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Unified View of MC Modulation

b(k)(lN):  QAM data symbols

g(k)(n):  Sub‐channel pulses, obtained from the 

modulation of a prototype pulse

N: Interpolation factor N ≥M number of sub‐channels

©  UniUD - Tonello

N:  Interpolation factor N ≥ M number of sub‐channels
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Considered MC Schemes

OFDM: Orthogonal Frequency Division Multiplexing

FMT:  Filtered Multitone Modulation

Concatenated OFDM‐FMT
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State‐of‐the‐art Radio Systems
WPAN

WiMedia
IEEE 

802.15.3c
mmWave

IEEE 802.11
WLAN

IEEE 802.16
WMAN
WiMax

DVB-T
WMAN

DTT

3GPP
CELLULAR
LTE (DownL)

IEEE 
802.11p

V2V

Modulation Multiband 
OFDM:

14 sub-bands
in 3.1-10.6 GHz
M=128 per band

Multiband
OFDM:

58.32, 60.48,  
62.64, 64.8 

GHz
M=512 per

OFDM
M=64, 128

OFDM
M=512, 1024

OFDM
M=2048, 8192

OFDM
M=128 to 2048

OFDM
M=32,64

M 512 per 
band

Mapping QPSK QPSK, 16-
QAM, 64-QAM

2, 4, 16, 64-
QAM

QPSK
16, 64-QAM

QPSK
16, 64-QAM

QPSK
16, 64-QAM

2, 4, 16, 64-
QAM

Channel CC LDPC, RS- CC (mandatory) CC CC+RS Turbo coding -Channel
Coding LDPC

( y)
LDPC (optional)

g

RF 
(Approx)

Function of the 
used band

57-64 GHz 2.4, 5GHz 2.4 GHz VHF-UHF 2.6 GHz 5.9 GHz

• All of them deploy MC modulation

Bandwidth 528 MHz 2.592 GHz 20, 40 MHz 5, 10 MHz 
(Europe)

6, 7, 8 MHz 1.25 up to 20 
MHz

10, 20 MHz

Rate 53 to 480 Mbit/s 59 Mbit/s to 6.3 
Gbit/s

11 to 600 Mbit/s <70 Mbit/s 4 to 32 Mbit/s <100Mbit/s 3 to 54 Mbit/s

• All of them deploy MC modulation
• Different number of sub-channels depending on the application

MAC CSMA-CA,
TDMA

Point to Point CSMA-CA,
TDMA

OFDMA, TDMA - OFDMA CSMA/CA

CP 303 ns 24.69, 49.38 µs 0.8, 0.4 µs 1/4, 1/8, 1/16, 
1/32

1/4, 1/8, 1/16, 
1/32

4.69 to 16.67 µs -

MIMO NO NO Up to 4 spatial up to 4 spatial NO 4x2 2x2 1x2 -

©  UniUD - TonelloMOBILIGHT 2010, May 12, 2010

MIMO NO NO Up to 4 spatial
streams

up to 4 spatial
streams

NO 4x2, 2x2, 1x2, 
1x1

-

RANGE <10 m <10 m <100 m some Km up to 30 Km Up to 1Km



OFDM
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Cyclically Prefixed OFDM

M tones (sub‐channels)

R t l b h l l ( i d ) f d ti N > M lRectangular sub‐channel pulse (window) of duration N > M samples

Cyclic prefix (CP) of length µ=N‐M samples (typically longer than the 

©  UniUD - Tonello

channel duration)
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FFT Output

A CP shorter than the channel duration introduces inter‐

symbol and inter‐carrier interference:

( ) ( ) ( )= + +( ) ( ) ( ) ( )( ) ( )kk k k kz N H a N I N W N

The signal‐to‐interference‐plus‐noise ratio (SINR) is

Sub‐channel response Data ISI+ICI Noise

The signal to interference plus noise ratio (SINR) is

µ
µ =

( )
( ) ( )( )

k
k UPSINR Useful powerµ

µ
=

+( ) ( )( )
( )k k

W I

SINR
P P

Interference powerNoise power
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Interference powerNoise power
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Optimal CP Design

With Gaussian inputs, AWGN, and single tap equalization the 
h bl ( ) fachievable rate (capacity) for a given CP is

µ− ⎛ ⎞⎟⎜∑
( )11 ( )kM SINR

( )
µ

µ
µ =

⎟⎜ ⎟= +⎜ ⎟⎜ ⎟⎜+ Γ⎝ ⎠
∑ 2

0

1 ( )( ) log 1      [ / ]
k

SINRR bit s
M T

The achievable rate is a function of the CP

Gap factorSampling period

The achievable rate is a function of the CP 

The optimal CP is found maximizing the achievable rate

⎧ ⎫

( )µ

µ
µ

µ≤ < ∈

⎧ ⎫⎛ ⎞⎪ ⎪⎟⎪ ⎪⎜ ⎟= +⎜⎨ ⎬⎟⎜ ⎟⎜⎪ ⎪+ Γ⎝ ⎠⎪ ⎪
∑

( )

2
0 .

1 ( )argmax log 1
k

OPT
ch length k K

SINR
M
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( )µ µ≤ < ∈+ ⎝ ⎠⎪ ⎪⎩ ⎭0 .
ON

ch length k K
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Adaptive CP‐OFDM

We can adapt the CP to the specific channel responsep p p

We can also choose a “globally optimal CP”g y p

CP t

es
po

ns
e

CP

CP

t

ha
nn

el
 re

CP tch
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Application in WLAN Scenarios

System Parameters
350

M 64

B = 1/T 20 MHz

/

250

300

M
bi

t/s
]

PSD TX ‐53 dBm/Hz

NOISE ‐168 dBm/Hz

Baseline µ = 0 8 µs
150

200

C
(µ

) [
M

Baseline
system

µ = 0.8 µs

Channel Class B – 10 m
50

100
100

0 0.2 0.4 0.6 0.8 1
0

µ [µs]
channel realization

Capacity vs. CP length for 100 channel realizations
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Bit‐Loading and CP Adaptation

A. Estimate the sub‐channel SINRs at the receiver

B. Compute energy distribution and optimal CP

C. Compute sustainable rate on a given sub‐channel

ll b (f ll ) d bD. Allocate bits (finite size constellation) and energy to sub‐

channels such that you do not exceed the sustainable rate, i.e.,

( ) ( )kSINR µ⎢ ⎥⎛ ⎞( )
( )

2
( )log 1k OPTSINRb µ⎢ ⎥⎛ ⎞

= +⎢ ⎥⎜ ⎟Γ⎝ ⎠⎣ ⎦

©  UniUD - Tonello

Number of bits allocated to sub-channel k
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FMT

Ref:  Cherubini et al, IEEE JSAC 2000

©  UniUD - TonelloMOBILIGHT 2010, May 12, 2010



FMT Basics
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Pulses obtained from modulation of a prototype pulse
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Time/Frequency confined pulses
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Perfect reconctruction solutions provided that N > M
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Efficient Realization

Synthesis

M point IDFT  and Cyclic extension to  = = =2 1 2. . .( , )M l c m M N L M L N
( )( ) ( )  0,..., 1ig nN g i nN i N= + = −Pulses: PP components of order N, i.e.,

y

( ) ( ) 0, ,g gPulses: PP components of order N, i.e.,

2LSample with period  
Analysis

• Complexity: M log M + L (pulse length) operations/sample

Dual operations 

Analysis

©  UniUD - Tonello

• Complexity:  M log2M + Lg,h (pulse length)  operations/sample
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Orthogonal FMT
The IDFT output coefficients at the TX and DFT input coefficients at the RX 
must be identical to have perfect reconstruction

h l ff f f lParameterize the pulse coefficients via trigonometric functions of angles. 
Search for pulses that fulfill the orthogonal relations and maximize the in‐
band energyband energy

80
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IR
 (d

B
)

M = 1024

20

40S
I

M = 256

M = 64 

0 1 2 3 4 5 6 7
0

γ (normalized delay spread)

RRC Lf=6N RRC Lf=2NIOTA Lf=N
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Ref: Moret, Tonello, EURASIP Journal on Advances in Signal Processing, 2010.



Equalization

In FMT, the intercarrier interference (ICI) is negligible

We can handle the inter‐symbol interference (ISI) with sub‐
channel equalization

Linear sub‐channel equalization is the easiest solutionLinear sub‐channel equalization is the easiest solution

One tap equalization is possible ifM is large

Fractionally spaced equalization easies synchronization

Multichannel equalization (MIMOMAP‐ML) is also applicableMultichannel equalization (MIMO MAP ML) is also applicable

©  UniUD - TonelloMOBILIGHT 2010, May 12, 2010

Ref: Tonello, Bell Labs Tech. Journal 2003



Matched Filter Bound of FMT in Fading Channels

For uncoded transmission the best attainable performance corresponds to that 

obtained with ideal maximum likelihood detection (MFB)obtained with ideal maximum likelihood detection (MFB) 

It allows to predict the effect of the prototype filter and number of sub‐channels

The exact matched filter bound BER can be computed in closed form:

1
0/ 41 2( ) 1

imN n
i

MFB i
NlP k A λ′ −⎡ ⎤

= −⎢ ⎥∑∑ ∑, , 2 2 2 1
1 1 0 0

( ) 1  
2 2 (1 / 4 )e MFB i n l l

i n l i

P k A
l Nλ +

= = =
⎢ ⎥

+⎢ ⎥⎣ ⎦
∑∑ ∑

Ai,n: coefficients of the partial fraction expansion of the characteristic function of 
2 ( ')2 * *

,
( ) ( ) ( ) ( ) ( )

P

kj f p p T
M

MFB e p p
i p p

d k D e iT iT g iT pT g iT p T
π

−

′
′∈ ∈

′= α α − −∑ ∑
Z

λi: eigenvalues of 

H H
e k kD= α W GW α

[ ]H H
e k k e kD E D=αα W GW RG
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Vector channel taps Prototype pulse correlation



ITU PB channel with quasi static fading
Bandwidth W=3.84 MHz – ITU‐3GPP PB Channel
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FMT is a diversity transform. In Frequency Selective Fading
FMT is a good choice complexity wise
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g p y
Single Carrier modulation is a good choice performance wise.
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Flat Fading with Jakes' Doppler spectrum
W=24.3 kHz
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Performance with Linear Equalization

( )k

Signal Power 60
A: FMT

M=32, N=40, fDT=4 x 10-4
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60
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If Doppler spread dominates FMT has superior performance w.r.t. OFDM with
single tap equalizer
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If Delay spread dominates similar performance with single tap equalizer

Ref: Tonello, Pecile, IEEE TW 2006



Adaptive FMT
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Adaptive FMT

We can generalize the idea of Adaptive OFDM to FMTg p

Optimize the overhead β = N-M such that capacity is maximized

( )
( ) ( )

[ ]
β

β
⎛ ⎞⎟⎜ ⎟⎜∑1 l 1 /

kSINR
R bit( )

( )
[ ]

β
β

β ∈

⎟⎜= + ⎟⎜ ⎟⎜+ Γ ⎟⎜⎝ ⎠
∑ 2log 1    /

( )
ONk K

R bit s
M T

We can also adapt the pulse shape
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Application to WLAN Scenario

class B, avg. rms ds: 25 ns
class C, avg. rms ds: 39 ns
class D, avg. rms ds: 55 ns
l E d 100

System Parameters
M 64

B 1/T 20 MH
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Ref:  Ercegl, Shumacher et al. : IEEE P802.11Wireless LANs, TG.n ChannelModels
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Application in WLAN Scenarios
FMT vs. OFDM

0 9

1

) d = 30m
d = 3m OFDM β=0.8µs

0.7

0.8

0.9

P
( C

( β
 ) 
≥ 

x 

d = 10m

50 100 150 200 250 300
0.6

0.7P

CLASS D

0.9

1

≥ 
x 

)

d = 3m

0.7

0.8

P
( C

( β
 ) 

d = 30m

CLASS F

d = 10m

50 100 150 200 250 300
0.6

x [Mbit/s]
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Application in WLAN Scenarios
FMT vs. OFDM

OFDM β=0.8µs
OFDM β(99%)0 9
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Application in WLAN Scenarios
FMT vs. OFDM
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Application in WLAN Scenarios
FMT vs. OFDM
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Application in WLAN Scenarios
FMT vs. OFDM
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Multiuser OFDM and FMT
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Multiuser Uplink
 

user 1 user 4

Users are asynchronous

Time offsets between users (propagation delays)
user 3 user NU

user 2

receiver

Time offsets between users (propagation delays)

Carrier frequency offsets between users (oscillators, Doppler)

user NU 

MC modulation allows implementing a form of FDMA by 
partitioning the sub-channels among the users

User 1 User 2 User 3 User 1 User 2

frequency

M FMT sub-channels

The sub-channel spectral containment of FMT makes it more robust to 

©  UniUD - TonelloMOBILIGHT 2010, May 12, 2010

time and carrier frequency offsets than OFDM !



Concatenated OFDM with FMT
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Basics of Concatenated OFDM‐FMT
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M FMT sub-channels

Inner FMT to multiplex the users.
Outer CP-OFDM to remove the sub-channel ISI.
Cyclic TX Diversity combined with Walsh-Hadamard Spreading
to gain spatial diversity over all the M2*M (OFDM x FMT) sub-
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FMT  Stage
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OFDM Stage
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Cyclic Transmit Diversity + Linear Precoding
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Concatenated OFDM‐FMT vs. MC‐CDMA
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MC‐CDMA with 128 Tones and with Walsh Codes Length 128.



Concatenated OFDM‐FMT vs. MC‐CDMA
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Concatenated DMT‐FMT performs better than MC‐CDMA in the uplink !

MC‐CDMA with 128 Tones and with Walsh Codes Length 128.



Final Remarks
MC modulation is a spectral efficient and “low” complexity transmission technique
in wide band frequency selective channels

CP‐OFDM:
The most simple and elegant solution

Coding is required to obtain diversity benefitsg q y

Sensitive to channel time selectivity, timing and carrier frequency errors

OFDMA is not robust in the uplink

Adaptive OFDM provides significant gainsAdaptive OFDM provides significant gains

FMT:
More complex than OFDM with the same number of tones

Perfect reconstruction FMT can be designed with very short pulses

Some frequency and time diversity benefit is achievable with equalization

More robust than OFDM in doubly dispersive channels in the multiuser uplinkMore robust than OFDM in doubly dispersive channels, in the multiuser uplink

Adaptive FMT provides higher throughput than adaptive OFDM

Concatenated OFDM‐FMT with transmit diversity is able to orthogonalize the
h l l h l d h b f h h

©  UniUD - Tonello

asynchronous multiple access channel and has better performance than MC‐CDMA with
simpler detection.
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