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Cellular Concept

Proposed by Bell Labs 1971
Geographic Service divided into
smaller “cells”

Neighboring cells do not use same
set of frequencies to prevent
interference

Often approximate coverage
area of a cell by a idealized
hexagon

Increase system capacity
by frequency reuse. )
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Cellular Networks

« Propagation models represent cell as a circular area

« Approximate cell coverage with a hexagon - allows easier
analysis

¢ Frequency assignment of F MHz for the system

« The multiple access techniques translates F to T traffic channels

¢ Cluster of cells K = group of adjacent cells which use all of the
systems frequency assignment

e

Theoratical )
Prapagation Cellular Actual Cellular
Pattern Grid Design Grid Layout
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Cellular Concept

* Why not a large radio tower and large service area?
— Number of simultaneous users would be very limited
(to total number of traffic channels T)
— Mobile handset would have greater power requirement
» Cellular concept - small cells with frequency reuse
— Advantages
 lower power handsets
* Increases system capacity with frequency reuse
— Drawbacks:
» Cost of cells

» Handoffs between cells must be supported
» Need to track user to route incoming call/message
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Cellular Concept (cont)

 Let T =total number of duplex channels
K cells = size of cell cluster (typically 1, 4, 7,12, 21)
N = T/K = number of channels per cell

» For a specific geographic area, if clusters are
replicated M times, then total number of
channels
— system capacity =M x T
— Choice of K determines distance between cells

using the same frequencies — termed co-channel
cells

— K depends on how much interference can be
tolerated by mobile stations and path loss
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Cell Design - Reuse Pattern

» Example: cell cluster size K =7, frequency
reuse factor = 1/7, assume T = 490 total
channels, N =T/K =70 channels per cell

Assume T =490 total channels,
K =7, N =70channels/cell

Clusters are replicated M=3
times

System capacity = 3x490 = 1470
total channels
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Cluster Size

From geometry of grid of hexagons only
certain values of K are possible if replicating
cluster with out gaps

K =i2 +ij + j2 where i and j are non-negative
integers

K =12 (=2, j=2)
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Cellular Concepts

» To find co-channel neighbors of a cell, move i cells along any
chain of hexagons, turn 60 degrees counterclockwise, and move j
cells (example: i=2, =2, K=12)

K =i2 +ij +j2
r = cell radius
Area of hexagon = 2.61 r2

d = distance to co-
channel cell
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Cellular Concepts

« From hexagonal geometry 4 _ ./3K
« The quantity d/r is called the co-channel reuse ratio d/r=+3K

K=i2+ij+j2
r = cell radius
Area of hexagon = 2.61 r2

d = distance to co-channel
cell
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Relate cluster size to carrier to co-
channel interference ratio C/I at the
edge of a cell

propagation model of the form

P.= P, Ld¢
L = constant depending on frequency,
d = distance in meters,
o = path loss coefficient,
Then at edge of a cell in center of
network the C/I is given by

C__pur iy

I . 6.d
,-Z::i P, Ld K=19
11
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Frequency Reuse
Solving for d/r results in Example: Consider cellular
system with a C/I requirement of
q 6 C 1/a C/I =18 dB and a suburban
- = ( _j propagation environment with a
I =4, determine the minimum
cluster size.
18 dB = 18 = 10log(x) =
1.8 =log(x) =& x = 1018 =>»
R b =/ ;
emember d /r = 3K X = 63.0957,
which results in
2l K=1/3 x (6 x 63.0957)°5 =
Kk - 1(6C 6.4857 ,
30 1

Since K must be an integer round
up to nearest feasible cluster size
=K=7

12
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Frequency Assignment

e Typical C/l values used in Example: You are operating a cellular
practice are 13-18 dB. network with 25KHz NMT traffic

« Once the frequency reuse cluster channels 1 through 12. Labeling the
size K determined frequencies traffic channels as {f1, f2, f3, f4, 15, f6, {7, f8,

must be assigned to cells f9, f10, f11, f12} _
. Place the traffic channels in the cells
¢ Must maintain C/I pattern

below such that a frequency reuse cluster
between clusters.

- size of 4 is used and adjacent channel
* Within a cluster — seek to interference is minimized

minimize adjacent channel
interference

e Adjacent channel interference is
interference from frequency

adjacent in the spectrum 0 0

F (5
o, S

Sectoring

* Sectoring
« used to improve the C/I ratio
* make cluster size K smaller

* Use directional antennas rather than omni-directional 120 sectoring

« cell divided into 3 (120° sectoring) or 6 (60° sectoring) equally
sized sectors

» Frequencies/traffic channels assigned to cells must partitioned
into 3 or 6 disjoint sets

* Reduces the number of co-channel cells causing interference

 Disadvantages: need intra-cell handoff, increases complexity

14
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Sectoring

{ <)

120 sectoring

120° sectoring reduces number of interferers
from 6 to 2

15
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Sectored Frequency Planning

e Example: Allocate
frequencies for a GSM
operatorin U.S. PCS B-
block who uses a 7 cell
frequency reuse pattern with
3 sectors per cell

e Use a Frequency Chart —
available from FCC web site

e Groups frequencies into 21
categories Cells A-G and
sectors 1-3 in each cell

L = O O O = T = I <1 03 Ei F
EREE ERER
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Sectored Frequency Planning

sectors per cell
» Use a Frequency Chart — available from FCC web site

» Example: Allocate frequencies for a 1G Analog AMPS operator in
cellular B-block who uses a 7 cell frequency reuse pattern with 3

— Groups frequencies into 21 categories Cells 1-7 and sectors A-B in each

cell
Bilock B
1A 2A 3A 4A BA 6A TA 18 2B aB 4B 68 [.1:] 7B 1c 20 ac ac &0 8C TC
334 835 536 337 338 239 340 341 342 343 B44 3456 548 347 348 349 350 851 352 363 354
355 356 357 358 369 360 361 a7
376 a7 378 ame 380 381 asz 396
397 388 399 400 401 402 403 417
418 419 420 421 422 423 424 438
439 440 441 442 443 444 445 459
460 461 462 463 464 465 466 480
481 482 483 484 485 486 487 501
602 503 504 505 506 507 508 522
523 524 525 5268 527 G628 528 543
544 545 546 547 548 549 BSO 664
565 666 667 G568 569 670 671 B85
G868 G687 G688 589 590 6591 692 693 694 696 696 687 698 599 600 601 602 603 604 605 606
807 GOS8 609 610 611 612 B13 614 616 818 817 818 819 820 621 622 623 624 625 626 627
628 628 630 631 632 633 634 635 636 637 638 639 640 641 642 643 644 645 646 64T 648
649 650 651 B52 653 654 656 666 B57 658 650 660 661 662 663 664 665 666 TIT T18  TI8
720 721 722 T3 724 726 726 727 728 729 T30 731 732 733 T34 735 736 737 T8 739 740
T4l- T42 T43 T44  T45  T46  T4T 748 T49 760 761 752 753 754 755 758 757 758 759 760 761
762 T63 T64 T65 TE6E T6T T68 TE® TVO0 TT1 YV TR T4 TI6E 776 TVT TVA 719 TBO T8l 782

783 78B4 TBE 786 78T TBA 7R TS0 TH1 T2 TE3 Te4 THE THE THT TeA 799

*Holdface numbers indicate 21 control channels for Block A and Block B respectively.
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Cellular Network Traffic

» Large time of day variations in the traffic
» Spatial variations in the traffic

Traflic loads in different cells are nol aligned

Cell 1 Load vs. Time

Time and Day of the week
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Traffic Engineering

* Given or N = T/K traffic channels per cell — what
is grade of service (GoS) or how many users can
be supported for a specific GoS

» Required grade of service?

— Usually 1-2% blocking probability during busy hour

— Busy hour may be _
1. busy hour at busiest cell /f\(
2. system busy hour -
3. system average over all hours

» Basic analysis called Traffic Engineering or
Trunking
— same as circuit switched telephony
— use Erlang B and Erlang C Models

I
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Traffic Engineering

» Estimate traffic distribution?
— Traffic intensity is measured in Erlangs (mathematician AK Erlang)
— One Erlang = completely occupied channel,

— Example: a radio channel occupied for 30 min. per hour carries 0.5
Erlangs

 Traffic intensity per user A,
A, = average call request rate x average holding time =1 x t,

» Total traffic intensity = traffic intensity per user x number of
users = A, X n, D

* Example 100 subscrlbers in a cell
20 make 1 call/hour for 6 min=> 20 x 1 x 6/60 = 2E
20 make 3 calls/hour for ¥2 min => 20 x 3x .5/60 = .5E
60 make 1 call/hour for 1 min=> 60x 1 x 1/60 = 1E

100 users produce 3.5 E load or 35mE per user
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Erlang B Model M/M/C/C queue

» The system has a finite capacity of size C, customers
arriving when all servers busy are dropped = stable
system

» Blocked calls cleared model (BCC)

* Assumptions

— C identical servers process customers in parallel.

— Customers arrive according to a Poisson process with mean rate A
— Customer service times exponentially distributed with mean rate 1/u
— Offered load in Erlangs isa= A/u

o
N2
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M/M/CJ/C

* Let m denote the steady state probability of i customers in the system,
then the state transition diagram for n(t) is given by

OSOSOSSSCR0

3u  (C-Yu
flow out state j = flow in state j
A g = umy j=0
(A+ ju)mj=2r joa+ (J+Dum j4q 1< j<C
(Cu)re =An c_1 i=cC

0

Normalization conditon Y. 7; =1
j=0
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M/M/C/C

Probability of a customer being blocked B(c,a)

a’
|
B(c,a) = CC' -

B(c,a) < Erlang’s B formula, Erlang’s blocking formula
Erlang B formula can be computed from the recursive formula

a-B(c-1,a)
c+a-B(c-1,a)
Usually determined from table or charts — many software programs
Example for 100 users with a traffic load of 3.5 E — how many channels
are need in a cell to support 2% call blocking ?
From Erlang B table with 2% call blocking need 8 channels

B(c,a) =

23
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Appendix 1.1

Blocked-Calls-Cleared

(Erlang B)

A, erlangs
B

N L0% 1.2% 1.5% % % 5% T% 10% 15% 20% 30% 40% 50%
1 0101 0121 0152 0204 0309 0526 0753 A11 176 250 429 66T 1.00
3 153 188 180 223 282 .a81 AT0 595 796 L.00 1.45 2.00 2.73
a ABE A8 535 802 115 899 1.06 1.27 1.60 1.93 2.63 3.48 4.59
4 869 h22 992 109 1.26 1.52 175 2,05 2.50 2.95 b ] 5.02 6.50
1] 136 143 152 166 1.88 222 2.50 288 345 4.01 5.19 6.60 B.44
] 191 2.00 211 228 2.54 2.96 330 3.76 444 6.11 6.61 B.19 104
7 250 2,80 274 294 325 374 4.14 4.67 5.46 6.23 7.86 9.80 124
8 313 3.256 3.40 3.63 399 4.54 5.00 5.60 6.50 7.37 921 114 143
9 378 392 4.09 434 4.75 5.37 5.88 6.556 1.56 8.52 10.6 13.0 16.3
10 4.46 4.61 481 5.08 5.53 6.22 6.78 7.51 B8.62 9.68 120 14.7 18.3

n 5.16 5.32 5.54 5.84 6.33 7.08 7.69 8.49 9.69 109 13.3 16.3 203
12 5.88 6.05 6.29 6.61 7.14 7.95 861 9.47 10.8 12.0 14.7 18.0 22
13 6.61 6.80 7.06 7.40 797 8.83 9.54 10.5 119 13.2 16.1 19.6 4.2
14 7.35 7.56 7.82 8.20 8.80 8.73 10.5 1.5 13.0 la4 175 212 6.2
16 B.11 8.33 8.61 9.01 9.65 . 10,6 114 125 14.1 15.6 18.9 229 282

16 8.88 ‘8.11 841 9.83 10.5 115 124 13.5 15.2 16.8 20.3 245 302
17 9.65 9.89 102 10.7 114 12.5 13.4 14.5 16.3 18.0 21.7 26.2 322
18 10.4 10.7 110 115 122 134 14.3 15.5 174 19.2 23.1 278 342
18 112 115 118 123 13.1 143 15.3 166 185 20.4 2456 295 36.2

20 120 123 127 132 140 152 163 176 196 216 259 312 382
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Traffic Engineering

2 3 4 s

0.05

0.02

Probability of Blocking

0.002

6 7 8 910 12 14 161820 25 30 35 40 4550 60 70 80 90100

0.1 1.0
Traffic Intensity in Erlangs
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M/M/CJ/C

Other performance metrics can be related to Erlang B formula B(c,a)

The carried load
< Effective throughput of the system

Ae =1-(1-B(c,a))

Mean server utilization a
Pe = E'(l_ B(c,a))

Mean number in the system L=2. (1-B(c,a))
Hu
Average delay in the system w =

1
H

Telcom 2700

26




Traffic Engineering Example

Consider a single analog cell tower with 56 traffic channels, when all
channels are busy calls are blocked. Calls arrive according to a
Poisson process at a rate of 1 call per active user an hour. During the
busy hour 3/4 the users are active. The call holding time is
exponentially distributed with a mean of 120 seconds.
(a) What is the maximum load the cell can support while providing 2%
call blocking?
From the Erlang B table with c= 56 channels and 2% call blocking the
maximum load = 45.9 Erlangs
(b) What is the maximum number of users supported by the cell during
the busy hour?
Load per active user = 1 call x 120 sec/call x 1/3600 sec = 33.3 mErlangs
Number active users = 45.9/(0.0333) = 1377
Total number users = 4/3 number active users = 1836
Determine the utilization of the cell tower p
p=o/c =45.9/56 = 81.96%

27
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Erlang C M/M/C Model

C identical servers processes customers in parallel.

Customers arrive according to a Poisson process with
mean rate A

Customer service times exponentially distributed with
mean rate 1/p

Infinite system capacity — all customers are eventually
served — if servers are busy customers queue up

Blocked calls delayed model (BCD)

Telcom 2700
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The server utilization (p)

P=a

The traffic intensity (a) < offered load (Erlangs)
a=—

i
The stability requirement

a
=—x<l1 = ax<C
PEC

With traffic intensity a Erlangs, C is the minimum number of servers for stability.
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M/M/C

Let m; denote the steady state probability of i customers in the
system, then the state transition diagram for n(t) is given by

@ y) A A, A A
Yu T s (C—l)#: cu cu
Flow Balance equations
Amy = um j=0
A+ jurj=Arj+(j+Durjn 1<j<C
(A+Cu)rmj=Arj_1+Curijp j=C

Normalization conditon Y. 7; =1
i=0

30
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"
M/M/C

Probability of a customer being delayed C(c,a) is important metric

aC

(c=Dl(c-a)
C

0
C(c.a)= Z”j - c=lgn a

SR D v T

n=0
C(c,a) < Erlang’s C formula, Erlang’s delay formula

In the telephone system, C(c,a) represents a blocked call delayed (BCD)
Widely used to determine call center staffing

Difficult to compute due to factorials - several software packages built
around it (see links on web site)

Tables and plots available (table on class web page)

31

Erlang C model

Tables and plots available

Erlang C Traffic Table
Mo Dﬁmd l:mni‘ir"nr;usﬂ amd W

BEim%
NEB oo 005 ol 03 10 2 3 1o 15 m o
1 0001 3 K o)Ls] DO DA Ros-v ] 05 1000 1500 2000 3000
2 0142 I A3 1025 1453 2103 34221 000 S27T8 03 5350
3 DESD 12590 3338 Am1 SFI TETE 1 1231 1.353 1667
4 2310 3533 25T 5511 E10G o3 131 1533 18%¢ 1oz 244
5 5% 4T 1055 1% 1487 1.905 2313 2607 2B4Y 3241
] 1] DElS PR 1.508 173 1T 132 3007 3344 3617 4.062
7 I - 1.3#1 1510 2014 2087 2633 3 188 3723 4103 4406 43887
B 1382 1.758 1958 2573 2 BSG 346 3 869 4 453 4878 3210 T
] 1.771 2 2436 3.100 3480 3883 4360 328 J668 6027 &.600
10 1189 2683 24T 3670 4077 4R 383 IS8 G460  ARIE TAE3
11 1634 3.186 3470 417 4712 5213 S013 E.763 7280 7.688 £336
12 3.100 INE 401E 4806 5343 55401 &£758 T334 B0S® B33 2212
13 3587 4ME 4384 35z 6025 500 7311 £332 £828 5370 10,05
14 4092 £BQ3 5168 6.173 6703 7313 8273 2038 9T 1023 10.96
15 4.614 5377 5T 6513 7384 B35 044 95T0 1060 11.09 1187
1§ 3130 3962 6371 7302 E093 ETS6 9812 0.7 1044 11.56 1277
17 S.659 6.550 6591 B182 B201 9505 1061 1161 1229 1283 13.66
18 6251 7159 TEX: BETL 9518 1025 PN ] 1244 1313 137 1456
19 B33 7.758 E253 0568 1024 1101 1230 13.28 14.01 14.38 13.47
20 TAIE E&17 ESl4 1027 weT 1IL.77 13.00 1412 1487 1345 16.37




Erlang C Plots

number of
servers

C(c,a)

il 2 i b P T8 0 I 1n
Oftered trathc A

34

Erlang C Model

Other performance measures expressed in terms of C(c,a)

Lq =(Cfa)-C(c,a)

L=Lq+a
L 1—C(c,a)
W. = 49 _ #
q = =
A c—a
)7,

35
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Erlang C model

Distribution of the waiting time in the queue

P{wq <t}=1-C(c,a)-e (-2t

The pth percentile of the time spent waiting in the queue tp

()
_ C (c,a)

tp =
cu(l-p)

Note: p>1-C(c,a)

36
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Traffic Engineering Exam

» Atelephone company has five operators to handle inquires for directory
assistance. Inquires arrive according to a Poisson process with an
average rate of A = 4.5 calls/minute. The time to process an inquiry is
exponentially distributed with a mean of 1/u = 1 minute/call. If an
arriving call sees all operators busy it is placed on hold until an
operator becomes free.

(a) What is the probability that a caller will have to wait on hold?

The offered load in Erlangs is 4.5 calls/min * 1 min/call = 4.5 erlangs with 5
operators from the Erlang C graphs given in the class handout the probability a
caller will be delayed = C(c,a) = .75 computing an exact value from the Erlang
C formula one gets C(5,4.5) =.7625

(b) What is the 95 percentile of the time on hold?

note p=a/c=4.5/5=.9,p=.95

C(c,a)
cu(l-p)

I ( 1-p ) yields t, = 5.4491 minutes

p




Traffic Engineering Example 3

< A service provider receives unsuccessful call attempts to wireless
subscribers at a rate of 5 call per minute in a given geographic
service area. The unsuccessful calls are processed by voice mail and
have an average mean holding time of 1 minute. When all voice mail
servers are busy — customers are placed on hold until a server
becomes free.

< Determine the minimum number of servers to keep the percentage of
customers placed on hold < or equal to 1%
The offered load is a = 5 call per minute x 1 minute/call =5
From the Erlang C tables 13 servers are needed.

e Determine the .995% of the delay in access the voice servers

e Withp=.995,C(c,a)=.01,c=13, andp=1

1 -
- ( ﬁ] yields t, = .0866 minute = 5.2 secs
cu (L - p)

t, =

38
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Summary

» Cellular Concept
— Small cells
— Frequency Reuse
* Frequency Planning
— Assignment of frequencies to cells
— Maintain C/I requirements
 Traffic Engineering
— Erlang B model
— Erlang C model

39
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