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Context of Physical layer

* Beginning to work our way up * Concerns how signals are used to transfer

starting with the Physical layer message bits over a link

— Wire etc. carry analog signals

— We want to send digital bits

Application

Transport

Network
Link
Physical
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Topics

* Properties of media
— Wires, fiber optics, wireless

* Signal propagation and wireless basics

— Bandwidth, channel model, and multipath effect
* Coding, modulation, and multiplexing
— Representing and communicating bits

* Advanced wireless transmission techniques

- MIMO, OFDM, Spread spectrum, CDMA

oy At 7 X

s PEKING UNIVERSITY

Signal

Y
10110... l_ ...10110

©)
©)

%’g LB KB TE R A IR OR B



Simple Link Model (in Computer Science) and Message Latency

* Abstraction of a physical channel * Latency: the delay to send a message over a link
— Rate (or bandwidth in CS, capacity, speed) — Transmission delay: time to put M-bit message “on the wire”
in bits/second = T-delay = M (bits) / Rate (bits/sec) = M/R seconds
— Delay in seconds, related to length — Propagation delay: time for bits to propagate across the wire
= P-delay = Length / speed of signals = L/(%)c = D seconds
|:| Message > |:| — Combining the two terms we have: Latency = M/R + D
Delay D, Rate R * Examples:

— “Dialup” with a telephone modem:
= D =5ms,R=56kbps,M = 1250 bytes
= L=5ms+ (1250 x 8) /(56 x 10%) sec = 184 ms!

* Use powers of 10 for rates, 2 for storage
- 1Mbps = 1,000,000 bps, 1 KB = 1024 bytes

* Other important properties: — Broadband cross-countty link:

— Whether the channel is broadcast, wireless = D =50ms,R =10 Mbps, M = 1250 bytes
= L =50ms+ (1250x8) / (10 x 105) sec = 51ms

A long link or a slow rate means high latency!




Bandwidth-Delay Product

* Messages take space on the wire!

>

* The amount of data in flight is the
bandwidth-delay (BD) product

— Measure in bits, or in messages

— Small for LANs, big for “long fat” pipes

Dina Katabi, Mark Handley, and Charlie Rohrs.

Congestion control for high bandwidth-delay product networks.
In Proc. of ACM SIGCOMM, 2002
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* Fiber at home, cross-country
R = 40 Mbps, D = 50ms
BD = 40 x 10° x 50 x 10 bits
= 2000 Kbit
= 250 KB

110101000010@4 0101001011

* That’s quite a lot of data “in the v

network”!
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Media propagates signals that carry bits of information

* Wires — Twisted pair * Fiber * Wireless
— Commonly used in LANs and — Long, thin, pure strands of glass — Sender radiates signal over a
telephone lines * Enormous bandwidth over long region
* Twists reduce radiated signal distances " In many directions, unlike a wire,

/ Optical fiber
Category 5 UTP cable -

o to potentially many receivers
—
with four twisted pairs = ~~____ d)_’/\/\/\—'@ .
= t

A 7 Nearby signal (same freq.)

Light source Light trapped by Photo- interfere at a receiver, need to
(LED, laser) total internal reflection detector

coordinate use
®* Wires — Coaxial Cable — Two varieties: multi-mode (shorter links,
— Better Shielding for better cheaper) and single-mode (up to ~100 km) )
performance s, J

Core
(glass)

Copper Insulating Braided Protective
core material outer plastic

conductor covering " .
C;:csigg ;f::uec. re laddin ~ Radlo isi i i
. \ %}%}?}% Gas)  (pasie) G Cading =0 - Visible leght Ultrasonic
) ) Aﬁ”"!‘}m’ I I requency and Infrared

One fiber Fiber bundle
in a cable
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Frequency Spectrum for Wireless Communication
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Penetrates Earth's

v v N
Atmosphere?

Radiation Type Radio Microwave Infrared Visible Ultraviolet  X-ray Gamma ray
Wavelength (m) 10710 10712

Approximate Scale
of Wavelength

Buildings Humans Butterflies Needle Point Protozoans Molecules  Atoms  Atomic Nuclei

Frequency (Hz)

10* 108 10%

Emperature of
objects atwhich
this radiation is the
most intense
wavelength emitted

I I
1K 100K 10,000 K 10,000,000 K
—272 °C -173 °C 9,727 °C ~10,000,000 °C
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Spectrum Regulation

* Microwave, e.g., 4G, and unlicensed (ISM)
frequencies, e.g., WiFi, are widely used for

computer networking
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Topics

* Properties of media

— Wires, fiber optics, wireless

* Signal propagation and wireless basics

— Bandwidth, channel model, and multipath effect
* Coding, modulation, and multiplexing
— Representing and communicating bits

* Advanced wireless transmission techniques

- MIMO, OFDM, Spread spectrum, CDMA
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Signal fundamentals — Sine Wave

* Frequency, amplitude and phase
Phase = 45° —_—
— Asin(2nft+0)
= 0 = Phase
= Period T =1/f AT NN Ll
= A = Amplitude Cycle

Amplitude

a
N
I
=
o

= Frequency is measured in cycles/sec or Hertz
y

* Wavelength = A

Amplitude
— Distance occupied by one cycle

— Distance between two points of corresponding phase in

> Distance

A
N
/‘
Bt
'\

two consecutive cycles
— Assuming signal velocity v /

- A=vI,orAMf=v
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Signal fundamentals — Frequency Representation and Fourier analysis

* A signal over time can be represented * Less bandwidth degrades signal (less

by its frequency components rapid transitions)

.r —c + 51n(2Ttnff) + Cos(2Ttnfr)

| |I L
12 3 4 ’IIB Lost!
o 1 1 0 0 0 1 0 g h — Bandwidth
! , 2 0.50
| | | B -
i i I 3
: : I —_— 0.25
o | _§’| |
- | . Ll vy, Lost! _
T 1234567 809101112131415 12 3 4
—>

Signal over time Weights of harmonic

frequencies

L | |lLost! I

EE: Bandwidth = width of frequency band, measured in Hz

% CS : Bandwidth = information carrying capacity, in bits /sec

We use Data Rate from now on for CS’s bandwidth

-
N

.
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Signal fundamentals — Analog/Digital Data, Signals and Transmission

* Data: entities that convey meaning or information
— Analog: continuous values in some interval, e.g., audio, temperature, pressure, etc
— Digital: discrete integers, e.g., text, integers, character strings

* Signals: electric or electromagnetic representations of data

— Analog: a continuously varying electromagnetic wave that may be propagated over a variety of media,

depending on spectrum, e.g., wire, fiber optic cable, atmosphere or space

Voltage at | | | | | | | | ||||
transmitting end
Voltage at M

= Less susceptible to noise interference, but suffer more from attenuation recelving end

— Digital: a sequence of voltage pulses that may be transmitted over a wire medium

* Transmission: communication of data by the propagation and processing of signals

— Analog: transmitting analog signals without regard to their content

= (Cascaded amplifiers boost signal’s energy for longer distances but cause distortion and amplifies the noise, can’t recover

— Digital: assumes a binary content to the signal

= Canrecover from noise and distortions: regenerate signal along the path: demodulate + remodulate

PEKING UNIVERSITY
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Signal fundamentals — Analog/Digital Comparison

Analog signals: Represent data with continuously
varying electromagnetic wave

Analog data
(voice sound waves)

——) Analog signal

Telephone

Digital d |/®

igital data —> 59l —————» Analogsignal
(binary voltage pulses) \Iy (modulated on
carrier frequency)

Modem

Digital signals: Represent data with sequence
of voltage pulses

Analog data ———) % <€—> Digital signal
Codec

Digital data €—— @ <———> Digital signal

Digital
transceiver

ez XY
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Analog Data

Digital Data

Analog Signal

Digital Signal

Analog Signal

Digital Signal

Two alternatives: (1) signal
occupies the same spectrum as
the analog data; (2) analog data
are encoded to occupy a different
portion of spectrum.

Analog data are encoded using a codec to produce
a digital bit stream.

Digital data are encoded using a
modem to produce analog signal.

Two alternatives: (1) signal consists of two voltage
levels to represent the two binary values; (2) digital
data are encoded to produce a digital signal with
desired properties.

(b) Treatment of Signals

Analog Transmission

Digital Transmission

Is propagated through amplifiers;
same treatment whether signal is
used to represent analog data or
digital data.

Assumes that the analog signal represents digital
data. Signal is propagated through repeaters; at
each repeater, digital data are recovered from
inbound signal and used to generate a new analog
outbound signal.

Not used

Digital signal represents a stream of 1s and 0Os,
which may represent digital data or may be an
encoding of analog data. Signal is propagated
through repeaters; at each repeater, stream of 1s
and Os is recovered from inbound signal and used to
generate a new digital outbound signal.

E'a IR R T BB IR SR
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Signals over a Wire

®* What happens to a signal as it passes over a wire?

— The signal is delayed (propagates at %c) Sent signal:

— The signal is attenuated (goes for m to km) Attenuation:

— Frequencies above a cutoff are highly attenuated Bandwidth: M
Noise: M

— Noise is added to the signal (later, causes errors)

s PEKING UNIVERSITY
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Signals over Fiber

* Light propagates with very low loss in three very wide frequency bands

— Use a carrier to send information

A
" A ratio between signal powers is
expressed in decibels:
decibels (db) = 10log;,(P; / P,)
10 |-
§ ~
.::! 8
S
2 N
£g af
£
<
1,3 um
=0.5 dB8/km
01 | :
}-gdszglkm
1 1 1 . 1 >
0,6 0.8 1,0 1,2 1.4 1.6 1.8

Wavelength (pm)

PEKING UNIVERSITY
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Signals over Wireless

;‘_7,5)4 ‘\’f,_
;\I 5o 1/:

Signals transmitted on a carrier frequency, like fiber
Spread out and attenuate faster than 1/ d?
Propagation model is complex, depends on environment

Why use wireless

— Supports mobile users: move around, remote control, communication

No need to install and maintain wires

— Reduces cost and simplifies deployment

ez X ¥
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But what is hard/different about wireless?

® Shared medium

— Uncoordinated for concurrent user access and contention |
. . =
* Unguided propagation and path loss £
-
e . . : &0 G
— Energy is distributed in many directions in space 5 Z
* Interference - ‘ — R
. TXA RXD TXC TXB DiSt ance
— Intra/inter technology
— Hint: throughput does not scale as more Tx-Rx pairs
* Shadowing and multipath fading e l

— Indoor complexities I, 7 |

Non-faded signal

transmitter

- Cliel’lt/el’lVil'Ol’lment mObility Wireless %

Faded signal
Wireless 9

receiver

= Doppler shift and temporary fading Refiector l

AT Eg ST KB TE B BRI AR BPE
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(Limited) Goals

* Non-goal: turn vou into electrical engineers
g y g

* But why we still care about?
- 5@G, IoT, Fog, ...

* Basic understanding of how communication is done

* Understand the tradeoffs involved in speeding up the transmission

A Computer Science view of Communication Engineering!

E'a IR R T BB IR SR
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History of Wireless Communications

* James C. Maxwell in 1864 predicted the existence of EM radiation and formulated the basic theory (Maxwell's equations)

* Maxwell’s theory was verified experimentally by Hertz in 1887

* On December 12, 1901, Guglielmo Marconi successfully received a radio signal at Signal Hill in Newfoundland, North
America, which was transmitted from Cornwall, England-a distance of about 1700 miles

* Marconi is credited with the development of wireless telegraphy

* Amplitude modulation (AM) broadcast was started in 1920

* In1933, Edwin Armstrong built and demonstrated the first frequency modulation (FM) communication system

* First television system was built in the United States by Vladimir Zworykin and demonstrated in 1929

* Commertcial television broadcasting began in London in 1936 by the British Broadcasting Corporation (BBC)

* Color TV in late 1960, digital TV in 1990, high-definition TV: 720p = 1280 x 720p = 0.92 Mp; 1080p = 1920 x 1080 = 2.07Mp

* Satellite named Telstar 1 was launched in 1962 and used to relay TV signals between Europe and the United States

* Commercial satellite communication services began in 1965 with the launching of the Early Bird satellite

* First global mobile satellite communication system (Itidium) in operation in 1999

* Mobile cellular systems developed since 1980’ — analog (TACS, AMP), digital (GSM, CDMA), third generation (wideband
CDMA)

20
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Data Communication System

Information Input . . Output
-»> P - Transmitter > Channel > Receiver > P » Destination
Source Transducer Transducer
3
Sound, picture, Information in Information in
data, etc electrical form Noise original form

* Information source produce required message which has to be transmitted

* Transducer converts one form of energy into another form (typically time-varying electrical signal)

* Transmitter amplifies and modulate the electrical signal in appropriate frequency range if necessary

* Channel provides a physical connection between the transmitter and receiver

* Receiver detects and demodulates the signal to reproduce the message signal in electrical form from the
distorted received signal

* Destination converts an electrical message signal into its original form

21
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Digital Communication System

Information Source || Source N Channel N Digital M Channel B Digital N Channel R Source 1, Output | O.utput
and Input Transducer encoder encoder modulator demodulator decoder decoder Transducer signal
Transmitter Receiver

* Source encoder converts the output of either an analog or a digital source into a sequence of binary digits

® Channel encoder introduces in a controlled manner some redundancy in the binary information sequence to
increases the reliability of the received data and improve the fidelity of the received signal

* Digital modulator maps the binary information sequence into signal waveforms

* Digital demodulator processes the channel-corrupted transmitted waveform and reduces each waveform to a single
number that represents an estimate of the transmitted data symbol (binary or M-ary)

® Channel decoder attempts to reconstruct the original information sequence from knowledge of the code used by
the channel encoder and the redundancy contained in the received data

* Source decoder accepts the output sequence from the channel decoder and attempts to reconstruct the original

signal from the source

22
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Wireless Signal Propagation

* What do we use to send and receive signal (data) in wireless media?
— Antenna in radio channel

— LED-Photodetector in optical channel

— Speaker-Microphone in sound channel

* We have to consider many things about wireless channel:
— Path Loss
— Delay distortion
— Interference
— Multipath
— Noise

We primarily focus on radio-based wireless communication




Radio propagation basics

* A wave of energy

— Think of it as energy that radiates from an antenna and is picked up by another antenna.
= Helps explain properties such as attenuation
* Density of the energy reduces over time and with distance

"= Receiving antennas catch less energy with distance
* Rays of energy

— Can also view it as a “ray” that propagates between two points
y propag P

— Rays can be reflected etc. —we can have connectivity without line of sight

— A channel can also include multiple “rays” that take different paths — “multi-path”

" Helps explain properties such as signal distortion, fast fading, ...

* Electromagnetic signal

— Signal that propagates and has an amplitude and phase — complex number representation

— ... and that changes over time with a certain frequency

S PEKING UNIVERSITY
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Antenna Concepts

* An electrical conductor which radiate or collect electromagnetic energy

* Transmitter converts electrical energy to electromagnetic waves.

— Conductor that carries an electrical signal and radiates an RF signal.

— The RF signal “is a copy of” the electrical signal in the conductor
Receiver converts electromagnetic waves to electrical energy.

— RF signals are “captured” by the antenna and create an electrical signal in the conductor.

Efficiency of the antenna depends on its size, relative to the wavelength of the signal.

- E.g. quarter of a wavelength (A/4)
Same antenna is used for transmission and reception.

* Antenna Gain (dBi) = Power at particular point / Power with Isotropic

— Does not refer to obtaining more output power than input power but rather to directionality

S PEKING UNIVERSITY
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Types of Antennas

* Isotropic antenna: a point source that radiates with the same power level in all
directions — sphere shape

— Not common: shape of the conductor tends to create a specific radiation pattern
= Note that isotropic antennas are not very efficient!
a Unless you have a very large number of receivers
— Common: omnidirectional antenna radiates equally well in all horizontal directions
* Simplestshape:is a straight conductor

a Half-wave dipole and quarter wave vertical antennas — creates a “donut” pattern of 75°in vertical plane

a Elements are quarter wavelength of frequency thatis transmitted most efficiently — max gain of 2.15 dbi

* Directional antenna: shaped to be used to direct the energy in a certain direction.

— Examples: parabolic antenna and horn antenna Omnidirectional radiation p;ttem

Horizontal Pattern Vertical Pattern
0 0

* Multi-element antennas

— Have multiple, independently controlled conductors

— To be further discussed in MIMO Y
;‘,&.‘2,\ i L: :i ‘ﬁ
Parabolic antenna Horn antenna (30 dBi) Directional radiation pattern
> 70 dBi
NELFES] (70 459

PEKING UNIVERSITY
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Impacts of Obstacles

* Reflection: Surface large relative to wavelength of signal
— May has phase shift from original

— May cancel out original or increase it

* Diffraction: Edge of impenetrable body that is large relative to 4
— Signal is scattered by the edge of a large object — “bends”
— May receive signal even if no line of sight to transmitter

* Scattering: signal radiation by an obstacle that is small relative to 4

* Refraction

— Speed of EM signals depends on the density of the material

* Vacuum: 3 x 108 m/sec; Denser: slower
— Density is captured by refractive index
- Explains “bending” of signals in some environments

= E.g.skywave propagation: Signal “bounces” off the ionosphere back to earth —

can go very long distances

= But also local, small scale differences in the air density, temperature, etc.
NEFEE
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Fresnel Zones

* Sequence of ellipsoids centered around the LOS path between a
transmitter and receiver

* The zones identify areas in which obstacles will have different
impact on the signal propagation
— Capture the constructive and destructive interference due to multipath

caused by obstacles

* Zones create different phase differences between paths

— First zone: 0 —1r/2
— Second zone: /2 -3m/2

— Third zone: 31w/2 — 51 /2,

— Odd zones create constructive interference, even zones destructive

NELF P

S PEKING UNIVERSITY

Dominant
Line of Sigh
Multipath  0¢ f Sight

| l

/4 (45°) %

/2 (90°)

1 (180°)

31/2 (270°)

71/4 (315°
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Propagation Degrades RF Signals

* Attenuation in free space: signal gets weaker as it travels over longer distances
— Radio signal spreads out — free space loss
— Refraction and absorption in the atmosphere

— Delay distortion

" For asignal with a given bandwidth, the velocity tends to be highest near the center frequency of the band
* Obstacles can weaken signal through absorption or reflection.
— Reflection redirects part of the signal
® Multi-path effects: multiple copies of the signal interfere with each other at the receiver
— Similar to an unplanned directional antenna
* Mobility: moving the radios or other objects changes how signal copies add up

— Node moves /2 wavelength -> big change in signal strength

S PEKING UNIVERSITY
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Path Loss

— Path Loss Alone

* Power radiates equally to spherical area 4nd?> * Log Distance Path Loss Model €0 K T e oo anion
° If the receiver collects power from area A,: - Lgg = Ly + 10nlog(d/dy) T
1 : ,
- Pp= PrGp—A, — L, is the loss at distance d,

0 log (d)

* Loss increases quickly with distance (d? — Pathloss distance component n depends on environments:

= 2 for free space, 3 for office, higher if more and thicker obstacles

Effective aperture for any antenna:

22 * Other factors
- Ae = 4_GR
i 22 2 — Objects absotb energy was the signal passes through them
- Pp= PrGarGp—=5 =PrGrGpr—=
R TTYR (47q)2 TETYR (47qf)? * Degree of absorption depends strongly the material
® This is known as Frii’s Law. * Paper versus brick versus metal

— Loss depends on frequency: higher loss with ~ Absorption of energy in the atmosphere.

higher frequency " Very serious at specific frequencies, e.g. water vapor (22 GHz)

» Can cause distortion of signal for wide-band signals and oxygen (60 GHz)

.. .1 = Obviously objects also absorb energy
* Impacts transmission range in different spectrum

bands

30

S PEKING UNIVERSITY

@ P Eg I KB TE R B IR SRR



Multipath Effect

* Receiver receives multiple copies of the signal, each following a different path

* Copies can either strengthen or weaken each other

— Depends on whether they are in our out of phase

* Changes of half a wavelength affect the outcome

— Short wavelengths, e.g. 2.4 GHz — 12 cm, 900 MHz — ~1 ft (30cm)

so.ua‘o' 1.1 |5'0‘ il 1101 OL L1 llsl'ol [ 1201 on 11 |251 0' 1k ‘SC.O-OO.O
~ -90.0 "y A ' , - -g90.0
s i! T k'.Al.“ | e .&.” IL h l“;-"l’ “."hf .
< -100.0 "[“ ) AT '! (it 1 L-100.0
'ﬂ t)
2 | 0.0
& -110.0
3 120.0 --120.0

lllllllll -$30.0
BT e " "w.0 ' 'is.0 | | z0.0 25.0 0.0
Position (m)
Frequency of 900 MHz or

Data courtesy Rob Poor, Ember Corp.

wavelength of about 33 cm

* Small adjustments inlocation or orientation of the wireless devices can result in big changes in signal
strength — why?
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Multipath Effect Cont’d

A
Power Power
Transmitted Recerved T 1 T
Delay t Delay t i

* Multipath Power Delay Profile
— A single impulse results in multiple impulse at
different times
— Delay Spread = Maximum delay after which

the received signal becomes negligible = T,,,,

= (Often in nano seconds

N e 7 ) F

S PEKING UNIVERSITY

Transmitted Transmitted
pulse pulse
Time
Received nlf:ift?v:ti Received rlr}zlct?v:t(:l
LOS pulse P LOS pulse P
pulses pulses
Time

* One symbol interferes with subsequent symbols.

— Happens when the spreading of the pulse beyond

its allotted time interval.

— Larger difference in path length or higher bit rate

causes higher chance of ISI

%’g I R B TE BB R SRR

32



Inter-Symbol Intetference

* A form of distortion of a signal in which one symbol /\ /\ /\

interferes with subsequent symbols.

— Happens when the spreading of the pulse beyond its allotted Re /\
time interval.

— Larger difference in path length causes higher chance of ISI A

* Delays on the order of a symbol time result in overlap of

the symbols /\

— Makes it very hard for the receiver to decode

— Corruption issue — not signal strength ()S{iginal
ignal

* Suppose the receiver can do some processing:

— Dynamic equalization: add/substract scaled and delayed

copies of the signal

» Weights are set dynamically based on known “training” sequence E eeeeereeeeeneeie, c Yeilghf : """""
alculation

5 e 2 %’g SRR B TR B BRI R BB
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Some Intuition for Selective Fading

* Assume three paths between a transmitter and receiver

* The outcome is determined by the differences in path length
— But expressed in wavelengths — outcome depends on frequency

* As transmitter, receivers or obstacles move, the path length differences change, i.e., there is fading
— But changes depend on wavelength, i.e. fading is frequency selective

®* Much more of a concern for wide-band channels

-55 ' ' ' —e— Multipath On
—— Multipath Off

——=Theoretical Multipath

-60

65}

-70}

Amplitude {dBm)

-80 1%

- 1 1 1
24 2.405 2.4 2415 242 2425 243
Frequency (Hz) x10°
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Noise

* Thermal/white Noise: caused by thermal agitation of electrons, present in all electronic devices and

transmission media, and is a function of temperature

~ Noise Power Spectral Density Ny = kgT, where kg is Boltzman’s constant = 1.38 X 10723 Joules/Kelvin
— For a band of width B: Noise Power = NgB=—-174 + 10log¢(B) dBm at 300K

— Can’t be eliminated, places an upper bound on communications system performance
* Receiver Noise: amplifiers and mixers add noise.

— Noise generated before the amplifiers also gets amplified.
* Crosstalk: picking up signals from other source-destination pairs
* Impulse noise: irregular pulses of high amplitude and short duration

— Interference from various RF transmitters, lighting, etc.

— Should be dealt with at protocol level

S PEKING UNIVERSITY
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Doppler shift

Ivic ~ Nege T vic

* If the transmitter or receiver or both are mobile, the (((( ))))

frequency of received signal changes:

— Moving towards each other — Frequency T * Doppler Spread
— Moving away from each other — Frequency ! — Power Delay Profile of Channel = Power Distribution
— Frequency difference fp = velocity/wavelength = vf/c over time for an impulse signal.

* Results in distortion of si on al — Doppler Power Spectrum = Power Distribution over

frequency for a signal transmitted at one frequency.

— Non-zerofor (f —fpto f+ fp)
— Doppler spread = f,

— Shift may be larger on some paths than on others

— Shift is also frequency dependent (minor)

* Effect only an issue at higher speeds: ~ Coherence Time = 1/ Doppler Spread

— Speed of car: 10° m/h = 27.8 m/s - If transmitter, receiver, or intermediate objects move
— Shift at 2.4 GHz is 222 Hz — increases with frequency very fast, the Doppler Spread is large and coherence
— Impact is that signal “spreads” in frequency domain time is small.

S PEKING UNIVERSITY
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Wireless Channel Model

1. Transmits signal x: 5. Doppler effects

modulated carrier at frequency f dlstor ts signal
<( )))) = T Radio R Radio
Channel / I \

v% 2. Signalis 3. Multi-path + 4. Noise is 6. Receives
Base Station Subscriber Station attenuated mObillty cause fading added diStOI’ ted Signal Yy

* Power profile of the received signal can be obtained by convolving the power of the transmitted signal
with the impulse response of the channel.
* Convolution in time = multiplication in frequency

* Signal x, after propagation through the channel H becomes y :

- y(® = HOx(#) + n(f) — the noise
\

channel response/state, a (time-variant) complex number (matrix) that captures attenuation, multipath, ... effects.

* Receiver needs a certain SNR to be able to decode the signal

- Required SNR depends on coding and modulation schemes, i.e. the transmit rate
@ e g P gg TR BTE B BRI AR
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Comments on Data Rate and Bandwidth

* The greater the (spectral) bandwidth, the higher the information — carrying capacity of the signal

* If a signal can change faster, it can be modulated in a more detailed way and can carry more data
— E.g. more bits or higher fidelity music

* Extreme example: a signal that only changes once a second will not be able to carry a lot of bits or
convey a very interesting TV channel

* The bandwidth that can be transmitted is limited by the transmission system (tx, medium, rx)

* The greater the bandwidth, the greater the cost

* The narrower the bandwidth, the greater the distortion (errors)!

e E XS E;g IR AR R HBERALER
PEKING UNIVERSITY é -
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Channel Capacity

* Definition: The maximum rate at which data can be transmitted over a given channel, under given
conditions

* Datarate (R) —rate at which data can be communicated (bps)

* Bandwidth (B) — the bandwidth of the transmitted signal as constrained by the transmitter and the
nature of the transmission medium (Hertz)

* Noise — average level of noise over the communications path

* Error rate — rate at which errors occur (%)
— Error = transmit 1 and receive 0; transmit 0 and receive 1

* Signal strength (S) and noise strength (N) — limit how many signal levels we can distinguish

@ ez ¥ Eg L T K B TR R B A KK BB
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Decibels and Signal-to-Noise Ratio

* A ratio between signal powers is expressed in * Ratio of the power in a signal to the power
decibels (db) = 10log,,(P; / P,) contained in the noise that is present at a
* Is used in many contexts: particular point in the transmission
— The loss of a wireless channel — Typically measured at a receiver
— The gain of an amplifier * Signal-to-noise ratio (SNR, or S/N)

* Note that dB is a relative value.

signal power
| (SNR),, =10log,, 2224 P
Power ratio | 1000 | 100 |10 |4 2 1126 |1 noise power

dB 30 20 10 |6 3 |1 0

* A high SNR means a high-quality signal

* Can be made absolute by picking a reference point. * Low SNR means that it may be hard to

— Decibel-Watt — power relative to1 W . .
P “extract” the signal from the noise
— Decibel-milliwatt — power relative to 1 mW

* SNR sets upper bound on achievable data rate

5% e 2 %’g SRR B TR B BRI R BB
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Nyquist Capacity

* A noiseless channel of bandwidth B can at most transmit a binary signal at a capacity 2B
— Assumes binary amplitude encoding

— Limitation is due to the effect of intersymbol interference and noise

For M levels: C = 2B log,M

— M discrete signal levels

More aggressive encoding can increase the actual channel bandwidth (data rate)

— Example: modems

* Factors such as noise can reduce the capacity

* Example: consider a voice channel being used, via modem, to transmit digital data. For B = 3100 Hz:
- C=2B = 6200 bps.
- For M = 8, C =18,600 bps for a bandwidth of 3100 Hz.

— No upper limit?

S PEKING UNIVERSITY
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Claude Shannon (1916-2001)

* Father of information theory
— “A Mathematical Theory of Communication”, 1948

* Fundamental contributions to digital computers, security,
and communications

® Search for:

- BRI S, ERSREELE, TR0
FEFE ..

- FREIE B FTAETENE 2
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Electromechanical mouse

that ¢“solves” mazes!
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Shannon Capacity

* How many levels we can distinguish depends on S/N or SNR S+N
— Note noise is random, hence some errors 0
— Shorter bits are more likely affected by a given pattern noise N

* Shannon limit is for capacity (C), the maximum information carrying rate 1=
of the channel with only white noise, not including impulse noise and 2
various types of distortion): C=Blog,(1+S /N) bits/sec

* Represents error free capacity 3

— Itis possible to design a suitable signal code that will achieve error free

transmission (you design the code)
* Example: Phone wire with bandwidth = 3100Hz, (S/N)4s = 30dB
— 10log1o(S/N) = 30 — S/N =10° = 1000
— Capacity = 3100log;,(1+1000) = 30984 bps

@ P Eg I KB TE R B IR SRR
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Wired/Wireless Perspective

®* Wires, and Fiber

Engineer SNR for data rate

— Engineer link to have requisite SNR and B

— Can fix data rate

®* Wireless

Adapt data rate to SNR

— Given B, but SNR varies greatly, e.g., up to 60 dB!

— Can’t design for worst case, must adapt data rate

oy At 7 X

S PEKING UNIVERSITY
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Topics

* Properties of media

— Wires, fiber optics, wireless

* Signal propagation and wireless basics

— Bandwidth, channel model, and multipath effect
* Coding, modulation, and multiplexing
— Representing and communicating bits

* Advanced wireless transmission techniques

- MIMO, OFDM, Spread spectrum, CDMA

oy At 7 X
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From Signals to Packets

Sender Receiver
Packet
. . ﬁ
TransmlSSIOn FM
010001010101110010101010101110111000000111101010
Packets PP C— P C— P ——mMMM»
Header/Body Header/Body Header/ Body
Bit Stream 001011100010010111
Digital Signal
Analog Signal

@ ez X ¥

PEKING UNIVERSITY

Communication is based on sender transmitting

the carrier signal
— A sine wave with an amplitude, phase, frequency
— A complex value at a certain point in space and time

captures the amplitude and phase
The sender sends an EM signal and changes its
properties over time
— Changes reflect a digital signal, e.g., binary or multi-
valued signal

— Can change amplitude, phase, frequency, or a

combination

Receiver learns the digital signal by observing how

the received signal changes

— Note that signal is no longer a simple sine wave or

even a periodic sig@g LRARTERFHFRNRR
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Remainder: Digital Communication System

Information Source || Source N Channel N Digital M Channel B Digital N Channel R Source 1, Output | O.utput
and Input Transducer encoder encoder modulator demodulator decoder decoder Transducer signal
Transmitter Receiver

* Source encoder converts the output of either an analog or a digital source into a sequence of binary digits

® Channel encoder introduces in a controlled manner some redundancy in the binary information sequence to
increases the reliability of the received data and improve the fidelity of the received signal

* Digital modulator maps the binary information sequence into signal waveforms

* Digital demodulator processes the channel-corrupted transmitted waveform and reduces each waveform to a single
number that represents an estimate of the transmitted data symbol (binary or M-ary)

® Channel decoder attempts to reconstruct the original information sequence from knowledge of the code used by
the channel encoder and the redundancy contained in the received data

* Source decoder accepts the output sequence from the channel decoder and attempts to reconstruct the original

signal from the source

47
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Coding for Digital Communication

® Source coding or data compression is concerned with the problem that given a source of information

how should messages from this source be represented such that on average the information is conveyed

using the minimum number of bits.

- E.g.,ASCII

structured redundancy, in order to detect or correct the presence of errors in the received pattern.

- E.g., parity, CRC, Hamming codes, LDPC codes, etc

transmission over the channel — use a specific method to express information with bits.

— Signal element: Pulse (of constant amplitude, frequency, phase)

— Modulation rate D (baud): 1/Duration of the smallest element

— Data rate R (bps): DL = Dlog,M

— Pulse —

Channel or error control coding introduces extra bits into the transmitted signal to provide carefully

* L = # of bits per signal element

= M = # of different signal elements = 2L

S PEKING UNIVERSITY
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Line or transmission coding encodes digital data into electrical pulses or waveforms for the purpose of
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Line/Transmission Coding

* Let a high voltage (+V) represent a 1, and low voltage (-V) represent a 0

— NRZ (Non-Return to Zero): has additional rest state other than conditions for ones and zeros

Bits o 601 6011110100 O0O0T1TO0

NRZ

* Can use more signal levels, e.g., 4 levels is 2 bits per symbol

00 10 1 01
"1 — H

10 —m89 —
m=4 Vi3
01 - i

00

* Practical schemes are driven by engineering considerations

- E.g., clock recovery

2% Je 2% EE wxxsmamsearsen
5 e =
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Clock Recovery

* Um, how many zeros was that?

0000000060...0

— Receiver needs frequent signal transitions to decode bits ‘ 1

* Several possible designs g

— Manchester coding, also known as phase encoding

Data J—‘ m

1 01 0 01 1 1 O O 1

L
U

= Encode data bit either low then high, or high then low, of equal time

= Self-clocking

o Signals can be decoded without the need for a separate clock signal or Manchester T

s L
other source synchronization Manchester j j ul

(as per IEEE 802.3)

= A special case of binary phase-shift keying (BPSK)

— 4B /5B — Map every 4 data bits into 5 code bits without long runs of zeros
= 0000 — 11110, 0001 — 01001, ... 1110 — 11100, 1111 — 11101

= Has at most 3 zeros in a row

53 PEKING UNIVERSITY
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Passband/Carrier Modulation

* Passband/Carrier modulation carries a signal by

modulating a carrier

Frequency '
— The process of encoding source data onto a carrier shift keying
| |
| I

signal with frequency f.. ',

|
| |
— Carrier is simply a signal oscillating at a desired Phase \/\V\M |
shiftkeying V1 W [ V| W VT W IV 1 UV V|

frequency compatible with the transmission medium:

AV YA

@ ST ga I KBTS BB AR B
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* What we have seen so far is baseband modulation * We can modulate it by changing:
for wires, or baseband digital transmission - Amplitude, frequency, or phase
— Signal is sent directly on a wire 0 1 0 1 1 0 0 1 0 0 1 0 0
. NRZ signal I I l |
[ ]
These signals do not propagate well on of bite i i i i
iber il SERRERRRRRER
. . | | | | | | | | | | | |
— Need to send at higher frequencies Amplitude nA ! o y\/\f ! yW !
shiftkeying |\ | TV
| | |
| | |
| | |
| | |
| | |
| |
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Amplitude-Shift Keying (ASK)

®* One binary digit represented by presence of ®* Modulate cos(27f.f) by multiplying by A, for T

carrier, at constant amplitude seconds:

A, — —  Y{(?) = A, cos(2mnf.P)
* Other binary digit represented by absence of

Transmitted signal

carrier cos(2mf.f) during kth interval
_ | cos@2mfid)  binary1l o
s(Y) =10 binary 0 * Demodulate (recover A,) by multiplying by
2cos(2nf.t) for T seconds and lowpass filtering
— where the carrier signal is Acos(2n£.t) (smoothing):
* Inefficient because of sudden gain changes
Y1) = Arcos(2nL:1) : X;(t)
— Only used when bandwidth is not a concern, . W Lowpase Eliar I
L . Received signal (Smoother)
e.g. on voice lines (< 1200 bps) or on digital fiber during kth interval
* A can be a multi-bit symbol 2cos (2L,

2A; cos?(2nff) = A {1 + cos(2n2f.6) + ..}

s PEKING UNIVERSITY
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Frequency-Shift Keying (FSK)

* Binary Frequency-Shift Keying (BFSK) * Multiple Frequency-Shift Keying (MFSK)
— Two binary digits represented by two different — More than two frequencies are used
frequencies near the carrier frequency — Each symbol represents L bits
| cos(2mfit) binary 1 S;(t) = Acos(2rtfit) 1<=i<=M
S() =) cos@mhy)  binary 0

s £ =f + (2i—-1- M)f,

* where f; and f, are offset from carrier frequency f.by equal " L= number ofbits per signal element

but opposite amounts * M = number of different signal elements = 2=

— Less susceptible to error than ASK " fo= the carrier frequency

= f; = the difference frequency
— Demodulator looks for power around f; and £,

¢ How Can We Go Faster?

— More bandwidth efficient but more susceptible to error

* Symbol length is T,;=LT seconds, where T is bit period

— Increase the rate at which we modulate the 81gnal 01 11 00 11 1 o1 10 00 oo 11

¢ +
e +fa—

— Modulate the signal with “symbols” that send

Frequen
o
-~
~ 5
Soas
L1
|1
|1
|1
(I
[
[
[
|
Il
Il
Il
| |
[
I
[
|
T
I
I
[
T 1
|1
|1
|1
t
|
|
!
T
|
|
|
]
|
|
|
|
|
|
|

S 5 Bl m S s s —

multiple bits B

P

¥
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Phase-Shift Keying (PSK)

* Two-level PSK (BPSK) * Quadrature PSK (QPSK)
— Uses two phases to represent binary digits — Each signal element represents more than one bit
( T
Acos(2mf.t +— 11
| cos(2m£y) binary 1 coS(2TT Lt ‘;)
s() = cos(2rtft + ™) =— cos(21f,f) binary 0 Acos(2mf,t + Tn) 01
s(t) = <

Acosmfe—"7) 00

* Differential PSK (DPSK) 2 n
\ cos(2mf .t — Z) 10

— Phase shift with reference to previous bit

" Binary 0 — signal of same phase as previous
signal burst
= Binary 1 —signal of opposite phase to previous

signal burst

DAk g K Y Eg LEARIEE B RIRA R 54
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Quadrature Amplitude Modulation (QAM)

* QAM uses two-dimensional signaling Ay :* > Y,(t) = A, cos(2nL.0)
C

Y(®»
os(27tf f) -

B, :‘ » Y, ()= B, sin(2nf,)”” Transmitted

— A, modulates in-phase cos(2nf.f)

— B, modulates quadrature phase sin(2w£.f)

— Transmit sum of inphase & quadrature phase components Signal
* Each pair (A, B,) defines a point in the plane sin(27f.f)
* Signal constellation set of signaling points Q 01 Q 11
@ @
. . . . . : 5
How does distortion impact a constellation diagram: e o I [
— Changes in amplitude, phase or frequency move the points in 0 ] 00 10
® 0O
the diagram
BPSK QPSK (QAM-4)
— Large shifts can create uncertainty on what symbol was Q
transmitted o ole @
® 0|0 ©
— Larger bols are mor tibl I
arger symbols are more susceptible o olo o
— Can adapt symbol size to channel conditions to optimize e ole @
throughput QA'M-16 1111 1110 0101 o111

55
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Adapting to Channel Conditions

* Channel conditions can be very diverse
— Affected by the physical environment of the channel
— Changes over time as a result of slow and fast fading
* Fixed coding/modulation scheme will often be inefficient

— Too conservative for good channels, i.e. lost opportunity

— Too aggressive for bad channels, i.e. lots of packet loss

* Adjust coding/modulation based on channel conditions — “rate” adaptation

— Controlled by the MAC protocol
- E.g. 802.11a: BPSK - QPSK -16 QAM - 64 QAM

z J’
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Multiple Access Methods — Scheduled Multiplexing

* Capacity of the transmission medium usually exceeds the capacity required for a single signal

* Multiplexing — carrying multiple signals on a single medium, the network word for the resource sharing

— Individual need of bit rate is relatively low

= More efficient use of transmission medium

1 link, n channels

* A must for wireless — spectrum is huge!

MUX DEMUX

— Signals must differ in frequency, time, or space

* MUX: n low-rate links — 1 high-rate link i~

* DEMUX: 1 to n, send each data to the corresponding output link

57
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Frequency Division Multiplexing (FDM)

FDM is possible when the useful bandwidth of the transmission medium exceeds the required

[
bandwidth of signals to be transmitted
* Each user can send all the time at reduced rate
my(f) Subcarrier modulator s1¢) s1(f)
—— fi Bandpass filter, f; >| Demodulator, f;
- = sa(f) m(t)
mat) Subcarrier modulator »{ Bandpass filter, f; : »| Demodulator, f; ;>
f my (1) Transmitter si0) ste) Man mp(1)

. fe f receiver 4 ®

| | L4

Composite buschand FDM signal : .
soms 4 FDM signal Composite baseband splt) m,(t)

signal »| Bandpass filter, f, > Demodulator, f, ——
(c) Receiver

my (1) Subcarrier modulator Su modulating signal
Ja
(a) Transmitter |"”b(f)|
m m m f}
Ja
B —

B }

(b) Spectrum of composite baseband modulating signal

g IR K B TE BB IR BPE

* Hardware is slightly more expensive and is less efficient use of spectrum
=i
e
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Synchronous Time Division Multiplexing (TDM)

* Multiple signals can be carried on a single tx path by interleaving portions of each signal in time

— Interleaving can be at the bit level or in blocks of bytes or even larger

Each frame contains a cycle of time slots

. m(t)

) ) One or more slots are dedicated to one source — R
— Buffer

(7)

my(t) my(t) Fra rame n;

—_— Buffer - ) () m(t) . Buffer —
S m(t) s(t) ————>| Modem can
operation Modem —>4 1 2 e N co 1 2 coe n A operation
TDM stream Modulated M"d“‘l“ted TDM stream

() m, (1) TDM stream ) TDM stream m,(f)

— Buffer " Time slot: may be Buffer
empty or occupied

(a) Transmitter (b) TDM frames (c) Receiver

* Channel: the sequence of slots dedicated to one source, from frame to frame

* Synchronous: time slots are pre-assigned to source and are fixed

— The time slots for each source are transmitted whether or not the source has data to send

— More efficiency: allocate more slots to faster devices per cycle

* Alternative: statistical TDM: the multiplexer scan the input buffers and send the frame only ifiit is filled

* Transition time between slots, become an issue with longer propagation times

59
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Topics

* Properties of media

— Wires, fiber optics, wireless

* Signal propagation and wireless basics

— Bandwidth, channel model, and multipath effect
* Coding, modulation, and multiplexing
— Representing and communicating bits

* Advanced wireless transmission techniques

- MIMO, OFDM, Spread spectrum, CDMA

oy At 7 X
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Diversity Techniques — Distribute data over multiple “channels”

* The quality of the channel depends on time, space, and frequency

* Space diversity: use multiple nearby antennas and combine signals

— Receiver diversity

* Maximal ratio/weight combining — phase alignmentis needed to amplify each other, need help from transmitter diversity

— Transmitter diversity

= Ample space, power, and processing capacity (at the transmitter)
a Ifthe channel is known, pre-align each component and weight it before transmission so that they arrive in phase at the receiver

a Ifthe channel is not known, use space time block codes or learn from receiver or receiving packets based on channel reciprocity
* Time diversity: spread data out over time
— Useful for avoiding burst errors, i.e., errors are clustered in time: if the number of errors within a code
word exceeds the error-correcting code’s capability, it fails to recover the original code word
* Frequency diversity: spread signal over multiple frequencies

— Fight with frequency selective fading, e.g., spread spectrum, OFDM

PEKING UNIVERSITY
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Multiple-input-multiple-output (MIMO) Antenna Architecture

* N x M subchannels that can be used for simultaneous

D Antenna

reception or transmission of multiple streams Object
— Coordinate the processing at the transmitter and receiver //W \
to overcome channel impairments — %g —
= Boost capacity, range and reliability, and reduce interference :|< >
* Fading on channels is largely independent MO MO
— Assuming antennas are separate /2 wavelength or more przif;:ilng prf»ifellzilng
* Combines ideas from spatial and time diversity,
eg.1xNandNx1 Method | Capacity
* Very effective if there is no direct line of sight SISO | B logy(1+1)
— Subchannels become more independent 1xN or Nx1 | B logy(1 + N)
* MIMO is used in 802.11n/ac NxN | B log,(1 + N2
— See “802.11 with Multiple Antennas for Dummies” in detail. Multiplexing | NB log,(1 + 1)

("MU-MIMO?) for improved capacity ("SU-MIMO”) for er data ra
(more user per cell) in a given bandwidth

PEKING UNIVERSITY
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Two types of MIMO Transmission Schemes

* Spatial diversity: same data is coded and

transmitted through multiple antennas

— Higher SNR: increases the power in the channel
proportional to the number of transmitting antennas

— More robust: diverse multipath fading offers multiple

“views” of the transmitted data at the receiver

3 transmitters 4 receivers

MIMO
Transmitter

MIMO
Receiver

s > N
7 - ~ »-

, N -

hiz s T~ <

TR RS

3 - _ N33 N~

z - -~ AN
- = N

SEF L
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* Spatial multiplexing: a source data stream is

divided among the transmitting antennas

— Need favorable channel conditions and short link

— Receiver do considerable signal processing

— Channel response: y = Hc+ n

W
Y2
V3

L Va4 _

[ hiy

his

(& nq
(%) + ny
C3 nj

" The h; are complex numbers x +jz thatrepresent

both the amplitude attenuation (x) over the channel

and the path dependent phase shift (z)

* The receiver measures the channel gains based on

training fields containing known patternsin the packet

preamble and can estimate the transmitted signal

%a I KB TE R B IR SRR
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MIMO Discussion

* Need channel matrix H: use training with known signal

* So far we have ignored multi-path

— Each channel is multiple paths with different properties

— Becomes even messier!

* MIMO is used in 802.11n/ac

— Can use two adjacent non-overlapping “WiFi channels”
— Raises lots of compatibility issues

— Potential throughputs of 100s of Mbps

* Focus is on maximizing throughput between two nodes

@ ez X ¥
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802.11n Overview

;‘_7,5)4 ‘\’f,_
;\I 5o 1/:

802.11n extends 802.11 for MIMO

— Supports up to 4x4 MIMO

— Preamble that includes high throughput training field

Standardization was completed in Oct 2009, but, early products have long been available
— WiFi alliance started certification based on the draft standard in mid-2007
Supported in both the 2.4 and 5 GHz bands

— Goal: typical indoor rates of 100-200 Mbps; max 600 Mbps

Use either 1 or 2 non-overlapping channels

— Uses either 20 or 40 MHz

— 40 MHz can create interoperability problems

Supports frame aggregation to amortize overheads over multiple frames

— Optimized version of 802.11e
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Multi-User MIMO Discussion

®* Math is similar to MIMO, except for the receiver processing (Pg)

— Receivers do not have access to the signals received by antennas on other nodes

» Limits their ability to cancelinterference and extract a useful data stream

* MU-MIMO versus MIMO is really a tradeoff between TDMA and use of space diversity
— Sequential short packets versus parallel long packets
* Uplink: Multiple Access Channel (MAC)

— Multiple clients transmit simultaneously to a single base station

— Multiuser detection techniques are used to separate the signals transmitted by the users

" Requires coordination among clients on packet transmission —hard problem because very fine-grained

* Downlink: Broadcast Channel (BC)

— Base station transmit separate data streams to multiple independent users

— Processing of the data symbols at the transmitter to minimize interuser interference

= Easier to do: closer to traditional models of having each client receive a packet from the base station independently
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802.11ac Multi-user MIMO

* Extends beyond 802.11n
— MIMO: up to 8 x 8 channels (vs. 4 x 4)
— More bandwidth: up to 160 MHz by bonding up to 8 channels (vs. 40 MHz)
— More aggressive signal coding: up to 256 QAM (vs. 64 QAM); both use 5/6 coding rate (data vs. total bits)
— Uses RTS-CTS for clear channel assessment
— Multi-gigabit rates (depends on configuration)
* Support for multi-user MIMO on the downlink
— Can support different frames to multiple clients at the same time
— Especially useful for smaller devices, e.g., smartphones

— Besides beam forming to target signal to device, requires also nulling to limit interference
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Beam forming

* Multi-element antennas have multiple, independently controlled conductors.

— Can electronically direct the RF signal by sending different versions of the signal to each element.

* Phased Antenna Arrays:

— Receive the same signal using multiple antennas

* By phase-shifting various received signals and then summing — Focus on a narrow directional beam

— Digital Signal Processing (DSP) is used for signal processing — Self-aligning

L
-~ -
— A
Today’s WiFi 802.11ac Beamforming Technology
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Orthogonal Frequency Division Multiplexing (OFDM)

* Distribute bits over N subcarriers that use different frequencies in the band

* Hypothesis: Ten 100-kHZ channel is better than one 1 MHz Channel, why?

— Lower data rate reduces inter-symbol interference

= Higher bit rate means smaller distance between bits or symbols
a Delay spread remain the same for each symbol

= NT, >> root-mean-square of delay spread of the channel, where T is the symbol period
— Better treatment for frequency selective fading

= Adaptive modulation on each subcarrier
* The subcarriers are orthogonal to each other sy
— Peak of one at null of others

* Cyclic prefixes are used to separate symbols

* Used in 802.11a/g/n/ac, 802.16
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Further fighting ISI with “Cyclic Prefix”

* Sending a “cyclic prefix” before every X(1) J ) . V(t)
burst of SymbOIS X0 n . v
] Symbol > Channetl i Distorted S/mboil
— Can be used to absorb delayed copies of Intersymbol - " " —
i

>

Interference (ISI)

symbol smearing ) K X X A

real symbols, without affecting the

symbols in the next burst

. . Guard Interval g/mbols Separated by Guard Intervals
— Prefix is a copy of the tail of the symbol inserted between T | N | 9

N e VA

o Tiacent svmbols
burst to maintain a smooth symbol adjacent symbo

to suppress ISI
- E.g. acyclic prefix of 64 symbols and data
. x(t) h(t) Dlsca‘ g I y(t) Discard
bursts of 256 symbols using QPSK Cyclic Prefix L, ghg,t‘ L eDiMdembol; .
o Inserted iIl §/mbol Guard Intervals Flled With Cyclic Prefix

modulation Guard Interval I H IEEEE xS S,

to suppress ISI e . - ]
X ¢ N S,
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Example: 802.11a

* Uses OFDM with up to 48 subcarriers

— Used for data, pilots for control, and guard bands

® Subcatrier spacing is 0.3125 MHz

® Subcarriers are modulated using BPSK, QPSK, 16 QAM, and 64 QAM

* Uses a convolutional code at a rate of 1/2,2/3, 3/4, or 5/6 to provide forward error
correction

* Results in data rates of 6, 9, 12, 18, 24, 36, 48, and 54 MBps

* Cyclic prefix is 25% of a symbol burst (16 vs 64)
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OFDM Discussion

* OFDM is very effective in fighting frequency selective fading and ISI
* Finally a free lunch?

®* No — you introduce some overhead

— Frequency: you need space between the subcarriers

— Time: You need to insert prefixes

®* You also add complexity

— How do you create many, closely spaced subcarriers?

— The OFDM signal is fairly flat in the frequency domain, so it is very variable in the time domain
= High peak-to-average Power ratio (PAPR)
o A multicarrier signal is the sum of many narrowband signals

= Can be a problem for simple, mobile devices
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Implementing OFDM

The naive approach is to modulate individual subcarriers and move them each to the right frequency

— Not practical: the subcarriers are packed very densely and their spacing must be very precise

— Also complicated: lots of signals to deal with!

converts the signal to the analog domain

— Transmission: spread data into subcarriers, IFFT, add up all the sine wave

— Reception: FFT, decode each subcarrier separately

Constellation
mapping
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Orthogonal Frequency Division Multiple Access (OFDMA)

® Subcarriers are divided into groups — subchannels

* Each user has a set of subcarriers for a few slots

— More flexibilities for power management

* OFDM allows time + frequency DMA — 2D Scheduling

Fre q . Freq . AMPS, TACS, NMT Gt b CoRuPDGE
= =SS =inc /
T —r——
T ime Time HSOPA, Rev C, WIMAX ¥:T:C;'::DPA
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Spread Spectrum

* How about spreading transmission over a wider bandwidth?
— Broad spectrum has better anti-interference ability and higher data rate.

— Different sets of codes can be used at the same frequency. It makes the channel more effective.

Good for military: jammming and interception becomes harder

Also useful to minimize impact of a “bad” frequency in regular environments

What can be gained from this apparent waste of spectrum?
— Immunity from various kinds of noise and multipath distortion
— Can be used for hiding and encrypting signals

— Several users can independently use the same higher bandwidth with very little interference

How to do?
— Frequency Hopping Spread Spectrum (FHSS)
— Direct Sequence Spread Spectrum (DSSS)
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Frequency Hopping Spread Spectrum (FHSS)

* Have the transmitter hop between a seemingly random sequence of frequencies

— Each frequency has the bandwidth of the original signal

Frequency | ==

* Spreading code determines the hopping sequence .
— Must be shared by sender and receiver (e.g. standardized) 30 ms Time .
* Example: Original 802.11 Standard (FH) * Example: Bluetooth
— Used frequency hopping: 96 channels of 1 MHz — Uses frequency hopping spread spectrum in the 2.4
= Each channel carries only ~1% of the bandwidth GHz ISM band

= Uses 2 GFSK or 4 GFSK for modulation (1 or 2 Mbps) ~ Uses 79 frequencies with a spacing of 1 MHz

~ The dwell time was configurable = Other countries use different numbers of frequencies

*= FCC setanupper bound of 400 msec ~ Frequency hopping rate is 1600 hops/s

— Signal uses GFSK

® Minimum deviationis 115 KHzZ

* Transmitter/receiver must be synchronized

— Transmitter used a beacon on fixed frequency to

inform the receiver of its hop sequence — Maximum data rate is 1 MHz

76
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Direct Sequence Spread Spectrum (DSSS) Time Domain  Frequency Dorman

.. . . . . ) . ] L Nin
. .
Each bit in original signal is represented by multiple bits e o
(chips or Pseudo Noise code) in the transmitted signal U e
(b) Code Frequency

— A form of binary modulation with spreading sequence

Original Signal 1 1 0
— The chips consist of pulses of a much shorter duration (larger JIN I\ /1IN
bandwidth) than the pulse duration of the message signal Spreading Code i) i) i i) i i) i) i i
* The resulting bit stream is used for further analog modulation Transmitted Chips 1 1 0 1 0 1 0 1 1 *OX
* Properties Modulated Signal
- You need more bps and bandwidth to send the signal. Data it A e T e T e NN

—T—

Locally generated
PN bit stream |0|1 1|0|l 0 ()|1|0|1 1|O 1|0 1 1|0|1|0|1|0 0|1 1|0 1|0 0|1|() 01

—T,~

Transmitted signal
C=A®B 0|1 1|0 0f1 1|0 0|1 1|0 1|0 11 1|0|1|0 0 0|1 11 0|1 1|0|1 1{0

* Number of chips per bitis called the spreading ratio/factor

Transmitter

— Advantage is that the transmission is more resilient.

= Effective against noise and multi-path

= DSSS signal will look like noise in a narrow band Received signal C 0|1 1|0 0|1 1|0 0|1 1|o 1|0 11 1|0|1|0 0 0|1 11 0|1 1|0|1 1{0

Locally generated

PN bit stream |0|1 1|0|1 0 0|1|0|1 1|0 1|0 1 1|0|1|0|1|0 0|1 1|0 1|0 0|1|0 o[1
identical to B

above

= Canlose some chips in a word and recover easily

Receiver

Data output 0 0
A=C®B 0 1 0 1 1 1

(a4
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Code Division Multiple Access (CDMA)

* Users share spectrum, use it at the same time, but use different codes to spread their data over the freq.
— DSSS where users use different spreading sequences
— Use spreading sequences that are orthogonal, i.e. they have minimal overlap
— Frequency hopping with different hop sequences

* The idea is that users will only rarely overlap and the inherent robustness of DSSS will allow users to
recover if there is a conflict

— Opverlap = use the same frequency at the same time

— Goal: the signal of other users will appear as noise

S PEKING UNIVERSITY
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CDMA Principle

* Basic Principles of CDMA

— D =rate of data signal
— Break eachbitinto k chips or chipping code —user-specific fixed
pattern

— Chip data rate of new channel = kD
®* If k=6 and code for user A is <cuy, Caz, Ca3, Cads Casy CAG™
— For bit ‘I’, A sends code < cCp1, Ca2, Ca3s Cads CA5y Cas™
— For bit ‘0’, A sends code <-Cp1, -Ca2, ~CA35 ~CAds ~CA5s ~CAG>
* Receiver knows sender’s code and performs electronic
decode function
— Received chip pattern: <d,, d,, ds, d4, ds, dg>
- Sy(d)=di1Xcyy+dy Xy +d; X cyz3+dy Xcyg+ ds X s
+ dg X cy6

@ ez X ¥
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* Example
— User A code =<1,-1, -1, 1, -1, 1>
»= Tosendalbit=<1,-1,-1,1,-1, 1>
= TosendaObit=<-1,1,1,-1,1,-1>
— User Bcode =<1,1,-1,-1,1, 1>
= Tosendalbit=<1,1,-1, -1, 1, 1>
— Receiver receiving with A’s code
= UserA‘L bit:6 — 1
= UserA*“’ bit:-6 — 0

= UserB ‘P bit: 0 —» unwanted signalignored

* Ideally, S,(dx) = Sx(d,) = 0 for any X not A

— In practice, not easy to make all chips

orthogonal to each other
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CDMA Discussion

* CDMA does not assign a fixed bandwidth but a user’s data rate depends on the traffic load
— More users results in more “noise” and less data rate for each user, e.g. more information lost due to etrors
— How graceful the degradation is depends on how orthogonal the codes are
- TDMA and FDMA have a fixed channel capacity
* Weaker signals may be lost in the clutter
— This will systematically put the same node pairs at a disadvantage — not acceptable

— The solution is to add power control, i.e. nearby nodes use a lower transmission power than remote nodes
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Recommended readings

* Tutorials on Digital Communications Engineering

— http://complextoreal.com/tutorials/

* The Scientist and Engineer’s Guide to Digital Signal Processing

- http://www.dspguide.com/

* Search for “UNRF T W HREAE

AR, AR RIESEIAE”
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