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Challenges of Integrated Services

True combination of real-time and non-
real-time services

Maximize the utilization of network
Infrastructure

Quality of service (QoS)

Handoff handling

— Forced termination of an outgoing call is more
annoying than blocking of a new call



Handoff Design Issues

Forced termination vs. new call blocking
Increased channel utilization in a fair manner

Goal:

— Minimization of forced termination of real-time handoff calls
without drastically sacrificing other QoS parameters

Need for support of multiple service classes
simultaneously

Keys for good designs:
 Delay sensitivity: non-real-time vs. real-time

* Preemptive model: priority reservation for handoff calls
over new calls to minimize forced termination of real-time
handoff calls



Resource Reservation for Call Admission
Control (Ref [71)
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RC: # of real-time calls — maximum capacity Sk

RT only: # of real-time handoff calls (part of CC) — maximum capacity Se
CC: # of handoff calls - maximum capacity Sc

NC: # of non-real-time calls — maximum capacity Sx

Some partition may be shared, e.g., RC may be used by real time new calls or
real-time handoff calls.



Ao 75 }
- RHRQ v/ | RC > S
Apig - Mz | . 2|1 —‘.;' . < »
T l \ RT || o ' Completed call
HFhaheal ,\' 0111}.- |,>_ N ’
NHRQ ,'f"f."‘ . * S~ HandofY call
D Im ] [ 2]7 1 \| CC [pScSe
.« —1 1 L1\ \ ‘ ------------------- >
, \ Xt < Interrupted call
5 A | NC L.
{ AoN— ~J |

Fig. 1. System model for a reference cell.

Traffic Sources:

« Jor: arrival rate of real-time originating new calls

« wr: arrival rate of real-time handoff requests

« Jon: arrival rate of non-real-time originating new calls
« e arrival rate of non-real-time handoff requests

Queues (for handoff calls only)

« RHRQ: # of real-time handoff requests in queue with capacity Mr
« NHRQ: # of non-real-time handoff requests in queue with capacity M




Algorithm for Originating New Calls
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Fig. 2. Flow diagram for handling originating calls.



Algorithm for Handoff Requests
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PERFORMANCE ANALYSIS
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Fig. 1. System model for a reference cell.

1 IS the number of real-time calls in RC

J i1s the sum of the number of real-time handoff calls in both CC and RHRQ
k is the number of non-real-time handoff calls in CC

| is the number of non-real-time calls in NC

m Is the number of non-real-time handoff calls waiting in NHRQ



A Partial Markov Model for (i=1, j=1, k=1, I=2, m=0),

le., (RC=1, RT+RHRQ 1, CC-RT=1, NC=2, NHRQ=0)

1 real-time call in RC 1 real-time handoﬁ call in CC 1 non- real -time

handoff call in CC 2 non-real-time calls in NC
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Fig. 4. Stable state transition diagram for State (i=1,j=1, k=1,1=2, m = 0).
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QoS Metric Calculation

Based on the state diagram, the steady state probability that the
system is in a state can be calculated, from which QoS metrics
may be calculated. For example: the blocking probability of non-
real-time handoff calls (By,) can be calculated by conditioning on
CC-RT is full (j+k > Sc - SE) NC is full (I = Sx) and NHRQ is

full (m = M): Sp_ S¢Sk Sc+Mp—k
Byv=)_ ) Z Pli,j. k. Sy. My).  (37)
i=0 k=l "=
IW
Recall: J=Sc-Kk

I 1S the number of real-time calls in RC
J Is the sum of the number of real-time service handoff calls in both CC and RHRQ

k is the number of non-real-time handoff calls in CC

| is the number of non-real-time calls in NC
m is the number of non-real-time handoff calls waiting in NHRQ
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Admission Control for Revenue
Optimization with QoS Guarantees (Ref [8])

 Call admission control (CAC) algorithms that
make acceptance/rejection decisions based
on:

— Satisfying QoS requirements, and
— Optimizing system “revenue” or “reward”

* Integrating pricing with CAC
» Assume “charge-by-time” pricing

11



System Model- From A Cell’s Perspective

Multiple Service classes:

M — Arrival rate of new calls of service class i
u'. — Departure rate of new calls of service class i

M. — Arrival rate of handoff calls of service class i

u'. — Departure rate of handoff calls of service class i

m A cell has C channels
= Service call of class i requires k' channels
= Price rate is v! for class i Mo N 1

My ——> —— u,
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Partitioning Admission Control

Partitioning CAC divides the total number of channels in a cell into
several fixed partitions, with each partition specifically reserved to

serve a particular service class (real-time vs. non-real-time) and call
type (new vs. handoff).

C >

C%, Cc?,

Channels for high-priority handoff calls

Channels for high-priority new calls Example:

Channels for low-priority handoff calls two classes

Channels for low-priority new calls

Constraints: Ct,, Ct / C%4,C2 <C & CL +ClL +C% +C% =C

13




Partitioning-based CAC

» Channels in a partition cannot be shared.

 |faclass 1 new call arrives and all channels
allocated to serve class 1 new calls are used up,
this class 1 new call is rejected. This applies to
all service classes (1=1, 2, etc.) and call types
(new vs. handoff).

« Each partition thus can be modeled as a M/M/n'/n!
gueue with n' being the number of call slots in the
partition (determined by ki), A! being the arrival
rate and p' being the service rate. The subscript of

€c_.9%

n” or “h” 1s dropped from the notation above.
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Input Parameters to a Cell: Two Classes

The following parameters are used by a cell’s CAC algorithm:

) Departure )
Arrll Rates Number of Channels
h

vl required per call
Hoh 5
AL 1 Y
Hoh
A2y u?
A2 “

2
" Hon
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QoS Metric Calculation

Blocking probability is the probability a call is rejected.
QoS constraints: Blocking probabilities of new and handoff
calls for both classes 1 and 2 must be satisfied.
We would like to partition the channels such that the following
QoS constraints are satisfied:

Bl < Bt

Bl <Blt

B2, < B4t

B2, < Bt

The blocking probability (new or handoff calls of class 1) is equal
to the probability of the partition allocated to service class 1 new or
handoff calls being full, which can be calculated by the probability
that all n'slots are full in the M/M/n'/n' model. 6




Revenue Calculation

The revenue that a successfully terminated or handed-off call brings
to the cell 1s calculated by the product of the call’s price rate
parameter v' with the duration of the call in the cell.

The revenue rate earned by the partitioning-based CAC may be
calculated as follows:

PR(C, A%, AL, 22, A2,) = PR, + PR + PR?, + PR?,

where PRY,, PR, PR?, and PR?, stand for the revenues generated
per unit time due to high-priority handoff calls, high-priority new

calls, low-priority handoff calls, and low-priority new calls,
respectively.

For example: PRY, is calculated by (1- B,) AL vi/ut,

17



Revenue Optimization Problem
Under Partitioning-based CAC

« ldentify the best partition sizes (C%,, CL,,
C?,, C2)) that will maximize the cell’s
revenue PR(C, AL, AL, A2, A%) subject to
the imposed QoS constraints:

Bl <BLt
Bl <Blt

B2, < B4t
B2, < Bt

18



Threshold-Based CAC

Example: two classes (class 1 is high priority)

0 Ct C
C'hr>Cr

Chir>Cr

High Priority Handoff Calls
High Priority New Calls

Low Priority Handoff Calls A new arrival is
Low Priority New Calls admitted only If
the threshold
P C°7< Cr > assigned is not
< C2+< Cr > yet reached

Constraints: C%:>C; CL;>C;, C47<C;,C47<C;

19




Threshold-Based Admission Control

@

1
modeling admission 7“ h

Performance Model

of class 1 handoff E',
calls with rate A%, ‘

A2,
e

@
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@
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@
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Threshold-Based CAC Performance
Model

UC' — holding the number of class i new calls admitted

UCI,— holding the number of class i handoff calls admitted

E',— models admission of class i handoff calls with rate A/,

E'.— models admission of class i new calls with rate A/,

S'— models service of class i handoff calls with a service rate of M(UC',)
multiplied with u', where M(UC,) stands for the number of tokens in place
UCi,

S',— models service of class i new calls with a service rate of M(UC!)
multiplied with u' where M(UC! ) stands for the number of tokens in place
UcCi.
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Threshold-Based CAC

» A new service request arrival 1s admitted
only if the threshold assigned is not yet
reached.

—> Assign an enabling predicate to guard E', Ei, with
thresholds C' ; and C',

22



Threshold-Based CAC: Use Enabling
Predicate for Admission Control

« Enabling predicate of E*,
[M(UCY) + M(UC)] k'+ k* + [M(UC?) + M(UC?)] k* < C*¢

« Enabling predicate of E*, is
[M(UCY) + M(UCH)] k'+ k* + [M(UC?) + M(UC?)] k* < Ch¢

« Enabling predicate of E?, is
[M(UCY) + M(UCY)] ki+ k* + [M(UC?) + M(UC?)] k* < C%1

« Enabling predicate of E?, is
[M(UCY) +M(UCH)] K* + k* + [M(UC?) + M(UC?)] k* < C*¢
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QoS Metric Calculation
 Blocking probabilities

L I.:"i — }‘m‘(ﬁfiﬂi ]} (r’i — F{’H‘E[E_,:; :I]'

B, By =~
" A | A
B? = Lv'q —!‘{f'i":fﬂ: Ejjl} B - L—‘} — r-:jrf{-'(E_.-f J]
) A A

Note: rate(E?,) is the admission rate of class 1 new calls and is calculated by the
expected value of a random variable X which has a value of AL if EL is
enabled and a value of O otherwise.
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Revenue Calculation

The revenue generated per unit time from the threshold-based CAC
algorithm to the cell is defined by:

TR(C, My M Kb 20) = TR+ TR TR +TRY,

Where TRY,, TR, TR?, and TR? stand for the revenues
generated per unit time due to high-priority handoff calls, high-

priority new calls, low-priority handoff calls, and low-priority
new calls, respectively, given by:

TRi':. =(1- E-i]l::l lj]l v/ !.LL]JL

TR = (1- BY) M v/ 1l

25



Revenue Optimization Problem Under
Threshold-based CAC

« ldentify the best threshold set (C!, ., C! -,
C? 1, C? o) that will maximize the cell’s

revenue subject to the imposed QoS
constraints.

26



Hybrid CAC

The hybrid CAC algorithm divides the channels into fixed partitions the
same way partitioning-based CAC does. In addition, a “shared” partition
Is reserved to allow calls of all service classes to compete for usage based
on threshold-based CAC

Example; two classes
>

J‘WWWWWWWWWWWWWWWW

C?,

%ﬂﬁﬁ&%ﬁﬁ-ﬁﬁﬁﬁﬁbﬁﬁ%ﬁ

Channels for high-priority handoff calls

Channels for high-priority new calls

Channels for low-priority handoff calls

Channels for low-priority new calls

Shared channels for all calls

Constraints: n'; k! + nt k! + n%k*+ n? k*< C-C; & Cly + C! + C4 + C4 +C,= C




Hybrid Admission Control

» The shared partition is available for use by
a service class only If the partition reserved
for that service class and service type (new

vs. handoff) is used up. Bl < BL1
h h

» QO0S constraints the same as before: |BL < Bt t
B2, < B4t
B2, < Bt

28



Hybrid CAC Performance

Model

« Hybrid CAC encompasses both partitioning and
threshold CAC algorithms as special cases
— Partitioning CAC: there is no shared partition, so C.=0
— Threshold-based CAC: no fixed partitions, so Ci,, Ct |

C?, C? all equal to O

« Hybrid CAC performance model has two sub-
models:
— Partitioning: C*,, Ct , C?, C?
— Threshold-based: C=C, 29



Hybrid CAC Performance Model

« What is the arrival rate to the shared partition?

— Arrival rate is the spill over rate from each fixed partition
(modeled as an M/M/n/n queue)

1

Nh

1 ;ﬁ] Arrival rates into shared partition
1 1 A L = class 1 handoff calls
hs — j AL = class 1 new calls
h
Erlang’s B 14 Z A% = class 2 handoff calls
fo-rmu_la for i1 J! ,Llh A2 . = class 2 new calls
rejection
probability

I 1 2 2 IMi
Expressions for A+, A%, and A . are similar

30




Hybrid CAC Revenue Generation

» Revenue generated per unit time from hybrid
CAC is the sum of revenues earned from the
fixed partitions plus that earned from the

shared partition:

HR(C, AL, AL, A2, A2) =
PR(C-CS’ }Llh’ }\'ln’ }“Zh’ 7\'2n) T TR(CS’ ths’ }Llns’ }Lzhs’ xzns)

Optimization Problem for hybrid CAC: Identify the best partition
and the best threshold set within the shared partition (C,, Ct , C?%,
C2,, C,) to maximize the revenue subject to the imposed QoS u

constraints




CAC Comparison, with varying A!,

Partitioning CAC Hybrid CAC Threshold-based CAC
Aty _ . .
(C4,CL.C%,C2) Revenue/Time (C,CL.C%,C2.C) Revenue/Time (CL+Crn Cir C2p) Revenue/Time
1 (16,56,4,4) /5473% (8, 72,0,0,36) /ﬁ o\ (80,80,80,80) 579.95
15 (20,52,4,4) / 615.486 \ (12,36,0,0,32) / 620.000 \ (80,80,80,80) 619.88
2 (20,52,4,4) 652.304 \ (12,32,0,0,36) ( 659.997 » (80,80,80,80) 659.75
2.5 (28,44,4,4) 686.660 ) (16,32,0,0,32) 699.986 (80,80,80,80) 699.485
3 (32,40,4,4) \ 717.032 / (16,32,0,0,32) \7/39'9@ / (80,80,80,80) }397(@3
35 (32,40,4,4) \ZE4.2V (16,28,0,0,36) . (80,80,76,76) / 778.25&
4 None None (16,28,0,0,36) / 819.565 \ (80,80,76,76) / 817.058 \
4.5 None None (20,24,0,0,36) / 858.998 \ (80,80,76,76) / 855.266 \
5 None None (20,24,0,0,36) 897.974 (80,80,76,76) 892.708
5.5 None None (20,24,0,0,36) 936.137 (80,80,76,76) 929.203
6 None None (20,20,0,0,40) 973.303 (80,80,76,76) 964.569
6.5 None None (20,20,0,0,40) \ 1009.098 / (80,76,75,72) \ 992.917 /
7 None None (24,20,0,0,36) \1043.262/ None \ None /
7.5 None None (24,20,0,0,36) \1\075.7% None W
C=80, u!,=1.0, A =6.0, u*, =1.0,22 =1.0,u% =1.0, A% =1.0, p?,=1.0,v1=80,v2 =10, k! =4, k? =1, B, t = 0.02, B2 t = 0.04, B} t = 0.05, B2 t = 0.1,
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CAC Comparison, varying QoS Constraints

Partitioning CAC Hybrid CAC Threshold-based CAC
(Blht’ Bzht) 1 0l 2 o2 i 1 0l 02 o2 i 1 1 2 2 i
(CL,CL,C%,C%) Revenue/ Time (C4,Ch.C5, €2 C) Revenue/ Time CL+CL 1 C4n C2p) Revenue/ Time
Low Class 1 Call Arrival Rates (A, = 1.0, A' = 1.0)
(0.02,0.04) x 21 (20,20,20,20) 359.135 (16,12,5,5,42) 360.000 (80,80,80,80) 359.999
(0.02,0.04) x 24 (24,20,20,20) 358.345 (16,12,5,5,42) 360.000 (80,80,80,80) 359.999
(0.02,0.04) x 26 (28,16,22,14) 353.041 (16,12,5,5,42) 360.000 (80,80,80,80) 359.999
(0.02,0.04) x 27 (28,16,23,13) 350.311 (16,12,5,5,42) 360.000 (80,80,80,80) 359.999
None None
-21
(0.02,004) x2 None None (16,12,5,5,42) 360.000 (80,76,76,61) 359.991
-22
(0.02,0.04)x2 None None (16,12,5,5,42) 360.000 (80,76,76,54) 359.904
-23
(0.02,0.04)x2 None None (16,12,5,5,42) 360.000 (80,76,76,48) 359.409
-24
(0.02,004) x 2 None None (16,12,5,5,42) 360.000 (80,76,76,42) 357.231
-25
(0.02,0.04)x 2 None None (16,12,5,5,42) 360.000 None None
High Class 1 Call Arrival Rates (A, = 3.5, Al =4.5)
(0.02,0.04) x 2° None None (12,16,2,2,48) 834.544 (80,80,76,76) 830.610
(0.02,0.04) x 2% None None (12,16,2,2,48) 834.544 (80,80,76,76) 830.610
(0.02,0.04) x 2 None None (20,8,1,1,50) 830.078 (80,76,76,76) 826338
C=80, pt, = 1.0, u¥,=1.0,22 =10.0, p2, = 1.0, A2 = 10.0, p2,= 1.0, v} = 80, v2 = 10, k! = 4, k? = 1, B t=0.05, B? t=0.1.




Other Ideas of reward
optimization CAC

« Spillover CAC (Ref [9])

« Elastic Threshold CAC — two thresholds
Instead of just one (Ref [10])

34



Spillover CAC (Ref [9])

Example: two classes

Cl CZ /

Channels shared by all calls

Channels shared by high-priority calls and low priority handoff calls

- Channels shared by high-priority calls

Channels for only high-priority handoff calls

35



Spillover CAC Performance

Reward Rate

800

790

780

770

760

750

740

1 2 3 d 5 6 7 8 9

Case Number (in the Order of Increasing Load)

10

—§—Upper Bound —>

—f&—Pure Spillover
== Fast Spillover
et Hy brid
===Threshold

Based on
Iinfinite
channels
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Elastic Threshold CAC (Ref [10])

Example: two classes

< C >

< UThjh > ‘
- LTh?, :
k
N2 [
UTh?, >
LTh?, ———1—»
<>
k2

Channels available to the high-priority handoff calls

II |

Channels available to the high-priority new calls

Channels available to the low-priority handoff calls

Channels available to the low-priority new calls 37




Elastic Threshold CAC Acceptance

Probability

1 n+k!'<LTh!
Pri]:<1—Kn+ki—LThri]j/(c—LThri]ﬂ LThh <n+k' <HTh}

0 HTh;, <n+k

1 n+k! <LTh!
Pri]=<1—Kn+ki—LTh;]j/(C—LThLﬂ LTh! <n+k' <HTh!

0 HTh! <n+k!

n: number of channels occupied at time of admission

C: total number of channels in the cell "



Comparison of CAC Algorithms In
Revenue (Reward) Generated

Reward Rate

Reward Rate of CAC Algorithms

6500 A

N
7 X
6000 - 7
— e I
7 I
5500 - /
/ B ‘ —fe—Sim. Part.
5000 A - / | —&—Sim. Spil.
. - | ——t——Sim. Thr.
4500 - K | Sim. E-Thr.
-~ | —— Calc. E-Thr.
4000 - 7 |
I
3500 - |
I
3000 T T T T T L] =
410 461 512 563 614 665 716 767 818

Number of Mobile Units
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Comparison of CAC Algorithms in QoS

QoS of CAC Algorithms
1 - ——— E-Thr. C1 Handoff
== E-thr. C1 New
2 0.99 -
= —+— E-thr. C2 Handoff
'c% 0.98 - —¢— E-thr. C2 New
‘é Spil. C1 Handoff
o 0.97 1 —— Spil. C1 New
() .
g 0.96 - —=— Spil. C2 Handoff
o —¥— Spil. C2 New
sig' 0.95 1 Part. C1 Handoff
o Part. C1 N
< 0.94 1 art. C1 New
c=1$ —&— Part. C2 Handoff
O 0.93 A —A— Part. C2 New
0.92 —&— Thr. C1 Handoff
. T T T T T T T T T T T T 1 _O_Th . Cl N
205 256 307 358 410 461 512 563 614 666 717 768 819 ' ew
) _ —A— Thr. C2 Handoff
Number of Mobile units —e—Thr. C2 New

Performance Comparison: Elastic > Spillover ~ Threshold > Partitioning
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CAC Summary

» Threshold-based CAC and spillover CAC have comparable
performance. Both leverage multiplexing power through
channel sharing to improve acceptance ratio. Spillover CAC
IS able to handle higher traffic by reserving more channels to
the partitions allocated to high-priority service classes. On the
other hand, threshold-based CAC is able to limit the
bandwidth used by low-priority service classes by setting low
thresholds.

« \When we increase the number of mobile users (high traffic),
only elastic threshold-based CAC is able to satisfy the high
QoS requirement of class 1 handoff calls.

« \We attribute the superiority of elastic threshold-based CAC to
Its elastic threshold functionality capable of leveraging the
low threshold to regulate traffic (rejecting just a fraction of
traffic) and the high threshold to reject traffic generated by

service calls. 4
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