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Abstract

D ue to  the increased energy  consum ption  o f  ce llu lar access netw orks, energy  effic iency  o f  ce llu la r system s 

should  be considered  jo in tly  w ith  spectral e ffic iency  to  obtain  the overall perfo rm ance m etrics and trade-offs. 

D ow nlink  coord inated  m ultipo in t (C oM P ) jo in t transm ission  a ided  cell sw itch o f f  schem es m itigate  inter-cell 

in terference and crea te  an energy  effic ien t system  by e lim ina ting  the need  to  increase the tran sm it an tenna 

pow ers o f  the ac tive  cells serv ing  the users in the sw itched  o f f  cell. H ow ever, the perfo rm ance o f  th is new ly 

p roposed  schem e is heav ily  dependen t on the accuracy  o f  the selected  C oM P  jo in t transm ission  set. W e m odel 

the m ulti-po in t channel estim ation  enab led  via channel state inform ation reference  sym bols (C S I-R S ) 

in troduced in 3G P P  release 10 system s and sim ula te  possib le  scenarios tha t w ou ld  lead  to  inaccurate  

transm ission  set c lustering : m ulti-po in t channel estim ation  errors and possib le  C oM P  system  delays due to  CSI 

transfers, node processing  delays and  netw ork  topo logy  lim itations. Individual and  jo in t im pacts o f  system  

delays and estim ation  errors on energy effic iency  and capacity  perfo rm ance degradations for various m obility  

cond itions are dem onstra ted . T hese technical challenges and  the c lustering  accuracy  bo ttleneck  are  overcom e by 

users perfo rm ing  m ulti-po in t channel estim ation  and serv ing  eN B  perfo rm ing  channel p red ic tion  procedures.

S im ulations are  perform ed accord ing  to  realistic  large and sm all scale fad ing  m odels fo r m ulti­

point rad io  links. It is dem onstra ted  that the users being served  by larger jo in t transm ission  clusters are m ore 

vu lnerab le  to  perfo rm ance degradation . N ovel m ulti-po in t channel estim ation  schem es are  proposed  and 

d iscussed , w here the users w ith h igher c lustering  degrees en large the channel estim ation  filte r lengths fo r a 

certa in  subset o f  the C oM P  m easurem ent set w hich has high chance o f  be ing  included  in the jo in t transm ission  

c luster. M ulti-po in t channel estim ation  accuracy  can be m axim ized  w hen users track  each  m ultipath  com ponent 

o f  channel im pulse responses (C IR s) separately , how ever com putation  com plex ity  o f  such schem es are 

sign ifican tly  high com pared  to the m ethods w hich ju s t track  the superim posed  C IR s. Serv ing  eN B  can avoid  

c lu s te ring  decis ions based on outdated  CSI feedbacks by pred ic ting  the channel cond itions on upcom ing  

transm ission  tim e in tervals (T T Is). To reduce the C oM P  clustering  accuracy  responsib ility  o f  the serv ing  eN B s, 

users can take in itiative to  influence the clustering  decis ions by sending  se lec tive  CSI feedbacks. T his novel 

C SI feedback  repo rting  schem e not only reduces the possib le  C oM P access ne tw ork  system  delays but also  

reduces the serv ing  eN B  processing  tim e fo r c lustering  decisions.
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Chapter 1 

Introduction

1.1 Thesis Problem Statem ent and M otivation

E xponential rise in ce llu lar dev ice usage in the recen t years a long  w ith the increase in th e  m inim um  required  

received  quality  o f  serv ice lead the innovation  in th e  d irection  o f  ce llu lar enhancem en ts enab ling  spectrally  

effic ien t system s. Future w ireless standards like L TE -A  (L ong  T erm  E volution  A dvanced) and beyond  are 

m ak ing  sign ifican t changes to  the overall system  arch itec tu re , a ir in terface and quality  o f  serv ice o ffered  to  the 

users. Increased  com plex ity  o f  these ce llu la r features and the rising  m obile  usage rates create  a m ajo r pow er 

consum ption  burden on the overall system s. A s a result, all the  key features considered  by fu ture  w ireless 

techno log ies should  be jo in tly  rev iew ed u nder the “green rad io” um brella  to check  for possib ilities o f  energy  

sav ing  im plem entations and  increased to tal system  capacity  concurren tly . R ecent developm ent and 

enhancem en ts in w ire less com m unications do  no t on ly  focus on increasing the data  rates, capacity  o r spectral 

effic iency , but also  on im plem enting  energy  sav ing  m ethods. T his is m ostly  due to  th e  observation  o f  high 

energy  consum ption  resu lting  from  inform ation and com m unications techno log ies and m ain ly  w ire less access 

netw orks. The inform ation  and com m unications techno logy  (IC T ) is responsib le  for 2 -10%  o f  the g lobal energy 

consum ption  and the access ne tw orks (G E R A N  for G PR S , U TR A N  fo r U M T S and e-U T R A N  for L TE ) are 

responsib le  for 60 -80%  o f  the w hole ce llu la r netw ork  energy  consum ption  as m en tioned  in [ 1 ] - [3], A s a 

consequence, op tim izing  the w ireless access stratum  p lays a  m ore im portant ro le in overall energy  sav ings in 

ce llu lar arch itectures com pared  to  the co re  netw ork  energy  effic iency .

Fourth generation  w ireless standards p ioneered  by LTE (L ong  T erm  E volu tion) techno logy  u tilize 

adap tive m odulation , O F D M A  (O rthogonal F requency  D ivision M ultip le  A ccess), and H A R Q  (H ybrid  

A utom atic  R epeat R equest) schem es to m ax im ize  the observed  capacity  lim its. H ow ever, C oord inated  M ulti- 

Point (C oM P ) transm ission  techno logy , w hich  is listed as one o f  the key features fo r L T E -A dvanced , a im s on 

decreasing  the inter-cell in terference v ia  coord ination  am ong  d ifferen t transm ission  po in ts to  fu rther increase 

the ach ieved  cell edge  data  rates. U sers w ill receive data  transm ission  from  m ultip le  cells w ith better SIN R  

(S igna l-to -ln te rfe rence-p lu s-N o ise  R atio) values. T his m akes C oM P  a poten tia l cand ida te  to  de liver g reen  radio  

so lu tions by decreasing  the energy  cost per bit, i f  used correctly .
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The thesis a im s on perfo rm ing  thorough  analysis o f  C oM P  perfo rm ance in term s o f  energy  

e ffic iency  and capacity , investigating  jo in t use o f  C oM P  w ith ex is ting  energy  effic ien t cell sw itch  o f f  schem e, 

iden tify ing  techn ical challenges and  perform ance bo ttlenecks for C oM P  schem es, c rea ting  a fram ew ork  for 

tim e-vary ing  C oM P  jo in t transm ission  schem e, and deve lop ing  C oM P adap tive  channel estim ation  and 

pred ic tion  schem es to  tack le  possib le  system  delays and m ulti-po in t channel estim ation  errors.

1.2 Thesis Contributions

N ovel con tribu tions o f  the thesis w hich  have not been analyzed  o r p roposed  in any ex is tin g  literature, to  the best 

o f  ou r know ledge, are listed as follow s:

•  Individual and jo in t im pacts o f  channel estim ation  erro rs and system  delays on D L C oM P perfo rm ance 

m etrics are  evalua ted . Im pacts o f  inaccurate  C oM P  active set c lu s te ring  due to  th e  m ulti-po in t faulty  

tim e-vary ing  channel feedbacks on overall system  b its/Jou le  energy  e ffic iency  and dow n link  capacity  

rates are  analyzed. It is show n that the accuracy  o f  the tim e-vary ing  jo in t tran sm ission  set c lustering  

decis ions, in term s o f  both the m em ber choices and the c lu s te ring  degrees, is the m ajo r perform ance 

de te rm in ing  fac to r for C oM P  system s.

•  P erform ance degradation  sensitiv ities o f  various user locations in the ce llu la r layout are characterized  

both fo r low  and high m obility  conditions. It is dem onstra ted  that the users be ing  served w ith h igher 

C oM P  clustering  degrees get a ffected  m ore severely  due to inaccurate  jo in t tran sm ission  sets.

•  N ovel C oM P  adaptive m ulti-po in t channel estim ation  filte r designs are  p roposed , w here  the user 

equ ipm ents (U E s) dynam ically  change the estim ation  filte r lengths accord ing  to  the observed  C oM P  

clustering  degrees and  the p robability  o f  each  m easured  point be ing  an ac tive  m em ber o f  the jo in t 

transm ission  set on the upcom ing  T TI, unlike the single point channel estim ation  techn iques w hich 

adap t the filter lengths solely  based on the coherence  tim e o f  the channel and the U E rece iver velocity . 

T his m ethod  both im proves the C oM P clustering  accuracy  and  reduces the channel estim ation  

com puta tion  com plex ity  by m aking  sure only  the U Es observ ing  h igher c lu s te ring  degrees utilize 

enlarged estim ation filters for points that are m ore likely to take active role in jo in t PD SCH  transm ission.

•  A novel m ulti-po in t channel feedback  reporting  m ethod  is p roposed , w here the UE perfo rm s dow n- 

selection  on the jo in t transm ission  set for the upcom ing  TTI to  reduce the c lu s te ring  accuracy  burden 

on the serv ing  eN B . UE perform s received  pow er th resho ld ing  techn ique using  the estim ated  m ulti­



point channel im pulse responses and reports CSI feedback  only  for the points that a re  likely to be a 

part o f  the jo in t transm ission  cluster. T h is schem e reduces the up link  pay load  requ ired  to  report m ulti­

point feedbacks, avo ids the unnecessary  feedbacks to  be transferred  w ith in  the C oM P  access netw ork 

nodes, m in im izes C SI p rocessing  tim e at the serv ing  eN B , and y ields m ore up-to-date  CSI feedbacks 

to  be used fo r C oM P  clustering  decisions.

A dditional con tribu tions o f  the thesis, w hich can be used to  enhance  the ex is ting  literatu re , a re  listed as fo llow s:

•  Jo in t use o f  the L TE -A  feature , C oM P , w ith the trad itional cell sw itch o f f  schem e is analyzed . 

Increasing  the tran sm it pow er m ethod  in the rem ain ing  ac tive ce lls  d u ring  the energy  sav ing  period  is 

rep laced  by the rem ain ing  ac tive  cells u sing  C oM P  jo in t transm ission  techn ique in the dow nlink  to  

jo in tly  serve the users in the sw itched  o f f  cell. R ealistic  w ireless channel and propagation  m odels are 

used in accordance  to  3G PP  specifications and the sim ulation  resu lts d em onstra te  that the C oM P  aided 

cell sw itch  o f f  schem es not on ly  im prove the energy  effic iency  o f  the rad io  access ne tw orks, but also  

increase the user perceived quality  o f  serv ice in term s o f  received  dow nlink  capacity  ra tes w ith  respect 

to  the trad itional cell sw itch o f f  schem es.

•  A study on op tim al C oM P jo in t transm ission  clustering  degree  cho ices have been conducted , and it is 

dem onstra ted  that the serv ing  eN B  has to  perform  th resho ld -based  clustering  decis ions based on the 

received  DL pow er values every  TTI to  balance the trad e -o ff  betw een the capacity  and  the energy  

e ffic iency  o f  the access netw orks. T his techn ique preven ts energy  effic iency  degradations in the C oM P  

access netw ork  by avo id ing  inclusion o f  unnecessary  po in ts in the jo in t transm ission  c luster, w hich 

w ould  lead to  additional backhau ling  and signal p rocessing  pow er consum ption  tha t canno t be 

com pensated  by enough  capacity  gains.

•  V arious m ulti-po in t channel estim ation /p red ic tion  schem es are analyzed  to  im prove the jo in t 

transm ission  set c lustering  accuracy . M ulti-po in t channel im pulse responses can be tracked  e ither by 

superim posed  o r decom posed  form at. L atter m entioned  schem e tracks each m ultipath  com ponen t o f  

every  C oM P  m easurem en t set m em ber and y ields m ore accura te  estim ates, how ever leads to  

s ign ifican tly  h igher com puta tion  tim es as opposed  to  the superim posed  track ing . It is a lso  

dem onstra ted  that the serv ing  eN B  can m axim ize the perfo rm ance gains by se tting  the channel 

pred iction  range equal to  observed  system  delay  betw een  the CSI reports and the PD SC H  transm ission .

3



1.3 Publications, Patent Filings and Thesis Organization

T he research  w ork p resen ted  in this thesis has been published , accep ted , subm itted , o r is in p rogress for 

subm ission . P roduced  artic les are referenced  across the chap te rs acco rd ing  to  the fo llow ing  organization :

•  C hap te r 2 serves as a literature survey and tu toria l. In troduction  to  g reen  rad io  is p resen ted  and 

ex isting  energy  effic ien t cell sw itch  o f f  schem es are  analyzed  acco rd ing  to  possib le  trade-o ffs. 

A rch itec tu re  o f  dow nlink  L TE transm ission  is exp la ined  tho roughly  and C oM P  jo in t transm ission  

s tandard iza tion  p rocess is described  w ith respect to  the new ly in troduced  rad io  procedures. E xisting  

C oM P  literature is d iscussed  and  the technical challenges are identified.

•  C h ap te r 3 describes the ce llu la r system  m odel used in ou r study, fo rm ula tes the dow nlink  C oM P 

perform ance m etrics and presen ts a perfo rm ance com parison  o f  the trad itional versus C oM P aided  cell 

sw itch  o f f  schem es in term s o f  energy effic iency  and capacity  m etrics assu m in g  sta tionary  channel 

conditions. P ro o f o f  concep t is prov ided  for the serv ing  eN B  to form  the C oM P  jo in t transm ission  

clusters by  th resho ld ing  the dow nlink  received  pow ers. C on ten ts o f  the chap te r are published  in the 

fo llow ing  conference  paper:

G . C ili, H. Y anikom erog lu , and  F. R. Y u, “C ell sw itch  o f f  techn ique com bined  w ith  coord inated  

m ulti-po in t (C oM P ) transm ission  for energy  effic iency  in beyond-L T E  ce llu la r ne tw orks,"  in 

Proc. IE EE  ICC '1 2  Workshops,  O ttaw a, O N , C anada, June 2012.

•  C hap te r 4  describes the sm all scale fad ing  m odel used in o u r study, fo rm ula tes the tim e-vary ing  C oM P 

perfo rm ance m etrics, and analyzes the perfo rm ance sensitiv ity  o f  the p roposed  schem e for various 

users under d ifferen t channel cond itions by tak ing  m ulti-po in t channel estim ation  erro rs and system  

delays into consideration . Im pacts o f  the jo in t transm ission  c lu s te ring  accuracy  on the ach ieved  C oM P 

perfo rm ance gains are  d iscussed . C on ten ts o f  the chap te r are p resen ted  in the fo llow ing  conference 

pap er subm ission:

G . C ili. H. Y an ikom eroglu , and F. R. Yu, “ E nergy effic iency  and capacity  evalua tion  o f  LTE- 

A dvanced  dow nlink  C oM P  schem es sub ject to  channel estim ation  e rro rs and system  d e lay ,” 

subm itted  to IEEE  I C C  13, B udapest, H ungary , June 2013.
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•  C hap te r 5 describes the stochastic  m odeling  o f  the channel im pulse response and channel transfer 

function  a long  w ith possib le  tim e-vary ing  channel estim ation /p red ic tion  schem es. P erform ance gains 

due to  m ulti-po in t channel estim ation /p red ic tion  procedures are  analyzed  w ith respec t to energy 

effic iency  and  capacity  perfo rm ance m etrics. N ovel C oM P  adap tive  channel estim ation  filte r designs 

and UE aided  jo in t transm ission  set c lustering  m ethods are d iscussed . C on ten ts o f  th e  chap te r are 

p resen ted  in the fo llow ing  invention d isclosures:

G . C ili, H. Y an ikom erog lu , and  F. R. Yu, “ U E anchored  dow n-selec tion  for C oM P  jo in t 

transm ission  c lu s te r,” Filed by A pple Inc.. U .S. Patent A pplication  N o: 61 /674 ,854  (filing  date: 

Ju ly  2 4 ,2 0 1 2 ).

G . C ili, H. Y an ikom erog lu , and F. R. Y u, “C oM P  adap tive  channel estim ation  pred ic tion  filter 

design ,” Filed by A pple Inc., U .S. Patent A pp lica tion  N o: 61 /674 ,852  (filing  date: July 23 , 2012).

A jo u rn a l p ap er w ith the fo llow ing  title  is be ing  prepared  for subm ission:

G . C ili. H. Y an ikom erog lu . and  F. R. Yu, “C oord inated  m ulti-po in t adap tive  channel estim ation  

and p red iction  schem es for accura te  jo in t transm ission  c lu stering ,"  to  be subm itted  to  an IEEE 

jo u rn a l, Sept. 2012.

•  C hap ter 6 h igh ligh ts the conclusions o f  the thesis and exp la ins the possib le  enhancem en ts for fu ture 

w ork.
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Chapter 2 

Overview on Cell Switch Off Methods and CoMP Enhancements

2.1 Analysis o f Existing Energy Efficient Cellular Schemes

R ecent m arket innovations for “green rad io" are  p ioneered  by EA R TH  (E nergy  A w are R adio and N etw ork  

T echno log ies) and C 2P O W E R  (C ognitive R adio and C oopera tive  S tra teg ies for PO W E R  sav ing  in m ulti­

standard  w ireless dev ices) p ro jec ts w hich have strong  partners in both academ ia  and the industry . T he goal o f  

both p ro jec ts exp la ined  in [4] and [5] can be listed as follow s:

•  D evelop  energy sav ing  m ethods fo r w ireless m obile  dev ices and energy  effic ien t m obile 

com m unication  system s using cognitive and coopera tive  rad io  to  decrease  the C 0 2 em ission  by the 

IC T (In fo rm ation  and C om m unications T echno logy) industry.

•  Propose energy  effic ien t netw ork  dep loym ent and resource m anagem en t schem es w ithout sacrific ing  

the quality  o f  serv ice perceived  by the users and the to tal system  capacity .

T hese innovations lead to new  technology  requ irem en ts fo r upcom ing  w ireless techno log ies . E nergy sav ing  and 

low  C A P E X /O P E X  for the netw orks are now  considered  as fu ture techno logy  requ irem en ts fo r 3G P P  release 11 

and beyond  standards by D ocom o as m entioned  in [6], As a resu lt, all the key fea tu res considered  by fu ture 

w ireless techno log ies should  be rev iew ed under the "green  rad io" um brella  to  check  fo r possib ilities o f  energy  

sav ing  im plem enta tions and design.

2.1.1 Enabling Methods for Green Radio

V arious system  level approaches are  possib le  to  obtain energy effic iency  in ce llu la r netw orks. A deta iled  survey 

on m otivations for g reen ce llu la r netw orks and d iffe ren t m ethods for energy  sav ings are  p resen ted  in [7] and 

ca tego rized  under energy  sav ings via coopera tive  netw orks, renew able energy  resources, he terogonous 

netw orks and cogn itive  radio. C ore netw ork  opera tion , susta in ing  backhaul da ta  traffic , access netw orks 

p rov id ing  rad io  in terface both for user and contro l p lanes, and m obile handsets con tribu te  to the overall pow er 

consum ption  o f  the ce llu la r system s. E nergy effic iency  approaches w ere ca tego rized  in [8] as: com ponen t level, 

rad io  in terface, and netw ork dep loym ent m ethodologies.
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Figure 2.1: Pow er consum ption distribution o f  radio access networks, adapted from [8] and [9],

C om ponen t level energy  sav ings are  ob tained  by focusing  on the various pow er consum ing  parts o f  a base 

station . Figure 2.1 show s that the pow er am plifiers, a ir conditioners, pow er supply  and signal p rocessing  all 

consum e energy  to opera te  a base station . C om ponen t level energy saving focuses on the PA (pow er am plifier) 

effic iency  to  d raw  less cu rren t du ring  operation  since the PA consum es betw een 50 -80%  o f  the overall base 

station pow er [9], T his is because the pow er am plification  at the base station is essen tial w hile serv ing  users 

facing  m ajo r path losses. M ethods like peak-to -average  pow er ratio  reduction , linearity  increase, dynam ic 

frequency  and voltage scaling  accord ing  to  traffic load, com ponen t deactiva tion  for d ig ita l/analog  inactive base 

station com ponents, d ig ita lly  flexible d rivers and PA s to  contro l the ou tpu t pow er, DC pow er consum ption  and 

linearity  are som e o f  the suggested  m ethods. Pow er am p lifie r effic iency , the ratio  o f  the input AC pow er to  the 

dow nlink  transm itted  ou tpu t pow er, deg rades from  50%  to  5%  as the served num ber o f  users in the netw ork  

decreases [10]. H ence, sw itch ing  o f f  the base station  d u ring  low  traffic  loads can be favorab le  fo r overall energy  

consum ption . It is m entioned  in [11] that 80 -90%  o f  the energy  consum ed  by the pow er am p lifiers are w asted  as 

heat w hich increases the pow er consum ption  o f  the a ir cond ition ing  com ponen ts as w ell. P ow er consum ption  o f  

the signal p rocessors are  d irec tly  related  to  the used transm ission  and  m odulation  schem es. A dvanced  spectrally  

effic ien t m odulation  schem es lead to  h igher signal p rocessing  pow ers. It should be noted tha t even w hen there  is 

no load in the netw ork, access netw ork  still consum es 50%  o f  the peak  DC pow er due to  the pow er supply  

opera ting  the base station  and ac tive air coo ling  as m en tioned  in [12] w hich  is show n in Figure 2.1 w here the 

base station still consum es an input pow er even w hen the dow nlink  transm itted  ou tpu t an tenna pow er is zero. 

As a result, m ain energy  sav ing  po ten tia ls at the com ponen t level are deac tiva ting  inactive parts o f  the 

d ig ita l/analogue circu its, im p lem en ting  sleep m odes during  dow nlink  transm ission  o r sw itch ing  o f f  the base 

sta tions com plete ly  du ring  the low  traffic periods.
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Link level energy  sav ing  m ethods con ta ins all the  a ir in terface stra teg ies and p ro toco ls that can  be 

im plem ented  to save pow er. R educed contro l plane RRC  and  N A S  signaling . M IB  (M aster Inform ation  B lock) 

and SIB s (System  Inform ation  B locks) transm ission , and  synchronization  signals w ill help  the netw ork save 

pow er du ring  dow n link  operation . H ow ever, th is m ethod  com es w ith the risk  o f  b ring ing  the overall netw ork  

perfo rm ance dow n for cell se lection , cell acquisition  and  R RM  procedures. A no ther link level so lu tion  to  shift 

the focus from  spectral effic iency  to energy  effic iency  is to  create  m icro -sleep  m odes fo r d iscontinuous 

transm ission  (D T X ) on the dow nlinks. T hese deep /m icro  sleep  m odes for the base sta tions are enab led  for 

3G P P  release 8 and fu rther since LTE does not need to  transm it the reference  sym bols con tinuously  unlike 

U M T S /H SPA  p ro toco ls w here pilot sym bols had to  be con tinuously  tran sm itted  on the dow nlink . 

D iscon tinuous recep tion  (D R X ) operation  is already  enab led  in 3G P P  re lease 8 both fo r U Es in RRC idle and 

connected  m odes. M obile units m onito r pag ing  m essages and  U L (U plink)/D L  (D ow nlink ) schedu ling  g ran ts on 

pre-configured  cycles to save pow er. Sam e logic can be app lied  to  the base sta tions w here contro l and user 

plane data are transm itted  on specific periods enabling  the transm it circuits to be pow ered o f f  during  sleep m odes.

N etw ork  level energy  sav ings m ethods can  be app lied  by dep loy ing  heterogonous netw orks, enab ling  

coord ination  am ong  the nodes, coopera tive  relay ing  and  cogn itive  rad io  to  dynam ically  adap t to chang ing  

traffic loads. H ierarch ical dep loym ent o f  netw orks via m acro , m icro , p ico  and fem to  cells decrease the 

propagation  d is tance  betw een  the transm it and receive an tennas, hence, reduce the requ ired  tran sm it pow er. 

W ireless relays, w hich are cheaper to  deploy com pared  to  base stations, do  no t requ ire  any backhaul links or 

com plex  rou ting  schem es, c reate  an in -direct m ulti-hop  transm ission  env ironm ent w ith  sho rte r p ropagation  

d istances and decrease  the burden  on the pow er am p lifier com ponen ts. T he challenge fo r H etN et and w ireless 

re lay ing  schem es is the op tim al dep loym ent strategy to  balance the trad e -o ff  betw een  increasing  the ou tdoo r 

coverage a reas via sm all cells and  still k eep ing  the traffic  load o f  the m acro -cells  a t a certain  level. As 

m en tioned  earlier, if  m ajority  o f  the coverage is sustained  by the sm all cells, the  traffic  loads and  the pow er 

am p lifier effic iencies o f  the m acro  cells reduce and the overall dep loym ent becom es m ore expensive  due to  the 

short range coverages o f  the sm all cells and  relays. C ooperation  am ong  base sta tions can a lso  help  save energy  

in the ce llu la r system  e ither by load balanc ing  op tions to d ecrease  the transm ission  pow er in the cells w ith high 

traffic loads and increasing  the transm ission  pow er o f  low  traffic cells o r by com plete ly  shu tting  o f  base sta tions 

under low  traffic  cond itions and increasing  the coverage  area o f  the ne ighbor cells no t to  create  any coverage
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A) Theoretical Trade-Offs B) Practical Trade-Offs

Realistic eNB Power Consumption Modeling

Increased 
T ransm it Power

SESE DE
figure 2.2: Deployment and spectrum efficiency versus energy efficiency trade-off. adapted from [ 14],

holes. A m ore env ironm enta list so lu tion  is p roposed  in [7] to  save energy  resources and decrease  carbon  

em ission  is ach ieved  by using a lternative “g reen” resources such as b iofuels, so lar and w ind energy  in ce llu lar 

netw orks.

C ell sw itch  o f f  schem e is the m ost p rom ising  cand ida te  for energy  sav ings in ce llu la r netw orks since it 

p rov ides a holistic  approach  by com bin ing  link, com ponen t and netw ork  level pow er sav ing  m ethodolog ies. 

Cell w ith the low traffic conditions is sw itched  o f f  com plete ly  to  m axim ize the com ponen t level pow er savings, 

and rem ain ing  active cells in the netw ork  coord inate  to  serve the users located  in the sw itched  o f f  region. 

V arious ex is ting  cell zoom ing  stra teg ies are analyzed  and discussed  in Section  2 .1 .3 . C ell sw itch o f f  schem es 

aided  w ith  dow nlink  C oM P transm ission  w ill be d iscussed  in C hap te r 3, w hich enab le  the users in the sw itched  

o f f  cell to  be served sim ultaneously  by m ultip le  rad io  links.

2.1.2 Energy Efficient Resource Utilization and Performance Trade-offs

Energy effic ien t ce llu la r m ethodo log ies are  be ing  standard ized  by m ajo r standard iza tion  bod ies like 3G P P  and 

ITU and ex is ting  key perform ance indicators like spectral effic iency  and  dep loym ent effic iency  shou ld  be 

jo in tly  considered  w ith the energy  effic iency  m etrics. S tandalone m ethods that aim  on im proving  a certain  

perform ance m etric and ignoring the rem ain ing  m etrics are  not o f  interest. G reen radio  im plem ented  in any 

aspect o f  the w ireless com m unication  includ ing  access netw ork  enhancem en ts, core  netw ork  im provem ents, 

pro toco l stack changes, schedu ling  im plem en ta tions o r coopera ting  netw orks have to  be re-considered  

accord ing  to dep loym ent effic iency  (DE)  versus energy  effic iency  (EE)  and  spectral effic iency  (SE)  versus 

energy  effic iency  (EE)  trade-offs. D ep loym ent effic iency  is considered  as system  th roughpu t per unit 

dep loym ent cost w hich can be sim ply  im proved by en la rg ing  the ce llu la r coverage o f  the ex is ting  base stations.
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Increasing  the dow nlink  transm it pow ers decreases the to tal num ber o f  base sta tions dep loyed  in the netw ork 

and save unit cost for both  cap ita l expend itu re  (C apE x) and operational expend itu re  (O pE x). H ow ever, the 

im plem entation  should  be the exact opposite  for system s a im ing  energy  e ffic iency  since denser base station 

dep loym en ts co rrespond  to low er transm it pow ers due to  shorter rad io  links [13], A t first, energy  effic iency  o f  

the ce llu la r netw ork  seem s to  d ecrease  w ith low er dep loym ent costs as show n in F igure 2 .2a: h o w ever the 

relation  betw een  the access netw ork  pow er consum ption  and the dep loym en t cost should  be m odeled  

realistically . E nergy consum ption  and the dep loym ent cost o f  the netw orks do not only  depend  on the transm it 

pow er o f  the base station . PTX, but a lso  on the operational pow er consum ption , P0P, such as the a ir cooling , 

signal p rocessing  and the pow er supply  as exp la ined  in Section  2.1 .1 . As a  resu lt, increased  cell sizes do  not

alw ays y ield  energy  ineffic ien t so lu tions. E valuating  E E  -  DE  trad e -o ff  acco rd ing  to  the realistic  pow er

consum ption  m odels show s that there ex is ts  an op tim um  solu tion  w hich im proves both  th e  perfo rm ance m etrics 

as show n in F igure 2.2b.

b its /se c  .
A nother perfo rm ance ind ica to r fo r ce llu lar system s is the spectral effic iency  m easured  in — - — , w hich

Hz

has a lw ays been the m ain focus o f  im provem ent during  the w ire less evo lu tion . E xpressing  energy  effic iency  o f  

the system  in b i t s / jo u le ,  the theoretical relation  betw een spectral and energy  effic iency  is derived  by au thors o f  

[14] using Shannon’s capacity form ula for additive w hite G aussian noise (A W G N ) channels explained in [15] as:

S E  = l o g z ( l + ^ £ ) ;  (2 .1)
W - N 0J '  ’

EE  = W l o g 2{ l  + P̂ f ) / P TXg ; (2 .2)

E E = 1~ , — . (2 .3)
(2 l ) * V 0

T otal bandw id th  assigned  to  the user is expressed  as W , channel gain is deno ted  as g , and no ise  spectral density  

is rep resen ted  by N0. T heoretical derivation  for EE  — S E  trad e -o ff  fo r an A W G N  channel show n in (2 .3), w hich 

ignored the transm ission  independent con tribu to rs to  the overall pow er consum ption  in (2 .1 ) and (2 .2), suggests 

m ono ton ica lly  decreasing  relation  betw een  spectral and energy  effic iency  perfo rm ance m etrics. In fact, under 

practical considera tions for realistic access netw ork  pow er consum ption  m odel in [16], path loss and propagation  

schem es, m odu la tion /cod ing  schem es, resource  m anagem ent a lgo rithm s, p o w er am p lifie r linearity /effic iency  

and m ulti-user/m ulti-ce ll scenarios, EE  — S E  trad e -o ff leads to  a  non-m ono ton ic  rela tion  show n in F igure 2.2 .b .
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A) Generic Resource Utilization B) Green Resource Utilization

Frequency Frequency

Time Energy Time Energy

★  ★
Space Code Space Code

f igure 2.3: Energy efficient w ireless resource utilization, taken from [ I7 |.

T his is the fundam ental m otivation  fo r deve lop ing  energy  effic ien t fram ew orks w ithout sacrific ing  the user 

perce ived  quality  o f  service (Q oS ) in term s o f  spectral e ffic iency  and  ach ieved  data  rates.

B ottleneck  fo r the perfo rm ance m etrics m en tioned  above is the lim itation o f  w ireless resources like tim e, 

frequency, space, energy  and code. U tilization  ratio  o f  these w ireless resources can be op tim ized  in favor o f  

certain  perfo rm ance m etrics, w here F igure 2.3 show s an  exam ple  g reen  resource trad ing  schem e tha t im proves 

the energy effic iency  by o ver u tiliz ing  the rem ain ing  w ireless resources. A p relim inary  fram ew ork  have been 

proposed  by au thors o f  [17] to find the op tim al bandw idth  and  tim e resource u tilization  w hich resu lts in 

m inim al energy  consum ption  to  transm it one bit, Ejoule/ bi t . C apacity  o f  the A W G N  channel, C, m easured  in 

b its/sec is expressed  as the inverse o f  the tim e it takes to  tran sm it one bit, t b it, as

C = — = W l o g , (  l + ^ 2 £ ) .  (2 .4)
t bit * W N o

Energy consum ption  o f  the access netw ork  due to  the dow nlink  tran sm it pow er consum ption  o f  the base station 

is derived  using  (2 .4 ) as

1
F  - P  t  -  V W' tbU- f ) 'W > N 0. t bit
t TX — r T X t b it — • (2 .3 }

and  the overall energy  consum ption  o f  the access ne tw ork  is represen ted  a s  the sum  o f  energy  spent for 

transm ission  and the energy spen t due to  the circu itry  o f  the base station , Ecir, as

3

r  .... r  . p
E jo u le /b i t  -  E-t x  +  fcd r  -  “  +  w ^c ir c tb U  +  ^ b ^ b U -

w here Pcirc is the transm ission  independent operational pow er consum ption  w hich scales p roportionally  w ith 

the used frequency  bandw id th  and Psb deno tes the opera tional pow er consum ption  w hich is independen t o f  the 

transm ission  and the u tilized  bandw idth . It is c lea r from  (2 .6 ) that the opera tional energy  consum ption  o f  the
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system  increases w ith  increasing  bandw id th  and tim e resources w hile the tran sm itting  energy  consum ption  o f  

the system  m ono ton ica lly  decreases. A s a resu lt there  ex ists an op tim um  bandw id th  and  tim e resource allocation  

in the system  w hich m in im izes the energy  consum ption  d epend ing  on the observed  channel gain , g .  T he system  

im plem ented  in [17] finds the op tim um  W  fo r a fixed t and v ice versa  by using  the convex  energy  consum ption  

functions resu lting  from  (2 .6 ) fo r d ifferen t channel gains by m ak ing  sure  the user still rece ives the m inim um  

Q oS  requ ired  in term s o f  assigned  frequency  range and the delay  observed  during  transm ission . P roposed 

schem e can be fu rther im proved  by s im ula ting  the large scale  path loss w ith rea listic  p ropagation  m odels instead 

o f  the sim plistic  free space propagation  m odel, includ ing  sm all scale fad ing  in the system  and  arrang ing  the 

m edia  access contro l (M A C ) schedu ling  decis ions every  TTI accord ing  to  the g reen  resource  trad ing  function .

2.1.3 Analysis and Discussion of Existing Cell Switch-Off Techniques

V arious green techn iques have been p roposed  by academ ia  and  industry  recen tly  fo r the w ire less access

netw orks w ith d iffe ren t op tim ization  m ethods using various energy  effic iency  and tra d e -o ff  m etrics. A lthough

there are  m ethods to  sustain  long term  energy  savings by reducing  peak user dem and  as p roposed  by au thors o f

[18], access netw ork  energy  sav ings are  m ostly  im plem ented  by cell size ad ju stm en ts acco rd ing  to  traffic  load

fluctuations.

A n exam ple o f  energy  sav ing  w ith coopera ted  base stations schem e is dem onstra ted  in [19] tha t a im s to 

find w hich ce lls  in the netw ork  should  be sw itched  o f f  so that the traffic load is concen tra ted  a round  the base 

sta tions p rov id ing  h ighest spectral effic iencies to  the served users. T he cell sizes in the netw ork  are  dynam ically  

adap ted  accord ing  to  th e  traffic  load fluctuations in the netw ork . A load concen tra tion  approach  is show n w here 

the ce lls  w ith the low traffic  zoom  into zero  and the ne ighbor cells zoom  out by using  C oM P , re lay ing  

approaches o r physical ad justm en t m ethods includ ing  an tenna tilts and increased tran sm it pow ers to  sustain  the 

traffic as show n in F igure 2.4. T his is the exact opposite  approach  com pared  to  the load ba lanc ing  approach  

w here  the high traffic  cells used to  zoom  in to  d isperse  the total traffic  in the netw ork. The p roposed  system  

com es a lo n g  w ith m any challenges such as short term  traffic  fluctuations, risk o f  coverage  ho les in the netw ork, 

and special contro l channels needed for coopera ted  signaling  and the com patib ility  lim ita tions due to  cells 

w hich are incapable  o f  cell zoom ing. A cen tralized  approach  is p roposed  w here the v irtual cell zoom ing  server 

co llec ts all the channel cond itions and rate requ irem en ts from  the users assum ing  each u ser can only  be served 

by one base  station . T he a lgorithm  in the central server loops th rough  all the m obile  users, i G /, and assigns
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Figure 2.4: Low traffic cells sw itching o ff fully or zoom ing in w hile neighbor cells zoom  out by antenna tilts. CoM P. or 

relaying approaches to serve the users located in the sw itched o ff  cells as shown in [19],

them  to the base stations, n  6  N,  such that the h ighest spectral effic iency  can be o ffered  by base station  n  to  the 

user SE n i . A fter all the i -  n  assignm ents, the  base stations w ith the low est traffic  load are  tu rned  o f f  and the 

users in those cells are assigned  to  the rem ain ing  ne ighbo r cells. Load o f  the base station  n, Ln , is defined  as the 

ratio  o f  utilized  bandw id th , W assigned, to  the overall bandw id th  o f  the netw ork, W totai. as

£ ie /n  w i.n    ^ a s s ig n e d (2 .7 )
71 W[0tal W total

w here /„ rep resen ts the set o f  users tha t are served  by the base station n,  and w i n rep resen ts the a llocated  

bandw id th  by the base sta tion  n  to the u ser /. T his a lgorithm  repeats until the load is fully  concen tra ted  over the 

ac tive  serv ing  cells w ith the h ighest traffic loads that y ield  the best spectral e ffic iencies, and creates m ajor 

energy sav ing  in the access netw ork  com pared  to  fixed cell size p lann ing  and  static cell sw itch  off/on  

a lgorithm s. A d is tribu ted  approach  is m en tioned  in [20] w ithout the involvem ent o f  a cen tra lized  server so that 

the inform ation flow  and  the signaling  overhead  in the  system  is decreased . Each m obile  u ser chooses the base 

station w ith the h ighest LnSE n i  p roduct as the serv ing  cell w hile m ak ing  sure the u ser does no t d rain  the idle 

bandw id th  o f  the base station:

W,assigned +  w Ln < W,to tal (2 .8 )

T his a lgorithm  also  converges to  m obile  t — n  pairs that im prove the energy  sav ings in the netw ork . D istributed  

cell zoom ing  approach  y ields low er energy  sav ing  in the access ne tw ork  due to the lack o f  the  cen tra lized  

server; how ever, it c rea tes a m ore energy  sav ing  env ironm ent in te rm s o f  reduced  contro l p lane and backbone
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A) Cell Switch O ff D uring Night Zone B) Different Cell Switch O ff Schemes with Same Energy Savings

t:  T/2ti t

n i g h t  z o n e
1

X=f(T)

T/2T

Figure 2.5: Daily traffic distribution and energy saving regions during night zones with low traffic periods shown in [211. 

signalling . It should  be noted  that the g ranularity  o f  the bandw id th  assignm ents w i n should  be chosen accord ing  

to the subcarrie r spacing  and  resource b lock form ats in LTE and beyond techno log ies  w hich is described  

tho rough ly  in Section  2.2 .1 . T hese  constra in ts  have no t been m odeled  in [19] and  [20] and m ay lead to  

unrealistic  schedu ling  decisions. Existing  challenges in both o f  the algo rithm s are  find ing  the op tim um  ou tage  

probability  versus energy  sav ing  trad e -o ff  and  dynam ically  con figu ring  the netw ork  to  m axim ize th e  energy 

sav ing  perform ance acco rd ing  to the chang ing  traffic load cond itions in the netw ork  and expected  quality  o f  

service by the users. T he m odel also  needs to  be extended  to  take user m obility  scenarios into consideration .

A dap ting  the cell sw itch  o f f  schem es to  the daily  traffic load has been investigated  by [21] and [22], w here 

a  24 -hour traffic  rou tine that m onotonically  decreases h a lf  o f  the day and sym m etric  around  m id-day  is 

analyzed to  find the optim um  tim e to  start and stop the energy  sav ing  cell sw itch  o f f  period . C ellu lar access 

netw orks are usually  sta tically  configu red  to  m eet the peak traffic  capacity  constrain ts: how ever, there are 

sign ifican t traffic  load reductions in office areas du ring  n igh t tim e and residen tia l a reas du ring  day tim e. T his 

m akes the static ce llu lar dep loym ent schem es energy  ineffic ien t due to  the redundan t num ber o f  ac tive base 

sta tions during  low traffic  periods. A basic traffic  in tensity  d is tribu tion  that is identical am ong  all the cells in the 

netw ork is assum ed  in [21] w here the traffic  load, deno ted  by f ( t )  such tha t t  e  [ 0 ,7 ]  a n d  7  =  2 4  h , is 

norm alized  w ith respect to  the h ighest traffic load such that / ( 0 )  =  1. T he paper suggests that the initial system  

w hich is configured  w ith N  cells to  support the Q oS at full load only  needs x N  ce lls  to  support the traffic w hen 

the traffic  in tensity  d eclines by a  fac to r o f  x  £  [0 ,1 ] w hile sw itch ing  o f f  the rem ain ing  (1  — x ) N  cells. T he 

p roposed  schem e consists  o f  tw o states w here the netw ork  opera tes w ith N  cells sw itched  on during  the day 

zone, t  e  [0, t ] and  t  e  [7  — r ,  7 ] , and w ith x N  cells sw itched on during the energy sav ing  zone, t  e  [ r ,  7  — t ].
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A verage  daily  energy  consum ption  per cell in a netw ork  th a t uses the afo rem entioned  tw o state cell sw itch o f f  

schem e is expressed  as

ESWit cn-of f  =  2 Pave [ t  +  f ( t )  g  -  t ) ]  , (2 .9 )

w here Pave rep resen ts the average pow er consum ption  o f  a  cell, and t  is the tim e w hen  the netw ork  en ters the 

energy  sav ing  period. E nergy consum ption  during  the n igh t zone is reduced  by f ( t )  since only  x N  cells are 

actively  opera ting  and x  =  f(x ). T he optim um  t  is found sim ply by tak ing  the derivate  o f  ESwitch_o f f  t0  find  

the local m inim a fo r the daily  energy  consum ption  function  as

^Switch-off =  ^  ^  +  / , ( x )  g  -  T)  -  / ( T) ]  =  0 . (2 . 10)

l + / ' ( T m i n ) g - T mt„ ) - / ( T min) =  0, (2 .11)

w hich is sam e as m ax im izing  the un-shaded  area A  in F igure 2.5 denoted  derived  as

E n e r g y  S a v i n g  A r e a  -  A =  g -  r mjn)  * (1  - / ( r min) )  . (2 .12)

T he advan tages o f  the proposed  schem e are  not only increasing  the energy  sav ing  o f  th e  access netw ork  and 

find ing  the optim um  tim e to  start the energy sav ing  period  but a lso  the flex ib ility  o f  im plem entation  since the 

sam e energy  sav ing  can be ob tained  by e ither m ore num ber o f  sw itched  o f f  cells du ring  a short period  o f  tim e o r 

by sw itch ing  o f f  sm all num ber o f  cells fo r a longer period  o f  tim e w hich can be concluded  from  (2 .12 ) and 

show n in Figure 2 .5b . T he cho ice o f  im plem entation  can be done accord ing  to  the slope o f  daily  traffic 

d is tribu tion  in w hich the cho ice  o f  tu rn ing  o f f  sm all num ber o f  cells fo r a long period  o f  tim e m akes m ore sense 

if  the traffic  in tensity  f ( t ) decays slow ly, so tha t the tim e to  w ait to  start the energy sav ing  period  is not too  

long. T he m ajo r d raw back  for the schem e is the lack o f  ce llu la r geom etry  constrain ts in the m odel since x N  cells 

m ay not be able to  serve the users in the netw ork  w hen the coverage areas o f  the cells are taken  into 

consideration . The m odel can be enhanced  by in troducing  a m ulti-sta te  cell sw itch  o f f  m odel instead o f  the tw o

state day /n igh t schem e, and m odeling  accura te  traffic  d is tribu tions for each cell d is tinctly  w hich do  not

necessarily  decay  m ono ton ica lly  bu t instead fluctuate o v e r tim e.

An a lternative  w ay  o f  energy sav ing  via coopera tion  in ce llu la r netw orks in dem onstra ted  in [22], w hich 

ex tends the coopera tion  betw een access ne tw ork  com ponen ts o f  the sam e p rov ider m en tioned  in [21] to 

coopera tion  betw een  m ultip le  ce llu la r netw ork  opera to rs that a re  ab le  to  p rov ide full serv ice to  a  certa in  spatial
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Figure 2.6: Cell sw itch otTschem e enabled via cooperation am ong m ultiple netw ork service providers shown in [22].

region. P roposed  schem e suggests tha t netw ork  p rovider, n  e N,  sw itches o f f  com plete ly  at the optim al energy  

sav ing  tim e r n derived  as

T _  f - \  ^maxZneNon^n^ (2 13)
XneJV a n

w here N on is the set o f  the active opera to rs rem ain ing  a fte r o pera to r n  sw itches o f f  and  a n is the sca ling  factor 

for the num ber o f  users in each o pera to r n  €  N  as show n in F igure 2.6. T he traffic load in the sw itched  o f f  

opera to r n  is transferred  to  the rem ain ing  active netw ork  p rov iders Non as roam ing  subscribers. It can  be seen 

from  (2 .13) that the o p e ra to rs’ sw itch o f f  o rd e r fo llow s an increasing  traffic  load pattern  and the netw ork  

o pera to r w ith the h ighest traffic  load is a lw ays on. T he total energy  consum ption  in the considered  region that 

supports ne tw ork  ope ra to r coord ination  can be fo rm ulated  as

P O pera tor-Coop  =  f ~ '  ^  P a M  +  TP^ U) ' i 2 M )

w here PaVe ( n ) rep resen ts the average daily  pow er consum ption  o f  an o p era to r tha t does not use any sw itch  o f f  

schem e. T he c lea r advan tages o f  netw ork  operators coopera ting  th roughou t the daily  traffic  are decreased  

O PE X  fo r the netw orks and  reduced  carbon  em ission  due to  redundan t resources being  used by all the netw ork  

opera to rs  that are sta tica lly  configu red  to  prov ide  pow er accord ing  to  peak traffic . T he d raw backs o f  the schem e 

are  the challenges o f  traffic  transfers from  one netw ork  o pera to r to  ano ther such as ex tra  signaling  and forced 

handovers w hich can  cause call d rops and overload  on the netw ork , and  the un fa irness o f  the system  for the 

netw ork  p rov id er that has to  alw ays stay on and accep t roam ing  subscribers. E nergy sav ing  advan tage  also
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com es w ith a financial tra d e o ff  w here the netw ork  opera to rs should  accep t the roam ing  subscribers w ithout any 

ex tra  cost to  m ake the transitions in the netw ork  transparen t, bu t th is can create  a  sign ifican t decrease  in 

netw ork  p ro v id e r’s profits . T he system  also  requires updates for the co re  netw ork  (C N ) com ponen ts like the 

hom e location reg iste r (H L R ), v isiting  location  reg is te r (V L R ), and b illing  cen te r (B C ), w hich need  to  be 

updated  to  only allow  the roam ing  subscribers from  the coopera ted  netw orks fo r no add itional m onetary  cost.

U nlike the cell sw itch o f f  m ethods m entioned  in [21] and [22] w hich used sim plistic  m ono tonically  

decreasing  traffic in tensity  functions to  find the op tim al periods to  en ter the energy  sav ing  m ode, [23] tries to

N  F f

m axim ize the ratio  o f  the sw itched  o f f  cells to  the rem ain ing  ac tive  cells, using a traffic  m odel ac ro ss  the
Non

cellu lar system  based on an M /M /N /0  queue hav ing  an arrival ra te  o f  k k and  incom ing  handover arrival rate o f  

Ahk  m odeled  as a Poisson process, serv ice tim e l//i,-  and  tim e spen t by users l / n h m odeled  w ith an 

exponentia l p d f  in a  single cell for class k  calls. D ifferen t c lasses k  e  K  represen t d ifferen t serv ices o ffered  in 

m obile netw orks such as voice, v ideo  call and  packet da ta  traffic in c ircu it sw itched  (C S ) and packet sw itched 

(P S ) cores. T he overall state space fo r K  d ifferen t c lasses o ffered  is g iven as:

S  = {s  = ( n v n 2, . . , n K) \ ' £ k= iCk n k < CT} , (2 .15)

w here n k represen ts the num ber o f  active class k calls, Ck rep resen ts the am oun t o f  bandw id th  requ ired  by class 

k calls and CT rep resen ts the to tal availab le  traffic  ra te  capacity  supported  in the access netw ork. T he p roposed  

schem e focuses on th e  ou tage probability  ca lcu lation  using the serv ice b lockage in M /M /N  queue to decide  on 

the feasib ility  o f  the sw itch  o f f  ratio  ra ther than tak ing  into consideration  the signal streng th  ou tage as w ell. 

T herefore , the b lock ing  probab ility  for class k calls is defined  as the state w hen no m ore class k calls can  be 

accep ted  due to  the bandw idth  constrain t as

S Blockage ~  { ( n l» n 2 - • • > n x )  K r  ~  Ck < CkTlk <  CT} . (2 .16)

N f f
M axim um  feasib le  sw itch o f f  ratio , - 2^-, in the access netw ork  is ta rgeted  to  ach ieve op tim um  energy  sav ings

Non

by sw itch ing  o f f  as m any as redundan t base stations as possib le . T he algorithm  loops th rough  d iffe ren t values o f  

and ca lcu la tes the new  values for Ak , Ah k , l / f i t and l / n h . A ssum ing  that each  class k has a d ifferen t Q oS
Non

constra in t in term s o f  m axim um  serv ice b lockage probab ilities, a lgorithm  m akes sure the new  serv ice b lockage 

p robabilities are  w ithin the constra in ts for each class a fte r the new  cell sw itch  o f f  ratio . R eceived pow er 

requ ired  for each active call in the system  is ca lcu la ted  by d iv id ing  the cu rren t dow nlink  pow er o f  the sw itched
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on base sta tions by the m ean num ber o f  ac tive  calls. R equired  dow n link  tran sm it pow er o f  the ac tive  base 

s ta tions and the new  rad ius o f  the cells are found  using  Cost-231 propagation  m odel. If th e  new  ce llu la r rad ius 

is not w ith in  the ce llu la r geom etry  constra in ts, a lgorithm  either increases the dow nlink  transm it pow ers o f  the

N f  f
sw itched  on base  sta tions o r reduces the ratio . T he algorithm  eventua lly  converges to  an optim al sw itch  o f f

Non

ratio  w ith the necessary  transm ission  pow er increase in the rem ain ing  ce lls  to  ob ta in  the m axim um  energy  

sav ings in the access netw ork . A lthough the proposed  schem e assum es a m ore analy tica l w ay to  m odel the 

traffic in the netw ork  to  decide  the sw itch  o f f  schem e, there  is still room  fo r im provem ent fo r m ore realistic 

m odeling . T he system  should  use a realistic  3G P P  path loss m odel instead o f  the theoretical Cost-231 

propagation  m odel and the ou tage  p robability  calcu lations should  be done  by tak ing  the dow nlink  S IN R  ratios 

into considera tion . T he suggested  schem es ju s t focus on the pow er received  per connection  and ignore the in ter­

cell in terference and the effec t o f  S IN R  on the Q oS prov ided  to  the users. Pow er per connection  is assum ed  to  

be the dow nlink  base station  pow er d iv ided  by the m ean num ber o f  ac tive calls; how ever th is assum ption  

ignores the pow er contro l and schedu ling  in ce llu lar netw orks.

The effect o f  dynam ically  chang ing  traffic on the optim al base station sleep ing  stra tegy  in a  ce llu lar 

netw ork  is stud ied  in [16] and the decision  param eter to  m axim ize the energy  savings is chosen  as the pow er 

consum ption  ratio  w hich  is defined  as the ratio  betw een the dynam ic and the fixed pow er consum ption  o f  a base 

station. D ynam ic pow er consum ption  is defined  as the requ ired  transm itted  pow er by the base station  that 

changes acco rd ing  to  the traffic  load in the cell, w hich is m odeled  as a  P oisson p rocess; w hereas the fixed 

pow er consum ption  is independent o f  the load and covers the site coo ling , pow er supply  and  signal processing .

It is show n that the pow er ratio  increases due to  the rise in traffic  load m ake the dynam ic  pow er com ponen t 

dom inate  o ver fixed pow er consum ption , and m ore base stations should  be active to  save energy  in the system . 

H ow ever, for low  pow er ratio  scenarios due to  low  traffic , the constan t pow er dom inates over the dynam ic 

pow er com ponen t and less base stations should  be active to  save energy. A d justing  the base  station  sleep 

stra tegy  acco rd ing  to  the pow er ratio  o f  the system  is m ore realistic com pared  to  th e  cell sw itch off/on  schem es 

described  in [19], [21], [22] and [20], w hich ignored  the im pacts o f  th is ratio  in the overa ll energy  savings; 

how ever, the proposed  system  in [16] still needs som e im provem ent. T he dow nlink  pow er contro l used fo r the 

m odeling  does not take the in terference into consideration  and aim s to  keep the received  pow er at the m obiles at 

-110  dB m  w hich m ight not be enough to  sustain  a successfu l rad io  link if  the in terfe rence is high. For successfu l
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Figure 2.7: I.I K cell sw itch off/on solution suggested in 3GPP release 8 w orkshops by |24). 

com m unication  in the dow nlink  S IN R  ratio  should  be chosen  as a reference point. A no ther assum ption  used in 

the m odel is the cells that rem ain  ac tive  du ring  the energy  sav ing  zone hav ing  equal cell radii. H ow ever, th is 

assum ption  ignores the ce llu la r geom etry  constra in ts com plete ly  since the cells tha t rem ain  active need to  be 

ad justed  to p rovide coverage to  the overall ce llu la r region.

C ell sw itch off/on  stra teg ies to  save energy  has not only  been the in terest o f  academ ia , but have also  

been considered  in the industry  as part o f  the 3G P P  standard iza tion  process. H uaw ei in troduced  an LTE energy 

sav ing  solu tion  w ith cell sw itch off/on  schem es in 3G P P  w orkshops for release 8 in [24], A hierarch ical ce llu lar 

dep loym ent w ith respect to  LTE is assum ed w ith an energy  sav ing  (E S) area tha t is covered  by tw o d ifferen t 

cells as show n in Figure 2.7. Energy saving schem e can be im plem ented  either w ith in ter-R A T  or in tra-R A T  

configurations. In the in tra-R A T  configuration , E -U TR A N  m acro  cell is dep loyed  fo r con tinuous coverage o f  

the area and the p ico /m icro  o r fem to cell, w hich  is covered  com pletely  by the m acro  cell, is dep loyed  to 

increase the capacity  o f  special sm all a reas o r ho tspots. T he in ter-R A T  configura tion  has a cell u sing  a legacy 

R A T  such as U M T S /E D G E /G P R S , w hich is dep loyed  fo r basic coverage o f  voice and m edium  speed data  

serv ices and the E -U TR A N  cell w hich is covered  com plete ly  by the legacy R A T  is dep loyed  to  p rov ide high 

speed data  o r enhanced  m ultim ed ia  serv ices tha t are o ffered  by LTE. P roposed schem e on ly  enab les the energy  

sav ing  capab ility  in the capacity /data  booster cells and  the basic coverage  supp ly ing  cells are p roh ib ited  from  

sw itch ing  off. A p re-defined  th resho ld  is set in the netw ork  accord ing  to  the observed  traffic load so that the
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capacity  booster cells a re  deactiva ted  w hen the observed  traffic  in the ES area  is less than the th resho ld  and  re­

ac tivated  w hen the observed  traffic in the ES area is m ore than  the set th resho ld . P roposed  so lu tion  suggests tw o 

d ifferen t im plem en ta tion  options: O perations, A dm in istra tion  and M ain tenance  (O A M ) based  and e-N B  based. 

T he e-N B  based  solution  focuses on the real tim e traffic  to  set the th resho ld . C ell deactiva tion  is in itia ted  by e- 

N B ’s internal m echanism , w hereas the cell activation  is initiated by the ne ighbo r eN B ’s tr ig g e r m echanism  

w hich keeps m on ito ring  the ES area a fte r the capacity  b ooste r cells a re  sw itched  off. T his option  requ ires 

enhancem en ts to  the ex is ting  X2 in terface since it depends heavily  on in ter e-N B  com m un ication  to  inform  each 

o ther about cell status updates. The O A M  based so lu tion , on the o ther hand, sets the sw itch  o f f  th resho lds 

accord ing  to  observed  sta tistics over tim e and the cell activa tion /deactiva tion  p rocedures are  com plete ly  

contro lled  by the O A M  through  Itf-N interface. T his option  depends less on in ter e-N B  com m un ica tion , bu t cell 

s ta tus no tifica tions still need to  be transm itted  over the X2 interface. The O A M  based  solu tion  is m ore feasib le 

in cases w here the capacity  o f  X2 interface lim ited, how ever th is top ic  should  be considered  under Self- 

O rgan iz ing  N etw orks (SO N ), w here the large scale O A M  is done by con tro lling  the elem en t m anagers via 

netw ork m anager over the Itf-N  in terface as exp lained  in [25].

All the schem es m en tioned  above focus on access netw ork energy  sav ings via various m ethods o f  cell 

sw itch o f f  m echan ism s using theoretical m odels for rad io  w ave propagation  and sm all scale  fading. A u thors o f  

[26] analyzed  the standalone  energy effic iency  o f  an upcom ing  rad io  techno logy  featu re  in L TE -A , nam ely  

C oM P , and au thors o f  [19] m entioned  C oM P  as an advan tageous m ethod for ce lls  to  zoom  out, how ever, jo in t 

use o f  C oM P  feature w ith trad itional cell sw itch o f f  schem es is not analyzed  in any  literature, to  the best o f  our 

know ledge.

2.2 LTE -  Advanced CoM P System Fram ework

2.2.1 Introduction to Downlink LTE Transmission

M ajor physical layer changes have been in troduced  w hile p roceed ing  from  3G P P  release 7 (H S P A + ) to  3G PP 

re lease 8 (L T E ). M ultip le access techno logy  used until release 7 H SPA + schem es, C D M A , has been rep laced  

w ith O F D M /O F D M A  techno logy  starting  from  release 8 LTE system s. O FD M  takes advan tage  o f  both the 

sim ple receiver a rch itec tu re  o f  narrow band  system s w ith the high capacity  o f  w ideband  system s by u tiliz ing  

m any narrow band  orthogonal subcarriers [27]. O rthogonal subcarriers are  ach ieved  by se tting  the cen te r
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Figure 2.8: T im e-Frequency dom ain representation o f  an OFDM  signal sFiown in [28].

frequencies o f  subcarriers, w hich are also  referred  to  as the frequency  tones, to  in teger m ultip les o f  the base 

frequency  [28], It can be seen  that the in ter-frequency  in terference in m in im ized  by using  O FD M  schem es since 

the cen te r frequencies o f  the subcarriers do not interfere w ith the sidebands o f  the ad jacen t subcarriers as show n 

in F igure 2.8. T his y ields to  spectra lly  effic ien t LTE dow nlink  due to  O FD M A  use.

M ultipath  recep tion  due to  sm all-sca le  fad ing  cond itions for frequency  selec tive  channels, w here the 

coherence bandw idth  o f  the channel is sm aller than the signal bandw id th  and the m ultipath  delay  spread is 

g rea te r than the sym bol period , lead to  in ter sym bol in terference (IS I) and d is to rtion  in w ire less system s as 

show n in F igure 2 .9a. L TE O FD M  schem es reduce the effec ts o f  ISI by u tiliz ing  narrow  band subcarriers that 

go under flat fading. Sym bol period  is increased by a fac to r o f  the num ber o f  subcarriers, Nsc, a fter the serial to 

parallel conversion  fo r sub-carrier m odulation . Period o f  each O FD M  sym bol is ex tended  by copy ing  the final 

part o f  the sym bol to  the beg inn ing  o f  the O FD M  sym bol as show n in F igure 2 .9b , w hich is know n as the cyclic  

prefix  (C P) o r tim e dom ain  guard  interval add ition . Serial to  parallel conversion  o f  the incom ing  serial b its 

be longing  to  the transport b locks from  the M A C  layer and addition  o f  cyclic  prefix  by copy ing  NCP sam ples to 

do  beg inn ing  o f  the O FD M  sym bol tack les the ISI in tim e d ispersive  dom ain . T he length o f  NCP should  be 

larger than  the length o f  the m ultipath  delay  taps, so tha t the receiver can  ju s t ignore the first N CP sam ples from  

the received  signal and elim inate  the ISI com pletely . It should  be noted  tha t even for the cases w here N CP is 

larger than the num ber o f  delay  taps, rece iver still suffers from  the intra sym bol in terfe rence due to  m ultipath . 

A ddition  o f  C P to each O FD M  sym bol not only  d ecreases the in ter sym bol in terference, but also  enab les  the 

conversion  o f  linear convolu tion  to  c ircu la r convo lu tion  so that the receiver can overcom e in tra sym bol 

in terference [29], D ue to  the c ircu la r convo lu tion  p roperty , rece iver can ju s t perform  d iscre te  fou rier transform  

(D F T ) to  the received  tim e sam ples to  ob tain  the received  signal in frequency  dom ain  fo r each subcarrier. T hese
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figure 2.9: Cyclic prefix utilization in LTE systems to reduce ISI due to multipath reception, taken from [27],

m echan ism s d ecrease  the rece iver com plex ity  fo r the equaliza tion  procedures fo r L TE dow nlink . It shou ld  also  

be noted  that increasing  NCP unnecessarily  lead to  transm ission  ineffic ien t system s due to  the overhead  and 

increased sym bol period  can a lso  lead to  d isto rtion  due to the frequency  d ispersive  nature  o f  the channel 

resu lting  from  U E m obility . T his can  be exp la ined  by the increased  O FD M  sym bol period  being  larger than the 

coherence  tim e o f  the fast fad ing  channel w ith high D oppler spread. T o  overcom e the signal d is to rtion  resu lting  

from  the tim e-vary ing  nature  o f  the channel, hybrid  au tom atic  repeat request (H A R Q ), cyclic  redundancy  

check  (C R C ), and  channel cod ing  procedures still need to  be used in LTE system s.

B lock  d iagram  o f  tran sm itte r/rece iver arch itec tu re  fo r LTE DL O F D M A  system  is show n in Figure 

2.10. T he incom ing  bit stream  at the tran sm itte r is converted  from  serial to  paralle l fo r subcarrie r m app ing  and 

then m odulated  accord ing ly . Serial to  paralle l conversion  o f  the O FD M  sym bol in frequency  dom ain  m akes the 

transm ission  robust against ISI. It should  be noted  that d ifferen t subcarriers can  be m odu la ted  w ith  d ifferen t 

schem es Q PS K , 16-Q AM  o r 64-Q A M  depend ing  on the m app ing  o f  physical channels to  various resource 

elem ents. For instance, w hen m app ing  PBCH  channel on resource e lem ents, the co rresp o n d in g  subcarriers 

should  be m odulated  w ith Q PSK  w hereas w hen m app ing  a PD SC H  (Physical D ow nlink  Shared  C hannel) 

channel on a resource  elem en t 64-Q A M  m ay be used  depend ing  on the channel feedback  from  U E [30]. Serv ing  

eN B  (enhanced  N ode B) M A C  schedu ler m ay a lso  choose d ifferen t m odulation  schem es to  be used for PD SCH  

to  d ifferen t served users acco rd ing  to  received  channel feedback  from  the users. O FD M  sym bol spann ing  Nsc 

subcarriers are expressed  in com plex  In-phase and Q uadra tu re  (I/Q ) plane a fte r the adap tive  m odu lation  on each 

orthogonal subcarrie r and passed  to  an N -po in t IFFT. T he num ber o f  subcarriers is less than  the N -F F T  size; as 

a result, the  rem ain ing  NFFT -  Nsc input stream s are  padded  w ith zero  before the N -IF F T  b lock. O rthogonal 

frequency  b ins are converted  to  tim e dom ain  by crea ting  o rthogonal sine w aves using  the IFFT b lock that y ields
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Figure 2.10: LTE dow nlink  O FD M  A transm itte r and receiver arch itecture .

NFFT sam ples in tim e dom ain . T im e dom ain  signal x ( t )  con ta in ing  NFFT sam ples a fter perfo rm ing  IFFT  to  the 

m odulated  subcarriers is rep resen ted  as

x ( t ) £ n 2 nI „  Inw sin ^2rrt ( j  nfft +  A / ( n + ^ ) ^ j  -  /  Qn(t) cos^Zfft ( f  nfft +  A f ( n  + ^ f j j .  (2 .17 )

w here n  denotes the index for the subcarrie r frequency  tone  (N FFT -  Nsc set to  null), /n (t ) and Qn (t ) represen t 

the m odulated  l/Q  plane represen ta tions o f  the sym bols accord ing  to  the used m odulation  schem e on the

co rrespond ing  subcarrier frequencies, /  n f f t  rep resen ts the base frequency  tone and A f  rep resen ts the
2

subcarrier frequency  spacing . It should  be noted  that in F igure 2 .10 , the input to  the IFFT  b lock can com e from

the transport b lock data  in tended fo r d ifferen t users in case o f  dow nlink  m ultip le  access, w here the data

in tended for each user goes under separa te  encod ing /in te rleav ing /m odu la tion  procedures and even tua lly  

com bine paralle lly  as inputs to  the IFFT block. R elations betw een  NFFT, sam pling  frequency  / s , FFT duration  

TFF T, sam ple  period  Ts and subcarrie r spacing  betw een  d iffe ren t tones A f  are expressed  below  accord ing  to  the 

dow nlink  O FD M  param eters specified  in T ab le  2.1:

f s  = A f  N fft ; (2 .18)

Tfft =  V a /  ’ (2 1 9 )

Ts — TFFj / N FFT . (2 .20)

D epending  on the FFT  size and  num ber o f  O FD M  sym bols per slot Nsymbol/ slot, num ber o f  sam ples p e r cyclic 

prefix  N CP can  be varied  to  m ake sure th e  slot duration  is set to  0.5 m s using (2 .2 1 ) and (2.22);

* sym bol — Ts * (N fft +  Ncp),

1 s y m b o l^ ' s y m b o l / s lo t  ~  0 .5  m s .

(2 .21 )

(2 .22 )
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T ab le  2.1: LTE D ow nlink O FD M  Param eters standard ized  in [31] assum ing  15 kH z subcarrie r spacing

Total Bandwidth Available Bandwidth Available Subcarriers (Nsc) FFT Size (NFFT) Sampling Frequency (f s )

5 MHz 4.5 MHz 300 512 7.68 MHz

10 MHz 9.0 MHz 600 1024 15.36 MHz

15 Ml Iz 13.5 MHz 900 1536 23.04 MHz

20 MHz 18 MHz 1200 2048 30.72 MHz

T he sam pling  frequency  in L TE FD D  system s is set as m ultip les o f  3 .84 M H z although  it resu lts in FFT  sizes 

g rea te r total num ber o f  ava ilab le  subcarriers. This is to  sim plify  the im plem entation  o f  dual stack  U Es that 

support both U M T S w ith W C D M A  chip  rate set to  3 .84 M H z and  LTE at the sam e tim e as exp la ined  in [32],

D ow nlink  O FD M  A transm ission  show n in F igure 2 .10  in a tim e-vary ing  m ultipath  channel can  be 

form ulated  in tim e and  frequency  dom ains as

yNx i — XNxN^Nx  1 +  n Nx 1 ’ (2 .23)

Vi '*1 XN ■ X2 ft, n r

J V
—

,XN XN-1 ■ *1. V
+

n N.

w here y Nxl is the received  O FD M  sym bol w ith N,FFT sam ples a fter cyclic prefix  rem oval, h Nxl is the m ultipath  

com plex  baseband  channel im pulse response (C IR ) w ith delay  tap  length L , n Nxi  is the no ise  observed  in the 

channel, first co lum n o f  x NxN m atrix  corresponds to  the sam ples at the tran sm itte r side show n in (2 .17 ) a fter the 

N lFFT b lock befo re the C P addition  and the rem ain ing  co lum ns are due to  the m ultipath  channel. It is c lea r from

(2 .24) that the receiver recovers com pletely  from  the in ter sym bol interference a fte r rem ov ing  first NCP sam ples, 

assum ing  N CP > L,  but equalization  is still needed  to tack le  the in tra-sym bol in terference. M ultipath  C IR  h Nx  ̂

has a delay  tap  length o f  L , as a result the row s o f  h Nxl  and the co lum ns o f  x NxN a re  set to  zero  a fter h L and 

x NxN, respectively . It should  be noted  that the channel is assum ed  to  be coheren t w ith in  one O FD M  sym bol 

period ; that is w hy the convolu tion  o f  the sam ples is possib le  w ith the C IR . D ue to  the c ircu la r convo lu tion  

property  enab led  after C P  add ition  exp lained  in [29], received  O FD M  sym bol in tim e dom ain  can be w ritten  as

yNx  1 — FnxNH ̂ N xN^NxN^-Nx  ̂ +  n Nx1' (2 .25)

w here FNxN and FNxNH denote  the D FT and IFFT m atrices, respective ly , to  rep resen t the sym bol in tim e and 

frequency  dom ains as dem onstra ted  in Figure 2 .8 , and X NxN is a  d iagonal m atrix  w ith row s co rrespond ing  to 

the transm itted  com plex  m odulated  sym bols in frequency dom ain  spann ing  over the o rthogonal subcarriers 

befo re  being  inputted  to  the N/ m - b lock. A s a result, rece iver can  perform  equaliza tion  by perfo rm ing  D FT  on
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Figure 2 .1 I : Frame structure and resource blocks in I.TF FDD system s dem onstrated in 133]. assum ing norm al C P use.

(2 .25). R eceived O FD M  sym bol in frequency dom ain  over N/FFT frequency  tones, YNxl , can be found after the 

N dft b lock as

^NX1 =  ^NxN^NxN^-Nxl  +  N Nxl . (2 .26)

Ynx i =  X n x n^ nx t +  N Nxl , (2 .27)

w here HNxl  rep resen ts the channel transfer function  (C T F ) and N Nxi  noise o f  the channel in frequency  dom ain .

M ultip le access in LTE is ach ieved  by adap tively  assign ing  predefined  tim e-frequency  resources 

called  resource b locks (0.5 ms slo ts spann ing  over 12 subcarriers) to  various U E every  TTI accord ing  to  

requ ired  Q oS  and reported  frequency  selec tive  channel feedbacks. S ince both the uplink  and dow nlink  user 

plane data  is carrier over shared physical channels (P D S C H /P U S C H ), schedu ling  decis ions are g iven every  1 

m s at e-N B  to m eet the Q oS  requirem ents o f  the users in the cell by assign ing  necessary  num ber o f  resource 

blocks to  the served UEs. LTE dow nlink  rad io  fram e is 10 m s long and consists o f  10 subfram es that are 1 ms 

TTI each. E very subfram e has tw o slots o f  0.5 m s consisting  o f  6 o r 7 O FD M  sym bols depend ing  on the choice

o f  ex tended  or norm al C P use, respectively , as fo rm ulated  in (2 .22). F requency dom ain  consists  o f  narrow band

subcarriers that a re  e ither 15 kH z or 7.5 kElz w ide. D epending  on the flexible bandw id th  cho ice o f  

im plem entation , 5 MFIz, 10 MFIz, 15 M H z and 20  M H z, total num ber o f  subcarriers ava ilab le  in the system  

varies. It should  be noted  that regard less o f  the cho ice  o f  to tal bandw idth , 10% o f  the overall bandw id th  is 

a llocated  as upper and  low er guard -bands to avoid  the in terference betw een d ifferen t L T E  bands. Instead o f  

assign ing  resources to U Es in tim e dom ain  as slo ts o r in frequency  dom ain  as subcarriers, U Es are  assigned  

resource b locks consisting  o f  12 subcarriers and 1 slot (6 o r 7 O FD M  sym bols). S ince the schedu ling  decis ions
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Figure 2.12: D ow nlink CoM P schem es dem onstrated in [34 |.

are m ade every  subfram e, resource b locks o f  the sam e subfram e are  a llocated  in pairs to  U Es in each T T I. Each 

subcarrier-O F D M  Sym bol pair is ca lled  a resource elem ent, w hich is the sm allest unit in dow nlink  LTE 

transm ission , as show n in Figure 2 . 11 d isp lay ing  a  20  M H z FD D  LTE system  using  norm al cyclic  prefix . S ince 

frequency and tim e resources are  scheduled  adap tively  accord ing  to  the channel state feedback  o f  various users. 

L TE dow nlink  can  be considered  as a  m ixture o f  FD M  and T D M  (T im e D ivision M ultip lex ing). T he num ber o f  

total resource b locks availab le  in an LTE system  can be found by tak ing  into considera tion  the 10% bandw idth  

allocation  for upper and low er frequency  guardbands. As a result, in a 20 M H z system , only  18 M H z is the 

effective bandw idth  w hich has 100 PR B s if  A f  =  15 kHz.

2.2.2 CoMP Definitions and Standardization

C apacity  and spectral e ffic iency  o f  the ce llu la r system s need to  be increased in o rder to  m eet the increasing  

m obile  data  dem and  from  users. Som e o f  the p roposed  op tions tha t increase the capacity  o f  ce llu la r netw orks 

are listed in [35] as using m ore spectrum , increasing  the num ber o f  transm it/receive  an tennas, u sing  ded ica ted  

beam s to  serve the users, and enab ling  sm all cell dep loym ent. H ow ever, none o f  these m ethods address in ter­

cell in terference issue, w hich is the actual bo ttleneck  for spectral efficiency, especia lly  fo r L TE and beyond 

system s tha t have full frequency  reuse. C oM P is listed as one o f  the key features and  w ork  item s fo r LTE-A  

system s to im prove cell edge  perform ance, system  th roughpu t, received  S IN R  and spectral effic iency  by 

m itiga ting  and  exp lo iting  the inter cell interference [6], S cope o f  th is thesis is lim ited  to  dow n link  C oM P  usage 

in ce llu la r netw orks. D efin ition  o f  DL C oM P is exp lained  initially  in 3G P P  36.814  [36] as dynam ic 

coord ination  am ong  m ultip le  spatia lly  separated  transm ission  points. C oM P coo rd inating  set, NCoop, is the 

overall m aster set o f  points tha t have logical/physical links enab ling  them  to  exchange channel feedbacks and /o r 

user pay loads to  perform  dow nlink  jo in t transm ission  o r m ake schedu ling  dec is ions in the access netw ork  over 

certain  tim e - frequency  resources. C oM P jo in t transm ission  set, NJT, is a subset o f  NCoop and  corresponds the
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Figure 2.13: User plane data flow for dow nlink inter-eNB CoM P jo in t transm ission scheme.

points that a re  d irectly  partic ipa ting  in PD SC H  transm ission  over the sam e resource  b locks to  the UE. C oM P 

m easurem en t set, Nmeas. includes the po in ts about w hich the U Es report m easured  link qualities and CSI 

(C hannel S tate In form ation) feedback . D ow nlink  C oM P  is categorized  under tw o m ain ca tego ries as follow s:

•  Jo in t Processing: D ow nlink pay load  and user p lane data  in tended fo r a U E is availab le  at each point in 

the C oM P coopera ting  set. It can be im plem ented  as jo in t transm ission  (JT ), w here dow nlink  pay load  is 

transm itted  on PD SC H  from  m ultip le  points in the C oM P  set to  the U E by schedu ling  the sam e R Bs as 

show n in F igure 2 .12a. T his is referred  to  as c ross-po in t schedu ling  in [37], w here the UE receives 

PD SCH  assignm ents from  m ultip le  poin ts in the sam e TTI as show n in F igure 2 .13. An a lternative 

schem e is dynam ic po in t selection  (D P S ) w here PD SC H  transm ission  is done from  the best po in t in the 

C oM P set. For D PS schem es, the transm ission  po in t can change every  slo t since d ifferen t R Bs in a 

certain  subfram e can be transm itted  by d ifferen t m em bers o f  the N Coop. It should be noted  that the m uted 

m em bers o f  the NCoop do no t schedule  any users over the RB w here the best point is perfo rm ing  

transm ission  as show n in F igure 2.12b.

•  C oord inated  S chedu ling /B eam form ing  (C S /C B ): D ow nlink  pay load  is availab le  at one po in t in the 

C oM P set, w hich is the serv ing  eN B , and  transm itted  from  this point. R est o f  the po in ts in the C oM P  set 

indirectly  partic ipa te  in transm ission  by assisting  the schedu ling  and beam form ing  dec is ions to  m itigate 

the in terference over the resource b locks w here the serv ing  eN B  is perfo rm ing  PD SC H  transm ission  as 

show n in F igure 2 .1 2 .C .
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Serv ing  cell is responsib le  for anchoring  the PD C C H  assignm ents, send ing  M IB /S IB s (M aste r Inform ation  

B lock /System  Inform ation  B locks) to  the U E, con tro lling  the resource a llocation , H A R Q  inform ation , tran spo rt 

fo rm at and pow er contro l. Serv ing  cell also  coo rd inates the o th er partic ipan ts in the dow n link  coopera ting  

C oM P  set by m an ipu la ting  DL channel feedback. F eedback  m echanism  in dow n link  C oM P  can be e ither 

exp lic it w here the U E ’s p rovide a channel in form ation  as observed  by channel m atrix , channel covariance, and 

covariance  m atrix  o f  no ise /in terference , o r im plicit, w here the UE reports channel quality  ind ica to r (C Q I), 

p recod ing  m atrix  ind icato r (PM I) and rank  ind ica to r (R l) fo r M IM O  using  the PU C C H  (P hysica l U plink 

C ontro l C hannel) o r PU SC H  (Physical U plink Shared C hannel). It should  be noted  that only  the jo in t 

transm ission  schem e requires in ter-po in t phase inform ation, to  a lign  the phases o f  the transm itted  and received 

signals from  m ultip le  points, as part o f  the C oM P  feedback  since it is the only schem e tha t perform s coheren t 

transm ission  using  c ross-po in t PD SC H  scheduling.

T here  have been 5 d ifferen t C oM P dep loym ent scenarios prov ided  in 3G P P  36 .819  [37] as follow s:

•  Inter-eN B  C oM P: Inform ation and da ta  exchange betw een  the eN B s w ill be perfo rm ed  o ver the logical 

X2 interface.

•  Intra-site  C oM P: C oord ination  betw een d ifferen t secto rs o f  the sam e eN B  in a  hom ogeneous netw ork .

•  Intra RRH (R em ote  R adio  H ead) C oM P: C oord ination  betw een d ifferen t R R H s in a hom ogeneous 

netw ork .

•  Intra cell eN B  -  RRH C oM P: C oord ination  betw een the m acro  eN B s and the R RH  w ith in  the sam e cell.

•  Inter cell eN B  -  RRH C oM P: C oord ination  betw een the m acro  eN B s and the R RH  hav ing  d iffe ren t cell 

ids.

In ter-eN B  C oM P  d ep loym en t w ith dow nlink  jo in t transm ission  is the m ost p rom ising  schem e in term s o f  

perform ance gains, how ever it has the h ighest num ber o f  challenges to  be addressed  befo re  com m ercia liza tion  

due to  the com plex ity  o f  the pro toco l explained  in Section  2 .2 .5 .

2.2.3 Joint Transmission Procedures

D ow nlink C oM P  jo in t transm ission  schem e is defined  as m ultip le  geographically  separated  points coord inating  

in term s o f  schedu ling  decis ions and perfo rm ing  jo in t user p lane data (p ay load ) transm ission  to  the U E over 

certa in  tim e/frequency  resources called  R esource B locks fo r 3G PP  R elease 11 and beyond  techno log ies . Inter- 

eN B  coord ination  is one o f  the possib le schem es w hich is heavily  dependen t on the X 2 links betw een  the eN B s.
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Figure 2.14: DL C oM P procedures lor inter-eN B jo in t transm ission schemes.

P rocedures involved for the jo in t transm ission  schem e are  dem onstra ted  in sequentia l o rder in F igure 2.14. 

Serv ing  cell acts as the ancho r po in t o f  the C oM P  transm ission  and  can change w ith tim e  and location due to  

UE m obility . Serv ing  eN B  sends the con ten ts o f  the C oM P  m easurem en t set to  the U E via dow nlink  RRC 

signaling  a long  w ith the m easurem ent ID s (e.g. R SR P, R SR Q ), and density /period ic ity  o f  the C S I-R S  (C hannel 

S tate Inform ation R eference Signal). It should  be noted  tha t the C oM P m easurem ent set is a subset o f  the 

overall C oM P coord inating  set and the serv ing  eN B  m ay o r m ay not perform  dow n selection  on coord ination  

capable  points to  form  the m easurem en t set depend ing  on the location  o f  the U E and the feasib ility  o f  

coord ination . C SI-R S  inserted  into the resource b locks enab le  the U E to perform  m ulti-po in t channel estim ation  

fo r the m em ber o f  the C oM P m easurem en t set, Nmeas. A fter perfo rm ing  m ulti-po in t channel estim ation  using 

C SI-R Ss, U Es can e ither p rov ide cen tra lized  o r decen tra lized  CSI feedback  fo r each point o f  the C oM P 

m easurem ent set. C hannel feedback  could  either be exp licit (com plex  channel im pulse response  seen by the 

user and the no ise) o r im plicit (C Q I, CSI value w hich can be used by the serv ing  eN B  to m ap to  a  certain  

dow nlink  m odulation  schem e). In cen tra lized  m ulti-po in t feedback . U Es send the C SI fo r all the  po in ts in 

m easurem ent set to  the serv ing  eN B . In decen tra lized  m ulti-po in t feedback, user passes the m easured /observed  

CSI to  each  po in t in C oM P  set separately , and the m em bers o f  the C oM P  m easurem en t set a re  required  to  

tran sfe r the received  CSI feedback  to  serv ing  eN B  o ver the X2 link. It should  be noted  that, i f  the  serv ing  eN B
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is p rov id ing  the U L resources, U Es should  send aggregate  cen tralized  feedback  o v er PU C C H  o r PU SCH  to  the 

serv ing  eN B  con ta in ing  m easured  resu lts fo r all m em bers o f  Nmeas. A subset o f  th e  C oM P  m easurem en t set is 

chosen  as the C oM P transm ission  set, NJT. T h is decis ion  is g iven  by the R R C /M A C  layer o f  the serv ing  eN B , 

a fter conso lida ting  the m ulti-po in t feedback  fo r each m em ber o f  the C oM P  m easurem en t set and perfo rm ing  a 

th resho ld -based  decis ion  on the approx im ated  dow nlink  received  pow ers o f  each co o rd ina ting  poin t -  U E rad io  

link. It should  be noted  that the jo in t transm ission  set c lustering  decision  could  a lso  be based  on the D L RRM  

m easurem ent like R S R P /R S R Q  as m entioned  in [37], A fter the jo in t transm ission  set c lu s te ring  decision  by the 

anchor, the dow nlink  user plane payload com ing  from  the PD N -G W  targeted  for a specific  U E is transferred  by 

the serv ing  eN B  to all the  chosen  m em bers o f  the C oM P  transm ission  set over X2 in terface. S erv ing  eN B  

transm its the D L C oM P  gran t a llocation  to  the user over E -PD C C H  (E nhanced  P hysical D ow nlink  C ontro l 

C hannel) p rov id ing  inform ation  abou t the system  fram e/sub-fram es that a re  chosen fo r C oM P  transm ission , 

num ber o f  resource b locks assigned  to  the user and the m em bers o f  the jo in t transm ission  set using a  com pact 

dow nlink  con tro l in form ation  (D C I) form at. T hen, user p lane  data  is transm itted  to  the U E o ver PD SCH  via TM  

(transm ission  m ode) -  9 by all the m em bers o f  the D L C oM P  jo in t transm ission  set over the specified  resource 

blocks.

2.2.4 Downlink Channel Estimation for Beyond LTE Systems

B oth LTE and LTE-A  system s use coheren t de tec tion  and  equalization  m ethods to  m itigate  the ISI caused  by 

m ultipath  channel. R eference sym bols know n at both the tran sm itte r and receiver ends, w hich do  not carry  data, 

a re  inserted to  specific  resource elem en ts after subcarrie r m apping  and m odulation  show n in F igure 2 .10 . U ser 

estim ates the rad io  channel and dem odu la tes the data  using  these p re-know n sym bols. R elease-8  L TE system s 

use the cell specific  reference  sym bols both for dem odu la tion  and channel estim ation ; how ever these tw o 

p rocedures are decoup led  in L TE -A  schem es w here the data  dem odulation  is done using  the U E specific RSs 

and com plex  m ulti-po in t channel estim ation  is done using  C S I-R S s as show n in Fig. 2 .15 . A m plitude  and phase 

o f  both C IR  and C T F  are  estim ated  at resource elem en ts con ta in ing  reference sym bols and  the resu lts are 

in terpo lated  in tim e and  frequency  dom ains to  p red ic t the channel at resource  e lem en ts ca rry in g  data . C SI-R S  

transm issions anchored  by the serv ing  cell are u tilized  by the U Es to  estim ate the channels fo r d ifferen t points 

m en tioned  in the C oM P  m easurem ent set. F igure 2.15 show s a resource b lock pair over 1 T TI (1 sub-fram e, 2 

slo ts. I m s) spann ing  over 12 orthogonal subcarriers w ith norm al cyclic prefix  use (7 O FD M  sym bols per slot).
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fig u re  2.15: Reference symbol m apping in LTE-A DL C oM P system s, adapted from {30).

Single poin t channel estim ation  in pre-L T E -A  netw orks fo r the serv ing  eN B  is done using  cell specific  

reference sym bols (C R S ) m arked in red. Both fo r norm al and  cyclic prefix  use in sing le  o r tw o an tenna port 

supporting  eN B s, there are 8 reference sym bols per resource b lock  pair for the UE to  perform  sing le  point 

channel estim ation , in w hich the RS are p laced every  6th O FD M  sym bol in tim e dom ain  and every  6 ,h subcarrie r 

in frequency  dom ain . A s a result, UE has enough  channel sam ples to  perform  both tim e and frequency dom ain  

in terpolation  to estim ate and  pred ict the channel sam ples fo r the resource elem ents not con ta in ing  reference 

sym bols. H ow ever, m ulti-po in t estim ation  canno t use the sam e fram ew ork  in 3G P P  release-8  since that w ould  

decrease the spectral effic iency  o f  the system  sign ifican tly . T he trad e -o ff  betw een m ore accura te  channel 

estim ation  versus system  spectral e ffic iency  acco rd ing  to  the chosen  density  o f  the reference sym bols is m ore 

crucial for L TE -A  system s since U E needs to  use C S I-R S  to estim ate  m ultip le  points. For LTE-A  system s 

supporting  C oM P, there  w ill be 40  resource elem en ts for an RB pair in a specific  TTI a llocated  for m ulti-po in t 

channel estim ation , so that the UE can perform  coheren t de tec tion  and equaliza tion  fo r each po in t m en tioned  in 

the C oM P m easurem ent set. A ssum ing  an in ter-eN B  C oM P  m easurem en t set o f  20 eN B s, there w ill be on ly  I 

reference sym bol for each an tenna port o f  each po in t o f  the m easurem en t set assum ing  each  eN B  has tw o 

transm it an tenna ports as show n in F igure 2.15. It can  be seen that in terpo lation  using  the channel auto-
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corre la tion  functions in m ultip le  dom ains fo r the serv ing  cell (8  C R Ss for each an tenna port in each RB pair) 

w ill y ield  m ore accura te  resu lts com pared  to  m ulti-po in t channel estim ation  (1 C S I-R S  fo r each an tenna  port in 

each RB pair) in C oM P  due to  the scarce nature  o f  reference  sym bols con ta ined  in resource  b lock pairs for a 

p articu lar m em ber o f  the C oM P  m easurem ent set. A s a  result, m ulti-po in t channel estim ation  is m ore vu lnerab le  

to  estim ation  erro rs due to  the lack o f  reference  sym bols com pared  to single po in t channel estim ation .

2.2.5 Technical Challenges and Discussion of Existing Literature

T echn ical challenges for DL C oM P  are listed by [37], [35] and [38] as increased backhaul traffic , 

tim e/frequency  synchron iza tion  o f  the coopera ting  points, m ulti-po in t channel estim ation /p red ic tion  and 

feedback  p rocedures, c lustering  o f  C oM P  sets, feasib ility  o f  various dep loym en t schem es, delays in the overall 

system  and  cross po in t schedu ling  o f  users. T he effec t o f  traffic in tensity  on the op tim um  dow n link  C oM P 

schedu ling  schem e is analyzed  by O range Labs in [39] w here the m u lti-u ser jo in t p rocessing  w ith  least 

in terfe ring  beam s schem e is show n to  ou tperform  rem ain ing  cross-po in t schedu ling  s ing le -u ser jo in t p rocessing  

in term s o f  capacity  gains. A ssum ing  tw o eN B s using  C oM P  transm ission  in the dow nlink  w ith the m aster and 

slave eN B s rep resen t the eN B  that has the served UE in the coverage area, and the eN B  that does not have the 

scheduled  U E in the ideal coverage  reg ion , respectively . T he p roposed  schem e suggests tha t the slave eN B  

should  schedu le  ano ther UE w ith in  its ow n coverage a rea  over the sam e RB using  the least in terfe ring  beam  

w ith respec t to  the UE schedu led  in the m aster eN B  fo r C oM P transm ission  to  increase the overall spectral 

e ffic iency  o f  the system . T o decrease the im pact o f  signaling  delays betw een  the C oM P  active  set and the UE 

on UL capacity  o f  the system , a cen tralized  UL schedu ling  approach  w as dem onstra ted  in [40] w here the 

backhaul usage w as tried  to be m in im ized  using  p re-know n statistical channel feedback  in form ation . C lustering  

decision  delay  is characterized  as the tim e d ifference  betw een  the U L schedu ling  request and the schedu ling  

g ran t p rov ided  by the serv ing  e-N B . A p red iction  m echanism  in im plem ented  in th e  serv ing  eN B  to g ive  U L 

schedu ling  decis ions and c lu s te r form ation using  the p rev iously  sto red  channel characteristics, so tha t the 

c lu s te ring  decis ions are  no t ou tdated  at the tim e o f  the schedu ling  grants. Feasib ility  o f  various C oM P 

dep loym en t scenarios is investigated  in [41] to  find the capacity  m ax im izing  c lu s te ring  schem e and  intra-cell 

coopera tion  is chosen  to  be a successfu l cand ida te  fo r jo in t p rocessing  D L schem e, w hereas the in ter-eN B  

schem es are show n to  requ ire  backhaul enhancem en ts like capacity  increases and latency reduction  before 

com m ercia liza tion . A n energy  effic ien t C oM P  netw ork  backhaul design  w as proposed  in [42], w here the set o f
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poin ts that can be used in the C oM P  transm ission  set w ere pre-ca lcu la ted  and the rem ain ing  po in ts w ere 

excluded  from  the C oM P m easurem ent set due to  netw ork  latency constrain ts. P roposed  schem e m in im ized  the 

unnecessary  pow er consum ption  and traffic  in the C oM P backhaul by tak ing  netw ork  topo logy  constrain ts, 

node processing  and line delays into consideration  befo re  fo rm ing  the C oM P  m easurem en t set. T he schem e 

avoids unnecessary  channel estim ation  a t the U E, CSI exchange w ith in  the m em bers o f  Nmeas and user/contro l 

p lane data  exchange w ith in  the m em bers o f  NJT. T im e and  frequency  synchron iza tion  w ith in  the m em bers o f  

Nj t . is ano ther perform ance determ in ing  fac to r since unaligned  jo in t transm ission  causes ISI and ICI (In ter 

ca rrie r in terference), respectively .

2.3 Summary

M otivations for green rad io  and the analysis fo r ex is ting  energy  effic ien t schem es are p resen ted  in Section  2.1. 

LTE-A  evolu tion  for C oM P  procedures and the d iscussion  o f  the ex is ting  literature  addressing  C oM P technical 

challenges w ere presen ted  in Section 2.2.

A lthough au thors o f  [26] analyzed  the standalone  energy effic iency  o f  an upcom ing  rad io  techno logy  

feature, nam ely C oM P, and au thors o f  [19] m en tioned  C oM P  as an advan tageous m ethod  for cells to  zoom  out; 

jo in t use o f  C oM P featu re  w ith trad itional cell sw itch  o f f  schem es is not analyzed  in any literature, to  the best o f  

ou r know ledge. Jo in t use o f  trad itional cell sw itch o f f  schem es w ith C oM P transm ission  in the dow nlink  is 

described  a long  w ith the perfo rm ance analysis in C hap ter 3. All o f  the a fo rem en tioned  m ethods exp la ined  in 

Section  2.2.5 includ ing  the 3G P P  release  1 1 standard iza tion  for C oM P, [37] and [36], e ither focus on the effec t 

o f  system  delays, c lustering  stra teg ies and schedu ling  schem es on C oM P system  capacity  o r the pow er 

effic iency  o f  the backhaul netw ork . H ow ever, to  the best o f  ou r know ledge, the im pact o f  channel estim ation  

errors and system  delays on overall C oM P  energy e ffic iency  and capacity  gains are no t analyzed  in ex is ting  

w orks. T he perform ance o f  th is new ly p roposed  schem e is heav ily  dependen t on the accuracy  o f  the selected  

C oM P jo in t transm ission  set. W e m odel the m ulti-po in t channel estim ation  enab led  via channel state 

inform ation reference sym bols (C S I-R S ) in troduced  in 3G PP  release 10 system s and sim ula te  possib le  scenarios 

that w ould  lead to  inaccurate transm ission  set clustering : m ulti-po in t channel estim ation  e rro rs and possib le  

C oM P system  delays due to  CSI transfers, node processing  delays and  netw ork  topo logy  lim itations. Indiv idual 

and jo in t im pacts o f  system  delays and  estim ation  erro rs on energy  effic iency  and capacity  perfo rm ance for 

various m obility  cond itions are  dem onstrated  in C hap ter 4.
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Chapter 3 

Coordinated Multi-Point Aided Cell Switch Off Schemes
In recen t years, the pow er consum ption  and  energy  effic iency  o f  ce llu lar netw orks have becom e im portant 

perfo rm ance indicators. V arious types o f  energy  sav ing  schem es have been p roposed  for ce llu la r netw orks as 

exp la ined  in Section  2.1. H ow ever, m ost o f  these  schem es do  no t take advan tage  o f  the advanced  features 

o ffered  by the recen t ce llu la r standards. C oM P is a key featu re  in L T E -A dvanced  and beyond  techno log ies 

w hich is considered  under the d istribu ted  an tenna system s um brella  that needs to be analyzed  fo r energy  saving 

im plem entations. O ne o f  the recen tly  p roposed  energy  sav ing  schem es in ce llu la r ne tw orks is the cell sw itch 

o f f  techn ique  in w hich  a lightly  loaded cell is com pletely  sw itched  o f f  and the traffic  in that region is absorbed  

by the nearby cells w ith increased  transm it pow ers. T his chap te r describes and  analyzes the perfo rm ance o f  a 

cell sw itch o f f  schem e w ithou t increasing  the transm it pow ers o f  the ac tive cells; instead , using C oM P 

transm ission  to  enab le  a su ffic ien t D L received  pow er levels. Form ulation  o f  capacity  and energy  effic iency  

m etrics are p resen ted  and these m etrics are used to com pare the perfo rm ance o f  the trad itional versus the C oM P 

aided cell sw itch o f f  schem es. The w ork explained in this chap te r has been presented in the conference paper [43],

3.1 Cellular System Model

3.1.1 Cellular Layout and Uniform User Distribution

H exagonal ce llu la r netw ork  layout o f  19 cells w ith base stations located in the cen te r o f  the ce lls  w ith  o m n i­

d irectional an tennas is considered  w ith a c luster size and frequency  re-use  fac to r o f  one. The cen te r eN B  

represen ts the orig inal serv ing  cell and 18 rem ain ing  eN B s rep resen t 3 tie rs  o f  co -channel in terferers. A ccord ing  

to  the hexagonal cell geom etry  w ith  cells hav ing  identical ce llu lar radii R, the  in ter-eN B  d istance can be 

expressed  as /?V3. in ter-B S  d is tance  is taken  as 500 m using the urban m acro  ce llu la r layout from  [44] and the 

ce llu la r radius can be ca lcu la ted  as R — ^  m. U E location  coord inates in the netw ork  are genera ted  using  po lar 

coord inates . A ngu lar coord inate , 0 , is form ulated  by a uniform  random  variab le  such tha t 0  <  6  < 2 n  and the 

radial coord inate , R, is genera ted  by m odeling  R 2 as a un iform  random  variab le  such that 0  <  R 2 <  ^ = - . Square

o f  the radial coo rd inate  is m odeled  as a  uniform  random  variab le  to  ob ta in  perfect un iform ity  in a ce llu lar 

spatial area. D escribed  ce llu lar layout is sim ulated  as show n in Figure 3.1 w ith un iform ly  and random ly
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Figure 3 .1: Uniform user distribution and hexagonal cellular layout.

d istribu ted  UE locations in the serv ing  cell. P erform ance m etric  ca lcu la tions are  done for the o rig inal serv ing  

cell at the cen te r w hich is sw itched  o f f  and the rem ain ing  18 active eN B s m arked  in red have the capab ility  o f  

using  dow nlink  C oM P  to serve the users in the sw itched  o ff  cell. R andom  user locations sim ulated  in the 

sw itched  o f f  cell are deno ted  by i G / ,  and the unique cell ID s o f  the eN B s are deno ted  as n  G N  =  {0, . . ,1 8 } . 

S w itched  o f f  cen te r cell has the unique cell id n  =  0 and the rem ain ing  eN B s are all part o f  the C oM P 

coopera ting  set w hich is deno ted  by n  G N Coop =  ( 1 , . .  ,1 8 ). A lthough serv ing  eN B  can perform  dow n selection  

on N Coop befo re  configu ring  the UE for m ulti-po in t m easurem ents, we assum e N Coop =  Nmeas for our 

sim ulations.

3.1.2 Large Scale Propagation and Pathloss Model

Pathloss in w ireless com m unication  is defined  as the d ifference in dB  betw een  the transm itted  and  the received  

signal pow ers due to  the a ttenuation  during  the propagation  [45]. M ost o f  the ex is ting  w ork  exp la ined  Section

2 . 1.3 used the trad itional log-norm al shadow ing  for large scale path loss m odeling  fo rm ulated  as

PRX ( d B m )  = PTX( d B m )  -  P L ( d B ) ,  (3 .1 )

w here PRX represen ts the received  signal pow er at the U E, PTX represen ts the transm itted  signal pow er at the 

eN B  and  the observed  path loss is deno ted  by PL  w hich is derived  as
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T ab le  3.1: S im ulation  param eters fo r U M A  path lo ss m odel

P aram eter V alue

C arrie r F requency  ( f c) 2110  M hz

BS (B ase S tation) A n tenna H eight (h BS) 24 m

U ser T erm inal A ntenna H eight (h UT) 0.5 m

A verage S tree t W idth (L) 20 m

A verage  B u ild ing  H eight (h B) 20 m

LoS S hadow ing  standard  dev. (<jLoS) 4 dB

N L oS  S hadow ing  standard  dev. (<tNLoS) 6 dB

B reak Point D istance (d BP) 337 .6  m

T ransm ission  Pow er (PTX) 20  W

P L { d B )  = P L ( d 0) +  lO n  log  (- j-)  +  X a , (3 .2)\Uq/

w here P L ( d 0) denotes the path loss at the reference d istance, d  rep resen ts the propagation  d is tance , n  is the path  

loss exponen t and  X a is the G aussian  random  variab le  w ith zero  m ean and standard  dev ia tion  cr m odeling  the 

shadow ing  effect o f  the m edia. P ath loss m odels defined  in the 3G PP  specifica tions by IT U , w hich are 

fo rm ulated  after actual field  m easurem en ts are used in th is thesis acco rd ing  to IT U -R  report M .2135 for radio  

interfaces in [44], instead o f  the classica l log-norm al shadow ing  m odel to  have a  m ore realistic  m odel and 

feasib le results. U rban M acro (U M a) path loss m odel is chosen  for o u r m odel. S ince the m obile  an tenna heigh t 

is m uch sm aller than the base station an tenna height, non-line o f  sight (N L oS ) propagation  is a lso  considered  

fo r realistic  sim ula tions a long  w ith the line o f  sight (L oS ) m odel. Path loss for LoS scenarios, expressed  in dB 

scale, are g iven by

PLLoS =  221og10d  +  2 8  +  20  lo g 10/ c +  X„i>s, 1 0 m  <  d  < d BP\ (3 .3)

PL Los =  4 0 lo g 10d  +  7 .8  +  21og30/ c -  181og10ftfi5 -  18  l o g w h UT +  X ^ ,  d BP < d  <  5 0 0 0  m ; (3 .4 )

w here the b reak  point d is tance  deno ted  by d BP is ca lcu la ted  as

A  _  * h B S h U T f c  / • >  ^aBP — ,

w here  c  rep resen ts the speed  o f  light. It should  be noted  tha t the carrier frequency  f c used  in (3 .3 ) and (3 .4 ) is 

g iven in G H z w hile be ing  g iven  in H z fo r (3 .5 ). Path loss fo r N L oS  p ropagation  is ca lcu la ted  as

PLnlos =

1 6 1 .0 4  -  7.1 lo g 10 L +  7 .5  lo g 10 h B -  (2 4 .3 7  -  3 .7  ( ^ ) 2)  lo g 10 h BS +  (4 3 .4 2  -  3.1 lo g 10 h BS) ( lo g 10 d  -  

3 )  +  2 0  lo g 10 f c -  (3 .2 ( lo g 10 1 1 .7 5 /to r ) ) 2 -  4 .9 7 )  +  X,MUS, (3 .6 )
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Figure 3.2: Large scale urban macro spatial pathloss model including both L.oS and NLoS probabilities, 

and LoS p robab ility  is m odeled  w ith a  B ernoulli random  variab le  a s  a function  o f  the propagation  d istance,

P r o b ( L o S )  — m in  ( — ,\ d

R eceived signal pow er due to  spatial path loss versus p ropagation  d is tance  is ob ta ined  in F igure 3.2 using  the 

equations (3 .3 ) -  (3 .7) accord ing  to the param eters specified  in T ab le  3.1. The shadow ing  effect is v isib le from  

the sim ulation  results, w here in som e scenarios the U Es tha t a re  located  further aw ay from  the base sta tion  have

h igher received  pow ers. R eceived pow er a ttenuation  after the b reak  po in t d BP has a low er decreasing  slope  as 

expected  from  (3 .3), (3 .4 ) and (3 .5). It is a lso  c lea r tha t the B ernoulli line o f  sight p robab ility  decreases w ith 

increasing  propagation  d is tance , d, due to (3 .7); and the received  signal pow er sp ikes due to  LoS propagation  

decrease  as expected . As a the N L oS  p robab ility  increases fo r larger p ropagation  d istances, the signal 

fluc tuations due to the shadow ing  effec t becom e m ore c lea r since o LoS =  4  dB  and <JNLoS =  6  dB.

3.2 Downlink CoM P Perform ance M etrics Formulation

3.2.1 Capacity Calculation for CoMP Systems

T he initial m otivation  for C oM P  w as to  increase the cell edge  user th roughpu t/spectra l effic iency  by m ak ing  use 

o f  in ter-cell o rthogonal resource assignm ents [34], Inter-cell o rthogonality  in L TE -A  is a m ajo r enhancem en t
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com pared  to  the legacy rad io  techno log ies to  m itigate and exp lo it the in ter cell in terference. R eceived S1NR in 

pre-L T E -A  rad io  techno log ies is ca lcu lated  as

p hx ( ”  = J )
u ,  ,  =  ♦ (3-8)

rteJV 
nr. !

w here PRX( n -  j )  is the received  signal pow er from  the serv ing  eN B  n  =  j ,  the  rem ain ing  eN B s ac t as co ­

channel in terferers and  Pn0iSe represen ts the received  no ise  pow er ca lcu lated  as

P,   (dB m ) = N 0 + 101ogH)fr/ ( / ) ,  (3 .9 )

w here N0 =  —1 7 4  d B m /H z  is the noise spectral density  and  W(i~) is the frequency  bandw idth  assigned  to  the 

user i. In a ce llu la r system  using C oM P, m em bers o f  th e  jo in t transm ission  set NJT perform  jo in t schedu ling  on 

PD SCH  to  tran sfe r the user p lane data  using  T M -9. A ssum ing  the rece iver U E perfo rm s perfect phase 

ad justm ent o f  sinuso idal crests, the received PD SCH  pow er is ca lcu lated  as

(3 .10)

and the received  dow nlink  S IN R  in jo in t transm ission  system s is fo rm ulized  acco rd ing  to  [46] as

- - i - i f a r'..AH’ .//

w here only the eN B s that are excluded  from  the jo in t transm ission  set due to  m easurem en t reports, n  g  NjT act 

as in terference. N um ber o f  partic ipa ting  points in the jo in t transm ission  is called  the c lu s te ring  degree deno ted  

by Nc . It is c lea r from  (3 .10) and (3 .11) that the inter-cell in terference is m itigated  m ore as N c increases. 

D ow nlink capacity  perce ived  in b its/sec at each  user location , /, is then derived  as

P (i)
C( i )  = W ( i )  l o g ,( l+  ^  ) ,  (3 .12)

n < A"'.V„ (.)

w here PRS (« ,/ )  rep resen ts the received  dow nlink  pow er from  the eN B  n  to  U E / using the U M a large scale 

pa th loss m odel exp la ined  in Section  3.1.2. It should be noted  that each  U E / has a  d is tinc t C oM P  transm ission  

set NjT( i )  depend ing  on the u ser location  and m obility . D ow nlink  capacity  and spectral effic iency  gains due to  

C oM P  is d irectly  re la ted  to  the accuracy  and  the degree o f  the jo in t transm ission  c lu s te r set as seen in (3 .12).
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3.2.2 Power Consumption Model

Spectral e ffic iency  increase in dow nlink  C oM P  system s com es along  w ith add itional backhau ling  and signal 

p rocessing  trade-o ffs that increase the pow er consum ption  o f  a  base station partic ipa ting  in C oM P. T otal pow er 

consum ption  in Jou les/sec fo r a base station using  C oM P  is ca lcu la ted  using  the assum ptions from  [47] and  [48] 

as

P c o m P =  NsN _ p a_ ( - ^ - + P s p ) ( .1  + CcK 1  + Cb b ) + P b h , (3 .13)
s e c t o r  v A e f f  /

w here N s is the num ber o f  sectors, N PA/sector is the num ber o f  pow er am plifiers per sector, PTX is the transm it 

pow er o f  the base sta tion . P A ef f  is the pow er am p lifie r effic iency , PBH is the pow er consum ption  due to  C oM P 

backhau ling , Cc and  CPSBB denote the coo ling  and  battery  backup  losses in the system . In (3), Psp is the signal 

p rocessing  pow er consum ption  in the base station  w hich  has a base value o f  58W  fo r an LTE e-N B  m entioned

in [16], how ever the signal p rocessing  increase due to  C oM P  is m odeled  in [47] w ith the below  equation  (3 .14)

as a  quadratic  function  o f  the C oM P clu s te r set degree N c fo r values o f  N c >  2:

Ps p - comp =  5 8 (0 .8 7  +  0.1WC +  0 .0 3 Nc2) W  . (3 .14 )

B ackhauling  pow er consum ption  Pbh for base sta tions using  C oM P  is m odeled  in [47] as

PBH = ------^ ------50  W .  (3 .15 )
100  M b i t s / s e c  v '

w here CbH' the add itional backhaul da ta  capacity  needed , is expressed  as

CBH = N̂ ' P - q b i t s / s e c , (3 .16 )
Ts

w here p  and q represen t the additional p ilo t density  and excess CSI signaling  due to  C oM P  jo in t transm ission , 

respectively , and Ts  =  6 6 .7  p sec  is the sym bol period  w hich is the recip rocal o f  the assum ed O FD M  sub-carrier 

spacing  o f  A /  =  15 kH z using  (2 .19). N one C oM P related  con tribu ting  factors in the pow er consum ption  m odel

P y y
are Ns , N  p a  , —— , Cc and CBB, w hereas PBH and  PSP heav ily  dependen t on Afm n as show n in (3 .14 ) and

s e c t o r  e f /

(3 .16), and dem onstrated  in F igure 2 .14 . W hile ca lcu la ting  the pow er consum ption  o f  the base sta tions that are 

not using C oM P  jo in t transm ission  in the dow nlink , PBase; signal p rocessing  pow er consum ption  Psp -Ba se ' s set 

to  58 W and PBH does not exist. T he total access netw ork  pow er consum ption  for each user /, PT( i ) ,  is found 

using  (3 .1 3 ) -  (3 .16) as
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T ab le  3.2; Pow er consum ption  param eters for e-N B s using  C oM P  acco rd ing  to  [47] and [48]

Param eter V alue

T ransm ission  pow er (PTX) 20 W

Pow er am p lifier effic iency  (P A e f f ) 0.38

C oo ling  losses (Cc ) 0.29

B attery backup  losses (CBe) 0.11

P ilo t density  (p ) 8/168

CS1 signalling  overhead  (q) 8

Subcarrier spacing  (A /) 15 kH z

Pow er am plifiers per sec to r (NPA/sector) 1

Pt  = Pease . Nc = l  (3 .17)

for trad itional cell sw itch o f  schem es w ithout C oM P, and as

P t  = P c o m v  +  (Nc -  1 ) { P C o m p  ~  P B a s e )  , Nc > 2 (3 .18)

for the p roposed  C oM P  aided  cell sw itch  o f f  schem e. The sca ling  factor o f  (A/c — 1) in (3 .1 8 ) is used to  m ake a 

fair pow er consum ption  com parison  betw een the trad itional and the p roposed  cell sw itch o f f  schem e. For the 

user locations w here C oM P  is used (i.e. N c >  2) to  serve the cell sw itched o f f  area, (/Vc -  1 ) ( P Comp -  P g a s e )  

is used to add  up the add itional pow er consum ption  o f  th e  base stations tha t are partic ipa ting  in the C oM P 

clu s te r as secondary  cells and P COm p  *s used t0  m odel the overall consum ption  o f  the m ain partic ipan t (serv ing  

cell) o f  the C oM P  set.

3.2.3 Energy Efficiency Metric

b its /sec  bits
Spectral e ffic iency  and  capacity  m etrics expressed  in — ——  and — , respective ly , a re  used as standard ized

K PIs (K ey Perfo rm ance Ind icators); how ever, energy  effic iency  m etric is no t yet standard ized  across the 

literature. G reen netw ork  dep loym ent schem es generally  use the ce llu lar coverage  area  per pow er consum ption  

ratio , m 2/W , as a m etric to  reflect th e  energy  effic iency  o f  the im plem entation  [8], T h is is m ore o f  a standalone 

energy  effic iency  KPI since it does not consider the user perceived  quality  o f  service. As m en tioned  in Section 

2 .1 .2 , energy effic iency  and capacity  perform ance m etrics o f  the ce llu lar netw ork  should  be considered  jo in tly  

to  have a fair analysis o f  the system . C onsidering  the  a ll-IP  netw ork (A 1PN) evo lu tion  w ith LTE and beyond 

techno log ies a fter the depreciation  o f  c ircu it sw itched core, b its/Jou le  can be used as a generic  m etric fo r energy  

effic iency  KPI to  m easure  the am ount o f  bits transm itted  to  the u ser per energy consum ed  in Jou les. C apacity  to
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energy  effic iency  conversion  is done using  the capacity  form ulation  from  (3 .12) and pow er consum ption  m odel 

from  (3 .17) and  (3 .18 ) as

E E (i) =  (3.19)
Pt ( i )

w here E E ( i )  rep resen ts the energy effic iency  o f  the user /. It can be seen form  (3 .19) that the energy effic iency  

o f  the system  is dependen t on the trad e -o ff  betw een  overall pow er consum ption  and  the gain  in the perceived 

capacity . As a result, unnecessary  increases fo r the c lu s te ring  degree  N c o f  the jo in t transm ission  set to  include 

eN B s w ith low received  pow er values could  decrease  the energy effic iency  since the increases in the signal 

p rocessing  and backhau ling  pow er consum ption  are  no t com pensated  by an equal gain  in dow nlink  capacity  

perceived.

3.3 Simulation Results and Discussion

3.3.1 Traditional Cell Switch Off versus CoMP Aided Schemes

T his section  com pares the perform ance o f  trad itional cell sw itch  o f f  schem es w ith the p roposed  C oM P  aided 

cell sw itch o f f  schem e. H exagonal ce llu lar layout w ith 19 e-N B s, n  E N =  { 0 ,.. ,18} are considered  accord ing  

to Section 3.1.1 and uniform  random  user locations t 6  /  =  { 1 ,.. ,500} are sim ulated  in the cen te r eN B , n  =  0. 

T rad itional cell sw itch o f f  schem e is m odeled , w here the orig inal cen ter serv ing  eN B , n  =  0, is sw itched  o f f  for 

energy  sav ing  and the rem ain ing  eN B s in the netw ork  zoom  out by increasing  th e ir transm ission  pow er PTX by 

2 W to serve the users located in the sw itched o f f  region. C oM P  aided  cell sw itch o f f  schem e is m odeled , w here 

rem ain ing  active eN B s in the netw ork  use C oM P  jo in t transm ission  techn ique in the dow nlink  to  serve the users 

w hile keep ing  the sam e transm ission  pow er levels. S ta tionary  users are assum ed in th is section  and the 

dow nlink  received  signal pow ers are calcu lated  acco rd ing  to  the U M a large scale path loss m odel described  in 

Section 3.1.2 as

0  =  PT x ( . n )  ~  P^VMain >P)' (3 .20)

w here PRX( n , i ) corresponds to  the received dow nlink  pow er by user / from  eN B  n. A lthough  w e assum ed that

all the rem ain ing  active eN B s in the netw ork  are m em bers o f  both the C oM P  coopera ting  and m easurem en t sets,

n  e NCoop = N meas =  { 1 ,..,1 8 } , jo in t transm ission  c lu s te r degrees from  Afc =  2 up to  Nc =  6  are sim ulated  

w here Nc eN B s w ith the h ighest dow nlink  received  pow ers fo r each U E are perfo rm ing  c ross-po in t PD SCH
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Downlink Received SINR for Traditional vs. CoMP Aided Cell Switch Off Schemes
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Figure 3.3: Received SINR CDF com parison between traditional and C oM P aided cell sw itch o f!schem es.
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F igure 3.4: Knergy efficiency and D l, capacity com parison betw een traditional and C oM P aided cell sw itch o f f  schemes.

transm ission  to serve the specific  UEs. A s a result, each user /' can  have d is tinct jo in t transm ission  sets NJT( i )  

d epend ing  on  the u ser locations and various path loss effec ts show n in (3 .20). R eceived dow nlink  S IN R  at each 

user location is ca lcu la ted  using (3 .8 ) fo r trad itional cell sw itch o f f  schem es and  ( 3 .11) for C oM P  aided  

schem es. D ue to  the in ter cell in terference m itigation  effect, C oM P aided schem es y ie lded  better received  SIN R  

values at each user and increasing  the clustering  degrees fu rther im proved SIN R  gains as show n in F igure 3.3. 

S ign ifican t cell edge perfo rm ance im provem ents are observed  in C oM P aided  schem es, w here the cell edge 

users are defined  as the users receiv ing  the low est 5%  o f  the received SIN R  values show n in the cum ulative  

d is tribu tion  function  (C D F ) d isp layed  in F igure 3.3. C ell edge users in the trad itional cell sw itch  o f f  schem es 

p e rc e iv e  D L S IN R  v a lu e s  lo w e r  t h a n -7 d B , w h ile  in C o M P  a id e d  sw itc h  o f f  sc h e m e s  w ith  N c =  6,
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T able 3.3: M ean system  energy  effic iency  and  user perce ived  DL capacity  fo r cell sw itch  o f  schem es

S im ulated  cell sw itch  o f f  
schem e

M ean D L perceived  
capacity  (M bits /sec)

M ean system  energy 
effic iency  (kb its/Jou le)

T rad itional, Nc =  1 9 .9737 59 .5047

C oM P  aided , Nc =  2 14.7906 78.0615

C oM P  aided , N c =  3 17.9528 67.2373

C oM P  aided , Nc =  4 20 .4614 50 .3890

C oM P  aided , N c =  5 22.6593 36.4919

C oM P  aided , Nc =  6 24 .7179 26.6331

perceived  SIN R  values increase to  6 dB . LTE-A  and beyond  techno log ies use adap tive m odulation  and coding

(A M C ) schem es, w here the serv ing  eN B  adap ts the used m odulation  schem e accord ing  to  the dow nlink

received  SIN R  values. Spectral e ffic iency  versus S IN R  com parison  fo r L TE -A  schem es using  A M C  w ere 

perform ed in [49] and show n that the users require  at least 18 dB  SIN R  values for the A M C  schem e to  boost up 

to  64-Q A M  w ith 0.8 cod ing  rate. T he C D F o f  the S IN R  fo r each cell sw itch o f f  schem e can be used to  find  the 

probability  o f  each m odulation  and cod ing  schem e described  in [49], For exam ple, the p robability  o f  using  64- 

Q A M  w ith 0.8 cod ing  rate is found as

P r o b {6 4  -  QAM,  0 .8 ) =  P r o b ( S I N R  >  1 7 d B )  =  1 -  CDFSINR Nc=1( 1 7 ) ~  0 .0 9  (3 .21)

for the users in the trad itional sw itch  o f f  schem e, and  as

P r o b {6 4  -  Q A M ,0 .8 )  =  1 -  CDFSINRNc=6(  17 ) ~  0 .0 9  (3 .22)

for the users in the C oM P aided  sw itch  o f f  schem e using  a static jo in t transm ission  c lu s te ring  degree  o f  Nc =  6. 

It is c lea r that the C oM P schem es m ake m ore use o f  the h igher m odulation  schem es due to  the decrease 

in terference.

R eceived dow nlink  capacity  C( for each user / and the energy  effic iency  o f  the access netw ork, EEL w hile 

schedu ling  the u ser are found using  (3 .12 ) and (3 .19). C D F o f  the dow n link  capacity  for each schem e is show n 

in F igure 3 .4a, and it is c lea r that the proposed  schem e o f  using  C oM P  jo in tly  w ith trad itional cell sw itch  o f f  

schem es y ie lds fu rther im provem ent in the overall received  Q oS  in term s o f  capacity . T he su rp ris ing  resu lt o f  

the sim ula tions is that increasing  the C oM P set degree b lindly  from  Nc =  2 to  N c =  6 , in fact, d ecreases the 

b its/Jou le  energy  effic iency  o f  the system  p rov ing  that excess usage o f  C oM P in the dow nlink  can lead to  w orse 

perfo rm ance due to  signaling  and backhau ling  overhead  in the netw ork , as show n in T ab le  3.3 and F igure 3.4b. 

T his can be explained  by the pow er consum ption  o f  the access netw ork  increasing  as a quadra tic  function  o f  the
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PDF of Joint Transmission Cluster Degree in CoMP Aided Ceil Switch Off Schemes 
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Figure 3.5: PDF o f  C oM P jo in t transm ission cluster degrees for cell switch aiding versus regular C oM P schem es, sim ulated 

in stationary channels according to 3 dB clustering threshold.

clustering  degree show n in (3 .14 ) and  (3 .16 ) not being  com pensated  enough by the DL C oM P  capacity  

increases, w hich are derived  in (3 .12). R esults sum m arized  in F igure 3 .14 prove tha t the C oM P  aided  cell 

sw itch o f f  schem es y ield  b e tte r resu lts in term s o f  both  DL capacity  and access ne tw ork  energy  effic iency  

com pared  to  the trad itional cell sw itch o f f  schem es assum ing  the co rrect c lustering  deg rees are  used. C oM P 

serv ing  eN B  should  use adap tive  jo in t transm ission  set deg rees for each user not to  create  an  energy  ineffic ien t 

system . T h is can be ob tained  by the serv ing  eN B  using  a received  pow er th resho ld  to  lim it the C oM P  cluster, 

w hich is exp la ined  in the next section.

3.3.2 Threshold-Based Joint Transmission Clustering CoMP Schemes

A dvan tages o f  receiv ing  c ross-po in t PD SC H  schedu ling  w ith h igher c lu s te ring  degrees is very  c lea r from  the 

U E 's  perspective, how ever the ce llu la r system  should  be considered  as a  w hole by tak ing  the energy  effic iency  

o f  the access netw ork  into account. P ro o f o f  the need fo r a th resho ld ing  techn ique to  form  NJT w as perform ed in 

Section  3.3.1. E -N B s tha t do  not y ield  enough  capacity  increases to  com pensate  for the add itional pow er 

consum ption  due to  excess signalling  and p rocessing  should  be excluded  from  the transm ission  cluster. W e 

sim ulated  an ideal scenario  w here the serv ing  eN B  R R C /M A C  layer perform s the th resho ld -based  C oM P 

transm ission  set dec is ions based  on the received  pow er values PRX( n , i )  and the best m em ber o f  the Nmeas is 

found for each user i by arg m ax{ /5,(V (« ,/)}  = « „ „ ,( /) .  PRX(n,  i ) values are passed th rough  a th resho ld ing  b lock
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and  the eN B s y ie ld ing  DL received  pow er values th a t are w ithin a certain  p redefined  th reshold  V NW- i t  

com pared  to  the best m easured  eN B  are added  to  the c lustering  set for user /, NJT( i )  as show n below :

n e  N j r i O  i f  \PRx(n Best>i) ~  ^ W (n >OI (3 .23)

R eceived pow er th resho ld  to  form  NjT( i )  is chosen  as VNW_jT =  3 dB , accord ing  to  the param eters m entioned  

in [34], A pply ing  the 3 dB  threshold  ru le to  the regu la r C o M P  system s w ith no energy  sav ing  adap ta tions and  to 

the system s that use C oM P  aided  cell-sw itch  o f f  schem es for energy  savings, d iscre te  PD Fs (P robability  

D istribution  F unctions) for the feasib le cluster degrees, N c , are obtained  in a sta tionary  w ire less channel. It can 

be seen from  Figure 3.5 that the p robability  o f  users u tiliz ing  C oM P  increase by 50%  w hen the cen te r serv ing  

cell is sw itched  off. T herefore , energy sav ing  versus capacity  gain  trad e -o ff  in C oM P  system s w hen they are 

used jo in tly  w ith cell sw itch  off/on  schem es becom es m ore im portant.

3.4 Summary

T his chap te r analyzed  an a lternative w ay o f  im proving  the cell sw itch o f f  schem es for fu rther energy  sav ing  

enhancem en ts using C oM P  transm ission  techn ique and  proved  the advan tages in term s o f  both  energy  and 

capacity  effic iency . T hrough  sim ulations w ith  rea listic  param eters, it is dem onstra ted  that the cell sw itch  o f f  + 

C oM P com bination  used w ith p roper C oM P active set degree  y ields a m ore energy effic ien t so lu tion  w ith better 

perceived  DL capacity  in com parison  to  the trad itional cell sw itch  o ff  schem es. P erform ance o f  the jo in t 

transm ission  C oM P  schem es is highly  dependen t on the c lu s te ring  decisions. E xclud ing  an eN B  that y ields 

received  pow er levels w ith in  V n w - j t  t0  the best m easured  cell from N]T w ill cause  degradation  in the DL 

capacity  show n in F igure 3 .4a, w hereas includ ing  an eN B  that does not m eet the th resho ld  constra in t w ill 

deg rade  the overall energy effic iency  o f  the access ne tw ork  as show n in F igure 3.4b. The tra d e -o ff  betw een the 

netw ork energy  effic iency  and  the capacity  can be balanced  using the serv ing  eN B  th resho ld ing  m echanism  

explained  in Section  3.2.2 by hav ing  adaptive NJT( i )  c lu s te ring  decis ions fo r each  user location /. It should  be 

noted  that th reshold  based  transm ission  point selection  has a lso  been used for w ire less re lay ing  pro toco ls as 

proposed  by [50], T his chap te r assum ed sta tionary  w ireless channels and prov ided  the p ro o f  o f  concep t for user 

adaptive clustering  decis ions; how ever, jo in t transm ission  sets should  be tim e adaptive accord ing  to  the signal 

fluctuations due to  sm all scale fading as w ell. T im e adap tive clustering  decis ions w ill be d iscussed  in C hap te r 4 

by sim ula ting  C oM P scenarios in tim e-vary ing  m ultipath  channels.
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Chapter 4 

Performance Analysis of Joint Transmission Scheme Subject to 

Imperfect CSI Feedback

T his chap te r enhances the sta tionary  C oM P  system  m odeled  in C h ap te r 3 by analyz ing  the tim e-vary ing  aspects 

o f  the perfo rm ance m etrics. Sm all scale fad ing  effects are sim ulated  for each rad io  link betw een  the users and 

the m em bers o f  the C oM P m easurem en t set, Nmeas. V arious channel m odels are  explained  and d iscussed  in 

Section  4.1 to  m odel rad io  links accura te ly . Serv ing  eN B  perfo rm s jo in t transm ission  c lu s te ring  by using the 

th resho ld ing  techn ique exp la ined  in Section  3 .3 .2  in a tim e vary ing  fash ion , d is tinc tly  fo r each U E, to  adap t to 

the in stan taneous received  pow er fluctuations due to  sm all scale fading. P ossib le m ulti-po in t channel estim ation  

e rro rs and system  de lays lead to  inaccurate  c lustering  decisions. Im pacts o f  im perfect jo in t tran sm ission  set 

c lu s te ring  decis ions on energy  effic iency  and dow nlink  capacity  perfo rm ance m etrics are  analyzed  under 

various channel cond itions using  realistic m odels to  sim ulate  the tim e and frequency  d ispersive  channel 

characteristics. P erform ance degradation  sensitiv ities o f  various user locations in the ce llu la r dep loym en t are 

characterized  both for low  and high m obility  conditions. T he w ork exp la ined  in th is ch ap te r has been presen ted  

in the subm itted  conference  paper [51].

4.1 Small Scale Fading Model

Propagation  m odel described  in Section  3 .1 .2  estim ated the received  signal pow er as a function  o f  d istance, 

sim ulated  the large-scale  path loss and shadow  fad ing  effect in the rad io  link. L arge-scale  path loss m odels are 

enough to  have a basic understand ing  o f  the long term  average  received  pow er o f  the sta tic  m obile  users that are 

aw ay from  the base station  by a  large know n d istance. R eceived signal at the m obile  receivers usually  consists 

o f  m ultipath  com ponen ts, w hich are. radio  w aves p ropagating  from  d ifferen t d irec tions w ith d ifferen t 

am plitudes and phases due to  scattering , d iffrac tion , reflection , refraction  and abso rp tion  as dem onstra ted  in 

F igure 4.1. H ence, rapid  fluc tuations in the received  signal am plitude and phase are observed  o v er short period 

o f  tim es and d is tances (o rd e r o f  w aveleng ths) due to  the sm all scale fad ing  effects. A part from  the natural 

phenom ena in the transm ission  m edia, sm all scale fad ing  arises due to  the lack o f  a d irec t line o f  sigh t path 

betw een the tran sm itte r and receivers due to  the sm all heigh t o f  the m obile  rece iver an tennas com pared  to  

height o f  the base  station  tran sm itte r an tennas and the sizes o f  u rban structu res as described  in T ab le  3.1.
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Figure 4.1: D em onstration o f  tim e dispersive and varying nature o f  the channel due to m ultipath propagation and mobility.

R adio  channels betw een the UE / and each  point in C oM P  m easurem en t set n  e  Nmeas( i , t ) are m odeled  

independently  and  expressed  by the tim e vary ing  and d ispersive  com plex  baseband  C IR  as

(4.1)

w here L is the total num ber o f  m ultipath  com ponen ts, f c is the carrie r frequency, A h  / d( and <pt represen t the 

tim e vary ing  am plitude. D oppler frequency  and additional phase shifts observed  at the delay  tap  /, respectively . 

A m plitude and  D oppler shift o f  each m ultipath  com ponen t is rep resen ted  as a function  o f  tim e since the receiver 

velocity , spatial ang le , betw een the m obile  d irection  and the received  w ave o f  the m ultipath  and the received 

pow er o f  each m ultipath  are sub jec t to  change due to  U E m obility . M ain con tribu to rs to  the phase sh ift o f  the 

m ultipath  delay  tap  are f dl and 0 (, how ever the d ifference  in propagation  o f  each m ultipath  a lso  con tribu tes to 

the phase shift o f  each  m ultipath  com ponent as

(4.2)

w here d ( represen ts the additional d istance travelled  by the delay  tap com ponen t /. It should  be noted tha t the 

UE can face various phase shifts due to  m ultipath  p ropagation  even under static cond itions. M ultipath  radio  

channels are described  w ith tw o m ajo r g roups o f  param eters: T im e D ispersive (F requency  V ary ing) and 

F requency D ispersive (T im e V arying).

A ^  = 2nfcT, ,



T im e d ispersive  natu re  o f  the m obile  rad io  channel is due to  the m ultipath  com ponen ts o f  the received

signal over sm all periods o f  tim e because  o f  the d ifferen t p ropagation  paths. T im e d ispersive  natu re  is

quan tified  in tim e dom ain  by R M S delay  sp read  o f  the channel o f  the  channel as

<rT =  V £ ( t 2) -  E ( r ) 2 , (4 .3 )

w hich  is the variance  o f  the pow er delay  profile. M ean excess delay  is the expected  value  o f  the pow er delay  

p rofile  ca lcu la ted  as

E(r) = £ l 4 l V  (4-4)
/  -1

w here A f  and r ( correspond  to  the received  pow er levels and  excess delays at each  delay  tap , respectively . T im e 

d ispersive  nature o f  the channel is rea lized  in the frequency dom ain  by the coherence  bandw id th  o f  the channel. 

C oherence  bandw id th  o f  the channel, Bc, is inversely  proportional to trT and rep resen ts the spectra l frequency  

range w here the C T F  has h igh co rrelation  in term s o f  app ly ing  sim ilar gain and  phase d iffe rences to the passed 

rad io  w aves.

F requency  D ispersive nature o f  the channel is due m otion o f  the m obile  users causing  various D opp ler 

sh ifts on the m ultipath  com ponen ts o f  the received  signal. The relative m otion  o f  the m ob ile  receivers w ith 

respect to  the base station  transm itters cause a  phase change in the  received  signals due to  the d iffe ren t paths 

lengths traveled  by various rad io  w aves. T he change in received  frequency  o r the D opp ler sh ift observed  at each  

delay  tap  /  is found by

fa,  =  j c o s ( 0 , )  , (4 .5)

w here v is the receiver velocity , w hich w ill be positive i f  the U E is travelling  in the d irec tion  o f  the received  

signal from  the delay  tap  /, and  8 t is the ang le  betw een  the U E direction  o f  travel and the received  signal from  

the m ultipath  com ponen t /. It is c lea r from  (4 .5 ) that each m ultipath  com ponen t can face d ifferen t D opp ler shifts 

even if  the U E is traveling  at a constan t velocity . M axim um  spectral expansion  is ca lled  th e  D opp ler spread  and 

expressed  as f d max =  j  , assum ing  <9( =  0 ° . Im pacts o f  the frequency  d ispersive  channel in tim e dom ain  are

realized  by the coherence  tim e o f  the channel, Tc . C oherence  tim e o f  the channel is inversely  p roportional to the 

D opp ler Spread  and rep resen ts the range o f  tim e period  w here the com ponen ts o f  the rad io  w aves are sub jec t to 

C IR s w ith high correlation .
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All the afo rem en tioned  param eters, both tim e and  frequency  d ispersive  characteristics, o f  the radio 

channel p lay a ro le in de term in ing  the type o f  sm all scale  fad ing  observed  in the channel. M ulti-path  delay  

sp read  based  fad ing  is g rouped  as flat fad ing  and frequency  selective fading. Flat fad ing  describes the scenario  

w hen the bandw idth  o f  the signal Bsignal is sm aller than the coherence  bandw id th  Bc o f  the channel and 

accord ing ly  the delay  spread ax o f  the channel being  sm aller that the sym bol period  Tsymbol o f  the signal. 

R eceived sym bol does not suffer from  ISI since the delay  sp read  is not sign ifican t. C T F  app lied  to the various 

spectral com ponen ts o f  the transm itted  signal are  h igh ly  co rre la ted  due to  the narrow band  signal. H ow ever, the 

received  signal faces deep  fades over tim e due to  the narrow band  signal. F requency  selec tive  fad ing  describes 

the opposite  scenario  w here Bsignal >  Bc and a t  >  Tsymbol. D ue to w ideband  signal, there  are no sign ifican t 

am plitude  fluctuations o r deep  fades, how ever the signal in the frequency  dom ain  is a ffected  by chang ing  C T Fs 

since the w ideband  signal spectrum  is larger than  the flat bandw idth . A s a result, UE m ay send d iffe ren t channel 

feedback  to  the serv ing  e-N B  since every  assigned  resource  b lock  m ay face d ifferen t channel ga ins and phase 

shifts. S ign ificance o f  <xT com pared  to  Tsymbol derived  in (2 .2 1 ) leads to  in ter sym bol in terfe rence as 

dem onstra ted  in F igure 2.9. D oppler spread based  sm all scale  fad ing  is ca tego rized  as fast and slow  fading. Fast 

fad ing  rep resen ts the rad io  scenario  w here the m obile UE receivers have high velocities lead ing  to  a large 

D oppler spread and the data  ra te  o f  the transm ission  is low. C oherence  tim e o f  the channel Tc is sm aller than  the 

sym bol period  o f  the transm ission  Tsymboi causing  signal d isto rtion  since the C IR  changes q u icker than the 

sym bol period . S low  fad ing  represen ts the coun te r scenario  w here data  rate o f  the transm ission  is fast and the 

m obile  receiver is m oving  at slow  velocities y ie ld ing  a low D opp ler spread. C IR  does not change w ith in  the 

period  o f  one sym bol, and no d is to rtion  is observed  at the receiver. Second o rd e r stochastic  charac te ristics o f  

C IR  and C T F  will be d iscussed  tho rough ly  in Section  5 .1.

4.1.1 Rayleigh Channel Model

M odeling  and sim ulation  o f  the sm all scale fad ing  o f  the w ireless channels has been an in terest to  both 

academ ia  and the industry  as exp lained  in [52] and [53]. T heoretical approach  to  sim ulate  a slow  flat fad ing  

channel using  the R ayleigh  m odel is show n in [52]. C om plex  envelope  received  signal due d iscre te  m ultipath  

channel im pulse response  and the D oppler sh ifts o f  each d ifferen t m ultipath  due to  relative m otion  is derived  by
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convo lu tion  o f  the com plex  baseband  C IR  show n in (4 .1) w ith the transm itted  O FD M  sym bol show n in (2 .17). 

C IR  w aveform  is expressed  in tim e dom ain  by

h s ( t ,  t )  =  R e { h ( t ,  T ) e j2nfct}, (4 .7 )

i
/?,(/, r )  =  £ 4 ( / ) c o s ( 2 n f d t +  l i t f j ,  + </>,+ 2 n f j ) . (4 .8)

M

U sing the cosine  ang le  sum  form ula, (4 .8 ) can  a lso  be w ritten  as below :

cos(A  + B )  =  cos(/4 ) c o s ( 8 )  -  s in ( /4 ) s in ( 6 ) ;  (4 .9 )

A = 2 n f ct ,  B  =  2 n f dnt  + 2 n f cr t +  0 n ; (4 .10)

I
( / , x ) = 'YJ Al{ t ) c o ,&{2nf(it + 271 + $ ) c o s ( 2 t t / ' / )  -  s m ( 2 n f d t + 2 n +  $ ) s i n ( 2 T t f j ) . ( 4 . 1 1)

i i

It can  be seen (4 .11 ) that the received  signal can be  separated  in to  tw o parts that a re  9 0 °  ou t o f  phase, hence  it 

can  be rep resen ted  as  a sum m ation  o f  in -phase and quadra tu re  (i-Q ) com ponents:

i
/? ,( /,r )  = £ / ( / ) c o s ( 2 ; r / '7 )  -  Q( t ) s i n (27 t f i. t ) . (4 .12)

/ !

U sing  the C entral L im it T heorem  (C L T ) explained  in [54], the sum  o f  a large num ber o f  independently  and

identically  d is tribu ted  (iid ) random  variab les lead to  a  G aussian  d istribu tion . It can  be seen above that both the

in-phase and  the quadra tu re  com ponen t is a sum  o f  independently  and  identically  d is tribu ted  random  variables, 

A t and  0 , ,  assum ing  a large num ber o f  m ultipath  com ponen ts L. The am plitude o f  the C IR  in a m ultipath  fad ing  

channel is found by ca lcu la ting  the enve lope  using the l-Q  com ponen ts as

\tis ( t ,T ) \  =  V/(t)2 + Q ( t y .  (4.13)

T he sum  o f  tw o iid G aussian  random  variab les that a re  9 0 °  out o f  phase lead to  a R ayleigh d is tribu ted  random  

variab le . As a result, the  proposed  m odel concludes tha t the PD F o f  the channel am p litude  gain  is g o ing  to  

fo llow  the R ayleigh  d is tribu tion

I h / t r V  H M t . U I 2 /
/ ( | / i s ( t ,  r ) | )  =  h a h\  ( 4  1 4 )

w here a h is the RM S voltage o f  the received  signal a fter p ropagation  th rough  the m ultipath  channel. A lthough 

the theore tica l R ayleigh m odel is successfu l at sim ula ting  flat fad ing  channels, it is sim plistic  and canno t be

used in a standalone  w ay to  sim ulate  realistic  radio  w ave transm ission  in a ce llu la r env ironm en t since possib le
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T ab le  4.1: S im ulation  param eters for sm all scale fad ing  m odel

C hannel Param eters V alue

N um ber o f  m ultipath  com ponen ts (L ) 6

V eh icu la r U E rece iver ve locity  fo r high m obility  ( v high) 120 km /h

Pedestrian  UE rece iver ve locity  fo r low  m obility  ( v iow) 6 km /h

S am pling  density  fo r h igh m obility  (Vmgh) 2.13

S am pling  density  for low  m obility  (rjlow) 42 .6

N um ber o f  U E -eN B  radio  links (Nmeas) 18

N um ber o f  tim e sam ples (7 ) 1000

cross-co rre la tions w ith in  the underly ing  G aussian  processes show n in (4 .1 2 ) w ere not taken into consideration  

and m odel does no t p rov ide flexibility  to  have tim e-vary ing  D opp ler spreads, pow er delay  profiles.

A n a lternative  R ayleigh  channel m odel using a tim e-vary ing  linear filte r is p roposed  by au thors o f  [53] 

by tak ing  au to reg ressive  channel p roperties, chang ing  D opp ler shifts and  delay  p rofiles into account. The 

p roposed  schem e sim ulates the channel as a none orthogonal R ayleigh p rocess by m odeling  the cross 

co rre la tions betw een the l-Q  G aussian  processes show n in (4 .12). Second  o rder stochastic  characteristics in tim e 

dom ain  are used to  genera te  the channel sam ples, w here the cu rren t channel sam ple is dependen t on the 

p rev iously  genera ted  d iscre te  sam ples accord ing  to  the chosen  filte r length and the au to -co rre la tion  function  o f  

the C IR . T he m odel is m ore advanced  com pared  to  [52], h o w ever is not flex ib le  enough  to  involve various 

w ireless channel param eters like an tenna  patterns, m ultipath  com ponen t count, M IM O  inputs, and  channel 

sam pling  density .

4.1.2 Winner SCME Model

E uropean W IN N E R  p ro ject exp lained  in [55] is a jo in t-e ffo rt p ro jec t consisting  o f  partners from  both the 

te lecom m un ications industry  and the academ ia  tha t a im s to  im prove the ex is ting  perfo rm ance o f  m obile 

com m unication  system s. T he m ain ob jec tives o f  the p ro jec t can be grouped  under investigating  and develop ing  

cha lleng ing  scenarios is the rad io  interface, effic ien t ce llu la r dep loym ent techn iques, coopera tion  schem es in 

the access netw orks, rad io  channel p ropagation  m odels and  effic ien t spectrum  usage m ethods. T here  has been 

in tensive w ork  on crea ting  realistic  channel m odel im plem en ta tions described  in [56], [57], [58] and [59] for 

both sm all scale m odels as part o f  the W inner p ro ject. T he m odel takes the 3G P P  specification  (25 .996 ) as a 

basis for im plem entation  and ex tends it to  beyond  3G  scenarios. M IM O  param eters, radio  link properties, 

an tenna patterns, large-scale path loss m odels, ce llu lar layout, U E d istribu tions, m ultipath  delay  sp read  and
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A) Slow Fiat-Fading Channoi with 6 multipath components and 6 km/h UE velocity
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Figure 4.2: Small scale m ultipath fading m odel under different UE receiver m obility conditions.

D oppler sp read  are the inputs to  the system  to  ca lcu la te  the com plex  baseband  channel im pulse response  for all 

the rad io  links and paths du ring  the desired  num ber o f  tim e  sam ples accord ing  to  the num ber o f  rece iv er and 

tran sm itte r e lem en ts considered . Large scale path loss and shadow ing  effec ts w ere  a lready  m odeled  in our 

sim ulation  using  the system  described  in [44], as a  resu lt [56]-[59] are  ju s t used to  m odel the sm all scale fad ing  

effec ts in the system  due to  m ultipath  and  D opp ler spread.

Input param eters to  the SC M E  m odel are  show n in T able  4.1 to generate  com plex  channel im pulse 

response h ( t ,  at each m ultipath  tap  / and tim e sam ple t. Spatial channel sam pling  density  r| is defined  as the 

num ber o f  spatial sam ples per h a lf  w avelength  A /2 . C hannel sam ples, t  £  [ 1 , . . ,T ]  are ob ta ined  w ith a  1 ms 

granu larity  to  synchron ize  w ith  the LTE M A C  schedu ling  decisions tha t are perfo rm ed  every  TTI at the serv ing  

eN B . A s a result, r| is tuned  acco rd ing  to  the rece iver ve locity  to  generate  1 channel sam ple  fo r every  TTI by 

converting  the tim e sam pling  rate to spatia l sam pling  rate accord ing  to

(A /2)/ti
1 m s  = (4 .15)

O verall C IR  at a particu lar TTI t is found by the superposition  o f  all the  m ultipath  com ponen ts / as

i.

/ t (0  = X /K C C ) -  (4 .16)
/ i

Instan taneous received  signal pow er fluctuation  a t each channel sam ple due to  sm all scale  fad ing  is found using

(4 .16) as
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/ W ' )  = !0 lo g|I (4 .17)

expressed  in dB  scale. R eceived signal pow er level changes due to  sm all scale fad ing  are p lo tted  against tim e 

elapsed  both for high and low m obility  scenarios acco rd ing  to  120 km /h veh icu lar and  6 km /h pedestrian  

receiver velocities, respectively . It is c lea r from  the sim ula tion  resu lts d isp layed  in F igure 4.2 that high D opp ler 

scenarios, w hich decrease the coherence  tim e sign ifican tly , lead to  m ajo r received  pow er level fluctuations. Fast 

fad ing  scenarios w ill induce additional challenges for U Es try ing  to  perform  m ulti-po in t channel m easurem ents 

to  help  form  the jo in t transm ission  c lu s te ring  set. Serv ing  eN B  will need to  adap t to  the received  pow er 

fluc tuations due to  sm all scale fad ing  every  T T I to  update  NJT.

4.2 Formulation o f CoM P Performance Metrics for Time-varying Channels

C oM P  capab le  UE perform s m ulti-po in t channel m easurem en ts for the eN B s tha t are part o f  the C oM P 

m easurem en t set, n  e  Nmeas, every  TTI unless o therw ise  specified  by the serv ing  eN B . A ctual m easured 

received  pow er from  eN B  n  by user / at TTI t is expressed  as

f W ( n ,  t, i )  =  PTX( n ) -  PL{n ,  i ) -  PFading (n ,  i, t ) ,  ( 4 .18)

w here PTX  (n )  is the transm itted  pow er from  the eN B  n  e Nmeas„ P L ( n , i )  is the large scale path loss observed  

betw een  user / and eN B  n  acco rd ing  to the U M a m odel exp la ined  in Section  3 .1 .2 , and PFading(n >i>t) is the 

tim e-vary ing  pow er loss observed  due to sm all scale fad ing  at T TI I acco rd ing  to  the m odel in Section  4 .1 .2 . 

Sm all scale fad ing  observed  betw een every  U E and eN B  link. ( n , t ) ,  is m odeled  independently , to  have 

unbiased  jo in t transm ission  clustering  decis ions. D ue to  the noisy  channel expressed  in (2 .24 ) and scarce 

structure  o f  C SI-R S  for m ulti-po in t channel estim ation  dem onstra ted  in F igure 2 .15 , the system  is vu lnerab le  to 

channel estim ation  errors. Jo in t transm ission  c lustering  decis ions a lso  suffer from  the C oM P  system  delays due 

netw ork  topo logy  constra in ts, feedback  conso lida tion  and  p rocessing  p rocedu res at th e  serv ing  eN B . A s a 

result, serv ing  eN B  R R C /M A C  layer perform s the th resho ld -based  C oM P  transm ission  set dec is ions based  on 

the incorrectly  estim ated  and ou tdated  m ulti-po in t pow er m easurem en ts

PRX.err{n,t,i) = PRX( n , t  -  A ,i)  +  perr( f i , a ) ,  (4 .19)
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w here A is the delay  observed  in m illiseconds during  the CSI exchange and serv ing  eN B  feedback  p rocessing , 

and Perr(y . , o)  m odels the effect o f  channel estim ation  erro rs on m easured  received  pow er ca lcu lation  as a 

G aussian  random  variab le  w ith m ean /u and standard  dev ia tion  a  expressed  in dB  scale. T im e vary ing  C oM P 

jo in t transm ission  set and  c lu s te r set degree for user /' at TTI t  are fo rm ed as

n e N JT( i , t )  i f  \PRxerr( n Best> C 0  — f*«xerr( n - T 0 1  — ^ n w - jT' (4 .20)

Nc (i, t )  =  s i z e ( N JT(i, t )  ) , ( 4 .2 1)

respectively . R eceived jo in t PD SCH  pow er, PjT( i , t ) ,  is ca lcu la ted  by p lugg ing  NJT( i , t ) from  (4 .2 0 ) and 

Prx <?rr(n < C 0  from  (4 .19) into  (3 .10). D ow nlink  capacity  observed , C (i, t ) ,  is found by using  PIT{ i , t )  in 

(3 .12). T im e vary ing  pow er consum ption  o f  the access netw ork  is found by using  N c ( i , t )  in (3 .13). 

A ccord ing ly , energy  e ffic iency  perfo rm ance m etric, E E ( i , t ) , is ca lcu la ted  as show n earlie r in (3 .19). H ence, 

im perfect C oM P  clu s te ring  decis ions due to  the delayed  and incorrectly  estim ated  values o f  received  pow er 

m easurem en ts show n in (4 .1 9 ) w ill have im pacts on all the afo rem en tioned  perfo rm ance m etrics. T im e 

averaged  energy  effic iency , dow nlink  capacity  and c lu s te r degree perfo rm ance m etrics fo r each user location  / 

is deno ted  by E E ( i ) ,  C ( i ) and Nc ( i ) ,  respectively , ca lcu la ted  accord ing  to  the m ulti-po in t channel sam ples over 

m i s .

4.3 Sim ulation Results and Discussion

4.3.1 Impact of Channel Estimation Errors

C ell sw itch  o f f  schem e aided  w ith C oM P  jo in t transm ission  techn ique is sim ula ted  w ith i e  [1, ... ,1 0 0 0 ]  user 

locations genera ted  in the cen te r sw itched  o f f  cell over t e  [1, . . . ,1 0 0 0 ] T T Is using the large scale U M a 

path loss m odel from  Section  3 .1 .2  and sm all scale fading m odel from  Section  4 .1 .2 . Sole Im pacts o f  m u lti­

point channel estim ation  erro rs on jo in t transm ission  clustering  accuracy , energy  effic iency  and dow nlink  

capacity  perfo rm ance m etrics are  analyzed  by assum ing  a C oM P system  having  no  feedback  delays, A =  0  m s. 

V arious channel estim ation  errors are  in troduced to  the instan taneous received  pow er m easurem en ts as 

G aussian  random  variab les, Perr(n,  <r), hav ing  fi =  0  dB m ean and a  =  [4 dB, 8  dB, 12 dB] standard  deviation  

values. M oving  average  C oM P  set degrees, N c( t ) ,  is p lo tted  in Figure 4 .3a, and it can  be seen that the channel 

estim ation  e rro rs result in a reduction  in overall c lustering  degrees. C lu stering  degrees d ecrease  fu rther w ith 

increasing  channel estim ation  errors. T his can be exp la ined  by the incorrectly  reported  m ulti-po in t received

5 4



A) Average JT Cluster Degree vs Time for All Users B) Impact of Channel Estimation Errors on JT Cluster Degree

A = 0 ms, o  = 0 dB 
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A = 0 m s ,a  = 0 d B  
A = 0 ms. a  = 4 dB 
A = 0 ms, a  = 8 dB 

A = 0 m s. <s- 12 dB

S 1 35

' 0  200 400 600 800 1000 0 20 40 60 80 100
Half Wavelength Channel Sam ples (1 sample/TTI) Percentage of U sers sorted by A scending Average JT Cluster D egree

Figure 4.3: Joint transmission cluster degree changes due to channel estimation errors in fading channels.

A) Impact of Channel Estimation Errors on DL Capacity B) Impact of Channel Estimation Errors on Energy Efficiency

 A = 0 ms, a = 0 dB

 A = 0 ms, a  = 4 dB
 A = 0 ms. a  = 8 dB
 A = 0 m s , a =  12 dB

 A = 0 m s  c  = 0 d B

 A = 0 ms. c  = 4 dB
 A = 0 m s  a  = 8 d B

 A = 0 ms, a  = 12 dB

« 12

r  10 /

h  40

® 30

100100
Percen tage  of U sers sorted by A scending A verage JT  Cluster D egree Percen tage  of U sers sorted  by A scending A verage JT Cluster D egree

Figure 4.4: Downlink capacity and energy efficiency performance o f CoMP schemes subject to channel estimation errors,

pow er m easurem en ts not be ing  able to  m eet the V/vw-yr c lu s te ring  th resho ld  constra in t in (4 .20 ) as w ell as the 

perfectly  perfo rm ed  m easurem ents. Pe r r (0  d B ,0  d B ). U ser locations / are sorted  acco rd ing  to  the c lustering  

degrees that w ere supposed  to  be used in cases o f  ideal m ulti-po in t CSI feedbacks and p lo tted  against the energy 

effic iency  and dow nlink  capacity  m etrics. The user locations i that co rrespond  to  the top  p  percen t o f  the h ighest 

c lu s te ring  degrees in ideal c lustering  conditions, A = 0 m s, Pe r r (0  dB, 0 d B ). a re  deno ted  by inc,p%. It can be 

seen from  F igure 4 .3b  that the top  1% o f  the users that w ere supposed  to  have the h ighest c lustering  degrees in 

ideal feedback  conditions, iNcA%, suffers from  m ajorly  decreased  clustering  degrees as opposed  to  the less 

C oM P dependen t users. It should  be noted  tha t the c lu s te ring  degrees partia lly  rep resen t the accuracy  o f  the 

c lu s te ring  decis ions, since the clustering  degrees m ay rem ain  constan t but the chosen  m em bers o f  the set NJT

55



100 -

I
9 0 /

80

. 70 

60 

50

A) CoM P D«lay Im pact on P erfo rm ance D egradation, v = 6  km/h

i0. 40

S  30

J? 20

10

 i  = 1 ms. a = 0 dB Energy Efficiency
A = 1 ms. a  = 0 dB DL Capacity

 ■ A =  3 ms. a = 0 dB Energy Efficiency
■ -«— A = 3 ms. o = 0 dB DL Capacity
 A = 5 ms. a = 0 dB Energy Efficiency
-® —A = 5 ms. o = OdB DL Capacity

A = 10 ms. o = 0 dB Energy Efficiency 
a  = 10 ms. a = 0 dB DL Capacity 
A = 20 ms. o = 0 dB Energy Efficiency 
A = 20 ms. o = 0 dB DL Capacity

100

90

80

70I

60

50

40

30

20

10

B) CoM P Delay Im pact on P erfo rm ance D egradation, v = 120 km/h
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Figure 4.5: Perform ance degradation o f  C oM P schem es subject to system delays under various m obility scenarios.

m ay vary due to  estim ation  errors. D ow nlink capacity  losses up to  3 .9  M bits/sec and access ne tw ork  energy 

effic iency  degradation  up to  I6 .2  kb its/Jou le  are observed  because o f  Pe r r (0  dB, 12 d B ), w hen focused on user 

locations that w ere supposed  to  have the h ighest c lustering  degrees. It can  be understood  from  the Fig. 4 .4  that 

the im pacts o f  passing  incorrect CSI feedback  to  the C oM P  serv ing  eN B  due to  channel estim ation  erro rs 

becom e m ore severe fo r cell edge users that w ere supposed  to  receive PD SC H  user p lane data  from  jo in t 

transm ission  clusters w ith h igh degrees.

4.3.2 Impact of CoMP System Delay

U nlike the channel estim ation  errors, w hich are  due to  the noise o f  the channel and the scarce structu re  o f  C S i- 

RS to  be used for m ulti-po in t m easurem ents; system  delays are  due to  the p rocedures involved d u ring  the 

feedback  repo rting  show n in F igure 2.14. D ecentralized  feedbacks that ex tend  the tim e to  conso lida te  the  CSI 

reports at the serv ing  eN B  due to  X 2 latency, feedback  in tervals chosen  by the U Es, and  the tim e it takes the 

serv ing  eN B  to p rocess all th e  feedbacks to  form  the jo in t transm ission  c lu s te r are som e o f  the reasons fo r the 

ou tdated  m ulti-po in t C SI to  be used during  the C oM P clustering  decisions.

C oM P field  trial resu lts perfo rm ed  by E A SY -C  p ro ject reported  that X2 latency o f  0.5 ms, CSI feedback  

in tervals o f  10 m s and precod ing  delays o f  20 ms w ere  observed  [38], It w as a lso  m entioned  during  C oM P 

standard iza tion  p rocess in 3G P P  36 .819  that serv ing  eN B  processing  delays o f  4  m s are expected  during  

operation  [37]. Sole im pacts o f  system  delays, w hich cause ou tdated  m ulti-po in t CSI feedback  at the serv ing  

eN B , on overall energy  effic iency  and  dow nlink  capacity  are  evaluated  both for high and  low  m obility  scenarios
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A) CoMP Doiay and Estimation Error Impact on Perform ance Degradation v -  6 km/h B) CoMP Delay and Estimation Error Impact on Perform ance Degradation v = 120 km/h
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Figure 4.6: Perform ance degradation o f  C oM P schem es subject to both system  delays and m ulti-point channel estim ation

errors under various mobility scenarios.

acco rd ing  to  120 km /h veh icu lar and  6 km /h pedestrian  receiver velocities, respectively . M ulti-po in t CSI 

aggregation  and processing  delays o f  A =  [1 m s, 3 m s, 5 m s, 10  m s, 2 0  m s] are  sim ulated  assum ing  perfectly  

perform ed m ulti-po in t channel estim ation  p rocedures, Pe r r (0  dB, 12 d B ). as show n in F igure 4 .5 . U sers in low

Pe r r (0 d B , O d B ) and A =  0 m s . face 32%  system  energy  effic iency  and 34%  dow nlink  capacity  degradation  

w hen subject to  20 m s CSI feedback  p rocessing  delays, w hereas users in high m obility  cond itions su ffe r 35%  

EE  and 37%  C degradation  even under 1 ms overall system  delay . T his is due to  the steep  decreasing  slope o f  

C IR  au to -corre la tion  function  in high D opp ler scenarios tha t reduce the coherence  tim e o f  the channel causing  

inaccurate  C oM P jo in t transm ission  c lustering  even under sm all system  delays. T herefore , users in low  m obility  

cond itions start facing perform ance degradations a fte r A = 10 ms, w hen  the channel sam ples becom e less 

co rrelated . It is show n tha t the sam e C oM P  system  delay  m ay have d ifferen t im pacts on users w ith  d ifferen t 

m obility  conditions, since delays w hich are not h igh re lative to  the coherence  tim e o f  the channel d o  not create  

m ajo r perfo rm ance degradations as show n in F igure 4 .5a  fo r A =  [1 m s, 3 m s, 5 m s]. It should  be noted  that the 

influence o f  system  delays on C oM P perform ance m etrics are  as vital as the channel estim ation  errors. Even if  

the U Es, w hich are in high m obility  cond itions 17 =  12 0  k m /h ,  perform  perfect m ulti-po in t channel estim ation , 

overall system  can still suffer from  55%  C and  58%  E E  degradation  due to A = 20  ms C oM P  access netw ork  

delays. S im ilar to  the resu lts from  Section  4 .3 .1 , users tha t are supposed  to  have h igher c lustering  degrees get 

im pacted  m ore severely  w hen the system  is sub ject to  access netw ork  delays during  clustering  decisions.

m obility  cond itions tha t w ere supposed  to  have the h ighest 1% o f  C oM P  set degrees in ideal rad io  conditions.
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Figure 4.7: Downlink capacity and energy efficiency performance o f CoMP schemes subject to both system delays and 

multi-point channel estimation errors under low mobility conditions, v  = 6  k m / h .
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Figure 4.8: Downlink capacity and energy efficiency performance o f CoMP schemes subject to both system delays and 

multi-point channel estimation errors under high mobility conditions, v  = 1 2 0  k m / h .

4.3.3 Joint Impact of Channel Estimation Errors and Delays

R ealistic  perfo rm ance degradations o f  C oM P  schem es w ith inaccurate  c lustering  are  revealed  w hen estim ation  

errors and system s delays are  jo in tly  considered  accord ing  to (4 .19) as show n in F igures 4 .6 , 4 .7  and 4 .8 . EE  

and C degradations can reach up to 51%  and 57%  fo r low  m obility  users and  64%  and 66%  fo r high m obility  

users, respective ly , for Pe r r (0  dB, 4  dB ) and A =  2 0  m s. T he users hav ing  h igher C oM P set deg rees in ideal 

c lu s te ring  cond itions are m ore sensitive to  delays and  estim ation  erro rs and  face m ajo r perfo rm ance degradation  

due to inaccurate  c lustering . For instance, average energy  effic iency  and  capacity  degradation , considering  all
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the  users in high m obility  cond itions i/vc,ioo% f ° r Perri® dB, 4 d B )  and A =  20  m s , reached  around  9.2 

kb its/Jou le  and 0 .9  M bits/sec; w hereas fo r the u ser locations i e  iNc i% access netw ork  energy  effic iency  

degraded  14 kb its/Jou le  and dow nlink  capacity  perfo rm ance decreased  3.8 M bits/sec, as show n in F igure 4.7 

and 4 .8 . It can be observed  from  F igure 4 .6  that the m ain  con tribu to r to  the perfo rm ance degradation  in low  

m obility  cond itions is the channel estim ation  errors, w hereas system  delay  is th e  m ain  perfo rm ance determ in ing  

factor in high m obility  scenarios. It should  be noted  tha t the im pacts o f  im perfect c lustering  on E E  and C 

m etrics sligh tly  vary. T his can be exp la ined  by the energy  effic iency  m etric show n in (3 .12 ) be ing  dependen t to 

the pow er consum ption  o f  the netw ork  w hich  is so lely  a function  o f  the C oM P  c lu s te r degree  Nc (t, t )  ra ther 

than the clustering  set m em ber choices; w hereas, capacity  m etric  is dependen t on both  th e  num ber o f  the C oM P 

jo in t transm ission  points a long  w ith  the cho ice  o f  th e  points fo r NJT as show n in (3 .13).

4.4 Summary

Indiv idual and  jo in t e ffects o f  channel estim ation  erro rs and system  delays on a DL C oM P  system  tha t is 

in tegrated  to  a cell sw itch o f f  m odel are investigated  by s im ula ting  a  tim e-vary ing  fad ing  channel under various 

m obility  scenarios. It is dem onstra ted  tha t the accuracy  o f  the jo in t transm ission  set c lu s te ring  is a key 

perform ance de te rm in ing  fac to r both for the user perce ived  quality  o f  serv ice  in term s o f  dow n link  capacity  and 

the overall access netw ork  energy  effic iency  o f  C oM P  supporting  netw orks. P erform ance degradation  due to  

C oM P system s delays is dependen t on the coherence  tim e o f  the channel, and  it is show n that high m obility  

scenarios y ield  m ajo r jo in t transm ission  c lu s te ring  inaccuracy  due to high D opp ler effect even under m inim al 

system  delays. O u tdated  CSI feedback  reports do no t decrease  the C oM P  perfo rm ance in low  m obility  

cond itions as sign ifican tly  as the high m obility  cond itions, since the channel sam ples tha t are used  by serv ing  

eN B  for c lu s te ring  decis ions are still co rre la ted  to  the actual U E reported  channel feedback  due to  the high 

coherence tim e. R ealistic perfo rm ance analysis for C oM P  schem es is done by jo in tly  co n sidering  the effec ts o f  

channel estim ation  erro rs and system  delays. It is observed  tha t the users w ith h ig h er C oM P  cluster degrees are 

m ore sensitive to  CSI delays and  estim ation  errors y ie ld ing  m ajo r perform ance deg radations fo r access netw ork  

energy  effic iency  and dow nlink  capacity  perform ance.
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Chapter 5 

Multi-Point Statistical Channel Estimation and Prediction Schemes

5.1 Stochastic Characteristics o f CIR and CTF

C hannel im pulse response  / i^ C t.T j)  fo rm ulated  in (4 .1 ) is a  tw o d im ensional com plex  stochastic  p rocess since 

various se lec tions o f  the random  variab les A h  / d(, 0 (, and  r ( yield d ifferen t rea liza tions and an indexed  fam ily 

o f  random  variables. T he d ifference  from  regu la r stochastic  p rocesses lies w ith in  the fact that hn i ( t ,  r ;)  is a 

random  process in tw o d ifferen t dom ains: tim e dom ain , /, and delay  dom ain , r .  A s a  result, the first and second 

o rder stochastic  characteristics o f  the random  process should  be m odeled  considering  the d ifferen t index 

dom ains to  estim ate  and  p red ic t the am plitude and phase o f  the C IR  and C T F  to  perform  accu ra te  coheren t 

detec tion .

A uto -co rre la tion  function  o f  the com plex  baseband  channel im pulse response, Rh (t^,  t 2, t u t 2),  

w ith  respect to  both delay  tap  and tim e dom ains is expressed  as

R n ( t u t 2,T x,T2) =  E C hC tt.T i) * h ' ( t 2, t 2) ) .  (5 .1 )

W ide sense sta tionary  channel exp lained  in [60] and [29] assum es that con tribu tions from  d iffe ren t m ultipath  

delay  taps are assum ed  to  be uncorrelated  and the au tocorre la tion  in tim e  vary ing  channel due to  D opp ler shift 

is assum ed to  be only  dependen t on the tim e d ifference o f  the betw een the instants o f  the C IR  rea liza tions. T his 

assum ption  is consisten t w ith the tim e-vary ing  nature o f  the channel. A s the d ifference  betw een  the C IR  instants 

increase beyond  coherence  tim e, the instances becom e less co rre la ted  since the au to -co rre la tion  o f  any w ide- 

sense sta tionary  stochastic  p rocess is a decreas ing  function  o f  as m en tioned  in [61]. H ence, (5 .1 ) can be re­

w ritten  as

Rh(tllt2,Tl)T2) =  E{h(t2 +  A t ,Ti)h* (t2,T2)')8(r1 - t 2). (5-2)

S im ilarly , au tocorre la tion  function  o f  the tim e-vary ing  C T F, w hich is the F ourier T ransform  o f  the 

au tocorre la tion  function  o f  the C IR  in delay  dom ain , can be found as

RH( A t , A f )  =  J 0°° Rh ( A t , A T ) e ~ i 2nfz d.T, (5 .3 )

R H( t v t 2, f , , f 2) = E ( H ( t 2 + A t  , f 2 +  A f W i h . h ) ) .  (5 .4)
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R elation  m entioned  in (5 .3 ) is due to  the fact tha t the tim e vary ing  C T F , is the Fourier transform  o f  the

C IR  w ith respect to the delay dom ain . As m en tioned  in Section  2 .2 .4 , C SI-R S  are  only  transm itted  on specific 

resource  elem ents. T hus, m ulti-po in t channel estim ation  is needed in o rder to  obtain  the channel im pulse 

response o f  rem ain ing  resource elem en ts by using  an in terpo lation  filter that m akes use o f  the au tocorre la tion  

function  o f  the channel. C onsidering  a M1M O transm ission , au to -corre la tion  function  is th ree  d im ensional: 

spatial co rre la tion  due to  m ultip le  tran sm itte r an tennas, tim e correlation  due to  D opp le r sp read  and delay  

corre la tion  due to  m ultipath  p ropagation . Spatial dom ain  is assum ed to be independent o f  the rem ain ing  tw o 

dom ains, and the delay  versus tim e dom ains are  separated  to  form  sing le  d im ensional estim ation /in terpo la tion  

filters to  track  the tim e d ispersive  and  vary ing  characteristics o f  the channel separately .

5.1.1 Time Dispersive Characteristics

T o estim ate  the C T F  over a  single O FD M  sym bol o r a p a rticu la r channel sam ple, the m ultipath  characteristics 

o f  the channel need to be taken  into consideration , w hich  can be determ ined  by the au tocorre la tion  o f  the 

com plex  channel p rocess w ith respect to  the delay dom ain  assum ing  no  tim e dom ain  d ifference  betw een  the 

instances. A uto -co rre la tion  o f  the C IR  over a fixed tim e sam ple is expressed  as

£ [ /* (> !  ) / i ( r , ) * ]  -  £ , [/i ( t , ) / i ( t /.)* ]

. E l h i T j h i T - i Y )  -  E [h (T L) h ( T LY ]
(5 .5)

w here h ( r )  is the vecto r o f  the com plex  C IR  at a particu lar tim e sam ple  and the length o f  the vecto r L is 

dependen t on the m ultipath  delay  spread o f  the channel. S ince the au tocorre la tion  function  R h ( A t  =  0, At  =  0 ) 

g ives the average pow er o f  the p rocess £ '[ | / i ( t () | 2] =  E [ | j4 ( | 2] at each delay  tap , the d iagonal com ponen ts o f  

the m atrix  show n in (5 .5 ) define the P ow er D elay P rofile  (P D P ) o f  the channel at a  particu lar tim e instant. 

D ifferent m ultipath  delay  taps are considered  uncorre la ted , w hich m eans the C IR  au to -covariance  betw een 

differen t delay  tap  instants is zero. H ence, the au tocorre la tion  function  o f  the C IR  at a particu lar tim e instant 

w ould  be a d iagonal m atrix  assum ing  the C IR  process has zero  m ean at d ifferen t delay  taps. M ean excess delay  

and the delay  spread  can be determ ined  using  th is m atrix  acco rd ing  to  (4 .3 ) and (4 .4). A u to -co rre la tion  o f  the 

C T F  in frequency  dom ain , w hich  is the Fourier T ransform  o f  the PD P w ith respect to  the delay  dom ain  

accord ing  to  (5 .3), is needed to  characterize  the frequency  dom ain  behav io r o f  the channel due to  m ultipath  

delay  spread. A u to-correlation  function  o f  the frequency  vary ing  C T F  is expressed  as
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R h ( M  =  0, A / )  =  E { H { f  +  A / ) t f * ( / ) )  , (5 .6 )

and the coherence  bandw id th  o f  channel is found by

yc 2jruT

w here ty  defines the C T F  correlation  value for a certa in  coherence  bandw idth  Af c as derived  in [62], and 

R H( A f )  form s the pow er delay  spectrum  o f  the channel. T his is in co rrespondence  w ith the fact tha t the Fourier 

transfo rm  o f  the au toco rre la tion  function  rep resen ts the pow er spectral density  o f  the random  process. It is c lea r 

from  (5 .7 ) that the C T F  correlation  cy decays w ith increasing  spectral d ifferences A /.  R eceived  signals w ith in  

Af c w ill be observ ing  sim ilar C T F  conditions in term s o f  app lied  am plitude gain  and phase d ifferences. T h is is 

the underly ing  reason for the frequency  selective channel feedback , since various resource  b locks assigned  to 

the U E m ay get im pacted  by d ifferen t C T F sam ples due to  the 15 kH z subcarrie r spac ing  show n in F igure 2.11. 

Subcarrier spacing  in L TE -A  and beyond schem es is chosen  to  be g rea te r than  the coherence  bandw id th  o f  the 

channel such that the C T F  is re latively  constan t w ith in  a  certa in  resource elem en t and  the ind iv idual subcarriers 

observe  frequency  flat fading.

5.1.2 Time Varying Characteristics

T o track  the m ulti-po in t C IR  o ver d ifferen t tim e sam ples, tim e-vary ing  characteristics o f  the channel are needed 

to  be considered , w hich  can be determ ined  by the au tocorre la tion  function  o f  the com plex  C IR  o v er d ifferen t 

tim e instances o f  the rea lization  over each particu lar m ultipath  delay  tap  separately . A u to -co rre la tion  o f  the C IR  

at a particu lar delay  tap  r ( w ith respect chang ing  tim e instances is ca lled  the delay -cross pow er density  by the 

au thors o f  [29] and found by

-E J/lC fpT O ftC ti.T ,)*] -  ff [ /l( ty , T ;)/l(t/y , T;)*]
R h (& tM,T[)  =  :

.E [K tM .T ()h ( ti ,T ,)* ]  ••• £,[ ( l( tM» f()^ ( tM ) Ti)*]J

w here M  d epends on the chosen  tim e dom ain  in terpo lating  filter length. Each e lem en t o f  the tim e

au tocorre la tion  m atrix  show n in (5 .8 ) can  be rep resen ted  as a  function  o f  the tim e d ifference  betw een the

instances:

R h ( A t , r ()  =  E [ h ( t  +  A t , r () / i ( t ,T , ) * ] . (5 .9 )

(5 .8 )
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O verall tim e co rrelation  m atrix  for the C IR  is form ed by in teg rating  de lay -cro ss  p o w er density  in (5 .8 ) over all 

the ex is ting  m ultipath  delay  taps as

Rh (A t)  =  / ;t 1 fih ( A t , r !) d T „  (5 .10)

and the coherence  tim e o f  the channel is found by

A c o s - \R h(M)=ct]

_  2*A W

w here ct defines the C IR  co rrelation  value for a certain  coherence  tim e A t c as derived  in [62]. It should  be 

noted  that the coherence  tim e  o f  the C IR  at a particu lar de lay  tap  can be found by using  (5 .9 ) in (5 .11). 

C oherence  tim e quan tifies the sim ilarity  channel im pulse response  sam ples in a tim e vary ing  fashion. The 

received  signals w ith in  the coherence tim e o f  a channel are h igh ly  likely  to  have sim ilar am plitude  correlations. 

W hen com posing  the C IR  au to -co rre la tion  m atrix  in de lay  dom ain  as show n in (5 .5 ), U E can chose to  include 

all the  ex is ting  L delay  taps, how ever the size o f  the tim e co rre la tion  m atrix  M  can be updated  dynam ically  

acco rd ing  to the channel conditions.

T he rate o f  change o f  the com plex  baseband  C IR  over tim e is lim ited by R h ( A t ) as derived  by the 

M arkov inequality  as

P r o b ( \ h ( t i , T 0)  -  h ( t j , T 0) \  > e )  <  2 (/?h ( |A t =  0 ,A r  =  0 |)  -  /?h ( | t ;  -  ty,A i  =  0 | ) ) / e 2. (5 .12)

T hus, m ulti-po in t feedback  w ith g rea te r system  delay  o r high D oppler scenarios w ill deg rade  the accuracy  o f  

the jo in t PD SC H  transm ission  c lu s te ring  sign ifican tly  due to  the decreasing  nature o f  /?h ( A t , r ()  that has a peak  

at R h ( 0 ,T j) , as dem onstrated  prev iously  in C hap ter 4. S im ilar to  the delay  dom ain  procedure , Fourier transform  

o f  the delay -cross pow er density  show n in (5 .8 ) w ith respect to  the tim e dom ain  y ields the sca ttering  function  at 

a  particu lar delay  tap  and the  Fourier transform  o f  the tim e corre la tion  function  show n in (5 .10 ) y ie lds the 

overall D oppler spectrum  w hich is the pow er spectral density  o f  the stochastic  process derived  as

S V . T t) =  j ” = 0 /?h (A t,T ; ) e - ^ Atd A t ,  (5 .13)

and

S ( / )  =  (5 .14 )

respectively . It should  be noted  that the C IR  au tocorre la tion  function  at each  particu lar de lay  tap  can be used to  

accura te ly  track  the varia tions o f  each  delay  tap  independently  using  (5 .8). F low ever, the im plem entation
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com plex ity  o f  such schem es is high due to  the need to  store  separate  au tocorre la tion  functions and  C IR  sam ples 

for each tap. To reduce the com putation  com plex ity , U Es can choose to  track  the changes in the overall 

superim posed  C IR  show n in (4 .16 ) by using the tim e co rrelation  function  from  (5 .10), instead o f  keep ing  track  

o f  the channel behav io r at each m ultipath  com ponen t individually .

5.2 Channel Estimation Techniques

5.2.1 Frequency Domain Estimation

C S I-R S  m app ing  show n in F igure 2 .15 indicates tha t the reference sym bols tha t are used fo r channel estim ation  

a re  not transm itted  on every  subcarrier. M otivation  beh ind  the frequency dom ain  channel estim ation  is to 

exp lo it the C T F  estim ates ca lcu la ted  over the REs con ta in ing  R Ss and p red ict the C T F  estim ates  at R Es w hich 

do  not contain  any  RS. C T F  estim ates over th e  subcarriers con ta in ing  reference  sym bols for a single O FD M  

sym bol or a particu lar TTI are  expressed  as

Wfix 1 =  ^RxL^-Lxl "F Hnoise ' (5 .15)

w here Hnoise is the C T F  estim ation  e rro r due to  the noisy transm ission  fo rm ulized  in (2 .25 ), FRxL is the RxL  

portion  o f  the N xN  D FT  m atrix  FNxN that is used by the U E receiver to  find the received  signal in the frequency  

dom ain  over all the a llocated  o rthogonal subcarriers. It should  be noted tha t FNxN D FT  m atrix  fo rm ulized  in 

(2 .25 ) is used to  convert the O FD M  sym bol in tim e  dom ain , w hich has N  sam ples exc lud ing  the C P, to  

frequency dom ain  co rrespondence  over N  subcarriers, FrxL m atrix  rep resen ts the  D F T  m atrix  fo r the R  row s 

con ta in ing  the RSs, and L is the m ultipath  delay  tap  length. In terpolation  filter A NxR tha t is used to 

estim ate /p red ic t the C T F  at R Es that carry  user p lane data  can  be found as

A NxR = F ( S HS  + R y 1S H, (5 .16)

w here the filte r is con figu red  accord ing  to  the param eters show n in T able  5.1 depend ing  on the chosen  m ethod  

fo r in terpo lation  [29], C T F estim ates spann ing  all the N  REs in frequency dom ain  a t a particu lar O FD M  sym bol 

is then found  as

H nxi =  ^ nxrHrxi . (5-17)

tyvxi =  F ( S HS  + R ) ~ ' S h HRx1. (5 .1 8 )
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T ab le  5.1: T im e-invarian t C T F in terpo lation  filte r coeffic ien ts fo r various estim ation  m ethods show n in [29]

Interpo la tion  M ethod F S R

IFFT
1 F F H^  ” N x L ” Rx L

I r x R O l x l

Least Squares F n x I F r x I O l x L

R egularized  Least Squares ^ N x L F r x  l a k x L

M M SE ? N x  l F r x  l ° H n o i s e ( R h ( & t  =  0 ) ) " *

M ism atched  M M SE F n x  l F r x  l ^ H n o i s e / ^LxL

D epending  on the num ber o f  resource b locks scheduled  fo r the U E at a  particu lar TT1, num ber o f  R Es that 

con tain  RSs can  vary  and (5 .17 ) w ill adap t accord ing ly . It is c lea r from  (5 .18) that as the num ber o f  subcarriers 

con ta in ing  RSs increases, the accuracy  to  estim ate  the C T F at the rem ain ing  N  — R  subcarriers im proves. 

In terpo la tion  can be perfo rm ed  w ith  both statistical and  determ in istic  approaches, w here the sta tistical approach  

y ields b e tte r perform ance that com es along  w ith a  com puta tion  com plex ity  trade-off. U nlike the determ in istic  

C T F  in terpo lation  filters like IFFT, Least Squares and  R egularized  L east Squares m ethods w hich ju s t need the 

D FT  m atrices FNxL and FfixL, statistical C T F  estim ation  heav ily  depends on the tim e  d ispersive  stochastic  

characteristics o f  the channel as exp la ined  in Section  5.1.1. C IR  au tocorre la tion  function  in delay  dom ain  

fl/,(A t =  0, A r), C T F au tocorre la tion  function  in frequency  dom ain  R H( A t  =  0, A /) ,  variance  o f  the C T F 

estim ation  e rro r o ^ noise, and the variance o f  the com plex  C IR  p rocess in delay  dom ain  g iven  by

(Tfr = E ( h { t  +  A t ) / i ( t ) h ) -  E ( / i ( r  +  A r ) ) F ( / i ( r ) ) w (5 .19)

are u tilized  during  statistical C T F  in terpolation  m ethods like regu lar and m ism atched  M M SE. A lthough  tim e-

invariant frequency  dom ain  estim ation  m ethods m ain ly  focus on C T F  in terpo lation , C IR  estim ate  at a particu lar

tim e sam ple can  be ob tained  using the sam e afo rem en tioned  m ethods by m odify ing  (5 .18 ) as

h L x l =  ( S h S + R ) - ' S h R Rx u  (5 .20)

w here /ttx l is the C IR  estim ate  over L taps. T his can  be v iew ed as a tim e dom ain  in terpo lation  m ethod  used 

jo in tly  w ith frequency  dom ain  estim ation . C IR  estim ates ob tained  in (5 .20 ) and  the C T F  estim ates from  (5 .18) 

can then be u tilized  by th e  tim e-vary ing  estim ation  m ethods to  track  the im pacts o f  chang ing  D opp ler effect in 

the channel as m entioned  in [63].
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5.2.2 Time Domain Channel Estimation and Prediction

D ue to  the scarce structu re  o f  C S I-R S  used for each C oM P m easurem en t m em ber’s channel estim ation , tim e- 

vary ing  channel estim ation  and  in terpo lation  is very  crucial for perform ance o f  R elease 1 1 coord inated  LTE-A  

system s. E ach m easured  link should  be estim ated  independently  to  co rrect the reported  UE channel feedback  

and avoid  inaccurate  jo in t transm ission  clustering . T im e invariant C T F  and C IR  estim ates ob ta ined  by 

frequency dom ain  estim ation  m ethods dem onstra ted  in the p rev ious section  have to be com plem en ted  by tim e 

dom ain  channel estim ation  and  p red iction  m ethods to  adap t U Es m ulti-po in t CSI feedback  acco rd ing  to  the 

tim e-vary ing  characteristics o f  the channel. T w o d im ensional CIR  and C T F  estim ation  m ethods are needed  to  

track  both m ultipath  and D opp ler characteristics o f  the transm ission .

O ne op tion  is to  first track  the tim e vary ing  C T F  coeffic ien ts over O FD M  sym bols con ta in ing  R Ss and 

in terpo lating  the C T F  in tim e dom ain  to  obtain  the C T F  estim ates fo r resource  e lem en ts not con ta in ing  

reference sym bols. A u tocorrelation  function  o f  the C T F  in tem poral dom ain  is needed to  track  the tim e-vary ing  

nature o f  the C TF. C T F au tocorre la tion  function  fo r a fixed subcarrie r f n in tim e dom ain  is ob ta ined  by tak ing  

the Fourier transfo rm  o f  th e  C IR  au tocorre la tion  function  from  (5 .9 ) as

R H( A t , f n ) = E [ H ( t  +  A t , f n m t , f ny ] . (5 .21)

The tim e dom ain  C T F  in terpo lation  is done separately  over d ifferen t fixed subcarriers con ta in ing  R Ss using  

(5 .21). T hese C T F  estim ates are then in terpo lated  in frequency  dom ain  by u tiliz ing  the D FT  m atrices as show n 

in Section  5.2 .1 . A no ther option  is to  estim ate  the C IR  on subcarriers w ith RS and then  track ing  the tim e- 

vary ing  behav io r o f  the C IR  taps in tim e dom ain . T racked  C IR  is then  converted  to  C T F  by FFT m atrix  to 

obtain  C T F over all subcarriers. A s a  result, tim e-dom ain  channel estim ation  can be done both for the C IR  and 

C T F  o f  the tim e-vary ing  channel w ith possib le in terpo lation  in both dom ains.

C oM P supporting  U Es perform  tim e vary ing  m ulti-po in t channel estim ation , and the C IR  at a 

particu lar delay  tap  / betw een the user / and C oM P m easurem ent set m em ber n e  NJT(i ,  t )  at TTI / is estim ated

by using  a w eigh ted  sum  o f  the cu rren t observed  channel sam ple at TTI t and prev iously  estim ated  M  — 1 C IR

sam ples as show n below :

M i l  - I

h„At ' Ti ) = X  (5 .22)
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w here the w eigh t coeffic ien ts w(m )  a re  stored  in a filte r o f  length M UE. A deta iled  rep resen ta tion  o f  (22 ) for an 

au to -reg ressive  m inim um  m ean square e rro r (M M S E ) channel estim ation  is fo rm ulized  as

Tj)  T  ^no i se ^MxM^  T j ) ]  ’ (5 .23 )

w here the regularized  tim e dom ain  C IR  au tocorre la tion  function  com ponent, Rh ( A t , r , )  +  ^ oiseIMxM, is form ed 

using  the variance o f  the channel estim ation  e rro r fo r a particu lar tap  o f  the C IR  as

2
n o i s e£ [ / l ( t , T ; ) / l ( t , T , ) * ]  +  (T,

E [ h ( t  -  M  +  T()’ ]

E [ h ( t , T i ) h ( t  -  M +  l , r , ) * ]  

£ [ h ( t  -  M  + 1, T i ) h ( t  -  M  + 1, r ,)* ] +  cr,2n o i s e

(5 .24)

C hannel estim ation  filte r o f  length M  is fo rm ed by the p roduc t o f  the inversed  regu larized  C IR  au tocorre la tion  

function  m atrix  for a particu lar delay  tap  r ,  show n in (5 .24 ) and the au tocorre la tion  vec to r betw een the m ost 

recent channel sam ple h ( t ,  r ()  and M  prev iously  estim ated  channel sam ples g iven by

E t/iC C r^ /iC C r,)* ]

E [ h ( t  -  M  +  1, r ; ) / i ( t ,  tj)* ].
T() (5 .25)

(5 .26)

T he conten ts o f  the m ultipo in t channel estim ation  filte r o f  length M  are used  to  take a w eighted  sum  o f  the M  

m ost recent C IR  rea lizations a fter RS decorrelation ,

h ( t ,  t , )  

h ( t  -  M  +  1, Tj)

to  sm oothen the C IR  estim ate  at tim e / and  delay  tap  /. A u to reg ressive  coeffic ien ts o f  the m ulti-po in t channel 

estim ation  filte r show n in (5 .22 ) are form ed using  the M M SE  criterion , w here the m ore recen t m easured  

channel estim ates are  g iven h igher w eigh ts as

w ( j ) > w ( k )  V j < k ,  (5 .27)

due to  the decreasing  nature  o f  the C IR  au tocorre la tion  function  in tim e dom ain  as proven by (5 .12 ) and 

explained  in [64],

An alternative  m ulti-po in t channel estim ation  m ethod  can be u tilized  by track ing  the 

superim posed  tim e-vary ing  C IR  coeffic ien ts instead o f  C IR  rea liza tions at each delay  tap. A lthough th is 

approach  is be less accura te  com pared  to  track ing  every  m ultipath  com ponent, m ulti-po in t channel estim ation  

com plex ity  fo r the U E w ill be decreased  sign ifican tly . Superim posed  C IR  estim ate  at TTI t is found  by
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h n, i ( t )  = [(Rh m  +  ^noise^MxM ) ' r h ( A t ) ] Hh t_ c- M  + 1

w here the used C IR  sam ples tha t a re  used as inputs to  the estim ation  filte r a re  expressed  as

(5 .28 )

f t ,

f t ( 0  =  E f= if t(C T ()  

h ( t  -  M  +  1) =  £ f =1 h ( t  -  M  +  1, r ; )

(5 .29)

F ilter coeffic ien ts in (5 .28 ) are form ed using the superim posed  C IR  sam ples from  (4 .1 6 ) and the tim e  au to ­

corre la tion  function  from  (5 .1 0 ) instead  o f  the d elay -cro ss pow er densities. Perfo rm ance com parison  o f  both  the 

schem es show n in (5 .2 3 ) and (5 .28 ) is show n in Section  5.3.

M ulti-po in t channel estim ation  procedures perfo rm ed  by the U E are enough  to  tack le  the channel 

estim ation  errors; how ever C oM P  system  delays still crea te  perform ance degradations as show n in Section  

4 .3 .2 . As a result, serv ing  e-N B  should  perform  channel pred iction  p rocedures using the C IR  estim ates  reported  

by the U E to pred ict how  the m ulti-po in t C IR s w ill change at the tim e o f  the jo in t PD SC H  transm ission . M u lti­

po in t channel p red iction  is perfo rm ed  by

the U E, respectively , and p e [ l , . . . , P ]  rep resen ts the prediction  range in term s o f  num ber o f  T T Is. The 

p red iction  filter length used  by the serv ing  eN B  is deno ted  by M NW and  the channel estim ation  filte r length  used 

by the U Es is deno ted  by M UE to avoid  confusions. It is assum ed that the C IR  pred ic tion  filte r length is g reater 

than the p red iction  range, M NW >  P , to track  the tim e-vary ing  b ehav io r o f  the channel accura te ly . Serv ing  eN B  

perfo rm s the p red iction  at P  steps using  (5 .30 ) by updating  the filter inputs, p red icted  C IR  au tocorre la tion  

m atrix  and  filter coeffic ien ts at every  step. C urren tly  pred ic ted  C IR  sam ple rep laces the m ost ou tdated  C IR  

sam ple fo r the filter input at every  step  p .  P rediction  filter coeffic ien ts are  genera ted  sim ilar to  the estim ation  

filters show n in (5 .24 ), how ever the regu larized  C IR  au tocorre la tion  com ponen t is a lte red  as

+ = +  + Z  hn i (t + p - m M m )  | p e [ \  P] (5 .30)
m - I 
P 1

- P

w here hn , and hn: rep resen t the pred icted  C IR  sam ples by the serv ing  eN B  and the estim ated  C IR  sam ples by

E [ h ( t ,  T;)*] +  £ E [ h ( t , T i ) h ( t  -  M  +  1,T()*]
(5 .31)

E [ h ( t  -  M +  l , T ( ) / i ( t , r , ) * ]  E [ h ( t  — M  +  l , T , ) / i ( t  -  M  +  1 , t ()*] +  £
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to  rep lace the C IR  estim ation  erro rs that w ere used fo r regu lariza tion  by epsilon . D iagonals o f  the CIR 

au tocorre la tion  m atrix  are sum m ed w ith the epsilon  to  m ake sure the m atrix  is invertib le , and  since the C IR  

sam ples used by the serv ing  eN B  are already  estim ated  by the U Es using  (5 .24), regu larization  for the 

p red ic tion  filter should  not again  u tilize the variance o f  the channel estim ation  errors. It should  be no ted  that 

both the channel estim ation  and the p red iction  filters, a long  w ith  the C IR  sam ples used as inputs, are tim e- 

vary ing  in o rder to adap t to  the sm all scale fad ing  cond itions o f  the channel.

5.3 CoM P Perform ance Gains due to Channel Estimation and Prediction

M ulti-po in t au to -reg ressive  M M SE  filter is im plem ented  to  track  and estim ate  the channel gains at each delay  

tap  / for every  C oM P  m easurem ent set m em ber n  e  Nmeas as fo rm ulated  in (5 .23). M ulti-poin t channel 

estim ation  e rro r for each delay  tap  I o f  every  rad io  link is m odeled  independently  as a  com plex  c ircu la r add itive 

G aussian  noise as

K i ( t , T i ) =  h n i ( t , T i ) +  h err( \ i ,a ) ,  (5 .32)

w here the estim ation  e rro r is m odeled  as hav ing  0 m ean and 0 .12  standard  dev iation  both  for the real and 

im aginary  com ponen ts o f  the com plex  C IR . R eceived pow er estim ation  e rro r o f  Pe r r (0  dB, 6  dB ) is ob ta in ed  by 

p lugg ing  the com plex  c ircu la r G aussian  estim ation  error, h err(\x =  0 , a  =  0 .1 2 ) , into (4 .17). M ulti-po in t 

channel estim ation  filter length , M UE, should  be chosen  w ith g rea t attention  as unnecessarily  long estim ation  

filters increases the com plex ity  o f  the estim ato r and since the Rh ( A t , r () d ecreases w ith increased  tim e 

d ifferences, en larg ing  the filte r length increase does not bring  m uch advan tage  to  the estim ator. T herefore , 

single point channel estim ato rs determ ine the filter m em ory  spans accord ing  to  the receiver velocity  and  the 

coherence  tim e o f  the channel. M ulti-poin t track ing /estim ation  filters w ith  m em ory  spans, M UE, o f  6 and 30 

T T Is are sim ulated  w ith  fixed lengths fo r each U E in the netw ork  regard less o f  the location and channel 

conditions. A verage energy  effic iency  o f  the access ne tw ork  and the dow nlink  capacity  observed  considering  all 

the user locations, increased  from  62 kb its/Jou le  to  70 kb its/Jou le  and from  10.2 M bits/sec to 11.9 M bits/sec, 

respective ly , as the static filte r lengths increased from  M UE =  0  to  M UE =  30 . It is c lea r from  Figure 5.1 that 

the m ulti-po in t channel estim ation  gains are m ore sign ifican t in term s o f  perfo rm ance percen tage  im provem ents 

fo r users that are supposed  to  have h igher C oM P  jo in t transm ission  set degrees in ideal c lustering  conditions. 

Energy effic iency  o f  the access netw ork and the ach ieved  dow nlink  capacity  co n sidering  the users t e  iN i%
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A) DL Capacity Gam due to Multipoint CIR Estimation by Tracking Each B) Energy Efficiency Gam due to Multipoint CIR Estimation by Tracking Each Delay Tap

 d = 0 ms. o = 0 dB
 d = 0 ms, g  = 6 dB, Muf = 0

 d = 0 ms. o = 6 dB, M, = 6

 d -O m s  o = 0dB

UE

o 10
d = 0 ms, o = 6dB, M = 30 d = Oms o = 6dB MyE = 30

> 5 0

8  20

100100
Percentage ot Users sorted by Ascending Average JT Cluster DegreePercentage of Users sorted by Ascending Average JT Cluster Degree

Figure 5.1: Downlink capacity and energy efficiency increases due to multi-point CIR estimation by tracking each delay tap. 

h n i (t, T j ) .  individually using the delay-cross power density functions formulated in (5.23).
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B) Perfoimance Gains due to Multi-point Sipenm posed CIR Estimation
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Figure 5.2: Comparison o f multi-point channel estimation done by tracking CIR at each delay tap separately as shown in 

(5.23) versus tracking the superimposed CIR samples as shown in (5.28).

increased from  14.3 kb its/Jou le  to  25.1 kb its/Jou le  and from  3 .82 M bits/sec to  5.93 M bits/sec, respective ly , as 

the channel estim ation  filte r lengths increased from  M VE =  0 to  M UE =  30 . A s a  resu lt, m ulti-po in t channel 

estim ation  filte r lengths o f  L TE -A  and beyond  U Es should  be chosen  acco rd ing  to  both  the user velocity  and the 

C oM P  characteristics o f  the U Es, since increasing  the m em ory  span o f  the m ulti-po in t estim ato rs y ie lds m ajo r
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perfo rm ance im provem ents fo r users w ith h ig h er jo in t transm ission  clustering  sets com pared  to  less C oM P 

d ependen t users.

U Es can perform  C IR  estim ation  e ither by track ing  the tim e-vary ing  b ehav io r o f  each delay  tap 

com posing  the C IR  as sim ulated  in Figure 5.1 o r by ju s t track ing  the superim posed  C IR  sam ples to  reduce the 

com puta tion  com plex ity  as p roposed  in (5 .28). Both schem es are sim ulated  fo r low  m obility  conditions, 

v  =  6  k m / h , w here the serv ing  eN B  is assum ed to  form  the JT  clusters using  the UE estim ated  m ulti-po in t C IR  

sam ples w ithou t any delay  encoun tered  as show n in F igure 5.2. M ulti-po in t C IR  estim ation  schem e that tracks 

each tap  individually  using M UE =  3 0  y ie lds energy  e ffic iency  and dow nlink  capacity  percen tage perfo rm ance 

im provem ents up to  56% ; w hereas m ulti-po in t superim posed  C IR  estim ation  schem e y ie lds 51%  im provem ent 

com pared  to  C oM P schem es lacking any receiver m em ory span, M UE =  0. A t first, it m ay seem  like track ing  

the C IR  sam ples and the tim e-vary ing  au to -co rre la tion  functions separa te ly  fo r each m ultipath  com ponen t is a 

be tter perfo rm ing  schem e as opposed  to  schem es tha t ju s t track  the superim posed  C IR  using the overall tim e 

co rrelation  functions. H ow ever, s to ring  C IR  at each  delay  tap fo r each C oM P  m easurem en t set m em ber and 

fo rm ing  indiv idual au to -co rre la tion  functions fo r each m ultipath  com ponen t p laces a huge com putation  

com plex ity  burden  on the U E. A s a result, U Es m ay choose  to  sw itch betw een  the tw o  schem es depend ing  on 

the com puta tion  com plex ity  versus C oM P  clustering  accuracy  trade-o ff. It should  also  be noted  that the 

increased com puta tion  com plex ity  fo r C IR  estim ation  m ay cause CSI feedback  delays, w hich in fact decreases 

the clustering  accuracy  due to  D oppler conditions.

Perform ance o f  com parison  o f  C oM P system s under perfect c lustering  cond itions hav ing  no 

estim ation  erro rs o r system s delays, Pe r r (p  =  0 dB, a  =  0  dB ) and A =  0 m s; versus system s sub ject to 

inaccurate c lustering  conditions, Pe r r (p  =  0 dB ,rr =  6 dB ) and  A =  10 m s , w hich do not have any  C IR  

estim ation  o r p red iction  m echanism s, M UE =  0 and MNW =  0 , are already  perfo rm ed  in C h ap te r 4. 

A fo rem en tioned  sim ulation  results dem onstrated  in F igure 5.1 and  5.2 assum ed the system  has no delays, and 

estim ation  e rro r challenges are  tack led  by im plem enting  m ulti-po in t C IR  estim ation  filters. H ow ever, serv ing  

eN B  channel pred iction  m ethods should be used jo in tly  w ith  U E m ulti-po in t channel estim ation  m ethods to 

tack le  both the estim ation  e rro r and system  delay  issues in C oM P  schem es. Inaccurate  C oM P  transm ission  

cond itions are sim ulated  w ith A =  10 m s  and  Pe r r (g  =  0 dB, a  =  6  d B ), and the perfo rm ance o f  schem es
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A) DL Capacity Gam due to Multipoint CIR Estimation and Prediction B) Energy Efficiency Gain due to Multipoint Channel Estimation and Prediction
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Figure 5.3: Downlink capacity and energy efficiency gains o f  the CoM P system due to UEs perform ing superim posed CIR 

estim ation using (5.28) and serving eNB perform ing CIR prediction using (5.30).
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Channel Estimation and Prediction Filter Impact on CoMP Performance
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Figure 5.4: Perform ance im provem ent o f  the C oM P system by utilizing m ulti-point channel estim ation and prediction 

schemes.

w hich only  use m ulti-po in t channel estim ation  m ethods is com pared  to  the schem es w hich use C IR  estim ation  

and pred iction  m ethods jo in tly . C IR  p red iction  is perfo rm ed  using  (5 .30) and the sim ula tion  resu lts are 

dem onstra ted  in F igure 5.3 and 5.4. C oM P  access netw ork energy  effic iency  and  dow nlink  capacity  percen tage  

perform ance degradation  o f  the schem es, w hich solely  use m ulti-po in t channel estim ation  m ethods hav ing
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M ue = 6  and M NW -  0 , reached  around  25%  and  31% , respective ly , com pared  to  the perfect c lustering  

conditions. H ow ever, w hen the serv ing-eN B  com plem en ted  the m ulti-po in t C IR  estim ation  schem es by 

perfo rm ing  p red iction  using  the estim ated  C IR  sam ples using  M UE =  6 , M NW =  2 0 , and  P  =  10  m s , energy 

effic iency  and dow nlink  capacity  percen tage perfo rm ance degradation  reduced  to  11% and 17%, respectively , 

com pared  to  the ideal c lustering  conditions. It should  be noted  that the C IR  pred ic tion  range P  is set to  the 

system  delay  observed  in the channel to  m axim ize the perfo rm ance gains due to  p red iction . T he ratio  betw een 

the C IR  pred iction  filter m em ory span and the p red iction  range, can be fine-tuned  to  op tim ize the

pred iction  accuracy . It can be concluded  tha t the serv ing  e-N B  should  adap t the p red iction  range P  and the 

filte r length  M NW acco rd ing  to  the served U E ’s C oM P  charac teristics, since increased C IR  p red iction  filter 

lengths w hile serv ing  users w ith h igher N c ( i )  a id  the C oM P  perfo rm ance m etrics m ore sign ifican tly  as opposed  

to scenarios w hile serv ing  users w ith low er c lustering  degrees.

5.4 CoM P Adaptive Channel Estimation Filter Design

M ulti-po in t channel estim ation  filters at the U E should  be designed  acco rd ing  to  the U E ’s C oM P  param eters. 

N one C oM P adaptive m ulti-po in t channel estim ation  filte r length choices cause the below  problem s:

•  Inaccurate m ulti-po in t CSI feedbacks result in exclusion  o f  a po ten tia l jo in t transm ission  po in t from  

the C oM P  cluster and decrease  both the energy  effic iency  o f  the access netw ork  and the u ser perceived  

quality  o f  serv ice in term s o f  da ta  rates.

•  Inclusion o f  an incorrect po in t in the C oM P  jo in t transm ission  cluster increases th e  dow nlink  data  rates 

slightly ; how ever causes sign ifican t b its/Jou le  energy  effic iency  losses since the increased  pow er 

consum ption  o f  the access netw ork is not com pensated  by an equal am oun ts o f  dow nlink  capacity  

gains for the served UEs.

•  C hanel estim ation  filter length increases for less C oM P  dependen t U Es increase the com putation  

com plex ity  o f  the C IR  estim ation  unnecessarily  since JT  c lu s te ring  accuracy  is not vital for U Es 

hav ing  low er N c .values

•  U sing  the sam e C IR  estim ation  filte r length for all the  channels betw een  the U E and  the C oM P  

m easurem ent set m em bers increases the com puta tion  com plex ity  unnecessarily  fo r the po in ts tha t are 

less likely to  be included in th e  jo in t transm ission  set.
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D o w n  S e l e c t i o n

Figure 5.5: Instantaneous received pow er thresholding to predict the m em bers o f  the jo in t transm ission cluster and adapt the 
m ulti-point channel estim ation filter lengths.

U nlike the cu rren tly  ex is ting  channel estim ation  a lgo rithm s tha t adap t the m em ory  span o f  the channel 

estim ation  filters acco rd ing  to  the rece iver velocity , coherence  tim e, and noise o f  the channel; a new  a lgorithm  

is p roposed  to adapt the m em ory  span  o f  the m ulti-po in t channel estim ation  filters acco rd ing  to both the cu rren t 

and  p rev iously  observed  tim e-vary ing  C oM P  characteristics o f  the UE.

5.4.1 User Driven Instantaneous Received Power Thresholding

Jo in t transm ission  c lu s te ring  th resho ld  is defined  at the U E, V u e - j t  > V n w - j t*  t0  pred ict the m em bers o f  the 

C oM P  m easurem ent set w hich w ill be chosen  for PD SC H  transm ission . V u e - j t  is set to a h igher value than 

V n w - j t  t0 accoun t for channel estim ation  and m easurem en t errors. A fter perfo rm ing  m ulti-po in t m easurem en ts 

for each m em ber o f  the serv ing  e-N B  prov ided  C oM P m easurem ent set, UE i so rts the instan taneous received  

pow er values in d escend ing  o rd e r and chooses the best po in t in th e  m easurem en t set for the cu rren t TTI t. UE, 

then perfo rm s a th resho ld -based  decision  accord ing  to  V u e - j t  ar>d form s a vec to r NjT_ ue  w ith  the p red ic ted  e- 

N B s that are h ighly  likely to  be included  in the jo in t transm ission  set. A ccord ing  to  th e  adap tive  filte r lookup 

table  show n in F igure 5.5, filters w ith h igher m em ory  spans are chosen  to  estim ate  and sm oothen  the channel 

sam ples V n e NJT_UE w hile filters w ith shorter lengths are chosen  V n €  N]T_UE not to  increase the channel 

estim ation  com puta tion  com plex ity  unnecessarily  fo r poin ts that are less likely to  be included  in Nj t _ n w  on the 

upcom ing  TTI. T his is a  stra igh t forw ard m ethod  since the only  param eters needed  fo r com puta tion  are  the 

instan taneous m easured  received  pow ers for each n e NMeas, and  the U E does no t need  to  sto re  the p rev iously  

o bserved  C oM P  param eters. It should  be noted  that each netw ork  vendor o r the carrie r m ay have d iffe ren t jo in t 

transm ission  th resho lds, V NW~jT, and the user m ay approx im ate  these  th resho lds by co m paring  the m easured  

received  pow ers for n  e  NMeas w ith the chosen  m em bers o f  the jo in t transm ission  set a fte r E -PD C C H  or 

PD SCH  decoding . A s a resu lt, U E u tilized  jo in t transm ission  clustering  th resho ld  V yser- jT  is sub jec t to  change 

accord ing  to  the c lu s te ring  decision  m echan ism  o f  the serv ing  e-N B .

i  sort[Pa [lit).descend ] 

• argmax{Pu (n,0}=nJ(.
%  (nBesl 4) ” Pr x M  I- JT
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Figure 5.6: T racking tim e-varying mean o f  the C oM P jo in t PDSCH transm ission clustering degrees to adapt m ulti-point 
channel estim ation filter lengths.

5.4.2 Moving Mean of Joint Transmission Cluster Degree

Single d im ensional c ircu la r buffer, B, w ith  size Twindow is used to sto re  the jo in t transm ission  clustering  

degrees, Nc , observed  in the p rev ious Twindow T T Is. T he con ten ts o f  the c ircu la r bu ffer are passed  to  a m ean 

ca lcu lation  b lock, w hich finds the m oving  m ean o f  the c lu s te ring  degrees, \xNc, in the last Twindow subfram es. 

Q uan tized  th resho ld ing  is then  used to  characterize  the C oM P  set degrees observed  at the U E fo r PD SCH  

transm ission  and the channel estim ation  filters w ith larger m em ory  spans are  chosen  fo r users that have h igher 

Hnc - T his m ethod  is consisten t w ith the sim ulation  resu lts show n in F igure 5.2 p rov ing  tha t th e  users tha t have 

h igher C oM P clustering  degrees have b e tte r perfo rm ance gains w ith larger channel estim ation  filte r lengths. 

T his m ethod could  be used jo in tly  w ith the m ethod  m entioned  in Section  5 .4 .1 , since a u ser hav ing  a high 

should  not increase the filte r lengths for all the  points in the m easurem ent set. A s a result, filter m em ory spans 

are increased for points that satisfy n e  NJT_UE, fo r the users that have high m ean o f  jo in t transm ission  

clustering  degrees observed  in last Twindow T T Is as dem onstra ted  in F igure 5.6. C ircu lar buffer and quantized  

th reshold  m echan ism s help  the user avoid  sudden filte r length changes in cases o f  fast fad ing  scenarios w ith 

channel estim ation  erro rs, and create  a robust env ironm en t fo r m ulti-po in t C IR  estim ation .

5.4.3 Independent Tracking of CoMP Measurement set points

Instead o f  track ing  the m ean C oM P clustering  deg rees as p roposed  by Section  5.4.2 o r ju s t using  the 

instan taneous received  pow er m easurem ents for n  e  Nmeas as p roposed  by Section  5.4 .1 , serv ing  eN B  jo in t 

transm ission  set c lu s te ring  decis ions can be tracked  ind iv idually  for each point. A tim e vary ing  B oolean 

variab le  x n ( t )  is in troduced , that w ill be set to  1 fo r the C oM P m easurem en t set m em ber n e  Nmeas w hich is 

a lso  partic ipa ting  in jo in t PD SCH  transm ission  on T T I /, and w ill be set to  0 if  it is excluded  from  the jo in t 

transm ission  c lu s te r form ed by the serv ing  e-N B , n €  Nj t _n w . A  tim e-vary ing  tw o  d im ensional c ircu la r buffer, 

BtNjjTwindoH,], is used to  store the values o f  * „ (£ )  over Twindow T T Is fo r all the m easured  C oM P points. 

C onten ts o f  the c ircu la r bu ffer are sent to  a sum m ation  b lock, w hich w ill sum  the co lum ns o f  B  to  find the total
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Figure 5.7: Independent tracking o f  tim e-varying C oM P M easurem ent set poin ts to dynam ically adapt the filter lengths 

separately for each n  e  N m e a s .

num ber o f  T T Is each po in t n  has ac tive ly  partic ipa ted  in jo in t PD SCH  transm ission  over the last Twind0W TTIs. 

O b ta ined  values o f  X n for each m easured  po in t are then  sen t to  a m ulti-po in t adap tive filte r length lookup  table  

and the C IR s co rrespond ing  to  the po in ts tha t ac tive ly  partic ipa ted  in jo in t PD SC H  transm ission  in the recent 

T T Is w ill be estim ated  and  pred ic ted  using  filters w ith h igher m em ory spans as show n in F igure 5.7. A s a result, 

channel estim ation  filter lengths M UE(n, t )  w ill be adap ted  separately  for each po in t n  in a tim e-vary ing  fashion.

5.4.4 Adaptive Filter Lookup Table Formation

All the afo rem en tioned  C oM P  adaptive channel estim ation  filte r design techn iques u tilize  an adap tive  filter 

length look up tab le  acco rd ing  to  various inputs. A daptive m ulti-po in t channel estim ation  filter leng ths used by 

the U Es are set to  M UE =  [ m low, depend ing  on m ean clustering  degrees observed  by the U E and

the p robability  o f  each m easured  po in t n  e  Nmeas a lso  being a  m em ber if  the jo in t tran sm ission  set n  e Nj t _n w . 

It should  be noted  that the channel estim ation  filte r lengths, M UE, co rrespond  to  the num ber o f  stored  C IR  

sam ples by the UE. D ow nlink  RRC  signaling  p rovides the m em bers o f  the C oM P  m easu rem en t set as exp la ined  

in Section  2.2 .4 . Each point m ay have d ifferen t C S I-R S  insertion  density  in th e  resource b lock  pairs for m ulti­

po in t channel estim ation . T im e -v a ry in g  C S I-R S  density  o f  each e-N B  in the C oM P  m easurem ent set is defined  

as the num ber o f  CSI reference  sym bols fo r each an tenna port o f  each point per subfram e as

d ( n ,  t )  =
#  CSI -RS  

TTI
(5 .33 )

A n exam ple o f  a quan tized  m apping  betw een  the C IR  au tocorre la tion  value, co rrespond ing  coherence  tim e, and 

the channel estim ation  filte r length is show n in T ab le  5.2. D uration o f  the channel estim ation  filte r can  be 

ob ta ined  by using  the au to -co rre la tion  betw een  the first and  the last m em bers o f  the sto red  C IR  values and 

m odify ing  ( 5 .1 1) as

A tr
Ac o s  i \ RE ( ^ t  = t i ~ t M u E  ) = c £] 

=  t l  _  t Mue >  —  . (5 .34)
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T able 5.2: M ulti-Po in t adap tive  estim ation  filter length lookup  tab le  using  C IR  au tocorre la tion  values

C IR  A uto-correlation C oherence  T im e Filter Length (M em ory  Span)

( - h i gh A t - l 0 W Chiah ^ l o w

C m i d A t _ m i d Cmjrl ™ - mi d

Cl o w A t - h l S h c low ( f t h i g h

For less C oM P  dependen t U Es tha t have sm aller jo in t transm ission  clustering  degrees, the C IR  au to -co rre la tion  

value betw een the first and  the last m em bers o f  the stored  C IR  sam ples, h ( t ,  t , )  and h ( t  -  M  +  l , r () , can  be 

set to  a h igher value tha t y ields low er coherence  tim e fo r the filte r m em ory  span and  sho rte r channel estim ation  

filter lengths. H ence, fo r U Es hav ing  h igher N c degrees, au tocorre la tion  betw een  the first and the last stored  

C IR  estim ates w ill be set to low er values to  en large the filter lengths and increase the  c lu s te ring  accuracy . F ilter 

lengths can be found by using  the C SI-R S  density  fo rm ulated  in (5 .33 ) as

m ( n , t )  =  d ( n , t ) A t c . (5 .35 )

As a result, the adap tive  channel estim ation  filte r lengths sto red  in the quan tized  lookup  tab les are sub jec t to 

change w ith vary ing  rece iver velocities.

5.5 UE Anchored Down-Selection for CoM P Joint Transm ission Cluster

C oM P  system  delay  betw een  the tim e U Es send m ulti-po in t CSI feedback  and the tim e serv ing  e-N B  form s the 

jo in t transm ission  c lu s te r to  tran sfe r the user p lane data  to  the U Es is th e  bo ttleneck  for energy  effic iency  and 

dow nlink  capacity  perfo rm ance as proved  in Section 4 .3 .2 . C lustering  decis ions taken  acco rd ing  to the ou tdated  

versions o f  the CSI feedbacks degrade the perfo rm ance o f  C oM P  system s. Serv ing  e-N B  can perform  CIR  

p red iction  m ethods to  tack le  the challenges caused  by the system  delays as show n in Section  5.3. H ow ever, 

conso lida ting  all the CSI reports for n e Nmeas and pred ic ting  the C IR s for each rad io  link create  a  huge 

com putation  burden on the serv ing  e-N B .

UE aided  jo in t transm ission  c lu s te ring  schem e is p roposed , w here the UE first app lies  C oM P adaptive 

m ulti po in t channel estim ation  p rocedures m en tioned  in Section  5.4 and then re-sorts the sm oothened  received 

pow er estim ates, PRX, in descend ing  o rder for all the m em bers o f  the C oM P  m easurem en t set. B est C oM P 

m easurem ent set m em ber is found by a r g  m a x n {PRX( n , t )} =  n best, u sing  the received  pow er m easurem ents 

acco rd ing  to  the estim ated  m ulti-po in t C IR  values. U E, then  perform s a th resho ld -based  decis ion  to  p red ict the 

possib le  m em bers o f  the Jo in t T ransm ission  set c lu s te r as
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1'igure 5.8: CoMP joint transmission cluster down-selection anchored by the IJE after performing multi-point channel 

estimation and thresholding the received power estimates for each measured point.

n e % -«£  i f  \PRx(n best’ 0  — pRx(n ’ 01 ^  Vue- jt • (5.37)

n €  N j T _ u e  i f  \PRx(n b e s f t )  ~  p R x(n ’ t ) \  > VuE-JT ■ (5 .38 )

V u e - jt  ' s th e UE defined  th resho ld  to  p red ict the m em bers o f  the jo in t transm ission  set a fte r perfo rm ing  

channel estim ation . It is de term ined  by using  the se rv ing  e-N B  clu s te ring  th resho ld , the standard  dev ia tion  o f  

the received  pow er m easurem ent errors, Perr( n , a ) ,  resu lting  from  channel estim ation  d iscrepancies, and a 

tun ing  param eter, s, as

V u E - J T  =  V N W - j T  +  Sf fPerr ’ (5 .39 )

Both V NW- j T and a Perr a re  approx im ated  by U E using  a fin ite buffer s to ring  the instan taneous V NW_JT values 

observed  in the recen t T T Is by check ing  the d ifference betw een the best and  the w orst received  pow ers from  

points perfo rm ing  jo in t PD SC H  transm ission . By th is m ethod , UE adapts to  various n etw ork /carriers tha t have 

d ifferen t c lu s te ring  th resho ld  configu ra tions. U E pred icted  c lu s te r th resho ld  is m ade robust to  the possib le  

channel estim ation  e rro rs by add ing  a Perr as a  security  m argin , and can be tuned  acco rd ing  to  various m u lti­

point channel estim ation  schem es. U E then  sends ou t m ulti-po in t CSI feedbacks only for C oM P  m easurem en t 

set poin ts that satisfy  n e  NJT. UE as show n in F igure 5.8. T his schem e reduces the up link  pay load  fo r m u lti­

po in t CSI feedbacks and decreases the heavy processing  and  clustering  decis ion  burden  on the serv ing  eN B  by 

perfo rm ing  dow n-selec tion  on the jo in t transm ission  set for the upcom ing  TTI. CSI feedback  for the po in ts that 

are less likely to  be a part o f  the jo in t transm ission  set are not transferred  over the access netw ork  o r betw een 

the C oM P  nodes. H ence, se rv ing  e-N B  avoids unnecessary  p rocessing  for these  po in ts and reduces the overall 

com puta tion  tim e fo r C IR  pred iction . A s a result, the c lu s te ring  decis ions becom e m ore accura te  at the tim e o f  

PD SC H  transm ission . It should  be noted  that the th resho ld ing  p rocedures described  in (5 .37 ) and show n in 

F igure 5.5 share the sam e logic. H ow ever, (5 .37 ) is perform ed a fter channel estim ation  procedure  to  lim it the
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num ber points abou t w hich U E sends CSI feedback  for, w hile the m ethod  explained  in Section  5.4.1 perform s 

th resho ld ing  on the m easured  received  pow er values to  ad just the channel estim ation  filte r lengths.

5.6 Summary

C hannel estim ation  erro rs and  system  delays, w hich cause  inaccurate  C oM P jo in t transm ission  c lustering  

decis ions, are tackled  using a  holistic approach  w here U Es perform  m ulti-po in t channel estim ation  and  serv ing  

e-N B  perfo rm s m ulti-po in t channel p red iction  p rocedures. T im e dom ain  channel estim ation  and p red iction  

a lgo rithm s both u tilize the tim e-vary ing  second  o rder stochastic  characteristics o f  the C IR . U Es can perform  

m ulti-po in t C IR  estim ation  e ither by track ing  each delay  tap  ind iv idually  o r by track ing  the overall 

superim posed  C IR . It is dem onstra ted  that a lthough  the la tte r m en tioned  schem e y ie lds less accura te  estim ation  

results, it reduces the com putation  tim e sign ifican tly . C IR  pred ic tion  gains are m ax im ized  by setting  the 

p red iction  range equal to  the observed  C oM P  system  delays and  m ak ing  sure there are  enough C IR  sam ples 

sto red  by the serv ing  e-N B  to  track  the tim e-vary ing  nature o f  the rad io  links. N ovel m ulti-po in t channel 

estim ation  filter designs are  p roposed , w here the UE adap ts the estim ation  filte r lengths acco rd ing  to  the 

observed  C oM P clustering  degrees and the likelihood  o f  each m easured  point be ing  included  in the jo in t 

transm ission  cluster on the upcom ing  TTI. T his m ethod  m akes sure th e  U Es w ith h igher c lu s te ring  degrees 

utilize estim ation  filters w ith larger m em ory  spans fo r points that are m ore likely  to  be included  in the jo in t 

transm ission  set. UE aided  dow n-selection  m ethods should  be used jo in tly  w ith the C oM P  adap tive  channel 

estim ation  procedures to  decrease the m ulti-po in t CSI p rocessing  tim es at the serv ing  e-N B . C oM P  clustering  

accuracy  is im proved and the C IR  estim ation /p red ic tion  com puta tion  com plex ities are  reduced  w ith the 

p roposed  schem es.

T he w ork exp la ined  in th is chap te r is part o f  the patent filings [65] and [66], A jo u rn a l p ap er is also  

under preparation .
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Chapter 6 

Conclusion and Future Work

6.1 Thesis Conclusions

C ell sw itch  o f f  schem es, w hich  aim  on decreasing  the pow er consum ption  o f  the access ne tw orks by tu rn in g  o ff  

the cells w ith low traffic  loads, a re  used jo in tly  w ith the L TE -A  C oM P technology , w hich  prim arily  ta rge ts  on 

im proving  the cell edge  perfo rm ance in term s o f  ach ieved  capacity  rates. It is show n tha t the C oM P  aided  cell 

sw itch  o f f  schem es are superio r to  the trad itional cell sw itch  o f f  schem es in term s o f  both energy  effic iency  and 

dow nlink  capacity  rates ach ieved  in the netw ork.

Perform ance o f  the p roposed  C oM P  schem e is heavily  dependen t on the accuracy  o f  the jo in t 

transm ission  clustering  decis ions g iven by the serv ing  e-N B . Inclusion o f  an incorrect po in t in the C oM P  cluster 

decreases the b its/Jou le  energy  effic iency  o f  the netw ork  since the increased dow nlink  capacity  rates are  not 

enough  to  com pensate  for the add itional pow er consum ed in the netw ork  due to  C oM P  backhaul da ta  transfers 

and  signal p rocessing . O n the  o th er hand, exclud ing  a  co rrect cand ida te  from  the jo in t transm ission  cluster 

d egrades both  the energy  effic iency  and  the dow nlink  capacity  perfo rm ance m etrics. To balance  the trad e -o ff  

betw een  the energy  effic iency  and the capacity  K PIs, serv ing  e-N B  should  perform  th resho ld -based  clustering  

decis ions depend ing  on the received  dow nlink  pow er levels betw een  the m em bers o f  the C oM P m easurem en t 

set and  the served UE. T h resho ld -based  clustering  m ethod  m akes sure that the energy  effic iency  o f  the C oM P 

access ne tw ork  is not degraded  w hile try ing  to  im prove the cell edge data  rates.

R ealistic perfo rm ance gains o f  the C oM P schem es are revealed  by s im ula ting  dynam ic sm all scale 

fad ing  channels for m ulti-po in t rad io  links and jo in tly  considering  the possib le  system  delays and  channel 

estim ation  erro rs that can o ccu r p rio r to  PD SC H  user p lane data  transfers. H igh m obility  scenarios lead to  m ajo r 

jo in t transm ission  c lu s te ring  inaccuracy due to the decreasing  nature  o f  the C IR  au toco rre la tion  functions, 

w hich crea te  ou tdated  CSI feedbacks in C oM P  system s w ith delays. M ulti-po in t channel estim ation  erro rs result 

in perfo rm ance degradation  since both the c lu s te ring  degrees and the chosen  m em bers o f  the transm ission  

cluster are  affected . It is show n that th e  U Es w ith  h igher C oM P set degrees are m ore sensitive  to  C SI de lays and 

estim ation  e rro rs y ie ld ing  inaccurate  c lustering  decis ions at the serv ing  e-N B .
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C hannel estim ation  p rocedures perfo rm ed  by th e  C oM P  supporting  U Es via tim e-vary ing  au to ­

regressive M M SE  filters are enough  to  tackle the cha llenges in troduced  by faulty  m ulti-po in t received  pow er 

m easurem ents. M ulti-po in t channel estim ation  can be im plem ented  e ither by track ing  the overall superim posed  

C IR  o r by track ing  the decom posed  C IR  at each m ultipath  delay  tap. It is show n tha t th e  latter schem e yields 

m ore accura te  C IR  estim ates but com es along  w ith increased  com puta tion  com plex ity . LTE-A  serv ing  e-N B s, 

ancho ring  the jo in t transm ission  C oM P  procedures, can  address the d iscrepancies caused  by th e  ou tdated  CSI 

feedbacks due to  system  delays by perfo rm ing  C IR  pred ic tion  fo r each UE — n  e  Nmeas link befo re  fo rm ing  the 

NjT clusters.

E xisting  channel estim ation  filter m em ory  spans im plem ented  by the U Es are adap ted  acco rd ing  to  the 

observed  C oM P  characteristics. C oM P  dependen t U Es, w hich are  served w ith  h igher clustering  degrees, need  to 

have filters w ith increased lengths to  avo id  inaccurate c lustering  decis ions; w hereas the U Es sub ject to PD SCH  

transm ission  from  sm aller c lusters can  decrease the au to -reg ressive  filter lengths to  avo id  the com putation  

com plex ity  overhead . D ynam ic filter lengths for each po in t in C oM P  m easurem en t set are u tilized , so  tha t only 

the po in ts tha t are m ore likely  to be included  in the jo in t tran sm ission  sets are  estim ated  w ith larger filter 

m em ory  spans. It should  be noted  that all the  a fo rem en tioned  m ethods fo r C oM P  adap tive  channel estim ation  

filters can  be adap ted  by serv ing  e-N B s for m ulti-po in t C IR  p red ic ting  filters. P rocessing  burden on the anchor 

e-N B  is fu rther decreased  by the U Es tak ing  in itiative on the c lu s te ring  decis ions by send ing  ou t CSI feedbacks 

only  fo r a subset o f  the C oM P  m easurem ent set w hich has high potential o f  tak in g  active ro le du ring  jo in t 

PD SC H  transm ission .

6.2 Possible Enhancements and Future W ork

Proposed  schem es fo r C oM P  aided  cell sw itch o f f  techn ique and  C oM P adap tive  channel estim ation  and 

pred iction  m ethods have been p resen ted  w ith fo rm ulation , ana ly s is  and sim ulation  resu lts; how ever, there  is still 

room  fo r enhancem ents. Future w ork  and  in teresting  open research  top ics are  listed as follow s:

•  D ynam ic sw itch ing  betw een  the trad itional and C oM P  aided  cell sw itch  o f f  schem es can  be 

im plem ented , since it m ight no t be w orthy in som e scenarios to  involve C oM P  unnecessarily . L TE -A  

access netw orks can im plem ent a dual m ode operation  betw een  th e  trad itional and  C oM P  aided  cell
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sw itch  o f f  schem es. A dap tive  changes betw een  the tw o  schem es can be perfo rm ed  accord ing  to  the UE 

d is tribu tion  and  schedu ling  in the access netw ork .

•  DL C apacity  perfo rm ance for the C oM P  schem es used S h an n o n ’s m odel for ca lcu la tions, as presen ted  

in Section  3 .2 .1 . M ore realistic  da ta  rate ca lcu la tions can be perfo rm ed  by tak ing  L TE -A  A M C  

schem es into considera tion  and using  actual CSI feedback  versus PD SC H  m odulation  schem e m app ing  

tab le . It should be noted  that the ex is ting  A M C  tab les have to  be altered  for jo in t transm ission  C oM P  

schem es.

•  M ulti-po in t channel estim ation  schem es u tilized  the tim e-vary ing  characteristics o f  the channel to  track  

the C IR s, as described  in Section 5.2. An alternative  m ethod  can be im plem ented  by track ing  the tim e- 

vary ing  C T F  in frequency  dom ain  using  the tim e d ispersive  characteristics o f  the channel assum ing  

uncorrelated  sca ttering  betw een  the m ultipath  delay  taps. T im e vary ing  C T F  au toco rre la tion  function  

for a particu lar subcarrier frequency  tone f 0 is form ed as

E [ H { t u f 0) H ( t u f 0y ]  -  ]

E [ H ( t M, f 0) H ( t „ f 0y ] -  E [ H ( t M, f 0) H ( t M, f Qy ]
(5 .40)

It w ould be in teresting  to  see the perform ance d ifferences in term s o f  estim ation  accuracy  and 

com puta tion  tim e o f  the C T F  track ing  schem e as opposed  to  the superim posed  and decom posed  tim e- 

vary ing  C IR  track ing  schem es exp la ined  in th is  thesis. C T F  au tocorre la tion  function  show n in (5 .40) 

has to  be used for all the subcarriers con ta in ing  reference sym bols and the frequency  in terpo lated  C T F 

is tracked  in a tim e-vary ing  fashion. E xam ples o f  C T F  track ing  using S lep ian  sequences and W iener 

in terpo lators have been dem onstra ted  in [63]. D epending  on the num ber o f  resource  b locks assigned  to  

the UE per T T I, U Es m ay choose to  sw itch betw een  the decom posed  C T F  and  C IR  track ing  schem es. 

I f  the num ber o f  subcarriers assigned  to  th e  UE per TTI is m ore than  the num ber o f  m ultipath  

com ponen ts L , it w ould  be w iser to  use the C IR  track ing  m ethod  to  reduce the com putation  

com plex ity .

A uto -reg ressive  channel estim ation /p red ic tion  filters satisfy ing  the M M SE  criterion  have been 

considered  in Section  5 .2 .2 ; how ever m ore advanced  schem es like K alm an filters can  be u tilized , as 

m en tioned  in [67] and [68],
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•  Section  5.4.3 proposed  C oM P  adaptive channel estim ation  filte r length decis ions, w here the eN B s that 

are h ighly  likely to  be a part o f  the N JT  are estim ated  w ith larger m em ory  spans. T h is schem e can be 

enhanced  further fo r decom posed  C IR  estim ation  techn ique. Each m ultipath  com ponen t o f  every 

UE -  N j T  radio  link can be estim ated  w ith  adap tive  filters, M UE{n, t, I). U Es should  only  en large  the 

C IR  estim ation  filte r m em ory spans for the m ajo r con tribu ting  m ultipath  com ponen ts be long ing  to  the 

m em bers o f  the N m e a s . T his m ethod w ill balance th e  com puta tion  com plex ity  versus accuracy  trad e ­

o f f  fo r the decom posed  C IR  track ing  schem e, by sligh tly  reducing  the estim ation  accuracy  and 

reducing  the com puta tion  tim e significantly .

•  C om putation  com plex ity  versus perfo rm ance gain  trade-o ffs fo r C oM P  adaptive channel estim ato rs 

and pred ic to rs can be analyzed  fu rther by com paring  th e  real tim e com puta tion  tim es fo r each track ing  

schem e. A lthough  accura te  channel estim ation  schem es im plem ented  by the U E tack les the incorrect 

received  pow er m easurem ents, add itional de lays in troduced  due to  the estim ation  com putation  tim es 

m ay in fact degrade  the C oM P perform ance due to  the ou tdated  CSI feedbacks.

•  M A C  layer schedu ling  decis ions should  be in tegrated  to  the p roposed  schem es to  get the op tim um  

C oM P c lu s te r degree  every  TTI. It should  be noted  that i f  m ultip le eN B s that a re  partic ipa ting  in jo in t 

PD SC H  transm ission  assign the sam e resource b lock  to  the UE. T he slave eN B  o f  the c lu s te r cannot 

use the sam e resource b lock  to  schedule U Es located  in its ow n coverage  reg ion . S im ulations show n in 

C hap ters 3, 4  and 5 perfo rm ed  perfo rm ance ana ly s is by focusing  on the U Es located in the C oM P 

serv ing  eN B . H ow ever, overall ce llu lar layout should  be considered  to  ob tain  fair perform ance gains. 

C ertain  num ber o f  RRC connected  U Es getting  d iffe ren t U L /D L  g ran ts every  TTI can be sim ulated  in 

the w hole ce llu la r layout to  obtain  the energy  effic iency  and  dow nlink  capacity  m ax im izing  c lu s te ring  

decis ions under dynam ic schedu ling  conditions.

Future w ork w ill focus on enhancing  the proposed  schem es in this thesis by tak ing  the above m entioned  

research  top ics into consideration .

83



Bibliography
[1] A. N o lan , “G lobal action  plan: An ineffic ien t tru th ,” Internet: h ttp ://w w w .g lobalac tionp lan .o rg .uk /g reen- 

it, D ec. 2007.

[2] N od e  B  datasheets,  h ttp ://w w w .m oto ro la .com /, 2008.

[3] J. T . Louhi, “ E nergy effic iency  o f  m odem  ce llu la r base sta tions,” in Proc. IE E E  IN T E L E C '0 7 , R om e, 

Italy, Sept. 2007.

[4] 1C T-EA RTH . “ E nergy aw are rad io  and netw ork  techno log ies ."  Internet: h ttp s://w w w .ic t-ea rth .eu /, 2010 

[Jan. 3 1 .2 0 1 2 ],

[5] 1C T-C 2PO W ER . “C ogn itive  rad io  and cooperative stra teg ies for pow er sav ing  in m ulti-standard  w ireless 

dev ices.” Internet: h ttp ://w w w .ic t-c2pow er.eu /, 2011 [Jan. 31, 2012].

[6] T. A be, “ Further enhancem en ts  for L T E -A dvanced ,” Internet: h ttp ://w w w .3g4g .co .uk /L teA /, Sept. 2010 

[D ec. 20, 2011],

[7] Z. H ashm i, H. B oostan im ehr, and V. B hargava, “ G reen ce llu la r netw ork: A survey , som e research  issues 

and challenges,” IE E E  C om m unica t ions  Surveys  & Tutorials, vol. 13, no. 4, pp. 524-540 , Fourth Q uarter 

2011 .

[8] L. M C orreia , et. al, “C hallenges and enab ling  techno log ies fo r energy  aw are m obile  rad io  netw orks ,” 

IE E E  C omm un. Mag.,  vol. 48 , no. 11, pp. 66-72 , N ov. 2010.

[9] A lcate l-L ucen t and  V odafone C hair on M obile C om m unication  System s, “S tudy  on energy  effic ien t radio  

access netw ork (E E R A N ) techno log ies ,” U npublished  Project R eport, T echnical U n iversity  o f  D resden, 

D resden, G erm any . 2009.

[10] H. C laussen , L. T . W Ho, and F. Pivit, “ E ffects o f  jo in t m acrocell and residen tia l p icocell dep loym ent on 

the netw ork  energy  effic iency ,” in Proc. IE E E  P IM R C '08 ,  pp. 1-6, Sept. 2008.

[11] R. B aines, “ F em tocells - the green so lu tion ,” Internet: h ttp ://w w w .ecnm ag .com /b logs/2010 /09 /fem tocells- 

g reen-so lu tion , Sept. 24 , 2010  [N ov. 27, 2011],

[12] D. Ferling, T . B ohn, D. Z eller, P. Frenger, I. G odor. Y. Jading, and W . T om aselli, “ E nergy effic iency  

approaches for radio  nodes,” in Proc. Future  Net. M obile  Sum m it  ‘10, pp. 1-9, June 2010.

[13] B. B adic, T. O ’F arrell, P. L oskot, and J. He, “ E nergy effic ien t rad io  access arch itec tu res fo r g reen radio : 

Large versus sm all cell size dep loym en t,” in Proc. IE E E  V T C ’09,  A nchorage, A K , Sept. 2009.

[14] Y. C hen, S. Z hang, S. X u, and  G . Y. Li. “ Fundam ental trade-o ffs on green w ireless ne tw orks ,” IE E E  

Commun. Mag.,  vol. 49, no. 6, pp. 30-37, Jun. 2011.

[15] C. E. S hannon, “ A m athem atical theory  o f  com m unication ,” The Bell  Sys tem  Technical Journa l ,  Vol. 27, 

pp. 379-423 . 623-656 , Ju ly  1948.

[16] L. X iang, F. P antisano, R. V erdone, X. G e, and  M. C hen , “ A daptive traffic  load-balancing  fo r g reen 

ce llu lar ne tw orks,” in Proc. IE E E  P I M R C I  I, T oronto , O N , C anada, Sept. 2011.

[17] W. C heng, X. Z hang, H. Z hang  and  Q . W ang, “O n-D em and  based  w ireless resources trad ing  fo r g reen 

com m un ications,” in Proc. In fo c o m '! I W orkshop on  G reen  C om m un.,  Shanghai, C hina, A pr. 2011.

84

http://www.globalactionplan.org.uk/green-
http://www.motorola.com/
https://www.ict-earth.eu/
http://www.ict-c2power.eu/
http://www.3g4g.co.uk/LteA/
http://www.ecnmag.com/blogs/2010/09/femtocells-


[18] R. Schoenen , G . B ulu, A. M irtaheri, and H. Y an ikom erog lu , “G reen com m un ications by dem and  shap ing  

and U ser-in -the-L oop  tariff-based  con tro l,” in Proc. 2011 IE E E  O nline  G reen  C om m unica t ions  

Conference  (IE E E  G reenC om  '11), O nline, 2011.

[19] Z. N iu, Y. W u, J. G ong, and Z. Y ang, “C ell zoom ing  fo r co st-effic ien t g reen  ce llu la r ne tw orks ,” IE E E  

C omm un. Mag., vol. 48, no. 11, pp. 74-79, N ov. 2010.

[20] S. Z hou , J. G ong, Z. Y ang, Z. N iu and P. Y ang, “G reen m obile  access netw ork  w ith dynam ic  base station 

energy sav ing ,” in Proc. A C M  M obiC om ,  B eijing, C hina, Sept. 2009.

[21] M. M arsan, L. C h iarav ig lio , D. C iullo , and  M. M eo, “O ptim al energy  sav ings in ce llu la r access 

ne tw orks," in Proc. IC C  09  W orkshop on G reen  C omm un.,  D resden, G erm any , June  2009.

[22] M. M arsan and M. M eo, “ E nergy effic ien t w ireless In ternet access w ith coopera tive  ce llu la r ne tw orks,” 

C om puter  N etworks,  vol. 55, no. 2, pp. 386-398 , Feb. 2011.

[23] L. C h iarav ig lio , D. C iu llo , M. M eo, and M. M arsan, “ E nergy-aw are  U M T S access ne tw orks,” in Proc. 

1 1th ln t ' l  S ym posium  on Wireless Persona l M ultim edia  C o m m u n ica t io n s , L apland, F in land, Sept. 2008.

[24] 3G P P  R 3-100162, “O verv iew  to LTE energy  sav ing  so lu tions to  cell sw itch  ofTf/on,” 3 G P P  R A N 3 

Meeting,  V alencia , Spain, Jan. 2010.

[25] N E C  C orporation . N EC 's  p ro po sa ls  f o r  next-genera l ion  radio  netw ork  m a n ag em en t  [O nline]. A vailable: 

h ttp ://w w w .nec .com /en /g loba l/so lu tions /n sp /lte /pd f/son .pd f, Feb. 2009.

[26] D. C ao, S. Zhou, C . Z hang, and  Z. N iu, “ E nergy sav ing  perfo rm ance com parison  o f  coord inated  m ulti­

point transm ission  and  w ireless re lay ing ,” in Proc. IE E E  G lo beco m  '10, M iam i, FL, D ec. 2010.

[27] S. B ahrenburg . Lo ng  Term E volu t ion  f r o m  A-Z. K arlsruhe, G erm any: Inacon G m bh, 2010 , pp. 1-107.

[28] C. G essner, “ U M T S Long T erm  E volution  (L T E ) techno logy  in troduction  app lica tion  no te ,” Internet: 

h ttp ://w w w .3g4g .co .uk /L te /L T E  W P 0703 R andS .pdf, M ar. 2007 [Sept. 12, 2011],

[29] S. Sesia, I. T oufik , and M. Baker. LTE, The U M T S  Lon g  Term Evolution: F rom  Theory  to  Practice.  

C roydon, UK: W iley, 2011 , pp. 121-246.

[30] 3G PP  TS 3 6 .2 1 1 V I 0 .4 .0 , “ Physical channels and  m odu la tion ,” Dec. 2011.

[31] 3G PP  T S  36.213 V 10.0.1, “ Physical layer p rocedu res,” Jan. 2011.

[32] A lcate l-L ucent. L T E  technica l princip les  [O nline]. A vailable: h ttp ://w w w .scribd .com /doc/529 - 

26489 /L T E -T echn ical-P rincip les, 2008.

[33] A nritsu  C orporation . L T E  resources g u id e  [O nline], A vailab le : h ttp ://w w w .an ritsu .com /en -G B /M ed ia- 

R oom /N ew sle tters/files/an ritsu_ lte_gu ide .pdf, Jan. 2011.

[34] M. Saw ahash i, Y. K ishiyam a, A. M orim oto , D. N ish ikaw a, and M. T anno, “C oord inated  m ultipo in t 

transm ission /recep tion  techn iques fo r L T E -advanced ,” IE E E  Wireless C omm un.,  vol. 17, no. 3, pp. 26-34, 

Jun. 2010.

[35] P. M arsch and G. P. Fettw eis. C oord in a ted  M ulti -Point in M obile  C om m unica t ions.  N ew  Y ork, U SA: 

C am bridge  U niversity  Press, 2011 , pp. 1-460.

[36] 3G P P  T R  36 .814  V I .2.1, “ F urther advancem en ts for E U T R A : Physical layer aspects,” June 2009.

85

http://www.nec.com/en/global/solutions/nsp/lte/pdf/son.pdf
http://www.3g4g.co.uk/Lte/LTE
http://www.scribd.com/doc/529-
http://www.anritsu.com/en-GB/Media-


[37] 3G P P  T S  36 .819  V I 1.1.0, "C oord inated  m ulti-po in t operation  for LTE physical layer aspects,” D ec. 

2011.

[38] R. Irm er, H. D roste, P. M arsch, M. G rieger, G. Fettw eis, S. B rueck, H .-P. M ayer, L. T h iele , and V. 

Jungn ickel, "C oo rd in a ted  m ultipoint: C oncep ts, perfo rm ance, and field  trial resu lts ,” IE E E  C umm un.  

Mag.,  vol. 49, no. 2 , pp. 102-111 , Feb. 2 0 1 1.

[39] A. V ergne and  S. E. E layoubi, “ E valuating  the capacity  gains from  coord inated  m ultipo in t transm ission  

and recep tion ,” in Proc. IE E E  WiOpt 10, A vignon, F rance, June  2010.

[40] F. D iehm  and  G. Fettw eis, "O n the im pact o f  signaling  delays on the perfo rm ance o f  cen tralized  

schedu ling  fo r jo in t de tec tion  coopera tive  ce llu lar system s,” in Proc. IE E E  W C N C ’l /, C ancun , M exico, 

M ar. 2011.

[41] X. S hang-hui and  Z. Z hong-pei, “C oord inated  m ultipo in t transm ission  system s w ith the c lustered  super­

cell struc tu re  con figu ra tion ,” in Proc. IE E E  W iCO M '09,  B ejing, C hina, Sept. 2009.

[42] L. S calia, T. B ierm ann, C. C hoi, K. K ozu, and W. K ellerer, “ Pow er effic ien t m obile  backhaul design  for 

C oM P  support in fu ture w ireless access sys tem s,” in Proc. I n fo c o m ’l l  W orkshop on  G reen  C om m un.,  

Shanghai. C hina, A pr. 2011.

[43] G . C ili, H. Y an ikom erog lu , and  F. R. Y u, “C ell sw itch  o f f  technique com bined  w ith coo rd inated  m u lti­

po in t (C oM P ) transm ission  fo r energy  effic iency  in beyond-L T E  ce llu la r ne tw orks ,” in Proc. IE E E  

I C C ’12 Workshops, O ttaw a, O N , C anada, June  2012.

[44] In ternational T elecom m un ication  U nion, “G uidelines fo r evaluation  o f  radio  in terface techno log ies  for 

IM T -A dvanced ,” Rep. IT U -R  M .2 I3 5 , 2008.

[45] T. S. R appaport. Wireless C om m unica t ions:  Principles a n d  Practice,  U pper S addle  R iver, N J: P rentice 

Hall, 1996, pp. 57-248.

[46] S. B rueck. L. Z hao , J. G iese, and M. A m in, “C en tra lized  schedu ling  for jo in t tran sm ission  coord inated  

m ulti-po in t in L T E -A dvanced ,” in Proc. 2 0 1 0  International ITG  Workshop on  Sm ar t  A ntennas ,  pp. 177- 

184, Feb. 2010.

[47] A. J. Fehske. P. M arsch, and  G. P. Fettw eis, “ B it per jo u le  effic iency  o f  co opera ting  base sta tions in 

ce llu la r ne tw orks ,” in Proc. IE E E  G lohecom  '10 Workshops,  M iam i, FL, D ec. 2010.

[48] O . A rnold , F. R ichter, G . Fettw eis, and  O. B lum e, “ Pow er consum ption  m odeling  for d iffe ren t base 

station  types in he terogeneous ce llu la r ne tw orks,” in Proc. Future  Netn 'ork a n d  M obile  S um m it  2010,  pp. 

1-8, June 2010.

[49] R. S choenen , A. B. Sed iq , H. Y anikom eroglu , G. Senarath , and Z. C hao , “ Fairness ana ly s is in ce llu la r 

ne tw orks using  stochastic  Petri nets,” in Proc. IE E E  P I M R C ' l  I, T oron to , C anada, Sept. 2011.

[50] V -A . Le, R-A . P itaval, S. B lostein, T. R iihonent and  R. W ichm ant. “ G reen coopera tive  com m unication  

using  th resho ld -based  relay  selection  p ro toco ls,” in Proc. I C G C S ’ 10, pp. 521-526 , June 2010.

[51] G . C ili, H. Y an ikom erog lu , and  F. R. Y u, “ E nergy effic iency  and capacity  evalua tion  o f  L T E -A dvanced  

dow nlink  C oM P  schem es sub jec t to  channel estim ation  e rro rs and  system  d e lay ,"  subm itted  to  IE E E  

ICC"13, B udapest, H ungary , June 2013.



[52] G. Prabhu and P. S hankar, “ S im ulation  o f  flat fad ing  using M atlab  fo r c lassroom  instruction ,” IE E E  

Trans. E d u c ., vol. 45, no. 1, pp. 19 -25 , Feb. 2002.

[53] K. E. B addour and N . C. B eaulieu , “A uto reg ressive  m odels fo r fad ing  channel s im u la tion ,” IE E E  Trans. 

Wireless C om m u n ica t io ns , vol. 4 , no. 4 , pp. 1650-1662 , Jul. 2005.

[54] K. S iegrist, “C entral lim it theo rem ,” Internet: h ttp ://w w w .m ath .uah .edu /s ta t/sam p le /C L T .h tm l, Jan. 16, 

2012 [Feb. 0 1 ,2 0 1 2 ],

[55] 6th F ram ew ork  P rogram m e, Inform ation Society  T echno log ies, W ireless W orld  In itiative N ew  R adio  

(W IN N E R ), 1S T -2003-507591, [O nline], A vailab le: h ttp s://w w w .ist-w inner.o rg /, 2006.

[56] "S patia l channel m odel for m ultip le  input m ultip le  ou tpu t (M IM O ) sim ula tions” , 3G P P  T R  25 .996  

V 6 .1.0, Sep. 2003. [O nline]. A vailable: h ttp ://w w w .3gpp .o rg /ftp /S pecs/h tm l-in fo /25996 .h tm

[57] J. Salo, G . Del G aldo , J. Salm i, P. Kyfisti, M. M ilo jev ic , D. L aselva, and C. S chneider. (2005 , Jan.). 

M A T L A B  im plem entation  o f  the 3G P P  Spatial C hannel M odel (3G P P  TR  25 .996 ) [O nline]. 

A vailable: h ttp ://rad io .aa lto .fi/en /research /rf app lica tions in m obile  com m un ications/

[58] D. S. B aum , J. Salo , G. Del G aldo , M. M ilojevic, P. K yosti, and J. H ansen, “ A n interim  channel m odel 

for beyond-3G  system s,” in Proc. IE E E  V T C ’OS, S tockholm , Sw eden , M ay 2005.

[59] D. S. B aum , J. Salo, M. M ilo jevic, P. K yosti, and  J. H ansen, “ M A T L A B  im plem entation  o f  the interim  

channel m odel for beyond-3G  system s (S C M E ),” M ay 2005 . [O nline], 

A vailable: h ttp ://rad io .aa lto .fi/en /research /rf app lica tions in m obile com m un ications/

[60] M. G arg , “S tatistical w ireless channel m odel,” Internet: h ttp ://w w w .m ohrah it.in /find /w ire less- 

C hannelM odel.h tm l, O ct. 09, 2005 [O ct. 14, 2011],

[61] A. L eon-G arcia. Probability  a n d  R andom  Processes fo r  E lectr ical Engineering.  R eading, M A: A ddison- 

W esley , 1994, pp. 330-389.

[62] B .H . F leury, “A n uncertain ty  relation  fo r W SS p rocesses and  its app lica tion  to  W SSU S system s,” IE E E  

Trans. C om m un.,  vol .44, no. 12, pp. 1632-1634, D ec. 1996.

[63] L. S om asegaran , “C hannel E stim ation and Pred iction  in U M T S L T E ,” M .S. thesis, Institu te o f  E lectron ic  

System s, A alborg  U niversity , D enm ark, 2007.

[64] A. D uel-H allen , “ Fad ing  channel p red iction  for m obile  rad io  adap tive transm ission  system s,” Proc. IE E E , 

vol. 95, no. 12, pp. 2299-2313 , D ec. 2007.

[65] G . C ili, H. Y anikom eroglu , and F. R. Y u, “C oM P  adap tive  channel estim ation  p red iction  filte r design ,” 

Filed by A pple Inc., U .S. Patent A pplication  N o: 61 /674 ,852  (filing  date: Ju ly  2 3 ,2 0 1 2 ) .

[66] G . C ili, H. Y an ikom erog lu , and F. R. Yu, “ U E ancho red  dow n-selec tion  fo r C oM P  jo in t transm ission  

c lu ster,” Filed by A pple Inc., U .S. Patent A pplication  N o: 61 /674 ,854  (filing  date: Ju ly  24, 2012).

[67] R. A. O lesen , "C hannel Pred iction  for C oo rd inated  M ultipo in t T ransm ission ,” M .S. thesis, D ept, o f  

E ngineering  Sciences, U ppsala  U niversity , Sw eden , 2011.

[68] D. A ronsson , “C hannel E stim ation  and P red iction  for M IM O  O FD M  System s K ey D esign and 

Perform ance A spects o f  K alm an-based  A lgorithm s,” M .S. thesis , D ept, o f  E ng ineering  Sciences, U ppsala  

U niversity , Sw eden, 2011.

87

http://www.math.uah.edu/stat/sample/CLT.html
https://www.ist-winner.org/
http://www.3gpp.org/ftp/Specs/html-info/25996.htm
http://radio.aalto.fi/en/research/rf
http://radio.aalto.fi/en/research/rf
http://www.mohrahit.in/find/wireless-

