically	  assigning	  system	  resources	  based	  on	  the	  QoS	  requirements.	  Contrary	  to	  rtPS,	  the	  

nrtPS	  service	   just	  assigns	  a	  minimum	  bandwidth	   that	  can	  be	  used	   for	   the	   transmission	  of	  no	   real-‐time	  

data	  streams.	  Lastly,	  the	  BE	  service	  does	  not	  guarantee	  any	  QoS,	  since	  its	  bandwidth	  allocation	  depends	  

on	  the	  policies	  used	  for	  the	  other	  service	  types.	  

	  
Fig.	  2.	  Example	  of	  the	  IEEE	  802.22	  standard	  MAC	  frame	  (time/frequency	  structure).	  

	  

Because	   of	   the	   QoS	   schemes	   included	   in	   the	   IEEE	   802.22/WRAN	   standard,	   it	   seems	   to	   be	   a	   viable	  

technology	  for	  the	  deployment	  of	  wireless	  telemedicine	  networks.	  Nevertheless,	  an	  open	  research	  issue	  

for	  the	  implementation	  of	  IEEE	  802.22/WRAN	  telemedicine	  network	  concerns	  how	  to	  deal	  with	  possible	  

throughput	  drops	  caused	  by	  sporadic	  PU	  transmissions	  (detected	  by	  either	  the	  BS	  or	  the	  CPEs).	  

	  

2.5. Overview	  of	  The	  IEEE	  802.16/WiMAX	  standard	  

The	   air	   interface	   of	   IEEE	   802.16/WiMAX	   operates	   at	   unlicensed	   spectrum	   between	   the	   2-‐11	   GHz	  

frequency	  range	  or	  licensed	  spectrum	  between	  the	  10-‐66	  GHz	  frequency	  range.	  For	  NLOS	  scenarios,	  IEEE	  
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802.16/WiMAX	  supports	  two	  different	  air	  interfaces	  at	  the	  PHY	  layer:	  OFDM	  and	  OFDMA	  (Kumar	  et	  al.,	  

2011;	  Prasad,	  2010).	  Furthermore,	  the	  IEEE	  802.16e	  includes	  a	  scalable	  OFDMA	  (S-‐OFDMA)	  air	  interface.	  

The	  standard	  supports	  channel	  bandwidths	  ranging	  from	  1.5	  MHz	  to	  20	  MHz.	  Additionally,	   it	  considers	  

the	  use	  of	  adaptive	  modulation	  and	  coding.	  Thus,	  the	  modulation	  and	  coding	  schemes	  employed	  in	  each	  

OFDM	  subcarrier	  are	  set	  based	  on	  a	  link	  quality	  indicator.	  The	  standard	  includes	  a	  connection	  oriented	  

MAC	   layer	   definition	   to	   support	   different	   types	   of	   QoS.	   Hence,	   the	   MAC	   protocol	   considers	   an	  

unidirectional	  connection	  for	  all	  transmissions	  between	  BS	  and	  mobile	  station	  (MS)	  (Chahed	  et	  al.,	  2009).	  

The	   standard	  defines	   two	  medium	  access	   schemes:	   time	  division	  duplex	   (TDD)	   and	   frequency	  division	  

duplex	  (FDD).	  In	  both	  cases,	  bandwidth	  for	  QoS	  connections	  can	  be	  requested.	  

As	  the	  BS	  manage	  the	  network,	  it	  assigns	  the	  bandwidth	  reservation	  and	  transmission	  opportunities	  for	  

each	  MS.	   However,	   each	  MS	   can	   dynamically	   request	   bandwidth	   from	   the	   BS	   by	   using	   a	   bandwidth-‐

request	   protocol	   data	   unit	   in	   a	   contention	   or	   contention-‐free	   mode	   (e.g.	   polling).	   Additionally,	   IEEE	  

802.16e	   defines	   different	   bandwidth-‐request	   protocols	   such	   as:	   unsolicited	   request,	   poll-‐me	   bit,	  

piggybacking,	   bandwidth	   stealing,	   codeword	   over	   quality	   indicator	   channel	   (CQICH)	   and	   code	   division	  

multiple	  access	  (CDMA)	  code-‐based	  on	  bandwidth-‐request	  protocols.	  

Similar	   to	   the	   IEEE	   802.22/WRAN	   standard,	   there	   are	   different	   scheduling	   service	   types	   in	   IEEE	  

802.16/WiMAX,	  namely:	  unsolicited	  grant	  service	  (UGS),	  extended	  real-‐time	  polling	  service	  (ertPS),	  real-‐

time	  polling	  service,	  non	  real-‐time	  polling	  service,	  and	  best-‐effort	  service.	  Each	  of	  these	  service	  types	  has	  

its	  own	  QoS	  parameters	  like	  minimum	  throughput	  requirement	  and	  delay/jitter	  constraints.	  

	  

2.6. IEEE	   802.22/WRAN	   and	   IEEE	   802.16/WiMAX	   Main	   Characteristics	  

Comparison	  

A	   comparison	   between	   the	   main	   characteristics	   of	   the	   IEEE	   802.22/WRAN	   and	   IEEE	   802.16/WiMAX	  

standards	  is	  presented	  in	  Table	  1.	  Although	  both	  standards	  show	  some	  similarities	  at	  the	  PHY	  and	  MAC	  

layers	   (e.g.	   the	   use	   of	   OFDMA,	   ACM,	   QoS	   types	   of	   services),	   the	   bandwidth	   allocations,	   transmission	  

ranges,	  and	  MAC	  frame	  sizes	  are	  different.	  	  

As	  previously	  mentioned,	   IEEE	  802.22/WRAN	  networks	  operate	  as	  secondary	  users	   in	  TVWS	  frequency	  

bands.	  Operation	  in	  these	  bands	  within	  the	  United	  States	  is	  unlicensed	  as	  far	  as	  there	  is	  not	  interference	  
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to	   PUs.	   The	   rules	   to	   use	   TVWS	   channels	   are	   still	   under	   review	   worldwide.	   However,	   Mexico,	   the	  

European	   Community,	   South	   Africa,	   and	   China,	   among	   other	   countries,	   are	   considering	   following	   the	  

United	  States	  TVWS	  regulation	  model.	  Therefore,	   it	   is	   fair	  to	  assume	  that	   IEEE	  802.22/WRAN	  networks	  

potentially	   have	   60	   unlicensed	   channels	   to	   operate	   worldwide.	   In	   contrast,	   most	   of	   the	   operating	  

frequencies	  considered	  in	  the	  IEEE	  802.16/WiMAX	  standard	  are	  licensed,	  except	  by	  the	  2.4	  GHz	  and	  5.8	  

GHz	   frequency	   bands,	   which	   are	   already	   used	   by	   other	   wireless	   technologies	   (e.g.	   WiFi,	   ZigBee,	  

Bluetooth).	  	  	  

Because	   IEEE	  802.16/WiMAX	  operates	  at	   frequencies	  above	  2	  GHz,	  propagation	  characteristics	   limit	   its	  

maximum	  transmission	  range	  to	  50	  kilometers	  for	  LOS	  and	  to	  approximately	  24	  kilometers	  for	  NLOS.	  In	  

comparison,	  the	  IEEE	  802.22/WRAN	  standard	  operating	  bands	  are	  allocated	  below	  900	  MHz.	  Therefore,	  

the	   maximum	   transmission	   range	   of	   IEEE	   802.22/WRAN	   doubles	   the	   range	   offered	   by	   IEEE	  

802.16/WiMAX,	  reaching	  up	  to	  100	  kilometers	  for	  LOS	  and	  up	  to	  33	  kilometers	  for	  NLOS	  transmissions.	  

Another	  difference	  between	   the	   IEEE	  802.16/WiMAX	  and	   IEEE	  802.22/WRAN	  standards	   relies	  on	   their	  

maximum	  data	  rates.	  The	  IEEE	  802.16e	  standard	  is	  fully	  capable	  of	  achieving	  a	  maximum	  data	  rate	  of	  up	  

to	   40	   Mbps.	   In	   comparison	   the	   IEEE	   802.22	   standard	   supports	   up	   to	   31	   Mbps	   using	   a	   64-‐QAM	  

modulation	   scheme	   (802.22-‐2011,	   2011,	   p.	   22;	   Chakraborty	   &	   Bhattacharyya,	   2010).	   However,	   IEEE	  

802.22	  achieves	  this	  data	  rate	  using	  a	  bandwidth	  channel	  of	  only	  8	  MHz	  instead	  of	  the	  20	  MHz	  required	  

by	  the	  IEEE	  802.16e	  standard.	  	  

Table	  1.	  Comparison	  between	  IEEE	  802.16	  and	  IEEE	  802.22	  

System	  
parameters	  

IEEE	  802.16/WiMAX	  IEEE	  802.22/WRAN	  

Frequency	  band	   2-‐10	  GHz	   54-‐862	  MHz	  
Channel	  
bandwidth	  

≥	  5	  MHz	   6,	  7,	  8	  MHz	  

Transmission	  rate	   10-‐40	  Mbps	   23-‐31	  Mbps	  
Cell	  radius	   Up	  to	  50	  kms.	   Up	  to	  100	  kms.	  
Multiple	  access	   TDMA	  or	  OFDMA	   OFDMA	  
MAC	  frame	  size	   5	  ms	   10	  ms	  
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to	   40	   Mbps.	   In	   comparison	   the	   IEEE	   802.22	   standard	   supports	   up	   to	   31	   Mbps	   using	   a	   64-‐QAM	  

modulation	   scheme	   (802.22-‐2011,	   2011,	   p.	   22;	   Chakraborty	   &	   Bhattacharyya,	   2010).	   However,	   IEEE	  

802.22	  achieves	  this	  data	  rate	  using	  a	  bandwidth	  channel	  of	  only	  8	  MHz	  instead	  of	  the	  20	  MHz	  required	  

by	  the	  IEEE	  802.16e	  standard.	  	  

Maximum	  data	  rate	  is	  only	  achieved	  when	  the	  distance	  between	  the	  BS	  and	  the	  user	  (MS	  in	  WiMAX	  and	  

CPE	   in	   IEEE	   802.22/WRAN)	   is	   relatively	   short,	   such	   that	   64-‐QAM	   can	   be	   used	  without	   incurring	   in	   an	  

unacceptable	  bit	  error	  rate	  (BER).	  In	  order	  to	  compare	  the	  capabilities	  offered	  by	  the	  IEEE	  802.22/WRAN	  

and	   IEEE	  802.16/WiMAX	  standards,	  Fig.	  3	   shows	  a	  graphical	   representation	  of	   the	  modulation	  scheme	  

used	  for	  a	  given	  coverage	  area	  in	  a	  typical	  deployment	  scenario.	  	  

	  

Fig.	  3.	  Modulation	  schemes	  used	  for	  a	  given	  coverage	  range	  for	  typical	  IEEE	  802.22/WRAN	  and	  IEEE	  802.16/WiMAX	  
deployments.	  

	  

Since	  the	  coverage	  range	  of	  IEEE	  802.22	  is	  larger	  than	  that	  of	  IEEE	  802.16,	  the	  overlapping	  between	  IEEE	  

802.22	  QPSK	  and	  IEEE	  802.16	  is	  minimal.	  In	  contrast,	  it	  can	  be	  seen	  that	  the	  areas	  covered	  by	  IEEE	  802.22	  

16-‐QAM	  and	   IEEE	  802.16	  QPSK	  are	   similar	   (they	  are	  almost	   completely	  overlapped).	   Furthermore,	   the	  
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area	  corresponding	  to	  IEEE	  802.22	  64-‐QAM	  completely	  covers	  the	  area	  corresponding	  to	  IEEE	  802.16	  64-‐

QAM	  and	  a	  significant	  portion	  of	   the	  area	  corresponding	   to	   IEEE	  802.16	  16-‐QAM.	  This	  means	   that	   the	  

range	   achieved	   with	   IEEE	   802.22	   for	   QPSK,	   16-‐QAM,	   and	   64-‐QAM	   is	   larger	   than	   that	   achieved	   with	  

WiMAX.	  

	  

2.7. Chapter	  Summary	  

Telemedicine	   services	   represent	   restrictive	   applications	   mostly	   related	   to	   patient’s	   consultation,	  

diagnosis	   and	   monitoring	   through	   their	   biomedical	   signals	   by	   health	   specialists.	   Since	   wireless	  

telemedicine	  services	  depend	  on	  technological	   infrastructure,	  rural	  area	  coverage	  has	  been	  considered	  

an	  important	  challenge,	  and	  the	  Institute	  of	  Electrical	  and	  Electronics	  Engineers	  802.16/WiMAX	  standard	  

has	  been	  used	  to	  provide	  broadband	  wireless	  access	  because	  of	  its	  MAC	  and	  PHY	  characteristics.	  

However,	   the	   switch-‐off	   of	   the	   analog	   terrestrial	   network	   presents	   the	   opportunity	   of	   delivering	   high	  

data	   rates	   over	   large	   coverage	   areas	   by	   means	   of	   TV	   white	   spaces	   technology	   using	   cognitive	   radio	  

capabilities.	   Hence,	   at	   the	   end	   of	   2011	   the	   IEEE	  Working	   Group	   for	  Wireless	   Regional	   Area	  Networks	  

released	   the	   first	   TVWS	   standard	   named	   IEEE	   802.22.	   Within	   this	   standard,	   bandwidth	   availability	  

depends	  on	  the	  geographical	  location	  of	  the	  base	  station	  and	  the	  customer	  premise	  equipment.	  Thus,	  a	  

model	   to	  evaluate	   the	   suitability	  of	   IEEE	  802.22	  and	  WiMAX	   for	   the	  deployment	  of	   rural	   telemedicine	  

networks	   is	   required.	   The	   model	   should	   consider	   specific	   traffic	   profiles	   based	   on	   the	   telemedicine	  

services	   that	  will	   be	   offered	  over	   the	   rural	  wireless	   telemedicine	   network.	   Therefore,	   in	   the	   following	  

Chapter	  a	   telemedicine	   framework	  of	   telemedicine	   traffic	  profiles	   requirements	  and	   its	   importance	  on	  

the	  design	  of	  resource	  allocation	  mechanisms	  based	  on	  bandwidth	  availability	  is	  presented.	  
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Chapter 3. Dynamic	   Spectrum	   Allocation	   in	   Wireless	  
Telemedicine	  Networks	  

3.1. Overview	  of	  TVWS	  and	  Cognitive	  Radio	  Networks	  

The	  European	  Community	   initiated	  the	  analog	  switch-‐off	  process	   to	  migrate	  TV	  terrestrial	   signals	   from	  

analog	   to	   digital	   since	   2000.	   This	   process	   is	   part	   of	   the	   revision	   about	   frequency	   allocation	   planning	  

made	   by	   the	   International	   Telecommunication	   Union	   (ITU),	   which	   is	   based	   on	   the	   international	  

Stockholm’s	  agreements	  of	  1961.	  The	  main	  goal	  of	   the	   frequency	  allocation	   revision	  was	   to	  develop	  a	  

new	  frequency-‐planning	  map	  that	  includes	  digital	  signals.	  This	  way,	  the	  new	  frequency	  allocation	  scheme	  

that	   results	   of	   the	   TV	   analog	   switch-‐off	   process	   will	   contribute	   to	   improve	   usage	   efficiency	   of	   radio	  

spectrum	   resources,	   by	   means	   of	   re-‐assigning	   the	   new	   available	   frequency	   bands	   (named	   TV	   White	  

Spaces)	   to	   innovative	   wireless	   emerging	   technologies	   and	   services.	   In	   2006,	   The	   Geneva	   meeting	  

agreements	  established	  a	  common	  platform	  to	  build	  the	  new	  digital	  frequency-‐planning	  scheme.	  These	  

settlements	   comprise	   the	   guidelines	   about	   interference	   protection	   for	   primary	   users	   and	   spectrum	  

access	  schemes	  for	  secondary	  users.	  Currently,	  the	  United	  States	  of	  America,	  Canada	  and	  Mexico	  have	  

concluded	  with	   the	  analog	   switch-‐off	  process.	   The	   Latin	  American	   countries	  of	  Brazil,	   Colombia,	  Chile,	  

Argentina,	   Costa	   Rica,	   El	   Salvador,	   Venezuela,	   Peru	   and	   Bolivia	   are	   scheduled	   to	   finish	   this	   process	   at	  

most	  in	  2020.	  

In	  a	  worldwide	  context,	  the	  United	  States	  of	  America	  was	  the	  first	  country	  to	  issue	  the	  legislation	  via	  the	  

Federal	   Communications	   Commission	   that	   contemplates	   the	   access	   and	   usage	   policies	   of	   TVWS	   (FCC,	  

2008b).	   In	  2011,	   the	  Federal	  Communications	  Commission	   (FCC)	   released	  a	   regulation	  that	  established	  

the	   requirements	   that	   should	   be	   observed	   by	   secondary	   users	   of	   TVWS	   (FCC,	   2011).	   This	   regulation	  

includes	   the	  mandatory	   implementation	   of	   cognitive	   radio	   capabilities	   for	   secondary	   users	   allowed	   to	  

access	   TVWS.	   Here,	   analog/digital	   TV	   signals	   and	   FCC	   Part	   74	   auxiliary	   wireless	   devices	   (i.e.	   wireless	  

microphones)	  are	  defined	  as	  primary	  users.	  Hence,	  these	  primary	  users	  are	  protected	  of	  any	  interference	  

resulting	   from	   the	   presence	   of	   secondary	   users.	   According	   to	   FCC	   regulation,	   this	   cognitive	   radio	  

capability	   should	   be	   assisted	   by	   a	   geo-‐location	   database	   that	   includes	   previous	   registration	   of	  

analog/digital	   TV	   signals	   coverage	   ratio.	   This	   way	   a	   secondary	   user	   can	   determine	   TVWS	   channel	  

availability.	   Differently,	   on	   case	   of	   auxiliary	  wireless	   devices	   there	   is	   not	   a	   geo-‐location	   database	   that	  

includes	   its	   geo-‐location	   since	   these	   devices	   are	   not	   fixed	   to	   a	   specific	   geo-‐location.	   For	   instance,	   the	  

wireless	  microphones	  (WMs)	  are	  considered	  as	  primary	  users	  and	  must	  be	  protected	  from	  any	  potential	  

interference	  caused	  by	  the	  presence	  of	  secondary	  users.	  However,	  its	  geo-‐location	  and	  spectrum	  usage	  
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are	  not	  fixed.	  Therefore,	  TVWS	  secondary	  users	  can	  determine	  the	  presence	  of	  WMs	  based	  only	  on	  its	  

spectrum	  sensing	   function	  by	  measuring	  signal-‐to-‐noise-‐ratio	   (SNR)	   levels.	   In	   this	  context,	  detection	  of	  

narrowband	  primary	  users	  (i.e.	  WMs)	  has	  become	  a	  major	  challenge,	  since	   its	  detection	  SNR	  levels	  are	  

ranging	  from	  -‐20dB	  to	  -‐18dB,	  which	  is	  lower	  in	  comparison	  with	  a	  typical	  detection	  SNR	  level	  of	  up	  to	  -‐

15dB	  for	  TV	  analog/digital	  signals	  (Chen	  &	  Gao,	  2011;	  Shellhammer	  et	  al.,	  2009).	  	  

The	   cognitive	   radio	   technology	   is	   proposed	   as	   part	   of	   a	   dynamic	   spectrum	   access	   technique	   that	  

contributes	  to	  reduce	  underutilization	  of	  the	  licensed	  wireless	  spectrum	  that	  could	  be	  inefficiently	  used.	  

This	   way,	   the	   wireless	   channel	   can	   be	   shared	   with	   secondary	   users	   that	   can	   have	   access	   to	   radio	  

spectrum	  in	  an	  opportunistic	  manner.	  According	  to	  (FCC,	  2003),	  a	  formal	  definition	  of	  cognitive	  radio	  is:	  

“a	   radio	   that	   changes	   its	   transmitter	   parameters	   based	   on	   interaction	   with	   its	   environment”.	   Thus,	  

spectrum-‐sharing	  challenges	  on	  cognitive	  radio	  networks	  involve	  coexistence	  with	  licensed	  users	  over	  a	  

wide	  range	  of	  available	  radio	  frequency	  channels.	  Here,	  spectrum	  access	  schemes	  for	  wireless	  channel	  

sharing	  can	  be	  classified	  as	  overlay	  spectrum	  sharing	  (OSS)	  and	  underlay	  spectrum	  sharing	  (USS).	  In	  OSS,	  

the	   secondary	   users	   can	   access	   the	   network	   on	   coexistence	   with	   licensed	   users	   by	   using	   an	   unused	  

portion	  of	  spectrum.	  Differently,	  the	  USS	  scheme	  establishes	  that	  spectrum	  access	  availability	  depends	  

on	   presence	   of	   primary	   users	   such	   that	   if	   a	   licensed	   user	   is	   detected,	   the	   secondary	   user	   cannot	   use	  

spectrum.	  	  Even	  more,	  if	  a	  primary	  user	  is	  detected	  within	  a	  spectrum	  band	  occupied	  by	  a	  cognitive	  radio	  

user,	  it	  should	  vacate	  that	  spectrum	  band	  (Menon	  et	  al.,	  2005).	  

Regarding	  access	  of	  secondary	  users	  to	  TVWS	  channels,	  the	  FCC	  regulated	  an	  underlay	  spectrum	  sharing	  

access	  scheme	  to	  avoid	  interference	  to	  licensed	  users	  (FCC,	  2008a).	  This	  regulatory	  mandate	  is	  suitable	  

to	   protect	   wideband	   primary	   users	   (i.e.	   TV	   analog/digital	   signals).	   However,	   this	   regulation	   does	   not	  

contribute	  to	   improve	  an	  efficient	  use	  of	  shared	  wireless	  spectrum	  because	  narrowband	  primary	  users	  

such	  as	  WMs	  occupy	  a	  bandwidth	  of	  only	  200	  KHz	  over	  a	  6,	  7	  or	  8	  MHz	  TVWS	  channel	  (Shellhammer	  et	  

al.,	  2009).	  Consequently,	  authors	  in	  (Gronsund	  et	  al.,	  2014;	  Park	  et	  al.,	  2012)	  have	  shown	  that	  by	  using	  

DSA	  schemes	  in	  TVWS	  cognitive	  radio	  networks,	  a	  secondary	  user	  can	  avoid	  interference	  to	  narrowband	  

primary	   users	   within	   an	   underlay	   spectrum	   sharing	   scheme.	   This	   way,	   unused	   channel	   bandwidth	  

portions	  can	  be	  allocated	  to	  cognitive	  radio	  users	  whenever	  a	  narrowband	  primary	  user	  is	  detected	  on	  a	  

TVWS	  channel.	  

Several	   DSA	   functions	   such	   as	   spectrum	   mobility,	   channel	   sensing,	   spectrum	   sharing	   and	   resource	  

allocation	  are	  based	  on	  network	  MAC	   layer	   (Akyildiz	  et	  al.,	  2006).	  Spectrum	  mobility	  allows	  secondary	  

users	   to	   switch	   between	   channels	   on	   case	   of	   primary	   user	   detection.	   Channel	   sensing	   is	   used	   to	  
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determine	  channel	  availability	  by	  means	  of	  collecting	  spectrum	  usage	  information.	  Spectrum	  sharing	  is	  in	  

charge	   of	   avoiding	   harmful	   interference	   with	   primary	   users.	   Resource	   allocation	   assigns	   available	  

network	   resources	   in	   opportunistic	  manner	   for	   QoS	   provisioning	   on	   users	   demand.	   It	   is	   important	   to	  

note	  that	  DSA	  schemes	  operate	   in	  a	  slotted	  basis.	   In	  other	  words,	   it	   is	  assumed	  that	  within	  a	  slot	   time	  

duration	   the	   primary	   user	   activity	   status	   (idle/busy)	   remains	   constant	   (Tumuluru	   et	   al.,	   2011).	   Thus,	  

there	   are	  many	  ways	   to	   implement	   a	  DSA	   scheme	  on	   cognitive	   radio	  networks	   (Vamsi	   Krishna	  &	  Das,	  

2009).	   In	   last	   decade,	   two	   implementation	   approaches	   have	   become	   relevant	   on	   the	   design	   of	   DSA	  

schemes	   for	  cognitive	  radio	  networks:	  The	  MAC	  protocol	  design	   for	   radio	   resources	  allocation	  and	  the	  

scheduling	  algorithm	  design	  for	  QoS	  purposes	  (Ahmad	  et	  al.,	  2015;	  Akyildiz	  et	  al.,	  2006;	  De	  Domenico	  et	  

al.,	  2012).	  

A	  DSA	  scheme	  based	  on	  the	  MAC	  protocol	   includes	  a	  contention	  phase	  and	  a	  data	  transmission	  phase.	  

On	  the	   first	  phase,	  all	   secondary	  users	  contend	  for	  available	  channels	  on	   licensed	  spectrum	  by	  using	  a	  

common	  signal	  control	  channel.	  Once	  the	  channel	   is	  assigned,	  the	  cognitive	  radio	  user	  proceeds	  to	  the	  

data	  transmission	  phase	  (Jun	  Zhao	  et	  al.,	  2005;	  Su	  &	  Zhang,	  2008).	  Differently,	  A	  DSA	  scheme	  based	  on	  

scheduling	   algorithms	   can	   collect	   information	   about	   the	   data	   bandwidth	   requirements	   from	   cognitive	  

radio	  users	  in	  order	  to	  define	  a	  time	  slot	  allocation	  schedule	  for	  data	  transmission.	  Thus,	  the	  scheduling	  

approach	   is	  also	  known	  as	  an	  slot-‐based	  DSA	  scheduling	  scheme	  (Tumuluru	  et	  al.,	  2011).	  According	   to	  

(Hind	   et	   al.,	   2016),	   an	   slot-‐based	   MAC	   protocol	   strategy	   achieves	   the	   best	   network	   performance	   in	  

comparison	  with	   a	   contention-‐based	   approach	   because	   overhead	   load	   on	   contention	   is	   higher	   than	   a	  

slot-‐based	   resource	   allocation	   scheme.	   Therefore,	   a	  DSA	   scheme	  based	  on	   scheduling	   algorithms	  may	  

contribute	  positively	  to	  an	  efficient	  use	  of	  bandwidth.	  	  

Currently,	   emerging	   BWA	   technologies	   (e.g.	   IEEE	   802.16/WiMAX	   and	   IEEE	   802.22/WRAN)	   include	  

multiple-‐access	  methods	   such	   as	   OFDMA,	   which	   comprises	  multiple	   subcarriers	   for	   network	   resource	  

allocation.	   In	   this	   context,	   a	   scheduling	   algorithm	   for	   OFDMA	   networks	   that	   operates	   on	   licensed	  

spectrum	  can	  alternatively	  use	  channel	   information	  to	  perform	  scheduling.	  However,	  a	  DSA	  scheduling	  

approach	   for	   OFDMA	   networks	   based	   on	   cognitive	   radio	   technology	  must	   include	   channel	   awareness	  

features	   in	  order	   to	  perform	  an	  opportunistic	   scheduling	   (Knopp	  &	  Humblet,	   1995).	   The	  opportunistic	  

scheduling	   algorithms	   (OSA)	   for	   cognitive	   radio	   networks	   are	   mainly	   focused	   to	   enhance	   the	   total	  

capacity	  of	   the	  network	  by	  means	  of	   scheduling	   resource	   allocation	   among	   secondary	  users	  based	  on	  

partial	  channel	  information	  (Asadi	  &	  Mancuso,	  2013).	  For	  instance,	  authors	  in	  (Luo	  et	  al.,	  2011)	  maximize	  

the	  throughput	  of	  cognitive	  radio	  network	  by	  implementing	  flow	  control	  and	  resource	  allocation	  policies.	  

Additionally,	  by	  using	  a	  distributed	  greedy	  scheduling	  algorithm	  they	  have	  shown	  that	   their	   solution	   is	  
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capable	   to	   maintain	   a	   defined	   average	   congestion	   while	   delivering	   almost	   all	   the	   traffic.	   Differently,	  

authors	  in	  (Khalil	  et	  al.,	  2011)	  proposed	  a	  cooperative	  scheduling	  scheme	  where	  data	  from	  primary	  users	  

is	   transmitted	   through	   secondary	   users	   such	   that	   transmission	   time	   is	   extended	   to	   include	   data	   from	  

both	  primary	  and	  secondary	  users.	  

Regarding	  scheduling	  algorithms	  for	  QoS	  provisioning	  on	  cognitive	  radio	  networks,	  the	  main	  concern	  is	  

on	   delay	   and	   average	   throughput	   performance.	   These	   requirements	   have	   become	   more	   relevant	   on	  

Voice	   over	   IP	   and	   videoconference	   applications.	   Some	   examples	   of	   such	   scheduling	   algorithms	   are	  

shown	  in	  (Beidokhti	  et	  al.,	  2011;	  Kae	  Won	  Choi	  et	  al.,	  2009;	  Kim	  &	  de	  Veciana,	  2007).	  In	  (Beidokhti	  et	  al.,	  

2011),	   authors	   propose	   three	   schedulers:	   biggest	   QoS-‐deviation	   first	   (BQDF),	   adaptive	   QoS-‐deviation	  

control	  (AQDC),	  and	  adaptive	  residual	  time	  control	  (ARTC).	  Here,	  network	  users	  are	  defined	  as	  QoS	  type	  

flows	  based	  on	   throughput,	   delay	   and	  packet	  drop	   requirements.	   The	   first	   scheduler	   is	   only	   based	  on	  

QoS	  flows,	  which	  results	   in	  throughput	  degradation.	  Hence,	  AQDC	  scheduler	   is	  proposed	  to	  reduce	  the	  

throughput	   degradation	   resulting	   from	   BQDF	   by	   means	   of	   including	   channel	   information	   in	   order	   to	  

schedule	  first	  those	  users	  with	  maximum	  transmission	  rate.	  The	  ARTC	  scheduling	  algorithm	  is	  proposed	  

as	   an	   alternative	   option	   to	   adjust	   trade-‐off	   between	  QoS	  provisioning	   and	   throughput.	  On	   a	   different	  

perspective,	   the	  proposed	  algorithm	  depicted	   in	   (Kae	  Won	  Choi	   et	   al.,	   2009),	   is	   based	  on	   the	  average	  

transmission	  rate	  metric.	  Here,	  the	  schedule	  of	  network	  resources	  is	  performed	  on	  every	  MAC	  layer	  the	  

OFDMA	  frame,	  in	  order	  to	  guarantee	  an	  average	  throughput.	  This	  way,	  the	  algorithm	  can	  select	  users	  by	  

considering	  the	  channel	  information	  and	  the	  average	  transmission	  rate	  on	  each	  MAC	  frame.	  By	  pursuing	  

the	  goal	  of	  reducing	  starvation	  of	  network	  resources	  in	  long	  term	  period	  basis,	  the	  authors	  in	  (Kim	  &	  de	  

Veciana,	  2007)	  have	  proposed	  a	  scheduling	  algorithm	  that	  allocates	  a	  fixed	  average	  throughput	  to	  every	  

QoS	  flow	  on	  each	  time	  slot.	  

In	   this	   context,	   opportunistic	   scheduling	   can	  be	   an	   alternative	   solution	   to	  wireless	   channel	   bandwidth	  

limitations.	   According	   to	   (Asadi	   &	  Mancuso,	   2013),	   opportunistic	   schedulers	   focused	   on	   capacity	   can	  

provide	  up	   to	  37%	  capacity	  gain	  and	  70%	  delay	   reduction.	  QoS	  oriented	  proposals	  offered	   throughput	  

improvement	  up	  to	  30%	  throughput	  gain	  and	  delay	  improvement	  up	  to	  80%.	  However,	  the	  performance	  

evaluation	   of	   proposals	   under	   more	   realistic	   scenarios	   should	   be	   considered	   on	   the	   design	   of	  

opportunistic	  scheduling,	  in	  order	  to	  observe	  the	  system	  performance	  in	  a	  real-‐world	  scenario.	  
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3.2. Scheduling	  Algorithms	  

Radio	  channel	  on	  wireless	  links	  are	  typically	  variable	  and	  unpredictable,	  both	  on	  a	  time-‐dependent	  basis	  

and	  a	   location-‐dependent	  basis.	   For	  BWA	   technologies	   that	   transmit	  on	   long	  distances,	  multipath	  and	  

fading	  effects	  are	  also	  important	  factors	  that	  should	  be	  considered	  for	  QoS	  provisioning.	  By	  considering	  

that	  QoS	   requirements	   for	  voice	  and	  video	  applications	  are	  highly	   sensitive	   to	  variations	  on	  delay	  and	  

jitter,	   the	   proper	   allocation	   of	   network	   resources	   among	   users	   has	   become	  more	   relevant.	   However,	  

BWA	  standards	  such	  as	  the	  IEEE	  802.16/WiMAX	  and	  the	  IEEE	  802.22/WRAN	  do	  not	  specify	  any	  resource	  

allocation	  or	  admission	  control	  mechanism	  for	  QoS	  provisioning	  purposes.	  	  

According	  to	  (Dhrona	  et	  al.,	  2008),	  scheduling	  algorithms	  can	  be	  classified	  as:	  homogeneous,	  hybrids	  and	  

opportunistic.	   The	   homogenous	   algorithm	   class	   does	   not	   include	   channel	   information	   to	   perform	  

scheduling.	  The	  hybrid	  category	  combines	  two	  or	  more	  homogeneous	  algorithms	  in	  order	  to	  satisfy	  QoS	  

requirements.	   Differently,	   the	   opportunistic	   scheduling	   algorithm	   is	   a	   channel-‐aware	  mechanism	   that	  

performs	  resource	  allocation	  based	  on	  channel	  conditions.	  

3.2.1. Homogeneous	  and	  Hybrid	  Scheduling	  Algorithms	  

Typically,	  the	  choice	  of	  a	  scheduling	  algorithm	  for	  QoS	  provisioning	  is	  based	  on	  the	  target	  application	  and	  

it	   pursues	   the	   achievement	   of	   a	   specific	   Qos	   metric.	   For	   instance,	   one	   of	   the	   most	   basic	   scheduling	  

algorithms	  that	  shows	  the	  best	  performance	  in	  terms	  of	  jitter	  on	  WiMAX	  networks	  is	  Round	  Robin	  (RR)	  

(Belghith	  &	  Nuaymi,	   2008).	   	   Basically,	   the	   RR	   scheduler	   organizes	   traffic	   in	   queues	   such	   that,	   on	   first	  

time-‐slot	  the	  resources	  are	  scheduled	  for	  first	  queue,	  on	  second	  time-‐slot	  for	  second	  queue,	  and	  so	  on.	  

This	  process	  is	  repeated	  in	  a	  circular	  manner,	  until	  all	  queues	  are	  empty.	  It	  is	  important	  to	  note	  that	  on	  

RR	  scheduling	  all	  queues	  are	  equally	  treated,	  which	  means	  that	  the	  resource	  allocation	  is	  scheduled	  on	  a	  

fair	   manner.	   In	   order	   to	   include	   a	   priority	   scheme	   among	   queues	   that	   require	   different	   QoS	   type	   of	  

services	   (i.e.	   UGS,	   rtPS,	   nrtPS,	   BE),	   an	   adaptation	   of	   the	   RR	   algorithm	   named	  Weighted	   Round	   Robin	  

(WRR)	  has	  been	  proposed	  (Guesmi	  &	  Maaloul,	  2013).	  The	  WRR	  algorithm	  guarantees	  that	  all	  type	  of	  QoS	  

services	   can	   get	   access	   to	   networks	   resources	   in	   a	   fair	   RR	   scheme,	   while	   the	   amount	   of	   allocated	  

bandwidth	  resources	  on	  a	  given	  queue	  are	  defined	  by	  a	  weight	  value	  according	  to	  its	  QoS	  requirements.	  

By	  considering	   that	  different	   types	  of	  QoS	  may	   require	  a	  minimum	  guarantee	  of	  network	   resources,	  a	  

Weighted	   Fair	  Queueing	   (WFQ)	   scheduling	   algorithm	   has	   been	   proposed	   in	   (Al-‐Howaide	   et	   al.,	   2011).	  

Similar	  to	  the	  WRR	  scheme,	  on	  WFQ	  scheduling	  each	  queue	  is	  assigned	  with	  a	  different	  weight	  in	  order	  



	  

	  

39	  

to	  avoid	  bandwidth	  monopolization	  by	  providing	  a	  fair	  scheduling.	  Different	  to	  WRR,	  on	  WFQ	  scheduling	  

a	  queue	  does	  not	  have	  to	  wait	  a	  slot-‐time	  turn	  to	  transmit	  data,	  because	  a	  minimum	  amount	  of	  network	  

resources	   is	   guaranteed	   on	   every	   slot-‐time.	   In	   order	   to	   provide	   a	   minimum	   guarantee	   of	   network	  

resources	   for	   QoS	   purposes,	   a	   deficit	   counter	   has	   been	   introduced	   in	   the	   design	   of	   a	   scheduling	  

algorithm	   named	   Deficit	   Round	   Robin	   (DRR)	   (Belghith	   &	   Nuaymi,	   2009).	   Here,	   all	   queues	   are	   served	  

within	  a	  RR	  scheme	  and	  a	  minimum	  of	  bandwidth	  resources	  is	  guaranteed	  for	  each	  one	  of	  them.	  On	  this	  

algorithm,	  a	  deficit	  counter	  defines	  the	  maximum	  of	  network	  resources	   that	  can	  be	  allocated	   for	  each	  

queue	  on	  each	  slot-‐time	  turn.	  This	  way,	  the	  monopolization	  of	  bandwidth	  resources	  is	  avoided.	  

Other	   priority	   scheduling	   approaches	   based	   on	   weighted	   queues	   are	   Priority	   Queueing	   (PQ)	   and	   the	  

Strict-‐Priority	  (SP)	  algorithms.	  On	  PQ	  scheme	  all	  queues	  are	  assigned	  with	  a	  weight	  value	  according	  to	  its	  

priority,	  based	  on	  QoS	  requirements.	  	  In	  this	  scheme,	  only	  the	  highest	  priority	  queue	  receives	  resources	  

allocation	  on	  each	  time-‐slot	  turn.	  Differently,	   the	  SP	  scheduling	  algorithm	  categorizes	  the	  data	  packets	  

depending	  on	  its	  QoS	  type	  of	  service	  and	  then	  allocates	  them	  into	  different	  priority	  queues.	  This	  means	  

that	  allocated	  resources	  for	  highest	  priority	  queue	  are	  not	  released	  until	  the	  queue	  empties,	  which	  may	  

result	  in	  monopolization	  of	  network	  resources.	  

It	  was	  previously	  mentioned	  that	  QoS	  requirements	  are	  different	  depending	  on	  target	  applications.	  This	  

condition	   constitutes	   a	   challenge	   for	   scheduling	   design	   since	   it	   has	   to	   consider	   a	   trade-‐off	   among	  

network	   capacity,	   fairness	   on	   resource	   allocation	   and	   achieving	  minimum	  QoS	   requirements	   for	   each	  

network	   service.	   In	   this	   context,	   a	   scheduling	   process	   based	   on	   the	   combination	   of	   two	   or	   more	  

homogeneous	   scheduling	   algorithms	   is	   known	   as	   hybrid	   scheduling	   algorithm.	   This	   type	   of	   scheduling	  

algorithm	   can	   be	   explained	   on	   a	   simple	   way	   as	   a	   serial	   process,	   where	   the	   output	   of	   the	   first	  

homogeneous	  scheduler	  is	  the	  input	  of	  the	  second	  one,	  and	  so	  on.	  For	  instance,	  WRR	  and	  PQ	  scheduling	  

algorithms	  have	  been	  combined	  to	  provide	  fairness	  between	  different	  real-‐time	  and	  non-‐real-‐time	  traffic	  

profiles	  on	  WiMAX	  networks	  (Guy	  Pujolle	  &	  Nadjib	  Achir,	  2012).	  Differently,	  authors	  in	  (Lakkakorpi	  et	  al.,	  

2008),	  propose	  a	  hybrid	  scheduler	  that	  includes	  Weighted	  DRR	  (WDRR)	  and	  SP	  algorithms.	  Here,	  in	  order	  

to	   improve	  network	   throughput	  performance,	   the	  UGS	   traffic	   is	   scheduled	  under	  an	  SP	   scheme,	  while	  

other	  QoS	  types	  of	  service	  are	  served	  within	  a	  WDRR	  approach.	  

3.2.2. Opportunistc	  Scheduling	  Algorithms	  

By	  considering	  that	  access	  to	  network	  resources	  on	  cognitive	  radio	  networks	  depend	  on	  the	  presence	  of	  

primary	  users,	  it	  is	  necessary	  to	  define	  a	  dynamic	  resource	  allocation	  mechanism	  by	  means	  of	  designing	  



	  

	  

40	  

an	   opportunistic	   scheduling	   algorithm.	   These	   scheduling	   schemes	   comprise	   different	   algorithms	   to	  

handle	  several	  QoS	  types	  of	  service.	  In	  this	  context,	  the	  fairness	  issue	  for	  the	  users	  in	  the	  same	  QoS	  type	  

of	   service	   has	   become	   an	   important	   challenge	   to	   be	   considered.	   Therefore,	   the	   implementation	   of	   a	  

cross-‐layer	  architecture	  on	  the	  design	  of	  this	  type	  of	  scheduler	  has	  been	  widely	  adopted.	  

The	  cross-‐layer	  scheduling	  algorithms	  are	  aimed	  to	  improve	  throughput	  efficiency,	  satisfaction	  user	  level,	  

route	  paths	  on	  multi-‐hop	  networks,	  etc.	  Particularly,	  a	  cross-‐layer	  scheduling	  design	  can	  be	  classified	  as	  

air	  interface-‐centric,	  user-‐centric	  and	  route-‐centric	  (Shariat	  et	  al.,	  2009).	  The	  air	  interface-‐centric	  design	  

is	  based	  on	  throughput	  efficiency,	  fairness	  and	  QoS	  provisioning.	  The	  user-‐centric	  approach	  is	  concerned	  

on	   keeping	   a	   certain	   level	   of	   user	   satisfaction,	   by	   observing	   end-‐to-‐end	   throughput,	   delay	   and	   power	  

consumption	  metrics.	  Finally,	   the	  route-‐centric	  design	  objective	   is	  based	  on	  selecting	  the	  best	  route	   in	  

multi-‐hop	  wireless	  networks.	  

By	   using	   a	   cross-‐layer	   approach,	   an	   opportunistic	   scheduling	   algorithm	   is	   able	   to	   allocate	   system	  

resources	  by	  means	  of	  evaluating	  an	  objective	  function	  that	  considers	  information	  abstracted	  from	  two	  

disjoint	   network	   layers.	   For	   instance,	   an	   air-‐centric	   cross-‐layer	   scheduler	   for	   throughput	   efficiency	  

optimization	  may	   require	   exchange	   information	   regarding	   channel	   variations	   (i.e.	   channel	   quality)	   and	  

queue	  lengths	  from	  the	  PHY	  and	  DATA	  LINK	  layers,	  respectively.	  This	  way,	  the	  scheduler	  could	  perform	  a	  

radio	   resource	  allocation	  according	   to	   channel	   conditions	   (Matalgah	  et	   al.,	   2013).	  Differently,	   a	   route-‐

centric	  cross-‐layer	  scheduler	  could	  assume	  an	  error-‐free	  channel	  to	  establish	  resource	  allocation	  policies	  

for	   QoS	   provisioning	   by	   means	   of	   optimizing	   channel	   capacity	   on	   multi-‐hop	   networks	   (Jia	   Tang	   &	   Xi	  

Zhang,	   2007).	   In	   this	   sense,	   cross-‐layer	   schedulers	   can	   include	   characteristics	   of	   channel-‐aware	   or	  

channel-‐unawareness	  (So-‐In	  et	  al.,	  2009).	  	  

Regarding	   scheduler	   designs	   for	   telemedicine	   service	   delivery	   based	   on	   BWA	   technologies,	   an	   air	  

interface-‐centric	  algorithm	  that	  maximizes	  utilization	  of	  radio	  resources	  for	  the	  IEEE	  802.16/WiMAX	  has	  

been	  proposed	  in	  (Niyato	  et	  al.,	  2007a).	  Here,	  system	  resources	  are	  allocated	  primarily	  for	  tele-‐diagnosis	  

services	   from	   ambulances	   (on	   emergency	   scenarios),	   and	   secondly	   for	   tele-‐consulting	   services	   from	  

clinics	   (on	   non-‐emergency	   scenarios)	   for	   follow-‐up	   purposes.	   This	  way,	   the	   telemedicine	   network	   can	  

guarantee	   QoS	   provisioning	   to	   those	   services	   with	   highest	   priority,	   while	   maintaining	   a	   minimum	  

bandwidth	  resource	  reservation	  for	  lower	  priority	  services,	  such	  as	  tele-‐consulting.	  On	  the	  other	  hand,	  a	  

scheduling	   algorithm	   for	   transmission-‐time	   reservation	   based	   on	   a	   priority	   scheme	   between	  

telemedicine	   services	   for	   cognitive	   radio	   networks	   has	   been	   proposed	   in	   (Feng	   et	   al.,	   2010a).	   Here,	  

transmission-‐time	  requires	  channel	  reservation	  to	  transmit	  messages	  from	  higher	  priority	  telemedicine	  
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services,	   while	   periodic	   traffic	   from	   telemedicine	   services	   with	   lower	   priority	   includes	   a	   scheduling	  

packet	  algorithm	  based	  on	  periodic	  channel	  reservation.	  

It	  is	  important	  to	  notice	  that	  these	  proposals	  are	  similar	  on	  the	  adoption	  of	  priority	  schemes	  for	  resource	  

allocation	   design	   for	   telemedicine	   services,	   but	   they	   differ	   on	   its	   channel-‐aware	   characteristics.	   For	  

instance,	  scheduling	  algorithm	  for	  telemedicine	  applications	  based	  on	  the	  IEEE	  802.16	  standard	  assumes	  

that	   all	   network	   subscribers	   have	   unrestricted	   access	   to	   spectrum	   usage,	   however	   on	   cognitive	   radio	  

networks	   such	   as	   IEEE	   802.22,	   the	   reserved	   resources	   can	   become	   unavailable	   due	   to	   primary	  

transmissions.	  

	  

3.3. Telemedicine	  Service	  Delivery	  and	  Dynamic	  Spectrum	  Allocation	  

In	   Chapter	   2,	   a	   MAC	   layer	   description	   of	   the	   IEEE	   802.22/WRAN	   standard	   has	   been	   provided.	   Here,	  

reservation	  priority	  of	  system	  resources	  for	  network	  users	  mostly	  depends	  on	  four	  types	  of	  services	  for	  

QoS	  guarantees	  (i.e.	  UGS,	  rtPS,	  nrtPS	  and	  BE).	  Furthermore,	  it	  was	  previously	  mentioned	  that	  priority	  on	  

telemedicine	   services	   might	   depend	   of	   the	   deployment	   scenario.	   This	   means	   that,	   when	   two	  

telemedicine	  users	  require	  the	  same	  type	  of	  service	  level,	  it	  may	  not	  imply	  that	  they	  are	  on	  same	  priority	  

classification.	  In	  this	  context,	  a	  tele-‐diagnosis	  service	  on	  an	  emergency	  scenario	  would	  have	  to	  contend	  

for	   system	  resources	  with	  other	   lower	  priority	   service	   that	   requires	   the	  same	  type	  of	   service	   level.	  An	  

alternate	  way	  to	  solve	  this	   issue	   is	   through	  the	   implementation	  of	  a	  scheduling	  algorithm	  for	   resource	  

allocation	   that	   contemplates	   the	   priority	   level	   associated	   to	   different	   telemedicine	   applications.	  

Unfortunately,	   the	   IEEE	   802.22/WRAN	   standard	   do	   not	   include	   a	   dynamic	   spectrum	   allocation	  

mechanism	  for	  resource	  reservation	  that	  can	  be	  used	  to	  resolve	  this	  controversy.	  

On	  cognitive	  radio	  networks	  (CRN),	  the	  telemedicine	  applications	  are	  restricted	  to	  access	  spectrum	  in	  an	  

opportunistic	   manner	   as	   secondary	   users,	   only	   if	   a	   non-‐interference	   guarantee	   is	   protecting	   primary	  

users	   transmissions.	   Here,	   telemedicine	   applications	   are	   exposed	   to	   issues	   of	   bandwidth	   constraints,	  

network	   service	  denials,	  and	  a	   forced	   termination	  of	   transmissions,	  among	  others.	  Therefore,	   the	  QoS	  

provisioning	  for	  telemedicine	  service	  delivery	  on	  the	  IEEE	  802.22	  standard	  represents	  a	  major	  challenge.	  

Nevertheless,	  it	  has	  been	  shown	  that	  CRN	  can	  provide	  QoS	  guarantees	  to	  health	  applications,	  by	  means	  

of	   including	   a	   dynamic	   spectrum	   allocation	  mechanism	   (Feng	   et	   al.,	   2010a).	   In	   CRN,	   the	   QoS	   can	   be	  

achieved	  by	  designing	  adequate	  resource	  allocation	  methods	  for	  priority	  and	  periodic	  traffic	  profiles	   in	  
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an	  underlay	   cognitive	   radio	   scheme.	  As	  opposed	   to	  overlay	   schemes,	   the	  underlay	  approach	  does	  not	  

require	   leaving	   the	   entire	   channel	  when	   a	   PU	   is	   detected.	   Instead,	   the	   underlay	   scheme	   requires	   the	  

generation	  of	  notches	  in	  the	  transmission	  spectrum	  such	  that	  no	  interference	  over	  the	  PU	  is	  caused.	   It	  

has	   been	   shown	   that	   the	   underlay	   spectrum	   access	   scheme	   contributes	   to	   maximize	   the	   spectral	  

efficiency	  (Leem	  et	  al.,	  2008).	  	  Currently,	  the	  IEEE	  802.22	  standard	  defines	  that	  when	  a	  PU	  is	  detected	  in	  

the	   operation	   channel,	   the	   BS	   and	   the	   CPEs	   must	   abandon	   it	   and	   stop	   any	   transmissions	   (overlay	  

spectrum	  access	  scheme).	  Thus,	  considering	  that	  narrowband	  primary	  users,	  such	  as	  WMs,	  may	  use	  only	  

200KHz	  of	  a	  6MHz	  channel	  bandwidth,	  an	  underlay	  access	  scheme	  can	  contribute	  positively	  to	  make	  a	  

more	  efficient	  use	  of	  the	  available	  spectrum.	  In	  this	  sense,	  the	  dynamic	  allocation	  of	  radio	  resources	  for	  

secondary	  users,	  based	  on	  available	  channel	  bandwidth	  given	  by	  the	  presence	  of	  primary	  users,	  is	  still	  an	  

open	   issue	   on	   CRN,	   even	   if	  we	   assume	   a	   perfect	   detection	   of	   narrowband	  primary	   users	   towards	   the	  

implementation	  of	  an	  underlay	  access	  scheme.	  

Regarding	  the	  density	  of	  wireless	  microphones	  that	  can	  be	  present	  on	  some	  specific	  usage	  scenarios	  and	  

geographical	  locations,	  there	  are	  some	  reports	  that	  can	  be	  considered	  for	  traffic	  modeling.	  For	  instance,	  

up	  to	  50	  WMs	  can	  be	  operating	  steadily	  for	  up	  to	  3	  hours	  on	  sports	  and	  cultural	  events,	  such	  as	  super	  

bowl	  games	  and	  music	  concerts,	  which	  represents	  the	  highest	  density	  scenario	  of	  WMs	  that	  results	  on	  

the	   highest	   constraint	   scenario	   for	   bandwidth	   allocation,	   to	   any	   secondary	   user	   of	   a	   CRN	   (European	  

Commission	  &	  Directorate-‐General	  for	  the	  Information	  Society	  and	  Media,	  2013;	  Microsoft	  Corporation,	  

2013;	  The	  Coalition	  of	  Wireless	  Microphone	  Users,	  2009).	  Another	  case	  where	  a	  high	  density	  of	  WMs	  can	  

be	  found	  is	  on	  theater	  play	  events,	  where	  microphone-‐using	  hours	  can	  be	  expected,	  and	  their	  operating	  

locations	  can	  be	  estimated.	  For	  instance,	  in	  Broadway	  Avenue	  at	  New	  York	  City,	  up	  to	  20	  simultaneous	  

WMs	  may	  be	  operating	  continuously	  on	  any	  regular	  scheduled	  play	  throughout	  the	  day	  and	  eve	  hours,	  

every	  single	  day.	  Besides,	  during	  the	   length	  of	   this	  research	  work,	  authors	  could	  not	   found	  a	  valid	  and	  

usable	   traffic	   pattern	   for	  WMs	   reported	   in	   the	   literature.	   It	   can	   be	   inferred	   that	   the	   lack	   of	   a	   traffic	  

model	  of	  narrowband	  primary	  users	  for	  rural	  regions	  may	  represent	  a	  drawback	  for	  the	  implementation	  

of	  the	  underlay	  access	  scheme	  over	  the	  IEEE	  802.22/WRAN	  standard.	  Even	  more,	  this	  issue	  hinders	  the	  

design	  of	  resource	  allocation	  mechanisms	  that	  can	  be	  used	  to	  provide	  QoS	  guarantee	  for	  telemedicine	  

services	  on	  this	  type	  of	  scenarios.	  

As	  an	  starting	  point	  to	  address	  this	  issue,	  the	  authors	  in	  (Park	  et	  al.,	  2012),	  have	  proposed	  a	  traffic	  model	  

for	   narrowband	   primary	   users	   based	   on	   queuing	   theory,	   in	   order	   to	   evaluate	   network	   performance	  

under	  several	  congestion	  scenarios.	  Here,	  a	  cross-‐layer	  architecture	  has	  been	  implemented	  to	  maximize	  

the	  system	  throughput	  performance	  for	  the	  IEEE	  802.22	  standard	  in	  the	  presence	  of	  primary	  users.	  The	  
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presented	  results	  were	  based	  on	  dynamic	  spectrum	  access	  techniques	  such	  as	  subchannel	  notching	  and	  

subchannel	  bonding.	  These	  techniques	  are	  used	  with	  the	  aim	  of	  guaranteeing	  spectrum	  allocation	  over	  

generic	   constant	   bit	   rate	   and	   variable	   bit	   rate	   traffic	   flows	   even	   in	   the	   presence	   of	   primary	   users.	  	  

Nevertheless,	  this	  approach	  does	  not	  characterize	  traffic	  modeling	  of	  primary	  users	  on	  rural	  regions	  with	  

low	  population	  density.	  	  

In	  this	  context,	  a	  scheduling	  algorithm	  in	  OFDMA	  systems	  assigns	  resource	  blocks	  (RB),	  which	  represent	  a	  

specific	   number	   of	   data	   subcarriers	   allocated	   to	   each	   user	   to	   be	   transmitted	   on	   a	   time	   interval.	  

Specifically,	  a	  RB	  on	  the	   IEEE	  802.22	  standard	   is	  represented	  as	  an	  OFDM	  symbol,	   formed	  by	  one	  time	  

symbol	   and	   one	  OFDM	   subchannel.	   In	   telemedicine	   networks,	   scheduling	   algorithms	   are	   used	   to	   give	  

telemedicine	  users	  a	  bandwidth	  allocation	  priority	  among	  others	  types	  of	  traffic	  e.g.,	  web	  surfing.	  In	  long	  

range	   BWA	   communication	   systems	   (e.g.	   IEEE	   802.22-‐based	   networks),	   the	   Weighted	   Round	   Robin	  

algorithm	  has	  been	  proposed	  as	  a	  resource	  allocation	  mechanism	  for	  transmission	  scheduling	  (Jianfeng	  

Chen	  et	  al.,	  2005;	  Markarian	  et	  al.,	  2010,	  2012).	  The	  aim	  of	  implementing	  a	  Round	  Robin	  algorithm	  is	  to	  

schedule	   the	   packet	   transmission	   in	   a	   circular	  manner	   to	   provide	   fairness	   among	   all	   users	   requesting	  

system	   resources.	   On	   the	   other	   hand,	   the	   associated	   weight	   to	   each	   traffic	   flow	   allows	   including	   a	  

priority	  on	  allocation	  of	  available	  bandwidth.	   In	  other	  words,	   the	  WRR	  scheduling	  algorithm	   is	   able	   to	  

provide	   a	   fair	   access	   to	   resource	   reservation,	  while	   providing	   a	   priority	   scheme	  where	   the	   amount	   of	  

system	   resources	   that	   can	   be	   reserved	   for	   each	   traffic	   flow	   depends	   on	   its	   associated	   weight.	   For	  

instance,	   in	   telemedicine	   video	   distribution	   a	   WRR	   algorithm	   has	   been	   proposed	   for	   video	   packet	  

scheduling	   (Markarian	  et	  al.,	  2012).	   	  Even	   if	   the	  WRR	  scheduling	  algorithm	  may	  be	  used	   to	  establish	  a	  

priority	   scheme	   among	   telemedicine	   traffic	   flows	   (to	   provide	   QoS	   guarantee),	   it	   does	   not	   solve	   the	  

controversy	  of	  scheduling	  resources	  between	  two	  telemedicine	  traffic	  flows,	  which	  may	  have	  the	  same	  

weight	   but	   different	   priority	   classification	   according	   to	   its	   telemedicine	   deployment	   scenario.	  

Accordingly,	   it	   is	   required	   a	   telemedicine	   model	   that	   defines	   the	   telemedicine	   applications	   on	   its	  

characteristics	   of	   traffic	   profiles,	   data	   bandwidth	   requirements,	   utilization	   rates	   and	   time	   sustaining	  

rates,	   among	   others.	   In	   (Gallego	   et	   al.,	   2005;	   Vergados,	   2007),	   it	   has	   been	   shown	   that	   establishing	   a	  

priority	  scheme	  among	  medical	  services	  connections,	   is	  considered	  a	  better	  approach	  for	  telemedicine	  

service	  delivery	  while	  an	  adequate	  QoS	  level	  is	  provided.	  Thus,	  the	  relationship	  between	  radio	  resources	  

reservation	  and	  a	  priority	  scheme	  on	  telemedicine	  applications	  may	  affect	  the	  blocking	  probability.	  For	  

instance,	   the	  blocking	  probability	   from	  ambulance	   services	   is	   highly-‐reduced,	   at	   the	   cost	   of	   increasing	  

blocking	   probability	   of	   other	   telemedicine	   services	   (i.e.	   tele-‐consulting	   and	   tele-‐monitoring)	   which	   is	  

addressed	   by	   defining	   a	   bandwidth	   threshold	   (Niyato	   et	   al.,	   2007a;	   Zvikhachevskaya	   et	   al.,	   2009).	  



	  

	  

44	  

However,	   this	   bandwidth	   threshold	   approach	   affects	   all	   telemedicine	   services	   within	   a	   lower	   priority	  

scheme,	  which	  may	  compromise	  the	  QoS	  provisioning	  for	  these	  applications.	  

In	   other	   words,	   the	   definition	   of	   a	   telemedicine	   model	   contributes	   to	   improve	   the	   blocking	   and	  

interruption	  probabilities	  for	  high-‐priority	  services,	  by	  means	  of	  managing	  all	  available	  data	  bandwidth.	  

Therefore,	  it	  is	  necessary	  to	  define	  a	  rural	  telemedicine	  model	  that	  describes	  a	  deployment	  scenario	  by	  

means	  of	   including	   the	  rural/urban	   infrastructure	  network	  characteristics,	  and	  traffic	  profiles	  based	  on	  

telemedicine	  services	  offered	  for	  rural	  regions,	  among	  others.	  

	  

3.4. Rural	  Telemedicine	  Framework	  

Telemedicine	  is	  considered	  a	  fundamental	  tool	  to	  provide	  medical	  services	  to	  remote	  rural	  communities	  

(Malindi,	  2011).	  Unfortunately,	   to	   the	  best	  of	  our	  knowledge,	   there	   is	  not	  a	  guideline	   regarding	  which	  

telemedicine	   applications	   should	   be	   considered	   for	   rural	   telemedicine	   deployments.	   Typically,	   the	  

telemedicine	   services	   have	   been	   classified	   as:	   access	   to	   medical	   databases,	   tele-‐education,	   tele-‐

monitoring,	  tele-‐consulting	  and	  tele-‐diagnosis	  (Skorin-‐Kapov	  &	  Matijasevic,	  2010;	  Vergados	  et	  al.,	  2006;	  

Vouyioukas	   et	   al.,	   2007;	   Zvikhachevskaya	   et	   al.,	   2009).	   As	   such,	   a	   significant	   number	   of	   rural	  

telemedicine	  deployments	  reported	  in	  the	  literature	  include	  at	  least	  one	  of	  the	  following	  services:	  tele-‐

diagnosis,	   tele-‐consulting	   and	   tele-‐monitoring	   (Bravo	   et	   al.,	   2013;	   Fong	   &	   Pecht,	   2010;	   Foster,	   2010;	  

Husni	   &	   Waworundeng,	   2011;	   Kachieng’a,	   2011;	   Luo	   Kun	   &	   Wen	   Hao,	   2010;	   Meethal	   &	   J.,	   2011;	  

Mulvaney	  et	  al.,	  2010;	  Sharma	  &	  Kunwar	  Singh	  Vaisla,	  2012;	  Sudhahar	  et	  al.,	  2010;	  Wickramasinghe	  et	  

al.,	  2010;	  Zambrano	  et	  al.,	  2012;	  Zhu	  &	  Dong,	  2011).	  

As	  mentioned	  before,	   from	  a	  general	  perspective	   telemedicine	   services	   comprise	   tele-‐consulting,	   tele-‐

diagnosis,	  tele-‐monitoring,	  medical	  database	  access	  (MDBA)	  and	  tele-‐education,	  (Vergados	  et	  al.,	  2006),	  

and	  the	  inclusion	  of	  one	  or	  all	  services	  in	  a	  telemedicine	  model	  depends	  on	  the	  application	  scenario.	  For	  

instance,	  because	  of	  the	  large	  technological	  and	  health	  infrastructure	  available	  in	  countries	  like	  Germany	  

and	  the	  United	  States,	  rural	  telemedicine	  services	  focusing	  on	  home	  monitoring	  have	  been	  proposed	  (Lu	  

et	  al.,	   2010;	  Polze	  et	  al.,	   2010).	   In	   contrast	  with	  developing	   countries,	   (e.g.	  Malaysia	  and	  Bangladesh),	  

rural	   telemedicine	   is	   mainly	   focused	   on	   interconnecting	   rural	   clinics	   with	   main	   hospitals,	   in	   order	   to	  

assist	   local	  physicians	   remotely	  by	  extending	  health	  specialist	   services	   through	   tele-‐diagnosis	  and	   tele-‐

consulting	   (Ali	   et	   al.,	   2010;	   Bravo	   et	   al.,	   2013).	   Hence,	   the	   number	   of	   fixed	   and	   mobile	   wireless	  
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connections	   needed	   in	   a	   rural	   wireless	   telemedicine	   deployment	   varies	   with	   the	   proximity	   of	   the	  

population	  to	  the	  local	  clinics.	  In	  this	  sense,	  when	  there	  are	  relatively	  large	  numbers	  of	  rural	  settlements	  

in	  a	  given	  area,	  the	  number	  of	  required	  services	  may	  also	  be	  large	  	  	  

For	   instance,	   in	  Mexico	  more	   than	  37%	  of	   states	  have	  over	  30%	  of	   rural	  population.	   The	  most	  drastic	  

case	   is	   the	  State	  of	  Chiapas,	  with	  a	   rural	  population	  of	  51%,	   (INEGI,	  2011)	  which,	   incidentally,	  has	   the	  

highest	   poverty	   rate	   in	   Mexico	   with	   over	   74%	   of	   the	   population	   living	   in	   poverty	   (CONEVAL,	   2012).	  

Therefore,	   Chiapas	   is	   a	   representative	   example	   where	   people	   need	   primary	   and	   extended	   medical	  

services,	  including	  consultation	  by	  health	  specialists.	  At	  least	  30	  municipalities	  are	  located	  within	  a	  radius	  

of	  50	  km	  from	  Tuxtla	  Gutierrez,	  Chiapas’s	  capital	  (including	  the	  popular	  tourist	  city	  of	  San	  Cristobal	  de	  la	  

Casas),	   and	   15	   of	   them	   can	   be	   classified	   as	   rural.	   Based	   on	   these	   conditions,	   a	   generic	   rural	   wireless	  

telemedicine	  network	  for	  the	  IEEE	  802.16/WiMAX	  and	  IEEE	  802.22/WRAN	  architectures	  can	  be	  defined	  

(Fig.	  4).	  Here,	   the	  network	   includes	  a	  50	  km	  backhaul	   link	  between	  points	  A	  and	  B.	  Additionally,	  other	  

link	  distances	  are:	  22	  km	  (A	  to	  C),	  17	  km	  (A	  to	  D),	  18	  km	  (A	  to	  E),	  24	  km	  (A	  to	  F),	  14	  km	  (A	  to	  G),	  and	  60	  

km	  (A	  to	  H).	  

	  

Fig.	  4	  Generic	  rural	  wireless	  telemedicine	  network	  architecture	  
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In	  this	  context,	  it	  is	  important	  to	  define	  those	  telemedicine	  applications	  that	  can	  support	  a	  wide	  range	  of	  

QoS	   levels	   (e.g.	  application	   involving	  video	  and	  audio	  connections),	  depending	  on	   its	  medical	  purpose.	  

This	  way,	   those	   telemedicine	   services	   that	   could	   adapt	   their	   data	  bandwidth	   requirements	   (e.g.	   video	  

conference)	  may	  be	  capable	  to	  respond	  dynamically	  to	  bandwidth	  allocation	   in	  accordance	  to	  network	  

resources	  availability.	  	  

Thus,	  the	  rural	  telemedicine	  model	  presented	  in	  this	  section	  considers	  the	  provisioning	  of	  basic	  medical	  

services	   from	   urban	   to	   rural	   regions	   by	   enabling	   tele-‐diagnosis,	   tele-‐consulting	   and	   tele-‐monitoring	  

services.	   As	   each	   one	   of	   these	   services	   corresponds	   to	   a	   particular	   telemedicine	   scenario,	   the	  

telemedicine	  network	  should	  serve	  them	  in	  a	  hierarchical	  manner.	  For	  instance,	  an	  urgent	  scenario	  in	  an	  

ambulance	  service,	  where	  tele-‐diagnosis	  for	  an	  injured	  patient	  is	  required,	  should	  have	  a	  higher	  service	  

priority	  than	  a	  follow	  up	  tele-‐consulting	  service.	  Hence,	  emergency	  and	  non-‐emergency	  scenarios	  must	  

be	   considered	   within	   the	   rural	   telemedicine	   model,	   which	   will	   lead	   to	   define	   different	   priorities	   and	  

traffic	  profiles	  for	  each	  service.	  

3.4.1. Telemedicine	  based	  on	  Tele-‐diagnosis,	  Tele-‐consulting	  and	  Tele-‐Monitoring	  Services	  

A	  general	  telemedicine	  model	  that	  includes	  a	  prioritized	  scheme	  to	  provide	  admission	  control	  in	  wireless	  

healthcare	   information	   systems	   has	   been	   proposed	   in	   (Vergados,	   2007).	   The	   policy	   management	  

included	   in	  the	  general	  model	  defines	  three	  classes	  of	  telemedicine	  applications:	  emergency-‐response-‐

real-‐time	  with	  highest	  priority;	  non-‐emergency-‐real-‐time	  with	  medium	  priority;	  and	  non-‐emergency-‐no-‐

real-‐time	  with	   low	   priority.	   This	  way,	   the	   admission	   of	   a	   telemedicine	   application	   is	   evaluated	   by	   the	  

policy	  management	   strategy,	   to	  accept	  or	   reject	   its	   connection	   link	   to	   the	   system.	  This	   general	  model	  

system	  does	  not	  include	  a	  resource	  block	  allocation	  mechanism	  to	  provide	  data	  bandwidth	  allocation	  to	  

telemedicine	   applications.	   However,	   the	   classification	   based	   on	   the	   emergency	   nature	   of	   the	  

telemedicine	  applications	  is	  useful	  to	  establish	  a	  hierarchy.	  Thus,	  the	  rural	  telemedicine	  model	  proposed	  

in	  this	  thesis	  adopts	  the	  ERrt,	  nERrt	  and	  nERnrt	  classification	  for	  the	  offered	  services.	  	  

The	   model	   considers	   three	   different	   telemedicine	   scenarios	   based	   on	   the	   patient	   health	   condition:	  

chronic	   condition,	   medical	   control	   condition,	   and	   emergency	   condition	   (Fig	   5).	   The	   chronic	   condition	  

scenario	   involves	  patients	  with	  a	  chronic	  condition	  (e.g.	  diabetes,	  hypertension,	  etc.)	  where	  the	  health	  

specialist	  requires	  a	  tele-‐monitoring	  service	  to	  observe	  any	  unusual	  changes	  in	  the	  patient	  health	  status	  

(examples	  of	   this	  kind	  of	  scenario	  are	  provided	   in	   (Bai	  &	  K,	  2008;	  Saponara	  et	  al.,	  2012)).	  Because	   the	  

medical	   purpose	   of	   this	   telemedicine	   service	   is	   follow-‐up,	   it	  will	   be	   assumed	   that	   the	   tele-‐monitoring	  
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service	  will	   be	  provided	  within	   the	   rural	   clinic	   and	   the	   collected	   information	  will	   be	   transmitted	   to	  an	  

urban	   hospital	   for	   its	   analysis,	   processing,	   and	   storage.	   Therefore,	   this	   service	   is	   not	   considered	   an	  

emergency	  and	  does	  not	  require	  real-‐time	  transmission.	  Thus,	  the	  traffic	  profile	  of	  the	  tele-‐monitoring	  

service	   within	   the	   chronic	   scenario	   will	   be	   considered	   as	   a	   nERnrt	   transmission	   for	   QoS	   provisioning.	  

Additionally,	   it	   will	   be	   assumed	   that	   the	   telemedicine	   service	   (assisted	   by	   a	   local	   physician)	   will	   be	  

organized	  by	  the	  rural	  clinic,	  based	  on	  scheduled	  appointments	  to	  provide	  follow-‐up	  consultations.	  	  

The	  medical	  control	  condition	  represents	  a	  patient	  that	  requires	  a	  tele-‐consulting	  service	  from	  a	  health	  

specialist	   for	   medical	   evaluation	   purposes.	   Video	   and	   audio	   streaming	   in	   a	   teleconference	   system	   is	  

enough	   to	   perform	   a	   basic	   tele-‐consulting	   service	   (see	   examples	   in	   (Kim	   et	   al.,	   2009)).	   Similar	   to	   the	  

chronic	  scenario,	  it	  will	  be	  assumed	  that	  the	  tele-‐consulting	  service	  provision	  will	  be	  based	  on	  scheduled	  

appointments	  within	  the	  local	  clinic.	  This	  way,	  the	  local	  physician	  and	  the	  patient	  will	  be	  connected	  with	  

the	  health	   specialist	   through	  a	   teleconference	   system	  to	  perform	   the	  medical	  evaluation	  consultation.	  

Because	   this	   tele-‐consulting	   service	   is	   not	   considered	   an	   emergency,	   but	   requires	   a	   real-‐time	  

transmission,	  it	  will	  be	  classified	  as	  a	  nERrt	  transmission	  for	  QoS	  provisioning.	  	  

	  

Fig.	  5.	  Telemedicine	  scenarios	  based	  on	  the	  rural	  telemedicine	  model:	  a)	  chronic,	  b)	  medical	  control,	  c)	  emergency.	  	  
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Finally,	  the	  emergency	  condition	  scenario	  represents	  patients	  that	  require	  tele-‐diagnosis	  services	  from	  a	  

health	  specialist	  (assisted	  by	  paramedics)	  within	  an	  ambulance,	  located	  outside	  the	  hospital	  and	  the	  local	  

clinic,	   for	   emergency	   purposes	   (examples	   of	   this	   emergency	   scenarios	   are	   provided	   in	   (Gallego	   et	   al.,	  

2005;	   Niyato	   et	   al.,	   2007a)).	   Because	   this	   telemedicine	   service	   involves	   emergency	   consultation	   prior	  

ambulance	   transportation,	   it	   will	   be	   assumed	   that	   the	   tele-‐diagnosis	   service	   will	   be	   provided	   on	   the	  

emergency-‐site.	  This	  way,	  the	  transmission	  of	  the	  patient	  vital	  signs	  can	  be	  used	  for	  pre-‐hospitalization	  

arrangements,	   patient	   health	   stabilization	   and/or	   second	   opinion	   consultation	   via	   a	   teleconference	  

session.	   Because	   this	   tele-‐diagnosis	   service	   is	   considered	   an	   emergency	   the	   transmission	   of	   real-‐time	  

data	  is	  required.	  Thus,	  this	  emergency	  condition	  scenario	  will	  be	  classified	  as	  an	  ERrt	  transmission	  with	  

the	  highest	  priority	  for	  QoS	  provisioning.	  

Based	   on	   previously	   mentioned	   scenarios,	   a	   list	   of	   minimum	   data	   rates	   (per	   sensor)	   for	   each	  

telemedicine	  service	  is	  shown	  in	  Table	  2.	  The	  data	  in	  this	  table	  was	  obtained	  from	  (Bai	  &	  K,	  2008;	  Chan	  et	  

al.,	   1999;	  Gallego	  et	  al.,	   2005;	  Kim	  et	  al.,	   2009;	  Niyato	  et	  al.,	   2007a;	  Rao	  et	  al.,	   2009;	   Saponara	  et	  al.,	  

2012;	  Tsapatsoulis	  et	  al.,	  2007).	  Note	  that	  the	  overall	  data	  bandwidth	  required	  for	  tele-‐monitoring,	  tele-‐

consulting	  and	  tele-‐diagnosis	  services	  are	  18.4	  kbps,	  400	  kbps	  and	  968	  kbps,	  respectively.	  

Here,	  a	  teleconference	  system	  for	  tele-‐consulting	  service	  includes	  three	  basic	  operating	  modes:	  a	  High-‐

resolution	   teleconference	   (with	   a	   resolution	   of	   320x240	   pixels	   running	   at	   25	   frames	   per	   seconds),	   a	  

Medium-‐resolution	   teleconference	   (with	   a	   resolution	   of	   160x120	   pixels	   running	   at	   25	   frames	   per	  

seconds),	  and	  audio-‐only	   teleconference	   (with	  a	  quality	  audio	  bit	   rate	  of	  128Kbps	  that	   is	  also	   included	  

within	  high,	  and	  medium	  resolution	  modes).	  Different	  to	  tele-‐consulting	  service,	  the	  tele-‐diagnosis	  video	  

has	  a	  highest	  resolution	  of	  432x240	  pixels	  running	  at	  30	  frames	  per	  second.	  Additionally,	  tele-‐diagnosis	  

service	   includes	   a	   high	   quality	   audio	   bit	   rate	   of	   192	   Kbps.	   In	   this	   context,	   both	   telemedicine	   services	  

(tele-‐consulting	  and	   tele-‐diagnosis)	  data	  bandwidth	   requirements	  assumes	  a	  H.264/AVC	  coding	   format	  

for	  compression	  purposes	  (Panayides	  et	  al.,	  2012;	  Stockhammer	  et	  al.,	  2003).	  From	  Table	  I,	  it	  can	  be	  seen	  

that	   the	   tele-‐diagnosis	   systems	   not	   only	   requires	   highest	   QoS	   priority,	   and	   it	   also	   has	   the	   highest	  

requirements	  in	  terms	  of	  bandwidth.	  Thus	  the	  scheduler	  must	  consider	  both,	  the	  QoS	  required	  by	  each	  

service,	  and	  the	  resources	  needed	  to	  attend	  these	  services.	  	  
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Table	  2.	  Telemedicine	  scenarios	  and	  minimum	  data	  rates	  per	  sensor	  

Telemedicine	  scenario	   Sensor	  description	   Minimum	  data	  
rate	  (Kbps)	  

Chronic	  Condition	  
Tele-‐monitoring	  
nERnrt/nrtPS	  

ECG	  (3	  leads)	   18	  
SpO2	   .03	  
Blood	  pressure	   .064	  
Weight	   .032	  
Chest	  Impedance	   .25	  
3	  axes	  posture	   .024	  

Medical	  Control	  Condition	  
Tele-‐consulting	  
nERrt/rtPS	  

High	  Resolution	   404	  
Medium	  Resolution	   198	  
Audio-‐only	   128	  

Emergency	  Condition	  
Tele-‐diagnosis	  
ERrt/UGS	  

ECG	  (12	  leads)	   288	  
High	  quality	  video	   640	  
Blood	  pressure	   36	  
Diagnostic	  sound	  and	  voice	   2	  
Heart	  bit	  rate	   2	  

	  

In	  this	  context,	  it	  is	  important	  to	  notice	  that	  the	  definition	  of	  telemedicine	  model	  should	  consider	  those	  

applications	   that	   can	   support	   a	   wide	   range	   of	   QoS	   levels	   (e.g.	   application	   involving	   video	   and	   audio	  

connections),	   depending	   on	   its	   medical	   purpose.	   This	   way,	   those	   telemedicine	   services	   (i.e.	   tele-‐

consulting)	  that	  could	  adapt	  their	  data	  bandwidth	  requirements	  (e.g.	  video	  conference)	  may	  be	  capable	  

to	  respond	  dynamically	  to	  bandwidth	  allocation	  in	  accordance	  to	  network	  resources	  availability.	  Hence,	  

the	   following	   subsection	   presents	   a	   description	   of	   tele-‐consulting	   telemedicine	   services,	   as	   an	   special	  

case	  on	  the	  rural	  telemedicine	  model.	  

3.4.2. Telemedicine	  based	  on	  Special	  Case	  of	  Tele-‐consulting	  

In	   Mexico,	   only	   the	   telemedicine	   network	   deployed	   in	   Nuevo	   Leon	   provides	   information	   about	   the	  

location	  of	   the	  considered	  rural	   facilities,	   in	   this	  case	  tele-‐consulting	  as	  reported	  by	   (Ramos-‐Contreras,	  

2016).	  Here,	   rural	   regions	   in	  Nuevo	  Leon	   involve	  a	  complex	  orography	   that	   includes	  a	  mountain	   range	  

named	   the	   Sierra	   Madre	   Oriental.	   This	   means	   that	   the	   deployment	   of	   infrastructure	   to	   achieve	   LOS	  

conditions	   is	   not	   feasible.	   Thus,	   in	   the	   case	   of	   Nuevo	   Leon	   rural	   regions	   NLOS	   conditions	   were	  

considered.	   Hence,	   considering	   the	   maximum	   radio	   range	   of	   50	   km	   on	   NLOS	   condition	   of	   IEEE	  

802.22/WRAN	   and	   the	   geographic	   distribution	   rural	   telemedicine	   facilities	   in	   Nuevo	   Leon,	   it	   can	   be	  

concluded	  that	  a	  BS	  located	  on	  Montemorelos	  could	  provide	  telemedicine	  services	  for	  most	  of	  the	  other	  

rural	  telemedicine	  hubs	  previously	  mentioned	  (Galeana,	  Linares,	  Santiago	  and	  Allende).	  Specifically,	  the	  
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Euclidian	   distances	   between	   the	  Montemorelos	   rural	   hospital	   and	   other	   rural	   facilities	   are	   as	   follows:	  

Galeana	   47	   km,	   Linares	   45	   km,	   Santiago	   40	   km	   and	   Allende	   21	   km.	   This	   means	   that	   a	   BS	   located	   in	  

Montemorelos	   could	   provide	   telemedicine	   services	   to	   the	   Allende	   rural	   hospital	   with	   the	   data	   rates	  

supported	  within	  the	  IEEE	  802.22/WRAN	  16-‐QAM	  coverage	  range.	  On	  the	  other	  hand,	  the	  same	  BS	  could	  

provide	   data	   rates	   within	   the	   IEEE	   802.22/WRAN	   QPSK	   coverage	   range	   for	   local	   clinics	   located	   on	  

Galeana,	  Santiago	  and	  Linares.	  This	  way,	  practitioners	  of	  Montemorelos	  hospital	  could	  provide	  specialty	  

assistance	   to	   other	   rural	   health	   professionals	   located	   nearby	   as	   an	   alternative	   option	   to	   wait	   for	   a	  

personal	  appointment	  in	  Monterrey	  city.	  

Regarding	  data	   traffic	   connections	  generated	  by	   telemedicine	   services,	   they	  will	   be	   characterized	  by	  a	  

negative	   exponential	   distribution,	  with	   average	   interarrival	   and	   departure	   times	   given	   by	   1/λ	   and	   1/μ	  

respectively	   (Van	   Mieghem,	   2009).	   Thus,	   the	   average	   number	   of	   active	   users	   in	   the	   system	   will	   be	  

affected	  by	  these	  two	  parameters.	  Considering	  the	  rural	  telemedicine	  projects	  reported	  in	  (Kapoor	  L	  et	  

al.,	   2005;	   Meethal	   &	   J.,	   2011;	   Mulvaney	   et	   al.,	   2010;	   Sharma	   &	   Kunwar	   Singh	   Vaisla,	   2012;	  

Wickramasinghe	   et	   al.,	   2010;	   Zhu	   &	   Dong,	   2011),	   currently	   a	   rural	   telemedicine	   center	   can	   have	   an	  

average	  arrival	  rate	  of	  one	  to	  two	  tele-‐consulting	  session	  requests	  per	  hour.	  According	  to	  (Vargas	  et	  al.,	  

2014),	  the	  average	  time	  duration	  of	  a	  tele-‐consulting	  session	  is	  30	  minutes	  per	  telemedicine	  session.	  	  

The	   implementation	   of	   a	   telemedicine	   network	   enables	   the	   access	   to	   medical	   services	   for	   rural	  

populations.	   Thus,	   its	   successful	   deployment	   involves	   several	   challenges	   that	   range	   from	   time-‐

reservation	   of	   medical	   resources	   to	   the	   mobility	   of	   patients.	   In	   this	   context,	   a	   rural	   tele-‐consulting	  

appointment	   represents	   a	   coordinate	   effort	   that	   involves	   highly	   valuable	   resources	   from	   a	   technical,	  

medical	  and	  human	  perspective.	  Thus,	   the	  cancellation	  of	  a	  rural	   telemedicine	  service	  results	   in	  a	  sub-‐

utilization	  of	  human	  resources	  and	  a	  major	  inconvenience	  for	  patients.	  In	  order	  to	  reduce	  cancellation	  of	  

rural	   tele-‐consulting	   sessions,	   a	   telemedicine	   system	   based	   on	   videoconference	   applications	   could	  

reduce	  the	  required	  bandwidth	  per	  session	  by	  adjusting	  the	  video	  or	  audio	  quality	  when	  the	  networks	  

resources	  become	  scarce.	  With	  this	  in	  mind,	  a	  tele-‐consulting	  service	  with	  high-‐resolution	  video	  might	  be	  

set	  to	  a	  default	  value	  when	  there	  is	  enough	  bandwidth.	  However,	  as	  the	  number	  of	  simultaneous	  active	  

tele-‐consulting	   sessions	   increases	   and	   the	   available	   bandwidth	   left	   is	   reduced,	   services	  with	  medium-‐

resolution	  video	  or	  even	  audio	  only	  could	  be	  offered	  instead	  of	  completely	  cancelling	  the	  telemedicine	  

appointment.	  

Unfortunately,	   specific	   technical	   details	   about	   the	   architecture,	   configuration	   and	   technology	   of	   the	  

videoconference	  system	  used	  for	  tele-‐consulting	  were	  not	  provided	   in	  (Kapoor	  L	  et	  al.,	  2005;	  Pacheco-‐
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López	  et	  al.,	  2011;	  Vargas	  et	  al.,	  2014;	  Zanaboni	  et	  al.,	  2009).	  Regarding	  the	  Nuevo	  Leon	  tele-‐consulting	  

service,	   it	   is	   reported	   in	   (Mariscal-‐Aviles	   et	   al.,	   2014)	   that	   bandwidths	   above	   2	   Mbps	   between	   the	  

telemedicine	  facility	  and	  the	  rural	  clinic	  are	  desirable.	  Contrastingly,	  the	  solution	  reported	  in	  (Vargas	  et	  

al.,	   2014)	   states	   that	   its	   aim	   is	   to	   enable	   telemedicine	   services	   over	   data	   networks	   with	   limited	  

bandwidths.	   It	   is	   important	   to	   note	   that	   these	   works	   report	   results	   from	   tele-‐consulting	   services	  

provided	  with	  telemedicine	  networks	  that	  used	  the	  videoconferencing	  technology	  available	  at	  the	  time	  

of	  deployment.	  As	   the	   technology	  has	  evolved	   it	   is	   fair	   to	  assume	  that	  new	  telemedicine	  deployments	  

will	   use	   new	   codecs	   and	   will	   require	   lower	   data	   rates	   than	   those	   reported	   in	   (Mariscal-‐Aviles	   et	   al.,	  

2014).	  Therefore,	   the	  rural	   telemedicine	  model	  presented	   in	   this	   thesis	  considers	  using	  the	  H.264/AVC	  

coding	   format,	   which	   has	   been	   widely	   adopted	   as	   a	   typical	   standard	   for	   videoconference	   systems	  

(Wiegand	  et	  al.,	  2003).	  Moreover,	  H.264/AVC	  has	  been	  specially	  considered	  for	  videoconference	  systems	  

working	  over	  wireless	  networks,	  as	  it	  can	  support	  different	  video	  resolutions	  levels	  (Stockhammer	  et	  al.,	  

2003).	  Without	  loss	  of	  generality,	   in	  this	  work	  it	  will	  be	  assumed	  that	  a	  tele-‐consulting	  service	  for	  rural	  

regions	   based	   on	   the	   H.264/AVC	   coding	   format	   can	   include	   the	   following	   options:	   a	   high-‐resolution	  

videoconference	   with	   video	   of	   320x240	   pixels	   (25	   frames	   per	   seconds),	   a	   medium-‐resolution	  

videoconference	  with	  video	  of	  160x120	  pixels	  (25	  frames	  per	  seconds)	  and	  audio-‐only	  conference	  with	  

404.3	  kbps,	  198.6	  kbps	  and	  128	  kbps	  bandwidth,	  correspondingly	  	  

Once	   defined	   the	   codec	   and	   video	   quality	   options,	   upper	   layer	   overhead	   from	   Real	   Time	   Transport	  

Protocol	  (RTP)	  over	  User	  Datagram	  Protocol	  (UDP)	  must	  be	  considered	  in	  the	  analysis.	  The	  RTP	  and	  UDP	  

header	  payloads	  formats	  for	  H.264	  are	  12	  and	  8	  bytes	  per	  packet	  respectively	  (Eggert	  &	  Fairhurst,	  2008;	  

Wang	  et	  al.,	  2011).	  Therefore,	  the	  data	  bandwidth	  requirements	  considered	  to	  enable	  a	  tele-‐consulting	  

session	   are:	   408.8	   Kbps	   for	   high-‐resolution	   videoconference,	   202.8	   Kbps	   for	   medium-‐resolution	  

videoconference	  and	  132.8	  Kbps	  for	  audio-‐only	  enabled	  tele-‐consulting.	  	  

	  

3.5. Chapter	  Summary	  

Through	  the	  use	  of	  TV	  white	  spaces,	  wireless	  high	  data	  rate	  connectivity	  could	  be	  provided	  to	  rural	  and	  

suburban	  areas	  because	  of	  low	  propagation	  losses	  in	  TVWS	  spectrum	  (Molisch	  et	  al.,	  2009).	  At	  the	  end	  of	  

2011,	   the	   IEEE	  Working	  Group	  for	  Wireless	  Regional	  Area	  Networks	  released	  the	   IEEE	  802.22	  standard	  

(IEEE-‐SA	   Standards	   Board,	   2011),	   which	   was	   the	   first	   standard	   considering	   TVWS	   use.	   The	   IEEE	  

802.22/WRAN	  standard	  defines	  a	   basic	   architecture	   for	  WRANs	   implementations	  using	   cognitive	  radio	  



	  

	  

52	  

capabilities	  over	  TVWS	  frequency	  bands.	  The	  IEEE	  802.22/WRAN	  standard	  aims	  to	  provide	  wireless	  data	  

connectivity	  within	  a	   coverage	   ratio	  of	  up	   to	  50	  km	  on	  NLOS	  conditions	  and	  a	  maximum	  transmission	  

distance	  of	  100	  km	  in	  LOS	  conditions	  for	  a	  single	  IEEE	  802.22/WRAN	  base	  station,	  with	  peak	  data	  rates	  of	  

up	  to	  22.69	  Mbps	  on	  a	  single	  channel.	  	  

Therefore,	  an	  alternative	  solution	  could	  be	  the	  deployment	  of	  wireless	  telemedicine	  networks	  based	  on	  

the	   IEEE	  802.22	   standard.	  Theoretically,	   this	   standard	  could	  double	   the	  coverage	   range	  offered	  by	   the	  

IEEE	   802.16/WiMAX	   standard.	   The	   IEEE	   802.22	   standard	   defines	   a	   CRN	   technology	   that	   uses	   an	  

opportunistic	  spectrum	  access	  scheme.	  Consequently,	  QoS	  provisioning	  as	  required	  by	  telemedicine	  and	  

m-‐Health	  networks	  may	  present	  a	  major	   challenge.	  Nevertheless,	   in	   (Feng	  et	  al.,	   2010b)	   it	  was	   shown	  

that	   by	   designing	   resource	   allocation	  methods	   both	   the	   urgent	   and	   periodic	   traffic	   profiles,	   the	   CRNs	  

standard	  is	  a	  suitable	  technology	  for	  wireless	  telemedicine	  implementations.	  

Despite	   its	   potential,	   before	  planning	   and	  deploying	   telemedicine	   services	  over	   an	   IEEE	  802.22/WRAN	  

network,	  the	  CR	  radio	  approach	  adopted	  by	  the	  standard	  must	  be	  considered.	  The	  IEEE	  802.22/WRAN	  CR	  

capabilities	  are	  used	  to	  avoid	  interfering	  legacy	  narrowband	  primary	  users	  of	  the	  TVWS	  spectrum,	  as	  is	  

the	  case	  of	  wireless	  microphones	  (Deb	  et	  al.,	  2009;	  IEEE-‐SA	  Standards	  Board,	  2011).	  This	  implies	  that	  on	  

a	   NPU	   detection	   the	   physical	   layer	   of	   an	   IEEE	   802.22/WRAN	   BS	   must	   release	   the	   wireless	   channel	  

resources,	  which	  in	  turn	  may	  lead	  to	  either	  dropping	  an	  active	  connection	  or	  rejecting	  new	  connection	  

requests.	   In	   the	   case	   of	   telemedicine	   networks,	   this	   could	   have	   a	   direct	   impact	   on	   the	   number	  

telemedicine	  services	  that	  can	  be	  offered,	  as	  one	  or	  several	  services	  might	  have	  to	  be	  dropped	  in	  order	  

to	  allocate	  resources	  for	  primary	  users.	  Hence,	  before	  implementing	  telemedicine	  services	  delivery	  over	  

IEEE	   802.22/WRAN,	   it	   is	   necessary	   to	   consider	  mechanisms	   aimed	   at	  maximizing	   the	   use	   of	   available	  

wireless	   radio	  spectrum	  resources.	  Particularly,	  a	  scheduler	  mechanism	  to	  guarantee	  quality	  of	  service	  

provisioning	  for	  telemedicine	  services	  by	  means	  of	  reserving	  network	  resources	  is	  required.	  In	  addition,	  

an	   access	   control	   mechanism	   is	   also	   required	   in	   order	   to	   decide	   whether	   to	   accept	   or	   reject	   new	  

resource	  allocation	  requests	  based	  on	  current	  radio	  resources	  availability.	   	  
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Chapter 4. An	   Adaptive	   Cross-‐layer	   Admission	   Control	  
Mechanism	  for	  Telemedicine	  

4.1. Introduction	  

Commonly,	   AC	   mechanisms	   in	   telemedicine	   networks	   define	   different	   quality	   of	   service	   levels	   for	  

different	   telemedicine	   services	   (Chen	   et	   al.,	   2011;	   Feng	   et	   al.,	   2010a;	   Matalgah	   et	   al.,	   2013;	  

Phunchongharn	  et	  al.,	  2010).	  In	  the	  context	  of	  telemedicine	  service	  delivery	  over	  BWA	  technology,	  two	  

AC	  mechanisms	  with	  a	  priority	  scheme	  for	   IEEE	  802.16/WiMAX	  were	  previously	  proposed	   in	   (Niyato	  et	  

al.,	   2007a;	   Zvikhachevskaya	   et	   al.,	   2009).	   In	   these	   works,	   telemedicine	   services	   with	   heterogeneous	  

telemedicine	   traffic	   were	   considered,	   i.e.,	   tele-‐diagnosis,	   tele-‐consulting	   and	   tele-‐monitoring.	   The	  

proposed	  AC	  mechanism	   introduced	  on	  these	  works	  accepts	  or	   rejects	  an	  admission	  request	  based	  on	  

the	   type	  of	  QoS	  assigned	  and	   the	  bandwidth	   resource	  availability.	  For	  example,	   tele-‐diagnosis	   services	  

have	   the	   highest	   priority	   and	   are	   provided	  with	   IEEE	   802.16/WiMAX	   unsolicited	   grant	   service	   type	   of	  

service,	  whereas	  tele-‐consulting	  services	  have	  a	  medium	  priority	  and	  are	  provided	  with	  real-‐time	  polling	  

service	  type	  of	  service.	  This	  way	   the	  AC	  mechanism	  allocates	  more	  radio	  spectrum	  resources	  to	  critical	  

telemedicine	  services.	  Note	  that	  the	  AC	  mechanism	  proposed	  in	  (Niyato	  et	  al.,	  2007a;	  Zvikhachevskaya	  

et	  al.,	  2009)	  might	  not	  be	  straightforward	  used	  for	  IEEE	  802.22/WRAN-‐based	  rural	  telemedicine	  delivery,	  

because	  of	  the	  bandwidth	  availability	  constraints	  imposed	  by	  the	  random	  appearance	  of	  primary	  users.	  

On	   rural	   telemedicine	   deployments	   the	   sessions	   are	   mainly	   performed	   between	   a	   local	   clinic	   and	   a	  

hospital.	   In	   this	   case,	   the	  patient	   interacts	  with	  a	  health	   specialist	   through	  a	   local	  physician	   (or	  health	  

professional)	  that	  is	  always	  assisting	  on	  session.	  In	  fact,	  according	  to	  several	  studies,	  (Sachpazidis	  et	  al.,	  

2005;	  Smith	  et	  al.,	  2005;	  Vargas	  et	  al.,	  2014;	  Zanaboni	  et	  al.,	  2009),	  rural	  tele-‐consulting	  services	  usually	  

follow	   an	   appointment	   schedule,	   as	   these	   sessions	   involve	   aspects	   like	   reservation-‐time	   of	   medical	  

resources.	   Moreover,	   the	   appointment	   schedule	   scheme	   on	   rural	   telemedicine	   service	   delivery	   also	  

responds	  to	  the	  number	  of	  patients	  that	  require	  a	  second	  opinion	  to	  evaluate	  their	  health	  status,	  which	  

in	  some	  cases	  could	  potentially	  reach	  the	  quantity	  of	  50	  tele-‐consulting	  sessions	  per	  day	  (Sachpazidis	  et	  

al.,	  2005).	  Thus,	  in	  the	  described	  context,	  it	  can	  be	  assumed	  that	  most	  of	  the	  telemedicine	  traffic	  from	  a	  

clinic	   on	   rural	   deployment	   scenarios	   consists	   of	   tele-‐consulting	   sessions	   that	   have	   the	   same	   priority.	  

Therefore,	  in	  rural	  scenarios,	  the	  priority	  AC	  scheme	  proposed	  in	  (Niyato	  et	  al.,	  2007a;	  Zvikhachevskaya	  

et	  al.,	  2009),	  could	  have	  low	  or	  even	  null	  impact	  because	  most	  of	  the	  traffic	  has	  the	  same	  priority.	  In	  fact,	  

under	  such	  traffic	  assumption,	  this	  AC	  mechanism	  is	  reduced	  to	  a	  first-‐come,	  first-‐served	  (FCFS)	  scheme.	  	  
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A	  typical	  AC	  mechanism	  mainly	  considers	  the	  currently	  available	  resources	  as	  an	  admittance	  criterion.	  In	  

the	   homogeneous	   telemedicine	   services	   scenario,	   using	   an	   AC	   mechanism	   based	   on	   a	   simple	   FCFS	  

scheme	  will	   reject	   new	   connections	   if	   there	   are	   not	   enough	   resources	   available.	   Even	  worst,	   for	   IEEE	  

802.22/WRAN	   networks	   an	   active	   connection	   might	   be	   dropped	   because	   of	   a	   random	   primary	   user	  

transmission.	   Nevertheless,	   several	   telemedicine	   services	   (e.g.	   tele-‐consulting)	   are	   able	   to	   support	  

different	  data	  bandwidths	  depending	  on	  its	  medical	  purpose	  and	  operation	  mode	  (Gallego	  et	  al.,	  2005;	  

Meethal	   &	   J.,	   2011;	   Sharma	   &	   Kunwar	   Singh	   Vaisla,	   2012;	   Sudhahar	   et	   al.,	   2010;	   Vergados,	   2007;	  

Wickramasinghe	  et	  al.,	  2010).	  Thus,	   if	  different	  data	  bandwidths	  are	  supported	  at	  the	  application	  layer	  

(e.g.	   for	   a	   tele-‐consulting	   videoconference),	   the	   use	   of	   an	   AC	   mechanism	   like	   the	   one	   proposed	   in	  

(Niyato	  et	  al.,	  2007a;	  Zvikhachevskaya	  et	  al.,	  2009),	  might	  result	  on	  dropping	  or	  rejecting	  telemedicine	  

sessions	  that	  could	  be	  otherwise	  serviced	  by	  making	  adjustments	  at	  the	  application	   layer	  and	  properly	  

reassigning	  network	  resources.	   In	  the	  case	  of	  rural	  telemedicine	  deployments,	  dropping	  or	  cancelling	  a	  

telemedicine	   session	   represents	  a	  major	  drawback	   for	  patients	  and	  medics,	   as	  patients	  would	  have	   to	  

reschedule	  their	  appointments	  and	  the	  medic	  resources	  would	  be	  underutilized.	  From	  a	  patient	  point	  of	  

view,	   an	   appointment	   rescheduling	   may	   involve	   disruptions	   from	   productive	   activities	   related	   to	   the	  

patient	  financial	  support.	  Furthermore,	  a	  rescheduling	  may	  lead	  to	  long	  time	  delays	  in	  receiving	  medical	  

attention,	  which	  in	  turns	  may	  lead	  to	  financial	  losses	  and	  health-‐threatening	  situations.	  Therefore,	  in	  the	  

homogeneous	   rural	   telemedicine	   service	   scenario,	   it	  would	  be	  preferable	   to	  make	   adjustments	   at	   the	  

application	  layer	  (if	  possible)	  rather	  than	  rejecting	  or	  dropping	  a	  session.	  Thus,	  reducing	  the	  blocking	  and	  

dropping	  probabilities	  in	  rural	  telemedicine	  networks	  represent	  a	  major	  issue	  for	  the	  deployment	  of	  this	  

kind	   of	   networks.	   It	   is	   important	   to	   note	   that	   reducing	   these	   probabilities	   is	   particularly	   relevant	   for	  

patients	  with	   limited	  mobility	   such	  as	  post-‐operatory	  patients	   (on	   follow-‐up	   consultations)	  or	  patients	  

with	   chronic	   diseases	   (requiring	   specialized	   medical	   treatments).	   In	   this	   sense,	   to	   the	   best	   of	   our	  

knowledge,	   the	   design	   of	   an	  AC	  mechanism	   for	   IEEE	   802.22/WRAN-‐based	   telemedicine	   networks	   that	  

evaluates	   if	  a	  new	  connection	  can	  be	  established	  based	  on	  both,	  the	  amount	  of	  existing	  resources	  and	  

the	  possibility	  of	  making	  adjustments	  at	  the	  application	  layer	  (APP),	  has	  not	  been	  previously	  proposed.	  	  

The	   design	   of	   an	   AC	  mechanism	   aimed	   at	   decreasing	   the	   blocking	   probability	   by	  means	   of	   allocating	  

available	  bandwidth	  while	  considering	  the	  particular	  characteristics	  of	  telemedicine	  applications	  is	  not	  a	  

trivial	  task.	  The	  lack	  of	  awareness	  at	  the	  application	  layer	  about	  system	  resources	  availability	  is	  a	  major	  

issue	  for	  the	  design	  of	  such	  AC	  mechanism.	  Therefore,	  a	  cross-‐layer	  strategy	  must	  be	  considered	  in	  order	  

to	  exchange	  information	  between	  the	  application	  and	  the	  system	  lower	  layers.	  In	  this	  work	  a	  cross-‐layer	  

AC	  mechanism	   that	   adapts	   tele-‐consulting	   service	   levels	   (on	   video	   and	   audio	   resolutions)	   to	   available	  
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system	   resources	   is	  proposed.	  The	   cross-‐layer	  AC	  mechanism	  considers	   that	   telemedicine	   services	   can	  

support	  different	  levels	  of	  video	  and	  audio	  resolutions	  for	  tele-‐consulting	  services.	  	  

The	   novelty	   of	   the	   proposed	   AC	   mechanism	   is	   based	   on	   providing	   new	   admission	   alternatives	   for	  

telemedicine	   services	   that	   support	   different	   data	   bandwidths	   at	   the	   APP.	   Such	   alternatives	   can	   be	  

offered	  by	  enabling	  the	  interaction	  between	  the	  APP	  and	  the	  medium	  access	  control	  layers.	  This	  way	  the	  

system	   can	   use	  more	   than	   one	   criterion	   to	   determine	   admission/rejection	   of	   a	   new	   connection.	   Such	  

criteria	  can	  include	  traffic	  profile	  information	  abstracted	  from	  the	  APP	  and	  network	  resources	  availability	  

abstracted	  from	  the	  MAC.	  This	  way	  the	  system	  will	  be	  capable	  of	  evaluating	  a	  new	  connection	  admission	  

based	   on	   MAC	   layer	   resources	   availability	   and	   data	   bandwidth	   requirements	   from	   the	   APP	   (without	  

affecting	  previously	  admitted	  connections).	  	  

The	  proposed	  approach	  assumes	   that	   initially	  all	   tele-‐consulting	   services	   request	  high-‐resolution	  video	  

service,	   but	   that	   they	   can	   support	  medium-‐resolution	   video	   sessions	   and	   even	   audio-‐only	   sessions	   as	  

well.	  As	  previously	  mentioned,	   rural	   tele-‐consulting	  sessions	  are	  usually	  programmed	   in	  accordance	   to	  

medical	   resource	   availability,	   thus	   the	   cancellation	   of	   a	   telemedicine	   session	   due	   to	   an	   AC	   rejection	  

represents	  a	  major	  drawback	  for	  patients	  and	  medics.	  

To	  demonstrate	  the	  proposed	  AC	  mechanism	  applicability	  for	  rural	  telemedicine	  network	  deployments,	  a	  

proper	   rural	   telemedicine	   model	   is	   proposed	   considering	   a	   survey	   of	   different	   rural	   telemedicine	  

deployments	   around	   the	  world.	   Assuming	   the	   scenario	   conditions	   (e.g.	   traffic	   profile)	   imposed	   by	   the	  

proposed	   telemedicine	  model,	   the	   performance	   of	   the	   proposed	   AC	  mechanism	   is	   evaluated	   using	   a	  

Markovian	   model.	   The	   proposed	   AC	   mechanism	   is	   further	   evaluated	   using	   a	   simulation	   scenario	  

implemented	  in	  MATLAB.	  	  

	  

4.2. Tele-‐consulting	  over	  IEEE	  802.22/WRAN	  System	  Model	  

Once	   the	   rural	   telemedicine	   framework	  has	  been	   introduced	   in	   the	  previous	  Chapter	   3,	   the	  proposed	  

IEEE	   802.22/WRAN	   system	   model	   for	   tele-‐consulting	   applications	   is	   introduced	   in	   the	   following	  

paragraphs.	   This	   system	   model	   aims	   to	   capture	   the	   characteristics	   of	   a	   rural	   tele-‐consulting	   service	  

deployment	  based	  on	  the	  IEEE	  802.22/WRAN	  standard.	  The	  telemedicine	  network	  characteristics	  related	  

to	  deployment	  scenarios	  and	  traffic	  profiles	  considered	  are	  based	  on	  (Magana-‐Rodriguez	  et	  al.,	  2015).	  	  
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As	   this	   work	   focuses	   on	   rural	   tele-‐consulting	   scenarios,	   the	   system	   model	   considers	   that	   all	   of	   the	  

resource	   allocation	   requests	   have	   the	   same	   priority.	   It	   is	   further	   assumed	   that	   each	   tele-‐consulting	  

session	   is	   initially	   requested	  as	  a	  videoconference	  service	  with	  high-‐resolution	  video.	  Nevertheless	   it	   is	  

also	   considered	   that	   medium-‐resolution	   video	   or	   audio-‐only	   tele-‐consulting	   services	   can	   be	   offered	  

instead	   of	   cancelling	   the	   appointment.	   As	   previously	   mentioned,	   for	   the	   analysis	   it	   is	   assumed	   that	  

interarrival	   and	   service	   times	   follow	   a	   negative	   exponential	   distribution	   with	   parameters	   λ	   and	   μ	  

respectively.	  In	  order	  to	  obtain	  a	  holistic	  evaluation	  of	  the	  proposed	  AC	  mechanism	  over	  different	  traffic	  

congestion	  scenarios,	  the	  average	  interarrival	  times	  will	  be	  varied	  from	  60	  to	  2	  minutes	  in	  the	  evaluation	  

scenario.	   This	   variation	  will	   enable	   the	  assessment	  of	   the	  proposal	   capabilities	   to	   accommodate	  more	  

sessions,	  as	  the	  demand	  of	  telemedicine	  services	  increases	  over	  time	  (as	  it	  has	  been	  happening	  in	  recent	  

years,	  e.g.	  see	  (Mariscal-‐Aviles	  et	  al.,	  2014;	  Ramos-‐Contreras,	  2016)).	  Regarding	  average	  time	  duration,	  

the	  tele-‐consulting	  session	  will	  be	  set	  to	  30	  minutes	  (Vargas	  et	  al.,	  2014).	  	  Thus,	  it	  will	  be	  considered	  that	  

the	  average	  interarrival,	  1/λ,	  time	  varies	  from	  60	  to	  2	  minutes	  and	  that	  the	  average	  service	  time,	  1/μ,	  for	  

each	   tele-‐consulting	   session	   is	   30	  min.	   This	   corresponds	   to	   an	   average	   of	  𝜆 = 1,2,… ,30 	  arrivals	   and	  

𝜇 = 2	  services	  per	  hour.	  This	  way,	  the	  system	  performance	  based	  on	  blocking	  probability	  can	  be	  used	  to	  

evaluate	   the	  proposed	   cross-‐layer	  AC	  mechanism	   suitability	  under	   low	  and	  high	   loads	  of	   telemedicine	  

services	  requests.	  

As	  previously	  mentioned,	  the	  CR	  approach	  considered	  in	  IEEE	  802.22/WRAN	  may	  lead	  to	  either	  dropping	  

an	  active	  connection	  or	  rejecting	  new	  connection	  requests.	  Particularly,	  when	  detecting	  the	  presence	  of	  

a	   narrowband	   primary	   user,	   the	   IEEE	   802.22/WRAN	   standard	   considers	   that	   the	   BS	   and	   associated	  

customer	   premise	   equipment	   stop	   transmitting	   and	   abandon	   the	   channel	   (overlay	   spectrum	   access	  

scheme).	  Considering	  that	  NPUs	  like	  WMs	  only	  use	  200	  KHz	  while	  the	  total	  channel	  bandwidth	  is	  6	  MHz,	  

the	   overlay	   spectrum	   access	   scheme	   translates	   to	   a	   significant	   underutilization	   of	   available	   spectrum.	  

Therefore,	   an	   underlay	   access	   scheme	   can	   contribute	   positively	   to	   make	   a	   more	   efficient	   use	   of	   the	  

available	   spectrum	   (Park	   et	   al.,	   2012).	   This	   way,	   an	   IEEE	   802.22/WRAN	   customer	   premise	   equipment	  

does	  not	  have	   to	   stop	   transmitting	  and	  abandon	   the	  operating	   channel	   to	  protect	  NPU	   transmissions.	  

Instead,	  an	  IEEE	  802.22/WRAN	  network	  can	  protect	  NPU	  transmissions	  by	  isolating	  particular	  portions	  of	  

channel	   spectrum,	   while	   the	   remaining	   spectrum	   is	   re-‐allocated	   to	   enable	   secondary	   users	   (SUs)	  

transmissions.	   Thus,	   the	   proposed	   model	   considers	   the	   use	   of	   subchannel	   notching	   and	   subchannel	  

bonding	  for	  the	  provisioning	  of	  tele-‐consulting	  services	  over	  IEEE	  802.22/WRAN	  networks.	  

The	  IEEE	  802.22/WRAN	  wireless	  data	  link	  is	  based	  on	  single	  6	  MHz	  bandwidth	  channels,	  which	  includes	  

60	  orthogonal	  frequency-‐division	  multiple	  subchannels	  and	  18	  time	  symbols	  on	  the	  downstream.	  It	  is	  fair	  
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to	   assume	   that	   an	   IEEE	   802.22/WRAN	   deployment	   for	   rural	   tele-‐consulting	   services	   provisioning	   will	  

rarely	   use	   the	   64-‐QAM	   modulation	   scheme,	   because	   of	   the	   coverage	   range	   of	   up	   to	   9	   km	   in	   NLOS	  

conditions	   considered	   for	   this	   modulation	   format.	   Therefore,	   without	   loss	   of	   generality,	   it	   will	   be	  

assumed	   that	   the	   IEEE	   802.22/WRAN	   deployment	   will	   offer	   tele-‐consulting	   services	   to	   rural	   clinics	  

located	  beyond	  a	  ratio	  of	  10	  km	  from	  the	  BS.	  Thus,	  only	  the	  data	  rates	  offered	  by	  the	  16-‐QAM	  and	  QPSK	  

modulation	   schemes	  will	   be	   considered	   for	   performance	   analysis	   purposes.	   For	   example,	   consider	   an	  

IEEE	   802.22/WRAN	   PHY	   configuration	   of	   18	   time	   symbols	   and	   60	   subchannels,	   which	   results	   in	   1080	  

resource	  blocks	  available	  for	  system	  allocation.	  Additionally,	  assume	  a	  16-‐QAM	  modulation	  scheme	  with	  

1/2	  coding	  rate	  that	  offers	  a	  peak	  data	  rate	  of	  144	  Kbps	  per	  subchannel.	  Then	  this	  configuration	  will	  offer	  

an	  equivalent	  peak	  data	  rate	  of	  4.8	  Kbps	  per	  resource	  block.	  	  

To	  calculate	  the	  capacity	  of	  an	  IEEE	  802.22/WRAN	  deployment	  it	  is	  not	  enough	  to	  consider	  the	  peak	  data	  

rates	   achieved	   with	   each	   modulation	   scheme.	   Particularly,	   any	   capacity	   analysis	   must	   consider	   the	  

overhead	   introduced	   by	   the	   PHY	   and	  MAC	   layers.	   In	   this	   sense,	   the	   overhead	   introduced	   by	   the	   IEEE	  

802.22/WRAN	   standard	   comprises	   a	   fixed	   and	   a	   variable	   part	   (IEEE-‐SA	   Standards	   Board,	   2011).	   The	  

variable	  part	  of	  the	  overhead	  factor	  increases	  with	  the	  number	  of	  active	  users,	  (So-‐In	  et	  al.,	  2010),	  which	  

in	   turn	   will	   decrease	   the	   capacity	   of	   accepting	   new	   connections.	   Thus,	   an	   overview	   of	   the	   overhead	  

introduced	  by	  IEEE	  802.22/WRAN	  will	  be	  provided	  next.	  	  

4.2.1. PHY	  and	  MAC	  Overhead	  

Commonly,	   overhead	   analysis	   only	   considers	   a	   fixed	   factor	   corresponding	   to	   two	   channel	   descriptors:	  

downstream	  and	  upstream,	  (e.g.	  see	  (Park	  et	  al.,	  2012)).	  However,	  a	  variable	  data	  bit	  load	  from	  DCD	  and	  

UCD	  channel	  descriptors	   is	  neglected	  when	  a	  fixed	  overhead	  factor	   is	  considered.	  Because	   information	  

elements	  (IE)	  included	  on	  DCD	  and	  UCD	  are	  related	  to	  the	  mapping	  of	  OFDM	  burst	  for	  each	  active	  user,	  

the	  data	  bit	   load	  varies	  depending	  on	  the	  number	  of	  active	  users	   registered	   in	   the	   IEEE	  802.22/WRAN	  

network.	   Thus,	   a	   more	   accurate	   MAC	   and	   PHY	   overhead	   calculation	   can	   be	   achieved	   by	   including	   a	  

variable	  part	  on	  DCD	  and	  UCD,	  compared	  to	  the	  use	  of	  a	  fixed	  overhead	  factor.	  The	  overhead	  calculation	  

method	  introduced	  in	  (So-‐In	  et	  al.,	  2010)	  includes	  a	  variable	  part	  on	  DCD	  and	  UCD	  channel	  descriptors,	  

and	   therefore	   has	   been	   adapted	   in	   this	  work	   to	   compute	   the	   overhead	   in	   IEEE	   802.22/WRAN.	   In	   the	  

following	  paragraphs	  a	  detailed	  description	  of	  such	  adapted	  method	  is	  presented.	  	  

For	   IEEE	   802.22/WRAN	   the	   fixed	   part	   of	   MAC	   overhead	   comprises:	   downstream	   mapping	   (DS-‐MAP)	  

messages,	   upstream	  mapping	   (US-‐MAP)	  messages,	   and	   an	   optional	   4-‐byte	   header	   load	   resulting	   from	  
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cyclic	   redundancy	   check	   (CRC).	   Therefore,	   the	   fixed	   overhead	   load	   per	   frame	   based	   on	  DCD	   and	  UCD	  

descriptors	  is	  26	  bytes.	  On	  the	  other	  hand,	  for	  the	  variable	  part	  a	  downstream	  overhead	  calculation	  can	  

be	  obtained	  by	  using	  Eq.	  (1):	  

#𝐷𝑆!"!
𝐷𝑆!"# + 𝐶𝑅𝐶 + #𝐷𝑆!"#$" ∗ 𝐷𝐼𝐸

𝑆
∗ 𝑟 +	  

𝑈𝑆!"# + 𝐶𝑅𝐶 + #𝑈𝑆!"#$" ∗ 𝑈𝐼𝐸
𝑆

∗ 𝑟 +	  

#𝐷𝑆!"#$" ∗
!"#!!"#!$!!"#!!"#!$

!
	  	  	  	  	  	   	  	  	   (1)	  

where	  DS-‐MAP	  is	  the	  header	  load	  (bytes)	  given	  by	  the	  fixed	  part	  of	  the	  DS-‐MAP	  and	  the	  DCD	  messages.	  

The	  downstream	  information	  element	  (DIE)	  represents	  the	  variable	  part	  of	  the	  DS-‐MAP	  message	  format.	  

Subheaders	  include	  the	  fragmentation	  and	  packing	  subheaders.	  The	  repetition	  factor,	  r,	  is	  associated	  to	  

the	  QPSK	  operation	  mode	  used	  for	  the	  transmission	  of	  coexistence	  beacon	  protocol	   (CBP),	  superframe	  

control	  header	  (SCH)	  or	  FCH	  packets.	  The	  variable	  S	  represents	  the	  resource	  block	  capacity	  (bytes)	  given	  

by	  the	  modulation	  and	  coding	  scheme.	  Similarly,	  an	  upstream	  overhead	  calculation	  can	  be	  obtained	  by	  

using	  Eq.	  (2):	  

#𝑈𝑆!" = #𝑈𝑆!"#$" ∗
!"#!!"#!$!!"#!!"#!$

!
	   	   (2)	  

In	  order	  to	  clarify	  the	  overhead	  calculation,	  consider	  the	  following	  example:	  assume	  29	  time	  symbols	  per	  

frame,	  a	  repetition	  factor	  of	  2,	  and	  a	  QPSK-‐1/2	  modulation.	  This	  results	  in	  a	  fixed	  header	  load	  (including	  

CRC)	  of	  16	  and	  18	  bytes	   from	  DS-‐MAP	  and	  US-‐MAP,	  respectively.	  Additionally,	   the	  DIE	  and	  UIE	  header	  

sizes	   are	   56	   and	   32	   bits,	   respectively.	   Substituting	   in	   Eq.	   (1)	   and	   Eq.	   (2)	   a	   total	   of	   34	   and	   3	   RBs	   are	  

required	  for	  header	  transmission.	  Hence,	  the	  overhead	  size	  in	  US	  and	  DS	  requires	  0.56	  and	  0.05	  of	  a	  time	  

symbol	   respectively.	   This	   results	   in	   an	  overhead	   factor	  of	   2.1%	   (per	   frame)	  with	  one	   active	  user.	  As	   a	  

comparative	   example,	   following	   the	   same	   procedure,	   an	   overhead	   factor	   of	   12%	   is	   calculated	   for	   15	  

active	  users.	  According	  to	  the	  IEEE	  802.22/WRAN	  standard,	  binary	  phase	  shift	  keying	  (BPSK)	  modulation	  

is	  strictly	  used	  to	  transmit	  information	  messages	  about	  network	  management	  and	  control.	  This	  results	  in	  

an	  overhead	  load	  of	  15	  RBs	  per	  active	  user	  regardless	  of	  its	  service	  level	  or	  its	  modulation	  scheme.	  	  
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As	   an	   example	   consider	   an	   IEEE	   802.22/WRAN	   tele-‐consulting	   service	   deployment	   with	   two	   rural	  

hospitals	  located	  at	  21	  km	  and	  45	  km	  from	  the	  BS.	  The	  first	  hospital	  can	  be	  provided	  with	  peak	  data	  rates	  

of	  up	  to	  7.2	  Kbps	  per	  RB	  (16-‐QAM	  3/4	  coding),	  whereas	  the	  second	  hospital	  can	  be	  provided	  with	  peak	  

data	  rates	  of	  up	  to	  2.4	  Kbps	  per	  RB	  (QPSK	  1/2	  coding).	  For	  these	  modulation	  schemes	  Table	  3	  provides	  

the	   number	   of	   RBs	   required,	   with	   and	   without	   overhead,	   for	   each	   tele-‐consulting	   service	   level	  

considered.	  

Table	  3.	  RB	  requirements	  per	  tele-‐consulting	  session	  

Service	  

Level	  

No-‐Overhead	   Overhead	  

QPSK	   16-‐QAM	   QPSK	   16-‐QAM	  

High-‐Res	   171	   57	   186	   72	  

Mid-‐Res	   85	   29	   100	   44	  

Audio	   56	   19	   71	   34	  

	  

4.3. Proposed	  Cross-‐layer	  Architecture	  for	  Resource	  Allocation	  

When	  considering	  applications	  able	  to	  adapt	  their	  data	  bandwidth	  requirements	  (e.g.	  teleconference),	  a	  

traditional	   access	   control	   mechanism	   approach	   in	   homogeneous	   traffic	   scenarios	   could	   lead	   network	  

resources	   underutilization.	   In	   a	   telemedicine	   context,	   this	   approach	   could	   potentially	   lead	   to	  medical	  

resources	  sub-‐utilization	  resulting	  from	  cancelled	  sessions.	  	  

For	   a	   better	   utilization	   of	   network	   resources,	   the	   AC	   mechanism	   has	   to	   take	   advantage	   of	   data	  

bandwidth	  adaption	  characteristics	  available	  at	  the	  application	  layer.	  Thus,	  a	  joint	  cooperation	  between	  

different	  layers	  of	  the	  system	  is	  required.	  The	  use	  of	  cross-‐layer	  architectures	  in	  the	  design	  of	  resource	  

allocation	  mechanisms	  for	  wireless	  networks	  has	  been	  previously	  proposed	  in	  the	  literature	  (Chen	  et	  al.,	  

2011;	  Danobeitia	  &	  Femenias,	  2011;	  Han	  et	  al.,	  2006;	  Jia	  Tang	  &	  Xi	  Zhang,	  2007;	  Matalgah	  et	  al.,	  2013;	  

Wang	  et	  al.,	  2007).	  Authors	  in	  (Han	  et	  al.,	  2006;	  Jia	  Tang	  &	  Xi	  Zhang,	  2007)	  have	  shown	  that	  by	  coupling	  

the	   PHY	   and	   data	   link	   layers,	   resource	   allocation	   policies	   and	   packet	   scheduling	   can	   be	   adapted	   to	  

improve	  the	  system	  performance	  in	  terms	  of	  throughput.	  In	  (Chen	  et	  al.,	  2011;	  Danobeitia	  &	  Femenias,	  

2011;	   Matalgah	   et	   al.,	   2013;	   Wang	   et	   al.,	   2007),	   authors	   propose	   abstracting	   parameters	   related	   to	  

channel	  conditions	  (PHY	  layer)	  and	  queue	  lengths	  (at	  MAC	  layer)	  from	  active	  users	  in	  order	  to	  improve	  

the	  system	  throughput.	  The	  authors	  in	  (Khan	  et	  al.,	  2006;	  Yang	  Peng	  et	  al.,	  2005),	  introduce	  a	  resource	  



	  

	  

60	  

allocation	  mechanism	  to	  maintain	  a	  desired	   level	  of	  video	  quality.	  Such	  mechanisms	  consider	  coupling	  

three	   different	   layers,	   namely:	   the	   APP,	   the	   data	   link	   layer	   and	   the	   MAC.	   Both	   application-‐driven	  

proposals	   use	   a	   rate	   distortion	   factor,	   which	   is	   expressed	   as	   a	   peak	   signal-‐to-‐noise	   ratio	   (PSNR)	  

parameter	   to	   represent	   user-‐perceived	   video	   quality.	   However,	   these	   proposals	   do	   not	   include	   an	  

admission	  control	  mechanism	  aimed	  at	  reducing	  the	  blocking	  probability,	  which	  for	  instance	  could	  help	  

in	  minimizing	  cancellation	  of	   telemedicine	  sessions.	   It	   is	   important	   to	  note	  that	   the	   implementation	  of	  

the	  previously	  mentioned	  proposals	  on	  IEEE	  802.22/WRANs-‐based	  rural	  telemedicine	  deployments	  is	  not	  

straightforward,	  as	  they	  do	  not	  consider	  particular	  characteristics	  the	  application	  scenario.	  

The	   AC	   mechanism	   introduced	   in	   this	   paper	   takes	   advantage	   of	   the	   data	   bandwidth	   adaptation	  

capabilities	   of	   tele-‐consulting	   applications	   in	   order	   to	   reduce	   the	   blocking	   probability	   of	   the	   system.	  

Particularly,	  by	  implementing	  the	  cross-‐layer	  architecture	  shown	  in	  Fig.6,	  resource	  allocation	  requests	  at	  

the	  MAC	  layer	  are	  negotiated	  with	  the	  APP	  layer	  considering	  the	  available	  network	  resources.	  	  

	  

Fig.6.	  Cross-‐layer	  architecture	  for	  coupling	  MAC	  and	  APP	  layers.	  

	  

4.3.1. Proposed	  Cross-‐layer	  Architecture	  

As	  it	  can	  be	  seen	  from	  Fig.	  6,	  several	  parameters	  from	  the	  MAC	  and	  PHY	  layers	  are	  abstracted	  in	  the	  β	  

and	  γ	  vectors.	  Specifically,	  the	  𝛽 = 𝛽!,𝛽!,⋯ ,𝛽! vector	  contains	  the	  bandwidth	  requirements	  of	  the	  n	  

tele-‐consulting	   applications	   at	   the	   APP	   layer.	   On	   the	   other	   hand,	   vector	  𝛾 = 𝜃, 𝜏,𝜔,𝜓,𝑀 	  contains	  
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information	   of	   available	   bandwidth	   resources	   at	   the	  MAC	   layer,	   such	   as:	   number	   of	   subchannels	   per	  

frame	   (𝜃),	  modulation	  and	   code	   rates	   for	   tele-‐consulting	   connections	   (𝜔).	  Details	   from	   the	  abstracted	  

parameters	  are	  provided	  in	  Table	  4.	  	  

Table	  4	  Abstracted	  parameters	  from	  APP	  and	  MAC	  layers	  

parameter	   Description	  
𝜷	   Data	  bandwidth	  requirements	  for	  all	  tele-‐consulting	  applications.	  

𝜽	   Number	  of	  subchannels	  per	  frame	  
𝝉	   Number	  of	  time	  symbols	  on	  downstream	  link	  
𝝎	   Modulation	  and	  Code	  rates	  for	  all	  tele-‐consulting	  connections	  
M	   Number	  of	  active	  users	  in	  system	  
𝝍 𝑴 	   Overhead	  factor	  based	  on	  M	  

	  

Vectors	  𝛽 	  and	  𝛾 	  are	   provided	   by	   the	   APP	   and	   MAC	   layers	   respectively,	   and	   are	   fed	   into	   the	   AC	  

mechanism	  of	  a	  base	  station	  (BS)	  which	  performs	  the	  admission	  decision	  (𝑎!"#$)	  based	  on	  the	  cross-‐layer	  

objective	   function	   (see	   Section	   4.4).	   The	   BS	   can	   make	   three	   possible	   decisions	   at	   this	   stage:	   service	  

rejection,	  full-‐service	  admission,	  and	  restricted-‐service	  admission.	  If	  admission	  (full	  or	  restricted-‐service)	  

is	   granted,	   the	   AC	  mechanism	   also	   provides	   the	   data	   bandwidth	   granted,	  𝑏!"#$	  by	   the	  MAC	   layer.	   By	  

using	  𝑏!!"#,	  the	  corresponding	  telemedicine	  application	  is	  informed	  that	  bandwidth	  requirements	  should	  

be	  adjusted	  as:	  High	  Video	  Resolution	  (𝛽!!"!),	  Medium	  Video	  Resolution	  (𝛽!"#),	  or	  Audio-‐only	  (𝛽!"#).	  

The	  specific	  values	  of	   the	  configuration	  parameters,	  𝛽‘	  and	  𝛾’,	  which	   fulfill	   the	   restrictions	  of	  𝑎!"#$	  and	  

𝑏!"#$	  are	  delivered	  to	  the	  APP	  and	  MAC	  layers	  by	  means	  of	  the	  decision	  distributor	  process.	  	  

The	  main	  goal	  of	  the	  objective	  function	  is	  to	  assign	  a	  particular	  set	  of	  parameters	  (𝛽	  and	  𝛾)	  for	  the	  APP	  

and	  MAC	   layers,	   such	   that	   blocking	   probability	   can	   be	   reduced.	   To	   this	   end	   the	  maximum	   amount	   of	  

resources	   that	   can	   be	   granted	   to	   satisfy	   the	   new	   connection	   bandwidth	   request	   is	   established	   by	  

computing	   the	   number	   of	   OFDM	   symbols	   required	   for	   new	   connections	   and	   the	   number	   of	   available	  

OFDM	   symbols.	   Thus,	   the	   number	   of	   OFDM	   symbols	   required	   for	   new	   connections	   is	   obtained	   by	  

calculating	  𝛼!!! 𝛽!!!! ,𝜔!!!,𝜓!!! 	  for	  an	  𝑛	  defined	  as	  high,	  medium	  and	  low	  resolutions.	  Differently,	  

the	  number	  of	  available	  OFDM	  symbols	  that	  could	  be	  allocated	  for	  new	  connections	  is	  obtained	  through	  

calculation	  of	  𝛿(𝛽,𝜔,𝑀)	  as	  shown	  in	  Eq.	  (3):	  
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𝛿 𝛽,𝜔,𝑀 = 𝜃 ∗ 𝜏 − 𝛼! 𝛽! ,𝜔! ,𝜓!

!

!!!

	  

𝑤ℎ𝑒𝑟𝑒  𝛼! 𝛽! ,𝜔! ,𝜓! = !!
!(!!,!!)

	   	   	   (3)	  

In	   Eq.	   (3),	   resources	   from	  active	  users	   are	   reserved	   through	   the	   calculation	  of	  𝛼! 𝛽! ,𝜔! ,𝜓! ,	  which	   is	  

based	  on	  𝐶 𝜔! ,𝜓! 	  that	  returns	  the	  data	  bandwidth	  capacity	  per	  OFDM	  symbol.	  	  

Therefore,	   the	   best	   available	   service	   level	   that	   the	   system	   can	   offer	   is	   chosen	   based	   on	   resource	  

availability,	   which	   is	   computed	   using	   the	   Eq.	   (3).	   Afterwards,	   the	   available	   service	   level	   should	   be	  

evaluated	   by	   calculating	   the	   number	   of	   OFDM	   symbols	   required	   for	   new	   connections.	   This	   way,	   the	  

available	  service	  level	  will	  be	  represented	  by	  “High”	  in	  case	  the	  system	  can	  offer	  a	  full-‐service	  admission;	  

“Medium”	   if	   restricted-‐service	   admission	   with	   medium	   resolution	   video	   is	   available;	   or	   “Audio”	   for	  

restricted-‐service	   admission	  with	   audio-‐only.	   If	   there	   are	   not	   enough	   resources	   to	   provide	   one	   of	   the	  

previously	  mentioned	  service	  levels,	  the	  new	  admission	  request	  is	  rejected.	  The	  proposed	  AC	  algorithm	  

is	  shown	  in	  Fig.	  7.	  

	  

Fig.	  7.	  Adaptive	  bandwidth	  cross-‐layer	  admission	  control	  algorithm.	  
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4.4. Analytical	  Model	  for	  the	  Proposed	  ABM	  

As	   it	  was	  mentioned	   in	  Section	  4.3,	   the	  main	  goal	  of	   the	  proposed	  ABM	  mechanism	   is	  minimizing	   the	  

sub-‐utilization	   of	   network	   resources.	   This,	   by	   means	   of	   enabling	   new	   decision	   levels	   for	   the	   AC	  

mechanism.	   As	   such,	   the	   performance	   of	   the	   proposed	   ABM	  mechanism	   is	   evaluated	   in	   terms	   of	   the	  

blocking	  probability.	  To	  this	  end,	  a	  Markov	  chain	  model	  based	  on	  the	  queuing	  model	  shown	  in	  (Takagi	  &	  

Walke,	  2008)	  is	  proposed.	  The	  proposed	  analytical	  model	  is	  detailed	  in	  the	  following	  subsections.	  

4.4.1. General	  Assumptions	  

As	   mentioned	   in	   Section	   4.3,	   for	   evaluation	   purposes	   it	   is	   assumed	   that	   the	   IEEE	   802.22/WRAN	  

deployment	   for	   tele-‐consulting	   services	   provisioning	   uses	   QPSK	   and/or	   16-‐QAM	  modulation	   schemes.	  

This	  way	   the	   resource	   block	   requirements	   can	   be	   characterized	   in	   terms	   of	   two	   classes	   (𝑐!	  and	  𝑐!)	   of	  

users	  requesting	  different	  amount	  of	  resources.	  In	  addition,	  for	  the	  proposed	  ABM	  model	  it	  is	  considered	  

that	   the	   system	   allocates	   high-‐resolution	   services	   while	   there	   is	   enough	   available	   data	   bandwidth.	  

Afterwards,	   the	   admission	   request	   for	   high-‐resolution	   service	   could	   be	   admitted	   as	   a	   teleconference	  

with	  medium-‐resolution	   or	   audio-‐only	   before	   rejection.	   Consequently,	   the	   blocking	   probability	  will	   be	  

given	   by	   the	   state	   where	   the	   system	   cannot	   admit	   new	   tele-‐conference	   sessions	   in	   any	   of	   the	   three	  

possible	  resolutions.	  	  

It	   has	   been	   shown	   that	   traffic	   of	   medical	   services,	   such	   as	   Emergency	   Medical	   Services,	   can	   be	  

characterized	  as	  a	  typical	  Poisson	  process	  on	  arrival	  times.	  Similarly,	  departure	  times	  correspond	  to	  an	  

exponential	  distribution	   (Channouf	  et	  al.,	  2007;	  Matteson	  et	  al.,	  2011).	  Hence,	   the	  state	  of	   the	  system	  

can	  be	  modeled	  as	  a	  birth	  and	  death	  process	  where	  the	  transitions	  from	  state	  i	  to	  i+1	  will	  be	  given	  by	  a	  λ	  

parameter.	  Likewise,	  the	  transition	  from	  i	  to	  i-‐1	  will	  depend	  on	  a	  μ	  parameter,	  where	  λ/μ	  is	  the	  offered	  

traffic	  per	  each	  type	  of	  teleconference	  service.	  It	  is	  considered	  that	  the	  resolution	  of	  the	  tele-‐conference	  

is	  modified	   at	   the	   BS	   upon	   the	   arriving	   of	   the	   request,	   i.e.,	   users	   always	   request	   high-‐resolution	   tele-‐

conference.	   Thus,	   it	   can	   be	   stated	   that	   users	   from	   each	   modulation	   scheme	   arrive	   in	   independent	  

Poisson	  processes	  where	  the	  λ	  and	  μ	  parameters	  are	  the	  same,	  regardless	  of	  the	  granted	  type	  of	  service.	  

4.4.2. Non-‐ABM	  Blocking	  Probability	  

Let	  𝑅𝑏!	  be	   the	   total	   number	  of	   available	  RBs	   on	   the	   system.	  Additionally,	   let	  𝑅𝑏!!,! 	  and	  𝑅𝑏!!,! 	  be	   the	  

number	  of	  RBs	   required	  by	  users	  of	   class	  𝑐!	  and	  𝑐!,	   respectively.	  Thus,	   the	  maximum	  number	  of	  users	  
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that	  can	  be	  allocated	   in	   the	  system	  per	  class	  can	  be	  defined	  as	  𝑆!"#
!!,!(𝑅𝑏! ,𝑅𝑏!!,!) = 𝑅𝑏! 𝑅𝑏!!,! 	  and	  

𝑆!"#
!!,!(𝑅𝑏! ,𝑅𝑏!!,!) = 𝑅𝑏! 𝑅𝑏!!,! .	   Hence,	   the	   number	   i	   of	  𝑐!	  users	   and	   number	   j	   of	  𝑐!	  users	   being	  

served	  in	  the	  system	  is	  finite	  and	  defined	  as	  state	  space	  Ω ≔ 𝑖, 𝑗 ∶   𝑖 ∗ 𝑅𝑏!!,! + 𝑗 ∗ 𝑅𝑏!!,! ≤ 𝑅𝑏! , 0 ≤

  𝑖 ≤ 𝑆!"#
!!,! , 0 ≤ 𝑗 ≤ 𝑆!"#

!!,! .	  	  

Here,	  the	  system	  rejects	  a	  connection	  when	  a	  new	  request	  arrives	  and	  the	  remaining	  capacity	  𝜉(𝑖, 𝑗)	  of	  

the	   system	   is	   lower	   than	  𝑅𝑏!!,! 	  or	  𝑅𝑏!!,!,	   according	   to	   the	   class	   of	   the	   arriving	   request.	   Thus,	   a	  𝑐!	  

request	   is	   rejected	   for	   the	   states	   belonging	   to	   the	   subset	  Ω!(!,!)
!!,! ≔ 𝑖, 𝑗 :  [𝑅𝑏! − 𝑖 ∗ 𝑅𝑏!!,! + 𝑗 ∗

𝑅𝑏!!,! = 𝜉(𝑖, 𝑗)] < 𝑅𝑏!!,! , 𝑖 ≥ 0, 𝑗 ≥ 0 .	   Similarly,	   a	  𝑐!	  request	   is	   rejected	   for	   the	   states	   belonging	   to	  

the	   subset	   Ω!(!,!)
!!,! ≔ 𝑖, 𝑗 :  [𝑅𝑏! − 𝑖 ∗ 𝑅𝑏!!,! + 𝑗 ∗ 𝑅𝑏!!,! = 𝜉(𝑖, 𝑗)] < 𝑅𝑏!,!;   𝑖 ≥ 0, 𝑗 ≥ 0 . 	  Hence,	  

the	  blocking	  probability	   for	  𝑐!	  and	  𝑐!	  request	   is	  𝑃 𝑖, 𝑗 ∈ Ω!(!,!)
!!,! 	  and	  𝑃 𝑖, 𝑗 ∈ Ω!(!,!)

!!,! 	  respectively.	   It	  

is	   important	   to	   noted	   that	   the	   state	   subset	  Ω!(!,!)
!!,! is	   conditioned	   to	  𝑅𝑏!!,! ≤ 𝜉(𝑖, 𝑗) <   𝑅𝑏!!,! 	  when	  

𝑅𝑏!!,! > 𝑅𝑏!!,! .	   When	  𝑅𝑏!!,! > 𝑅𝑏!!,! ,	   the	   state	   subset	  Ω!(!,!)
!!,! is	   conditioned	   to	  𝑅𝑏!!,! ≤ 𝜉 𝑖, 𝑗 <

  𝑅𝑏!!,! .Therefore,	  the	  blocking	  probability	  without	  ABM	  for	  high	  resolution	  users	  based	  on	  two	  different	  

classes	  of	  users	  is	  given	  by𝑃 𝑖, 𝑗 ∈ Ω!(!,!)
!!,! ∪ Ω!(!,!)

!!,! = (𝑝!,!)(!,!)∈!!(!,!)
!!,! + (𝑝!,!)(!,!)∈!!(!,!)

!!,! .	  In	  Fig.	  8,	  a	  

graphical	  representation	  of	  the	  non-‐ABM	  model	  is	  shown.	  
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Fig.	  8.	  State	  transition	  rate	  diagram	  for	  non-‐ABM	  model	  with	  two	  classes	  of	  modulations	  for	  high-‐resolution	  tele-‐
consulting	  sessions.	  

4.4.3. ABM	  Blocking	  Probability	  

For	   the	   proposed	   ABM	   mechanism	   it	   is	   assumed	   that	   upon	   a	   user	   service	   request,	   high-‐resolution,	  

medium-‐resolution	   or	   audio	   only	   tele-‐conference	   session	   can	   be	   granted	   according	   to	   the	   available	  

resources.	  This	  means	  that	  under	  this	  approach	  the	  blocking	  probability	  of	  the	  system	  is	  not	  restricted	  to	  

the	   state	   subset	  Ω!(!,!)
!!,! ∪ Ω!(!,!)

!!,! .	   Consider	   that	  𝑅𝑏!!,!	  and	  𝑅𝑏!!,!	  are	   the	   number	   of	   RBs	   required	   to	  

allocate	   a	  𝑐!	  user	   that	   as	   a	   first	   option	   has	   requested	   high-‐resolution	   video,	   but	   can	   support	  medium	  

resolution	   video	  as	   a	   second	  option	  and	  also	   audio	  only	   as	   a	   third	  option,	   respectively.	  Also,	   consider	  

that	  𝑅𝑏!!,!	  and	  𝑅𝑏!!,!	  are	   the	   number	   of	   RBs	   required	   to	   allocate	   a	  𝑐!	  user	   that	   can	   support	  medium	  

resolution	  video	  and	  audio	  only,	   correspondingly.	  For	   the	  proposed	  model	   it	   is	  assumed	  that	  𝑅𝑏!!,! ≠

𝑅𝑏!!,! ≠ 𝑅𝑏!!,!	  ≠ 𝑅𝑏!!,! ≠ 𝑅𝑏!!,! ≠ 𝑅𝑏!!,!	  

Because	  high-‐resolution	  video	  service	  is	  always	  preferred	  (while	  there	  is	  enough	  available	  resources),	  it	  

can	  be	  said	  that	  the	  first	  decision	   level	  corresponds	  to	  the	  non-‐ABM	  state	  subset	  Ω!(!,!)
!!,! ∪ Ω!(!,!)

!!,! .	  New	  

decision	   levels	   emerge	   if	   a	  𝑐!,𝐻	  user	   arrives	   requesting	   system	   resources	   and	  𝜉(𝑖, 𝑗) ≥ 𝑅𝑏!!,! ,𝑅𝑏!!,!.	  
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Likewise,	   if	  𝜉(𝑖, 𝑗) ≥ 𝑅𝑏!!,! ,𝑅𝑏!!,!	  and	   a	  𝑐!,𝐻	  user	   arrives	   a	   new	   decision	   level	   is	   enabled.	   Thus,	   new	  

transitions	  and	  states	  emerge	  from	  Ω!(!,!)
!!,! 	  and	  Ω!(!,!)

!!,! 	  for	  𝑐!	  and	  𝑐!	  users,	  when	  they	  can	  be	  allocated	  to	  

medium	  video	  resolution	  or	  audio	  only	  services.	  

An	   admission	   request	   from	   a	  𝑐!	  user	   will	   be	   allocated	   as	   medium	   video	   service,	   if	  𝑅𝑏!!,! ≤ 𝜉(𝑖, 𝑗) <

𝑅𝑏!!,!.	   As	   a	   second	   option,	   a	  𝑐!	  user	   will	   be	   allocated	   with	   audio	   only	   service,	   if	  𝑅𝑏
!!,! ≤ 𝜉(𝑖, 𝑗) <

𝑅𝑏!!,! ,	   otherwise	   the	   admission	   request	   is	   rejected.	   The	   same	   procedure	   is	   used	   to	   evaluate	   an	  

admission	   requests	   from	  𝑐! 	  users.	   Therefore,	   on	   each	   decision	   level	   there	   are	   up	   to	   four	   different	  

chances	  of	  enabling	  new	   levels,	  as	  each	  user	  class	  has	  up	   to	   two	  additional	  options	  of	  being	  admitted	  

from	  all	  𝜉(𝑖, 𝑗) ∈ Ω!(!,!).	  

Let	  𝑅𝑏! 𝑑, 𝑓,𝑔, ℎ 	  be	  the	  total	  number	  of	  available	  RBs	  when	  there	  are	  d	  and	  f	  users	  of	  𝑐!;	  and	  g	  and	  h	  

users	   of	   𝑐! 	  allocated	   in	   the	   system	   as	   medium	   resolution	   and	   audio	   only,	   respectively.	   Here,	  

𝑅𝑏! 𝑑, 𝑓,𝑔, ℎ = 𝑅𝑏!	  in	   state	  space	  of	  non-‐ABM	  due	  to	  𝑑 + 𝑓 + 𝑔 + ℎ = 0.	  However,	  on	  ABM	  context	  

𝑅𝑏! 𝑑, 𝑓,𝑔, ℎ = 𝑅𝑏! − (𝑑 ∗ 𝑅𝑏
!!,! + 𝑓 ∗ 𝑅𝑏!!,! + 𝑔 ∗ 𝑅𝑏!!,! + ℎ ∗ 𝑅𝑏!!,!)	  if	  there	  is	  at	  least	  one	  class	  

user	  allocated	  with	  medium	  resolution	  or	  audio	  only	  service.	  In	  this	  context,	  on	  each	  decision	  level	  the	  

total	  number	  of	  RBs	  available	  for	  the	  system	  should	  be	  updated	  to	  guarantee	  the	  resource	  allocation	  for	  

the	  new	  admitted	  user.	  Thus,	  based	  on	  the	  number	  of	  𝑑, 𝑓,𝑔, ℎ	  active	  users	  allocated	  in	  the	  system,	  the	  

state	  subset,	  Ω!
!!,!,(!,!),	  defined	  by	  Eq.	  4	  represents	  the	  number	  of	  available	  resources	  for	  each	  decision	  

level.	  

Ω!
!!,!,(!,!) ≔

𝑑, 𝑓,𝑔, ℎ : 𝑑 ∗ 𝑅𝑏!!,! + 𝑓 ∗ 𝑅𝑏!!,! + 𝑔 ∗ 𝑅𝑏!!,! + ℎ ∗ 𝑅𝑏!!,! ≤ 𝑅𝑏! 𝑑, 𝑓,𝑔, ℎ ,∀  𝑅𝑏! 𝑑, 𝑓,𝑔, ℎ ≥

0, 0 ≤   𝑑 ≤ 𝑆!!,! 𝑅𝑏! 𝑑, 𝑓,𝑔, ℎ ,𝑅𝑏!!,! , 0 ≤ 𝑓 ≤ 𝑆!!,! 𝑅𝑏! 𝑑, 𝑓,𝑔, ℎ ,𝑅𝑏!!,! , 0 ≤   𝑔 ≤

𝑆!!,! 𝑅𝑏! 𝑑, 𝑓,𝑔, ℎ ,𝑅𝑏!!,! , 0 ≤ ℎ ≤ 𝑆!!,! 𝑅𝑏! 𝑑, 𝑓,𝑔, ℎ ,𝑅𝑏!!,!     	  	   	   	   (4)	  

Furthermore,	  on	  each	  new	  decision	   level	  the	  high-‐resolution	  users	  will	  be	  allocated	  as	  a	  first	  option	  of	  

utilization	  of	  𝑅𝑏! 𝑑, 𝑓,𝑔, ℎ ,	  where	   𝑑, 𝑓,𝑔, ℎ ∈ Ω!
!!,!, !,! .	  Thus,	  we	  can	  include	  the	  cases	  where	  there	  

are	   i	   and	   j	   active	   users	   in	   the	   system	   for	   each	   new	   decision	   level	   by	   defining	   the	   state	   subset,	  

Ω!!! !,!,!,!
!!,!,(!,!) ,	  as	  shown	  in	  Eq.	  5.	  
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Ω!!! !,!,!,!
!!,!,(!,!) ≔ 𝑖, 𝑗,𝑑, 𝑓,𝑔, ℎ ∶   𝑖 ∗ 𝑅𝑏!!,! + 𝑗 ∗ 𝑅𝑏!!,! + 𝑑 ∗ 𝑅𝑏!!,! + 𝑓 ∗ 𝑅𝑏!!,! + 𝑔 ∗ 𝑅𝑏!!,! + ℎ ∗

𝑅𝑏!!,! ≤ 𝑅𝑏! 𝑑, 𝑓,𝑔, ℎ ,∀   𝑑, 𝑓,𝑔, ℎ ∈ Ω!
!!,!, !,! , 0 ≤   𝑖 ≤ 𝑆!!,! 𝑅𝑏! 𝑑, 𝑓,𝑔, ℎ ,𝑅𝑏!!,! , 0 ≤ 𝑗 ≤

𝑆!!,! 𝑅𝑏! 𝑑, 𝑓,𝑔, ℎ ,𝑅𝑏!!,! 	  	   	   	   	  	  	  	  	  (5)	  

The	  state	  subsets	  that	  contain	  those	  cases	  where	  there	  are	  not	  enough	  RBs	  to	  allocate	  an	  arriving	  𝑐!,𝐻	  

and	  𝑐!,𝐻	  user,	  are	  defined	  by	  Eq.	  6	  and	  Eq.	  7,	  respectively.	  	  

Ω!(!,!,!,!,!,!)
!!! !,!,!,! ,!!(!,!) ≔ 𝑖, 𝑗,𝑑, 𝑓,𝑔, ℎ ∶ 𝑅𝑏! 𝑑, 𝑓,𝑔, ℎ − 𝑖 ∗ 𝑅𝑏!!,! + 𝑗 ∗ 𝑅𝑏!!,! + 𝑑 ∗ 𝑅𝑏!!,! + 𝑓 ∗

𝑅𝑏!!,! + 𝑔 ∗ 𝑅𝑏!!,! + ℎ ∗ 𝑅𝑏!!,! = 𝜉 𝑖, 𝑗,𝑑, 𝑓,𝑔, ℎ < 𝑅𝑏!!,!  ∀    𝑖, 𝑗,𝑑, 𝑓,𝑔, ℎ ≥

0  𝑤ℎ𝑒𝑟𝑒   𝑖, 𝑗,𝑑, 𝑓,𝑔, ℎ ∈ Ω!!! !,!,!,!
!!,!, !,! , 	  	   	   	   	  	  	  	  	   	   	  (6)	  

Ω!(!,!,!,!,!,!)
!!! !,!,!,! ,!!(!,!) ≔ 𝑖, 𝑗,𝑑, 𝑓,𝑔, ℎ ∶ 𝑅𝑏! 𝑑, 𝑓,𝑔, ℎ − 𝑖 ∗ 𝑅𝑏!!,! + 𝑗 ∗ 𝑅𝑏!!,! + 𝑑 ∗ 𝑅𝑏!!,! + 𝑓 ∗

𝑅𝑏!!,! + 𝑔 ∗ 𝑅𝑏!!,! + ℎ ∗ 𝑅𝑏!!,! = 𝜉 𝑖, 𝑗,𝑑, 𝑓,𝑔, ℎ < 𝑅𝑏!!,!  ∀    𝑖, 𝑗,𝑑, 𝑓,𝑔, ℎ ≥

0  𝑤ℎ𝑒𝑟𝑒   𝑖, 𝑗,𝑑, 𝑓,𝑔, ℎ ∈ Ω!!! !,!,!,!
!!,!, !,! , 	  	   	   	   	  	  	  	  	   	   	  (7)	  

Therefore,	  the	  blocking	  probability	  of	  the	  system	  with	  an	  AC	  mechanism	  based	  on	  the	  proposed	  ABM	  is	  

given	  by:	  	  

𝑃 𝑖, 𝑗,𝑑, 𝑓,𝑔, ℎ ∈ Ω!(!,!,!,!,!,!)
!!! !,!,!,! ,!!(!,!) ∪ Ω!(!,!,!,!,!,!)

!!! !,!,!,! ,!!(!,!) =

(𝑝!,!,!,!,!,!)!,!,!,!,!,! ∈!!(!,!,!,!,!,!)
!!! !,!,!,! ,!!(!,!) +	   (𝑝!,!,!,!,!,!)!,!,!,!,!,! ∈!!(!,!,!,!,!,!)

!!! !,!,!,! ,!!(!,!) 	   	   	  	  	  	  	  (8)	  

A	   graphical	   example	   of	   the	   ABM	   analytic	  model	   is	   shown	   in	   Fig.	   4.	   Here,	   it	   is	   assumed	   that	  𝑅𝑏!!,! >

𝑅𝑏!!,! > 𝑅𝑏!!,!	  > 𝑅𝑏!!,! > 𝑅𝑏!!,! > 𝑅𝑏!!,!.	  Because	  𝑐!,𝐻	  users	   require	  more	  RB	   resources	   than	  any	  

other	   user,	   the	   highest	   underutilization	   of	   resources	   is	   when	   the	   system	   is	   on	   state	   0, 𝑆!"#
!!,! .	  

Furthermore,	  it	  should	  be	  considered	  that	  the	  system	  always	  prefers	  to	  allocate	  an	  arriving	  user	  with	  the	  

best	   available	   service	   level.	   Hence,	   an	   arriving	  𝑐!/𝑐!,𝐻	  user	  will	   be	   admitted	   as	   a	  𝑐!/𝑐!,𝐴	  user	   only	   if	  

there	  are	  not	  enough	  RBs	  to	  be	  admitted	  as	  a	  𝑐!/𝑐!,𝑀	  user.	  	  
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Fig.	  9.	  Example	  of	  ABM	  model	  with	  two	  classes	  of	  modulations	  for	  tele-‐consulting	  sessions	  with	  three	  service	  levels.	  

	  

As	   can	   be	   observed	   in	   Fig.	   9,	   when	   the	   system	   is	   on	   state	   0, 𝑆!"#
!!,! 	  a	  𝑐!,𝐻	  or	  𝑐!,𝐻	  user	   can	   arrive	  

requesting	  admission.	  On	  case	  a	  𝑐!,𝐻	  user	  arrives,	  a	  new	  decision	  level	  that	  includes	  𝑔	  users	  of	  medium	  

resolution	  will	  emerge.	  Consequently,	  the	  highest	  underutilization	  of	  resources	  on	  the	  new	  decision	  level	  

will	   be	   on	   state	   0, (𝑆!"#
!!,! + 𝑔) .	   Similarly,	   when	   system	   is	   on	   state	   0, (𝑆!"#

!!,! + 𝑔) ,	   any	   arriving	  𝑐!,𝐻	  

user	  could	  be	  allocated	  as	  an	  audio	  only	  user	  (ℎ),	  where	  the	  highest	  underutilization	  of	  resources	  is	  on	  

state	   0, (𝑆!"#
!!,! + 𝑔 + ℎ) .	  In	  case	  the	  system	  is	  on	  state	   0, (𝑆!"#

!!,! + 𝑔 + ℎ) ,	  any	  arriving	  𝑐!,𝐻	  user	  will	  

be	  blocked	  because	  there	  are	  not	  enough	  RB	  resources	  to	  grant	  admission.	  	  

Now,	  assume	  that	  the	  available	  RB	  resources	  on	  state	   0, (𝑆!"#
!!,! + 𝑔 + ℎ) 	  are	  enough	  to	  allocate	  a	  𝑐!,𝐻	  

user	   with	   medium	   resolution.	   Thus,	   a	   new	   decision	   level	   will	   emerge	   when	   a	  𝑐!,𝐻  (𝑑)	  arrives.	   This	  

means	   that	   the	  highest	   underutilization	  of	   resources	   on	   this	   case	  will	   be	  on	   state	   𝑑, (𝑆!"#
!!,! + 𝑔 + ℎ) 	  

and	   any	   arriving	  𝑐!,𝐻	  user	   will	   be	   blocked	   if	   the	   system	   is	   on	   state	   (𝑑 + 𝑓), (𝑆!"#
!!,! + 𝑔 + ℎ) 	  for	   the	  

new	  decision	  level	  that	  includes	  allocation	  of	  𝑐!,𝐴  (𝑓)	  users.	  Similar	  analysis	  can	  be	  performed	  when	  the	  

system	   is	   on	   state	   0, 𝑆!"#
!!,! 	  and	   resource	   availability	   is	   not	   enough	   for	   any	  𝑐! 	  user,	   but	   there	   are	  

sufficient	  RBs	  to	  allocate	  a	  𝑐!,𝐻	  user	  with	  medium-‐resolution.	  
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4.4.4. Analytical	  Model	  Application	  Example	  

As	  an	  application	  example,	  assume	  a	  scenario	  with	  a	  BS	  serving	  3	  clinics	   located	  within	  QPSK	  coverage	  

range	  and	  one	  clinic	  located	  within	  16-‐QAM	  coverage	  range	  (similar	  to	  the	  Monterrey,	  Nuevo	  Leon	  rural	  

telemedicine	  project	   settings).	   It	   is	   further	  assumed	   that	   the	  clinics	  within	  QPSK	  coverage	  have	  a	  data	  

rate	  of	  4.54	  Mbps,	  whereas	  the	  clinic	  within	  16-‐QAM	  coverage	  has	  a	  data	  rate	  of	  6.81	  Mbps.	  	  

Following	  the	  system	  model	  described	   in	  Section	  3	   it	   is	  considered	  that:	  𝜆 = 1,2,… ,30 ,	  𝜇 = 2,  𝑅𝑏! =

1080,  𝑐! =	  QPSK	  and  𝑐! =16-‐QAM.	  Then	  the	  following	  values	  can	  be	  calculated	  for	  the	  model:	  𝑅𝑏!!,! =

186,	  𝑅𝑏!!,! = 100,  𝑅𝑏!!,! = 71,  𝑅𝑏!!,! = 72,	  𝑅𝑏!!,! = 44,  𝑅𝑏!!,! = 34.	  	  

To	  calculate	  the	  non-‐ABM	  blocking	  probabilities	  note	  that	  𝑆!"#
!!,! = 5	  and	  𝑆!!"

!!,! = 15.	  Furthermore,	  note	  

that	  in	  the	  state	  subset	   Ω!(!,!)
!!,! ∪ Ω!(!,!)

!!,! 	  of	  the	  non-‐ABM	  analytical	  model	  an	  admission	  request	  from	  a	  

𝑐!	  user	   is	  blocked	  when	  (𝑖, 𝑗) <	  𝑅𝑏
!!,!.	   Similarly,	  an	  admission	   request	   from	  a	  𝑐!	  user	   is	  blocked	  when	  

𝑅𝑏!!,! ≤ 𝜉(𝑖, 𝑗) <   𝑅𝑏!!,!.	  

For	   the	   ABM	   analytical	   model,	   a	   new	   decision	   level	   emerge	   from	   Ω!(!,!)
!!,! ∪ Ω!(!,!)

!!,! 	  in	   case	   a	  𝑐!user	  

request	   admission	   and	   𝑅𝑏!!,! ≤ 𝜉 𝑖, 𝑗,𝑑, 𝑓,𝑔, ℎ <   𝑅𝑏!!,! 	  or	   𝑅𝑏!!,! ≤ 𝜉 𝑖, 𝑗,𝑑, 𝑓,𝑔, ℎ <   𝑅𝑏!!,! .	  

Similarly,	   a	   new	   decision	   level	   emerge	   in	   case	   a	   𝑐! 	  user	   request	   admission	   and	  

𝑅𝑏!!,! ≤ 𝜉 𝑖, 𝑗,𝑑, 𝑓,𝑔, ℎ <   𝑅𝑏!!,! 	  or	  𝑅𝑏!!,! ≤ 𝜉 𝑖, 𝑗,𝑑, 𝑓,𝑔, ℎ <   𝑅𝑏!!,!.	   Therefore,	   the	   state	   subset	  

Ω!(!,!,!,!,!,!)
!!! !,!,!,! ,!!(!,!) ∪ Ω!(!,!,!,!,!,!)

!!! !,!,!,! ,!!(!,!) 	  comprises	  those	  cases	  where	  an	  admission	  request	  from	  𝑐!	  is	  

blocked	   because	   of	  𝜉 𝑖, 𝑗,𝑑, 𝑓,𝑔, ℎ <	  𝑅𝑏!!,!	  or	   a	  𝑐!user	   is	   blocked	   due	   to	  𝑅𝑏
!!,! ≤ 𝜉 𝑖, 𝑗,𝑑, 𝑓,𝑔, ℎ <

  𝑅𝑏!!,!.	  

Once	   the	   state	   space	   for	   the	   non-‐ABM	   and	   the	   ABM	   analytical	   models	   were	   defined,	   the	   resulting	  

continuous	   time	  Markov	   chain	  was	   solved	   numerically	   by	  means	   of	   a	   computer	   program.	   The	   results	  

obtained	  for	  both	  models	  are	  shown	  in	  Fig.	  10	  for	  different	  average	  admission	  requests	  per	  hour,	  𝜆.	  
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Fig.	  10.	  Blocking	  probability	  comparative	  between	  non-‐ABM	  and	  ABM	  admission	  control	  analytical	  models.	  

	  

In	  Fig.	  10,	  it	  can	  be	  observed	  that	  the	  proposed	  ABM	  mechanism	  reduces	  the	  blocking	  probability	  of	  the	  

IEEE	   802.22/WRAN	   tele-‐consulting	   service	   compared	   to	   the	   non-‐ABM	   mechanism.	   Thus,	   by	   properly	  

designing	   an	   AC	  mechanism	   able	   to	   provide	   alternative	   tele-‐consulting	   options	  with	   lower	   bandwidth	  

requirements	   when	   the	   network	   resources	   become	   scarce,	   the	   number	   tele-‐consulting	   sessions	  

cancelled	  can	  be	  significantly	  reduced.	  	  	  

	  

4.5. Simulation	  Testbed	  and	  Numerical	  Results	  

In	   order	   to	   evaluate	   the	   proposed	   AC	   mechanism	   performance	   in	   a	   more	   realistic	   rural	   deployment	  

scenario,	  a	  simulation	  testbed	  was	  implemented	  in	  MATLAB®.	  This	  testbed	  considers	  all	  the	  constraints	  

and	   parameters	   introduced	   in	   Section	   4.3	   (e.g.	   peak	   data	   rates,	   PHY	   and	  MAC	   layers	   overhead,	   etc.).	  

Furthermore,	   relevant	   conditions	   such	   as	   fading	   propagation	   channel,	   random	  NPUs	   appearance,	   and	  

interaction	  between	  the	  different	  layers	  of	  the	  system	  were	  also	  included	  in	  the	  simulation	  model.	  

The	  propagation	  model	  implemented	  in	  this	  work	  considers	  the	  P.1546-‐4	  path	  loss	  model	  (configured	  for	  

rural	   environments)	   in	   accordance	   to	   the	   recommendation	   given	   by	   the	   International	  
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Telecommunication	   Union	   (Recommendation	   ITU-‐R	   P.1546-‐4,	   2009).	   Because	   no	   dynamic	   transmit	  

power	  adaptation	  is	  considered,	  the	  transmit	  power	  will	  be	  fixed	  to	  36	  dBm	  for	  CPEs	  devices	  and	  50	  dBm	  

for	   the	  BS.	   In	   addition	   to	   the	  P.1546-‐4	  model,	   in	   order	   to	   characterize	   radio	   channel	   between	  BS	   and	  

CPE,	  the	  Rayleigh	  fading	  model	  introduced	  in	  (Atat	  et	  al.,	  2014)	  is	  considered.	  	  

𝐻 !,!,!" = −10𝑙𝑜𝑔!"Ω 𝑑!" + 10𝑙𝑜𝑔!"F!" 𝜎 	   	   	   	   	   	   (9)	  

In	   Eq.	   (9),	   the	   first	   expression	   captures	   the	   propagation	   loss	   from	   the	   ITU	   model,	   depending	   on	   the	  

distance	  between	  BS	  (user	  k)	  and	  CPE	  (user	   j).	  The	  second	  factor	  corresponds	  to	  Rayleigh	  fading,	  based	  

on	  parameter	  σ	  =	  2.17	  that	  corresponds	  to	  the	  600	  MHz	  band	  statistics.	  	  

To	   validate	   the	   simulation	  model,	   the	   same	   considerations	   used	   in	   Subsection	   4.4.4	  were	   used	   in	   the	  

simulation	   testbed	   to	   obtain	   blocking	   probabilities	   in	   absence	   of	   NPUs	   and	   under	   ideal	   propagation	  

conditions,	   that	   is:	  𝜆 = 1,2,… ,30 ,	  𝜇 = 2,  𝑅𝑏! = 1080,  𝑐! =	  QPSK	   and  𝑐! =16-‐QAM.	   The	   simulation	  

run	  for	  each	  λ	  value	  was	  divided	  in	  100	  batches,	  where	  each	  batch	  contains	  10,000	  network	  events	  per	  

user	   (e.g.	   admission	   requests	   from	   a	   rural	   hospital).	   The	   blocking	   probability	   is	   then	   calculated	   as	   a	  

reason	  between	  the	  total	  number	  of	  rejected	  connections	  and	  the	  total	  number	  of	  admission	  requests	  

for	  each	  λ	  value.	  The	  Fig.	  11	  shows	  the	  comparison	  between	  the	  blocking	  probabilities	  obtained	  with	  the	  

analytical	   model	   and	   the	   simulation	   testbed	   for	   non-‐ABM	   and	   ABM	   admission	   control.	   As	   it	   can	   be	  

readily	  seen	  in	  this	  figure,	  the	  simulation	  testbed	  results	  closely	  follow	  the	  analytic	  results	  presented	  in	  

Subsection	  4.4.	  	  

	  

Fig.	  11	  Blocking	  probability	  comparative	  between	  non-‐ABM	  and	  ABM	  admission	  control	  based	  on	  analytic	  and	  
simulation	  models.	  
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By	  using	   the	  simulation	   testbed,	   the	   ratio	  of	  allocated	   resources	   for	   the	   three	   levels	  of	   tele-‐consulting	  

services	   (high-‐quality	   video,	  medium-‐quality	   video	   and	   audio-‐only)	   can	   be	   obtained	   for	   each	   of	   the	   λ	  

values	  previously	  considered.	  These	  ratios	  are	  shown	  in	  Fig.	  12	  as	  percentages	  where	  in	  addition	  to	  the	  

ratios	   obtained	   when	  𝜇 = 2,	   the	   ratios	   obtained	   when	  𝜇 = 4	  were	   included.	   Particularly,	   the	   first	   bar	  

corresponds	  to	  𝜇 = 4	  while	   the	  second	  bar	  corresponds	  to	  𝜇 = 2.	   It	  can	  be	  noticed	  that	   for	   the	  worst-‐

case	  scenario	  considered	  (high	  traffic	  congestion	  with	  λ=30	  and	  μ=2)	  92%	  of	  the	  available	  resources	  were	  

allocated	  to	  high-‐quality	  video,	  5%	  of	  the	  resources	  were	  allocated	  to	  medium-‐quality	  video,	  and	  3%	  of	  

the	  resources	  were	  allocated	  to	  audio-‐only	  connections.	  Thus,	   from	  Fig.	  12	   it	  can	  be	  concluded	  that	  at	  

least	  97%	  of	  system	  resources	  were	  used	  to	  provide	  accepted	  users	  with	  high	  or	  medium	  quality	  video	  

service.	  	  

In	  order	   to	  perform	  an	   in-‐depth	  performance	  evaluation	  of	   the	  proposed	  ABM	   for	   IEEE	  802.22/WRAN	  

rural	  tele-‐consulting	  deployments,	  results	  obtained	  when	  including	  realistic	  propagation	  conditions	  and	  

random	  appearances	  of	  NPUs	   in	  the	  simulation	  testbed	  are	  provided	  next.	  Unless	  otherwise	  stated,	   to	  

perform	   this	   evaluation	   it	   was	   assumed	   that	   𝜆 = 1,2,… ,30 ,	   𝜇 = 2 ,   𝑅𝑏! = 1080 ,   𝑐! = 	  QPSK	  

and  𝑐! =16-‐QAM	  as	  in	  previous	  examples.	  

It	  is	  fair	  to	  assume	  that	  on	  rural	  regions	  the	  average	  arrival	  rates	  and	  occupancy	  times	  of	  NPUs	  are	  lower	  

than	  on	  urban	  regions.	  Therefore,	   in	  order	   to	  evaluate	   the	  effects	  of	   the	  average	  arrival	   rate	  of	  NPUs,	  

𝜆!"#,	  over	  the	  blocking	  probabilities,	  the	  simulation	  testbed	  considers	  average	  arrival	  rates	  of	  3,	  5	  and	  

10	  NPUs	  arrivals	  per	  hour	  for	  low,	  medium	  and	  high	  NPU	  congestion	  respectively.	  Similarly,	  average	  NPU	  

occupancy	  times,	  1/𝜇!"#,	  corresponding	  to	  WMs	  transmissions	  sustained	  for	  30,	  60	  and	  90	  minutes	  on	  

the	  average	  are	  referred	  to	  be	  low,	  medium	  and	  high	  respectively.	  	  
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Fig.	  12.	  Resource	  allocation	  percentage	  of	  high-‐quality	  video,	  medium-‐quality	  video	  and	  audio-‐only	  services.	  	  

	  

Fig.	   13	  presents	   the	  blocking	  probabilities	   for	   the	  ABM	  and	  non-‐ABM	  AC	  mechanisms	   considering	   the	  

NPUs	  average	  arrival	  rates	  previously	  defined	  with	  average	  NPU	  occupancy	  time	  of	  30	  minutes.	  It	  can	  be	  

observed	   that	   the	   blocking	   probability	   is	   negatively	   affected	   by	   the	   random	   appearance	   of	   NPUs.	  

Nevertheless,	   note	   how	   this	   effect	   is	   less	   for	   the	   proposed	   ABM	   mechanism.	   This	   means	   that	   the	  

proposed	  ABM	  mechanism	  copes	  better	  with	  the	  presence	  of	  NPUs	  than	  the	  non-‐ABM	  mechanism.	  Note	  

as	  well	  that	  for	  all	  cases	  the	  ABM	  mechanisms	  outperforms	  the	  non-‐ABM	  mechanism.	  	  

	  

Fig.	   13.	   Blocking	   probability	   obtained	   with	   the	   non-‐ABM	   mechanism	   and	   the	   proposed	   ABM	   mechanism	   in	  
presence	   NPUs	   when	   the	   average	   occupancy	   time	   is	   fixed	   to	   low:	  1/𝜇!"# = 30  	  mins.	   Low,	   medium	   and	   high	  
average	  arrive	  rates	  (𝜆!"# =	  3,	  5,	  and	  10	  arrivals	  per	  hour	  respectively)	  were	  considered	  for	  this	  plot.	  
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Fig.	   14	  presents	   the	  blocking	  probabilities	   for	   the	  ABM	  and	  non-‐ABM	  AC	  mechanisms	   considering	   the	  

NPU	  average	  occupancy	   times	  previously	  defined	  with	  average	  arrival	   rate	  of	  3	  NPUs	  per	  hour.	   In	   this	  

plot	   it	   can	   be	   observed	   that	   the	   blocking	   probability	   is	   larger	  when	   the	   average	  NPU	  occupancy	   time	  

increases.	  Nevertheless,	  as	  in	  Fig.	  13,	  this	  effect	  is	  less	  for	  the	  proposed	  ABM	  mechanism.	  This	  confirms	  

that	   the	   proposed	   ABM	   mechanism	   copes	   better	   with	   the	   presence	   of	   NPUs.	   In	   other	   words,	   with	  

proposed	   ABM	   mechanism	   an	   IEEE	   802.22/WRAN-‐based	   rural	   tele-‐consulting	   service	   has	   more	  

opportunities	  to	  achieve	  a	  successful	  admission.	  	  

	  

	  

Fig.	   14.	   Blocking	   probability	   obtained	   with	   the	   non-‐ABM	   mechanism	   and	   the	   proposed	   ABM	   mechanism	   in	  
presence	  NPUs	  when	  the	  average	  arrival	   rate	   is	   fixed	   to	   low:	  𝜆!"# = 3  	  arrivals	  per	  hour.	  Low,	  medium	  and	  high	  
average	  NPU	  occupancy	  durations	  (1/𝜇!"# =	  0.5,	  1,	  and	  1.5	  hours	  respectively)	  were	  considered	  for	  this	  plot.	  

	  

4.5.1. Results	  Discussion	  

From	  the	  results	  shown	  in	  Fig.	  13	  and	  Fig.	  14,	  it	  is	  clear	  that	  because	  of	  the	  data	  bandwidth	  availability	  

reduction	  resulting	  from	  random	  NPUs	  appearances,	  the	  blocking	  probability	  of	  tele-‐consulting	  sessions	  

shows	   an	   increment	   regardless	   of	   the	   AC	  mechanism	   used	   in	   the	   IEEE	   802.22/WRAN	   deployment	   for	  

rural	   tele-‐consulting	   services.	  Nevertheless,	   it	   is	   important	   to	  note	   that	   for	   all	   the	   cases	   analyzed,	   the	  

proposed	   ABM	  mechanism	   for	   IEEE	   802.22/WRAN-‐based	   rural	   tele-‐consulting	   deployments	   keeps	   the	  
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blocking	  probability	  below	  0.1	  for	  average	  arrival	  rates,	  𝜆,	  below	  5	  tele-‐consulting	  sessions	  requests	  per	  

hour	   (see	   Fig.	   11,	   Fig.	   12	   and	   Fig.	   13).	   Considering	   that,	   as	   discussed	   in	   Section	   2,	   current	   rural	   tele-‐

consulting	  deployments	  have	  an	  average	  arrival	  rate	  of	  1	  or	  2	  session	  requests	  per	  hour,	  deployment	  of	  

IEEE	   802.22/WRAN-‐based	   rural	   tele-‐consulting	   services	   is	   feasible	   when	   using	   the	   proposed	   ABM	  

mechanism.	  	  

Additionally,	   it	   is	   important	  to	  note	  that	  when	  using	  the	  proposed	  ABM	  mechanism,	  more	  than	  92%	  of	  

available	   system	   resources	   are	  used	   to	  provide	   accepted	  users	  with	  high-‐resolution	   video	   service	   (see	  

Fig.	  12).	   In	  addition,	   in	  a	   rural	  deployment	   context,	   the	  acceptance	  of	   a	   telemedicine	   connection	  with	  

less	   quality	   instead,	   its	   rejection	   may	   lead	   to	   a	   better	   perception	   of	   the	   system	   performance	   and	  

adequacy,	   as	   an	   appointment	   cancellation	  may	   result	   on	   serious	   inconveniences	   for	   patients	   and	   the	  

inefficient	  use	  of	  medical	  resources.	  Nonetheless,	  an	  in-‐depth	  analysis	  comprising	  measurement	  of	  mean	  

opinion	  score	   (MOS)	   factor	  should	  be	  performed	   in	  order	  to	  be	  conclusive	  about	  the	   impact	  of	   the	  AC	  

mechanism	  on	  the	  quality	  of	  experience	  (QoE).	  Such	  analysis	  is	  out	  of	  the	  scope	  of	  this	  work.	  	  

	  

4.6. Chapter	  Summary	  

The	   growing	   use	   of	  wireless	   networks	   for	   health	   applications	   has	  made	   it	   necessary	   to	   look	   into	   new	  

paradigms	   for	   the	  delivery	  of	   rural	   telemedicine	   services.	  With	   this	   in	  mind,	   in	   this	  work	   a	   cross-‐layer	  

admission	   control	   scheme	   based	   on	   adaptive	   bandwidth	   management	   was	   introduced	   for	   rural	   tele-‐

consulting	  services	  delivery	  over	  IEEE	  802.22/WRAN	  networks.	  The	  proposed	  AC	  mechanism	  enables	  the	  

admission	  of	  tele-‐consulting	  connections	  that	  under	  a	  typical	  AC	  scheme	  would	  have	  been	  blocked.	  	  

The	   presented	   results	   show	   that	   when	   compared	   with	   a	   typical	   AC	   mechanism,	   the	   proposed	   ABM	  

mechanism	   achieves	   a	   significant	   improvement	   on	   the	   blocking	   probability	   of	   tele-‐consulting	   session	  

requests,	  even	  under	  high-‐traffic	  congestion	  scenarios.	  This	  is	  possible	  by	  coupling	  the	  QoS	  service	  level	  

at	   the	   APP	   layer	   with	   the	   network	   resources	   availability	   at	   the	   PHY	   layer,	   and	   then	   providing	   new	  

admission	  control	  criteria	  for	  telemedicine	  applications	  that	  can	  support	  different	  levels	  of	  QoS.	  

The	  analog	  TV	  switch	  off	  presents	  an	   important	  opportunity	   for	   the	  delivery	  a	  variety	  of	  data	   services	  

over	   TVWS	   for	   rural	   communities.	   Among	   them,	   provisioning	   of	   telemedicine	   services	   for	   these	  

communities	  it	  is	  really	  important	  for	  social	  and	  economic	  reasons.	  In	  this	  sense,	  the	  results	  presented	  in	  
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Subsection	   4.5	   show	   the	   potential	   for	   the	   delivery	   of	   rural	   tele-‐consulting	   services	   over	   IEEE	  

802.22/WRAN	   networks	   when	   the	   proposed	   ABM	  mechanism	   is	   used.	   However,	   this	   is	   only	   the	   first	  

phase	  of	  an	  integral	  solution	  for	  deployment	  of	  telemedicine	  networks	  based	  on	  the	  IEEE	  802.22/WRAN,	  

since	   it	  has	  to	  be	  considered	  the	  design	  of	  complementary	  scheduling	  algorithms	  to	  establish	  resource	  

allocation	  priorities	  between	  different	  telemedicine	  services,	  such	  as	  tele-‐diagnosis,	  tele-‐consulting,	  and	  

tele-‐monitoring.	   Therefore,	   in	   the	   following	   chapter	   a	   cross-‐layer	   scheduler	   for	   telemedicine	   services	  

based	  on	  the	  IEEE	  802.22/WRAN	  standard	  is	  presented.	  	  
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Chapter 5. Scheduling	   Algorithm	   for	   Telemedicine	   Service	  
Delivery	  based	  on	  the	  IEEE	  802.22/WRAN	  Standard	  

5.1. Introduction	  

In	   last	   decade,	   technological	   solutions	   that	   enable	   the	   remote	   monitoring	   of	   patients	   as	   part	   of	   a	  

diagnostic	  procedure,	  supervision	  of	  a	  chronic	  condition,	  or	  post-‐operative	  recovery	  have	  been	  proposed	  

(Hadjidj	  et	  al.,	  2013;	  Hamdi	  et	  al.,	  2014;	  Kulkarni	  &	  Ozturk,	  2011;	  McGregor	  et	  al.,	  2007).	  This	  has	  led	  to	  

the	  development	  of	   telemedicine	  as	  a	  new	  paradigm	  for	   the	  provisioning	  of	  health	  services.	  However,	  

the	   lack	   of	   technological	   infrastructure	   and	   connection	   availability	   towards	   the	   deployment	   of	   a	  

telemedicine	  network	  may	  limit	  the	  medical	  services	  that	  can	  be	  offered.	  In	  other	  words,	  a	  telemedicine	  

model	   designed	   to	   offer	   diagnosis	   services	   using	   high	   definition	   video	   (with	   a	   minimal	   bandwidth	  

requirement	   of	   400	   Kbps	   connection)	  may	   require	  QoS	   provisioning	   that	   a	  modem	   connection	   over	   a	  

POTS	   network	   (with	   a	   bandwidth	   of	   56	   Kbps)	   cannot	   offer.	   It	   is	   important	   to	   note	   that	   on	   a	   rural	  

telemedicine	  deployment	  scenario	  the	  number	  of	  telemedicine	  services	  that	  can	  be	  served	  is	  limited	  by	  

bandwidth	  and	  QoS	   requirements.	  Hence,	   the	   system	  resources	   for	   the	   telemedicine	   services	  must	  be	  

reserved	  by	  means	  of	  resource	  scheduling	  algorithms.	  Therefore,	  this	  chapter	  considers	  the	  provisioning	  

of	  basic	  medical	  services	  from	  urban	  to	  rural	  regions	  by	  enabling	  tele-‐diagnosis,	  tele-‐consulting	  and	  tele-‐

monitoring	  services.	  	  

In	   IEEE	   802.16/WiMAX,	   the	   use	   of	   scheduling	   algorithms	   towards	   QoS	   provisioning	   has	   been	   widely	  

studied	  in	  (Kas	  et	  al.,	  2010;	  Niyato	  et	  al.,	  2007b;	  So-‐In	  et	  al.,	  2009b).	  	  However,	  by	  considering	  that	  IEEE	  

802.22/WRAN	  operates	  in	  unlicensed	  TVWS	  channels,	  and	  its	  maximum	  transmission	  range	  doubles	  the	  

one	   offered	   by	   IEEE	   802.16e/WiMAX,	   then	   the	   deployment	   of	   IEEE	   802.22/WRAN	   rural	   telemedicine	  

networks	   can	   offer	   lower	   operating	   and	   implementation	   costs	   compared	   to	  WiMAX	   or	   another	   rural	  

connectivity	   solutions	   (e.g.	  BSC).	   For	   this	   reason,	   IEEE	  802.22/WRAN	  has	   the	  potential	   of	   enabling	   the	  

delivery	   of	   different	  multimedia-‐based	   telemedicine	   services	   (e.g.	   tele-‐consulting)	   over	   long	  distances,	  

and	   hence	   seems	   to	   be	   a	   viable	   option	   for	   the	   deployment	   of	   rural	   telemedicine	   networks.	   In	   this	  

context,	   the	   IEEE	   802.22/WRAN	   standard	   includes	  QoS	   provisioning	   for	   several	   type	   of	   traffic	   profiles	  

that	   represents	   an	   alternative	   solution	   to	   the	   transmission	   of	   telemedicine	   applications.	   Because	   the	  

disruption	   in	   the	   transmission	   of	   a	   telemedicine	   service,	   such	   as	   tele-‐diagnosis	   over	   an	   emergency	  

scenario,	  may	   represent	   a	   risk	   for	   the	   patient	   health;	   the	   enabling	   of	   telemedicine	   service	   delivery	   is	  

limited	  by	   its	  condition	  as	  a	  secondary	  user	  of	  the	  spectrum.	   	   In	  other	  words,	  before	  using	  a	  particular	  

TVWS	   channel,	   the	   BS	   and	   the	   CPE	   must	   verify	   that	   it	   is	   not	   being	   occupied	   by	   transmissions	   from	  



	  

	  

78	  

primary	  users.	  Thus,	  the	  IEEE	  802.22	  standard	  includes	  cognitive	  radio	  capabilities	  in	  order	  to	  protect	  the	  

primary	  users	  of	  the	  TVWS	  spectrum.	  Hence,	  one	  of	  the	  main	  issues	  to	  overcome	  for	  the	  implementation	  

of	  effective	  telemedicine	  services	  over	  IEEE	  802.22,	  is	  the	  spectrum	  allocation	  restriction	  caused	  by	  the	  

protection	  of	  primary	  users.	  Thus,	  before	  deploying	  telemedicine	  services	  over	  IEEE	  802.22,	  the	  design	  of	  

mechanisms	   aimed	   at	   guaranteeing	   the	   availability	   of	   enough	   bandwidth	   resources	   for	   telemedicine	  

applications,	   even	   in	   the	   presence	   of	   primary	   users,	   is	   needed.	   Note	   that	   even	   though	   the	   standard	  

considers	  four	  different	   levels	  of	  QoS,	  the	  design	  of	  such	  mechanisms	  is	  not	  trivial,	  as	  none	  of	  the	  QoS	  

levels	  guarantees	  availability	  of	  resources	  when	  a	  primary	  user	  is	  found.	  	  

Telemedicine	   comprises	   emergency	   and	   non-‐emergency	   scenarios.	   This	  means	   that	   a	   priority	   scheme	  

should	   be	   considered	  within	   the	   scheduling	   algorithm	  design.	   In	   order	   to	   established	   a	   hierarchy	   that	  

rules	  the	  allocation	  of	  system	  resources,	  among	  telemedicine	  services,	  is	  necessary	  to	  collect	  information	  

related	   to	   telemedicine	   traffic	   profiles,	   QoS	   requirements,	   data	   bandwidth	   availability,	   presence	   of	  

primary	  users	  and	   radio	  channel	  details,	  among	  others.	  Thus,	  a	  cross-‐layer	  architecture	   is	  proposed	   to	  

enable	  this	  feature	  in	  a	  resource	  allocation	  mechanism	  for	  telemedicine	  services,	  which	  couples	  the	  APP	  

and	   MAC	   layers.	   Since	   all	   included	   telemedicine	   services	   requires	   at	   least	   a	   minimum	   of	   QoS	  

provisioning.	  Therefore	  the	  ERrt,	  nERrt	  and	  nERnrt	  telemedicine	  services	  must	  be	  transmitted	  under	  the	  

UGS,	  rtPS	  and	  nrtPS	  of	  the	  IEEE	  802.22/WRAN	  QoS	  type	  of	  services,	  respectively.	  It	  should	  be	  noted	  that,	  

although	  the	  IEEE	  802.22	  standard	  defines	  the	  type	  of	  QoS	  services,	  it	  does	  not	  provides	  any	  pre-‐defined	  

mechanism	  to	  assign	  system	  resources,	  by	  leaving	  the	  resource	  allocation	  scheduling	  as	  an	  open	  issue.	  

Consequently,	   without	   a	   resource	   allocation	   scheduling	   for	   telemedicine	   services,	   there	   will	   not	   be	  

system	  resources	  that	  can	  be	  reserved	  to	  guarantee	  their	  data	  bandwidth	  requirements,	  which	  it	  is	  not	  

desirable	   in	  health	  applications	  where	   information	  about	  patient	  health	   status	   is	   included.	   In	   fact,	   the	  

restricted	  access	  to	  spectrum	  as	  secondary	  users	  within	  an	  overlay	  scheme	  may	  cause	  an	  increase	  in	  the	  

blocking	   and	   interruption	   probabilities,	   because	   of	   the	   requirement	   of	   stopping	   transmissions	   in	   the	  

frequency	  bands	  where	  the	  primary	  users	  are	  found	  (Fitch	  et	  al.,	  2011;	  Gao	  et	  al.,	  2012;	  Shellhammer	  et	  

al.,	  2009).	  For	  telemedicine	  service	  delivery	  this	  fact	  represents	  a	  major	   issue,	  and	  become	  relevant	  by	  

considering	  that	  tele-‐diagnosis	  sessions	  from	  ambulances	  (under	  emergency	  scenarios)	  could	  be	  blocked	  

or	  interrupted,	  even	  when	  those	  sessions	  are	  active.	  

Therefore,	   the	   design	   of	   a	   dynamic	   spectrum	   allocation	   is	   required	   to	   avoid	   throughput	   drops,	   or	  

disruptions	  in	  the	  transmission	  of	  telemedicine	  traffic,	  even	  in	  presence	  of	  primary	  users.	  This	  way,	  the	  

resource	  allocation	  mechanism	  can	  enable	  a	  dynamic	  resource	  reservation	  by	  means	  of	  implementing	  a	  
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scheduling	   algorithm	  based	  on	  data	  bandwidth	   requirements	  of	   telemedicine	   services.	  Additionally,	   in	  

order	  to	  overcome	  throughput	  disruptions	  that	  result	  from	  the	  presence	  of	  primary	  users	  (according	  to	  

the	  overlay	  spectrum	  access	  scheme	  that	  has	  been	  defined	  in	  the	  IEEE	  802.22	  standard),	  the	  scheduler	  

should	  be	  designed	  with	  a	  channel-‐aware	  feature.	  To	  the	  best	  of	  our	  knowledge,	  a	  scheduling	  algorithm	  

that	  provides	  the	  required	  resources	  for	  enabling	  telemedicine	  services	  over	  IEEE	  802.22,	  that	  considers	  

data	   bandwidth	   restrictions	   resulting	   from	   the	   presence	   of	   primary	   users,	   has	   not	   been	   previously	  

proposed.	   Therefore,	   in	   this	   chapter	   a	   Telemedicine	  Cross-‐Layer	   Scheduling	   (TelemedCLSch)	   algorithm	  

that	  enables	  the	  deployment	  of	  rural	  telemedicine	  services	  over	  the	  IEEE	  802.22	  standard	  is	  proposed.	  	  

The	   proposed	   TelemedCLSch	   algorithm	   aims	   to	   perform	   scheduling	   of	   network	   resources	   for	   tele-‐

monitoring,	   tele-‐consulting	   and	   tele-‐diagnosis	   services	   in	   a	   hierarchical	   way.	   Here,	   TelemedCLSch	  

scheduler	   has	   to	   deal	   with	   bandwidth	   constraints	   resulting	   from	   PU	   presence.	   Particularly,	   the	  

bandwidth	   availability	   on	   IEEE	   802.22/WRAN	   networks	   could	   be	   seriously	   affected	   by	   the	   random	  

appearance	   of	   NPUs	   (i.e.	   wireless	   microphones),	   since	   it	   has	   been	   established	   an	   overlay	   spectrum	  

access	  scheme.	  However,	  authors	  in	  (Park	  et	  al.,	  2012)	  have	  shown	  that	  IEEE	  802.22/WRAN	  networks	  can	  

operate	  in	  coexistence	  with	  NPUs,	  by	  means	  of	  implementing	  a	  subchannel	  notching	  technique	  to	  avoid	  

interference,	   and	   a	   subchannel	   bonding	   technique	   to	   improve	   efficiency	   on	   spectrum	   utilization.	   This	  

way,	   the	   subscribed	   users	   to	   IEEE	   802.22/WRAN	   do	   not	   have	   to	   stop	   transmitting	   and	   abandon	   the	  

operating	   channel	   to	   protect	   NPU	   transmissions.	   Instead,	   the	   IEEE802.22/WRAN	   network	   can	   protect	  

NPU	  transmissions	  by	  isolating	  particular	  portions	  of	  channel	  bandwidth,	  while	  remaining	  spectrum	  is	  re-‐

allocated	   to	  enable	  SU	   transmissions.	  Thus,	   the	  TelemedCLSch	   scheduler	  has	   to	  consider	  variations	  on	  

bandwidth	  availability	  given	  by	  presence	  of	  PU	  transmissions.	  

In	  this	  context,	  bandwidth	  availability	  variations	  can	  be	  determined	  by	  means	  of	  abstracting	  information	  

related	  to	  presence	  of	  PUs	  from	  MAC	  layer,	  which	  is	  periodically	  updated	  through	  results	  from	  spectrum	  

sensing	   functions	   on	   PHY	   layer.	   Differently,	   information	   related	   to	   telemedicine	   priorities,	   QoS	  

requirements	   and	   traffic	   characteristics	   can	   be	   obtained	   from	   the	   application	   (APP)	   layer.	   Hence,	   by	  

coupling	  APP	  and	  MAC	   layers	   through	  a	   cross-‐layer	  architecture	   the	   two	  main	  elements	   (telemedicine	  

priorities	   and	   bandwidth	   availability)	   that	   affects	   scheduling	   of	   resource	   allocation	   for	   telemedicine	  

service	  delivery,	  can	  be	  characterized	  for	  rural	  deployments	  based	  on	  the	  IEEE	  802.22/WRAN	  standard.	  

Therefore,	   the	   proposed	   TelemedCLSch	   scheduling	   algorithm	   includes	   the	   cross-‐layer	   architecture	  

depicted	  in	  Chapter	  4,	  as	  a	  fundamental	  tool	  for	  resource	  allocation	  purposes.	  
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5.2. The	   Cross-‐layer	   Telemedicine	   Priority	   Scheduling	   for	   the	   IEEE	  

802.22/WRAN	  standard	  

In	  the	  IEEE	  802.22	  standard,	  the	  BS	  manages	  the	  system	  resources,	  and	  assigns	  them	  to	  the	  CPEs.	  Since	  

the	  BS	  is	  in	  charge	  of	  the	  management	  of	  upstream	  and	  downstream	  links,	  it	  will	  be	  considered	  that	  the	  

scheduling	   algorithm	   will	   be	   performed	   at	   the	   BS.	   The	   data	   bandwidth	   load	   per	   link	   is	   considered	  

asymmetric,	  because	  for	  telemedicine	  services	  a	  high-‐load	  of	  data	  bandwidth	  may	  be	  required,	  either	  in	  

the	   downlink	   or	   in	   the	   uplink.	   For	   instance,	   if	   a	   local	   physician	   is	   accessing	   a	   medical	   record	   from	   a	  

patient,	   the	  maximum	  data	  bandwidth	  will	   be	   loaded	  on	   the	  downlink.	  Differently,	   if	   an	  ambulance	   is	  

transmitting	  medical	   information	   from	  a	  patient,	   the	  maximum	  data	  bandwidth	  will	   be	   loaded	  on	   the	  

uplink.	  This	  case	  study	  will	  be	  focused	  on	  the	  downlink	  traffic,	  since	  it	  has	  been	  defined	  that	  in	  the	  most	  

restricted	  telemedicine	  scenario	   (emergency),	   the	  data	  are	  collected	  from	  the	  ambulance	  to	  the	  urban	  

hospital.	  Based	  on	  the	  single	  cell	  condition,	  no	  co-‐channel	  interference,	  or	  interference	  from	  the	  CPEs	  to	  

the	   PUs	   throughput,	   will	   be	   considered.	   Moreover,	   because	   the	   simulation	   is	   focused	   on	   the	   data	  

bandwidth	   transmission,	   the	   performance	   metrics	   will	   be	   calculated	   on	   the	   MAC	   layer,	   for	   all	   CPEs	  

traffic.	  

Similar	  to	  the	  conditions	  described	  in	  Chapter	  4,	  the	  subchannel	  notching	  and	  bonding	  techniques	  shown	  

in	   (Park	  et	   al.,	   2012)	  will	   be	  assumed	   to	  enable	   coexistence	  between	   secondary	  and	  primary	  users.	   In	  

same	   direction,	   the	   proposed	   TelemedCLSch	   scheduler	   considers	   that	   the	   data	   traffic	   connections	  

generated	   by	   the	   PUs	   and	   CPEs	   present	   a	   negative	   exponential	   distribution,	   for	   the	   interarrival	   and	  

departure	   times	   (Van	  Mieghem,	   2009).	   Here,	   the	   average	   interarrival	   times	   are	   expressed	   as,	  1 𝜆!",	  

1 𝜆!",	  1 𝜆!" ,	  1 𝜆!" 	  for	   PUs,	   tele-‐diagnosis,	   tele-‐consulting	   and	   tele-‐monitoring	   users,	   respectively;	  

correspondingly,	   the	   average	   departure	   times	   are	   denoted	   as,	   1 𝜇!" ,	   1 𝜇!" ,	   1 𝜇!" ,	   1 𝜇!" .	  

Additionally,	   a	   fixed	   number	   of	   subchannels	   will	   be	   assigned	   for	   PUs,	   and	   tele-‐diagnosis	   users	   to	  

guarantee	  QoS,	   under	   a	  UGS	   profile.	   Since	   the	   cross-‐layer	   scheduler	   is	   focused	   on	   interlayer	   coupling	  

between	   the	   MAC	   and	   APP	   layers,	   the	   study	   of	   spectrum	  management	   and	   PUs	   sensing	   function,	   is	  

beyond	  the	  scope	  of	  this	  paper.	  

5.2.1. Density	  of	  Wireless	  Microphones	  in	  Rural	  Regions	  

At	  the	  writing	  time	  of	  this	  work,	  a	  traffic	  pattern	  of	  PUs	  reported	   in	  the	   literature	  could	  not	  be	  found.	  

However,	   the	   reports	   issued	   by	   the	   European	   Commission	   Directorate	   General	   for	   Communications	  
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Networks,	  Content	  and	  Technology,	  as	  well	  as	  the	  FCC	  in	  United	  States,	  establish	  that	  a	  highest	  density	  

of	  WMs	  is	  observed	  in	  major	  sports	  and	  cultural	  major	  events	  (i.e.	  super	  bowl	  games,	  concerts,	  etc.)	  (The	  

Coalition	   of	  Wireless	  Microphone	   Users	   2009;	   European	   Commission	   and	   Directorate-‐General	   for	   the	  

Information	  Society	  and	  Media	  2013;	  Microsoft	  Corporation	  2013).	  In	  this	  context,	  up	  to	  50	  WMs	  can	  be	  

operating	   steadily	   for	   up	   to	   3	   hours.	   Another	   case	  where	   a	   high	   density	   of	  WMs	   can	   be	   found	   is	   on	  

theater	  play	  events,	  where	  microphones	  use	  for	  hours	  can	  be	  found,	  and	  their	  operating	  location	  can	  be	  

estimated.	  For	  instance,	  in	  Broadway	  Avenue	  at	  New	  York	  City,	  the	  density	  of	  WMs	  operating	  can	  be	  up	  

to	   20	   WMs	   operating	   continuously	   on	   a	   regularly	   scheduled	   play	   duration.	   Different	   to	   previously	  

mentioned	  cases,	  a	   low	  to	  medium	  density	  use	  of	  WMs	   (of	  up	   to	  10)	  can	  be	  mostly	   found	   in	  sporadic	  

cultural	   public	   events,	   in	   school	   buildings	   and	   religious	   churches.	   Additionally	   in	   this	   case,	   the	   WMs	  

operating	  time	  is	  approximately	  of	  up	  to	  1	  hour	  for	  cultural	  public	  events	  and	  religious	  churches,	  while	  in	  

school	  buildings	  an	  average	  use	  duration	  of	  15	  minutes	  can	  be	  estimated,	  by	  considering	  its	  main	  use	  to	  

deliver	   announcements,	   or	   instructions	   to	   students.	   None	   of	   these	  WMs	   density	   cases	   involves	   rural	  

regions.	   However,	   by	   considering	   that	   even	   in	   rural	   regions	   we	   may	   find	   school	   buildings	   within	   BS	  

coverage	  area,	  this	  work	  will	  assume	  WMs	  use	  time	  of	  up	  to	  20	  minutes.	  Since	  regularly	  school	  operating	  

hours	   are	   ranging	   from	   8	   AM	   to	   9	   PM,	   it	   will	   be	   assumed	   that	  WMs	   transmit	   every	   3	   hours.	   Hence,	  

different	  to	  simulation	  model	  shown	  in	  Chapter	  4,	  in	  this	  evaluation	  scenario	  a	  density	  of	  WMs	  (of	  up	  to	  

10)	  will	  be	   considered.	  This	  assumption	   is	  based	  on	  a	   low	   to	  medium	  use	  density	   that	   corresponds	   to	  

sporadic	  cultural	  public	  events,	  in	  school	  buildings	  and	  religious	  churches.	  Therefore,	  the	  utilization	  rate	  

and	   transmission	   duration	   times	   of	   primary	   users	  will	   be	   characterized	   by	   the	   parameters	  𝜆!" = 1/3	  

and	  𝜇!" = 3,	  respectively.	  

	  

5.3. Simulation	  Model	  for	  Evaluation	  of	  the	  proposed	  TelemedCLSch	  scheduler	  

Previously,	   it	   has	   been	   stated	   that	   the	   BS	   will	   be	   located	   in	   the	   urban	   hospital.	   This	   means	   that	   the	  

utilization	   rate	   of	   telemedicine	   services	   (i.e.	   tele-‐diagnosis,	   tele-‐consulting	   or	   tele-‐monitoring)	   will	   be	  

based	  on	  the	  number	  of	  calls	  arriving	  at	  the	  urban	  hospital	  requesting	  a	  specific	  telemedicine	  session.	  In	  

order	   to	   estimate	   utilization	   rates	   and	   transmission	   duration	   of	   tele-‐diagnosis	   and	   tele-‐consulting	  

services;	   the	   evaluation	   of	   the	   proposed	   TelemedCLSch	   scheduler	   will	   be	   based	   on	   the	   case	   studies	  

shown	  in	  (Scheulen	  et	  al.,	  2001;	  Li	  et	  al.,	  2008;	  Stripe	  and	  Susman,	  1991;	  Newgard	  et	  al.,	  2010;	  Zanaboni	  

et	  al.,	  2009;	  Pacheco-‐López	  et	  al.,	  2011;	  Zachariah	  et	  al.,	  2012;	  Vargas	  et	  al.,	  2014).	  About	  the	  provision	  

of	  emergency	  medical	  services,	  authors	  in	  (Li	  et	  al.,	  2008;	  Scheulen	  et	  al.,	  2001;	  Stripe	  and	  Susman,	  1991)	  



	  

	  

82	  

performed	   an	   analysis	   that	   shows	   ambulance	   arrival	   rates	   in	   emergency	   departments	   or	   hospitals	   in	  

rural	  areas	  of	  central	  Maryland,	  Taiwan	  Island	  in	  China,	  and	  Richardson	  County	  in	  Nebraska,	  respectively.	  

Reported	   population	   density	   in	   rural	   areas	   of	   central	  Maryland	   is	   ranging	   from	   26.52	   people/Km2	   (in	  

Anne	  Arundel	  County),	  to	  56.92	  people/Km2	  in	  Carroll	  County.	  In	  contrast,	  rural	  Richardson	  County	  has	  

an	   approximate	   population	   density	   of	   6	   people/Km2,	  while	   Taiwan	   Island	   presents	   a	   rural	   population	  

density	  of	  73	  people/Km2.	  By	  considering	  an	  average	  rural	  population	  density	  of	  39.33	  people/Km2	  (in	  

Central	   Maryland),	   it	   can	   be	   said	   that	   Richardson	   County	   has	   a	   low	   rural	   population	   density,	   in	  

comparison	  with	   rural	  population	  density	   shown	   in	  Taiwan	   Island.	   In	  order	   to	   study	  ambulance	  arrival	  

rates	  for	  rural	  regions,	  the	  authors	  in	  (Scheulen	  et	  al.,	  2001)	  classified	  the	  emergency	  patients	  based	  on	  

three	   levels	   of	   attention:	   critical	   condition	   (requires	   emergency	   immediate	   medical	   attention),	   less	  

serious	   condition	   (requires	   emergency	   medical	   attention	   but	   not	   immediately)	   and	   non-‐emergency	  

condition	  (requires	  medical	  attention	  but	  not	  emergency).	   In	  this	  context,	  an	  ambulance	  arrival	  rate	  of	  

0.56	   patients/hour	   has	   been	   reported	   by	   considering	   all	   priority	   levels,	   and	   an	   arrival	   rate	   of	   0.28	  

patients/hour	  by	  considering	  only	  those	  that	  require	  emergency	  medical	  attention.	  In	  the	  Taiwan	  Island	  

case	  study	  (Li	  et	  al.,	  2008),	  the	  EMS	  utilization	  is	  based	  on	  rural	  road	  traffic	  accident	  (RTA)	  characteristics.	  

Here,	  a	  5.63%	  of	  deaths	  that	  were	  attended	  by	  post-‐trauma	  units	  are	  identified	  in	  rural	  regions,	  and	  32%	  

of	  those	  patients	  died	  before	  being	  admitted	  in	  the	  hospital.	  By	  considering	  that	  every	  RTA	  event	  (served	  

by	  hospitals	   or	   post-‐trauma	  units)	   requires	   ambulance	   transportation	   services,	   it	   can	  be	   calculated	   an	  

ambulance	   arrival	   rate	   of	   0.033	   patients/hour	   that	   requires	   emergency	   immediate	  medical	   attention.	  

Differently,	   in	   (Stripe	   and	   Susman,	   1991)	   the	   ambulance	   transportation	   in	   rural	   Richardson	   County	  

involves	  elderly	  people	   that	   requires	  pre-‐hospital	  EMS.	  Here,	  70%	  of	  EMS	  patients	  aged	  more	   than	  64	  

years	  old.	  Consequently,	  more	  than	  58%	  of	  EMS	  calls	  attended	  by	  an	  ambulance	  involved	  patients	  with	  

fractures,	   or	   cardiorespiratory	   and	   neurologic	   problems.	   In	   this	   context,	   an	   average	   of	   one	   call	  

requesting	  EMS	  every	  19.2	  hours	  is	  observed	  in	  rural	  Richardson	  County,	  which	  results	  in	  an	  ambulance	  

arrival	   rate	   of	   0.052	   patients/hour.	   Authors	   in	   (Newgard	   et	   al.,	   2010),	   studied	   ambulance	   EMS	   time	  

intervals	   after	   the	   onset	   of	   out-‐hospital	   traumatic	   injury	   in	   the	   United	   States	   and	   Canada.	   The	   EMS	  

“Golden	   Hour”	   analysis	   includes	   the	   following	   time	   intervals:	   activation,	   response,	   on-‐scene	   and	  

transport.	   In	   the	   United	   States	   and	   Canada	   an	   average	   total	   EMS	   interval	   of	   35.7	   minutes	   and	   38.1	  

minutes	  was	  found,	  respectively.	  The	  highest	  EMS	  interval	  times	  were	  observed	  on-‐scene,	  ranging	  from	  

13.0	  to	  25.5	  minutes	  in	  United	  States,	  and	  from	  14.9	  to	  27	  minutes	  in	  Canada.	  

Since	   the	   proposed	   TelemedCLSch	   scheduler	   considers	   tele-‐diagnosis	   service	  with	   the	   highest	   priority	  

level,	   its	  evaluation	  will	   include	   three	   rural	   scenarios.	  The	   first	   two	  scenarios	   include	  unrestricted,	  and	  

restricted	  patient	  level	  attention,	  which	  aim	  to	  serve	  rural	  regions	  (with	  a	  high	  population	  density).	  In	  a	  
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different	  way,	  the	  third	  scenario	  corresponds	  to	  rural	  regions	  with	  a	  low	  population	  density	  without	  any	  

priority	  patient	   level	   restriction.	   Thus,	  based	  on	   case	   study	   shown	   in	   (Scheulen	  et	   al.,	   2001),	   a	   rate	  of	  

0.56	  patients/hour	  is	  observed	  in	  rural	  regions	  without	  any	  patient	  level	  attention	  restriction.	  Similarly,	  a	  

rate	  of	  0.28	  patients/hour	  was	  registered	   in	  the	  same	  rural	  regions,	  by	  considering	  only	  those	  patients	  

classified	  in	  attention	  level	  I,	  and	  II.	  By	  taking	  into	  account	  the	  rural	  Richardson	  County	  case	  study,	  a	  rate	  

of	  0.052	  patients/hour	  will	  be	  considered	   in	   the	   third	   scenario.	  Therefore,	   the	  corresponding	   rates	   for	  

tele-‐diagnosis	   traffic	   included	   in	   the	   simulation	   are:	  1 𝜆!"!!"# = 1.78  ℎ ,	  1 𝜆!"!!"" = 3.57  ℎ 	  and	  

1 𝜆!"!!"# = 19.23  ℎ	  for	   the	  high	   rural	  unrestricted	   scenario	   (HRU),	   the	  high	   rural	   restricted	   scenario	  

(HRR)	  and	  the	  low	  rural	  unrestricted	  scenario	  (LRU),	  respectively.	  As	  this	  work	  assumes	  the	  transmission	  

of	  tele-‐diagnosis	  service	   in	  emergency	  site	  only,	  a	  tele-‐diagnosis	  session	  duration	  of	  15	  minutes	  will	  be	  

considered.	  Hence,	  the	  service	  time	  parameter	  will	  be	  set	  as	  𝜇!" = 4,	  for	  all	  tele-‐diagnosis	  scenarios.	  	  

It	   is	   important	  to	  note	  that	  evaluation	  conditions	  of	  tele-‐consulting	  services	  will	  be	  based	  on	  what	  was	  

shown	   in	  Chapter	  4.	   	  However,	   In	  order	   to	  evaluate	   the	  performance	  of	   scheduling	  algorithms	  and	   its	  

response	   to	   given	   telemedicine	   priorities,	   the	   tele-‐consulting	   utilization	   rate	   considered	   within	   this	  

simulation	   will	   be	   set	   to	   one	   session/hour.	   This	   way,	   the	   metrics	   of	   blocking	   and	   interruption	  

probabilities	  will	  show	  the	  performance	  of	  proposed	  scheduling	  algorithm,	  and	  its	  response	  to	  the	  data	  

bandwidth	  allocation	  of	  tele-‐diagnosis	  traffic,	  under	  a	  scenario	  where	  the	  access	  to	  system	  resources	  is	  

highly	   restricted.	   Therefore,	   the	   utilization	   and	   transmission	   duration	   times	   for	   tele-‐consulting	   traffic	  

included	  are:  1 𝜆!" = 1  ℎ	  and	  1 𝜇!" = 0.5  ℎ,	  correspondently.	  

Regarding	   scheduling	   algorithms	   previously	   implemented	   on	   cognitive	   radio	   networks,	   a	   comparative	  

with	  the	  WRR	  algorithm	  will	  be	  presented	  in	  this	  Chapter.	  However,	  it	  is	  important	  to	  note	  that	  previous	  

implementations	  of	  WRR	  algorithm	  in	  cognitive	  radio	  networks	  presented	  in	  (Jianfeng	  Chen	  et	  al.,	  2005;	  

Markarian	  et	  al.,	  2012,	  2010),	  does	  not	  include	  the	  channel	  awareness	  feature.	  Since	  this	  study	  considers	  

an	   underlay	   spectrum	   access	   scheme	   that	   requires	   the	   awareness	   of	   the	   number	   of	   primary	   users	  

present	   in	   the	   operation	   channel,	   the	   direct	   implementation	   of	   the	   WRR	   algorithm	   is	   considered	  

unsuitable.	   Therefore,	   the	   channel-‐aware	   feature	   has	   been	   enabled	   in	   the	   WRR	   by	   extending	   its	  

implementation	   to	   cross-‐layer	   architecture,	   in	   order	   to	   perform	   a	   comparative	   evaluation	   with	   the	  

proposed	   TelemedCLSch	   algorithm.	   In	   this	   context,	   both	   algorithms	   will	   be	   ruled	   by	   the	   same	  

architecture,	  and	  will	  schedule	  the	  system	  resources	  under	  the	  same	  circumstances.	  The	  WRR	  scheduler	  

allocates	  the	  system	  resources	   in	  a	  priority	  scheme	  based	  on	  a	  predefined	  weighted	  value	  (per	  type	  of	  

user)	   that	   represents	   a	   percentage	   of	   the	   available	   bandwidth.	   This	  means	   that	   the	   highest	  weighted	  

value	  must	  be	  assigned	  to	  the	  user	  with	  the	  highest	  priority.	  Moreover,	  the	  WRR	  algorithm	  allocates	  the	  
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system	   resources	   in	   a	   circular	   way	   by	   following	   the	   weighted	   value	   priority,	   which	   means	   that	   the	  

resource	  blocks	  will	  be	  assigned	  in	  the	  same	  manner.	  Therefore,	  in	  order	  to	  establish	  a	  priority	  scheme	  

under	  this	  scheduling	  algorithm,	  a	  weighted	  relation	  between	  tele-‐diagnosis	  and	  tele-‐consulting	  services	  

of	  2:1	  will	  be	  considered.	  

In	  this	  context,	  this	  performance	  evaluation	  follows	  a	  Monte	  Carlo	  methodology	  (Jeruchim	  et	  al.,	  2002)	  

to	   find	   the	   statistical	   properties	   of	   the	   blocking	   and	   interruption	   probabilities	   resulting	   from	  

implementation	   of	   scheduling	   algorithm.	   This	   way,	   the	   cross-‐layer	   implementation	   evaluates	   the	  

objective	  function	  by	  searching	  exhaustively	  a	  tuple	  that	  maximizes	  the	  use	  of	  system	  resources.	  Then,	  it	  

distributes	   the	   resulting	   alternative	   admission	   option	   to	   the	   APP	   layer	   based	   on	   resource	   availability.	  

Otherwise,	  the	  admission	  request	  is	  rejected	  by	  the	  system.	  Once	  the	  APP	  layer	  accepts	  the	  alternative	  

option,	   the	   cross-‐layer	   implementation	   informs	   the	   MAC	   layer	   to	   allocate	   corresponding	   resources.	  

Within	  all	  simulation,	  the	  statistics	  of	  admission	  requests,	  admission	  rejections,	  admission	  service	  level,	  

resource	   allocation	   ratio	   and	   resources	   availability	   are	   collected.	   Based	   on	   this	  methodology,	   we	   can	  

generate	   sufficient	   data	   from	   statistics	   to	   approximate	   the	  blocking	   probability	  with	   high	   precision,	   in	  

order	  to	  perform	  an	  evaluation	  of	  the	  proposed	  TelemedCLSch	  scheduling	  (see	  Fig.	  15).	  

	  

Fig.	  15.	  Block	  diagram	  for	  the	  operation	  of	  proposed	  TelemedCLSch	  based	  on	  Montecarlo	  Simulation.	  
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5.4. Numerical	  Results	  

The	  performance	  evaluation	  of	   the	  TelemedCLSch	  algorithm	   is	  based	  on	   the	  blocking	  and	   interruption	  

probabilities,	   measured	   at	   the	   MAC	   layer.	   Here,	   each	   simulation	   runs	   100	   batches,	   where	   each	   run	  

contains	  100,000	  network	  events.	  A	  MATLAB	  environment	  is	  used	  to	  write	  the	  custom	  simulation.	  Here,	  

the	  simulation	  is	  focused	  on	  the	  resource	  block	  scheduling	  for	  telemedicine	  services	  in	  the	  presence	  of	  

PUs.	  Thus,	  the	  numerical	  research	  will	  be	  limited	  to	  observe	  the	  impact	  of	  varying	  the	  number	  of	  PUs	  on	  

both	  performance	  metrics.	  The	  performance	  evaluation	  between	  the	  WRR	  and	  TelemedCLSch	  schedulers	  

will	   include	   a	   tele-‐diagnosis	   priority	   admission	   control.	   Additionally,	   the	   proposed	   priority	   admission	  

control	  scheme	  based	  on	  ABM	  mechanism	  (see	  Chapter	  4)	  will	  be	  considered	  for	  tele-‐consulting	  services.	  

This	   way,	   the	   effects	   of	   admission	   control	   and	   scheduler	   schemes,	   over	   blocking	   and	   interruption	  

probabilities	   from	   telemedicine	   services	   can	   be	   observed.	   Furthermore,	   by	   considering	   the	   HRU,	   HRR	  

and	   LRU	   rural	   scenarios,	   a	   performance	   evaluation	   of	   both	   schedulers	   can	   be	   measured,	   from	   a	  

population	  density	  and	  offered	  EMS	  services	  (based	  on	  patient	  attention	  levels)	  perspectives.	  

Previously	   mentioned	   TelemedCLSch	   scheduling	   capabilities	   includes	   a	   priority	   system	   resource	  

management	   that	   is	  only	   restricted	  by	   the	  presence	  of	  primary	  users.	  From	  a	  different	  direction,	  WRR	  

scheduling	  capabilities	  for	  priority	  allocation	  purposes	  are	  based	  on	  a	  weighted	  factor.	  Since	  it	  has	  been	  

designed	  to	  serve	  all	  traffic	  connections	  in	  a	  fair	  way.	  Thus,	  WRR	  scheduling	  is	  not	  only	  restricted	  by	  the	  

presence	   of	   primary	   users,	   but	   is	   also	   affected	   by	   its	   fairness	   scheme.	   These	   differences	   become	  

noticeable	   in	   rural	   scenarios	  where	   tele-‐diagnosis	   service’s	   utilization	   rates	   are	   high,	   in	   response	   to	   a	  

high	   population	   density.	   In	   this	   context,	   the	   results	   from	   blocking	   and	   interruption	   probabilities	   for	  

telemedicine	  services	  over	  all	  three	  rural	  scenarios	  are	  shown	  in	  Fig.	  16	  and	  Fig.	  17,	  respectively.	  

	  

	  	   	   	  (a)	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  (b)	   	   	   	   (c)	  

Fig.	  16.	  Telemedicine	  services	  blocking	  probability	  in	  rural	  scenarios:	  a)	  HRU,	  b)	  HRR	  and	  c)	  LRU	  
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	   	   	  (a)	   	   	   	   	  	  	  	  	  	  	  	  	  (b)	   	   	   	   	   (c)	  

Fig.	  17.	  Telemedicine	  services	  interruption	  probability	  in	  rural	  scenarios:	  a)	  HRU,	  b)	  HRR	  and	  c)	  LRU	  

In	   Fig.	   16,	   it	   can	  be	  observed	   that	   both	   scheduling	   algorithms	  have	   a	   blocking	   probability	   under	   0.01,	  

which	   is	   the	   recommended	   probability	   for	   the	   evaluation	   of	   wireless	   systems	   (Schwartz,	   2005).	   The	  

proposed	  admission	  control	  for	  TelemedCLSch	  scheduling	  shows	  a	  better	  performance	  than	  WRR,	  which	  

is	  up	  to	  54%	  for	  tele-‐diagnosis	  services	  within	  a	  high	  population	  density	  region	  scenario	  (HRU	  and	  HRR),	  

by	  considering	  emergency	  medical	  services	  for	  all	  levels	  of	  patient	  attention.	  The	  WRR	  algorithm	  shows	  

its	  best	  performance	  within	  a	  low	  population	  density	  rural	  scenario	  (LRU),	  due	  to	  the	  utilization	  rate	  of	  

tele-‐diagnosis	  services	  is	  the	  lowest.	  

According	   to,	   (Anttonen	   and	  Mammela,	   2014a,	   2014b)	   the	   recommended	   interruption	   probability	   for	  

wireless	  video	  streaming	  must	  be	  under	  .001,	  by	  considering	  a	  video	  length	  of	  up	  to	  15	  minutes.	  In	  this	  

context,	  the	  tele-‐diagnosis	  service	  interruption	  probability	  from	  both	  scheduling	  algorithms	  are	  capable	  

to	  support	  the	  presence	  of	  up	  to	  4,	  7	  and	  10	  active	  primary	  users	  in	  HRU,	  HRR	  and	  LRU	  rural	  scenarios,	  

respectively.	   Differently,	   tele-‐consulting	   service	   interruption	   probability	   is	   under	   0.001	   for	   all	   rural	  

scenarios	  despite	  of	  the	  presence	  of	  a	  maximum	  of	  10	  active	  primary	  users	  (see	  Fig.	  17).	  

5.4.1. Results	  Discussion	  

From	  the	  results	  shown	  in	  Fig.	  16	  and	  Fig.	  17,	  it	  is	  clear	  that	  because	  of	  the	  data	  bandwidth	  availability	  

reduction	  resulting	  from	  random	  NPUs	  appearances,	  the	  blocking	  probability	  of	  tele-‐diagnosis	  sessions	  is	  

higher	   than	   tele-‐consulting	   sessions	   regardless	   of	   the	   scheduling	   algorithm	   used	   in	   the	   IEEE	  

802.22/WRAN	  deployment	  for	  rural	  regions.	  Nevertheless,	  it	  is	  important	  to	  note	  that	  for	  all	  the	  cases	  of	  

HRU	  and	  HRR,	  the	  proposed	  TelemedCLSch	  algorithm	  for	  IEEE	  802.22/WRAN-‐based	  rural	  tele-‐consulting	  

and	   tele-‐diagnosis	   deployments	   shows	   a	   better	   blocking	   and	   interruption	   probabilities	   than	   WRR	  

scheduling.	  	  

1 2 3 4 5 6 7 8 9 100

1

2

3

4x 10−3

Number of primary users

Te
le

m
ed

ic
in

e 
se

rv
ic

es
 in

te
rr

up
tio

n 
pr

ob
ab

ili
ty

 

 

WRR−Telediag
TelemedCLSch−Telediag
WRR−Telecons
TelemedCLSch−Telecons

1 2 3 4 5 6 7 8 9 100

1

2

3

4x 10−3

Number of primary users

Te
le

m
ed

ic
in

e 
se

rv
ic

es
 in

te
rr

up
tio

n 
pr

ob
ab

ili
ty

 

 

WRR−Telediag
TelemedCLSch−Telediag
WRR−Telecons
TelemedCLSch−Telecons

1 2 3 4 5 6 7 8 9 100

0.5

1

1.5

2

2.5x 10−4

Number of primary users

Te
le

m
ed

ic
in

e 
se

rv
ic

es
 in

te
rr

up
tio

n 
pr

ob
ab

ili
ty

 

 

WRR−Telediag
TelemedCLSch−Telediag
WRR−Telecons
TelemedCLSch−Telecons

(a)          (b)  
               (c) 



	  

	  

87	  

As	  expected,	  on	  LRU	  scenario	  the	  blocking	  probability	  of	  tele-‐diagnosis	  and	  tele-‐consulting	  sessions	  are	  

highly	   similar	   between	   them,	   since	   it	   is	   based	   on	   a	   fair	   scheduling	   which	   is	   the	   best	   observed	  

performance	  of	  WRR	  scheduling	   (see	  Fig.	  16-‐C),	  when	   there	  are	  enough	  data	  bandwidth	   resources	   for	  

network	  users	  as	  in	  low	  traffic	  congestion	  scenarios.	  Differently,	  the	  blocking	  probability	  of	  tele-‐diagnosis	  

service	   is	   higher	   than	   tele-‐consulting	   service	   on	   proposed	   TelemedCLSch	   algorithm	   for	   LRU	   scenario,	  

which	  results	  from	  its	  preemptive	  condition	  to	  maintain	  tele-‐diagnosis	  services	  with	  highest	  priority	  on	  

data	   bandwidth	   resource	   allocation.	   However,	   the	   proposed	   TelemedCLSch	   algorithm	   shows	   a	   better	  

performance	   on	   blocking	   probability	   of	   telemedicine	   services	   than	  WRR	   scheduling	   algorithm	   over	   all	  

rural	  deployment	  scenarios	  of	  HRU,	  HRR,	  and	  LRU.	  

	  On	  the	  other	  hand,	  on	  LRU	  scenario	  the	  interruption	  probability	  of	  tele-‐diagnosis	  service	  resulting	  from	  

implementation	   of	  WRR	   scheduling	   is	   higher	   than	   tele-‐consulting	   services	   since	   tele-‐diagnosis	   service	  

requires	  more	  data	  bandwidth	  resources	  than	  tele-‐consulting	  (see	  Fig.	  17-‐C).	  Regarding	  the	  performance	  

of	   the	   proposed	   TelemedCLSch	   algorithm,	   it	   can	   be	   observed	   that	   on	   LRU	   scenario	   the	   interruption	  

probability	  of	  tele-‐diagnosis	  service	  is	  highly	  similar	  to	  the	  best	  performance	  of	  interruption	  probability	  

for	   tele-‐consulting	   services	   based	   on	   WRR	   scheduling.	   This	   means	   that	   the	   proposed	   TelemedCLSch	  

algorithm	   can	   achieve	   similar	   performance	   for	   the	   highest	   priority	   telemedicine	   service	   (i.e.	   tele-‐

diagnosis	   services)	   than	   the	   best-‐case	   scenario	   of	   interruption	   probability	   for	   tele-‐consulting	   services	  

based	   on	   WRR-‐based	   scheduling	   for	   LRU	   deployments.	   Furthermore,	   the	   proposed	   TelemedCLSch	  

algorithm	  is	  able	  to	  maintain	  a	  low	  interruption	  probability	  of	  tele-‐consulting	  services	  in	  comparison	  with	  

tele-‐diagnosis	  services.	  This	  implies	  that	  based	  on	  blocking	  and	  interruption	  probabilities	  of	  telemedicine	  

services,	  the	  proposed	  TelemedCLSch	  algorithm	  outperformed	  the	  WRR	  scheduling	  algorithm	  for	  all	  rural	  

deployment	  scenarios.	  

	  

5.5. Chapter	  Summary	  

In	  this	  chapter	  we	  present	  a	  resource	  allocation	  scheduler	  that	  aims	  to	  enable	  telemedicine	  applications	  

using	   the	   IEEE	   802.22/WRAN	   standard	   in	   presence	   of	   narrowband	   primary	   users.	  We	   propose	   a	   new	  

cross-‐layer	   priority	   resource	   block	   scheduler	   algorithm	   for	   telemedicine	   traffic	   profiles,	   in	   order	   to	  

evaluate	  the	  effects	  of	  data	  bandwidth	  availability	  restrictions	  given	  by	  the	  presence	  of	  primary	  users.	  
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Since	   the	   wireless	   regional	   area	   network	   environment	   is	   oriented	   to	   rural	   regions,	   a	   comparative	  

evaluation	   that	   considers	   population	   density	   and	   telemedicine	   services	   characteristics	   has	   been	  

included.	   In	   order	   to	   evaluate	   the	   effects	   of	   data	   bandwidth	   availability	   restrictions	   given	   by	   the	  

presence	   of	   primary	   users,	   a	   performance	   evaluation	   based	   on	   telemedicine	   services	   blocking	   and	  

interruption	  probabilities	  between	   the	  Telemedicine	  Cross-‐Layer	   Scheduler	   algorithm,	   and	  a	  Weighted	  

Round	  Robin	  algorithm	  has	  been	  performed.	  

Results	  have	  shown	  that	  the	  blocking	  probability	  of	  telemedicine	  services	  reaches	  a	  recommended	  target	  

value	   of	   0.01	   despite	   of	   the	   presence	   of	   up	   to	   10	   active	   primary	   users.	   Additionally,	   the	   interruption	  

probability	  of	  tele-‐diagnosis	  services	  is	  capable	  to	  support	  the	  presence	  of	  up	  to	  4	  active	  primary	  users,	  

even	   in	   a	   rural	   scenario	   that	   considers	   a	   high	   population	   density.	   Furthermore,	   the	   performance	   of	  

TelemedCLSch	  scheduling	  exceeded	  the	  results	  given	  by	  the	  implementation	  of	  WRR	  algorithm. 	  
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Chapter 6. Conclusions	  and	  Future	  Work	  

The	   research	   and	   results	   presented	   here	   primarily	   focused	   on	   the	   design	   of	   a	   dynamic	   spectrum	  

allocation	  mechanism	  to	  enable	  wireless	   telemedicine	   service	  delivery	  on	  network	  deployments	  based	  

on	   the	   IEEE	   802.22/WRAN	   standard.	   The	   deployment	   of	   wireless	   regional	   area	   network	   has	   been	  

identified	   as	   a	  prominent	  option	   for	   rural	   implementations,	   since	   its	   operation	   is	   based	  on	   the	  use	  of	  

TVWS	  channels,	  and	  its	  propagation	  characteristics	  results	  in	  larger	  coverage	  ratios	  than	  any	  other	  BWA	  

technology	  (e.g.	  Cellular,	  WiMAX,	  WiFi,	  etc).	  The	  IEEE	  802.22/WRAN	  standard	  comprises	  cognitive	  radio	  

capabilities	  based	  on	  an	  overlay	  spectrum	  access	  scheme.	  This	   implies	  that	  any	   IEEE	  802.22	  associated	  

device	   can	   use	   a	   TVWS	   channel	   as	   a	   secondary	   user	  while	   there	   is	   not	   any	   primary	   user	   present	   (i.e.	  

Analog/Digital	   TV	   signal	   or	   FCC	   Part	   74	   auxiliary	   device).	   Hence,	   this	   may	   result	   in	   increasing	  

interruptions	  of	  transmissions,	  unexpected	  throughput	  drops	  or	  an	  increment	  on	  denial	  of	  service	  based	  

on	   call	   admission	   requests.	   By	   considering	   that	   telemedicine	   data	   comprises	   biomedical	   signals	   and	  

information	  related	  to	  the	  patient's	  health	  status	  on	  user	  case	  scenarios	  that	  include	  emergency	  medical	  

services,	   it	   is	  highly	   important	  to	  guarantee	  QoS	  provisioning	  during	  a	  tele-‐diagnosis,	  tele-‐consulting	  or	  

tele-‐monitoring	   session.	   In	   this	   context,	   the	   deployment	   of	   telemedicine	   service	   delivery	   based	   on	  

cognitive	   radio	   networks	   such	   as	   the	   IEEE	   802.22/WRAN	   standard	   represents	   a	   major	   challenge.	  

Therefore,	  the	  present	  research	  work	  considers	  the	  effects	  of	  enabling	  telemedicine	  applications	  on	  IEEE	  

802.22	  networks	  by	  means	  of	  implementing	  scheduling	  algorithms,	  such	  that	  data	  bandwidth	  resources	  

could	   be	   dynamically	   allocated	   based	   on	   QoS	   requirements.	   Additionally,	   an	   Adaptive	   Bandwidth	  

Management	   mechanism	   is	   presented	   to	   cover	   the	   special	   case	   of	   call	   admission	   control	   for	   tele-‐

consulting	  services.	  	  

	  

6.1. Conclusions	  

In	   summary,	   this	   research	   work	   presents	   one	   of	   the	   firsts	   proposals	   of	   a	   new	   dynamic	   scheduling	  

algorithm	   for	   network	   resource	   allocation	   purposes	   based	   on	   the	   IEEE	   802.22/WRAN	   standard	   for	  

telemedicine	   applications	   on	   rural	   wireless	   network	   deployments.	   From	   the	   cross-‐layer	   design	   of	   a	  

priority	   scheduling	   algorithm	   to	   enable	   telemedicine	   service	   delivery,	   it	   can	   be	   concluded	   that	  

implementation	  of	   the	  proposed	  TelemedCLSch	  algorithm	  for	   telemedicine	  applications	   represents	   the	  

best	   solution	   to	   provide	   a	   low	  blocking	   probability	   over	   all	   rural	   deployment	   scenarios	   in	   presence	   of	  

narrowband	  primary	  users,	   in	  comparison	  with	  the	  WRR	  scheduling.	  Thus,	  the	  new	  design	  proposed	   in	  
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this	   thesis	   about	   a	   priority	   scheduling	   algorithm	   for	   telemedicine	   applications	   based	   on	   the	   IEEE	  

802.22/WRAN	   standard	   has	   improve	   the	   data	   bandwdith	   resource	   allocation	   for	   telemedicine	   service	  

delivery	  by	  leading	  to	  a	  reduction	  on	  the	  cancellation	  of	  rural	  telemedicine	  sessions,	  which	  contribute	  to	  

avoid	  subutilization	  of	  medical	  resources	  from	  a	  telemedicine	  service	  delivery	  perspective	  and	  to	  reduce	  

reschedule	   of	   telemedicine	   session	   appointment	   from	   a	   patient	   perspective.	   Regarding	   interruption	  

probability	   of	   telemedicine	   service	   delivery	   over	   rural	   scenarios	   of	   HRU,HRR	   and	   LRU,	   it	   can	   be	  

concluded	  that	  the	  proposed	  TelemedCLSch	  algorithm	  outperformed	  the	  WRR	  scheduling	  algorithm	  (see	  

Fig.	   17).	   In	   this	   sense,	   the	   proposed	   TelemedCLSch	   algorithm	   is	   able	   to	   reduce	   the	   number	   of	  

interruptions	  of	  telemedicine	  sessions	  that	  results	  on	  presence	  of	  narrowband	  primary	  users.	  Therefore,	  

it	  can	  be	  concluded	  that	  the	  impact	  of	  always	  giving	  the	  highest	  priority	  to	  tele-‐diagnosis	  service	  in	  the	  

proposed	  TelemedCLSch	  algorithm	  is	  better	  than	  keeping	  a	  fair	  scheme	  in	  the	  WRR	  scheduling	  for	  rural	  

networks	  based	  on	  the	  IEEE	  802.22/WRAN	  standard,	  that	   include	  the	  presence	  of	  narrowband	  primary	  

users	  on	  the	  operating	  channel.	  

It	   is	   important	   to	   note	   that	   on	  matter	   of	   blocking	   probability	   of	   tele-‐consulting	   session	   an	   admission	  

control	   mechanism	   based	   on	   an	   adaptive	   bandwidth	   management	   of	   network	   resources	   has	   been	  

proposed	  in	  Chapter	  4,	  to	  reduce	  the	  effects	  of	  data	  bandwidth	  constraints	  resulting	  from	  the	  presence	  

of	  narrowband	  primary	  users	  on	  rural	  networks	  based	  on	  the	   IEEE	  802.22/WRAN	  standard.	   In	  order	  to	  

evaluate	   the	   proposed	   adaptive	   bandwidth	   management	   admission	   control	   mechanism,	   an	   analytical	  

model	   based	   on	   a	   multi-‐dimensional	   Markov	   chain	   has	   been	   developed	   to	   characterize	   the	   blocking	  

probability	  of	  tele-‐consulting	  services	  with	  different	  service	  levels	  of	  videoconference.	  In	  this	  context,	  it	  

has	  been	  proved	   that	   tele-‐consulting	   service	  blocking	  probability	  of	   the	  proposed	  adaptive	  bandwidth	  

management	   scheme	  outperformed	  a	   typical	   admission	   control	   approach	   for	   rural	  networks	  based	  on	  

the	  IEEE	  802.22/WRAN	  standard	  that	  consider	  the	  presence	  of	  narrowband	  primary	  users.	  Therefore,	  it	  

can	  be	  concluded	  that	  the	  proposed	  adaptive	  bandwidth	  management	  scheme	  can	  reduce	  the	  number	  

of	  cancellations	  for	  tele-‐consulting	  sessions	  by	  means	  of	  including	  alternative	  admission	  criteria	  based	  on	  

different	  videoconference	  service	   levels	   (i.e.	  high	  video	  resolution,	  medium	  video	  resolution	  and	  audio	  

only),	  even	  in	  the	  presence	  of	  narrowband	  primary	  users.	  

Based	   on	   comparative	   results	   shown	   in	   Chapter	   4	   and	   Chapter	   5	   it	   has	   been	   stated	   that	   particular	  

characteristics	   regarding	   the	   deployment	   scenario	   of	   telemedicine	   networks:	   telemedicine	   traffic	  

profiles,	  medical	   interaction	  scheme	  with	  telemedicine	  patients	  and	  priorities	  of	   telemedicine	  services,	  

among	  others;	   are	   one	   of	   the	  most	   important	   factors	   that	   affect	   the	   design	   of	   admission	   control	   and	  

scheduling	  mechanisms	   to	   enable	   telemedicine	   service	   delivery	   on	   rural	   networks	   based	   on	   the	   IEEE	  
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802.22/WRAN	   standard.	   However,	   before	   this	   research	   work	   that	   establishes	   a	   rural	   telemedicine	  

framework	  in	  Chapter	  3,	  no	  rural	  telemedicine	  model	  had	  been	  previously	  reported	  on	  literature.	  Even	  

more,	   this	   is	   the	   first	   work	   reported	   in	   literature	   that	   from	   design	   phase	   to	   performance	   evaluation	  

phase	  of	  admission	  control	  and	  scheduling	  of	  networks	  resources	  consider	  a	  realistic	  rural	  deployment	  

scenario	  for	  telemedicine	  service	  delivery	  based	  on	  the	  IEEE	  802.22/WRAN	  standard.	  

In	   this	   context,	   this	   thesis	   proposes	   an	   integral	   analysis	   of	   telemedicine	   service	   delivery	   for	   rural	  

telemedicine	   networks	   based	   on	   the	   IEEE	   802.22/WRAN	   standard.	   This	   way,	   the	   negative	   effects	   on	  

blocking	   and	   interruption	   probabilities	   of	   telemedicine	   services	   resulting	   from	   the	   data	   bandwidth	  

constraints	  given	  by	  the	  presence	  of	  narrowband	  primary	  users	  can	  be	  reduced	  on	  IEEE	  802.22	  networks	  

that	  comprise	  a	  cognitive	  radio	  spectrum	  access	  scheme.	  Furthermore,	  the	  novelty	  of	  this	  research	  work	  

includes	   a	   cross-‐layer	   architecture	   that	   has	   been	   implemented	   to	   couple	   the	  MAC	   and	  APP	   layers	   for	  

telemedicine	   service	   delivery.	   This	   way,	   a	   channel	   aware	   feature	   has	   been	   included	   in	   the	   design	   of	  

solutions	   for	   admission	   control	   and	   scheduling	   of	   network	   resources.	   Thus,	   the	   proposed	   cross-‐layer	  

architecture	   a	   dynamic	   resource	   allocation	   of	   data	   bandwidth	   can	   be	   scheduled	   according	   to	   the	  

presence	  of	  narrowband	  primary	  users	  under	  a	  coexistence	  approach	  with	  secondary	  users	  of	  the	  IEEE	  

802.22	  network.	  The	  shown	  results	  about	  blocking	  and	  interruption	  probabilities	  of	  telemedicine	  services	  

respond	  to	  the	  design	  of	  a	  scheduling	  algorithm	  and	  an	  admission	  control	  mechanism	  based	  on	  the	  IEEE	  

802.22/WRAN	  standard	  that	  require	  particular	  information	  about	  the	  telemedicine	  applications,	  channel	  

conditions	   and	   data	   bandwidth	   availability,	   among	   others.	   Therefore,	   it	   can	   be	   concluded	   that	  

consideration	  of	  the	  cross-‐layer	  architecture	  is	  a	  necessary	  condition	  on	  the	  design	  of	  dynamic	  spectrum	  

allocation	   algorithms	   for	   telemedicine	   service	   delivery	   in	   rural	   networks	   that	   include	   the	   IEEE	  

802.22/WRAN	  standard.	  

On	  the	  interest	  of	  offer	  a	  detail	  analysis	  on	  the	  conclusions	  regarding	  to	  proposed	  solutions	  developed	  in	  

this	   research	   work,	   the	   sections	   6.1.1	   and	   6.1.2	   highlight	   the	   findings	   on	   the	   adaptive	   bandwidth	  

management	  admission	  control	  mechanism	  and	  the	  priority	  scheduling	  algorithm,	  respectively.	  

	  

6.1.1. Conclusion	   on	   the	   design	   of	   admission	   control	  mechanisms	   for	   telemedicine	   service	  

delivery	  	  

Regarding	  proposed	  design	  of	  the	  admission	  control	  mechanism,	  we	  can	  conclude	  the	  following:	  
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• The	   poor	   or	   null	   connectivity	   infrastructure	   on	   rural	   regions	   results	   on	   limited	   telemedicine	  

services	  provisioning	  in	  comparison	  with	  the	  wide	  range	  of	  available	  medical	  services	  offered	  in	  

urban	   regions.	   Therefore,	   the	   evaluation	   of	   an	   admission	   control	   mechanism	   for	   rural	  

telemedicine	  service	  delivery	  should	  consider	  the	  rural	  framework	  characteristics.	  

• The	   design	   of	   an	   admission	   control	   mechanism	   for	   telemedicine	   applications	   based	   on	  

videoconference	   systems	   (i.e.	   tele-‐consulting	   services)	   can	   offer	   alternative	   admission	   options	  

before	   rejecting	   an	   admission	   request,	   by	   means	   of	   taking	   advantage	   of	   its	   capacity	   to	   offer	  

different	  service	   levels.	  By	  considering	  the	  comparative	  results	  shown	   in	  Chapter	  4,	  between	  a	  

traditional	   admission	   control	   scheme	   and	   the	   proposed	  ABM	  mechanism,	   it	   can	   be	   concluded	  

that	   the	   proposed	   AC	   mechanism	   enables	   the	   admission	   of	   tele-‐consulting	   connections	   that	  

under	  a	  typical	  AC	  scheme	  would	  have	  been	  blocked,	  while	  achieving	  a	  significant	  improvement	  

on	   the	   blocking	   probability	   of	   tele-‐consulting	   session	   requests,	   even	   under	   high-‐traffic	  

congestion	  scenarios.	  

• The	   implementation	  of	  a	   cross-‐layer	  architecture	  on	   the	  design	  of	  an	  AC	  mechanism	  results	   in	  

enabling	  new	  admission	  control	  criteria	  for	  telemedicine	  applications	  that	  can	  support	  different	  

levels	  of	  QoS.	  Moreover,	  with	  the	  proposed	  ABM	  mechanism	  more	  than	  92%	  of	  available	  system	  

resources	   are	   allocated	   to	   high-‐quality	   video	   services,	   even	   on	   scenarios	   with	   high	   traffic	  

congestion.	  Thus,	  it	  can	  be	  stated	  that	  the	  main	  advantages	  of	  the	  proposed	  ABM	  mechanism	  for	  

IEEE	   802.22/WRAN-‐based	   rural	   tele-‐consulting	   deployments	   are	   reducing	   the	   blocking	  

probability	  and	  maximizing	  available	  resource	  utilization.	  

• The	  consideration	  of	  primary	  users	  (i.e.	  NPUs)	  on	  the	  design	  of	  an	  admission	  control	  mechanism	  

for	   telemedicine	  networks	  based	  on	   the	   IEEE	  802.22/WRAN	  standard	  must	  be	   included	  on	   the	  

evaluation	  of	  AC	  mechanisms.	  In	  this	  context,	  it	  can	  be	  concluded	  that	  the	  blocking	  probability	  of	  

tele-‐consulting	   sessions	   will	   be	   negatively	   affected	   regardless	   of	   the	   AC	   mechanism.	  

Nevertheless,	  the	  proposed	  ABM	  mechanism	  can	  keep	  the	  blocking	  probability	  below	  0.1	  when	  

average	  arrival	  rates	  are	  under	  5	  tele-‐consulting	  session	  requests	  per	  hour.	  Considering	  that,	  as	  

discussed	  in	  Chapter	  3,	  current	  rural	  tele-‐consulting	  deployments	  have	  an	  average	  arrival	  rate	  of	  

1	  or	  2	  session	  requests	  per	  hour.	  Therefore,	   it	  has	  been	  demonstrated	  that	  the	  deployment	  of	  

IEEE	  802.22/WRAN-‐based	  rural	  tele-‐consulting	  services	  is	  feasible	  when	  using	  the	  proposed	  ABM	  

mechanism.	  	  

6.1.2. Conclusion	  on	  the	  design	  of	  scheduling	  algorithms	  for	  telemedicine	  applications.	  	  

Regarding	  the	  design	  of	  the	  proposed	  scheduling	  algorithm,	  we	  can	  conclude	  the	  following:	  
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• The	  design	  of	  a	  scheduling	  algorithm	  for	  telemedicine	  service	  delivery	  on	  rural	  wireless	  networks	  

based	   on	   the	   IEEE	   802.22/WRAN	   should	   consider	   the	   use	   of	   case	   scenario	   for	   telemedicine	  

services	  to	  establish	  a	  priority	  scheme	  that	  can	  guarantee	  QoS	  provisioning	  whenever	  is	  needed.	  	  

• The	   used	   case	   scenarios	   among	   telemedicine	   services	   includes	   emergency	   medical	   services,	  

where	   an	   ambulance	   requires	   immediate	   communication	   with	   health	   specialists	   in	   order	   to	  

provide	  treatment	  suggestions	  and	  pre-‐hospital	  arrangements,	  among	  other	  services.	  Thus,	  tele-‐

diagnosis	   services	   have	   the	   highest	   priority	   on	   telemedicine	   service	   delivery.	   Therefore,	   a	  

preemptive	  schedule	  scheme	  should	  be	  considered	  for	  this	  type	  of	  telemedicine	  services.	  

• The	   spectrum	   access	   scheme	   on	   cognitive	   radio	   networks	   establishes	   the	   interaction	   rules	  

between	   primary	   and	   secondary	   users	   of	   spectrum	   frequency.	   Since	   the	   IEEE	   802.22/WRAN	  

standard	  comprises	  an	  overlay	  access	  scheme,	  the	  unexpected	  appearance	  of	  NPUs	  has	  become	  

an	   important	   issue.	   In	   a	   telemedicine	   context,	   the	   guarantee	   of	   QoS	   provisioning	   for	  

telemedicine	   service	   delivery	   is	   jeopardized	   under	   this	   circumstances.	   Therefore,	   from	   results	  

about	   the	   proposed	   scheduling	   algorithm	   presented	   in	   Chapter	   5,	   it	   can	   be	   concluded	   that	   a	  

guarantee	  of	  network	  resources	  can	  be	  provided	  for	  high	  priority	  telemedicine	  services	  (i.e	  ele-‐

diagnosis),	  while	  keeping	  certain	  level	  of	  quality	  of	  service	  on	  tele-‐consulting	  and	  tele-‐monitoring	  

services	  by	  means	  of	  including	  a	  scheduling	  algorithm	  within	  a	  priority	  scheme.	  	  

• The	  design	  of	  scheduling	  algorithms	  that	  includes	  a	  priority	  scheme	  is	  an	  important	  requirement	  

on	   cognitive	   radio	   technologies.	   Typically,	   the	   priority	   scheme	   is	   based	   on	   the	   type	   of	   QoS	  

services	   that	   the	   wireless	   network	   can	   offer.	   In	   Chapter	   5,	   comparative	   results	   between	   the	  

proposed	   preemptive-‐priority	   scheduling	   algorithm	   and	   the	   WRR	   scheduling	   algorithm	   have	  

shown	   that	   blocking	   probability	   and	   interruption	   probability	   of	   proposed	   scheduling	  

outperformed	  the	  results	  shown	  by	  the	  implementation	  of	  a	  typical	  WRR	  scheduler.	  Therefore,	  it	  

can	  be	  concluded	  that	  the	  design	  of	  scheduling	  algorithms	  for	  telemedicine	  applications	  should	  

not	  be	  limited	  to	  allocate	  network	  resources	  based	  on	  the	  type	  of	  QoS,	  but	  also	  has	  to	  consider	  a	  

priority	   scheme	   based	   on	   a	   rural	   telemedicine	   framework	   that	   defines	   which	   telemedicine	  

service	  has	  the	  highest	  priority	  on	  resource	  allocation.	  

6.2. Contributions	  

The	  conducted	  research	  has	  produce	  several	  contributions	  to	  the	  state	  of	  the	  art,	  which	  were	  reflected	  

in	  a	  publication	  and	   in	  obtaining	  a	  set	  of	   results	  with	  a	   relevant	  potential	   to	  be	  published	   in	   the	  short	  

term.	  The	  main	  contributions	  of	  this	  thesis	  work	  are	  mentioned	  below:	  
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• Based	   on	   obtained	   results	   it	   has	   been	   proved	   that	   the	   consideration	   of	   a	   rural	   telemedicine	  

framework	   on	   the	   design	   of	   a	   scheduling	   algorithm	   for	   wireless	   networks	   based	   on	   the	   IEEE	  

802.22/WRAN	   standard	   allows	   defining	   a	   priority	   schedule	   of	   network	   resources,	   towards	  

enabling	  telemedicine	  service	  delivery	  on	  rural	  regions.	  

• A	  new	  scheduling	  algorithm	  for	  telemedicine	  networks	  based	  on	  cognitive	  radio	  technology	  that	  

considers	   a	  priority	   scheme	  based	  on	   telemedicine	   services	  has	  been	  designed	  and	  evaluated.	  

This	   mechanism	   allowed	   a	   significant	   reduction	   of	   blocking	   and	   interruption	   probabilities	   for	  

high	  priority	  telemedicine	  services	  in	  comparison	  with	  a	  typical	  WRR	  scheduling	  algorithm.	  

• Based	   on	   the	   proposed	   cross-‐layer	   architecture	   and	   the	   rural	   telemedicine	   framework,	   a	   new	  

admission	  control	  mechanism	  named	  ABM	  has	  been	  designed.	  The	  blocking	  probability	  of	  tele-‐

consulting	   services	   has	   been	   highly	   reduced	   in	   comparison	  with	   a	   typical	   AC	  mechanism.	   This	  

contributes	  to	  reduce	  cancellation	  of	  telemedicine	  sessions	  on	  use	  case	  scenarios	  where	  scarcity	  

of	  bandwidth	  is	  present.	  

• An	  analytical	  model	  based	  on	  a	  multi-‐dimensional	  Markov	  chain	  has	  been	  developed	  to	  evaluate	  

the	  proposed	  ABM	  mechanism	  that	  comprises	  new	  alternative	  admission	  criteria.	  This	  analytical	  

model	  characterizes	  the	  system	  blocking	  probability	  of	  a	  typical	  AC	  mechanism	  and	  the	  proposed	  

ABM	  mechanism.	  This	  way,	  by	  means	  of	  using	  the	  blocking	  probability	  as	  a	  performance	  metric,	  

the	   design	   of	   an	   ABM	   mechanism	   can	   be	   evaluated	   and	   compared	   with	   a	   non-‐ABM	   AC	  

mechanism	  approach.	  

	  

6.3. Future	  Work	  

The	  obtained	   results,	   altogether	  with	   the	   conclusions	   presented	   in	   this	   chapter	   allowed	  us	   to	   identify	  

several	  research	  subjects	  that	  can	  be	  based	  on	  this	  thesis	  work.	  

• In	  this	  research,	  the	  telemedicine	  sessions	  of	  tele-‐consulting	  and	  tele-‐monitoring	  are	  performed	  

between	  a	  rural	  hospital	  and	  a	  local	  clinic	  by	  considering	  fixed	  locations.	  An	  improvement	  on	  the	  

rural	  telemedicine	  framework	  will	  be	  on	  including	  a	  semi-‐fixed	  approach	  for	  telemedicine	  service	  

delivery.	  This	  way,	  the	  use	  case	  scenario	  where	  medical	  services	  are	  provided	  on	  a	  different	  rural	  

community	  every	  day,	  during	  a	  period	  of	  time	  through	  a	  scheduled	  route	  can	  be	  included.	  
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• The	  proposed	  scheduling	  algorithm	  could	  be	  adapted	  to	  cover	  urban	  or	  suburban	  telemedicine	  

use	  case	  scenarios.	  However,	  an	  extensive	   research	  on	   traffic	  profile	  conditions	  and	  density	  of	  

primary	  users	  on	  this	  type	  of	  regions	  should	  be	  considered.	  

• The	   proposed	   ABM	   admission	   control	   mechanism	   comprises	   a	   dynamic	   overhead	   calculation	  

based	   on	   data	   bandwidth	   requirements	   of	   a	   videoconference	   system	   that	   uses	   a	   H.264/AVC	  

video	   codec	   to	   define	   different	   levels	   of	   service.	   The	   adaptation	   of	   ABM	   mechanism	   to	   a	  

different	   video	   codec	   will	   affect	   its	   performance	   due	   it	   results	   on	   new	   data	   bandwidth	  

requirements	   and,	   hence,	   an	   increment	   or	   decrement	   in	   the	   number	   of	   users	   that	   can	   be	  

allocated	   with	   available	   network	   resources.	   Therefore,	   more	   research	   work	   aimed	   to	  

characterize	   the	   proposed	   ABM	   mechanism	   over	   several	   types	   of	   videoconference	   systems	  

should	  consider	  different	  video	  codec	  options.	  
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