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| ecture 6: Communications

This topic covers the fundamentals of communications, so that students
understand the principles of common communications systems

The REpectrum Noise modulation, bandwidth

Digitaland analogue modulation/demodulation, AM, FM, digital modulation
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The RF electromagnetic spectrum

Lw MW shortwave VHF UHF microwaves mm-waves THz
radio radio radio

frequency 100 kHz 1 MHz 10 MHz 100 MHz 1 GHz 10GHz 100GHz 1 THz

wavelength  3000m  300m 30m 3m 30 cm 3cm 3mm 0.3 mm

c=fl wherec= 3 x 1@ metres/sec in free space




Oneway transmission formula

More mathematically: receive
antenna
transmit gain G
antenna R
gain G g
rangeR

=> receive antenna
effective area

transmit =G/#4p
power P,
: . PG
Power density F at range R is AR Watts/m
0
 G/*?
This is intercepted by the receive antenna whose effective area is Ar,p
_RG G/° _RGG/

So the received power is P, = :
i R 4p (ap) R
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Thermal noise

At a molecular level, all matter vibrates randomly (unless it is at absolute ze
(0 K =273 C). The higher the temperature, the greater the vibration.

Since a moving electron is an electric current, a randenfisating electron is
a random current.

(Imagine taking a radio receiver and adjusting it so it is not tuned to a statio
What you hear is0is€

This is important, because in communications and sensing systems we will
be concerned with the signéb-noise ratio (SNR)

P
P = kT, BF SNR= —

n
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B = receiver bandwidth

F = receiver noise figure 5



Noise
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If you were to look at noise on an

oscill oscope, oudd |se o|meglt, (hjil [n '
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The amplitude of the noise

follows a Rayleigh distribution : p(x)
A
p(9)= X expm—". 3
s° ge 2¢ 9

White noise has a uniform power
spectral density, so is specified in
terms of noise power per unit
bandwidth.
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The American mathematician and electrical engineer Claude Elwood Shannon
(1916 7 2001) developed a fundamental equation for the information capacity of a
communications channel as a function of channel bandwidth and signal-to-noise ratio.

The Shannon (or Shannoni Hartley) theorem states the channel capacity C, meaning the
theoretical tightest upper bound on the information rate of data that can be communicated

at an arbitrarily low error rate using an average received signal power Sthrough an
analogue communication channel subject to additive white Gaussian noise of power N is:

as

3.38 log, ]a%T
¢

C is the channel capacity in bits per second

B is the bandwidth of the channel in Hertz

SN is the signal-to-noise ratio (SNR), expressed as a linear power ratio (i.e.
not in dB)
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We are used to the idea of the quantity of
information in a message, and data rates.
A page of text is maybe 10 kB. An image
from a decent camera is about 8 MB. A
high-definition movie (Netflix) might be 3
GB/hour.

A hard drive on a modern PC might have
a capacity of 1 TB. BT advertise
Superfast broadbandas oO6up t o
(note that 1 byte = 8 bits).

But note that images and video can be
compressed, because they are not totally
random. So one line of an image is likely
to be quite similar to the previous line.
And one frame of a video stream is likely
to be very similar to the previous frame.

This leads to standards such as MPEG
and JPEG.



Modulation

Transmitting a carrier conveys no
information. It is necessary to
modulate the carrier in some way 1
either in analogue form or digital.

A simple way of doing this is
switching the carrier on and off in a
predetermined way 1 i.e. Morse
Code.

A skilled operator can reach speeds
of 30 words per minute, or even
more. The bandwidth of a signal of
this type is only of the order of a
hundred Hertz.




Amplitude Modulation (AM)

iplitude

An

Amplitude

Amplitude

Suppose we have a carrier at an
angular frequency w;, and
sinusoidal modulation at angular
frequency wy,.

1+ mcosw/ t
Time (O ¢m 01)

Acoswt

If we multiply the carrier by the
modulating signal, the result is:

A(1+ mcosy,t) coyt

(&m ¢

= A(cosmt +m( cosiyt cos))

:Aggoswct %(coi w )t eof w M)
¢

carrier upper lower
sideband sideband
frequency

wet g, W gt g
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Frequency Modulation (FM)

Suppose we have a carrier at an
angular frequency w;, and
sinusoidal modulation at angular
frequency wy,.
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In Frequency Modulation the
amplitude of the transmitted signal
Is kept constant, and the frequency
varies according to the modulating
signal.

FM is widely used for VHF
broadcasting, though in some
countries (for example Norway)
the VHF broadcast network is
being switched off in favour of
Digital Audio Broadcasting (DAB).

The bandwidth of a VHF FM radio
signal is about 150 kHz.
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Terrestrial analogue TV

In the UK the PAL (Phase
Alternating Line) modulation format
Is used, in which the video
information is coded as two
interlaced scans of a total of 625
lines at a frame rate of 50 Hz. The
start of each line is marked with a
sync pulse, and the total duration of
each line is 64 ns. The video
information is modulation onto a
carrier as vestigial-sideband AM,
coded as luminance (Red + Green
+ Blue) and two chrominance
signals (Green i Blue) and (Red i
Blue). The two chrominance
subcarriers are in phase
guadrature, so that they can be
separately recovered. The sound
information (including stereo
information) is frequency-modulated
onto a second carrier.

vestigial-sideband

amplitude modulation
analog

o sound
vision

- carrier . .
carrier _ digital
digital chrominance sound
subcarrier carrier

TV channel
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Phase shift keying (PSK)

Digital modulation and transmission
have enormous advantages and are
widely used in communications
(Cellphones, WiFI, ¢é) and
broadcasting DAB, DVB-T, ¢é) .

A simple example is binary phase
shift keying (BPSK), in which the
phase of the carrier is switched
according to the binary bit stream to
be transmitted (0 =0°, 1 = 180°).

The scheme can readily be extended
to four phase states (Quadrature
Phase Shift Keying i QPSK), and
further.

13



Digital Modulation

Amplitude Shift Keying (ASK)

Baseband

Modulated signaw . /\/\/ .

/\/\) Modulated signal

Baseband_

AR

Frequency Shift Keying (FSK)

Baseband_

Carrier

Modulated signal

QT
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Effect of noise on QPSK

signa Noiseless QPSK Signal QPSK with noise

Amplitude Amplitude

Time Time




Bit Error Rate (BER)

In any digital
communications channel,
the performance can be
guantified in terms of the
Bit Error Rate (BER).

The graph opposite shows
an example of this:

the BER (on a logarithmic
scale) versus the signal-to-
noise ratio (in dB) for three
types of digital modulation.
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Multipath

In most cases the channel will
consist of a direct path plus a
number of multipath
components, each with its own
amplitude and delay. The direct
path, and the multipath
components, may be time-
varying and Doppler-shifted.
Multipath components may
add destructively at the
receiver, causing fading, and
since the phase corresponding
to a given delay is a function of
frequency, the fading will
therefore be a function of
frequency.

In the worst case, the direct
path may be blocked, so there
Is only multipath.

17



Orthogonal Frequency Division Multiplexing

If the delay spread associated with the multipath starts to become
comparable with the bit length, intersymbol interference will occur and the
received signal will be corrupted . This sets a limit on the data rate that can
be transmitted through the channel.

Transmitted signal ML L] LT 1.1

Received Signals

Direct Line-of-sight:

L
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OFDM

To attempt to overcome this, OFDM
was devised. Here, the digital bit
stream is multiplexed into a number of
parallel streams, so that the bit length
T, in each individual stream is
stretched by a factor equal to the
number of parallel streams, N. The bit
length is now much greater than the
maximum delay spread of the
multipath, so the multipath has
relatively little effect. The parallel data
streams are modulated onto a set of
sub-carriers, spaced in frequency
such that the nulls of the modulated
spectrum of one sub-carrier are
coincident with the carrier frequencies
of all of the others, in other words,
that they are orthogonal to each other.
The subcarrier spacing in frequency
required to achieve this is 1/t, where t
is the bit length of the expanded bit
stream.

input bit stream

e

T,

B ———
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Amplitude

4

3

output bit streams
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OFDM

The signal, consisting of the

modulated simultaneous
subcarriers, is transmitted
over the channel, in a frame

[__JPDSCH

format with synchronisation
and prefix information.

In the receiver each sub-
carrier is individually
demodulated, then the original
data stream is reconstituted by
demultiplexing. oo @ 8w

OFDM symbol index




¢5al 2 ChH5al! 2 [/ 5a! 2

In many communications systems

a base station or access point needs to be able
to communicate with several users, in both
directions (full duplex) simultaneously. There
are several ways of doing this.

»
»

X %pvmA

frequency
|
|

v

In Time Division Multiple Access (TDMA) the
signal is divided into a number of time slots,
with each slot allocated to a particular user.

time

W

In Frequency Division Multiple Access (FDMA)
the signal is divided into a number of
frequencies, with each frequency allocated to a
particular user.

FDMA

frequency

v

time

In Code Division Multiple Access (CDMA)
each user uses a different code to modulate
their signal, within the same frequency band.
The codes are orthogonal, which means they
can each be extracted without interference
from the others.

code

[
»

CDMA

frequency

v

time

Adapted fromhttps://www.itu.int/osg/spu/ni/3G/technology/ 21
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Cellphones

Mobile phones are ubiquitous
all over the world. There is
Insatiable demand for
Instantaneous phone
communication, mobile
transactions, and now video
phones, and video streamed
to phones.

Land basedsubscriber

Ta other offices
(lozal and tall) i

Wil reline 1
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one cellsite

habile
Telecommunications “Woice channelks
Switching (Mot all channels shown)
Office

=== Contral oaths
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Cellphones
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The cellular concept

Reuse factor = 7
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Cellphonebasestations
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These two maps show the locations of basestations in the vicinity of UCL, in 2002
and 2008, from a UK government website. Clicking on one of them would show the

name of the operator, system, height and transmit power. The increase in number in
just six years is clearly evident.

http://www.sitefinder.radio.gov.uk 25



Cellphonebasestations GSM

The GSM system uses bands centred on 900 MHz and 1.8 GHz, and 1.9 GHz in the USA.

The uplink and downlink bands are each of 25 MHz bandwidth, split into 125 FDMA

(Frequency Division Multiple Access) carriers spaced by 200 kHz. A given basestation will
only use a small number of these channels.

Each of these carriers is divided into 8 TDMA (Time Division Multiple Access) time slots, with
each time slot of duration 577 ¢&s.

Each carrier is modulated with using GMSK (Gaussian Minimum-Shift Keying) modulation. A
single bit corresponds to 3.692 ¢e€s, giving
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Cellphonebasestations 3G

The third generation (3G) system uses a band in the region of 2 GHz. The UMTS (Universal

Mobile Telecommunication System) is the main implementation of 3G, with the following
characteristics:

27



Cellphonebasestations 3G

The third generation (3G) system uses a band in the region of 2 GHz. The UMTS (Universal
Mobile Telecommunication System) is the main implementation of 3G, with the following
characteristics:

A There are two forms, Frequency Division Duplex (FDD) and Time Division Duplex
(TDD). FDD requires two frequency bands (for the up-link and one for the down link);
TDD requires a single band. A given band (or pair of bands) is allocated to a particular
operator.

A FDD and TDD bands are of 5 MHz nominal width/channel spacing. The width can be
reduced (in 200 kHz steps) to 4.4 MHz if operators wish.

A The transmission is Wideband CDMA (WCDMA) using Walsh-Hadamard coding. The
transmission rate is always 3.84 Mchips/s. The data rate may be varied, which means
that the selected spreading code length is dependent on the data rate. The codes used
are referred to as Orthogonal Variable Spreading Factor Codes (OSVF). Code length
may vary from 4 (giving data rate of 960 kbit/s) up to 512 (giving data rate of 7.5 kbit/s).
Data is also scrambled, but this does not affect the rate.

A The modulation used is QPSK. The null-to-null bandwidth is effectively 3.84 MHz, hence
the 4.4 MHz minimum channel spacing. The signals are shaped with a 0.2 Root Raised

Cosine Filter. o8



Cell size

Cell Type Basestatlor_l LI Cell diameter
location

Macrocell Above rooftop level 1 to 30 km
Large cell (urban)  Above rooftop level 3 to 30 km
Small cell (urban)  Above rooftop level 1to 3 km
Microcell Below/at rooftop level 0.1to 1 km

Belowrooftop/in

building 0.01to 0.1 knr

Picocell

29



5G

5G uses millimetre-wave frequencies
(which support higher bandwidths and
hence higher data rates) and smaller
cell sizes. The picture shows a base
station antenna mounted on a street
light.

Network type Average download Max download Time to download

speed Speed full HD film
3G 8 Mbps 384 kbps over a day
4G 32.5 Mbps 100 Mbps over 7 minutes
4G+ 42 Mbps 300 Mbps 2.5 minutes
5G 130¢ 240 Mbps 1¢10Ghbps 4 ¢ 40 seconds

(theoretical



5G

10 years)

Technol_ogy evolution ( every

The First Wave

The Second Wave
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social issues
Portable Handy Mobile Information A variety of Human-centered
telephone telephone phone for in hand apps/videos
everyone

value creation ]I

The Third Wave

Dissemination of Mobile Phones

Mobile Multimedia

New Business Value
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WiFI

WiFi uses the IEEE 802.11 standard, which dates back to 1997. There have
been many developments of the standard since then

Most in the 2.4 GHz ISM band
In general the power output is limited to +20 dBm (100 mW)

802.11g gives a theoretical maximum data rate of 54 Mbps

A general rule of thumb in home networking says that Wi-Fi routers operating
on the traditional 2.4 GHz band reach up to 150 feet (46 m) indoors and 300

feet (92 m) outdoors. Older 802.11a routers that ran on 5 GHz bands reached
approximately one-third of these distances.

1 2 3 4 5 6 7 8 9 10 1" 12 13 14 Ci
2412 2417 2422 2427 2432 2437 2442 2,447 2452 2457 2.462 2.467 2472 2.484 Ci

22 MHz : 32



Wireless technologies summary
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