Mobile Networking

Mohammad Hossein Manshaei
manshaei@gmail.com
1393




Main elements, Cells, Frequency Reuse, Capacity, ...

CELLULARARCHITECTURES
AND CONCEPTS



Contents

* Main Architecture

— Cellular Network Architecture
— History of Cellular Networks (1%¢,2"9, 37 and 4" Generation)
— Operation of Cellular Systems

* Cellular Network Organization
— Hexagonal Patterns
— Frequency Reuse and Capacity

* Mobility Management
— Handoff Strategies

* Traffic Engineering



Cellular Networks Generations

€ 1G: analog systems = not in use anymore

€ 2G: GSM (introduced in 1992): FDMA/TDMA (900

and 1800MHz)

< 2.5G: with GPRS: packet switching, extended to E-GPRS
(nicknamed EDGE)

@ 3G: UMTS (introduced in 2002): CDMA (2100 MHz)

< 3.5G: with HSPDA (up to 14.4Mb/s); with HSPA+ (up to
84Mb/s)

€ 4G: LTE (being introduced in 2013): OFDMA (800
and 2600MHz, then technology neutrality); up to
100Mb/s

« GPRS: General Packet Radio Service
- HSPDA: High Speed Downlink Packet Access
« LTE: Long Term Evolution



Components of Cellular Network Architecture

— MSC

< connects cells to wired tel. net.
< manages call setup (more later!)
< handles mobility (more later!)

— cell
% covers geographical N\ \

region

< base station (BS)
analogous to 802.1 | AP
< mobile users attach to
network through BS

< air-interface: physical
and link layer protocol
between mobile and BS

Public telephone
network

wired network



Cellular Networks: the First Hop

Two techniques for sharing g {
mobile-to-BS radio spectrum j N
e Combined FDMA/TDMA: 4
e
divide spectrum in frequency
channels, divide each channel time slots

A

)
J

into time slots p
* CDMA: code division multiple
access frequency /
bands




2G (voice) Network Architecture

>4 Public
~ e ___ telephone
S network
Gateway

MSC

Legend

e
é Base transceiver station (BTS)

- Base station controller (BSC)

l Mobile Switching Center (MSC)

— wtwee # Mobile subscribers



3G (voicetdata) Network Architecture

7 Public
= s ___ telephone
S network
Gateway

MSC

Public

Key insight: new cellular data Internet

network operates in parallel
(except at edge) with existing
cellular voice network . Serving GPRS (General Packet Radio Service)
+ voice network unchanged in core Support Node (SGSN)

< data network operates in parallel Gateway GPRS Support Node (GGSN)

GGSN



3G (voicetdata) Network Architecture
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~ e ___ telephone
S network
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Internet
GGSN
radio interface _>,
(WCDMA, HSPA)
radio access network core network public
Universal Terrestrial Radio * General Packet Radio Service > |%— Internet
(GPRS) Core Network

Access Network (UTRAN)



Wireless Technology Evolution to 4G
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4G:LTE

* All-IP core network
* Need to provide QoS for VolP:

— Evolved Packet Core:
* Manage network resources to provide high quality of service

* Separation between the network control (Mobility) and user
data planes

* Allows multiple types of radio access networks (2G and 3G)
to attach

— LTE Radio Access Networlk:

« OFDM
« MIMO
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LTE (Long Term Evolution) Coverage
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LTE Penetration and Speed

Data speeds of LTE Advanced

LTE Advanced Rank ¢ Country/Territory ¢ Penetration ¢
Peak download 1 Gbit/s 1 | South Korea 62.0%
Peak upload 500 Mbit/s 2 | e Japan 21.3%
3 & Australia 21.1%
Data speeds of LTE 4 = United States 19.0%
LTE 5 mm Sweden 14.0%
Peak download 100 Mbit/s 6 | gej Canada 8.0%
Peak upload 50 Mbit/s 7  |£E= United Kingdom 5.0%
Data speeds of WIMAX 8 B Germany 3.0%
WIMAX 9 | gmmg Russia 2.0%
Peak download 128 Mbit/s 10 |2 Philippines 1.0%

Peak upload 56 Mbit/s

In February 2007, the Japanese company NTT DoCoMo tested a 4G communication system prototype with
4x4 MIMO called VSF-OFCDM at 100 Mbit/s while moving, and | Gbit/s while stationary.

NTT DoCoMo completed a trial in which they reached a maximum packet transmission rate of approximately

5 Gbit/s in the downlink with 12x1]2. .



OPERATION OF CELLULAR
NETWORKS



Registration

Tune on the strongest signal




Service Request

Nr:

; =~
09 | x/xxxxxx ; ‘
BS




Paging

\KO‘) | x/xxxxxx?

r: 09 I x/xxxxxx?

N
ﬁ Nr: 09 | x/xxxxxx? w

‘ r: 09 Ix/xxxxxx?

BS

I

Note: paging makes sense only over a small area




Response

l\‘)}\% Nr: 091 x/xxxxx>1

BS

V\@ | %/ xxxxxx
-y




Channel Assighment

== Channel
Channei; ‘ V Channe

47 68 BS

Chann e§
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Conversation

BS




Handover (or Handoff)
z. |




Message Sequence Chart

Base Switch Base

Station Station Callee

Caller

Periodic registration Periodic registration

vvy
A A A

Service request Service request

»

Page request

Page request

v

< Paging broadcast |+ Paging broadcast
~ Paging response < Paging response
Tune to Ch.47 ) Assign Ch. 47 Assign Ch. 68 R Tune to Ch. 68
‘ Ring indication Ring indication Alert tone

v

A

rr n
User response User response

A

Stop ring indication

Stop ring indication

A
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Cellular Networks:Why Hexagonals?

/.’,,7 'c, .?‘\h A

O A

Z

(a) Square pattern (b) Hexagonal pattern

Area of the hexagon: 1.5R2\/§

Distance between adjacent cells: J = \/§R
Note: In practice, a precise hexagonal pattern is not used.Variations from the ideal are

due to topographical limitations, local signal propagation conditions, and practical
limitation on siting antennas 24



Cellular Networks

Covered area tesselated in cells
o One antenna per cell
o Cells are controlled by Mobile Switching o
Centers o o
A mobile communicates with one (or o <
sometimes two) antennas o \
Cells are modeled as hexagons
Cells interfere with each other o

To increase the capacity of the network,
increase the number of cells

25



Frequency Reuse

m Cells with the same name use the same
set of frequencies

m Cells are organized into clusters,
e.g., the cluster size N =7

® In order to tesselate, the geometry of
hexagons is such that N can only have
values which satisfy
N =i+ j + 2 | ,
withi=0,1,2,... and j=0,1,2,... Fx: A set of frequency bands

Hence:N=1,3,4,7,9, 12,13, 16, ...

® Channel assignment strategies
* Fixed: each cell is allocated a predetermined set of channels

* Dynamic: each time a call request is made, the serving base station
requests a channel from the MSC 26



(a) Frequency reuse pattern for ¥ =4

i=2, j=0
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(b) Frequency reuse pattern for N =7
i=2, =1

(c) Black cells indicate a frequency reuse for N =19

i=3, j=2

N: cluster size




How to assign frequencies?

/ N/ \_/ u(v=0)
\ / \/ \

(49 _3)

Define u and v axis as above
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How to assign frequencies?

=i’ +i+1.
Thecell label: L =[G+ 1) u + v] modN

29



How to assign frequencies?

N=i>+ij+ j?

=i’ +i+1.
Thecell label: L =[G+ 1) u + v] modN
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Reuse Patterns of hex Cell Clusters

0 & & Ly

(a) 1 cell (b) 3 cells (c) 4 cells (d) 7 cells (e) 9 cells

S B &

(f) 12 cells (g) 13 cells (h) 16 cells



Interference & System Capacity

e Sources of interference

® Co-channel interference (same frequency)
— A call in a neighboring cell
— Other base stations operating in the same frequency band
— Non-cellular system leaking energy into the frequency band

® Adjacent channel interference (adjacent frequency)
— Another mobile in the same cell

* Consequences of interference

® On data channel:

— Crosstalk (voice)
— Erroneous data (data transmission)

® On control channel:
— Missed/dropped calls

32



Co-Channel Interference:
An Example

First-tier co-channel
base station

Serving base

station
‘\
! *— Mobile
\ .
H ' station
I
! \
| 1
\ )
. ! i
Second-tier 1 !
\ I
co-channel \ J
base station
Carrier C

I Interference M
> Ik
k=1

C




Co-channel Interference: An Example

\\
/// =~
P ~
- ~
e ~
e ~N
- N
V2 N

First tier of co-channel cells for a cluster size of N=7
Note: the marked distances are approximations 34



Co-channel Interference
Approximation of the SIR at point A
C R
[ 2AD-RY"+2D7 +2D+R)’

Using the co-channel ratio

C l l

[ % (&)‘V "2 q—D7"+2q77+2(@q+1)7
k=1 R q = D/R Freq. reuse factor

Numerical example: If N=7, gamma= 4, then g~4.6 and

< ~49.56 =17.8 &5

/
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How to increase the capacity?

. Adding new channels

2. Frequency borrowing
— frequencies are taken from adjacent cells by congested cells

3. Cell Splitting

— Cells in areas of high usage can be split into smaller cells

4. Cell Sectoring

— a cell is divided into a number of wedgeshaped sectors, each
with its own set of channels, typically 3 or 6 sectors per cell.

5. Microcells

— As cells become smaller; antennas move from the tops of tall
buildings or hills, to the tops of small buildings or the sides of
large buildings, and finally to lamp posts, where they form
microcells 36



Cell Splitting

Large cell
(low density)

Small cell
(high density)

Smaller cell
(higher density)

37



Frequency Reuse with Smaller Cells

Example: system of 32 cells with cell radius of 1.6km Same question for a system of 128 cells
Total frequency bandwidth supporting 336 traffic channels ~ With cell radius of 0.8km. As before:
Reuse factor (or cluster size) =7 - total frequency bandwidth supporting
What geographic area is covered? 336 traffic channels

Total number of supported channels? - reuse factor (or cluster size) =7
Solution: Solution:

Cell area = 6.65km?2 Cell area: 1.66km2

Covered area: 32*%6.65=213km?2 Covered area: 128*1.66=213km?2
Channels/cell = 336/7=48 Total channel capacity: 128*48=6144

Total channel capacity: 32*48=1536 channels

! )
& ) %
: — ) "
: : i > £
Y
ik o ~ g
width=11+1.6=176km width=21 =« 08=168 km

{a) Cell radius = 1.6 km (b} Cell radius = 0.8 km 38



Cell Sectoring

()0

(a) Omni (b) 120 degree sector (c) 120 degree
sector (alternate)

(/N /N,
&

(d) 90 degree sectors (e) 60 degree sectors

39
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Components of Cellular Network Architecture

recall:

correspondent

different cellular networks,
operated by different providers

41



Handling mobility in cellular networks

* home network: network of cellular provider you
subscribe to (e.g., Sprint PCS,Verizon)

— home location register (HLR): database in home network
containing permanent cell phone #, profile information
(services, preferences, billing), information about
current location (could be in another network)

* visited network: network in which mobile currently
resides

— visitor location register (VLR): database with entry for
each user currently in network

— could be home network

42



GSM: indirect routing to mobile

correspondent

home MSC consults H
gets roaming number of
mobile in visited network

call routed
to home network

home MSC sets up 2" leg of call
to MSC in visited network

mobile

MSC in visited network completes
call through base station to mobile

visited
network
43



User Tracking: Geographic-based Strategy

Location area 1 (ID = 1) Location area 2 (ID = 2)

5. Inform the HLR

|j h tl/ of the new LA ID
h 1. Change LA

\\\

2. Receive the ID of the LA
h 3. Compare with stored ID

4. If different, update
and ask for registration

* Base stations periodically broadcast the ID of the LA

* Users compare their last LA ID with the current ID, and transmits a registration message
whenever the ID is different

* When there is an incoming call directed to a user, all cells within its current LA are paged

44



Location and ldentity Privacy

* Temporary Mobile Subscriber identifiers — TMSI —
changed after crossing Location Area (LA) border
or time-out trigger

Pseudo A

Pseudo C

e




GSM: Handoff with Common MSC

old
routing routing N\

handoff goal: route call via
new base station (without
interruption)

reasons for handoff:

— stronger signal to/from new BSS
(continuing connectivity, less
battery drain)

— load balance: free up channel in
current BSS

— GSM doesn’t mandate why to
perform handoff (policy), only how
(mechanism)

* handoff initiated by old BSS

46



GSM: Handoff with Common MSC

|. old BSS informs MSC of impending handoff,
provides list of |* new BSSs

2. MSC sets up path (allocates resources) to
new BSS

3. new BSS allocates radio channel for use by
mobile

4. new BSS signals MSC, old BSS: ready

5. old BSS tells mobile: perform handoff to new
BSS

6. mobile, new BSS signal to activate new
channel

7. mobile signals via new BSS to MSC: handoff
complete. MSC reroutes call

8 MSC-old-BSS resources released

47



Hand off

Received
signal level

A

Level at B

Level at which handover 1s made

1 1
e — p—-—-¥. o —

(call transferred to BS2)

v
=+

48



Hard/Soft Handover

Hard: Communicate with one cell at a time
Soft: Communicate with two cells simultaneously

m TDMA & FDMA: Hard

— Could technically use soft handover, but would be

costly as it would require multiple parallel radio
modules

m CDMA: Soft

— Needed to avoid near-far problem (i.e., Detect weaker
sighal amongst strong signals)

49



Hand off Strategies pas

station A station B

A Received signal at Received signal at A
base station A base station B

|. Relative Signal Strength

2. Relative Signal Strength
with Threshold

3. Relative Signal Strength
with Hysteresis

4. Relative Signal Strength
with Threshold and

Hysteresis Assigmment
Assigned
. . . oB
5. Prediction Techniques /
Handoff Handoff
toA Y A toB
Assigned
to A
~ L I >
-H H

Relative signal strength 50

(Pp—Py4)



GSM: Handoff between MSCs

* Anchor MSC: first MSC
visited during call

home network

correspondent

- call remains routed
through anchor MSC

e New MSCs add on to end of
MSC chain as mobile moves
to new MSC

- optional path minimization step
to shorten multi-MSC chain

anchor MSC

(a) before handoff

51



GSM: Handoff between MSCs

= Anchor MSC: first MSC
visited during call

home network

correspondent

- call remains routed
through anchor MSC

= New MSCs add on to end of

MSC chain as mobile moves
to new MSC

- optional path
minimization step to
shorten multi-MSC chain

anchor MSC

(b) after handoff

52
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Traffic Engineering

e Consider a cell

— has L potential subscribers (L mobile units)

— Able to handle N simultaneous users (capacity of N
channels)

* [f L <= N => The system is nonblocking system
* If L > N = The system is blocking

54



Traffic Engineering:
Main Questions

|. What is the probability that a call request
will be blocked?

— What capacity (N) is needed to achieve a certain
upper bound on the probability of blocking?

2. If blocked calls are queued for service, what
is the average delay?

— WWhat capacity is needed to achieve a certain average
delay?

55



Traffic Intensity

A= A - / [Erlangs]

where /s =The mean holding time per successful call
A =The mean rate of calls (connection requests) attempted per unit time
N = Number of Servers

AN

= Pr("call dropped because line busy") = Erlang-B(A4,/V) =

rB/océzhg

/va”O(A’)

7
A

56



Example Distribution of Traffic in
a Cell with Capacity 10

Occupied Number
time of calls

Minutes (mins)
Channel 0 5 10 15 20 25 30 35 40 45 50 55 60
1 —_— S+ - 51 17
2 ' = ol [l | 47 16
3 ] —t | -1L1L 43 14
4 - -+ | 39 12
5 - 34 11
6 a8 28 10
7 22 7
8 15 5
9 —_— 9 3
10 6 2

0 5 10 15 20 25 30 35 40 45 50 55 60
Minuies Totals 294 97

h = The mean holding time per successful call = 294/97

A =The mean rate of calls (connection requests) attempted per min = 97/60

A= (97/60) (294/97) = 4.9 erlangs



Eralng B Table

(Offered Load) A in Erlangs
" Pg (Blocking Probability)

0.01% 0.02% 0.03% 005% 01% 02% 03% 04% 05% 06% 07% 08% 09%

1 0.0001 0.0002 0.0003 0.0005 0.0010 0.0020 0.0030 0.0040 0.0050 0.0060 0.0070 0.0081 0.0091
2 0.0142 0.0202 0.0248 0.0321 0.0458 0.0653 0.0806 0.0937 0.105 0.116 0.126 0.135 0.1443
3 00868 0.110 0.127 0152 0.194 0249 0289 0321 0349 0374 0397 0418 04374
4 0235 0.282 0315 0362 0439 0535 0602 065 0701 0741 0.777 0.810 0.8415
5 0452 0527 0577 0649 0.762 0900 0994 1.07 113 119 124 128 1.326
6 0728 0.832 0900 09% 115 133 145 154 162 169 175 181 1.867
7 105 119 127 139 158 180 195 206 216 224 231 238 2448
8 142 158 169 1.8 205 231 248 262 273 283 291 299 3.069
9 18 201 213 230 256 28 305 321 333 344 354 363 37110
10 2.26 247 2.61 2.80 3.09 3.43 3.65 3.82 3.96 4.08 419 429 43811
11 272 296 312 333 365 402 427 445 461 474 48 497 507
12 321 347 365 388 423 464 490 511 528 543 555 567 578
13 371 401 419 445 483 527 556 578 596 612 626 639 650
14 424 456 476 503 545 592 623 647 666 683 698 712 724
15 478 512 534 563 608 658 691 717 738 756 771 786  7.99
16 534 570 594 625 672 726 761 78 810 829 846 861 8.75
17 591 630 655 688 738 795 832 860 883 903 921 937 952
18 650 691 717 752 805 864 9.03 933 958 979 998 101 10.3
19 709 753 780 817 872 935 976 10.1 103 106 107 109 111
20 7.70 8.16 8.44 8.83 9.41 10.1 10.5 10.8 111 11.3 11.5 11.7 11.9
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