
16582 Wireless 
Communication

Dr. Jay Weitzen 1

16.582/16.418 Wireless Communication

Notes II: Cellular Wireless Systems



16582 Wireless 
Communication

Dr. Jay Weitzen 2

Lecture Outline

• The Cellular Concept
– Interference and Reuse in Cellular Systems
– Calculating the Reuse of Different Systems
– Tradeoffs in the Reuse Pattern

• Traffic and Capacity Engineering
– Calculating Grade of Service
– Calculating Blocking Probability
– Trunking Efficiency

• Tradeoffs between Capacity, Reuse and 
Interference
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The Cellular Concept
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Cellular Basics
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Cellular Telephone Arrives

• Make coverage areas 
smaller, but more of 
them

• Develop a means to 
hand call from one 
coverage area to 
another

• Call these coverage 
areas cells

• Make coverage areas 
smaller, but more of 
them

• Develop a means to 
hand call from one 
coverage area to 
another

• Call these coverage 
areas cells

Delicious Catering 
Base StationDigital Mobile 

Switching Center

Delicious 

Delicious 
Delicious 

Public Switched
Telephone Network
(PSTN)
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Cells Become Crowded

Digital Mobile 
Switching Center

Public Switched
Telephone Network
(PSTN)

• Number of users 
outgrew number of 
channels available

• More efficient reuse  of 
existing channels had 
to be developed

• Number of users 
outgrew number of 
channels available

• More efficient reuse  of 
existing channels had 
to be developed
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Frequency Reuse
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Cellular Reuse
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Cellular Terminology
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Cellular System Design Issues
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Interference And Noise
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D/R Ratio



16582 Wireless 
Communication

Dr. Jay Weitzen 19



16582 Wireless 
Communication

Dr. Jay Weitzen 20

Signal to Interference Ratio (C/I)
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Worst Case Interference Issues
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Spectral Efficiency
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Tradeoffs in Cluster Size
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C/I is Carrier-to-Interference Ratio
• AMPS modulation characteristics

require ≅ 18 dB co-channel C/I 
over single interferer (≅17dB over 
multiple interferers ∑)

• Between a pair of sites using same
channel, three C/I regions exist:

– Site A C/I better than 18 dB
– Neither site gives usable C/I
– Site B C/I better than 18 dB

• Other sites needed to 
serve region where 
neither A nor B has good C/I

• Rate of signal decay determines how close next co-channel site can be and 
how many additional sites on other channels are needed in between 

• With proper planning, it is possible to determine required separation 
between co-channel sites to avoid interference

Co-Channel Interference Model

-120

-110

-100

-90

-80

-70

-60

Distance, km
1 3 5 7 9 11 13 15 17 19 21 23 250

Site A Site B
-50

C/I = 18 dB C/I = 18 dB

Good 
Service

Good 
ServiceInterference

RSSI,
dBm

Frequency Reuse Scenario
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Co-Channel Interference Uplink/Reverse 
Path

• Co-channel 
interference can 
occur on uplink, 
downlink, or both

• On the uplink, 
interference 
occurs at cell site 
receiver, from 
mobiles in 
surrounding co-
channel cells
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Co-Channel Interference
Downlink/Forward Path

On the downlink, 
interference 
occurs at mobile 
user’s receiver 
due to signals 
from surrounding 
co-channel cells
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D/R Ratio
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Example 2.1

If a total of 33 MHz of bandwidth his allocated to a particular 
FDD cellular system which uses 25 kHz pairs, compute the 
number of channles available per cell if a system uses 

•4 cell reuse
•7 cell reuse
•12 cell reuse

If 1 MHz is allocated for control chanels, determine a 
distribution of control and voice channels in each cell for each
of the 3 systems
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Example 2.1 Solution

Channels =33000/50 =660 channels

N=4: 660/4 = 165

N=7: 660/7 =95

N=12: 660/12 = 55

1 MHz control = 1000/50 =20

N=4 160 Voice + 5 Control

N=7 …

N=12 …
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Trade off between Q and N
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Technology

AMPS
Advanced 

Mobile Phone 
Service

NAMPS
Narrowband 

AMPS

D-AMPS
Digital AMPS

North American 
TDMA

GSM
European 

2nd-Generation 
TDMA

CDMA
Code Division 

Multiple Access

Standards
Documents

Modul-
ation

Band-
width Reuse

EIA/TIA 553
IS-19 mobile
IS-20 base 

sta.

IS-88

IS-54B

ETSI/TIA/ITU
multiple

documents

IS-95B,
Joint Std. 008,
+ features stds

First
Used

1983

1990

1993

1992

1995

Analog
FM

17 dB 
C/I

Analog
FM

17 dB 
C/I

Digital
DQPSK
14 dB 

C/I
(fragile)

Digital
GMSK

7 dB C/I
(robust)
Digital
QPSK
Spread

Spectrum

30 
kHz

10 
kHz

30 
kHz

200 
kHz

1250 
kHz

7

7

7

4

1

Service
Types

Voice

Voice
SMS

Voice
Data

Voice
SMS

Cell Bcst
frq hop’g

Voice
SMS
Data

+more

IS-136 1995
+CAVE
+DCCH
+SMS

REUSE for MAJOR TECHNOLOGIES DEPLOYED IN 
NORTH AMERICA
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Basics Of Traffic Engineering
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Traffic Engineering Objectives
• Traffic engineering is a discipline 

concerned with keeping both system 
customers and accountants happy.

• Traffic engineering finds answers  to 
questions at every stage in the 
development of a cellular system

• In Initial Design:
– How many cells are needed?
– What size of switch is required?
– How many cell site trunks and how 

much microwave should we install?
• Ongoing during Operation:

– How many radios for each cell or 
sector are required to meet 
projections?

– When are new cells needed for 
capacity?

$
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Common Definitions
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A Game of Avoiding Extremes

The traffic engineer must walk a fine line 
between two problems:

• Overdimensioning
– too much cost
– insufficient resources to construct
– traffic revenue is too low to support 

costs
– very poor economic efficiency!

• Underdimensioning
– blocking
– poor technical performance 

(interference)
– capacity for billable revenue is low
– revenue is low due to poor quality
– users unhappy, cancel service
– very poor economic efficiency!
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Basics of Traffic Engineering:
Terminology & Concept of a Trunk

• Traffic engineering in telephony is focused on the voice paths 
which users occupy.  They are called by many different names:
– trunks
– circuits
– radios, transceivers (“TRXs”), channel elements (CDMA)

• Some other common terms are:
– trunk group

• a trunk group is several trunks going to the same destination, 
combined and addressed in switch translations as a unit , for 
traffic routing purposes

• member
• one of the trunks in a trunk group
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Units of Traffic Measurement

General understanding of telephone traffic engineering began around 1910.  An 
engineer in the Danish telephone system, Anger K. Erlang, was one of the 
first to master the science of trunk dimensioning and publish the knowledge 
for others. In his honor, the basic unit of traffic is named the Erlang. 

• An Erlang of traffic is one circuit continuously used during an observation 
period one hour long.

Other units have become popular among various users:
• CCS (Hundred-Call-Seconds)
• MOU (Minutes Of Use)
• It’s easy to convert between traffic units if the need arises:

1 Erlang = 60 MOU = 36 CCS

Traffic is expressed in units of Circuit Time
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How Much Traffic Can One Trunk Carry?
• Traffic studies are usually for periods of one hour
• In one hour, one trunk can carry one hour of traffic -- One Erlang
• If nothing else matters, this is the limit!
• If anyone else wants to talk -- sorry!

Absolute Maximum Capacity
of One Trunk

One Trunk

One ErlangConstant
Talker

We must not plan to keep trunks busy all the time.  There must be a 
reserve to accommodate new talkers! How much reserve? next!
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Traffic Engineering And Queuing Theory
• Traffic engineering is an application of a 

science called  queuing theory
– Queuing theory relates user arrival 

statistics, number of servers, and various 
queue strategies, with the probability of a 
user receiving service

– If waiting is not allowed, and a blocked 
call simply goes away, Erlang-B formula 
applies (popular in wireless)

– If unlimited waiting is allowed before a 
call get served, the Erlang-C formula 
applies

– If a wait is allowed but is limited in time, 
Binomial & Poisson formulae apply

– Engset formulae apply to rapid, packet-
like transactions such as paging channels

Ticket counter analogy

User population

Queue

Servers

Queues we face in 
everyday life

1) for telephone calls
2) at the bank
3) at the gas station
4) at the airline counter
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Offered Traffic and Call Duration

A = λ x tm
A =  Traffic intensity (Erlangs)
λ = Arrival rate (average number of  

calls per unit of time)
tm = Holding time (Avg call duration)  

Traffic intensity A is the 
amount of traffic users 
attempt to transmit through 
the system at some given 
time.

N Trunks

1 hour

Offered Traffic, 
Erlangs

Example: 
λ = 1000 call attempts in the busy hour
tm = 150 seconds average call duration
What’s the offered traffic intensity?

Solution:
A = λ x tm

= 1000 x ( 150 / 3600 )
= 41.667 Erlangs 
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Offered And Carried Traffic

• Offered traffic is what users attempt to originate
• Carried traffic is the traffic actually successfully 

handled by the system
• Blocked traffic is the traffic that could not be handled

– Since blocked call attempts never materialize, 
blocked traffic must be estimated based on 
number of blocked attempts and average 
duration of successful calls 

Carried
Traffic

BTS BTS BTS BTS BTS BTS

Offered
Traffic

BSCMTX

Blocked
Traffic

PSTN or other
Wireless user

TOff = NCA x TCD

TOff = Offered traffic
NCA = Number of call attempts
TCD = Average call duration

Offered Traffic = 
Carried Traffic + Blocked Traffic
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Loss Systems

• Traffic analysis can be 
performed on two categories 
of systems:  loss systems and 
delay systems.

• In a loss system, overload 
traffic is cleared from the 
system.

• In a delay system, overload 
traffic is queued until enough 
clear facilities are available to 
service it.
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Loss Systems, cont.
• Cellular systems exhibit properties similar to loss 

systems.  We say “blocked calls are cleared.”
• Packet switching systems are examples of delay 

systems.
• The “blocking probability” is the basic measure of 

performance of a cellular (loss) system.

Traffic profile: Out of 15 sources, only 
10 are ever occupied simultaneously, 
and on the average, only 8 are.  Total 
traffic volume is about 88 minutes 
(1.47 Erlangs).
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Carried Traffic

A
j

j e
j

AAP −=
!

)(

tm
t

etP
−

=> )(

Poisson arrival distribution
The probability of j circuits all being busy at 
any time, given a traffic intensity A.

Exponential holding time distribution
The probability that a holding time exceeds 
a value t, given the average holding time 
tm.



16582 Wireless 
Communication

Dr. Jay Weitzen 55

Trunking Efficiency

Example:  a trunk group has enough servers to handle all the traffic 
offered to it. The arrival rate λ is 2 calls per minute and the average 
holding time tm is 1.5 mins.  What percentage of the total traffic is carried 
by the first six circuits?  How much traffic is carried by all remaining 
circuits?

Solution:  First, let’s see what the traffic intensity A is.  In the period of 
consideration, A = λ x tm , = 2.0 calls/min x 60 min/1 erl x 1.5 min x 1 
erl/60 min 

= 3.0 erl.

The probability of j circuits being busy at any instant, if all requests are 
served immediately, is:

A
j

j e
j

AAP −=
!

)(
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Trunking Efficiency Example, cont.

Solution (cont.):
The traffic intensity for the six circuit group is determined by taking the total 
traffic amount possible for groups of 1, 2, …, 6 circuits (which is, of course, 1, 
2, …, 6 Erlangs), and multiplying by the probability that for the three Erlangs 
of traffic, the group is busy.    This can be condensed to the format:

So, A6 = 1P1(3) + 2P2(3) + 3P3(3) + 4P4(3) + 5P5(3) + 6P6(3)

Then,                                                           = 2.75 Erlang.

∑
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Trunking Efficiency Example, conclusion

Since the first six trunks carry 2.75 Erlangs, and 
the total traffic is 3 Erlangs, the rest (3 - 2.75 = 
0.25 Erlangs) is carried on the remainder of the 
trunks in the trunk group.  
Thus, the first six trunks carry 91.7% of the total 
traffic, leaving 8.3% for the rest of the trunk 
group.  If there are 200 circuits offering/taking 
traffic, 194 carry the remaining 8.3 % of the 
traffic.
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Number of Trunks 
vs. Utilization Efficiency

• Imagine a cell site with just one voice channel.  At a P.02 Grade of Service, 
how much traffic could it carry?

– The trunk can only be used 2% of the time, otherwise the blocking will 
be worse than 2%.

– 98% availability forces 98% idleness. It can only carry .02 Erlangs. 
Efficiency 2%!

• Adding just one trunk relieves things greatly. Now we can use trunk 1 
heavily, with trunk 2 handling the overflow. Efficiency rises to 11%

• The Principle of Trunking Efficiency
• For a given grade of service, trunk  utilization efficiency increases as 

the number of trunks in the pool grows larger.
– For trunk groups of several hundred, utilization approaches 100%.

# Trunks

Efficiency %

Capacity,
Erlangs

1 50

80%

41

Erl Eff%Trks
1
2

0.02
0.22

2%
11%

Erlang-B  P.02 GOS
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Number of Trunks,
Capacity, and Utilization Efficiency

• The graph at left illustrates the 
capacity in Erlangs of a given 
number of trunks, as well as the 
achievable utilization efficiency

• For accurate work, tables of 
traffic data are available
– Capacity, Erlangs
– Blocking Probability (GOS)
– Number of Trunks

• Notice how capacity and 
utilization behave for the 
numbers of trunks in typical cell 
sites0

5
10
15
20
25
30
35
40
45

Capacity and Trunk Utilization
Erlang-B for P.02 Grade of Service

Trunks

0
10
20
30
40
50
60
70
80
90

50403020100
Utilization
Efficiency
Percent

Capacity,
Erlangs
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Traffic Engineering & System Dimensioning

Using Erlang-B Tables to determine Number of Circuits Required

A   = f (E,n)

Probability 
of blocking

0.0001  0.002 0.02

7

E

n

1
2

300

2.935

0.2

Capacity 
in Erlangs

Number of 
available 
circuits
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Erlang B-Formula
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Equation Behind the Erlang-B Table

Pn(A) = 

An

n!

1 +      + ... +A
1!

An

n!

Pn(A) = Blocking Rate (%)
with n trunks
as function of traffic A

A = Traffic (Erlangs)
n = Number of Trunks

Offered Traffic 
lost due to 
blocking

Number
of

Trunks

time

max # of
trunks

average
# of busy
channelsOffered

Traffic,
A

The Erlang-B formula is fairly simple to implement on 
hand-held programmable calculators, in 
spreadsheets, or popular programming languages.
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Erlang-B Traffic Tables
Abbreviated - For P.02 Grade of Service 

Only
#TrunksErlangs #TrunksErlangs #Trunks #TrunksErlangs #TrunksErlangs #TrunksErlangs #TrunksErlangs #TrunksErlangs

1 0.0204 26 18.4 51 41.2 76 64.9 100 88 150 136.8 200 186.2 250 235.8
2 0.223 27 19.3 52 42.1 77 65.8 102 89.9 152 138.8 202 188.1 300 285.7
3 0.602 28 20.2 53 43.1 78 66.8 104 91.9 154 140.7 204 190.1 350 335.7
4 1.09 29 21 54 44 79 67.7 106 93.8 156 142.7 206 192.1 400 385.9
5 1.66 30 21.9 55 44.9 80 68.7 108 95.7 158 144.7 208 194.1 450 436.1
6 2.28 31 22.8 56 45.9 81 69.6 110 97.7 160 146.6 210 196.1 500 486.4
7 2.94 32 23.7 57 46.8 82 70.6 112 99.6 162 148.6 212 198.1 600 587.2
8 3.63 33 24.6 58 47.8 83 71.6 114 101.6 164 150.6 214 200 700 688.2
9 4.34 34 25.5 59 48.7 84 72.5 116 103.5 166 152.6 216 202 800 789.3
10 5.08 35 26.4 60 49.6 85 73.5 118 105.5 168 154.5 218 204 900 890.6
11 5.84 36 27.3 61 50.6 86 74.5 120 107.4 170 156.5 220 206 1000 999.1
12 6.61 37 28.3 62 51.5 87 75.4 122 109.4 172 158.5 222 208 1100 1093
13 7.4 38 29.2 63 52.5 88 76.4 124 111.3 174 160.4 224 210
14 8.2 39 30.1 64 53.4 89 77.3 126 113.3 176 162.4 226 212
15 9.01 40 31 65 54.4 90 78.3 128 115.2 178 164.4 228 213.9
16 9.83 41 31.9 66 55.3 91 79.3 130 117.2 180 166.4 230 215.9
17 10.7 42 32.8 67 56.3 92 80.2 132 119.1 182 168.3 232 217.9
18 11.5 43 33.8 68 57.2 93 81.2 134 121.1 184 170.3 234 219.9
19 12.3 44 34.7 69 58.2 94 82.2 136 123.1 186 172.4 236 221.9
20 13.2 45 35.6 70 59.1 95 83.1 138 125 188 174.3 238 223.9
21 14 46 36.5 71 60.1 96 84.1 140 127 190 176.3 240 225.9
22 14.9 47 37.5 72 61 97 85.1 142 128.9 192 178.2 242 227.9
23 15.8 48 38.4 73 62 98 86 144 130.9 194 180.2 244 229.9
24 16.6 49 39.3 74 62.9 99 87 146 132.9 196 182.2 246 231.8
25 17.5 50 40.3 75 63.9 100 88 148 134.8 198 184.2 248 233.8

Erlangs
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Basic Traffic Engineering Example
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Example 
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Wireless Traffic Variation with Time:
A Cellular Example

• Peak traffic on cellular systems is 
usually daytime business-related 
traffic; on PCS systems, evening 
traffic becomes much more 
important and may actually contain 
the system busy hour

• Evening taper is more gradual than 
morning rise

• Wireless systems for PCS and LEC-
displacement have peaks of 
residential traffic during early 
evening hours, like wireline 
systems

• Friday is the busiest day, followed 
by other weekdays in backwards 
order, then Saturday, then Sunday

• There are seasonal and annual 
variations, as well as long term 
growth trends

Typical Traffic Distribution
on a Cellular System

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Hour

SUN

MON

TUE

WED

THU

FRI

SAT

Actual traffic from a cellular system in the 
mid-south USA in summer 1992. This 
system had 45 cells and served an area 
of approximately 1,000,000 population.
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Busy-Hour
• In telephony, it is customary to collect and analyze traffic in hourly 

blocks, and to track trends over months, quarters, and years
• When making decisions about number of trunks required, we plan the 

trunks needed to support the busiest hour of a normal day
– Special events (disasters, one-of-a-kind traffic tie-ups, etc.) are not 

considered in the analysis  (unless a marketing-sponsored event)
• Which Hour should be used as the Busy-Hour?

– Some planners choose one specific hour and use it every day
– Some planners choose the busiest hour of each individual day 

(“floating busy hour”)
– Most common preference is to use “floating (bouncing)” busy hour

determined individually for the total system and for each cell, but to 
exclude special events and disasters

– In the example just presented, 4 PM was the busy hour every day
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Tradeoffs for Blocking, Capacity  and Quality
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Directional Cells versus Omnidirectional
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Cell Splitting
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Cell Splitting

3C1
(17)

6F2
(8)

6F1
(11)

2B1
(18)

2B2
(19)

5E1/2
(24)

7G1
(14)

4D1
(12)

1A1
(15)

A basic N=7 frequency 
reuse plan*
A basic N=7 frequency 
reuse plan*

* N=7 will be explained in a later section of  
this module

* N=7 will be explained in a later section of  
this module
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Sector Cell Cluster – Frequency Reuse

N=7
B1

B2
B3

C1

C2
C3

G1

G2
G3

A1

A2
A3

D1

D2
D3

E1

E2
E3

F1

F2
F3

F1

F2
F3

REUSE

120 degree sector
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Cell Splitting

3

6

6

2

2

5

7

4

1

A basic N=7 Frequency 
Reuse Plan with split cells
A basic N=7 Frequency 
Reuse Plan with split cells

1

6
3

1

1 4

5
3
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Sectorization
Idealized, easy-to-draw shapes are used to 

sketch relationships between cells
• 6-sector 60-degree cell example at left
• 3-Sector 120-degree cells are commonly 

drawn under either of two conventions
• North American cellular engineers like to use 

a single hexagon to represent the cell, and to 
divide it into three sectors

– this arrangement is easy to sketch and 
convenient to manipulate when 
considering sectorizing existing omni cells 

• Outside North America, the custom is to 
draw three separate adjoining hexagons to 
represent the three sectors

– this arrangement matches actual antenna 
coverage patterns much more closely

– better for judging interference 
relationships

Actual
Coverage

Closer Approximation

North American custom
120º 3-Sector

60º 
6-Sector



16582 Wireless 
Communication

Dr. Jay Weitzen 80



16582 Wireless 
Communication

Dr. Jay Weitzen 81

Overlay/Underlay
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Overlay/Underlay

(Ch 50)
-95 dbm

(Ch 56)
-85 dbm

(Ch 58)
-82 dbm

(Ch 52)
-90 dbm

Cell A
Channel 50
Channel 57

Cell B
Channel 52
Channel 59
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Directed Retry

A

C

B

D

E

Mobile
Subscriber
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Summary
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Channel Allocation and Reuse Strategies
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