Signal, Noise,
Bandwidth, and
Channel Capacity

Why Binary is Best
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Modulation

m: There is only one sine wave at a given
frequency, so how does the information get
carried at a particular frequency?

m: Modulation = Encoding information on a
signal

m Analog radio modulation technologies:

u: FM = Frequency Modulation
= AM = Amplitude Modulation
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FM = Frequency Modulation
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Amplitude Modulation
U N AT
Problems with AM and FM

m Power varies with amplitude
= [to be precise, power is the square root of the average
of the square of the signal power, the root mean
square or rms power]
m! As signal fades with distance, some parts of the signal
drop out before others
m But AM can transmit over longer distances because AM
frequencies bounce off ionosphere and diffract around
hills and buildings but FM frequencies are absorbed,
causing “shadows”
m This difference between AM and FM is due to the
frequency bands allocated to them, not the modulation
technique!
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HD Radio

m'HD = “Hybrid Digital” (not Hi Definition,
which it need not be)

m:Uses frequencies near station’s carrier
frequency for low power digital broadcast

m: 100x weaker than analog carrier signal

m:Modern electronics makes it possible to
detect HD signals without distorting main
analog signal
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Signal and Noise

m! Signal is the information you want to transmit

m! Noise is just another signal, added to and interfering
with the signal you want to transmit

m Some noise is random and unavoidable and comes
from natural sources

m: Some noise is intentional and is actually someone
else’s signal

m! A party can be “noisy” even though most of the
“noise” is just conversations other than yours!
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Noise and Channel Capacity

m If the noise is “soft” it is easy to pick out the signal

m If the noise is “loud” it introduces many errors into the received
signal

m! |n a digital communications channel the noise level affects the
channel capacity

m! “Loud” noise can be compensated for by channel coding, at the
expense of lower data rate

m! Recall Shannon’s Channel Coding Theorem: Error rate can be
made as close to zero as desired, as long as the rate at which bits|
are transmitted does not exceed the channel capacity
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Signal to Noise Ratio

m “Loudness” of signal and noise are their
power

m! The key parameter is the
Signal to Noise Ratio = SNR = S/N
where S = signal power, N = noise power

m'High SNR = clearer signal = higher channel
capacity
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Decibels

m SNR is a pure number:
(signal power)/(noise power)
m Typically measured by its base ten logarithm: One bel = log,, (#)
= (named after Alexander Graham Bell)
m So a tenfold increase in SNR raises it by one bel
m One decibel = (1/10) of one bel
m S0 90 db is a ratio of 109= 1 billion

—to- hipiidocs info.apple conf
Output sound signal-to-noise ratio (SNR) Do o b o)

= Sound output SNR less than 90 d8 unweighted (typical) when sound
playback is from hard disk drive or main memory
= Playing sound output from CD SNR less than 80 dB unweighted (nomina)
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Decibels for Sounds

m The loudness of sound X is the ratio of X to the softest
sound S audible to humans, measured in decibels, i.e.

10 log,o(X/S)
So S is a 0 decibel sound
Normal conversation: X = 10%S so X = 60db

Rock concert: X = 10"'S so X = 110db, or even 120db:
1,000,000,000,000 times the power of S! Hearing loss in a
few minutes

Ipods around 115db -- mechanics of earbuds matter
A sound 1/10 as loud as the softest sound humans can
hear would be -10db and absolute silence would be -~
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Other Logarithmic Scales

m! Richter scale for earthquakes
= Richter magnitude = log,(largest horizontal displacement caused byj
quake)
= So magnitude 5 quake is 10x stronger than magnitude 4 quake, etc.
m Star magnitudes
= Magnitude of star X = log (S/X) where S is a fixed reference
brightness
= So dimmer stars have higher magnitude
= The base of the logarithm, 2.512, is somewhat accidental: it makes 4
difference of 5 magnitudes = a factor of 100
= Visual system “feels” that magnitudes 6, 5, 4, 3, 2, 1 are getting
brighter in equal jumps
m Brightest star = Sirius = magnitude -1.54

= Sun =-26.8
I
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Restoration of Digital Signals

m: We know that a fundamental advantage of digital
representation over analog is that data can be
restored

m! E.g. if there are only two possibilities for a signal, the
problem becomes recognizing which possibility the
actual signal more closely resembles
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A_Comynunications Tradeoff:
Bits per time unit vs. Power

100!

m If signals had four possible levels rather than two, in each
time slice t its of information could be transmitted

ou

— 00! 6 —101 —0!
T gy —u

m If the levels were closer together, the thresholding would be
harder -- same noise => more errors

m [f levels were same distance apart, need more power
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Bandwidth, Figuratively, = Speed

1 “Broadband” = uses a large frequency range

1 Because broadband communication channels can carry
information at a high rate (i.e. have high channel
capacity), any fast channel is now called “broadband”
regardless of the underlying technology

1 Caveat emptor! when buying “broadband Internet service”
- the term has no standardized meaning in terms of data
rates

1 Check actual “bandwidth” or data rates -- often more in

one direction than the other
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Bandwidth, Literally

m Bandwidth = the width of a frequency range

m E.g. the AM band is 530-1700 KHz, for a bandwidth of
about 1200 KHz

= Within a band, signals (e.g. radio stations) have to be kept
a certain distance apart to avoid interference (could not
have stations at both 1030 and 1031 KHz)

= More bandwidth => more “stations,” “channels,” i.e., more
channel capacity

m With more bandwidth it is possible to transmit more
information
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Signal, Noise, Bandwidth,
Channel Capacity

m These four are interrelated
m! Stronger signal (S) => higher channel capacity C
m More noise (N) => lower C
m More bandwidth (B) => higher C
C =BIg (1+SIN)
Shannon-Hartley Theorem

m! So channel capacity increases linearly with
bandwidth but logarithmically with signal-to-noise
ratio
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C =Blg (1+9N)!

Why Binary is Best

1 Usually noise is uncontrollable

m So to increase channel capacity, the engineer must increase
either bandwidth or signal power

1 Power is a precious resource!

1 Use more power in a PC or cell phone => bigger battery,
shorter battery life, etc.

1 With only two signal levels, power usage is minimized

m To achieve a fixed data rate, can use 1000x less power if we

can get 10x more bandwidth!

Summary o1 Digital
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Communication (of Audio)
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data as binary

numerals into a bit
stream!
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pulses rather than
the original analog
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Summary of Digital Radio/TV
Communication

11+ Sampling Analog to Digital conversion (A-D)!

2! Quantization With enough computing, could invo

3!  Source coding fancy digital signal pr inal
4. Modulation a Cy g a SQ a p ocess g

’ 51 Transmission

6. Thresholding
7. Source decoding
8! Regeneration D-A conversion!

@

Repeated many times, once per hdp!

Channel coding/decoding on each

Q
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