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Major Learning Objectives

Upon successful completion of the course the student will be able to:

\/ Describe the complete architecture of an OFDM system, ( serial to parallel,
FFT/IFFT, Cyclic prefix, Modulation techniques, coding techniques)

\/ Evaluate the response of OFDM in Gaussian channels and fading channels.

Define the problems associated of using multi-carrier in time
varying channels and how to mitigate these problems.

Design and analyze standards using OFDM such as IEEE 802.11a,g and IEEE
802.16

Describe the principle mechanisms by which multiple access techniques are
supported using OFDM.

Able to categorize the different type of MC-CDMA and the degree of flexibility
provided by each type.

Able to simulate the basic and advanced techniques used in OFDM systems



Syllabus

. Analysis of OFDM systems (15%.) 2
systems, amplifier classification and distortion
Crest factor (PAPR) reduction techniques

. Pre-distortion & adaptive pre-distortion techniques
. clipping
. coding techniques
partial transmit sequences (PTS) & modified PTS v. selective ma

no n (companding)
— Phase noise and I1&Q imbalance for QAM

— Performance of OFDM in Gaussian channels \/

— Performance of OFDM in Wide-band channels \/
. Synchronization and Estimation (15%) 2

— ICI and OISI problems \/

— Timing estimation

— Frequency synchronization

— Frequency error estimation algorithms
— Carrier phase tracking

— Frequency domain and time domain approaches for channel estimation \/
. coherent detection
. differential detection



Pilots and Waterfilling concept
Clarifying Slides
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Waterfilling Capacity

Suppose now transmitter has full channel knowl-

edge.
P*(h)|h|?
CzEIOQ(lI ()H)}
No
where
_|_
1 Ny
P(h) = | = — — :
) <,\ |h|2>

IS the waterfilling power allocation as a func-
tion of the fading state. and )\ is chosen to
satisfy the average power constraint.
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Performance
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At high SNR, waterfilling does not provide any
gain.



Performance: Low SNR
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Waterfilling povides a significant power gain at
low SNR.



Peak to Average Power Ratio



Definition of PAPR

PAPR & PAR: Peak-To-Average Power Ratio
Crest factor of x(t): square root of PAR
Definition: PAR = (lIxll..)* / E[(lIxIl,) *]

OFDM signals have a higher Peak-to-Average Ratio (PAR) —
often called a Peak-to-Average Power Ratio (PAPR) — than single
carrier signals

The reason for this 1s that in the time domain, a multicarrier signal
1s the sum of many narrowband signals.

— At some time instances, this sum is large, at other times it is small,
which means that the peak value of the signal is substantially larger
than the average value.

— This high PAR is one of the most important implementation challenges
that faces OFDM because it reduces the efficiency and hence increases
the cost of the RF power amplifier, which is one of the most expensive
components in the radio



m uipimpueg 1elli4 m
oo -
1+9 Utz % N B2 Lo
hmn._nmu._m ._m_u__am pig
laplio pug _m, m laplo pug
p—— duwe Jesuljuou

Yy

9
w]A _‘.T 7



What is PAPR

 Definition

max |x(r)]
PAPR = =
E{x(1)}
x(1)= fon exp(j2nAft)| < NZI|XH||eXp(j27[nAft)|

N -1
=2 |x,[= N

2

= |X,| =N

E{‘x(t)‘2}= Z‘);V(t)‘ _ N° N

N
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Efficiency (%)

 When a high peak signal 1s transmitted through a nonlinear

100

device such as a high power amplifier (HPA) or digital-to-
analog converter (DAC), it generates out-of-band energy
(spectral regrowth) and in-band distortion (constellation tilting
and scattering).
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Why PAPR happens (1/2)

Large peaks cause saturation in
power amplifiers

Saturation

P .

i
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Complementary CDF of PAPR
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Figure 4.14: CCDF of PAR. for QPSK OFDM svstem: L = 16, 64, 256, 1024, Solid line: simulation results,

dotted line: approximation using G = 2.8,



Peak to Average Power Ratio

Feak to Average power ratio
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PAPR Effects

 High Peak-to-Average Power Ratio (PAPR) of the
transmitted signal result in:

— Clipping noise (limited quantization levels, rounding
and truncation, during IFFT and FFT computation)

— Nonlinear distortions of power amplifiers
— BER performance degradation,
— Energy spilling into adjacent channels,

— Intermodulation effects on the subcarriers, warping of
the signal constellation in each subchannel.



PAPR reduction

Clipping and windowing, recursive clipping

PAPR Reduction

— Reference signal subtraction

Data Cycli i
; yclic prefix/
> Coding | S/P —{ IFFT  —{ o}
> Peak > L RF
PIS cancellation D/A X
Data Codin /P + Cyclic prefix/ RF T
L Peak Generate
detection > impulses > FFT P> LPF > IFFT
] P
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PAPR Reduction, cont.
— Coding

= Golay complementary codes

= generalized Reed-Muller codes
— Parallel combinatory OFDM signaling

(a) (b) (c) (d)

— Multiple signal representation
— Pre-distortion
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<+ Block diagram of the OFDM signal with the proposed block

J-complex d-complax

4-Dils 8-bils . SYMbOls symbols r—a-04+b I:”“J d 2]
|HFILII 4—F'0|I"lt$ ri =
1 @& 1 0110
G-bits |10 1D1O 1 R
G 001100 1 § | ‘\wedd
b o d 0 111
. AWGN _.é'; b= | 6 00D O & 0O 1 lJ' (moed 2)
Error pattemn 1 _
{syndrome) H 4 B-bits 11114000
H i 100 1 10 0 (o 9
4 | 1 a0 1 I 1 0D 1 | | TN -|
e ol Y 01101001
- L i -
Output 4-hils 8-hils symbols 4-poinis
data == FFT

<+ The 8 bit vector x becomes 4 complex anti-podal symbols

r

¥, =|2%,—1]+ j|2x,,,—1] (i=0,1,2,3)

Most of the decoding techniques for these codes require an exhaustive search so are
feasible only for a small number of subcarriers. Moreover, it is difficult to maintain a
reasonable coding rate in OFDM when the number of subcarriers grows large
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PAPR Reduction - Multiple Signal Representation

= Selected Mapping

(1)

P
I_ - - 0T ': a(l)
Differential > . >
| encoding : IFFT
o mmmamnn
P
S, 22
Differential :_> IFET __"» Selection
complex | encoding : of the a
data L
symbols 41 . 2 e owest s
PAPR
— S/P symbol
P(U)
I_ - - T ': a(U)
Differential > - >
| encoding IFFT
_______ ]

side information

eEach block is multiplied symbol-by-symbol, before the IFFT
operation, by one of pseudo-random but fixed set of vectors r1 whose
elements are complex numbers with the amplitude equal to one and a
random phase uniformly distributed between



SLM method for OFDM

e This method is based on generating M
statistically independent transformed blocks
for each data block and transmitting the one
with the lowest PAPR.

Pr{PAPR, ,

.....

M
w > A} =] |Pr{PAPR, > A} = Pr{PAPR, > A}"
i=l1

e It requires transmitting some side
information about the identity of the
selected block .



Improvement achieved by SLM on OFDM amplitude
distribution

Example: Here, we show a simple example of
o e M the SLM technique for an OFDM system with
******* ‘ ‘ eight subcarriers. We set the number of phase
PoosooootTSesgsorosooooctomomotooomoooooosoooeccccoocccot sequences to U = 4. The data block to be trans-
st miitted is denoted X = [1, -1, 1, 1,1, -1, 1, —1]T
A T LT TN S T Pt ST . whose PAPR before applying SLM is 6.5 dB. We
Psszzzzizziiizzimszzziioigersizizmizzimozzezzizzzzizzy set the four phase factors as BMD =1, 1,1, 1, 1,
FoootomToooitooooiooooecoooonscittotoroooooptootactoesy 110107, B@ = [-1,-1, 1,1, 1, 1, 1, -1]T, BO) =

N e e s s M [-1,1,-1,1,-1, 1, 1, 1]7, and B@® = [1, 1, -1, 1,
FszssasizszzzsisyIsissrsizsasizssgessigprzizsisizzzzazzy 1, -1, 1, 1]7. Among the four modified data
FToIIITIoIIaToooroiospooioooioiianiiiicsiiitoioaiiod plocks X, o= 1, 2, 3, 4, X3, has the lowest
””” iy 71 PAPR of 3.0 dB. Hence, X is selected and
Fsossozssssazososrsoooooococoecsosasoopsrococogcsccoscoo=r transmitted to the receiver. For this data block,
orooeeorecotoecoooeooiorococoscooood the PAPR s reduced from 6.5 to 3.0 dB, result-
****** ing in a 3.5 dB reduction. In this case, the num-
Porzzszizzzizzzzzizzzziizzzzzzizziizzzizzzzizzzzzizzzzzy ber of IDFT operations is 4 and the amount of
Footioiohooooosiobeootoo-ioood side information s 2 bits. The amount of PAPR
****** a1 reduction may vary from data block to data
2 & 4 5 6 g4 & 8 W i block, but PAPR reduction is possible for all

X (dB) data blocks. O



PAPR Reduction - Multiple signal representation, cont.
= Partial Transmit Sequences

(1) 1
A, a( )
2
A,
complex -
data : n
Carrier (S
symbols > partitioning _I_
S/P and zero-
padding
L)
A,
Analysis of partial transmit sequences | _ _ _ _ _ _ _ -
and generation of rotation factors side information

*The objective is to design an optimal phase for the subblock set that minimizes the
PAR. The phase can then be corrected at the receiver.

*An input data block of N symbols is partitioned into disjoint subblocks

*The subcarriers in each subblock are weighted by a phase factor for that subblock
*The phase factors are selected such that the PAPS of the combined signal is minimized
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How to solve the PAPR problem(1/6)

Signal distortion

— Clipping, Peak windowing, Peak cancellation
Coding

— Error correction, Use lower PAPR signals
Scrambling

Selected Mapping (SLM)

The transmitter selects one favorable transmit signal from a set of
sufficiently different signals which all represent the same information.

] Partial Transmit Sequence (PTS)

The transmitter constructs its transmit signal with low PAR by coordinated
addition of appropriately phase rotated signal parts.

The difference between SLM and PTS is that the first applies independent
scrambling rotations to all subcarriers, while the latter only applies
scrambling rotations to group of subcarriers.



How to solve the PAPR problem(2/6)

* Peak windowing
— Multiplied by certain window function

— Rectangular, Kasier, Hanning, Hamming .....
e Different window with same window length
e Same window with different window length



How to solve the PAPR problem(3/6)

* Different window with same window length (time domain)

1
DB
0a
06 wln] 06 wln]
wlol o, 04r
02 02¢
0 0
o g 10 15 0 ] 10 1A
n
m orginal signéi - ' Sriginal sigmlal
oo N
i after peak wWindow ol 7 - after peak windbw
B signal x[n) g [x[n]|
xinll 4 l il
2 ) 2t peak window
I
ﬁfj'; Wm?j\g 150 1é5 140 145 150 155
n
n
rectangular kaisar

0ar

0Bf

041

0.2r

0 peaﬁ wrindoyr . . .

meﬁl /—'f\x.ﬁuriginall signall |
3

after peak window |
signal

140 145 150 185 160
n

hanning

0&F

0BF

wln]

04F

02r

"I”en ' /—I/\Joriginal signal

peak wingdow #

after peak windg
signal 1

=

135 140 145 180 185

n

hamming
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How to solve the PAPR problem(4/6)

Different window with same window length (frequency domain)

03 1| — no peakwindowing |
— rectangle
— kaiser
—— hamming
- hanning
I'
-20.5
!
=285
-40.5
-45 3
J ) '”Inj-”
. ___"-_,..J-i |‘ﬂ‘
-50
-4 -3 2 1.1 09 g 09 1.1 2 3 4
7
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How to solve the PAPR problem(5/6)

* Same window with different window length-hamming window (time domain)

r:eff ﬂﬁiginal signall

after pealk window
signal '

XInll 4 |

Sl original signak

_-"aﬁer presakeuindow
| =signal

51 ?eal{ windnw'-._
0

140 145 150 155

n

N=7

- T

L Magt Wriginal signal |
'y

e /

jafter peak window

Isingnal .
I peakwindntw y
A S |
140 150 160

N=13

140 145 150 155

N=11

g | M riginal signal |
= after peakhwindow
! signal
ixingj 4} /7

5 [ peak windo W/

140 145 150 155 18D
n

N=15



How to solve the PAPR problem(6/6)

Same window with different window length-hamming window (frequency domain)

0 ! ! T . T
| I ! | 1| — no peakwindowing
. . b . 1| — window length=7

: : Do ' ' = wrindow length=4
' ' L L window langth=11
: | window length=13

15

5 L1l — wrindow length=
B L] e e e S e SR
(dB) f f i 5
40
45
50 5
4 0




Comparison of PAPR reduction techniques.

Distortionless

Power increase

Data rate loss

Requires processing at transmitter (Tx) and receiver (Rx

Clipping and
filtering

Coding

PTS

SLM

Interleaving

TR

Tl

ACE

No

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

MNo

No

MNo

No

Yes

Yes

Yes

No

Yes

Yes

Yes

Yes

Yes

No

No

Tx: Amplitude clipping, filtering
Rx: None

Tx: Encoding or table search
Rx: Decoding or table search

Tx: M IDFTs, WM-1 complex vector sums
Rx: Side information extraction, inverse PTS

Tx: U IDFTs
Rx: Side information extraction, inverse SLM

Tx: K IDFTs, (K — 1) interleavings
Rx: Side information extraction, inverse interleaving

Tx: IDFTs, find value of PRCs
Rx: Ignore non-data-bearing subcarriers

Tx: IDFTs, search for maximum point in time, tones to be
modified, value of p and g
Rx: Modulo-D operation

Tx: IDFTs, projection onto “shaded area”
Rx: None



