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Radio Frequency

Designation Frequency Wavelength ///, - Use

ELF extremely low frequency  3Hz to 30Hz 100'000km to 10'000 km eline Inspection Guage/Submarine Communication
SLF superlow frequency 30Hz to 300Hz 10'000km to 1'000km : / @ munication

ULF ultralow frequency 300Hz to 3000Hz 1'000km to 100km /ﬁw - Communication in Mines /

VLF very low frequency 3kHz to 30kHz 100km to 10km 40m in Saltwater - Wireless Telegraph

LF low frequency 30kHz to 300kHz 10km to 1km Kilometer wave - Long Distance Communication

MF medium frequency 300kHz to 3000kHz 1km to 100m Hectometer wave - AM Radio Broadcasting

HF high frequency 3MHz to 30MHz 100m to 10m Decameter wave - Shortwave radio, aviation communication
VHF very high frequency 30MHz to 300MHz 10m to 1m - FM radio, Air Traffic Controller, TV Broadcast

UHF ultrahigh frequency 300MHz to 3000MHz 1m to 10cm Decimeter wave - GPS, Satellite Comm, Wi-Fi, Bluetooth

SHF superhigh frequency 3GHz to 30GHz 10cm to 1cm Centimeter wave - Microwave radio, Wireless USB, Radar

EHF extremely high frequency  30GHz to 300GHz 1cm to Imm Milimeter wave - Radio Astronomy/5G Mobile phones (Expected)

—

1 mm - 0.1 mm (1 Radio Wave - Experimental medical imaging to replace X-rays,

Tremendously high frequency 300 GHz - 3 THz
: terahertz computing/communications, remote sensing

THF




Electromagnetic Radiation Spectrum
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Frequency and Approximate Scale of

Wavelength

Penetrates Earth's
Atmosphere?

Radiation Type Radio Microwave Infrared Visible Ultraviolet  X-ray Gamma ray
wavelength (m) 0.5%10"° 10°° T

10° 107° 107 10 107"
Approximate Scale H ‘ &T:?‘Fi’ / é\— ¥ & %
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Temperature of
objects at which
this radiation Is the

most intense
wavelength emitted 1K 100 K 10,000 K 10,000,000 K
~272 °C -173 °C 9,727 °C ~10,000,000 °C




Location of 802.11 Spectrum
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2.4 GHz and 5 GHz Signal Strength

Signal Strength

2
Free Space Path Loss = {—Y
5 GHz A
amdry
Free Space Path Loss = ( )
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M 65 feet, 3walls, 1 floor MW 10 feet, line of sight

Equation 1-1: Free Space Range




Towards THz Communications
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Time-domain Terahertz Spectroscopy

Spectrum of electromagnenc radiation
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Time-domain terahertz spectroscopy

1 THZ <> 1 ps <> 33cm' <> 0.3 mm <> 48 K <> 4.1 meV



T-Rays on the Spectrum




T-ray metamaterial semiconductor modulator

igh the modulator.

%
—Gold /,// electrons can flow
— .,,,/ g gold structure. The

///

ew T-rays as they flow easily

AT T Ty &
T T '

fr/iri ey o e prevents electrons from crossing
///// they absorb far more T-rays as they
Semiconductor ack and forth between the upper and

Base / / alves of the structure. Fewer T-rays pass

// h the device.



Communic

Communication

ation Frequencies

i Frequencies

twi;ced < cagxable i optical transmission
pair 5 -
10 km 100m 1Tm 10 mm 100 um 1 um
30 kHz 3 MHz 300 MHz 30 GHz 3 THz 300 THz
> > »>'e >e > > >'e »>'e l: »le >
VL LF M HF VHF UHF SHF EHF infrared visible light UV
F F

Frequency and wave length:

A =clf

wave length A, speed of light ¢ = 3x10®m/s, frequency f




Comparison of conventional and THz

24 GHz, 5 GH=z 60 GH=z 300 GH=z

Path loss at [0 m = 60 dB = &3 dB = 101 dB
Output powers Limited by regulations Limitcd by technology Currently hmited by
= 22 dBm and regulations; technology <=<<10 dBm
typically = 10 dBm
Anlennas Ommidirectional Medium directivitics High directivities
(=3 dBa) (15...25 dBi) (20._.40 dBi)
Bandwidths 40 MHz =2 GHz 10...100 GH=

Data ratcs 600 Mt/'s = 4 Gbit's 100 Gbat's and beyond
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RF Power And dBm -

« RF power is expressed in db with mitliwatt 1.e:;

dBm to mW convertion:




Path Loss

, RF Propagation
_ Basic loss formula

Propagation Loss

Po= PGy
d = distance between Tx and Rx antenna [Fhéfe}]l \| Y \
P, = transmit power [mW] £ =
P. = receive power [mW] N
G = antennae gain NN
‘YR YY)

Pr ~ 1/£2" D? which means 2X Frequency = 1/4 Power

2 X Distance = 1/4 Power




e Distance (km) . 10(maximum path loss - 32.44 - ZOlog(f»

Factors effecting the range:

1) Antenna gain
2) Antenna height
3) Interference

Maximum path loss (dB)

Ehip between the maximum path loss and
ange at a frequency of 2.45 GHz.

50
Range (km)

The curve shows the relationship between the link
budget or maximum path loss in dBm and
estimated range in kilometers.



Wireless Channel Capacity

Wireless Channel Capacity

Fundamental Limit on Data Rates

Capacity: The set of simultaneously achievable rates {R,,...,R }

n

® Main drivers of channel capacity
Bandwidth and power

® Statistics of the channel

® Channel knowledge and how it is used
@

Number of antennas at TX and RX



AWGN channel

Additive White Gaussian Noise =
If the average received power is P [W] and the noise power spectral density is Ny [WiHz), th

N channel capaciy is

Cawen = Wlog, (1 + NQLW) [Dits/s].

where W 15 the received SiQﬂE|-tD-ﬂDiSE ratio I[SNFE). This result is known as the Shannnn—Hartley thenrem.[ﬁf
0
/



Shannon-Hartley Theorem

Channel Capacity

Theoretical limit on the speed of information transmission is given by
Shannon—Hartley theorem:
S
C =RBlo 14+—1].
Here:

C — maximal theoretical channel capacity (bits/sec);
B — bandwidth (hertz);

S — signal power (watts);

N — noise power (watts).

In case of wideband signal:
fmax

S(H)
C = f log2(1+m)df.

S min



Signal to Noise Ratio

The sound level at the listener's ear, above the background noise level.

If the Signal at listener's ear is 47 decibels and the
background Noise level is 45 decibels, the S/NR = +2 dB.
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Power of transmitted signals

_
intensity ,;;,

at source. o

| sphere surface area = 4mr2
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Wave fades with distnace

100 MHz
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Wave fading types

Fading

Fading - Types

Types of Fading
* Multipath Fading

* Frequency Selective Fading  ® Slow (Long) Term
* Raln Fading Fast (Short) Term (Also known as Rayleigh fading)

Fading Models

3 30
= - * Nakagami fading
- 1 , Fast fading * Rayleigh fading
Fading??? = 920 | A / o : / A / * Rician fading
P 2 V LZ / H / / * Dispersive fading models, with several echoes, each exposed
_ i — 1 to different delay, gain and phase shift, often constant. This
o @ 'i > E;; é [ v u I P /7Z results in frequency selective fading and inter-symbol
20 10 ’ / \ interference. The gains may be Rayleigh or Rician
“Fading over distance <> 5 Slow fad ing distributed. The echoes may also be exposed to doppler-shift,
S Q} £ 15 @ 3":' - iz . M resulting in a time varying channel model.
i £ X 2 = A T i , J R * Log-normal shadow fadin
& e 5 0 5 10 15 20 25 Distance (1) g .
ol 2
Sl e an Exact representation of fading characteristics is not possible,

because of infinitenumber of situation.




Range vs Rate

802.11ad

- ~
, [ ) B B |
I lr I B Acblet 60GHz TV . Il ~ “
i i i ] |
\ \ b - 2 GHz >’ 7’ 7 /
\ ‘hh -.__:::__.-"' #-"' 7
”
H""*-. h-""-—_zf.Gf_-"‘"## -
pal 900 MHz =

54 to 790 MHz

802.11n 802.11ac 802.11ad
Throughput | 600 Mbps 3.2 Gbps Up to 7 Gbps
W Covérage 7Home, 70: Hoime,73; ;!o;, <5m 3
Freq. Band 2.4/5 GHz 5 GHz 2.4/5/60 GHz
Antennas 4 x 4 MIMO | 8 x8 MIMO | >10 x 10 MIMO
Applications | Data, Video Video U"co‘;? : :;ssed




Range vs Rate cont...

1200

802.11ac Coverage

1100 ® 11ac (3-antenna)

® 11n (1-antenna)

1000 -

FAP-320C
802.11ac3x3:3

@ 11n (3-antenna)
900

S FAP-221C

200 802.11ac2x2:2

600 -

Data Rate in Mb/s

FAP-320B

e 802.11n3x3:3

Max Association Rate (Mbps)

400 -

300

200

FAP-220B
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FAP-112B
802.11n1x1:1 1 Room 2 Rooms 3 Rooms 4+ Rooms

Legacy 802.11a/g

Distance in Meters

Range of Access point



Propagation Characteristics

Propagation Characteristics

® Path Loss (includes average shadowing)
e Shadowing (due to obstructions)

e Multipath Fading




wiii== BP SK

B E R S S N R Bit Error Rate (BER) versus Signal to Noise Ratio (SNR) e FSK W/ UPM
v For Various Data Transmission Methods
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P{single bit crror} = p = . \
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Packet error rate (PER) = Packet error probability for packet length N bits: 1.6-07 : ’
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'"off Signal to Noise Ratio (SNR)







WHAT COULD HAPPEN TO SIGNAL ALONG THE WAY TO RECEIVER

SIGNAL BANDWIDTH_“
SPECTRUM DEEP FADES

FREQUENCY FREQUENCY

TRANSMITTED SIGNAL DISTORTED RECEIVED SIGNAL SPECTRUM
SPECTRUM



The frame format used with an 802.11 wireless LAN.

Address 1 Address 2 | Address 3 Payload
CTLDUR jestination)| (source) | (dest.2) [PEQ| Addressd | 4.0 2312 pytes) ICRC
T
AP or wireless sender's router's used in
computer's MAC MAC address MAC address ad hoc mode

payload is typically fewer
than 1500 bytes




Wireless Channel Bonding

11n allows for up to 4 streams
of MIMO spatial multiplexing 600 Mb/s -
600 Mb/s 4 spatial streams,
4x4:4 minimum

450 Mb/s -
3 spatial streams,

3x3:3 minimum H
>
7 | g
300 Mbs - 3
40 Mtz channels 2 spatial streams,
instead of 20 MHz - Che 36 40 Che  (40,-1)
Original 135 Mbis = g
802.11a,g 2 :>
OFDM
54 Mb/s - -
- T > 20 MHz 20 MHz 40 Mz
Improved OFDM 52 subcarriers vs, Reduced guard interval between OFDM symbols
48 for original 400 ns instead of 800 ns Standard 802.11 channels are Channel bonding combines
65 Mb/s 150 Mb/s effectively 20MHz wide. two adjacent 20MHz channels

into a single 40MHz channel
providing increased throughput.
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