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Synchronization and OFDM

Synchronization is an essential task for any digital cOfgunication

system
It is @ major design problem

OFDM is used for two kind of systems
Broadcast-type systems =» such as DAB & DVB
Packet-switched networks =» such as WLAN

Synchronization & OFDM

Broadcast-type systems transmits data continuously
The receiver can initially spend relatively long time to acquire the signal (acquisition
mode) and then switch to the tracking mode

WLAN systems have to use “single-shot” synchronization

The synchronization has to be acquired during a very short time after the start of the
packet
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Synchronization in Packet-Switched Networks

i, very short

In WLAN, the receiver has to acquire the synchronizatiC
time
Single-Shot Synchronization . ..

To facilitate WLAN "single-shot synchronization®, the IEEE 802.11a
Includes

Receiver training information is needed continuously

To achieve good system throughput,
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Packet Synchronization

The |[EEE 802.11 MAC protocol is essentially a Random A@eess Network.
The receiver does not know exactly when a packet starts

=" Packet Detection is needed . ..

Packet Detection

= The task of finding an approximate estimate of the start of the
preamble of an incoming data packet

Packet Detection is the first synchronization algorithm that iIs
performed

= The rest of the synchronization process is dependent on good
packet detection performance
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Packet Detection

Packet detection test
H,, : Packet not present

H, : Packet present

Test statement

H,:m <Thr = Packet not present
H,:m, =Thr = Packet present

The performance of packet detection can be measured with two
probabilities:

Probability of detection P,
The probability of detecting a packet when it is truly present

Probability of false alarm P,
The probability that the test decides that a packet is present, when actually there is
none
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Packet Detection Performance

P, should be as high as possible
P should be as small as possible

In general, increasing P, increases P, and decreasing P, decreasgs
Pry
The packet detection algorithm should be a compromise between
P, and Py,

The false alarm is less severe error than not detecting a packet at all
After a false alarm, the receiver will try to synchronize to
nonexistent packet and will detect an error
Not detecting a packet always results in loss of data

= A little higher P, can be tolerated to guarantee good P,
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Packet Detection Methods

Timing Estimation

Symbol

Packet Sample Clock
Synchronization

Synchronization Tracking

Received Signal Energy
Detection

Double Sliding Window
Packet Detection

Preamble Assisted Packet
Detection
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Received Signal Energy (RSE) Detection

The algorithm:
Find the start edge of the packet by measuring the receivedSsignal

energy
When there is no signal received, the received signal r, consists @f noise

onlyr,=w,
When the packet starts, the received energy is increased by the signal
componentr, =w, +5,

~ The packet can be detected as a change in the received energy level

Use the accumulated signal energy (m,)over a window of length L

Joll

L-1
*
mn ~ Z rn—krn—k = Z
k=0

k=0

2
rn—k‘
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Received Signal Energy Detection (cont'd)

Algorithm evaluation

Pros.
Simple algorithm
Cons.

The value of the threshold
depends on the received
signal energy

It is difficult to set a
threshold to decide when a
new packet is coming

i)
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Double Sliding Window Detection (DSW)

The algorithm
Use two consecutive sliding windows to calculate the reC@ixed
signal energy
Form the decision variable m,, as a ratio of the total energy
contained inside the two windows ( Packer ] .

Windows A and B are considered
stationary relative to the sliding
packets

Window A Window B

Thr

When only noise is received, the
output is flat

The response of m,, can be though of m
as a differentiator £
The response is large when the D= =
input level changes rapidly

n
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DSW (cont'd)
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Preamble Aided Packet Detection

e |S

In this approach, the known |IEEE 802.11 preamble stru
Incorporated into the synchronization algorithm

The IEEE 802.11 was designed to aid the detection of the incomifg
packet edge

10x0.8=8.0pus 2x0.8+2x32=80pus

p >| < >
Al A2 | A3 | A4 | AS | A6 | A7 | A8 | A9 | A10 CP C1 C2
< : > < > < >
Packet Detection, Coarse Freq., Channel Estimation,
AGC, Diversity Offset estimation, Fine Frequency Offset Estimation
Selection Symbol Timing

Preamble parts:

A1l = A10 : short training symbols (16 samples each)

CP : cyclic prefix (32 samples) that protects C1 and C2 from ISI
C1 & C2 : Long training symbols (64 samples)
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Preamble Aided Detection (cont'd)

Delay and Correlate Algorithm
This algorithm utilizes the same DSW algorithm, but with¥taking
advantage of the periodicity of the short training symbols attart of
the preamble

L-1
%
Cn = Zrn+krn+k+D
k=0
L-1 L-1
* 2
P, = Vb D s b+ Dl Z rn+k+D‘
k=0 k=0
2
C r C ) m
I ,, @a c B ,
(P.)
_>Z—D T » P _L_»( )2.

Delay and Correlate Algorithm
Two sliding windows C & P
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Preamble Aided Detection (cont'd)

When the received signal

I | I 1 1
consists of only noise, the ool ' _____ ' _____ ' G ]
output ¢, of the delayed T L
crosscorrelation is zero- [T RIS
mean r.v. 0.7------§ ----- i ----- i--;u-n;p;}&-m-[ -é- - -i------' ----- §
Once the start of the DonTTee T i A I §
packet is received, ¢, isa  o05p---- bonens e e e 5
crosscorrelation of the S T A T . :
identical short training AR | U T IO O o O
symbols, which causes m,, wid Nk
to jump quickly to its 021 T AN 7T
maximum value 01 - - g H U F - AP T
This jump gives a good %6 100 200 300 400 500 600 700 800  90C
estimate of the packet Algorithm response Sample index
Ed g ¢ IEEE 802.11a packet with SNR = 10 dB
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Symbol Timing

Symbol Timing is the task of finding the precise momeng.of when

individual OFDM symbols start and end

Packet Detection provides an estimate of the packet edge
Symbol timing refines the estimate to the symbol level

Symbol timing is essential in OFDM
The symbol timing results defines the DFT window, i.e., the set of samples used to
calculate DFT of each received OFDM symbol
The DFT result is then used to demodulate the subcarriers of the symbol

WLAN Synchronization 16.3.2004 © Hafeth Hourani 20



Symbol Timing Algorithm

Symbol timing can be | | | | 1: ;
performed by calculating sl . I . [ L L J
the crosscorrelation of the f 3 | 5 | ;
received signal r, and a Sp------ - To----- S ARRRREE Fe-ee- SEEREES
known reference ¢, | Corretsymboltiming pbint || L ]
mf A
3 | PR bomeeoo o]
i 2 : : : :
A v 2 : IO e T
" k=0 1 ' : |
In the equation, the value of n that corresponds to 1 | A/F L/ Y Y UINIA L NN 7 N C ]
maximum absolute value of the crosscorrelation is the ! l
symbol timing estimate 0 ' !
0 20 40 60 80 100 120 140

Sample index
The output of the crosscorrelator that uses the first 64 samples of
the long training symbols of IEEE 802.11 preamble
SNR =10 dB
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Packet Detection Methods

Timing Estimation

Symbol
Synchronization

Packet
Synchronization

Sample Clock
Tracking

e LY
s <

Received Signal Energy
Detection

v

Double Sliding Window
Packet Detection

v

Preamble Assisted Packet
Detection

v
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Sample Clock Synchronization

The task of tracking the sampling clock frequency

The sampling clock error has two main negative impacts:
A slow shift of the symbol timing point

Results in a subcarrier rotation

Loss of SNR due to intercarrier interference (ICl)
Results in a loss of subcarriers orthogonalilty

The normalized sampling error is given by

. T'-T T' Receiver sampling period

A T T Transmitter sampling period

The degradation in SNR was proved to be

2

/) 2
Dn ~ 1Olog£1+3 NS (ktA) j where k: Subcarrier index

0
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Sample Clock Synchronization (cont'd)

The amount of rotation angle experienced by different
given by

arriers Is

T
J2rkt =
e L
where k: Subcarrier index

[ : OFDM symbol index
T;: Duration of the total OFDM symbol

T,: Useful data portion of the symbol

The angle depends on both subcarrier index and the OFDM symbol
Index

Hence, the impact is larger on the outermost subcarriers and
increase with consecutive OFDM symbols

Large subcarrier rotation prevents the correct demodulation
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Estimating the Sampling Frequency Error

The approach of estimating the sampling frequency err on the
pilot subcarriers

The pilot subcarriers are used to transmit known data called pi.
symbols

The receiver can utilize the pilot symbols to perform synchronization
functions

The sampling frequency offset is estimated by using the knowledge of
the linear relationship between the phase rotation caused by the offse
and the pilot subcarrier index
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Correcting the Sampling Frequency Error

The rotation caused by the sampling frequency offset pe corrected

with two main approaches

By adjusting the sampling frequency for the receiver ADC
n(t)

T T e
[ VCXO ]4—[ DPLL ]4

By de-rotating the subcarrier after the DFT processing
n(t)

LB e >G+> "(t)»[ ADC Hrob/stuffH FFT ]—»[ POTOR ]——>
T CLDPLL k

Fixed
Xtal
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Frequency Synchronization

OFDM is very sensitive to the carrier frequency offset

The carrier frequency error causes a significant SNR degradatio
OFDM

The degradation is caused by two main phenomena:

Subcarrier amplitude reduction
This is because the desired subcarrier is no longer sampled at the peak of the sinc-
function of DFT

ICI caused by neighboring subcarriers

The SNR degradation is approximated by

10
Rloss_3l ( fA)
0
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Frequency Synchronization Approaches

3. OFDM can

The estimation algorithms of the carrier frequency offsg
be divided into three types:

Data-aided algorithms
Based on special training information embedded into the transmitted signal

Non data-aided algorithms
The received signal is analyzed in the frequency domain

Cyclic prefix based algorithms

In WLAN applications, the first type is the most important (Data-aided)
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Channel Estimation

esponse of

Channel Estimation is the task of estimating the freque
the radio channel

The impulse response of a time varying channel
h(z;t) =Y a,(t)e " 6(r -7, (1))
The WLAN applications generally assume a quasistationary channel

h(Z') 4 Z ane—jzzzfcrn (t)5(2' - Tn)

There are two approaches for handling the channel estimation
Frequency Domain
Time Domain
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Frequency Domain Channel Estimation

The channel estimation is based on the training data traWsmitted on
every subcarrier

The training symbols in the WLAN preamble are used for thi

Qurpose

| 10x0.8=80pus 2x0.8+2x32=80us
< >| < >|

Al A2 | A3 | A4 | AS | A6 | A7 | A8 | A9 | A10 CP Q C1 C2
< : > < > < >
Packet Detection, Coarse Freq., Channel Estimation,
AGC, Diversity Offset estimation, Fine Frequency Offset Estimation

Selection Symbol Timing

Preamble parts:
Al = A10 : short training symbols (16 samples each)
CP : cyclic prefix (32 samples) that protects C1 and C2 from ISI
C1 & C2 : Long training symbols (64 samples)
The contents of C1 and C2 are identical
Averaging over C1 and C2 can be used to improve the quality of

estimate
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Frequency Domain Channel Estimation (cont'd)

After DFT processing, the received training symbols are

R = H ” X T VVZ k Where R, : the received training symbols
: ’ X, : the training symbol
H, : channel response ..
W, : additive noise

The channel estimate can be calculated as the following:

N 1 *
Hk o E(Rl’k + Rz,k )Xk

1

:E(Hka +W1,k "'Hka +VV2,k)XZ

2.
=H, ‘ X L ‘ T (I/V1 - I/V2 " ) X Z Selecting data training amplitude to be equal to one
2 ’ )

1 "
=H T 5 (VVlk + VVz,k )X k¥  The noise samples W, ; and W, are statistically independent
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Time Domain Channel Estimation

* The channel impulse response is estimated

K h * X, + A The received time domain signal during the two long training symbd
Y Yo Xe3 X64-2+2 | The circular convolution hy
X, X X matrix of the training h,

Xea—r+
ck symbols, L the max length

of impulse response that

Xe3  Xgo X, | can be estimated

Xea K63 "t Xed il i h,
il -1
h _EX (it +r2’n)

%X‘l()ﬂwwl + Xh+w,)

:XthJk%Xl(w1 +Ww,)

= ler%)(_l(w1 +W,)
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Summary

Synchronization is an essential task in WLAN

WLAN synchronization can be decomposed into four main task

Timing estimation

Sampling frequency estimation
Frequency Synchronization
Channel Estimation

Timing estimation consists of two main task
The packet synchronization
The symbol synchronization
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Thank You !
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Homework

Q1. In that equation in slide 12, we have accumulated the signal*ci
window of size L. Why ?

OvVCer a

Q2. In the double sliding window algorithm (presented in slide 14), the output of
the receiver 1s flat when only noise is received. Why? And how does this alg@githm
solve the problems encountered when using single window?

Q3. In block diagram of the Preamble Assisted Detection algorithm (slide 17); what
1s the purpose of using window P?

Q4. The most important frequency synchronization algorithm for WLAN
applications 1s the “Data-aided algorithms™ (slide 29). Why? Where did we get suc
data to “aid” the frequency synchronization?
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