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Preamble (cont.1)

Call Arrival Process

Random arrivals — traffic (infinite number of traffic sources).

Quasi-random arrivals — traffic (finite number of traffic sources).
Batch Poisson arrivals (infinite number of traffic sources).

Calls from different service-classes arriving in batches,
while batches arriving randomly.
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Preamble (cont.2)

Bandwidth requirement upon call arrival

T fixed bandwidth

elastic bandwidth: calls have several,
1 f alternative, contingency bandwidth requirements
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Preamble (cont.3)

Call’s behavior while in service

M constant-bit-rate/stream traffic

time

bandwidth compression/expansion

time
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Preamble

QoS

(Call Blocking Probability)

Offered /] &

(cont.4)
Teletraffic (Loss) Models

Traffic Load <~ Capacity

Capacity QoS

A

»

>

Offered Offered
Traffic Load Traffic Load

September 23, 2012 Emerging 2012 Barcelona

QoS

»

Capacity



Preamble (cont.5)

Teletraffic (Loss) Models

Importance of QoS assessment through teletraffic models:
— Bandwidth allocation among service-classes = QoS Guarantee.
— Avoidance of too costly over-dimensioning of the network.

— Prevention of excessive network throughput degradation, through traffic
engineering mechanisms.

A sine qua non of teletraffic loss models:
The efficient calculation of Call Blocking Probability == Recursive formula

Applicability:
— Connection Oriented Communication Networks, in general.
— IP based networks with resource reservation capabilities.
— Cellular networks (e.g. UMTY).
— All-optical core networks (MPAS/GMPLS).

September 23, 2012 Emerging 2012 Barcelona



STRUCTURE

Teletraffic Models for:

e (A) Random Traffic

e (B) Quasi-random Traffic

e (C) Batched Poisson Traffic
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STRUCTURE (cont.1)

* (A) Random Traffic

— (A1) Random arriving calls with either fixed (certain)
or elastic bandwidth requirements upon arrival, and
constant use of the assigned bandwidth (constant-bit-
rate/stream traffic) while in service.

— (A2) Random arriving calls with either fixed or elastic
bandwidth requirements upon arrival, and elastic
bandwidth (compression/expansion) while in service.
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STRUCTURE (cont.2)

* (B) Quasi-random Traffic

— (B1) Quasi-random arriving calls with either fixed or
elastic bandwidth requirements upon arrival, and
constant use of the assigned bandwidth (constant-bit-
rate/stream traffic) while in service.

— (B2) Quasi-random arriving calls with either fixed or
elastic bandwidth requirements upon arrival, and
elastic bandwidth (compression/expansion) while in
service.
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STRUCTURE (cont.3)

e (C) Batched Poisson Traffic

— (C1) Batched Poisson arriving calls with fixed bandwidth
requirements and continuous use of the assigned bandwidth
(constant-bit-rate/stream traffic) while in service.

— (C2) Batched Poisson arriving calls with fixed bandwidth
requirements wupon arrival, and elastic bandwidth
(compression/expansion) while in-service.
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STRUCTURE - Where We Are

e (A) Random Traffic
- (A1) Constant-bit-rate/stream traffic® © O

-  (A2) Elastic/adaptive traffic while in service

e (B) Quasi-random Traffic
-  (B1) Constant-bit-rate/stream traffic

- (B2) Elastic/adaptive traffic while in service

e (C) Batched Poisson Traffic
- (C1) Constant-bit-rate/stream traffic

- (C2) Elastic/adaptive traffic while in service
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(A) Random Traffic

(A1) Random arriving calls with either fixed
(certain) or elastic bandwidth requirements upon
arrival, and constant use of the assigned bandwidth
(constant-bit-rate/stream traffic) while in service.

State of the art
The Erlang Multi-rate Loss Model (EMLM) 1981
The Retry Models 1992

Furthermore

The Connection Dependent Threshold Model
(CDTM) 2002

The CDTM under the Bandwidth Reservation
Policy 2002
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The Erlang Multi-rate Loss Model

(EMLM)

L1l 11 | , Random arriving calls

i 5 5 While in service:
b Lo constant bit rate
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letnk Of Capacr[}f C_= 8 i E i lfTraE ffic .:
1™ Service-class: b;=1 Lo ! L(I) ! = Free
" Qervi - b= bl ' Loss |
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fixed bandwidth T | el N
* requirement.upon arrival 1 Service-class calls ! : L |
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1 requirement upon arrival 2" Service-class calls :%: (%): Com plete
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Exponentially Distributed Interarrival Time
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EMLM Analysis - Classical Method

State Space 2
Complete Sharing Policy - A coordinate convex policy
Global Balance ( ) - Statistical equilibrium

C=8,K=2,b,=1,b,=2

Q 25 states @ (1, 1)
e 4
/7~ X
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EMLM Analysis - Classical Method (cont.1)

Local Balance (Rate_up = rate_down)

Local 3 P(n) = (n; + yp,P(n’)
Balance

A: arrival rate (Poisson)
M: service rate
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EMLM Analysis - Classical Method (cont.2)

Product Form Solution

Product

Form K n,
Solution of P (n ) =G/ H '
the State Lo !
Probabilities

where n = (ny, n,,...n,,...,ng),

o, =/, / n, (offered traffic load, in erl)

K ny ) i
_ _ a; normalization
G=6E) = ;[H nkJ constant

Product Form <_——> Local Balance <—> Reversible Markov Chain

ﬁ> High accuracy in Call Blocking Probability calculation
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EMLM Analysis - Classical Method (cont.3)

Call Blocking Probability Determination — Classical Method

I’lQ?
C=8,K=2,b,=1,b,=2
4| @
Q
3| @ ®
e o © e o O Blockin.g state for the
15t service-class calls
ll e e e e e e
‘ .............. . ............. ‘ .............. . ............. .. ............. ‘ ............. . ............. . ............. . ................ » nl
0 1 2 3 4 5 6 7 8
Call Blocking Probability: P, = Z P(n)
k
ne B,
B;:{neQ:n,j%Q}
| K at K a]’:k
Remind: P(n):G_ (H k,} GEG(Q):Z |1 |
k=1 ke ne@\ k=1 Ny:

September 23, 2012 Emerging 2012 Barcelona 18



EMLM Analysis - Classical Method (cont.4)

Call Blocking Probability Determination - Classical Method

K=2,b,=1,b,=m Example of formulas
for Call Blocking

Probability Calculation

where k= C (mod m)

Necessity for recursive formulas
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EMLM Analysis — Recursive formula
Kaufman, IEEE Trans. on Commun. 1981

Macro-states — One-dimensional Markov chain
C=238,K=2,b, =1, b,=2 Macro-state j=n,b,+n,b, denotes the occupied link bandwidth

/12 12 i 12
1(1) Y (2 " (3 (4) um(

H22(2) ﬁ{zy2(3)=: u2y2(4) quZ(S) ua(6)  mayaAT)  pya(8)
| Il/lk ! ‘

P 1 for j=0
local balance ‘ J
1 X . .
Aq(j—b) =y (Daq(j) . ,q(j)=<—,z ockbkq(J—bk) for j=1,...,C

() e o J k=1

Link occupancy distribution £ DifEiryise

“Kaufman / Roberts Recursion”
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EMLM Analysis — Recursive formula (cont.)

Call Blocking Probability — Recursive Calculation

C C
Call Blocking Probability: Pbk = Z G_lq(j) where G = Z Q(J)
j=C—bk+1 J:O

q(j)/G — Macro-state Probabilities

array q()

e
~ N

0 1 2 3 . |C-4|C-3(C-2|C-1|C

~
Blocking States, e.g. b,=4

C
Link Utilization: U= > jq (j)
j=1
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The EMLM under Bandwidth Reservation Policy

(EMLM/BR)
> [T

Link of Capacity C= 8
1" Service-class: =1
2" Service-class: bh,=2

» Random arriving calls

@ While in service:
constant bit rate

Free
TN Bandwidth Unit

—
=

—

Reserved
Bandwidth Unit

* fixed bandwidth
requirement upon_arrival

N—"

1** Service-class calls

(to benefit the
nd .
> C-3 2" service-class)

ﬁ

Carried traffic

Offered traffic

fixed bandwidth . '
requirement upon arrival 2" Service-class calls

| ———

4=

Bandwidth
Reservation
Policy

|

T

Exponentially Distributed Interarrival Time
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EMLM/BR Analysis

State Space Q, Local-Global Balance? Product Form Solution?

C=8,K=2,b=1,b,=2,1,=1(1,=0)

States where the local balance 1s “lost”

Loc%{nce > Produ%oluﬁon =P bk
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EMLM/BR - Roberts’ Method

Roberts, International Teletraffic Congress 1983

Macro-states — One-dimensional Markov chain
C=8,K=2,b,=1,b,=2,t,=1(t,=0)
Ay % A /2 /2 % /2

“ (-0 -5 @ (=) (s
Ly<2 o) #1y(4) »6)

(1)

12y2(2) 122(3) wy(4)  un(5) U2y2(6) ,Uzyz(7) 12y2(8)

approximation
(1 for j=0 PP
|«
NG . . . .
q<J)=4|; a.D,(j—b)q(j—b,) for j=1,.,C  y(j)=
k=1
ILO otherwise

b, when j<C-t¢,

here D\j—b, )=
Yy k(] k) {O when j>C—t,
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EMLM/BR - Roberts’ Method (cont.)

Call Blocking Probability — Recursive Calculation

C C
-1 - .
P, = 2 G q(j) where G=) q(j)
j=C—bk _tk +1 J=O
K=3,b,=1,b,=2,b,= .
oy g Call Blocking
1 > "2 ’ 3 . -
equalization
array q() @ .
A b)
~ TN
0 1 2 3 C4|C-3|C-2|C-1|C
1%t service-class: blocking states b+ ¢,=4
- —
2nd service-class: blocking states b,+ 1,=4
~

3rd service-class: blocking states b+ ¢,=4
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The Retry Models

» Random arrivals

Elastic bandwidth requirements upon arrival T 1 1

Single Retry - Multiple Retries >
Bandwidth While in service:
Link Requirements constant bit rate
: b A C (stream traffic)
[\ Available by,

_______________________________________ ¢ [\ [[Bendwien | 1

Call with b, is admitted
when C-b, <j < C-b,,

Occupied

bi> b 7 Bandwidth |

-1 -1
/uk < /ukr

Loc%ance E— Product% Solution |:> ~P b
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The Retry Models (cont.)
Kaufman, IEEE INFOCOM 1992, Performance Evaluation 1992
Assumptions - Approximations

Local Balance

When j <C-b

+b,, (migration space) then y,, (j) = 0 (Migration Approximation, M.A.)

krs-1
|(1 for j =0
(& @ \
Q(j)=< ! Z,ak bg(j—b )"'Z,Z Ao, by, ks(j)q(j_bkrs) | for j =1,...,C

I J U k=1 s=1 )

k otherwise \

/
EMLM S'(k) retries

Agr, = Kkukr ) Sk (j)=1 for j>C—(b;,  —by ) otherwise 61{ (=0
Call Blocking Probability: Pbk = Z G_lq( J ) where G :Z q(Jj)
. —
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The Connection Dependent Threshold Model
(CDTM)

L 1 , Random arrivals

1 ? A Elastic bandwidth requirements
m @ Constant bit rate (stream traffic)
4 alternative bandwidth 3 alternative bandwidth
Link . .
requirements C C requirements
bic, T
Ji 2 H
. R
b 102 ’ | J2 b202
b J I qeeees b
2 Service- leg =g ™ J 2¢,
classes Jl 0 H ~dJ D
bl blco O b2_b2co
L
D
0 S 0

Local Bance [ Produc rm Solution :> P bk
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CDTM - The analytical model

Moscholios et al. Performance Evaluation 2002

Assumptions - Approximations

1) Local Balance

2) Migration Approximation, M.A (9, ()))

3) Upward migration Approximation, U.A (9,()))

rl fOT" ]:O/
1( K KS(k)
q(j)=4— Zakbk(j_bk)+ Zakc bkc 9(j =bge ) Jor j=1,.

J \ k=1 k=1 s=1

0 otherwise

£1<i< if 1<1< =
. @ 1 if1<j<J+by and bkcs >0)or (if 1<j<Cand bkcs 0) UA
s s 0 otherwise
: 1 if Jks+bk052j>Jks_1+bkCSand bkcs>0 M.A
0 otherwise

C
Call Blocking Probability: P, = Z G q(; where G = Z q(Jj)
j=0

j=C- bch(k)
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Importance of the CDTM

e Generalizes the models of Thresholds, Retries
and the EMLM

— Incorporates the Thresholds models, by setting
the same set of thresholds for all service-classes.

- Incorporates the Retries models, when each
service-class k has threshold: J,_; = C-b,__,

— Incorporates the EMLM by setting for each
service-class k the threshold J,_; = C

e The CDTM models elastic traffic at the call
setup phase

T Tf Elastic bandwidth requirements
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STRUCTURE - Where We Are

We

are

e (A) Random Traffic here!
— (A1) Constant-bit-rate/stream traffic O

- (A2) Elastic/adaptive traffic while in service®

e (B) Quasi-random Traffic
-  (B1) Constant-bit-rate/stream traffic
- (B2) Elastic/adaptive traffic while in service

e (C) Batched Poisson Traffic
- (C1) Constant-bit-rate/stream traffic
- (C2) Elastic/adaptive traffic while in service
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(A) Random Traffic

(A2) Random arriving calls with either fixed or elastic
bandwidth requirements upon arrival, and elastic
bandwidth (compression/expansion) while in service.

Elastic Service time
Types of Traffic — (file transfer) :> increase/decrease

when in service Adaptive Fixed

(adaptive video) :> Service time

State of the art

e The Extended Erlang Multi-rate Loss Model (E-EMLM)
1997

Furthermore
e The E-EMLM for elastic and adaptive traffic 2002
e The Extended Connection Dependent Threshold
Model (E-CDTM) 2007
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The Extended Erlang Multiple Rate Loss
Model (E-EMLM)

Parameters

— C: link bandwidth capacity

- K : service-classes

— A, : arrival rate (Poisson)

- b, : peak bandwidth requirement

- M, : service rate, y, 1 : service time (exponential)

If compression: “Bandwidth * Service-time” = constant = elastic traffic

- J : total bandwidth demand (0<j<T)
Number of occupied b.u.

- T : maximum total bandwidth demand (T > C)|if all in-service calls were

receiving the requested
bandwidth (without
bandwidth compression)

- s : real bandwidth allocation (0 <s <(C)
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The Extended Erlang Multiple Rate Loss

Model (E-EMLM) (cont).
Transmission link: C=5, T=7 )
In-service calls: bi=1,b;=2 J° system macro state, 0 Sj< T example
Arriving call: b3=3 s : real bandwidth allocation, 0 <s<C

Virtual Capacity :T =7

[ L] ]
- ] ] Virtual
all [ 3 = :_6 Link
Admission — | L1 | .
| -
Control [ L] b;=3
b+ < T = Accept — -
Capacity : C=5
- = Real
Bandwidth I E - Link
) _ . —C—
Compression e — s=3 S—C—5 b jccer=gb ,(j)b
Control — y 55
[ A =(C/J)b; =2.5
b,+j> C = Compress R e e
. 5/6%1 +5/6%2 +15/6%3=5
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E-EMLM - The analytical model for elastic traffic

Stamatelos & Koukoulidis, IEEE/ACM Trans. Networking 1997

K
Total bandwidth demand: Jj= Z ny by
k=1

K
Real bandwidth allocation: S = Z n,. by Dy (n)
k=1

Where by @ (n) is the actual allocated bandwidth to service-class £ calls

-

1 for 0<;<C
x(ny )

x(n)

@, (n) : service-class k and state n dependent factor Py (n)= forC<j<T

0 otherwise

\

(1 for 0<j<C

o . K
x(n) : state multiplier or weight x(n)=1 1 > npbgx(nj ) forC<j<T
associated with the state n C o

\ 0 otherwise
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E-EMLM - The analytical model
for elastic traffic (cont.)

Link Occupancy Distribution

K
Q(J)—,ml Z arbrq(G-b; ), Jj=0,..T
C
= ) =1
q(x)=0 for x <0 and gbq{]) No product form
/ solution
Call Blocking Probabilities (CBP)
b1
CBP of service-class k: £} b, ~ ZQ(T -J)
Jj=0
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E-EMLM - The analytical model
for elastic and adaptive traffic

Racz, Gero and Fodor, Performance Evaluation 2002

40)= iy 2 WokdG-bi)+70) 3, abrq(j=by),  j=0....T

kekK, kek,

C
g(x)=0 forx<0, D, q()=1 and r(j)= min(l,%)

=0
where Ke 1s the set of elastic service-classes No product form7
and K, is the set of adaptive service-classes solution
by.-1
CBP of service-class k: By =) ¢(T-j)
j=0
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The Extended Connection Dependent
Threshold Model (E-CDTM)

- T=7 -
/’ \ /’ \
\ \
i \ . If \ example
| ) \
| | B /b22_1 |
! et J2o=3 '
I b21=2 |
: I « I
\
= J11=2 J21=2 b2,=3
\\ b10 2\ 1 1 / 20
—_— T7=17 = -
R T=17 KERN
/ 3 j=6 / \
/ \ . ‘ , \
C=jp=>5 C=j,=5 \

Requested
bZQ

ja: 4 / b22=]
bllzl \ J22:3

J11=2 .121:2

Requested
b1 I

Allocated

r(G.)b2s

Allocated
b1,

Compression rate=C/j=5/6
September 23, 2012 Emerging 2012 Barcelona
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E-CDTM - The analytical model

Vassilakis et al., Int. Journal of Commun. Systems 2012

Link occupancy distribution

Dun—normalized]

T
G= > 4q())

J:

Call Blocking Probability Link Utilization
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Call Blocking Probability (%)

E-CDTM versus E-EMLM

12 4 =
E-CDTM = CDTM /
11 4
: /
St =L AN S e,
10 ] —o— E-CDTM 1* (anal) 15t service-class
—0— E-CDTM 2" (anal) /
91 -+- EEMM1* 7
g {-4— E-EMLM2" >
;| o ECOTM 1% (sim) /
@+ E-CDTM 2" (sim) 7
6 /
[ 4
5 - /
4 -
~ 8" 2nd service-class
) L
A S gt
0

Traffic Load Points

C=T =80

September 23, 2012

Call Blocking Probability (%)

— —
—_ [§%]
1 1

—
o
L

—o— E-CDTM 17 (anal)
—o— E-CDTM 2™ (anal)

1--+- E-EMLM1*
—a— E-EMLM 2" e
cee0-e. E-CDTM 17 (sim) /

-s+@-++ E-CDTM 2™ (sim)

Emerging 2012 Barcelona
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STRUCTURE - Where We Are

e (A) Random Traffic

(A1) Constant-bit-rate/stream traffic We
(A2) Elastic/adaptive Traffic while in service hael;eel

e (B) Quasi-random Traffic OO

(B1) Constant-bit-rate/stream traffic®
(B2) Elastic/adaptive Traffic while in service

e (C) Batched Poisson Traffic

(C1) Constant-bit-rate/stream traffic
(C2) Elastic/adaptive Traffic while in service

September 23, 2012 Emerging 2012 Barcelona
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(B) Quasi-random Traffic

(B1) Quasi-random arriving calls with either fixed or elastic
bandwidth requirements upon arrival, and constant use of the
assigned bandwidth (constant-bit-rate/stream traffic) while in service.

State of the art
The Engset Multi-rate Loss Model (ENMLM) 1994
J The Single Retry Model for finite population (f-SRM) 1997

Furthermore
° The EnMLM for elastic and adaptive traffic
o The EnMLM under the Bandwidth Reservation Policy
. The f-SRM under the Bandwidth Reservation Policy
o The Multi Retry Model for finite population(f-MRM)
. The f-MRM under the Bandwidth Reservation Policy
J The CDTM for finite population (f-CDTM)
° The f-CDTM under the Bandwidth Reservation Policy

° The Generalized f-CDTM when random and quasi-random
traffic coexist
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The Engset Multi-rate Loss Model
(EnMLM)

I L1 1 1, CQuasi-random arrivals
| tlme

4 While in
@ service:
: .................... constant bit

rate (stream
C — traffic)

constant bit rate — stream trafﬁc !
Service-class k | A h’ﬂ b

(N traffic sources)| S

Quasi-random traffic: Ay = (N — ) v

n, : number of service-class k calls (sources) which are in service
v, : fixed arrival rate per «free» source (not in service yet)

A, : mean arrival rate of service-class k calls

h, : holding (service) time of service-class k calls
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EnMLM - The Analytical Model

A Product Form Solution model

L (N K (N,
-1 k ny n;
P(n)=G I I a, Where G=G(Q)= Z H k
o1 \Jk ne2\ k=1
Macro-states — One-dimensional Markov chain
Examp le v3(N3-n3(0)) v3(N3-n3(1)) vi(N3-n3(2))
K=3 _ - it _:,-v-"\"" “:;..,——\—" ——~
b. =1 - d \& N N
1 7 Ny ﬂz(o)) va(Na- ﬂz(l)) N n(NVa-na(2) N\ Vz(N* n(3)) \
b2: 2 / _,.—-”'"" ""“_‘: :_’_""" ""“;; ! "'"""““:_- ,-.. """"""""""""""
|(N] fﬁ((@h(ﬁ[]'ﬂ](l@ (N]'H](Z)@ (N] 71](3@’](1\7]-?11(4)@
#1”1(1) #1”1(2) #1”1(3) #1”1(‘4) rmi(5)
\ ----------- x ........ e\ e et - #-.7 _______________ /
AN an(2) N\ Honz(3) \ ) panx(4) on(5) S
N N J _ e
o ~ -~ S ~ il
\--._______\_—-'-_/______,"-—-___—-"‘/
Septem| u3n3(3) 13n3(4) psn(4) 44



EnMLM - The Analytical Model (cont.)

Stamatelos & Hayes, Computer Communications 1994

Link occupancy distribution — Recursive formula

s

1 for j=0
N : :
q(j) =+ EZ (Ny —n, +Daybeq(j—by) for j=1,..,C
k=1
0 otherwise
< -1
Time congestion probability: Pbk — Z G q(y)
j:C—bk-l‘l
N
e

ForK=1— P, =— Engset formula (1918)

TR

i=0

For N, — o0, q(j) results in Kaufman/Roberts recursion (EMLM)
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EnMLM - State Space Determination

The problem

» In calculating the q(j)’s
» The link occupancy j (macro-state)

< single state (not valid in many cases)

Example:
C=5b.u.

K = 3 service-classes
N,=N,=N,= 10 sources

b,= 3 b.u. (per call)

b,= 2 b.u. (per call)

b,= 1 b.u. (per call)

a,=a,=a;= 0.1 erl (per 1dle source)

ng + 1)akbk‘1(4 - bk)

d() =D (N, -
k=1

September 23, 2012

single macro
state state

n, n, n; J

0 0 0 0

0 0) 1 1

0 0 2 2

0 0 3 3

0 0 5 5

0 1 0 2

0 1 1 3

0 1 3 5
0 2 1 5
1 0 0 3
1 0 2 5
1 1 0 5

Emerging 2012 Barcelona
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EnMLM - State Space Determination (cont.1)

The solution State space Blocking states
Theorem: Ny [N, [ ng | J | By | By, | Bs|Jeq
Two stochastic systems with 0 0 0 0 0
the same state space and the 0 0 1 1 5
same parameters K, N, a, 0| 0| 2] 2 10
are equivalent — they have 0 0 3 3 15
the same Blocking States _ 20

0 0 5 5 25

Lemma: O 1] 0] 2 12
Modify only the b,’s so that 0 1 1 3 17
the resultant link occupancy _ 22
per state 1s unique. 0 1 3 5 27
R 24

Example 0 2 1 5 29

By choosing b,=16, b,=12 and 1 0 0 3 16
b,=5 an equivalent system _ 21
results with unique link 1 0 p) 5 26
occupancy per state, jeq and 1 1 0 5 28

capacity C=29.
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The Single Retry Model for finite population
(f-SRM)

Stamatelos & Koukoulidis, IEEE/ACM Trans. on Networking 1997

LoMce > Produ@x(Solution@ ~ Py,

Assumptions — Approximations

Local Balance
When j < C-b,+ b, (migration space) then y, (j) = 0 (Migration approximation, M.A.)

fl for j =0
1(X : LS o
qa()=9— Z (Ny —ny +Day b, q(j—by )+ Z (N —(ny +n.)+Day, by, vy ()9(j—by,) | for j =1,...,C

J k=1 =1 S
. N
0 otherwise calls with bkr

a, =vkr,u,;1, 7,(j)=1 when j>C-b,+b, otherwise ¥ ())=0
For N, — oo > the Single Retry Model (for random traffic)
c C
. . o _ -1 (- _ ;
Time Congestion Probability: Pbk = Z G q( ]) where G = ZO q(Jj)
=

j=C—bkr+1
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The Connection Dependent Threshold Model
for finite population (f-CDTM)

. 4 alternative bandwidth 3 alternative bandwidth
Link . .
requirements C C requirements
b 103 T
J 1 2 H
b ley N J b262
. J] IR E-= 2
2 Service- l?1c1 { g " J bgcl
classes J1 o "2

»nocr OT

0
blzblco b2:b2co
Quasi-
random 0 0
arrivals
Constant bit rate (stream traffic) while in service

When N, — oo the {-CDTM results in CDTM (for random traffic)

Local Bdlance ——» Produc%m Solution :> ~ P bk
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f-CDTM - The Analytical Model

Moscholios et al., Performance Evaluation 2005
Assumptions - Approximations

1) Local Balance
2) Migration approximation, M.A. (4, ()
3) Upward approximation, U.A.  (J,()))

U.A

_ -1
akcs - chs /ukcs

M.A

C
Time Congestion Probability: Pbk = ZG‘lq( j) where G = Z;) q(Jj)
J:

j=C-b +1
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f-CDTM - State Space Determination

e A Good Approximation - Without equivalent system!

n,(J) = y«(3)
The parameters n,(j) can be approximated by the
average number of service-class k calls in state j,

v (J), assuming infinite population for each
service-class (i.e. from the corresponding CDTM)

Glabowski & Stasiak, Proc. MMB&PGTS 2004
Moscholios et al., MEDJCN 2007

September 23, 2012 Emerging 2012 Barcelona
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Numerical example: f-CDTM versus CDTM

N,=N,=12 ({-CDTM) N=N,=x (CDTM)
X
P12 (Vo) Pyyer (%) P12 (Vo) Pyyer (%)
1 1.96 1.07 4.49 2.48
2 2.78 1.52 6.70 3.65
3 3.76 2.05 9.39 5.10
| 4.90 2.66 12.55 6.74
S 6.19 3.34 16.06 8.62
6 7.63 4.09 19.84 10.65
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The Generalized f-CDTM where
random and quasi-random traffic coexist

Moscholios et al., Performance Evaluation 2005

* I(ﬁn

* K, service-classes of infinite sources (random — Poisson input).

service-classes of finite sources (quasi-random input).

Link occupancy distribution

1 for j=0
1 - 1 L N
— Y (N Doy bid (NGU-b)+— D, >N (b +o A+t M b . ()90 - bie,)
: T keKy, J keKy, t=1
q0)= 1 1 .
+— > b (NGG-b)+— D DA by e (A by for j=1,...,C
S kek,, J keK,t=l
0 otherwise
Where:

0,J)=1whenl <j<Candb,, =0,or, when;j <J_+b, and b, > 0, otherwise 9,(j) = 0.
O 0) = 1 when J +b, . > j > J, -1+D,;  otherwise o, (j) = 0.
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September 23, 2012

STRUCTURE - Where We Are

(A) Random Traffic

— (Al) Constant-bit-rate/stream traffic
- (A2) Elastic Traffic while in service

(B) Quasi-random Traffic
- (B1) Constant-bit-rate/stream traffic
- (B2) Elastic Traffic while in service®

(C) Batched Poisson Traffic

(D) ON-OFF Traffic

- (D1) Poisson arrivals

-  (D2) Quasi-random arrivals

-  (D3) Batched Poisson arrivals

Emerging 2012 Barcelona

OQ

We
are
here!
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(B) Quasi-random Traffic

(B2) Quasi-random arriving calls with either fixed or
elastic bandwidth requirements upon arrival, and elastic
bandwidth while in service.

reminder

Elastic [ Service time

Types of Traffic (file transfer) increase/decrease

when in service Adaptive Fixed
(adaptive video) — Service time

State of the art

e The Extended Engset Multi-rate Loss Model (E-
EnMLM) 1997

Furthermore

e The Extended Connection Dependent Threshold

Model for finite population (Ef-CDTM) 2007
September 23, 2012 Emerging 2012 Barcelona



The Extended Engset Multi-rate Loss Model

(E-EnMLM)

Quasi-random arrivals

time

T stream traffic

Service-class k|

(N traffic sources)

Quasi-random traffic: A; = (N — ny) vy

h, : holding (service) time of service-class k calls
If compression: “Bandwidth * Service-time” = constant = elastic traffic
j : total bandwidth demand (0 <j<T)

T : maximum total bandwidth demand (T = C)
s : real bandwidth allocation (0 <s < ()

September 23, 2012

Emerging 2012 Barcelona

While in
service:
Elastic
Allocated or

Bandwidth Adaptive
traffic
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E-EnMLM - The analytical model

Stamatelos & Koukoulidis, IEEE/ACM Trans. Networking 1997

Link occupancy distribution

un-normalized]

Time Congestion Probability Link Utilization
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The Extended Connection Dependent
Threshold Model for finite population
(Ef-CDTM)

/ \ / \
! y c=5 L 4 example
N | \ /b32—1 |
AT . = b3, =2 |
V| b1g= 2 Jio=3 3 ]
N 0 / |
L»‘\ 0 2 J21=2 J31=2 b3g=3
2 —
N, T e

Tr=17
J—=06
C=j=5
& b3=1
J3,=3
J2 =2 J3=2

Compression rate=C/j=5/6
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Ef-CDTM - The analytical model

Vassilakis et al., IEICE Trans. Commun. 2008

Link occupancy distribution

Dun—normalized?

Time Congestion Probability Link Utilization
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Ef-CDTM accuracy

15t service_class an Sel‘Vice-CIaSS

bi,= 12 17 =180 T
C =160

J12=100
J24=80

J11=60

For example 1b.u. = 64 Kbps
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Septem!|

Call Blocking Probability (%)

Ef-CDTM accuracy (cont.)

(3, 2)erl (5, 2)erl

«e e 1% service - class (sim)

eeOee 2" service - class (sim)
—»— 1% service - class (anal)
—o— 2" service - class (anal)

«+O+= 1% service - class (sim)

«eOee 2" service - class (sim)
—8— 1% service - class (anal)
—&— 2" service - class (anal)

14
13 1 ——+ *
12 7 0.-22....--6

........5...'20.0.00.....

11 - L —

10 - 2nd serv.
=9 t
ISt serv.

= N
e Y ¥ d
resesresmsiiPeassseseesdessgareeney

6 = ... .
2nd gerv.,
il N,

4 4 L = L
: '.'......D..........D.........ilﬂ.....‘:-::;.....D
& &
2 7 .,i.,fl......-D-----....--8..---------O----i,_:-"’_?-.....o

1 A

0 - 1% serv.

1 1 1 1 1 1 1
10 50 100 500 1000 5000 Inf

Number of Sources
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Ef-CDTM comparison with other models:
EMLM, CDTM, E-CDTM

example
- =100 -~
/7N /; \
/ “ / \\
,’ v C=80 L \
b12=16 bos= \
' ' \ 2
N4=10 -
N,=20 I J11=40 I
2_, \ b =04 J21=35 b20=
A 1pi— s

Service-class 2: adaptive

Service-class 1: elastic

Offered Traffic-Load per idle source = 0.025 erl
Consequently, it increases by 0.025 erl
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Call Blocking Probability (%)

Ef-CDTM comparison with other models:
EMLM, CDTM, E-CDTM

T=C

T=C+20

(cont.)

46
44

42 -
40 -
38 A
36 -
34 -

EF-CDTM 1% service - class
EF-CDTM 2™ service - class
CDTM 1% service - class
CDTM 2™ service - class
EMLM 1% service - class
ENMLM 2™ service - class

26
2l B 1t serv.
P se+O++ EF-CDTM 1" service - class (sim) //
1st ge VS I 22 1 eoppes EF-CDTM 2" service - class (sim) 1y
0 - —&— EF-CDTM 1*service - class (anal) e’

—&— EF-CDTM 2" service - class (anal)
—0— E-CDTM 1™ senvice - class
—d- E-CDTM 2" service - class

18 -

Call Blocking Probability (%)

Ef-CDTM <—
September 23, 2012

Traffic Load Points

Traffic Load Points

-CDTM

Emerging 2012 Barcelona
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STRUCTURE - Where We Are

e (A) Random Traffic

e (B) Quasi-random Traffic

e (C) Batched Poisson Traffic

(A1) Constant-bit-rate/stream traffic
(A2) Elastic Traffic while in service

(B1) Constant-bit-rate/stream traffic
(B2) Elastic Traffic while in service

)

(C1) Constant-bit-rate/stream traffic®
(C2) Elastic Traffic while in service

September 23, 2012 Emerging 2012 Barcelona
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(C) Batched Poisson Traffic

(C1) Batched Poisson arrlvmg calls Wlth flxed bandW|dth

V VAAvAE _,jjjf::jjjjfj:jjjjjiijjj;jj:‘;ijfff‘"' """"""""""" A4

t|me t|me

State of the art

J The Batched Poisson Erlang Multirate Loss Model (BP-EMLM)
1996

Furthermore

° The Batched Poisson Erlang Multirate Loss Model under the
Bandwidth Reservation Policy 2010
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Batched Poisson arrival process

Arrival of batches

oo®
.
60
.
e
e
.
.
.
.o
.
.
e® o
.
.
.
.e
.
.
.
.
.
.
e
e
e

- i
S >|< >|< E >I time

.
.....
................

...........

. . .
---------------
.............
...........

.
.......
. .

Exponentially dlstrlbuted time-points

A, batch arrival rate
A1 batch interarrival time (exponentially distributed).

B X probability that there are r calls in an arriving batch of service-class k
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The Batched Poisson Erlang Multirate
Loss Model (BP-EMLM)

C=12 ) Free
Call Loss = . L Bandwidth unit
K = 2 5 ...__.-"".-'. ............. M
re1 . ‘31 ‘ Complete
= ervice-class (ULE) G 2 11111 A RO -
! Batches N 5 >C:12 Sharing
b,=2 1 D 1 1 Policy
i 9 )
2™ Service-class ! // i % partial
Batches i - L Batch
R P— o Jtime BlOCkII‘Ig
] 1 I\
| Exponentially distributed interarrival times |
Call Congestion Probabilities > Time Congestion Probabilities
1+0+3+0 :i ISt service - class 0+0+1+0 :i ISt service - class
5+2+3+1 11 5+2+3+1 11
0+2+0 = 2 2nd service - class 0+1+0 = l 2nd service - class
1+2+1 4 1+2+1 4

The proportion of arriving calls The proportion of time that the

that find the system congested. system is congested.
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BP-EMLM Analysis

State Space - Local Balance

nz A 12 A

C=7,K=2,b,=3,b,=2

Local Balance Local Balance
: (across certain levels)

(between states)

3
2
Loy ---
1 béi;?een
n=(0,1)and (0, 2)
........................................... .>
ni
0 1 2
EMLM BP-EMLM

k —
The level L,* separates the state-vector n =(ny, n,, ..., 0, By, Npqs- - - Hg)
from the state-vector (n,, n,, ..., n,_, n,+ 1, n,,...,ng), for service-class «.
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BP-EMLM - The analytical Model

Kaufman, Rege, Performance Evaluation 1996

link capacity

service classes

bandwidth requirements (k=1.,...,K)

batch arrival rate

service rate

=, ! service time (exponentially distributed).
k' probability that there are r calls in an arriving batch of service-class &k
i occupied link bandwidth
q(j) probability that j out of C bandwidth units are occupied

-

.ww:';;wcwo

Link occupancy distribution

I_]/ka .
q(j) = Z orb, D, Bz 19(j —1by)
J k=1 I=1

where a, = 4,/u;, and

5 k k . e L er e
B I = Z B, (the complementary batch size distribution)
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BP-EMLM - The analytical Model (cont.)

Performance measures

FAA

o Y, Bia(i-1b)
E(n k\ j)= [=1 Average number of service-class k calls in state |

q(/)

ny, = ZE(”k ‘]' )a(Jj) Average number of service-class K calls in the system
j=1

B)_
c, =27k
¢ a, B,

C

= Call congestion probability of service-class k

Pbk = Z G q( j) Time congestion probability of service-class k
jZC—bk+1

C
U =) jq(j) Link utilization
j=1 2012 Emerging 2012 Barcelona 70



The BP-EMLM under Bandwidth
Reservation Policy (BP-EMLM/BR)

Link of capacity C= 12 b. u.
1*'service-class: b;=1, Band. Reserv. Parameter t; =1

2% service-class: b,=2, Band. Reserv. Parameter t,=0 | Call Loss .
5 free bandwidth
| — unit
4 b
st ) i free bandwidth unit
1™ service-class 3 reserved for 2™
batches 2 service-class
1
T >C“12 Bandwidth

Reservation
— Policy
T e % | i / Partial
Blocking

A call of service-class k is accepted when j + bk < C — t&
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BP-EMLM/BR - Roberts’ Method

Assumption:
Calls of service-class k are assumed to be negligible

h j=C-t,+1, C-t,, ...,C
when ) Koo Tk example

C=4 --—-pp 1% service-class

=1 —P 2™ service-class

Reservation space for
the 1% service-class

The reservation space of a service-class k includes the blocking states:
C-b,—t,+1,...,C e.g. for the 1 service-class, j=3 and 4.
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BP-EMLM/BR - Roberts’ Method (cont.)

Moscholios and Logothetis, Computer Communications, 2010

Link Occupancy Distribution

Li/Be] b, when j<C-t¢,
Q(])—JkZ;O‘ka(J br) ZZIZ B q(j—1b) Dk(J—bk):{o when j>C-1,

Performance measures

Lith] |
3 Bl 1190 —1by.) Average number of
E(ny ‘ J)=1 =l when j<C-t, service-class k calls
q(/) in state j
C 4 .. Time Congestion
Pbk = Z G q(j)  probability of
J=C=by—t;+1 service-class k
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BP-EMLM/BR-Method of Stasiak & Glabowski

| j/b | A
ap Y, Brq(j—Iby)

[=1
E (ng|) =1 q()

when ]SC—tk

(cont.)

< > E'(m|j-b)wis(j)  when j>C i,
i=1,i#k
\ /

171

where Qi

2. b,

j£k

wri(J) = —%
Jj=1,

-

Average number of
service-class k calls
when j=C-t +1, C-t,,
s, C

Link Occupancy Distribution

1 K I_j/ka .
q(Jj) =
I=1

K
J = Z b, E (nk|])
September 23, 2012 k=1

§Z apby Y Biq(j-1Iby)
k=1
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Numerical example: BP-EMLM - BP-EMLM/BR

C =100 b.u.

K=3

b,=1 b.u., t;= 15 b.u.

b,=4 b.u., t, =12 b.u.

b,=16 b.u., t;= 0 b.u.

P (s,=r) = (1- BB, ! (geometric distribution of batch size s,)
B,=0.75, p,=0.5, p;=0.2 (note: average batch size is 1/(1-§3,)
pl=pl=pl=1 (exponentially distributed call service time)

a,= 6 erl, a,= 4 erl, a,= 2 erl (offered traffic)
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Numerical example: BP-EMLM - BP-EMLM/BR
(cont.1)

Time Congestion Probabilities

34
20,00 A

32 o e 1% service-class (CS) - .

30 EIYYYYYY stervice_class (CS) ___—_ 19175 T | — ROberTS method
— d ) ___—‘ 19,50 | ***** Stasiak & Glabowski method
e\i 28 1 5" service-class (CS) Le==" ’0\3 19,25 4| —®— simulation (95% confidence interval)
»n 26 __—— <
o) - «n 19,00 -
E 24q e=~ Q 4
= = 18,75
S 2- Z 1850 W4 erl, 0,=2 erl
S 201 ©
o 2 18251
Q. 18 A S 18,00 -
c
S 161 S 17,75 -
3 141 % 17,50 A
2 12- L 17,25 -
c > 1
S 101 S 17,001
g 81 esssccscccee (] 16,75 A
.|: 6 T "QQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQ‘QCQQQQ“ E 16150 T

4 16,25

27 16,00 -

I I I I I I I 15,75 L T T T T T T T
30 35 4,0 45 50 55 6,0

3.0 35 4,0 45 50 55 6,0

st . .
1" service-class offered traffic (erl) 1% service-class offered traffic (erl)

BP-EMLM BP-EMLM/BR
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Numerical example: BP-EMLM - BP-EMLM/BR
(cont.2)

Call Congestion Probabilities
(higher than time congestion probabilities)

28,5
| 1% service-class (CS) _ 28,0 || == 1% service-class (Roberts)

[ eeeeee 2" senvice-class (CS) " 275 | eeeee 1% service-class (Stasiak and Glabowski)
| === 3%senice-class (CS) 270 || —®— simulation (confidence interval 95%)

S

Moo BREEEEBRREBEBRREBS

26,5
26,0
255
25,0 .
254 T .
24,0 -
235 -
230
225 -
220 -
215 -
210 -
205 1 : : : : : :
30 35 40 45 50 55 6,0

a,=4 erl, a,=2 erl

Call Congestion probabilities (%)
Call Congestion probabilities (%)

30 35 40 45 50 55 6,0

st .
1" service-ciass offered traffic (erl) 1st service-class offered traffic (erl)
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Numerical example: BP-EMLM - BP-EMLM/BR

(cont.3)
Call congestion probabilities
Roberts’ method Method of S&G Simulation results
(%0) (%0) (%0)
al st 2nd 3rd st an 3rd ]st 2nd 3rd
class | class class class | class | class | class | class | class

6.0] 26.28 | 28.45 | 27.67 | 26.83 | 28.98 | 28.21 | 27.38 | 29.32 | 28.23
+0.33 | £0.40 | £0.46
5.5125.44 | 27.57 | 2691 | 25.96 |28.08 | 27.42| 26.57 | 28.40 | 27.46
+0.17 | £0.22 | £0.33
5.01 24.61 | 26.69 | 26.15 | 25.10 | 27.17 | 26.63 | 25.59 | 27.28 | 26.67
+0.19 | £0.16 | +0.22
451 23.78 | 25.81 | 25.37 | 24.24 | 26.26 | 25.83 | 24.77 | 26.63 | 25.88
+0.30 | £0.15 | 0.16
4.0] 2294 | 2493 | 24.60 | 23.38 |25.36|25.02 | 23.84 | 25.65 | 25.07
+0.14 | £0.21 | +0.17
3.51 22.12 | 24.06 | 23.81 | 22.52 [24.45|24.21 | 23.03 | 24.62 | 24.37
+0.26 | £0.29 [ £0.25
3.01 21.29 | 23.18 | 23.03 | 21.67 |[23.55|23.40 | 22.08 | 23.70 | 23.47

+0.13 | £0.07 | £0.08
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Numerical example: BP-EMLM - BP-EMLM/BR
(cont.4)

Link Utilization (C= 100)

74

Complete Sharing

esesee Roberts' method

- e= e Stasiak and Glabowski method
—e— simulation (95% confidence interval)

73

72

71 A

70 -

69

68

Link Utilization

67

66

65

64

63 I I I I I I I
3,0 3,5 4,0 4,5 5,0 5,5 6,0

1st service-class offered traffic (erl)
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Numerical example: BP-EMLM - BP-EMLM/BR
(cont.5)

Equalizing Call Congestion Probabilities

0,300

e Stasiak & Glabowski (t;=15,1t,=12)
0,295 9 | qe0ee Roberts (t,=15, t,=12)

—e— S imulation

0,290 -

0,285 -

0,280 -

service-class)

0,275 -

nd

0,270 -

0,265 -

,260 —

0,255 -

0,250 -

Call congestion probabilities (2
o

0,245 -

0,240 -

0,235 -

0,230 T T T T T T T
3,0 3,5 4,0 4,5 5,0 5,5 6,0
a,(erl)
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STRUCTURE - Where We Are

e (A) Random Traffic

(A1) Constant-bit-rate/stream traffic
(A2) Elastic Traffic while in service

e (B) Quasi-random Traffic

e (C) Batched Poisson Traffic

(B1) Constant-bit-rate/stream traffic
(B2) Elastic Traffic while in service

(C1) Constant-bit-rate/stream traffic
(C2) Elastic Traffic while in service

September 23, 2012 Emerging 2012 Barcelona
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(C) Batched Poisson Traffic

(C2) Batched Poisson arriving calls with fixed
bandwidth requirements upon arrival, and elastic
bandwidth while in service.

________ reminder

_Elastic Service time

Types of Traffic (file transfer) :; increase/decrease |
when in service Adaptive

Fixed
(adaptive video) T Service time

State of the art

o The Batched Poisson Erlang Multirate Loss Model (BP-EMLM)
1996

Furthermore
° The BP-EMLM supporting elastic and adaptive traffic under
the BR policy 2011, 2012
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The BP EMLM for elastic & adaptive traffic
under the BR policy

Moscholios et. al IEEE ICC 2012, Annals of Telecommunications 2012)

Link Occupancy Distribution

1 for j=0

Foomees BT Gal T - .

' 3 1 tic cl
| ockD(] b)Z @G(] _lh) astic classes

L] E e * Adaptive classes

. bk Jor j<T—t,
where: Dk(] _bk)z

0 forj>T—t,
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The BP EMLM for elastic & adaptive traffic
under the BR policy (cont.)

Performance Metrics

TC probability _ < 1 .
of service-class k Pbk B ._Cbz 1G q(J)
SRR Link Utilization
oys C 00 C T
CC probability of . q g (k) N el g 1 /.
service-class k G, = Z(;G q(J) CZ B, U—ZIJG q(j)+ ;1 CG q())
= m=| £7 |41 J= =L

( No Product Form Solution
 Approx. calculation of link occupancy distribution

and all performance measures.
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Numerical Results — Evaluation

-1 -1 _ -1 _ -1 _
. b=16 My =i =y =y =1
Application | ~lerl Batch size, s,
example Geometrically distributed,
a,=3 erl q Pr(s,=r)=(1- B,) B,"!
C=200 B,=0.75, p,=0.5, p,= p,~0.2.

=4 a,=5erl —}
b,=1

o,=7erl —

One set of BR parameters:
t,=15,t,=12,t; =6, t, = 0 (TC equalization among calls of all service-classes).

Three different values of T:

a) T = C = 200 b.u. (no bandwidth compression - results coincide with BP-
EMLM/BR)

b) T=220Db.u. (max compression factor C/T=200/220) b=1 —b

c¢) T=240Db.u. (max compression factor C/T=200/240) b=1—b

=091
=0.83

1min

1min
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Numerical Results — Evaluation (cont.)

0.080 —
00ss | @ TC.(sim., T=200)
oosg 4 ©  TC,(sim., T=220)
00754 w  TC,(sim., T=240)
0.070 TC,, (analyt., T = 200)
0.085 4 ... TC,, (analyt., T = 220)
T TC,, (analyt., T = 240)
@ 00554 eq (@Nalyt., T = 0
T 0050 4 :
=
o 0.045 - 0
2 0.040 -
O 0.035 - G .
-
0.030 - -
0.025 - —
0.020 - —
DD15 7 .“I“_-.-{;il. -_-.-“'-l"
0.010 - G__,...----E*' -
— =¥
0.005 A ="
0.000 . , | | . . | |
1 2 3 4 5 5 . =

Offered traffic-load points
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Numerical Results — Evaluation (cont.)

0.144
0.138 |
0.132 -

e CC,(sim., T =200) .
0126 4 ©
v

cC, (sim., T = 220)
0.120 CC, (sim., T = 240)
o s CC, (analyt., T = 200)

0.102 . CC, (analyt., T = 220)
0.096

0.0e0  ——— CC, (analyt., T = 240)
0.084 -+
0.078 -
0.072 -
0.066 -
0.060 -
0.054 -
0.048 -
0.042 -
0.036 - _
0.030 -

0.024 - e =W
0.018 +— — — —, D = L
0.012 — -@== —— e
0.006 +— ~g———F

DDDU 1 I L | | 1 L] |

CC (1st service-class)

Offered traffic-load points

September 23, 2012 Emerging 2012 Barcelona



Numerical Results — Evaluation (cont.)

0.156 -
01391l e cc,(sim., T=200)
0.138 - CC, (sim., T =220
o132 4 © 2 (8] )
0.126 - v CC,(sim., T =240)
~ 0.120 ce _
® 0114 - , (analyt., T = 200)
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Numerical Results — Evaluation (cont.)
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Numerical Results — Evaluation (cont.)

015
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Numerical Results — Evaluation (cont.)
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Introduction to W-CDMA
User Activity

Uplink: calls from the Mobile Users
(MUSs) to the Base Station (BS)

K service-classes (k=1,..., K)

N, : Number of traffic sources (MUs)
Ry : Transmission bit rate

(E/No)i - Signal energy per bit divided by noise
spectral density, required to meet a predefined
Bit Error Rate (BER) parameter

v, . Activity factor

User Activity:. users alternate between transmitting and silent periods
Active users: have a call in progress (occupy system resources)

Passive users: are silent (do not occupy any system resources) 92



Introduction to W-CDMA

Interference & Call Admission Control
Interference

Intra-cell Interference (caused by users of
the reference cell): Linq

Inter-cell Interference (caused by users of
the neighboring cells): izer

Existence of Thermal Noise: Py

Need to preserve the QoS
of in-service calls

BS-1

}

Call Admission Control

can be based on the measurement of
the Noise Rise

: : : : Il Liviva + Lintor + P
A new call is accepted if the NoiseRise: NR=-otal _Zintra ™ “inter "N < nyp
Py Py
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Wireless Erlang Multi-rate Loss Model
(Wireless EMLM)

The EMLM is not suitable for W-CDMA Networks,
since it does not take into account:

1) User activity (active and silent periods)
2) Blocking due to inter-cell interference (soft blocking)

!

Solution: The Wireless EMLM

D. Staehle and A. Mader, “"An analytic approximation of the uplink
capacity in a UMTS network with heterogeneous traffic,” in proc. 18th
International Teletraffic Congress (ITC18), Sept. 2003.
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Wireless EMLM
Cell Load, Load Factor and Local Blocking Probability

n = Cell Load: The ratio of the received power from all active users to the total

received power

NR =

1= lintra * Linter — _ 4+ h
lintra + Linter + 1, N Vinira * Hinter _NR - 1 " _ NRpax —1
oq’ Cell load from users of the reference cell > T NRyax
o Cell load from users of the neighboring cells Typical value, n, = 0.8
Lintra * Linter + £y (can be considered as the
Py / shared system resource)

Lr = Load Factor: can be seen as the bandwidth requirement of service-class £ calls

(Ep/ No)i * Ry R;: Transmission bit rate
W +(Ep/ No)p * Ry, (Eb/No)y: Bit error rate (BER) parameter
W = 3.84 Mcps: Chip rate of the W-CDMA carrier

fr = Local Blocking Probability: The prob. that a new call is blocked when
arriving at an instant with intra-cell load n,. ... It depends on the system occupied
bandwidth as well as on the calls requirement

n; = PN, + Niptor + L >0
September 23, 2012 ﬂk( lnlfl:lalzlylllg il/\lJtKaL L)C|lIn\Z:€’|/'UIICI k maX) 95



Wireless EMLM

Intra-cell load and Inter-cell load

n,..: Intra-cell load (cell load from users of the reference cell)

K

Rintra = Z my Ly,
k=1

where my is the number of active service-class k calls and

L, is the load factor of service-class k calls

n, ... Inter-cell load (cell load from users of the neighboring cells)
I
Ninter = (1= Nmax) —
N

where I, .., is modeled as a lognormal random variable, that is independent

of the intra-cell interference, with mean E[l. .. ] and variance Varfl

inter inter]
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Wireless EMLM
Bandwidth Discretization & Bandwidth Occupancy

g: basic cell load unit used for Banwidth Discretization

Bandwidth discretization is needed since the EMLM considers discrete state space

n — j="_, Nax —7 C = 'max.
g g

L, —> b :round(L—k)
g

Due to the existence of passive users a state j does not represent the total number of occupied b.u.

A(c| j) = Bandwidth Occupancy: conditional probability that ¢ b.u.are occupied

in state |
Note that: c=0 all users are passive, c=j all users active while in the EMLM, c=j always
K
A(e] j) = kZlPk(j)[va(c = by | j =)+ A=vi)Ale | j = bp)l,

for j=1,..., jjmax and c<j
where A(0|0)=1and A(c|j)=0forc> j
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Wireless EMLM

Local Blocking Factor

Local Blocking Factor: due to the inter-cell interference

J
blocking may occur in every state j with probability LBx( /) LB (j) = Zoﬂk(C)/l(C | /)
c=

- A, : arrival rate (Poisson)
- M, : service rate
— nk (j): number of in-service calls in state j

- A, (1-LB,(j)) : effective arrival rate in state j

Maximum reachable
State
A (1-LB(j)) :

o 00 - -
N

Septen ﬂknk(j+bk) o8



q(Jj)

N\

Wireless EMLM

Call Blocking Probabilities Calculation

State Probabilities

1 for j=0 i
K ‘I(j):jmz,fj)
> o (1=LBy(j—bp)by G(j-by) forj=1,..., jmax (0
k=1 j=0

0 otherwise

Bandwidth Share

ay (1= LBy (j — by ) brq(j —by)
Jqa(j)

F(j)=

Call Blocking
Probabilities

jmax
B = >, q(j))LBr())
j=0
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Wireless Engset Multirate Loss Model
Vassilakis et. al (IEEE PIMRC 2007)

Due to the limited coverage area of a cell, it is certainly more
realistic to consider that the number of mobile users, in a cell,
is finite. This consideration is especially true in the case of
microcells (small size cells).

In that case the Wireless EMLM should be replaced by the
Wireless Engset Multirate Loss Model (Wireless ENnMLM).

September 23, 2012 Emerging 2012 Barcelona 100



Wireless Engset Multirate Loss Model
Local Blocking Factor

Local Blocking Factor: due to the inter-cell interference

J
blocking may occur in every state j with probability LZBx( j) LBy (j)= Z%)ﬂk(C)A(CIJ)
c=

- A, arrival rate from an idle source
- M, : service rate
- N,: number of traffic sources (MUs)

— ng (J): number of in-service calls in state j

- (Nk = nk(j))A, (1-LB,(j)) : effective arrival rate in state j
(Ni-ni(G)Ax (1-LB(j))

Maximum reachable
/—\ state

® ®---® ---
N

i +by)
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q(Jj)

Wireless EnMLM

Call Blocking Probabilities Calculation

State Probabilities

1 for j=0 (/)
K Q(j):jm:],f]
Z(Nk_nk +1)0€k(1—LBk(]—bk)ka(]'bk) forj:la---ajmax Z é(])
k=1 =0

0 otherwise

Bandwidth Share

(Ny -ny t Dag (1= LB (j — by ) byq(j — by)
Jja(j)

F.(j)=

Call Blocking
Probabilities

jmax
Br= > q(j)LBr())
j=0
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Evaluation — Application Example

We compare:
a) Analytical to Simulation CBP results of the Wireless-EnMLM

b) The Wireless-EnMLM to the Wireless-EMLM (infinite source

model)
Data Video
Transmission rates (Kbps) Ri1=64 Ro=144
Activity factor vi=1.0 v,=0.3
BER parameter (dB) (E/N,) =4 (E/N,),=3
Inter-cell Interference E[Z, . ]1=2*10%mW and CV[/, ]=1

Traffic load point 1 2 3
20 30 40 50 60 70 80 90 100

Number of sources (/V,=N,) 10

Offered traffic for Data (erl) | 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Offered traffic for Video (erl)

September 23, 2012 Emerging 2012 Barcelona 103



Evaluation — Application Example (cont.)

9.0

8,5 4
|l #+=O--+ Data(sim)
Sie sseFees Video (sim)
—&— Data (anal)
—— Video (anal)
O
H

s =
0
6.5 A
6.0 A
55 A
5,0 A
4.5 A
4,0 A
2
3,0 A
2,5 A
2,0 A
1,5 -
1,0 -
0,5 -

Data (inf)
Video (inf)

Call Blocking Probability (%)

_ﬁ_t_ F—-—F‘-a"

1 2 3 4 5 G 7 a 9 10
Traffic-load Point
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The Wireless EMLM including Handoff traffic

(WH-EMLM)
Vassilakis et. al (IARIA AICT 2008)

Uplink: calls from the Mobile Users Types of Calls

(MUs) to the Base Station (BS) / \

New Calls Handoff Calls

Calls of a single service-class
R : Transmission bit rate

(Ew/Ny) : Bit error rate (BER) parameter

v . Activity factor

User Activity. users alternate between transmitting and silent periods
Active users: have a call in progress (occupy system resources)

Passive users: are silent (do not occupy any system resources) 105



The WH-EMLM
Interference & Call Admission Control

Interference

Intra-cell Interference: 1,4

Inter-cell Interference: 1;,.r

Thermal Noise: Py

Need to preserve the QoS
of in-service calls

Call Admission Control

NoiseRise: NR = Liotal _ Lintra + Linter + N < NRppax
Py Py
A New call is accepted If A Handoff call is accepted if
P P

NR < NRiax N NR < NRiax 17

NRmaX,N < NRmaX,H
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The WH-EMLM
Cell Load, Load Factor and Local Blocking Probability

n = Cell Load: The ratio of the received power from all active users to the total
received power

_ Lintra + Linter = Ny + Miny A R N = NRimax,N ~1
intra ™ Minter max,N =
Lintra + Linter + PN - NR -1 — NRinax,N
n,..: cell load from users of the reference cell \ ~ NR \ NR oy gy —1
Mmax,H = :

n, . . cell load from users of the neighboring cells

N. Rmax,H

inter:

NR = Lintra + linter + PN
PN J

We use Cell Load instead of
Noise Rise for the CAC

L= Load Factor: call bandwidth requirement

~ (Ep/Np)*R W = 3.84 Mcps: Chip rate of the W-CDMA carrier
W+(Ep/ Ng)*R

p = New Call & Handoff Call Local Blocking Probability: The prob. that a new call
(or a handoff call) is blocked when upon arrival the intra-cell load is n;,.

PN Mipgra) = P(Mipgrg + Nipger + L > nmaX,N) P Mipgra) = P(Mipgrg + Nigger + L > nmaX,H)
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The WH-EMLM
Bandwidth Discretization & Bandwidth Occupancy

In order to describe the system by a Markov Chain we express all parameters with
integer values.

g: basic cell load unit used for Resource Discretization

p > oM e —> €= max
g g

L—> b= round(é)
g

A(c| j) = Resource Occupancy: conditional probability that ¢ resources are
occupied in state |

Alc| j) = P())vA(c=b| j=b)+(1-v)A(c| j=D)],
for j=1,..., jjax and c<j

where A(0]0)=1and A(c| j)=0forc> j "

. k
(active user
arrived)

1'Vk
(passive user
arrived)

September 23, 2012 Emerging 2012 Barcelona 108



The WH-EMLM

Local Blocking Factor

Local Blocking Factor: due to the inter-cell interference
blocking may occur in every state j with probability LB( j)

- Ay mean arrival rate of new calls (Poisson process)
— Myt mean service rate of a new call

— Yn (J): number of in-service calls in state j

- Ay () = Ay (1-LBy(j)) : effective arrival rate in j

- Ay mean arrival rate of handoff calls (Poisson)

- Myt mean service rate of handoff calls

— Yu (J): number of in-service handoff calls in state j
- Ay (G) = A4 (1-LBL(J)) : effective arrival rate in j

HH > UIN
September 23, 2012 Emerging 2012 Barcelona
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LBy ()= D, Bn(c)A(c]))
c=0

J
LBy (j)= D, Bu(c)Alc|))
c=0
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The WH-EMLM

State Transition Diagram

- Sy Number of New Calls

- Sy Number of Handoff Calls

- j = (sy + sy ) b : occupied bandwidth (system state)

Maximum reachable
state

ANG) + Au ()

-0 - &
N

UNYNG D) + uyYr(j+b)
September 23, 2012 Emerging 2012 Barcelona 110



The WH-EMLM

Call Blocking Probabilities Calculation

State Probabilities

1 for j=0

1 : AL a(7

“ay(1-LBy(j-b))bg(j-b)+ a(jH=—3G)
()= 17 Jmax
AT | L | | 2. 4()

;aH(l_LBH(J_b))bQ(J'b) for j =1,..., jmax =0

0 otherwise

Call Blocking
Probabilities

jmax . . jmax . .
By =Y. q())LBy()) By =Y q()LBy())
=0 =0
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The WH-EMLM

Generalization to K Service-Classes
State Probabilities

1 for j =0
LS o (- LB b)) b i(7)
1 _ . S
- jkglazv,k( Nk =B )b G(j-b) )= q(J
g(j)= 1 X Jmax o
1 . . . . > 4())
jZaH,k(l—LBH,k(]_bk))ka(J'bk) for j=1,..., jmax =0
k=1
0 otherwise
Bandwidth Share
4l k(= LBy (= b)) by g (G = by ) ~_an k(=LBy 1 (j—by))br q(j —by)
Pri ()= iq(j) Py i ()=— —
Jqa(j)
Il
Example:
b,=2 P,1(5)=2/5and P, (5)=3/5
b,=1 .
2 Call Blocking
| Probabilities
Jmax Jmax
Byi= 2. a()LBy k() By k= 2. 9()DLBy ())
j=0 j=0
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Evaluation — Application Example

We compare Analytical to Simulation CBP results

Data Video
Transmission rates (Kbps) Ri=144 R>=384
Activity factor v,=0.7 v,=0.6
BER parameter (dB) (E,/N,) =3 (E/N,),=4
Inter-cell Interference E[Z .1=2*10%¥mW and CV[/, =1

Traffic load point 1 2 3 4 5 6 7 8 9
New call Offered traffic for 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Data, (erl)
Handoff Call Offered traffic 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0
for Data (erl)
New call Offered traffic for 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0
Video (erl)
Handoff Call Offered traffic 0.1 0.15 0.2 0.25 0.3 0.35 04 | 045 0.5
for Video (erl)

September 23, 2012

Emerging 2012 Barcelona

113




Call Blocking Probability (%)

Evaluation - Application Example (cont.)
Nmax,N=0.7

Nmax,H=0.8

Data Video

6,5 1
11 1
«+ O+ Handoff calls (simulation) «+ O+« Handoff calls (simulation)
6.0 4 «+[3++ New calls (simulation) 10 - e 1+« New calls (simulation)
—&— Handoff calls (analytical) —&— Handoff calls (analytical}
59 1 —— New calls (analytical) —&— New calls (analytical)

Call Blocking Probability (%)

Traffic-load Point Traffic-load Point
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The Wireless finite CDTM

Vassilakis et. al (IEEE ICC 2008)

Uplink: calls from the Mobile Users Types of Services

(MUs) to the Base Station (BS) ~ \

Stream Elastic
(real-time video) (file transfer)

K Service-Classes

Sk (k=1,...,K) QoS levels (I=1,..., S)

BS _
\ = R ;: Transmission bit rate
&
MU-1 = (Eb/No)y,: Bit error rate (BER) parameter

User Activity. users alternate between transmitting and silent periods
= Active users: have a call in progress (occupy system resources)

= Passive users: are silent (do not occupy any system resources)
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The Wireless finite CDTM

Interference & Call Admission Control

Interference

Intra-cell Interference: 1,4

Inter-cell Interference: I;,er

Thermal Noise: Py
Need to preserve the QoS
of in-service calls

Call Admission Control

I

mntra

NoiseRise : NR = ‘total _ Linter * EN < np

Py Py
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The Wireless finite CDTM
Cell Load, Load Factor and Local Blocking Probability

n = Cell Load: Shared system bandwidth/resource

Lintra * Linter NR -1 NR —1
n= = Nintra ¥ Minter N=——— =——tfp 7N = max
1 intra © 1 inter T P N NR A N. Rmax
NR = lintra * Linter + Fiy We use Cell Load (instead of
Py Noise Rise) for the CAC

Lir; = Load Factor: call resource requirement

(Ep/ Noi,1 * Ry Ry : Transmission bit rate

W+ (Ep/ Noi, * Ry (Eb/No)y;: Bit error rate (BER) parameter

Ly g

W = 3.84 Mcps: Chip rate (bit rate of the spreading signal)

B, = Local Blocking Probability: depends on the system occupied
resources as well as on the calls requirement

Bret Mingra) = P(Mipgra + Miger + L 1 > Mnax)  (NEW CAC CRITERION)
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The Wireless finite CDTM

Resource Discretization & Resource Occupancy

g: basic cell load unit used for Resource Discretization

n —> j=2
g
Mmax ~ C = "max

g
Li

Lk,l % bk,l =r0und(

)
g

/I(c|j) = Resource Occupancy:
conditional probability that c v
resources are occupied in state | (active user:

arrived)

1-v,
(passive user
arrived)
K S
Alel =2 2 BeaDvgAle =by 1 | j=bg )+ (A=vp)A(e | j = by ),
k=11=1
for j=1,..., jyjax and c<j

where A(0]0)=1and A(c| j)=0forc> j
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The Wireless finite CDTM

Local blocking factor

Local Blocking Factor: due to the inter-cell interference.

Blocking may occur in every state j with probability LBy« j) LBk (J) = Z B 1(c)A(c | ))
0
— A, arrival rate from an idle source -
— My, service rate

— Nk (j): number of in-service calls in state j

—  (Nk = ng,(j)) /Ik,,(1-LBk,, (/) : effective arrival rate in state j Maximum reachable
. . state
(Ni=n(G)Ax (1-LBy())) :

® -0 - ®--@
N

wini(j+by)
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The Wireless finite CDTM

Call blocking probabilities calculation

Un-normalized State Probabilities

1 for j=0
- K Sk Sk
) =33 > (V=2 me g (D +D A (NG (G -bgy) for j=1,..., jmax
k=1 1=0 1=0
LO otherwise
A1 ()= oy (A=LBy 1(j = b 1) by 01 (J) NG Al o
~ k1 (Ng(G =g A= LBy 1(j— by 1)) gy =—3G)
I’Zk’l(])z : Jmax o
q(j) > 4())
=0
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The Wireless finite CDTM
Call blocking probabilities

Performance Metrics

Bandwidth Share
Sk
(Nk = 2 me (D +D Ak 1 (Ng (G =g p)
F(j)= =0

Jq(j)

Call Blocking Probabilities

jmax Sk (]) 1 when ] < Jk,l
B — ’ 'LB . 0) = 4
k jz() Q(J)lzzlwk,z(J) % (J) k,1 0 ofherwise
wy 1(j) = <(1 when Jk’l <J= Jk’lﬂ forl >1
o |0 otherwise ’
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Evaluation - 1st Application Example

Characteristics of the Service-classes

Service-class Data Video

Type Elastic Elastic

Transmission rate (Kbps)| R; ;=64 and R,=32 | Ry =144, R,,=128 and R;3=112

Thresholds J11=0.6 J21=0.4 and J,,= 0.6
Activity factor v,=1.0 v,=0.7
BER parameter (dB) (E,/Ny),=4 (E,/Ny),=3
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Evaluation - 1st Application Example (cont.)

We compare Analytical to Simulation results

6.0 —
_ High Traffic

2.3 7 +epe+ 1 savice - class (sim)

il
5.0 1

s+ {>ee 27 smvice - class (sim)
| —v— 1"'semice - class (anal)
454 == "% sonice - tlass (anal

4.0 1

3.9 1

3.0 4 Low Traffic

o0+ 1% service - class (sim)
++0++ 2" service - class (sim)
—— 1"service - class (anal)

—8— 2" service - class (anal)

2.9 1
2,0 4
1.5 4

Call Blocking Probability (%)

101 ¥ - - .
B - P_H_#M‘.#.
0.5 4
! I ! L I |
10 20 50 100 500 inf

Number of Sources

Low Traffic: Niai1 =4 erl, N.a; =1 erl
High Traffic: Nia; =8 erl, N.az =2 erl
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Evaluation — 2" Application Example

Characteristics of the Service-classes

Service-class Voice Data Video
Type Stream Elastic Elastic
Transmission rate (Kbps) | R;;=12.2 |R,=128 and R,,=64 | R3,,=384, R3,=144 and R33=128
Thresholds - J2,1=0.6 J3,=0.4 and J3,= 0.6
Activity factor v,=0.5 v,=1.0 v;=0.7
BLER parameter (dB) (E,/N,) =5 (E,/N,),=4 (E/N,);=3
Number of sources N1=100 N>=50 N3=10
Offered traffic-load
Traffic load point: 1 2 3 4 5 6
Offered Voice 4.0 6.0 8.0 10.0 | 12.0 14.0
tfafiﬁc'load Data 10 |14 |18 |22 [26 |30
(erb Video 0.1 0.2 0.3 0.4 0.5 0.6

September 23, 2012
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Evaluation - 2" Application Example (cont.)

We compare Analytical to Simulation results

w0+ 15t service - class (sim) e

4.0 = nd
«+0e+ 2™ service - class (sim)

35 { +aee 3 garvice - class (sim)
25 =0 15t service - class (anal)
s 2nd service - class (anal)

—h— 3rd service - class (anal)

Call Blocking Probability (%)

0.0 1 1 1 I I 1

Traffic Load Points
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