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Today, Lecture 3 Part |
o Wide sense stationarity (WSS) and uncorrelated scattering (US)
Cooperative Communications e SISO, SIMO, MISO, and MIMO signal model.
Lecture 3 o Double directional channel model
o Classical iid channel model
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Discrete-Time Transmission on Flat-Fading MIMO Capacity of a Deterministic MIMO Channel

Channels

For now, the channel gains are assumed constant:
Method introduced by Telatar in 1995 ([1]):

y,=Hs,+n,
Properties of transmitted symbols: © Mutual information
1
o E{s,} =0, I(s;y) = logy(det(Iy, + ﬁHRSSHH)) bps/Hz
o Ry = E{snsﬂ}y ’
o tr{Rs} = E,: transmit energy o Channel capacity

. 1
Important points: C= max _logy(det(Ipm, + fHRssHH)) bps/Hz.

o All antennas transmit at the same time on the same resource tr(Res)=E; No

(frequency...).

o Their signals interfere.

o This is not a problem if we decode them jointly (the receive
antennas “cooperate”). -
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Channel Unknown at Transmitter | Channel Unknown at Transmitter Il

The mutual information

If the channel is unknown at the transmitter it is reasonable to choose I = log, (det <IMR i MEsN HHH>)
7 No
Rss = s 1
s My MT can be written alternatively as
E.
@ This choice maximizes the average mutual information over the class I =log, (det <IMR + v SN U/\UH)>
T No

of Gaussian i.i.d. channels H.
Using the identity det(/,, + AB) = det(l, + BA) for matrices A (m X n)

and B (n x m) we can write

@ The mutual information achieved in this case is

Es H i
I'= log,(det(Imy, + HH™)) =51 14+ E5 ),
MTNO ; 08> + MTNO i
where r is the rank of the channel and \; are the positive eigenvalues of
ftW Ehcn ftW o
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Channel Unknown at Transmitter Il Channel Known at Transmitter |

n

S e e

s Yy

Summary:

o Multiple antennas effectively open r scalar data pipes (modes)

between transmitter and receiver.
o R, — %,M results in equal energy allocation across the spatial o Channel knowledge H obtained through feedback or reciprocity in
-
modes (vCith wastage if r < Mr) the case of time division duplexing (TDD)
o In the absence of channel knowledge the individual channel modes o Individual channel modes can be accessed by linear processing at the
are not accessible. receiver

o Input vector 3 € C’ with E{83"} = Mt

- -f tW ém”n'”;' - -f tW ?";l”;'
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Channel Known at Transmitter 1l Channel Known at Transmitter IlI

Signal model Mt
y=Hs+n 5, J ¥4
o
o Channel can be decomposed in H = UX V" 3, Jr2 o ¥,
o Precoding at transmitter: s = V3§ i,

o At the receiver: y = UHy

y=U"HVS + U"n

o Inserting the singular value decomposition of H yields The matrix channel H is decomposed into r parallel sub-channels
y=%x5+n Vi= VA& + 1
forie{l,...,r}.
“ftw s ftw i
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Channel Known at Transmitter IV Optimal Energy Allocation

Mutual Information is sum of individual SISO channels L ) o
Maximization through Lagrangian multipliers

r i
| = lo 1+/\,-> No\ T
Z g2< NO fy?pt:('u—o) s i:17_,,7r

i=1

Ai
where .
t
o 7; = E{|3:|} is transmit energy in i-th sub channel and ZV;DP =Es
i=1
o Y v =E.
Liea 7 = Es where 1 is a constant and (x)7 is defined as
Capacity achieved through optimal distribution of energy on the " -0
x if x
individual sub-channels (x)" = . B
0 if x<0
r /'Y
1
C= Z,m?y?iE Z log, (1 + No)\') In order to ensure positive y; we apply the waterpouring algorithm to find
=1 Vi=Es T T
1.
“frwe “ftwes-
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Waterpouring Algorithm Optimal Transmit Covariance Matrix

Unused modes

N

Recall that
Used modes s= V3
/ ‘ \ Optimal transmit covariance matrix is given by
A opt opt opt y sH
,Yop1 Y 3 Rss = VRgg v
,Yolpt 2 MT No
M; No E, A, where t t
fo) - [e] t
3 MeNe |, | Eehe R = diag(1h¢™...,7"])
M No | E, A,
MI No E5 7\‘2
Es }\‘l
\/
W ftw i
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Diversity-Multiplexing Tradeoff Space-Time Coding - Alamouti-Scheme |
d
MMy : : : h1
o
(Mg-1)(M-1) S, S T
§ (Mg-2)(M7-2) ' S;. S, 2
] o Rx
A Tx
0 ; ‘ : : >
0 1 2 min(Mg,M;) T
@ Symbol period 1: y; = %(hlsl + hpsp) +
o Flexible tradeoff between diversity d and multiplexing gain r can be o Symbol period 2: y, — /%(—hlsﬁ‘ ¥ host) + 2,
achieved. byt h e
S 4 UL, T ML S £ U Bt - RL Y
o For the H,, (independent identical distributed) MIMO channel d(r) © Decode by: & = e %2 = Thfrimp
is piecewise linear: — Do the maths!!
d(r) = (Mg — r)(Mr = 1) “ftwes ftwie
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Space-Time Coding - Alamouti-Scheme I OFDM Fundamentals |

Alamouti scheme has diversity order 2Mpg. Single carrier versus multi carrier
100 z f
—0— no diversity (1 Tx, 1 Rx) f single carrier multi carrier
| =%~ MRRC (1 Tx, 2 Rx)
. —0— MRRC (1 Tx,
10! N = —O—nMef{nrHscrflr:\—:(;?':.)1 Rx) d[0]
—4— new scheme (2 Tx, 2 Rx) d[1]
g 102k di2]
)
| SEREREE i
E 103 F d[4]
§ d[5]
E 104 | d[6]
t U t
1079
0 7; 0 NT.':
10°6
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Fig. 4. The BER performance comparison of coherent BPSK with MRRC and two-branch transmit diversity in Rayleigh fading. 1 / TC Chi p rate
Figure source:[2, Fig. 4] N Number of subcarriers
- d[0]...d[7] Data symbols -
ftW e (0] 7] y ftW e
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OFDM Fundamentals |l OFDM Fundamentals IlI
Orthogonal subcarriers Processing steps
magnitude Af
< subcarriers  symbols modulated
1 (BPSK) subcarriers
f1
>t XH) —_— >t
2,
t (1) t t
3,
0 f
t *(+1) t

fo =q/(NTc)
g e {0,....,N—1} Subcarrier index

Efficiently implementable by means of an inverse discrete Fourier
“fFtw transform. “Ftw
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OFDM Fundamentals 1V

Cyclic prefix insertion

Ts OFDM symbol duration.

o A copy of the signal tail (length Tg) is inserted at the beginning of
each OFDM symbol.

@ Absorbs multipath components, and turns a convolution into a cyclic
convolution.

oo Creating
Communication
Technalogies.
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OFDM System Design

@ No inter-symbol interference: Guard interval larger than the delay
spread Tp
Tec > Tp

o Spectral efficiency: Symbol duration much larger than delay spread
Ts > Tp

o Inter-carrier interference: Symbol rate much higher than Doppler
shift fp
1/Ts >

[Ts = (N + G)Tc]

Tc = GTc cyclic prefix length
G length of cyclic prefix in samples (chips)
Ts = (N + G)Tc OFDM symbol length 'ftW
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OFDM Fundamentals V

OFDM time frequency representation

5 MHz Bandwidth

Sub-carriers

Frequency
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Receiver Side Processing

o Drop cyclic prefix and perform DFT
@ Channel partitioned in N parallel frequency flat channels

o Simple equalization - complexity grows with N log(/N)

gl0] n[0]
a0l ylo]
g subcarrier index
glal n[q] : d data symbol
g subcarrier channel
coefficient
d[q] ylq] . )
n additive noise
v received symbol
dIN-A] ——> = yIN] “Frw e

Thomas Zemen, Nicolai Czink March 24, 2011 24 /27



Digital Video Broadcasting (DVB-T) Wireless LAN (802.11a)
Single frequency broadcasting networks

o All transmitters use the same frequency i = H =13 L
Indoor application

o Large distances d < 75km between individual (high power)

transmitters cause long delay spreads Tp < 128 us o Multipath propagation, delay spread Tp < 800 ns
B =20 MHz bandwidth

N = 64 subcarriers

G = 15 cyclic prefix length
Af = 312kHz subcarrier bandwidth

B = 8MHz bandwidth @ Physical layer data rate 54 Mb/s
N = 8192 subcarriers

@ 802.11n: Extensions to MIMO systems currently under development

(3]

f,
T Transmitter 2

Receiver G = 1024 cyclic prefix length

Af = 988 Hz subcarrier bandwidth
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