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TG4m OFDM OVERVIEW AND
INTRODUCTION
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PROBLEMS TO BE SOLVED (1)

Problem 1: Pulse shaping is applied for frequency band limiting.

* Filtering is needed at transmitter and probably at receiver.

— For TG4m applications, -55.4 dBr attenuation is necessary at the edge of a
channel band to satisfy white space out-of-band emission rules.
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What type of filtering is the best at transmitter and at receiver respectively for
TG4m OFDM?
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PROBLEMS TO BE SOLVED (2)

Problem 2: Filtering may improve BER performance.

* Three issues causing symbol errors
— ISI: signal spill-over in time domain
— White noise: uniformly distributed interference in frequency domain
— Fading: delayed signals caused by different reflected paths

What type of filtering is the best at transmitter and at receiver respectively for
TG4m OFDM?
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PROBLEMS TO BE SOLVED (3)

Solution for these problems?

* Oneissue for frequency band limiting

— Pulse shaping: The raised-cosine filter is a filter frequently used for pulse-
shaping in digital modulation due to its ability to minimize inter-symbol
interference (ISI). *

 Three issues causing symbol errors

— ISI: raised cosine filtering is inherently effective to ISI even with mild delay
spreads.

— White noise: matched filtering mitigates white noise effects
— Fading: delayed signals caused by different reflected paths

What type of filtering is the best at transmitter and at receiver respectively for
TG4m OFDM?

-> Raised cosine filters or root raised cosine filters are strong candidates for TG4m
pulse shaping.

* http://en.wikipedia.org/wiki/Raised-cosine_filter
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TYPES OF FILTERS

Filter: a device or process that removes from a signal some unwanted component or feature.
Most often, this means removing some frequencies and not others in order to suppress
interfering signals and reduce background noise.

e Butterworth filter — no gain ripple in pass band and stop band, slow cutoff

e Chebyshev filter (Type |) — no gain ripple in stop band, moderate cutoff

* Chebyshev filter (Type Il) — no gain ripple in pass band, moderate cutoff

* Bessel filter — no group delay ripple, no gain ripple in both bands, slow gain cutoff

e Elliptic filter — gain ripple in pass and stop band, fast cutoff

e  Optimum "L" filter

e Gaussian filter — no ripple in response to step function

e Hourglass filter

e Raised-cosine filter

* http://en.wikipedia.org/wiki/Filter_(signal_processing)
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TYPES OF FILTERS CONSIDERED

Filtering at transmitter Filtering at receiver

e Raised cosine filter Matched filter

* Root raised cosine filter * Root raised cosine filter
e Brick-wall filter e Simply Brick-wall filter
e Other types of filters * Nofiltering

e Other types of filters
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TYPES OF IMPLEMENTATION OF FILTERS

Filter implementation

e analog or digital

* discrete-time (sampled) or continuous-time

* |inear or non-linear

e time-invariant or time-variant, also known as shift invariance. If the filter
operates in a spatial domain then the characterization is space invariance.

* passive or active type of continuous-time filter

* infinite impulse response (lIR) or finite impulse response (FIR) type of
discrete-time or digital filter.

* http://en.wikipedia.org/wiki/Filter_(signal_processing)
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TYPES OF FILTERS APPLIED FOR

COMMUCATIONS
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For each case, this spectrum needs to be
reviewed to check whether the spectrum
of the transmitted signal meets emission
requirements.
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SUMMARY OF PROPOSED TG4m OFDM
PARAMETERS *

e Subcarrier spacing

— (9765 and 5/8) Hz or (78125/8) Hz

e OFDM symbol rate

— 7.8125 ksymbols/s, which corresponds (4/5)x(78125/8) or 128 us per symbol

— | a quarter-duration cyclic prefix

e Two OFDM modes

Parameter

Channel spacing (kHz)
Nominal bandwidth (kHz)
DFT size

modulation

CP; 25.6 ps) + a base symbol (102.4 ps)
/ Simulations only for this mode

Mandatory mode Optional mode
(4 times overclock mode)
1250 4*1250
1064.5 4248
128 128
BPSK, OPSK, 16QAM BPSK, QPSK, 16QAM

* 15-12-0481-01-004m-Ofdm-PHY-Merged-Proposal-for-tgdm
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PULSE SHAPING FILTERING FOR
TG4m OFDM
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SPECTRA WITH AND WITHOUT RAISED COSINE

FILETERING (2)
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* Similar results can be found in 15-12-0377-00-004m-TG4m-OFDM-filtering
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EFFECT OF FILTER ORDERS AND ROLL OFF

>4.5 >4.5
roll off
factor 128 095 115 6.1 2.55 095 1.2 4.5 1.75
of0 512 105 105 3.1 1.05 095  1.05 2.6 0.8
32 0.8 1.4 >10 >4.5 0.65 1.6 >10 >4.5
rolloff 128 0.9 1.4 2.0 0.5 1.05 1.4 3.8 1.4
factor . . . . . . . .
of0.5 512 09 135 1.45 0.23 115 1.4 15 0.25
32 08 1.6 3.7 0.85 105 1.8 >10 >4.5
rolloff 1,8 0.8 1.6  1.95 0.48 1.2 1.8 2.9 0.95
factor . . . . . . . .
ofl 512 075 16 1.9 0.45 13 1.85 2.0 0.5

* 15-12-0249-01-004m-OFDM-filtering-for-TG4m, May 2012
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BER PERFORMANCE OF RAISED COSINE
FILTERING WITH NO GUARD INTERVALS
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TYPES OF FILTERS APPLIED FOR SIMULATIONS

Filtering at transmitter Filtering at receiver
Case 0: | No filter - | No filter I
No filter
Case 1: | Raised cosine filter - | No filter I
Case 2: | Raised cosine filter - | Matched filter (raised cc Raised cosine filter

Case 3: | Root raised cosine filter | = | Root raised cosine filter Root raised cosine filter

Case 4: | Raised cosine filter = | Mis-matched raised cosi R°'|"°rf mismatching
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BER PERFORMANCE WITH NO MULTIPATH AND
ONLY WITH AWGN

* Without applying multipath fading and only with AWGN
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RAISED COSINE AND WHITE NOISE

From our simulation results
with no fading

Mo filter
Raised cosine filter
Foaot raized cosine filter |

Eb/NO (dE)

Analytical
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Measured results match the

analytical BER for AWGN.
http://www.scribd.com/doc/98611310/BER-
performance-for-BPSK
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BER PERFORMANCE WITH RCF AND RRCF FOR
VARIOUS CHANNEL MODELS (1)

Roll off factor: 0.5, using BPSK, no. of subcarriers: 128, and Filter order: 128, no
guard intervals

Indoor multipath channel Outdoor multipath channel A

Raised cosine filter L Raised cosine filter

Root raised cosine filter [ 7

Root raised cosine filter [ 7

I T I T 1 1 1 i I I I I ! i ] i
1 2 3 4 4 5 7 a 9 ll 0 1 2 3 4 5 G 7 8 9
Eb/m0 (dB) Eb/MNO (dE)
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BER PERFORMANCE WITH RCF AND RRCF FOR
VARIOUS CHANNEL MODELS (2)

* Roll off factor: 0.5, using BPSK, no. of subcarriers: 128, and Filter order: 128, no
guard intervals

Outdoor multipath channel B Outdoor multipath channel C

Faised cosine filter Raised cosine filter

Fooat raized cosine filter [ 7

Root raised cosine filter [ 77
I

T T T T 1 i 1 i I I I 1 ] | i
] 1 2 3 4 5 B 7 a 9 10 1] 1 2 3 4 ] B 7 g 9
Eb/NO [dE) Eb/NO (dE)
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BER PERFORMANCE WITH RCF AND RRCF FOR
VARIOUS CHANNEL MODELS (3)

* Roll off factor: 0.5, using BPSK, no. of subcarriers: 128, and Filter order: 128, no
guard intervals

Outdoor multipath channel D

Raised cosine filtering used for
pulse shaping improves BER
performance.

Root raised cosine filters have
better BER performance than
raised cosine filters.

Raised cosine filter

Root raised cosine filter [
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BER PERFORMANCE WITH RCF AND RRCF FOR
BPSK AND QPSK (1)

* Roll off factor: 0.5, using BPSK, no. of subcarriers: 128, and Filter order: 128, no
guard intervals

No fading Indoor multipath channel
0
10 e T S T s R | | | E ']I:II:I T PR R R T T e R 3
g Mo filter 1 E Mo filter E
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BER PERFORMANCE WITH RCF AND RRCF FOR
BPSK AND QPSK (2)

* Roll off factor: 0.5, using QPSK, no. of subcarriers: 128, and Filter order: 128, no
guard intervals

No fading Indoor multipath channel
1|:|D _______________________ T I T | ) RN oo | RN ']|:|I:I ______
Mo filter E Mo filter
Raised cosine filter I Raised cosine filter
107 Foot raised cosine filter ik = Raoot raised cosine filter |5
1D-2 B TN 1|:|2 - =
oo oE | |
% 10 LU 107 3
S R TN PR SRR N0 SEERIPIRIER SRRAIE TRRLLERE IR AN SPPPIS SOOPOS 08

Indoor fading degrades the

f - BER performance by around 1
1|:|'5 L dB Eb/NO
1D-E -Fl|ter§tudy08142012 .......... I ......... I ........ I. ........ I .; ........ ; ....... 1 I : I - :
T 2 4 & 8§ w1z 4 8 8 = 0 T 3 4 & 8 0 12 1 ® 15 x
Eb/MNO (dE) Eb/MO (dB)
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BER PERFORMANCE WITH RCF AND RRCF FOR
BPSK AND QPSK (3)

No fading
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BER PERFORMANCE WITH RCF AND RRCF FOR
BPSK AND QPSK (4)

Indoor multipath channel
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BER PERFORMANCE WITH RCF AND RRCF FOR

BPSK AND QPSK (5)

Indoor multipath channel

— BPSK; Mo filter
- BPSK: Raised cosine filter

ey ——— BPEk; Hoot raised cosine filter
QPSk: Mo filter .
CIPSk: Raised cosine filter
PSk, Root raised cosine filter &

.................................................................

O o I R T I

..........

..................................
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| Rolloff=0.5;

Filter order=256;

1D-E .................. I .......................... o I. ........ I .; ........ ; ........ NO. Samples per Symb0|=10
0 2 4 B o 10 12 14 16 18 20
Eb/NO (dE)
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BER PERFORMANCE WITH RCF AND RRCF FOR
BPSK AND QPSK (6)

Outdoor multipath channel C
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BER PERFORMANCE WITH RCF AND RRCF FOR
BPSK AND QPSK (7)

Outdoor multipath channel C

— BPSK; Mo filter

EFSK; Raised cosine filter
T s —— QPSK; Mo filter =
......... QPSk: Raised cosine filter
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.............................................................

m_ﬁ_.._.....; ........ o S S B o o S
0 2 4 B a 10 14 16 18 20
Eb/NO (dE)
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OFDM BER PERFORMANCE FOR
VARIOUS ROLL-OFF FACTORS AND
FILTER ORDERS
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BER PERFORMANCE WITH RAISED COSINE
FILTERING, VARIOUS ROLL-OFF FACTORS (1)

With no multipath fading: for Eb/NO = 0dB

Ver—— 77 T T T T T 1

0.115

0.11

1111 PR S R R S S S — BPSK; RCF | _|

L L i | | ———BPSK:RRCF

04 poeeenboemordee el QPSKRCF ]
o | | | | | | — QPSK RRCF &«
a i i i ia]

0.095

0.09

0.085

0.08

0.076 i i i i i i i i i
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Rolloff factor

______________________________________________________

— BPSK; RCF
----- BPSK: RRCF
~--=+- QPSK RCF
R A PR S S it QPSK RRET
| | | | i | | | |

0 0.1 0.2 03 04 05 068 07 08 D09 1

Rolloff factor

Increasing roll-off factors does not improve BER performance:
BER with RRCF is not affected by roll-off factors while BER
with RCF increases as its roll-off factor increases.
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BER PERFORMANCE WITH RAISED COSINE
FILTERING, VARIOUS ROLL-OFF FACTORS (2)

With multipath fading: for Eb/NO = 0dB

e N A Do AP S owwes e B e
: o ' ' o ' ' i ! ! ' ' L ' '
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: Q:PSK R?CF ; : : : : : LY R BPSK: RRCF | ! : : : :
5 ——mmin QPSK RCF , . : . : .
01 : 0.4 ===== QPSKRRCF [t d ]
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0.09 1 i i i i i i i i 0.08 i i i i i i i i i
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Rolloff factor Rolloff factor

Multipath fading results in more BER difference
between with RCF and with RRCF.
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BER PERFORMANCE WITH RAISED COSINE
FILTERING, ROLL-OFF MISMATCH

1 RRCF
1[] '—::::::::::l::::::::::::l::::::: .
FTTRRLSICCIIPICIIICCICIIEIiiict guard interval=0;
[CIoIIoIiiTeeez--ooizzzzrozzzzz channel_delay= [0 4e-7 9e-7 16e-7 24e-7];
T i T R channel_power_attenuation_dB=[0-1-1-1-1]
107 brozrosrosncbozrmarmerestiugerneroardarornorzaradenzrosrosnalozrorosadd
1D_3:_EEEEEEEEEEEEEEEEEEEEEEE..EEEEEEEEEEE,,EEE_EEEEEﬁEEEEEEEEEEﬁEEEEEEEEEE
::::::::::::E:::::::::::E:::::::::::I::::: ::::I:::::::::::I::::::::::::
e I T T X S R
T [ e L T L T L L
L
o b = ! ) :
=2 Roll off mis-mathing does not affect BER i23§2z=z=z=zgz222:2:22:2:2:2:3
[ performance significantly. ::::':::::1::::::::::::
107 bl — TX rolloff 0.5, RX rolloff 0.25 I R
| ——— T rolloff 025, RX rolloff 0.5 |, IIIRREIIIIIIZiii:s
[ Matched RRCF - rolloff 0 25 |CZCZCCICCI3IIIIICIII Iy IlIiiliiiit]
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BER PERFORMANCE WITH RAISED COSINE
FILTERING, VARIOUS FILTER ORDERS (1)

0.13 . . . . .
' ' ' 5 i For Eb/NO = 0dB
0.12 e ——NS—N—N—N—N—Y—N—_S_ S_S_ST A,
——————————————————— i it e E R SV
D_-1-1 __________.I__________I__________I._________.: ________________________________
—-—-=- BPSK: RCF
AP I U S S SR Il BPSK: RRCF | __
m QPSK; RCF
: : : A Rt QPSK; RRCF
009 b-------._i. Asthefilter order increases up to 32, BER decreases. For
"~ ! higher filter order than 32, BER stays stable.
-I‘"q._ : 1 1 1 1 1
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Submission

Slide 33 Soo-Young Chang (SYCA)

doc.: IEEE802.15-12-0627-01-004m



BER

0.13

0.12

0.11

0.1

0.08

0.08

November 2012

doc.: IEEE802.15-12-0627-01-004m

BER PERFORMANCE WITH RAISED COSINE

FILTERING, VARIOUS FILTER ORDERS (2)

- There seems to be two levels of BER performances and the break-point happens when filter
order = (no. Samples)*2.

- Filter order seems to have a more dynamic impact when we want to control the transmission
(e.g., spectral over-spill) than when we study the reliability performance.

: : : ! : o1
| ’ ' : | 0.12
0.115
0.11
i : : 0.105
| I I IR iey | ' | —
.. 10 samples/OFDM symbol _|*===" BPSK.RRCF i 0.1|---- 6 samples/OFDM symbol -1 _, .., : 7
: - : —— QPSK: RCF @ ; ; | BPSK: RRCF
! : N QPSK: RRCF 0,095 |- - =mmeebemmmmemmemboemce e b — QPSKIRCF ||
i : i : : : : A QPSK: RRCF
""" e R s W Y SO S N S
i ; A 1] RS SRR SO NS S AR SO -
T s ' e ey e -
: : : poo Femumunt 0.08k---- ol ST LY T Y L ____1_______-_.___1___________1 __________ |
E E E E E = ‘ "a.ili-i-...li:'-..'lll lllllllll
i i i i i 0.075 i i i i
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Filter order For Eb/NO =0dB Filter order
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BER PERFORMANCE WITH RAISED COSINE
FILTERING, VARIOUS FILTER ORDERS (3)

BER performance for various filter orders

* Roll off factor: 0.5, using BPSK, Eb/No: 6dB, no. of subcarriers: 128 and no guard

intervals

...... : Foot raised cosine filter |J

A For indoor channel model

Raised cosine filter

BER

riail 1 A I 1 P A
10 10 1ot

Filter arder

0.02
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0.012
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0.004

Dooinn : I Raized cosine filter
....... T PU SR HNURRRE SO SRR SO O Root raised cosine filter |

= For outdoor channel model C |

! M i P A | | HETE PR BT I I
10" 10 10 10 10

1l |
1 3

Filter arder

As the filter order increases up to 32, BER decreases. For higher filter order
of 32, BER stays stable.
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COMPARISON OF BER PERFORMANCE WITH
AND WITHOUT FILTERING

With no guard intervals
“arious fading models

0.4 : ! : : : : : ; . * Without filtering
: : : RRCF filter (no fading) .
0.35 : : : RRCF filter (indoor channel) i " Indoor model fadmg
o RRCF filter (outdoor channel A) causes BER performance
03k e No filter (no fading) 1 degradation while outdoor
' Mo filter (indoor channel) 80
: . No filter (Uutd}r\hannnel A) model A has negligible
025kF------- F ........ ......... .-\\:“-‘L ..... . ........ ....... A ....... S impaCt on BER
& ool L o SO S - _ e performance.
(] . . K & - - _E_
o15F------- > ........ ......... ........ . ........ ........ "-q.‘-* ....... ......... ° With filtering

" Indoor channel and
outdoor channel A do not
make significant difference
in BER performance.

= Fading effects on BER are
mitigated by filtering.

Eb/ND (dB)
Observations from these results
1. RCF filtering improves BER performance.
2. RCF filtering mitigates fading effects on BER for all channel models in TGD.
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OBSERVATIONS

* Spectral shaping with raised cosine filtering
— As the roll-off factor increases, distance between -55dBr point and the in-band edge decreases.
— Asthe filter order increases, distance between -55dBr point and the in-band edge decreases.
 BER performance with raised cosine filtering

— With and without fading, around 10 dB performance improvement is made by using
raised cosine filtering both at transmitter and receiver.

— Root raised cosine filters have better BER performance than raised cosine filters by
around 1 dB.

— BPSK cases have better BER performance than QPSK cases by around 1.5 dB for a fixed
symbol rate.

— Multipath fading degrades BER performance by 1-2 dB comparing to no fading cases.
— Increasing roll-off factors does not improve BER performance:

* BER with RRCF is not affected by roll-off factors while BER with RCF increases as its
roll-off factor increases.

— As the filter order increases up to around 30, BER decreases. For filter orders of higher
than 30, BER stays stable.

* There seems to be two levels of BER performances and the break-point happens
when filter order = (no. of samples)*2.

— Roll off mis-mathing does not affect BER performance significantly.
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CONCLUSIONS (1)

BER performance is improved with raised cosine filtering due to reduction in
ISI while its adoption can satisfy strict white space out-of-band emission
requirements.

* The case of raised cosine filtering at transmitter and no filtering at receiver
has the worst BER performance.

— For this case, the receiver does not need to know transmitted signal profile. It
means that the standard will not specify receiver filtering.

* The case of root raised cosine filtering has the best BER performance
while the case of raised cosine filtering both at transmitter and receiver
(that is, matched filtering) has almost the same performance as the case
of root raised cosine filtering.

* Forthese cases, the receiver should know transmitter filter parameters. It
means that the standard should specify receiver filtering.

* Roll-off mismatch does not affect BER performance significantly.
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CONCLUSIONS (2)

The best filter parameters for TG4m
* Comparison/analysis of filter parameters which affect performance

Raised cosine filtering Root raised cosine filtering

Spectral shaping BER performance Spectral shaping BER performance
Roll-  Should be larger 0.5 difference in Should be larger 0.5 difference in roll-
off  than 0.5 roll-off factor=> 0.2 than 0.25 off factor-> 0.2 dB
factor dB Eb/NO difference Eb/NO difference
Filter  Higher filter order  should be higher Higher filter order should be higher
order -> less out-of band than 30 for stable - less out-of than 30 for stable
BW required BER band BW required BER

* The best choice for TG4m pulse shaping filter parameters from the above
analysis

* Raised cosine filtering: with roll-off factor of 0.5 and filter order of 128
* Root raised cosine filtering: with roll-off factor of 0.5 and filter order of 128
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CONCLUSIONS (3)

Proposed change to the draft

 Change sub-clause 20.2.3.11 to add the following sentence to the end of
the paragraph:

* "In addition to pulse shaping at the transmitter, filtering at the receiver may be
used for improved performance.”

* With the proposed change, the sub-clause looks as follows:
20.2.3.11 Pulse Shaping
Pulse shaping is applied at the transmitter. The pulse shaping method is as needed to

meet regulatory requirements in the band of operation. In addition to pulse shaping at
the transmitter, filtering at the receiver may be used for improved performance.
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