ECE 598HH: Advanced Wireless Networks and
Sensing Systems

Lecture 6;: MIMO Part 1
Haitham Hassanieh
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WiFi Standards from WiFi 1 to WiFi 6

1 2 3 4 5 6 7 8 9 10 1 12 13 14 Channel
2412 2417 2422 2427 2.432 2437 2.442 2447 2452 2.457 2.462 2467 2.472 2.484 Center Frequency

22 MHz

Maximum
Data Rate

WiFi1(802.11b) | 1999 | DSSS DBPSK, DQPSK, 2.4GHz | 22 MHz 11 Mb/s

Technology Modulation Freq. Bandwidth




WiFi Standards from WiFi 1 to WiFi 6

1 2 3 4 5 6 7 8 9 10 1 12 13 14 Channel
2.412 2.417 2422 2427 2.432 2.437 2.442 2.447 2452 2.457 2.462 2467 2.472 2.484 Center Frequency

T L P L Sy

Maximum
Data Rate

WiFi 1(802.11b) | 1999 | DSSS DBPSK, DQPSK, 2.4GHz | 22 MHz 11 Mb/s

Technology Modulation Freq. Bandwidth




WiFi Standards from WiFi 1 to WiFi 6

1

2

3

4 5 6

7

9 10 1 12

13

2.412 2.417 2.422 2.427 2.432 2.437 2.442 2.447 2.452 2.457 2.462 2.467 2.472

14 Channel
2.484 Center Frequency

Version Year Technology Modulation Freq. Bandwidth Maximum
Data Rate
WiFi 1 (802.11b) | 1999 | DSSS DBPSK, DQPSK, 2.4GHz |22 MHz 11 Mb/s
- ~ BPSK, QPSK,
WiFi 3 (802.11g) | 2003 | OFDM (N=64) 16-QAM, 64-QAM 2.4 GHz | 20 MHz 54 Mb/s




WiFi Standards from WiFi 1 to WiFi 6

1

2

3

4 5 6

7

9 10 1 12

13

2.412 2.417 2422 2427 2.432 2.437 2.442 2.447 2452 2.457 2.462 2467 2.472

T

22 MHz

7

14 Channel
2.484 Center Frequency

Version Year Technology Modulation Freq. Bandwidth Maximum
Data Rate
WiFi 1(802.11b) 1999 | DSSS DBPSK, DQPSK, 2.4GHz | 22 MHz 11 Mb/s
N BPSK, QPSK,
WiF 2.11 2 FDM (N=64 2.4 GH 20 MH 4 M
iFi 3 (80 g) 003 | O (N=64) 16-QAM, 64-QAM GHz 0 MHz 54 Mb/s
- OFDM (N=64) BPSK, QPSK, 2.4 GHz | 20 MHz
WiFi 4 (802.11 2009 600 Mb
IFi4 n) MIMO (4x4) 16-QAM, 64-OAM | 5GHz | 40 MHz /s




WiFi Standards from WiFi 1 to WiFi 6

5170 5330 5490 Weather 5730 5735 5835

MHz MHz MHz Radar MHz MHz MHz

NCOOQ"@NCDDQ" 'O'JC")I\v—I..D

IEEEChannel # 1SS I BS8 I 1822 cEEEEEE T T ISR
20MHz f VVVV VYV Y VYV VYV YV VYV VY

40 MHz |/

Version

vV v Y

VAV T VA

Technology

Modulation

Bandwidth

Maximum
Data Rate

WiFi 1 (802.11b) | 1999 | DSSS DBPSK, DQPSK, | 2.4GHz |22MHz | 11 Mb/s
- BPSK, QPSK,

WiFi 3 (802.11g) | 2003 | OFDM (N=64) 16.QAM €a-0aM | 246HZ | 20MHz | 54 Mb/s
-~ OFDM (N=64) BPSK, QPSK, 2.4 GHz | 20 MHz

WiFi 4 (802.11n) | 2009 600 Mb
IFi4 n) MIMO (4x4) 16-QAM, 64-QAM | 5GHz | 40 MHz /s




WiFi Standards from WiFi 1 to WiFi 6

5170 5330 5490 Weather 5730 5735 5835

MHz MHz MHz Radar MHz MHz MHz

‘ DQ‘(DNCDOQ"WNCDDQ" O'JC")I\‘—I.D

|[EEE Channel # | S S I BS I D22 — — N ¥ S| SO Do

20 MHz fV_\/TVT\ﬂ/—\ [NV VVVVVVV VY fVT\ﬂﬂ

soMHz NN NN NNV Y
80 MHz |/ \/ - \ V - \
160 MHz [ y \ | |
. . Maximum
Technology Modulation . Bandwidth
Data Rate
WiFi 1 (802.11b) | 1999 | DSSS DBPSK, DQPSK, 2.4GHz |22 MHz 11 Mb/s
- ) BPSK, QPSK,
WiFi 3 (802.11g) | 2003 | OFDM (N=64) 16.0AM, 64-QAM | 24 GHz | 20MHz | 54 Mb/s
- OFDM (N=64) BPSK, QPSK, 2.4GHz |20 MHz
WiFi 4 (802.11n) | 2003 | 1\ V16 (axa) 16-0AM, 64-OAM | 5GHz | 40mHz | OO MP/s
OFDM (N=64, 128, 256, 512) BPSK, QPSK, c ey 318 m:z
WiFi 5 (802.11ac) | 2014 | MIMO (8x8) 16-QAM, 64-QAM oM, | 6:9336Gb/s
MU-MIMO (Downlink) 256-QAM 160 My




WiFi Standards from WiFi 1 to WiFi 6

5170 5330 5490 Weather 5730 5735 5835
MHz MHz MHz Radar MHz MHz MHz

‘ OoO<T O NOOTONOCO < O'JC")I\‘—I.D

|[EEE Channel # | S S I BS I D22 — — N ¥ S| SO Do

20 MHz fV_\/TVT\ﬂ/—\ [NV VVVVVVV VY fVT\ﬂﬂ

soMHz N N NN N Y
80 MHz !/ \/ VY \ V \ \
160 MHz |/ \ \ |

Technology

Modulation

Freq.

Bandwidth

Maximum
Data Rate

WiFi 1 (802.11b) | 1999 | DSSS DBPSK, DQPSK, | 2.4GHz |22 MHz | 11 Mby/s
. BPSK, QPSK,
WiFi 3 (802.11g) | 2003 | OFDM (N=64) 16.QAM €a-0aM | 246HZ | 20MHz | 54 Mb/s
. OFDM (N=64) BPSK, QPSK, 2.4 GHz | 20 MHz
WiFi 4 (802.11n) 12009 | \1 165 (axa) 16-0AM, 64-0AM | 5GHz | 4omHz | BOOMb/s
OFDM (N=64, 128, 256,512) | BPSK, QPSK,  GHa 28 m:;
WIiFi 5 (802.11ac) | 2014 | MIMO (8x8) 16-QAM, 64-QAM oMb, | 6-933Gb/s
MU-MIMO (Downlink) 256-QAM 60 Mits
SOF4[33|;/I (N=256, 512, 1024, BPSK, QPSK, 20 MHz
WiFi 6 (802.11ax) | 2019 | MIMO (8x8) ;;QQQAMM'QAM §'4GHGHZ 28 Mﬂz 9.608 Gb/s
MU-MIMO (Up & Down) A, : ‘
1024-QAM 160 MHz

OFDMA




WiFi Standards from WiFi 1 to WiFi 6

5,925 6,425 6,525 6,875 7,125
MHz MHz MHz MHz MHz

soxzomne [AAARM A AR BBSAREREARARH S RRAAARRARR BAERA 58 ARAARRRR BEREERBEEAS
14 x 80 MHz : : i / \/ \ E
= ¥ w0 ¥ w0 ¥ o ¥ w ¥ @ Y e

7 x 160 MHz

. . Maximum
Technology Modulation Freq. Bandwidth Data Rate
WiFi 1 (802.11b) | 1999 | DSSS DBPSK, DQPSK, | 2.4GHz |22MHz | 11 Mb/s
. BPSK, QPSK,
WiFi 3 (802.11g) | 2003 | OFDM (N=64) 16.QAM €a-0aM | 246HZ | 20MHz | 54 Mb/s
. OFDM (N=64) BPSK, QPSK, 2.4GHz | 20 MHz
WiFi 4 (802.11n) | 2003 | 1\ V16 (axa) 16-0AM, 64-OAM | 5GHz | 40mHz | OO MP/s
OFDM (N=64, 128, 256,512) | BPSK, QPSK,  GHa 28 m:;
WiFi 5 (802.11ac) | 2014 | MIMO (8x8) 16-QAM, 64-QAM oM, | 6:933Gb/s
MU-MIMO (Downlink) 256-QAM 60 Mits
S()Fg;" (N=256, 512, 1024, BPSK, QPSK, 4Gy | 20 MHz
mi', gésoz'llax) 2020 | MIMO (8x8) ;;QSXAMMQAM 5 GHz gg m:z 9.608 Gb/s
ok MU-MIMO (Up & Down) oA 6GHz |- M;
OFDMA -Q z




WiFi Standards from WiFi 1 to WiFi 6

Band Channels  BW
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MIMO: Multiple Input Multiple Output

So far: single input single output

F T

MIMO: multiple input multiple output

1y Y L
I Y L

Increase capacity of channel using multiple transmit
and receive antennas.



MIMO: Multiple Input Multiple Output

So far: single input single output

\/
[ -2 0>
O

MIMO: multiple input multiple output

Increase capacity of channel using multiple transmit
and receive antennas.



MIMO: Multiple TX-RX streams

Xy | Y M L L y1=hy1x1 + hyx,
21
X9 hiy
- n L b yy = hoyxy + hyox,
22
-)’1- -h11 h12- -xl- -n1-
— n m) y=Hx+n
Y2 h21 hzz X2 n;

How to recover x; and x,?

Estimate H, compute H™! and invert the channel!

$=Hly=H'Hx+H 'n=x+Hn

Transmit 2 packets at the same time!



MIMO: Multiple TX-RX streams

X1 . X ha1 XL L y1=hyxqg + hiax;
21
X9 h12
- . X | Y2 = hy1x1 + hyox,
22
-)’1- -h11 h12- -xl- -n1-
— + m) y=Hx+n
3’2 h21 hzz xz nZ

For N antennas, H is
How to recover x; and x,? NxN matrix > 0(N3)

Estimate H, and invert the channel!
f$=H ly=H 'Hx+H ln=x +@")

Noise amplification




MIMOQO: Vector Representation

Xy | Y M L L y1=hy1x1 + hyx,
21
X9 h12
- n X | Y2 = hy1x1 + hyox,
22
-Y1- -h11 h12- -xl- -n1-
— n m) y=Hx+n
3’2 h21 hzz xz n2

How to recover x; and x,?

<
|

X1 + X2 = h1x1 ~+ thz




MIMQO: Antenna Space

. — Ant. 2:
y = hyx; +hyx; A &




MIMQO: Antenna Space

. _ Ant. 2:
y = hyxq + hyx, A V2

To decode x4, project on a
1

vector h, orthogonalto h_z)

h, y =h; hjx; + 2X2
—l

=h; hyx,

hi1 hiy
y — x1 + x2 1

_hzz _hzz_ ~ hy Y = hpphiix1 — hyghoixg

) thp s, 0

h, = .h22 - hlz. = (hy2hq1 — hizhz1) X1




MIMQO: Antenna Space

. _ Ant. 2:
y = hyxq + hyx, A V2

To decode x5, project on a
1

vector h; orthogonal to h_1>

h;y y =h; hix; + 2X2
—l
=h; hyx,
S o easaseesseses e >
his hi, Ant. 1: y4
y — x1 + x2 1
_hzz _hzz_  hy ¥y = haihiixs — hyihyixg
) t b=, 0
h, = .h21 - h11. = (ha1h1z — hi1hy2) X7




MIMQO: Antenna Space

What about MIMO with more antennas?

., — — Ant. 2:

y = h1x1 + thz +h3X3 A :VZ

To decode x4, project on a _
1 i

vector h,3 orthogonal to the ghzxz

plane formed by h_2> and h_3>

1

h23 — hz X h3,




MIMQO: Antenna Space

What about MIMO with more antennas?

., — — Ant. 2:

y = h1x1 + thz + h3x3 A :VZ

To decode x4, project on a _

1 i

vector h,3 orthogonal to the ghzxz

plane formed by h, and h; '

—1 > 5 .

h23 — hz X h3 h3x3 y

N antenna MIMO, receives signals in N dimensional space
— Can decode N parallel signals

Decoding complexity scales O(N?) operations with the
number of antennas




MIMO Channel

|\ LT L L y1=hixs + hipx,

X2 h12
X | Y2 = hy1x1 + hyox,

How to estimate the channels: hy1, h{5, hy1, h55?




MIMO Channel

|\ LT L L y1=hixs + hipx,

X9 h12
X | Y2 = hy1x1 + hyox,

How to estimate the channels: hy1, h{5, hy1, h55?




MIMOQO Gains

Multiplexing Gain:
* Send multiple packets at the same time
e NXN MIMO = N X more packets

Diversity Gain:
* Send/Receive the same packet on
multiple antennas
* Increase SNR of the received packets
— transmit at higher data rates



Recelver Diversity

x ] L oLy =hix+ny

) =h2x+n2

How to best decode x?
Option 1: Add the received signals
Y1+ 7y, =hix +nq + hyx +n,

= (hy{ + hy)x +ny +n,

Channels can sum up destructively! hy + h, = 0



Recelver Diversity

x | Y & XLy =hx+ny

- yo = hyx +ny

How to best decode x?
Option 1: Add the received signals
Option 2: Decode independently

Sub-optimal!



Recelver Diversity

x | [y—Tu X Ly, =hx+ny

- yo = hyx +ny

How to best decode x?
Option 1: Add the received signals

Option 2: Decode independently

Optimal Solution: Maximum Ratio Combining (MRC)



Maximum Ratio Combining

x | [V— T X Ly, =hx+ny

- yo = hyx +ny

a1y1+ @y, = hiy, + hyy, = hihix + hiny + hyhyx + hon,

= (|h1|? + |h2|%)x + hing + h3n,

Let P = E[|x|*] and 0% = E[|n,|*] = E[|n,|?]
Signal Power = E[|(|h{|? + |hy|?)x]|?]
= (|hq|* + |h2|?)* E[|x]*]

= (|| + |hy|%)% P



Maximum Ratio Combining

x | |[7—Tu X Ly, =hx+ny

) =h2x+n2

a1y1+ @y, = hiy, + hyy, = hihix + hiny + hyhyx + hon,

= (|h1|? + |h2|%)x + hing + h3n,

Let P = E[|x|?] and 02 = E[|n,|?] = E[|n,/*]

Signal Power = (|h{|? + |h,|?)* P
Noise Power = E[|hin; + h3n,|?]= E[

= |h{|?E[Inq]%] + R, |“E

hing|?] + E[|h5n,|?]

12121 = (Ihq|* + |h2|*)o?



Maximum Ratio Combining

x | [V— T X Ly, =hx+ny

- yo = hyx +ny

a1y1+ @y, = hiy, + hyy, = hihix + hiny + hyhyx + hon,

= (|h1|? + |h2|%)x + hing + h3n,

Let P = E[|x|*] and 0% = E[|n,|*] = E[|n,|?]
Signal Power = (|h{|? + |hy]|?)? P
Noise Power = (|h{|? + |h,|?)0c?

(1h1]% + |ho|?)? P 5 o P
SNR - (lhllz + |h2|2)o_2 _ (lhll + |h2| )F




Maximum Ratio Combining

x | |V T X Ly, =hx+ny

- yo = hyx +ny

a1y1+ @y, = hiy, + hyy, = hihix + hiny + hyhyx + hon,

= (|h1|? + |h2|%)x + hing + h3n,

P
With Receiver Diversity: SNR = (|h|? + Ihzlz)ﬁ

P
Single Receiver: SNR = |h1|2ﬁ



Recelver Diversity Gain

x | [V X Ly, =hx+ny

Y2 = hpx + 1y
. o , P
With Receiver Diversity: SNR = (|h|* + |h;] )ﬁ

Single Receiver: SNR = |h1|2£2
o

e |h{|? = |hy|* - Can double SNR!



Recelver Diversity Gain

Do we care about doubling the SNR?

Capacity < log(SNR)

> SNR



Recelver Diversity Gain

x | |V T X Ly, =hx+ny

=Y, = hyx +n,
. . . . 2 2 P
With Receiver Diversity: SNRopy = (|h{|* + |h,] )F

: : P
Single Receiver: SNR py = |hl|2F
* |hq]* = |hy]* > Can double SNR! |

It is unlikely that both
— antennas experience
channel fading.

* |hy]* < |hy]?* - Huge Gainin SNR

o |hyl% > |hy]% > Little Gain in SNR



ransmitter Diversity

x14 Y_h Y Ly=hx +hx,+n

What should we transmit on each antenna?

Option 1: transmit the same thing x on both antennas
y=(hy+h)x+n

Channels can sum up destructively! hy + h, = 0

Total transmit power = 2P—-> Doubled TX power
- Why not use 1 TX with 2P



ransmitter Diversity

x14 Y_h Y Ly=hx +hx,+n

What should we transmit on each antenna?

Option 1: transmit the same thing x on both antennas

* Must ensure signals sum up constructively.

e Must ensure total TX power = E[|x;|?] + E[|x,|?]
= E[|x[*] = P




ransmitter Diversity

x14 Y Mm Y L y=hx; +hyx, +n

What should we transmit on each antenna?

Option 2: Maximum Ratio Combining (MRC)

xl — alx ]
— v = (a;hy + a,hy,)x +n
xz — az X

—

Set: a; = hj,a, =h, 2> vy=_(hih; +hih,)x+n

= (|hq|? + [z |P)x + 7



ransmitter Diversity

x14 Y Mm Y L y=hx; +hyx, +n

What should we transmit on each antenna?

Option 2: Maximum Ratio Combining (MRC)

hi h;
xl — X xz — X
NITAEESTAE NITAEETAE
Total TX Power = E[|x{|*] + E[|x{]?]
h,|? h, |
i mP

CHhel2 + R 12T Ry |2+ Ry |2



ransmitter Diversity

x14 Y Mm Y L y=hx; +hyx, +n

What should we transmit on each antenna?

Option 2: Maximum Ratio Combining (MRC)

hy h;
X1 = X Xy = X
VIR VIR |2 + |k, |2
hhy h, h;
y 1'%1 2142 x +n

= X +
VIh 2 +1ha ]2 1 |? + [hy|?



ransmitter Diversity

x14 Y Mm Y L y=hx; +hyx, +n

What should we transmit on each antenna?

Option 2: Maximum Ratio Combining (MRC)

hi h;
x1= X x2: X
NITAEESTAE NITAEETAE
|he|% + |hy|?
y = x+n =(|h|?>+[hz]?)x+n
JIR 2 + [hy ]2 (VImsF? + 17 )



ransmitter Diversity

x14 Y_h Y Ly=hx +hx,+n

What should we transmit on each antenna?

Option 2: Maximum Ratio Combining (MRC)

y = (VI 2+ 1h;12) x + 1

P
SNR = (|h{|? + |h,|?) s - Similar SNR Gain to RX Diversity

Caveat: MRC at TX Requires Feedback from the Receiver!




ransmitter Diversity

x14 Y_h Y Ly=hx +hx,+n

What should we transmit on each antenna?

Solution: Use Space-Time Codes

MRC codes across space only (Requires Channel Feedback):

TXL: %y |agx[1]  ayx[2] o, = hy
\/|h1|2 + |hy|?
TX2: x, |, x[1] a,x[2] h’
> az —
t:l t:z \/|h1|2+|h2|2



ransmitter Diversity

x14 Y_h Y Ly=hx +hx,+n

What should we transmit on each antenna?

Solution: Use Space-Time Codes

Alamouti Codes:

TXL:xq | x[1]  —x*[2] y[1] = hyx[1] + h,x[2]

TX2:x, | x[2]  x*[1] y[2] = —hyx™[2] + hyx™[1]




ransmitter Diversity

x14 Y_h Y Ly=hx +hx,+n

What should we transmit on each antenna?

Solution: Use Space-Time Codes
Alamouti Codes:

y[1] = hix[1] + hox[2]  yl2] = —hyx7[2] + hpx"[1]

Riy[1] + hoy*[2] = hihyx[1] + M]
—hM + h,hsx[1

= (lhq|* + [hz|*)x[1 ]



ransmitter Diversity

x14 Y_h Y Ly=hx +hx,+n

What should we transmit on each antenna?

Solution: Use Space-Time Codes
Alamouti Codes:

y[1] = hix[1] + hox[2]  yl2] = —hyx7[2] + hpx"[1]

hsy[1] — hyy*[2] = Rshyx[1] + bRl 2]

+hy haset?] — hyh3x[1]

= (lhq|* + |ha|*)x[2]



ransmitter Diversity

x14 Y_h Y Ly=hx +hx,+n

What should we transmit on each antenna?

Solution: Use Space-Time Codes

Alamouti Codes: . .
hiyl1] + hyy*[2]

TX1: x4 %_D] —_ﬁz] = (Ihq[? + |ha|*)x[1]
TX2: x, Xl 2] )%[1 hoyl1] — hyy*|2] 'z
t =1 t =2 = (|hq]? + [hy|?)x[2]

2-




MIMOQO Gains

Multiplexing Gain:
* Send multiple packets at the same time
e NXN MIMO > XN more packets
* Data Rate: «< N log(SNR/N)

Diversity Gain:
* Increase SNR of the received packets
« NXN MIMO > xlog N* data rate
* Data Rate « log(SNRXN?)



WiFi 802.11ac MCS (Modulations and Coding Schemes)

MCS Index Spatlal 20MHZ 80MHZ 160MHz
Modulation | Codi

0 1 BPSK 13.5 29.3 325 58.5
1 1 1 1 QPSK 1/2 13 14.4 27 30 58.5 65 117 130
28 2 e 1 QPSK 3/4 19.5 217 40.5 45 87.8 97.5 175.5 195
N 3 B 1 16-QAM 1/2 26 28.9 54 60 117 130 234 260
4 4 4 1 16-QAM 3/4 39 43.3 81 90 175.5 195 351 390
DN 5 S 1 64-QAM 2/3 52 57.8 108 120 234 260 468 520
O 6 e 1 64-QAM 3/4 58.5 65 121.5 135 263.3 292.5 526.5 585
i 7 B 1 64-QAM 5/6 65 72.2 135 150 292.5 325 585 650
8 B8 1 256-QAM  3/4 78 86.7 162 180 351 390 702 780

47



WiFi 802.11ac MCS (Modulations and Coding Schemes)

MCS Index S atial 160M Hz
I e e e e

0 1 BPSK 13.5 29.3 325 58.5
1 1 1 1 QPSK 1/2 13 14 .4 27 30 58.5 65 117 130
2 2 2 1 QPSK 3/4 19.5 21.7 40.5 45 87.8 97.5 175.5 195
3 3 3 1 16-QAM 1/2 26 289 54 60 117 130 234 260
4 4 4 1 16-QAM 3/4 39 433 81 90 175.5 195 351 390
5 5 5 1 64-QAM 2/3 52 57.8 108 120 234 260 468 520
6 6 6 1 64-QAM 3/4 58.5 65 121.5 135 263.3 2925 526.5 585
7 7 7/ 1 64-QAM 5/6 65 72.2 135 150 292.5 325 585 650

8 8 1 256-QAM 3/4 78 86.7 162 180 351 390 702 780

9 9 1 256-QAM 5/6 N/A N/A 180 200 390 433.3 780 866.7

10 1 1024-QAM 3/4
11 1 1024-QAM 5/6

8 0 0 2 BPSK 1/2 13 14 .4 27 30 58.5 65 117 130
9 1 1 2 QPSK 1/2 26 28.9 54 60 117 130 234 260
10 2 2 2 QPSK 3/4 39 43.3 81 90 175.5 195 351 390
1 3 3 2 16-QAM 1/2 52 57.8 108 120 234 260 468 520
12 4 4 2 16-QAM 3/4 78 86.7 162 180 351 390 702 780
13 5 5 2 64-QAM 2/3 104 115.6 216 240 468 520 936 1040
14 6 6 2 64-QAM 3/4 117 130 243 270 526.5 585 1053 1170
15 7 7 2 64-QAM 5/6 130 144 .4 270 300 585 650 1170 1300

8 8 2

256-QAM  3/4 156 173.3 I 324 360 702 780 1404 1560




WiFi 802.11ac MCS I\/Iodulatlons and Codlng Schemes)

MCS Index Spatlal 20MHZ 8OMHZ

0 1 BPSK 13.5 29.3 325 58.5
1 1 1 1 QPSK 12 13 14.4 27 30 58.5 65 117 130
28 2 B2 1 QPSK 3/4 19.5 217 40.5 45 87.8 97.5 175.5 195
3 3 3 1 16-QAM 12 26 28.9 54 60 117 130 234 260
4 4 4 1 16-QAM 3/4 39 43.3 81 90 175.5 195 351 390
58 5 WS 1 64-QAM 2/3 52 57.8 108 120 234 260 468 520
6 6 W6 1 64-QAM 3/4 58.5 65 121.5 135 263.3 292.5 526.5 585
N 7 B 1 64-QAM 5/6 65 722 135 150 292.5 325 585 650
8 W8 1 256-QAM  3/4 78 86.7 162 180 351 390 702 780
9 B9 1 256-QAM  5/6 N/A N/A 180 200 390 433.3 780 866.7
10 1 1024-QAM  3/4
11 1 1024-QAM  5/6
SN 0 mC 2 BPSK 12 13 14.4 27 30 58.5 65 117 130
98 1 1 2 QPSK 12 26 28.9 54 60 117 130 234 260
108 2 B2 2 QPSK 3/4 39 433 81 90 175.5 195 351 390
i1 3 S 2 16-QAM 12 52 57.8 108 120 234 260 468 520
12 4 4 2 16-QAM 3/4 78 86.7 162 180 351 390 702 780
3% 5 WS 2 64-QAM 2/3 104 115.6 216 240 468 520 936 1040
14 6 H6 2 64-QAM 3/4 17 130 243 270 526.5 585 1053 1170
158 7 W 2 64-QAM 5/6 130 144 .4 270 300 585 650 1170 1300
8 B8 2 256-QAM  3/4 156 1733 324 360 702 780 1404 1560
9 B 2 256-QAM  5/6 N/A N/A 360 400 780 866.7 1560 17333
10 2  1024-QAM  3/4
11 2  1024-QAM  5/6
16 | 0 WG 3 BPSK 12 19.5 27/ 40.5 45 87.8 97.5 175.5 195
v | 1 1 3 QPSK 12 39 433 81 90 175.5 195 351 390
18 2 g2 3 QPSK 3/4 58.5 65 121.5 135 263.3 292.5 526.5 585
19 3 B 3 16-QAM 12 78 86.7 162 180 351 390 702 780
20 | 4 |m4 3 16-QAM 3/4 117 130 243 270 526.5 585 1053 1170
21 5 S 3 64-QAM 2/3 156 173.3 324 360 702 780 1404 1560
22 | 6 W6 3 64-QAM 3/4 175.5 195 364.5 405 N/A N/A 15795 1755
23 | 7 3 64-QAM 5/6 195 216.7 405 450 877.5 975 1755 1950
8 WS 3 256-QAM  3/4 234 260 486 540 1053 1170 2106 2340
9 B 3 256-QAM  5/6 260 288.9 540 600 1170 1300 N/A N/A
1024-QAM 4
1:) g 024-QA 3/ 49

1024-QAM  5/6
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MIMO: Multiple TX-RX streams
WIiFi Access Points 2 to 8 MIMO  WIFi Devices 1 to 2 MIMO

1y I A¢ 1y 1y v
Iy Iy 1l YD. '

Y . 1ly 11y vl |

‘ 1 1y

\ | 1Y  Power

—_— w 1y  Form Factor & Antenna
1y Separation
1y

* Most mobile phones
support 2 MIMO




MIMO

|\ LT L L y1=hixs + hipx,
21
h1y
- . L b yy = hoyxy + hyox,
y =Hx+n

f=Hy=HHx+H n=x+H"1n



I\/Iulti—User MIMO

y1 = hy1x1 + hyx

><YD‘ Y2 = hp1x1 + hypx;

y =Hx+n

f=Hy=HHx+H n=x+H"1n

Does not work. Receivers do not have access to

each other’s signals




Precoding

Ly hn Z - y1 = hy1x1 + hyoxy

- My, = hyxy + hyyxy

Send: X = H 1x

Receive:y=HX+n=HH 'x+n=x+n

Also known as Beamforming or Zero-Forcing

Requires Channel Feedback!



What about distributed transmitters?
X1 - V! Z - y1 = hi1x1 + hypxy
X9 hiy
- . M V2= hyixg + hyox,

Send: X = H 1x
Receive:y=HX+n=HH !x+n=x+n

Does not work. Transmitters do not have access

to each other’s signals

False: what if transmitters are APs connected
over Ethernet?



Clock Synchronization in MIMO

Xq hiq z Yy
21
xz h12 Y
Ry g Y2

— —Jj2mAfi4t —Jj2mAfi,t
Y1 = hyyx e J2AME 4 hypx,e /2N
Y2 = h21x1€_JznAf21t + hzzxze_jznAfzzt

V1 hi1 hiz||x1 nq

Y2 h21 hzz X2 np




Clock Synchronization in MIMO

hq1
1 - - V1
21
xz h12 Y
b hyo g " V2
V1 hqq e J2mAf1t hlze—JZFAflzt X4 Nnq
= . " +
Y2 h21e—]27TAf21t hzze—JZFAfzzt X n,

e—jZTL’Aft 1+
Y2 h21 hzz X2 n,




Clock Synchronization in MIMO
X1 . Y hll :z ~ V1
21
X hyy
' haz L
V1 -h11 e JEMALL  py,eTI2MAS et x| [y
= +
Y2 h21e—j27TAf21t hzze—fZFAfzzt X n,

V1 hll e—]ZnAflt hlze—]ZRAflt X1 N4

I
+




Clock Synchronization in MIMO
X1 . Y hll ;t Fyl
X hiy
. haz e

A -h11 e J2mAMt h12€_j27mf12t- EARNEN

Y2 h21e—j27TAf21t hzze—fZFAfzzt X n,




Clock Synchronization in MIMO

R

21

X | !thz ;[D_
hoy Y2

Y2 h21e—j27TAf21t hzze—fZFAfzzt X n,

Distributed MIMO: Afll - Ale - Af21 - Afzz

Next Lecture!



