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History of Wi-Fi

* Wi-Fi was a pun on “Hi-Fi” and not short for “Wireless Fidelity”

* WavelAN, created by NCR and AT&T to link cash registers was the precursor for Wi-Fi.

e Wi-Fi was formalized as 802.11 by the IEEE (Institute of Electrical and Electronics
Engineers)

 To fulfill the need for high-speed data communications as an extension of the

®
Ethernet (10/100/1000+ Mbps) protocol through wireless technologies instead @

* For portable, mobile and fixed remote applications CERTIFIED

* All Wi-Fi IEEE specifications fall into the 802.11 standards family
 Compare to FCC Part 97 rules for the Radio Amateur Service

» Wi-Fi certification of products is performed by The Wi-Fi Alliance (www.wi-fi.org)

e Itis a worldwide network of companies that provide Wi-Fi and related
equipment

* Look for this logo on officially certified Wi-Fi devices and equipment
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Acronyms and Definitions

Spatial Streams

* A method to use various polarizations and antenna diversity to achieve higher throughput than if using a
single frequency/single stream. Common number of streams in current products are 2, 3 & 4 streams and 8,
8+8 and 16 streams for new and future products

MCS — Modulation and Coding Scheme
* Defines spatial streams and data rate

RSSI — Receive Signal Strength Indicator

Modulation Types:
* CCK - Complementary Code Keying
e DSSS - Direct Sequence Spread Spectrum
e BPSK - Binary Phase Shift Keying
* QAM — Quadrature Amplitude Modulation
* OFDM - Orthogonal Frequency-Division Multiplexing
 OFDMA - Orthogonal Frequency-Division Multiple Access
* Allows multiple users due to sub-carriers



Acronyms and Definitions continued

e AP — Access Point (this is your home’s Wi-Fi router)

SISO - Single Input/Single Output (single transmission stream)

e SU-MIMO - Single User Multiple Input/Multiple Output

* DL-MU-MIMO - Download Multiple User MIMO

* RU — Resource Units (smaller frequency allocations for each user on a full Wi-Fi channel)
* U-NIl = Unlicensed National Information Infrastructure radio band

* |[SM — Industrial, Scientific and Medical; refers to unlicensed bands

* DFS — Dynamic Frequency Selection (listen for RADAR before use)
e Used on U-NII-2 and 2e sub-bands

* CSMA — Carrier Sense Multiple Access/Collision Avoidance
* BER — Bit Error Rate



Wi-Fi Throughput Speeds

* Important Note: The maximum network speeds are controlled by:

* Incoming data rate from your Internet Service Provider (ISP) — The “Outside”
World

* The Wi-Fi generation of your wireless router

* The capability of your device’s Wi-Fi network card or IC
e 2.4/5 GHz
e 20/40/80/160 MHz channels
* The number of spatial streams

* Distance from your Wi-Fi router

 MCS level
* MCSO is slowest
* MCS7, 8,9 or 11 is the fastest
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2 ] 4 G H / * Note that you can only have THREE non-
overlapping channels

Ch danne ‘ S  Most commonly used channelsare 1,6 and 11

Non-Overlapping Channels for 2.4 GHz WLAN

802.11b (DSSS) channel width 22 MHz
- S—— 4 ]

s EE --_-:-.'-1

2.1 (OFOM) 20 it - o2ty b L] B [T

1 bl 2412 | 2422 | 24321 2442 2452 | 2462 | 2472 MHz
2417 2427 2437 2447 2457 2467 2484
: ' : | I | Channels
1 2 3 4 ] G 7 ) 11 12 13 14

802.11n (OFDM) 40 MHz ch. width - 33.75 MHz used by sub-carriers

24 61z 24835 GMz 25 642

| I 2902 GHe ’17 22 MHz 4* 2453 GHe
[ I | el |

K4GTR kevindscott@bellsouth.net 8

1

13

2

o




2.4 GRHz s
CROWDED

Wi-Fi channels

loT (Internet of Things)
devices
Bluetooth

e “Classic” (Seventy-nine
1 MHz channels)

e “BLE” Bluetooth Low
Energy (Forty 2 MHz
channels)

Microwave ovens ~2.5 GHz

802.11b/g
I 2412 2437 | 2462
(—ZZMHz—, Bluetooth e
2402 e — 2480
ZigBee
2403 2440 2480
2400Mhz T

802.11, Bluetooth and ZigBee Channels in the 2.4 GHz ISM Band

kevindscott@bellsouth.net 9




Current 5 GHz Channels

802.11ac Channel Allocation (N America)

FCC
pomair l'mm UNII-2-Extended

WiFi
Channel #

Channel Width
20 MHz

40 MHz
80 MHz

160 MHz

Freqguency

KAGTR

: WReaC}her :

adar '

DFSChannels :

_f : . o —

: : 50<roo~u:o<roo~u:o<rf
_u:og 88 O 0O 0 H H N NNMMSST <
oM < SH\—CHHHHQ—!!—!HHH‘-‘

r#.d H 4 T iz r‘; 1 ’4 : :’7..\'-. U
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802.11b/a/b Definitions

802.11KE

Further higher data
rate extension

8021118 802.118

Higher speed physical layer High speed physical layer
extension in the 2.4 GHz band in the 5 GHz band

Spatial streams Modulation Spatial streams | Modulatio Spatial streams Modulatio

1x1 SISO CCK 1x1 SISO ' 640AM 1x1 SISO 640AM

Channel bandwith Bands

20 MHz 2.4 GHz

Transmission/access method

CSMA/OFDM

Channel bandwith Bands Channel bandwith Bands

22 MHz 2.4 GHz 20 MHz 5 GHz

| Transmission/access method Transmission/access method

CSMA/DSSS CSMA/OFDM

K4GTR kevindscott@bellsouth.net 11



FT8 and PSK31 Modulation (as a comparison)

* FT8 (8-GFSK, Eight-State Gaussian Frequency Shlft Keying)

L =

'fﬂfwm H f HLJLHH [ W

e PSK31 (Phase-Shift Keying)

BPSK31 modulation

e ' o b 0" "o"

- > - Ll > - >
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Earlier Wi-Fi Modulation Types (b/a/g/n)

KAGTR

Amp Phase Data
® 4 -_— 64 QAIVI 1011 1001 0010 0011 5%, 225° 1100

i 1110 0101 o111

Data Points 16-QAM constellation example

o

o ® ¢ o e s s
el ¢ ol Fed e
e o o DI PR
ot e e & 0 @ e :,:::'
" 10
QPSK 160AM 84QAM
« 2 bits I Symbol * 4 bits / Symbol « 8 bits / Symbol
« ~20bps [ H2 » ~40bps I Hz « ~6.0bps/ Hz
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QAM Constellations

e 4 to 256 QAM

0AM - 256 to 1024
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302.11n =
Wi-Fi 4

* Key Improvements

* Multiple special
streams

 Wider bandwidth
e 2.4 GHz —-40 MHz
* 5GHz-40 MHz

KAGTR

802.1110

Enhancements for higher
throughput (HT)

Spatial streams Modulation type

4x4 SU-MIMO 640AM

Channel bandwith Bands

40 MHz 2.4/5 GHz

Transmission/access method

CSMA/OFDM

kevindscott@bellsouth.net
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802.11n/ac/ax — Wi-Fi 4 to Wi-Fi 6

Improvements

shown by arrows Wi-Fi 4 (802.11n) Wi-Fi 5 (802.11ac) Wi-Fi 6 (802.11ax)
Supported bands 2 GHz, 5 GHz 5 GHz 2 GHz, 5 GHz
Channel bandwidth (MHz) 20, 40 20, 40, 80, 80+80, 160 20, 40, 80, 80+80, 160
Transmission scheme OFDM OFDM OFDM, |
Subcarrier spacing 312.5 kHz 3125 kHz
Guard interval 04 s, 0.8 us 04 s, 08 us 0.8 s, 1.6 ps, 3.
Spatial streams 4x4 (SU-MIMO only) I 8x8 (incl. DL-MU-MIMO) 8x8 (incl. MU-MIMO)
Modulation (highest) 64QAM I 296QAM 024QAN
Max. data rate* 940 Mbps 6 934 Mbps 9 765 Mbps

K4GTR kevindscott@bellsouth.net 16



OFDM Modulation (a/g/n/ac — Wi-Fi 4/5)

52 subarriers

(48 Data, 4 Pilot (BPSK), 1 Null)
-26 .21 -7 0 7 21 +26

802.11a OFDM PHY Parameters
BW 20 MHZ
OBW 16.6 MHZ
Subcarrer Spacing 312.5 Khz (20MHz/64 Pt FFT)
Information Rate 6/9/12/18/24/36/48/54 Mbits/s
Modulation BPSK, QPSK, 16QAM, 640AM
Coding Rate 12, 2/3,3/4

Total Subcamers

52 (Freq Index -26 to +26)

Data Subcamers

48

Pilot Subcarriers”

4 (-21, -7, +7, +21)
*Always BPSK

DC Subcamer

Null (0 subcarrier)

KAGTR

v

- OBW 16.6 MHz »
e BW 20 MHZ »
One Subcarrier = 1 constellation point
1 OFDM symbol = 62 subcarriers
1 OFDM Burst = one or more OFDM symbols

kevindscott@bellsouth.net 17



OFDMA Modulation (ax - Wi-Fi 6)

* OFDMA uses QAM subcarriers
More Speed * Can split up subcarriers in multiple sizes for

e “packing” more users

802.11E8 [802.11ER

Enhancements for very high Enhancement for high
throughput (VHT) efficiency (HE) Wi-Fi

Spatial streams Modulation type Spatial streams Modulation type

8x8 DL-MU-MIMO | 2560AM 8x8 MU-MIMO 10240AM

Channel bandwith Bands Channel bandwith Bands ((
160 MHz 5 GHz 160 MHz 2.4/5/6 GHz

Transmission/access method Transmission/accass mat!

CSMA/OFDM CSMA/OFDM/OFDMA

— Frequency —»

K4GTR kevindscott@bellsouth.net 18



MCS Tables

* Lists the potential maximum data rate based on:

 Number of Spatial Streams
Horizontal polarization
Vertical polarization
Orthogonal polarization
Spatial diversity
* This is more pronounced as the wavelength gets shorter/frequency higher

e MCS Level

* This changes based on bit error rate
e Affected by distance from AP



802.11ax MCS Table
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996-tone RU

293 721 681
439 108.1 1021
585 1441 1361
878 2162 2042
1170 2882 2722
1316 3243 3063
1463 3603 3403
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/oomed MCS Table 11ax Three Streams

vuCS | Spatial 3 80MH2 160MH2z
Modutation coding - . : .
08psGl | 1.6psGl | 3.2us Gl 0.8ps Gl 1.6ps Gl | 3.2us G

3 BPSQ

3 QPSK /2
3 QPSK 3/4
3 16-QAM 12
3 16-QAM 3/4
3 64-QAM 2/3
3 64-QAM 3/4
3 64-QAM 5/6
3 256-QAM 3/4
3 256-QAM 5/6
3 1024-QAM 3/4
3 1024-QAM 5/6

K4GTR kevindscott@bellsouth.net 21
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/oomed MCS Table 11ax

Eight Streams/160 MHz Channel

‘ 0.8us Gl | 1.6ps Gl | 3.2us GI

MGS Index
Spatlal Mndulatlo Codin

8
8
8
8
8
8
8
8
8
8
8
8

BPSK
QPSK
QPSK

16-QAM
16-QAM
64-QAM
64-QAM
64-QAM
256-QAM
256-QAM
1024-QAM
1024-QAM

1/2
1/2
3/4
1/2
3/4
213
3/4
o/6
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o/6
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o/6
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Propagation of 2.4/5/6 GHz

* Just like on VHF and UHF, the lower the frequency, the better the
range in free space

* At microwave frequencies, building materials, water vapor and
content, etc. all affect propagation to a larger effect especially as you
go higher in frequency

* Sources of RF noise at lower frequencies do not affect microwave
frequencies to the same degree

* Lightning
 Harmonic content of appliances, lights, power supplies, etc.

 Distance from the transceiver still applies



Power Tables 2.4 and 5 GHz

* Wi-Fi devices are rated mostly in terms of “dBm”

* 2.4 GHz
 Max EIRP 36 dBm (4 watts)

 If the antenna gain is increased for more directional range, the transmitter power must
be reduced accordingly

* 5 GHz
 Max EIRP 30 dBm (1 watt)

* U-NIl sub-bands have lower power specifications and are based on a special
formula.

* Refer to these tables for more details: https://www.air802.com/fcc-
rules-and-regulations.html

K4GTR kevindscott@bellsouth.net
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Antenna Types

On-board antennas with 0 dBi gain or
less (for more of an omni pattern)

Quarter-wave monopole with a
ground plane reference (0 to 2.19dBi

gain)
Coaxial dipole (2.19 dBi)
Colinear (5 to 8 dBi)

Panel (10 - 20 dBi)
* Indoor
* Qutdoor for Enterprise APs

Most products use designs that cannot
be replaced by the end user

K4GTR

On-board Antenna

kevindscott@bellsouth.net
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Cool Tools — Wi-Fi Analyzer App (Android)
2.4 GHz

Wifi Analyzer ® : Wifi Analyzer Wifi Analyzer

Viewing snapshot: Supper

Up the Street

Inside

. MyCharterWiFie7-26"
AT NP

K4GTR kevindscott@bellsouth.net



Cool Tools — Wi-Fi Analyzer App (Android)
5 GHz (lower band)

Up the Street

K4GTR kevindscott@bellsouth.net 27



Cool Tools — Wi-Fi Analyzer App (Android)
5 GHz (upper band)

Up the Street

K4GTR kevindscott@bellsouth.net 28



* These are designed to solve one problem: bad signal
strength

* Mesh networks typically slow down your throughput
speed as they “store and forward” data from one AP to
the next

I\/I es h * Some Wi-Fi Extenders can also slow down throughput by

* Use of 20 MHz channels vs 40/80 MHz

N EtWO I'kS e Operate only on 2.4 GHz, a crowded band

* Operate as “half duplex” devices

and Wi-Fi

* For best throughput, use a Wi-Fi Extender that uses an

un-used and dedicated 5 GHz channel to continuously
EXte N d ers stream DUPLEX data (such as a DFS channel in the U-NII2
band)

» See this article for really good information on this topic:
https://www.pcmag.com/how-to/wi-fi-range-extender-
vs-mesh-network-whats-the-difference

kevindscott@bellsouth.net 29
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Optimizing Wi-Fi
Throughput in your House

oo s TR, Integrate

* Place in a central location in your house Zn e

* Not a corner of your house

* Better to run a longer Ethernet cable to your router
to get to a better location

e Avoid nearby metal objects
* Mirrors : " 2
* Steel wall studs A R SRS
* Refrigerator, etc.
* Not behind your big screen TV

e Off of the floor

* Not in your attic

* The devices are typically rated for operation below
40 degree C. Extended exposure to the high heat in
:’g‘?D attic will reduce the operation life of your Wi-Fi

* For better coverage, use two AP’s
connected via an Ethernet cable and
programmed to non-interfering channels

...........

K4GTR kevindscott@bellsouth.net



In the US, there will be nearly
Wh at’S 1200 MHz of new spectrum

next?

e Canada & Mexico are following this same
bandwidth plan

. —. Includes SEVEN consecutive 160
WI-FI be MHz channels for high-speed
capability. These are not
overlapped channels

K4GTR kevindscott@bellsouth.net



5 & 6 GHz Channels up to 7.125 GHz

Channels ;5 GHz: 685 MHz Wi-Fi Bandwidthj i 6 GHz: 1190 MHz Wi-Fi Bandwidth i
20 MHz  {AAAMAARAARAAARAARAAARRARRARNA mmnummnnnmnnnnnmnmununmunmmmn,

40MH: ! ANEREEEREEEERENSSE EEREARRRNRRANRARNRRRRRARRRRARAAN

$0 MHz | IR N O O O O A N M AW |

160 MHz i___ p—— E___—__— i
UNII Band ; 5 6 7 8 |
5150 5350 5490 5835 5935 6415 6535 6875 7125

Frequency (MHz)
Current 5 GHz Wi-Fi Restricted New 6 GHz Wi-Fi

Figure 1. The U.S. FCC's proposed division of the 6 GHz band into
four sub-bands

K4GTR kevindscott@bellsouth.net 32



802.11be — Wi-Fi 7

* 320 MHz Channels
e Faster Modulation 4096 QAM

KAGTR

Compare constellations as shown

4o

kevindscott@bellsouth.net

0AM-1024

802.11 3

L 3}
cen El

QAM-4096

Enhancements for extreme
high throughput (EHT)

Spatial streams Modulation type

16x16 MU-MIMO | 40960AM

Channel bandwith Bands

320 MHz 2.4/5/6 GHz
Transmission/access method

CSMA/OFDM/OFDMA

33



Wi-Fi 7 pushes RF performance requirements to the next level

- 802.11ac - - -

T PR I T I S 3 BT VI s U St UL, (s 3

i13ie] 802.11ax

. " = & '» - - ¥ el e - v, ¥ & K
& F. K 8\ 8 N

®. 1 B e "

constellation

WReference
* | point

EVM:< 3.16% EVM:< 1.78%

< -30dB < -35dB

ll
160 MHz

Power spectrum mask
Spectrum flatness
Unused tone error

160 MHz

< 160 MHz BW, OFDM <160 MHz BW, OFDMA

K4GTR kevindscott@bellsouth.net

802.11be -

EVM:< 1.26%
< -38dB

J\
320 MHz

< 320 MHz BW, OFDMA

34



320 MHz Channels

A few overlapping 320 MHz channels in the 6 GHz band

5925 GHz., 5945 GHz 6.425 GHz -, .6.525 GHz 6.875 GHz-~ 7.125 GHz
UNII-5 UNII-6 UNII-7 ] UNI-8
AR A FAFA FAEY LA 55666//888996(1) HHHHAHHAE 1L ;;;;5 o1 13121215)5
20°WHZ2! 51 9| 1151913711510 (3)71115lalal7l1]|s'al3a 7]1!519): 594 g ! 3 5 s5i1alal7ly gls 5lol:
40 MHz 3 mltwlarlaslaslsrlsaler!|zs!salo 99101!15123'31139141156163111”918/ 195 ] 208 | 211 | 219 227
|

103 118

—

1m

80 MHz

160 MHz
FEE

e 31 95 159
K 127 191

’ 500 MHz (Europe) 4

1200 MHz (North Amercia

35
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The everlasting demand for higher data rates and its limitations
Data rate = # data subcarrier x bits per symbol x # SS / symbol-time

Data bits per SC | 119: 54 Mbps o]
D: > 64QAM@CR3/4 > =
limited by RF conditions @ 11ax: 9 764 Mbps

4 us symbol time
1024 QAM@CRS/6

. J13.6 ps symbol time

11n: 495 Mbps
64/16QAM@3/4
3.6 Ps symbol time ¥ AL :

11ac: 6 934 Mbps
256QAM@CRS/6
3.6 Js symbol time

A 20740 8 160 MHz
4 Bandwidth

limited by regulation

8
Spatial streams (SS)

limited by device design

46 871 Mbps (16x16, 4096 QAM, 320 MHz)

% Rohde & Schwarz
K4GTR kevindscott@bellsouth.net 36



* For Outdoor AP’s must use frequency coordination called

6 GHz Power AFC

1a b ‘ SN * Other AP types use PSD (Power Spectral Density) formulas
to determine EIRP power limits

Very Low Power (VLP)

(LPI)

Low Power Indoor

Standard Power (AFC only)

5925 - 6 875 MHz (950 MHz) @ 5925 -7 125 MHz (1 200 MHz) 5925 - 7125 MHz (1 200 MHz)

3% 36 36
oy 7 30
il - aa
H B S mmE B

o
O

0 MHz
MHz

EIRP: 36 dBm & PSD: 23 dBm/MHz EIRP: 30 dBm & PSD: 5 dBm/MHz EIRP: 14 dBm & PSD: -8 dBm/MHz

K4GTR kevindscott@bellsouth.net 37
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