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Slngle Carrier Communication System (1/2)
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Slngle Carrier Communlcatlon System (2/2)

The RE bandwidth i%;—b ob < 1.

A In the following, assumé = 0 and RF BTS;V
e
%I1+b K—
Modulation type  Bits per Symbols per | bps/Hz
symbol sec/Hz
BPSK 1 1 1
QPSK 2 1 2
16-QAM 4 1 4
64-QAM 6 1 6
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Multi-Carrier Communlcatlon System (1/2)
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Multi-Carrier Communication System (2/2)

E Ifthe f.," K , are far apart, the spectrum of the transmitted
signal looks as follows.

Spectrum of the multi-carrier
modulated signal

A
S ATAETAN

O 1 N1

E The carrier frequencies,," k,  are selectexl/tad spectrum
overlappingsuch that modulated signals associated with all
carriers do not interfere with one another.
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" The OFDM System (1/3)

E However if the carrier frequencies satisfiy=1f, « D k=0,-- N-
1 . .
wheref, andf - are fixed values, the spectrum looks like

The spectrum of all multiple
carrier modulated signals

A Df < &

f

The spectra of all multiple sub-signaleoverlapped

It appears that the multiple sub-signalay interfere with one another.
However, the frequay components adtequency instantsf, = f, k DK" ,
do not interfere with one another.

Throughprecise frequency synchronizat , the receiver can obtain thrbug
accurate sampling the frequency composanthese frequenaystants.
Hence, transmittingigral by this scheme requires accuratedsstry synchronizatio
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Frequency Division Multiplexing (FDN ... ofatl mutie
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I * cosp N -10 £
| T_ Jsub-carrid _ _ _

Implemented by IDFT

' ~ |
OFDM cen | N-point | Sm[ | & (t
system AnN-l,ATN-Z’ ’ATi’ A"'d | IDFT DIC | S (1)
|

TheN sub-carrier% cfsIQrt) dos pm) -, [{os )D-l,d@N} areorthogmal

The IDFT in OFDM playsligitally the role of FDlE in the multi-carier communicatisgdem|y
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The OFDM System (3/3)

E The OFDM system is a structure®fthogonal FDMof N parallel signal
streams.

E Advantages of the OFDM system over the madtirier (MC)system:
A High spectral efficiency (twdold)
A Low-complexity (Xtapped) channel equalization
A Only one RF chain (one mixer/power amplifier, one kégieed DAC)
A Cheap and stable digital FFT to implement the Orthogonal FDM

11
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Subcarrlerl\/lodulatlon Mapping (1/2)

. The encoded and interleaved binary serial input data shall be
divided intogroupsof Ngesc (L, 2, 4,0r 6;  bits and converted into
complex numbereepresenting BPSK, QPSK, ABAM, or 64
QAM constellation points.

. The output valuegs], are formed by multiplying the resulting
(I + JQ) value by a normalization factgy,., , as follow

d=(1 HQ) Knp.

Table 81 - Modulation-depende
normalization factoK,,q, t0 makeE{|d|2} =

Table 82 e BPSK encoding table

Modulation, K,
Input bit (b0) | I-out = Q-out BPSK 1
0 -1 0
X s QPSK 1/2

16-QAM 1//10
64-QAM | 1//42

12
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“Subcarrier Modulation Mapping i’ZTA”te””a -

Table 83 e QPSK encoding table Iyl

Input bit (b0)| I-out Input bit (b1) Q-out
0 -1 0 -1
1 1 1 1

Table 84 & 16-QAM encoding table boblbzl%

Table 85 & 64-QAM encoding table bOQbZleQ

Input bits (b0 bl) | [-out| | Input bits (b2 b3) | Q-out
00 -3 00 -3
01 -1 01 -1
11 1 11 1
10 3 10 3
Q-out
b, b
+1
0 1
|-out

Input bits (b0 bl b2) | I-out Input bits (b3 b4 b5) | Q-out
000 -7 000 -7
001 -5 001 -5
011 -3 011 -3
010 -1 010 -1
110 1 110 1
111 3 111 3
101 5 101 5
100 7 100 7

Q-out

7 16-QAM
0010 0110 1110 1010

¥ bbb
ool o1 | 1111 1Qu
_:3 4 1 +‘ 1 +‘ 3 » |-out
0Q01 0101 4| 1101 1Q01
0000 0100 5| 1100 1000

13
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TlmeFrequency Representation

O0O0O0O0OO0OOOOOOO
OO0O0OO0OO0OO0OOOOOOO
.l.l.l.l.l.l.l.l.l.l.l.l U Each black/whitelot represents a sub

000000000000 carrier symbol.
0000000000060 U OneOFDMsymbolis comprised if

000000000000 (modulated) symbols.
O00000OO0O0OO0OOO U TheNsymbols are transmitted over a
O0000O0OO0O0OOOO0O OFDM symbol duration of seconds.
?OOOOOOOOOOO

2 3 ..
OFDM symbol (time)

Sub-carrier k (frequency)

U Theinter subcarrier spacing equal tal/T Hz.
U The sampling rate i%/(NT)Hz.

14
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CyCI|CE)Fe\'fT{fOr OFDM s&8 Smart Antenna Lal

N-point Cyclic
P IFFT Prefix —» DIC ——»
Addition
G(t)
i. ° / K V V \ o o o> t
“—h¢ >4 b4 b4 b4 >
0.8178 3.278 0.875 3.278 0.8175 3.218
16 pts 64 pts (CP#2) (OFDM#2) (CP#3) (OFDM#3)

(CP#1, (OFDM#1)
previou

s
OFDM P
Symbol Xuop X Xual % % %+ % {--- Next OFDM Symbc

One OFDM symbol may include:

N symbols (data in frequency domain)

N samples (IFFT size in both time andjfiency domain:
N + P samples (IFFT size plus CP length meidomain)

15
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Whyis CP uéed? (1/3) “Smart Antenna Lal

2 X,

hl3 X1 o
h3Xx. , ..

E Consider the following system

X [TOFT ] ™ Yo | R Y
M +cp [T
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previou

S
OFDM P pom N points
Symbol © Xo Xal % X % X {-- Next OFDM Symbc
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Why is CP used ? (2/3)

X X1 X X ého 7] W e
e - u e
X % s o % giod W
é gh, U -
= 2 X > + A
£ €y U €
€ e’ u é
¢ é: u é
€ e u €
X8 X2 &0 0 wW.é
. ~~ J ——— —
N31 X N3 N h N31 W N31
circulant matriy
Define the DFT matrix by
e W|(310 \N(I\JIC'QN 1) 7] .
1 é& . ) u - jop™
FII ——4& : <, wherew, =e N
IN € ) o u N
AMN-D® W(N DBINA)
SM\' N N N
FF? =F"F 4
Then,

Fy =FxF" Fh+Fw

v X H w 17
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~ Whyis CPused ? (3/3)

E Note that
e g Xg O O hge We
e u e . e u
gV § 0 X% 0 P Ry g W
e: u 2 0 0O we :u
u e u e u
gYN-l l:I\ Oé ) 0 XN1A HliLlJé \Mltﬂ
Y X M W
E It must be satisfied thatz L to avoid ISI.
E Itis essential to prove th&xF"  is diagonal.

E The above frequenegomain model can be written as
Y, =XH MW, k 81 ,N-
Kis the subcarrier index.

E Thefrequencyselective channalow become§equency non

selective
18
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Complete Channel Effects

Xn J RF channet yn
R (Multi- R ciD DET ||

IDFT DIC S o
circults clrcuits
path) !

4
A4
Y

A

T/N T/N

X Channel Effect Yok

(baseband frequency-domain equivalent model)

X [ pFr+ X, Y. Rmove | Y,
—> ] hj »A » CP+ —»
CP
T DFT
W

Thefrequencyselective channelow become$requency norselective

19
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~~ Cyclic Prefixvs Guard Time

Cyclic Prefix

Eliminatesinter-symbol Interference Eliminatesinter-symbol Interference
Suffersfrom Intercarrier Interference Eliminatesinter-carrier Interference
Suffers from Intracarrier Interference Suffers from Intracarrier Interference

Causes a reduction in data rate as a Causes a reduction in data rate as a
result of the increased OFDM symbca result of the increased OFDM symbc
time time

Does notconsume additional power Necessitates additional power

associated with OFDM symbol time associated with OFDM symbol

expansion due to the guard time expansion due to the introduction of
cyclic prefix

20
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" Pulse Shaplng and Spectrum Mask

A, CoOSW t

Re{ G (t} >A x(t) = A Re{ G( t)} cos(\Mm |
| +Y - AIm{G(t)}sin( W)

Baseband ,?\ —» antenna
| A _
Im{G( )} '?\
A sinW.t

Power Spectral Density (dB) A

- Transmit Spectrum Mask
(not to scale)

_-Typical Signal Spectrum
(an example)

I
I
I
i+
l_
I
|
I
|_
I
-
=]

1
11 20 30
Frequency (MWHz)

Figure 120 —Transmit spectrum mask

Baseband bandwidiv
subcarrier #26 2B 312.5KHz=8.4375MHz or 3225 KHz 108MHz 21



(OFDMA)

O0OO0O0OO0OO0OOO0OOO0O0O

000000000000

O0O0OO0OO0OO0OOO0OOOO0O

O0OO0OO0OO0OOOOO0OO0OO U Each user is allocated with a
OO0O0O0OO0OOOLOOLOOOO fixed number of swzarriers
Q00000000000

Q00000000000

Q00000000000

Q00000000000

OO0O0O0O0OOOOOOO0O

O0O0O0OO0OOOOOOOO

00000000000

00000000000

1 2 3 .
OFDM symbol (time)

Sub-carrier k (frequency)

22
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" Physical Layer Parameters for LTE™"

Channel Bandwidth (MHZz) 1.4 3 5 10 15 20
Frame Duration (ms) 10 10 10 10 10 10
Sub carrier spacindgfz) 15 15 15 15 15 15
Sampling Frequencyhz) 1.92 3.84 7.68 15.36 23.04 30.72
FFT Size 128 256 512 1024 1536 2048
CD)(c:c):upled Subcarriers (including 23 181 301 601 901 1201
Guard Subcarriers 55 75 211 423 635 847
Number of Resource Blocks 6 15 25 50 75 100
Occupied Channdandwith 1.095 2715 4515 9.015 13515 18.015
(Mhz)

DL Bandwidth Efficiency 78.2% 90% 90% 90% 90% 90%
OFDM Symbols foiSubframe

(for Short CP) ! ! ! ! ! !
CP Length for Short CP (in us) 5.2 for the first symbol/4.69 for other symbols

http://www.sharetechnote.com/html/Handbook LTE_PhyParameter_DL_FDD.html
23
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~—— Advantages of CR)FDI\/Y“/Smart Antenna La|

The OFDM spectrum is composed of overlapped narrow subcarriers. This makes
efficient usage of frequency spectrum compared to traditional FDM method.

The OFDM broadband channel is divided into smaller narrowbabdhannelsT his
makes OFDM resistive to frequency selective fading. Moreover OFDM transmit/rece
chain uses channel encoder/decoderiatatleavefdeinterleavewnhich help in

recovering lost OFDM symbols due to fading.

OFDM makes use of cyclic prefix to eliminate ISI (Inter Symbol Interference) found ii
the multipath channel environment. Hence it is robust to multipath fading.

Channel estimation and equalization has been carried out using known pattern (i.e.
preamble) and embedded pilot carriers in a symbol. This is more simpler and efficier
compare to channel equalization used in to SC (Single Carrier) system.

Time offset estimation and correction algorithms are very easy due to correlation
technique.

It is possible to allocate bandwidth as per resource requirements. Hence OFDM is
bandwidth scalable technique.

24
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- Disadvantages of GBFDMP

OFDM signal spectrum has higher peak to average power ratio (PAPR). Due
this, OFDM based transmission system requires radio frequency power
amplifier (PA) with higher PAPR.

It has higher carrier frequency offset due to different LOs (Local Oscillators)
and DFT leakagelhis requires complex frequency offset correction algorithm:
at the OFDM receiver.

It is prone to InteiSymbol Interference (ISI) and Int€arrier Interference
(ICI). This requires time offset and frequency offset correction algorithms.

= When OFDM signal travels through multiple paths, guard interval is required
avoid ISI errors due to timing offsets.

25
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Part lidb

New Multi-Carrier Waveforms

Universal Filter MultiCarrier(UFMC)
Waveform

Filter Bank MultiCarrier(FBMC) Waveform

Generalized Frequency Division
Multiplexing (GFDM) Waveform

26
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The 5G Communication

A Ultra-high data rate, Ultra-high system
capacity, ultra-low latency, massive device
connectivity, low power consumption

What is the key technology o] -
?
for 5G7 OFDMA extendibiity, NOMA, Massive MIMO

High-capacity data communications

4G (LTE/LTE-Advanced)
OFDMA, MIMO

Voice and data communications

3G (W-CDMA, CDMA 2000, etc.)
CDMA

Voice and short messages

2G (GSM, PDC, etc.)
TDMA

Mobile communications generation

Voice

1G (analog system)
FDMA Decade

1980 1990 2000 2010 2020 2030

E Enhanced Mobile Broadband EMBB)
E Ultra-reliable and Low Latency Communications (URLLC)
E Massive Machine Type Communications (mMTC)

27
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" Orthogonal Multiple Access (OMA)

OMA
\ 4 A Y A
TDMA FDMA CDMA OFDMA
Power
a) TDMA b) FDMA c) OFDMA
Pawer'Cade Frequency
d) CDMASSDMA ¢) Possible NoMA Solution
Y. Chen, A. Bayesteh, Y. Wu, B. Ren, S. Kang, S. Sun, Q. Xiong, C. Qian, B. Yu, Z. Ding, S. Wang, S. Han, X. Hou, H. Lin, R.
Visoz, and R. Razavi, fAnTowahdgobhak mubhdptdi aatess bbdbrnoaxt

IEEE Commun. Mag., vol. 56, no. 3, ppi29, Mar. 2018. 28
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" The Problem with CP-OFDM

E While windowing and filtering can indeedduce the oubf-band
(OOB) emission®f conventional OFDM, filter bank multicarrier
modulation (FBMC) with offset quadrature amplitude modulation
(OQAM) still performs much better, as shown in Fig. 3.1.

—_
=
T

~20T cp_OFDN

—40 F W

=

—60 [FH -V

N

FBMC

OQAM \ |
(c oma ex) \M
—100 . L L : L L

-50 —-40 =30 =20 -10 O 10 20 30 40 50
Normalized Frequency, f/F

Power Spectral Density [dB]

|
@
4
-c___\__k_—_
~
v

Fig. 3.1 FBMC has much better spectral properties compared with CP-OFDM. Windowing
(WOLA) and filtering (UF-OFDM, {-OFDM) can improve the spectral properties of CP-OFDM.
However, FBMC still performs much better and has the additional advantage of a maximum symbol
density, T'F = 1 (complex). ©2017 IEEE, [41]

R.Nissel S. Schwar z, M. Rupp, AFilter bank multicarrier modu
c o mmu n i clBBEJaumad gn &elected Areas in Communicatieons 35, no. 8, Aug. 2017. 29



New Waveforms

Table II1 The summary and comparison of three new waveforms

—
- Features
Rm Key technologies Advantages Disadvantages
Waveforms
H""'\-\_.
(1) the flexible control of the degree of overlap between each .
. = (1) large interference between
sub- carrier .
FBMC multi-carrier filtering (2) time-frequency efficiency improvement by about 10% in sub-carriers
= - J o
- - J S . (2) the long filter length, high
case of very short packets ,
o . complexity
(3) low synchronization requirement
(1) the short filter length. Low complexity
, , (2) time-frequency efficiency improvement by about 10% in (1) higher synchronization re-
UFMC block-wise filtering )
any case quirement than CP-OFDM
(3) small interference between sub-carriers
. . (1) lower PARP
Tx-filtering FFT-based , ,
GFDM . (2) use of scattered spectrum resources (1) receiver is rather complex
equalization .
(3) ultra-low out-of-band radiation
Y. Tao,L. Liu, S. Liu, andZ . Zhang, ARA sur vey: -orthegonaltrangmissiomc hnol ogi es
f or CGhiGa Gommunicatios) vol. 12, no. 10, pp-15, 2015.

of

30
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TheUniversal Filter MulttCarrier
(UFMC) Waveform

31



- CP-OFDM with-Weighted Overlaépmm
and Add (WOLA) (1/2)

n
Windowing '—>-y( )

w(n)

data s(n)

—» IFFT  —>» AddCP [
Overlap IFFT Cutput IFFT Cutput
extension (Symbol 1) (Symbol 2)

,,,,,,,,,,,,,,,,,,,,,,,

é

(asin previous step)

y(n =<0 &0

// Weighting \\ é
(Left Edge) (Right Edge)
Weighting Weighting
Function B function A
"- ---------------------------------- \‘
Transmit Waveform / Transmit Waveform \
for Symbol 1 } for Symbol 2 ‘\\

________

Qualcomm, R1-162199 Feasibility of Mixing Numerology in an OFDM System

RAN1#84bis(2016)
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~ CP-OFDM with-Weighted Overlags . .«
and Add (WOLA)) (2/2)

N samples

I | I I
. . Overlap and add ;

l |' l :
R L. .l
: ....................................................................... d:I
| H
: FFT input i

R. Zayani, Y. Medjahdi, H. Shaiek, and D. Roviras, i W-OEDM: A Potential
Candidate f or As ymwoc|EEEGoeoosn Workshops (6G1Wkshps),

Feb. 2017, pp. 1-5. 33
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~ Filtered-OFDM (1/3)

data
—>

Z( r) RX
N-point Syl s(n)

pe Cyclic .
o f(n) U h(n) i ") f* (-n) Prefix N'F‘i_ﬁ"r“t Eq >

Prefix
Addition Remova

E Filtered OFDM (fOFDM) is a 5G candidate waveform based
onsulband filtering by

f(n)=wn (n,
where Pz(N) is aincimpulse response withandwidthB in

the frequency domain equal to thi#>band allocation size.

Also w(n) over duratioan:T—Zu IS the windowing mask to

have smooth transitions.

M. Vaezi, H. Vincent Poor, and Z. DinBlultiple Access Techniques for 5G Wireless Networks and

Beyond. Springer2018.
y pring 34



~~ Filtered-OFDM (2/3)

E For practical implementation, the sine function is-afhicated with
different window functions:

1. Hanningwindow

L0+ cos(@ { [T, )], |
W(t):’|\ T
1 ths

2. Rootraisedcosine (RRC) window

~
st \ Equinpple (Remez) | |
t — — — RRC Windowed Sinc
or 1 10k |5 === Hann Windowed Sinc | 4
\a . |
15 b ey '\'. ’(‘, A ‘
=) ATLA: 'l =
2 ] l/\" n{m' ' i (‘ g 1}1 W Il{ﬂ','\ ‘.f‘\l ] % |
5 -0 VAL i 5= i
= -25 il L 3 = et
2= 44 | E MMM
& EERORD] | FRE 5 R
K| 'y Ll | i il o l’ ]
= 11 | i KK = {\)
H1S ! ! | R xS
! R IR 2
40 H | Equinpple (Remez) ' X
& | RRC Windowed Sinc { Y
45 ’7" : | ~-=-= Hann Windowed Sinc { : 45
: {
p 1 1 s o " 4 " e
100 200 300 400 500 600 700 800 800 1000 7 JIJ’J'_",CI 1040 1050 1060 1070 1080 1080
Sample Sample

Figure 4. Impulse response of different filters. Figure 5. Frequency response of different filters.

X.Zhang,MJia L. Chen, J. MaOFDMemablerJor flexible wavefdirkinthd er e d
5th generati on PErecl lEEE Glabal Canamturw Gonfk(6GLOBECOMjpr. 2015, 35
pp. I 6.



~~ Filtered-OFDM (3/3)

0.1

0.08}
~0.06}
<004}

0.02f

10

OFf
-10

=20
-30
-40
—50

|H(f)] (dB)

—60
-70

0 ;41"--»'—. 1 1 ! 1 1 1 L \\"'r::\;-\
0O 0.1 02 03 04 05 06 0.7 08 09 1
t/T,

(a)

\/\/' /\/\f\/ ‘/\(\/\/\/\/

\( . Y
: ' Qf \b | ‘J \‘J {\
i AL l'
-8 —6 -4 —2 0 4 8
fT,
(b)
—— Rectangular — Hamming — Blackman
—— Half Sine  —— Hanning

Hamming, Hanning, and
Blackman window®ffer
lower side lobes at the cost
of a wider main lobe

B. Farhang-Boroujeny, "OFDM Versus Filter Bank Multicarrier," Signal Processing Magazine,
IEEE , vol.28, n0.3, pp.92-112, May 2011.
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Universal Filtered Multi-Carrier (UEMC) (1/5)

E UF-OFDM is a 5G candidate waveform, also known as
universal filteredmulti-carrier (UFMC), wherélocks of
subcarriers (subands)are filtered.

— IDFI

s, Sprjader With K
1k
e 4PS Length L _ L)) N
other user Time e -,
domain pre- | o —
. Frequency —*
- Irue;er B, - X, | Baseband RF To processing d?;air?y
PO it a4 > Chane M ea symbol
| Va Length L * ToRF Bassband | | indowing) Sjiicel R
— +P/S engt | +S/Pg 2N point- —® | processing estimate
noise r N FFT eg.per —
0 —» ® Subcarier | "
0~ equalization
[DFT ,
3 e FllerFe |y )
SBk Vv With ]
Bk
il (S Length L 0= e

F.Schaich Thorsten Wil d, Y. Ch e nsuiabiliyWashetfpackenandc ont ender s f or ¢
l ow | at ency ProcalBEENehisuar Teanrology Camference (VTC SpyiNgly. 2014,
pp. 1821 37
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Universal Filtered Multi-Carrier (UEMC) (2/5)

E IFFT symbols are generated in the same way as legacy CP
OFDM. Instead of CPa guard interval (Gliilled with zeros
IS introduced between the IFFT symbols to prevent ISI due tc

transmit filter delay.

E Dolphi Chebycheyilters are optimal in the sense that for a
given side lobe level (SLL) the main lobe width is minimized
They are adjustable by the tuning parameter fositthe lobe
attenuation (SLAas well as by the filter lengtk.

& > apk &4
cos; N co'slgb co%'ﬁk %
| g 2 )Y

W(kK) =—! k =0,1,2,- N -

coshgN cosht b )g

b:coshgﬁ cosH( 1‘?)) g with sidelobe indb -20

N-1 _
wo(n):%é_ W(R &N N2 n N 2¢
k=0

W =w(n <N B/2), n Ne1 ¢

https://en.wikipedia.org/wiki/Window_function#Dolph%E2%80%93Chebyshev_window 38
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Universal Filtered Multi-Carrier (UEMC) (3

E Dolphi Chebycheyilters are optimal in the sense that for a
given side lobe level (SLL) the main lobe width is
minimized They are adjustable by the tuning parameter for
theside lobe attenuation (SLAs well as by the filter length
L.

E For example, on the one hand, in high ICI use cases with
asynchronous transmission, it makes sense to use filters
which are longer than the guard interivad N, at the price
of higher vulnerability to delay spreads .

E On the other hand, in environments with high delay spread, &
shorter filter length is used to protect against ISI. The SLA
controls the tradeff between the main lobe width and the
SLL.

M. Vaezi H. Vincent Poor, and Z. Dindjultiple Access Techniques for 5G Wireless Networks and
Beyond. Springer2019. 39
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Universal Filtered Multi-Carrier (UEMC) (4/5)

The side lobes of theolph-Chebyshewindow
transform are equal height, they are often called

“rippleinthestoband’' 0

Time domain Frequency domain

50

0.8 =
m
[ M
2 06 3
& 2
c
< 04 ® 50
=
0.2
0 100
10 20 30 40 50 60 70 0 0.2 0.4 0.6 0.8

Samples Normalized Frequency (xx rad/sample)

Dolph-Chebyshewindow (L=73,a5 , =60 dB).

Y. Chen, F. Schaich and T. -sWialility for showpacketfamdiom cont ender s f or
| atency tr &ros BEEVehicdan BEechnology Conference (VTC SpyiNgy. 2014, pp. 40

18-21.
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Fig. 2.11 Time domain
impulse response for
Dolph—Chebyshev filter with
L=72and SLA =35, 60
dB
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Fig. 2.12 Frequency
domain response for
Dolph—Chebyshev filter with
L =72and SLA =35, 60
dB

M. Vaezi H. Vincent Poor, and Z. Dindjultiple Access Techniques for 5G Wireless Networks and
Beyond. Springer2019.
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Matlalb simulation (1/2)

Data bit
per
subband

: To Channel
Data bit ®
per

subband

|

Parameter Value

Simulation Parameter

UFMC system

=
o

From The number of subbands

Channel

The number of subcarrier in one subband 20
Subband Offset

Recovered
ta Bits | e
sidelobe attenuation

Size of IFFT

a b b~
P O W O
N D

OFDM system

N
o
o

The number of subcarriers
SubbandOffset

=
(&)
(o)

Size of IFFT

(6]
=
N
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Matlalp Simulation (2/2)

The PSD of UFMC and OFDM

&
5

=

PSD (dBW/Hz)
L&
= [

&
(=)

UFMC, 10 Subbands, 20 Subcarriers each OFDM, 200 Subcarriers
" I I ‘ l ” -80

ﬂ

MNormal |zed frequency Mormalized frequency
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The Filter Bank MultdCarrier
(FBMC) Waveform
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_-Jr/—x o e — R
FBMC System (1/3)
5u() — Py (DT palD)el " — §,(n)
_ x(t) (1)
s, (1) —ip(t)e’ 2t v\+/\ Channel ; pe()e’ onf $,(n)
Sy (D—pp (t)ejzfo-lt Pe’i(t)ejz’U‘:\’_lt_)< — Sy, (1)
Receiver

s (1) = a A d(t -nT) Transmitter

E Mathematically, the transmitted signa(t), of a multicarrier system in the time domain can be

expressed as

X)=3 A%, (OA.

n

k=0

where Acn  denotes the transmitted symbol at subcarrier pdsitiot time positiom, and is
chosen from a symbol alphabet, usually a QAM or a PAM signal constellation.

B. Farhang-Boroujeny, ARnOFDM ver

Magazine, vol. 28, no. 3, pp. 92-112, May 2011.

sus f i | IEEErSigraleProgessimgu | t i carri er, O
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~ FBMC System (2/3)

E The basis puls&..() is defined by
gk,n(t) = p(t -nT) @2PkF (t-nT)

and is, essentially, a time and frequency shifted version of prototype filter p(t),
with T denoting the time spacing and F the frequency spacing (subcarrier
spacing).

E After transmission over a channel, the received symbols are decoded by
projecting the received signa(t), onto the basis pulses(V , that is,

Yin = E1), 9, (1) &V]F(t)g*k,n(t)dt
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" FBMC System (3/3)

E Multicarrier systems are mainly characterized by prototype filtd@as
well as time spacind@ and frequency spacirt§y so that the ambiguity
function,

~ . b -
A, W= iRt ) B(t He

captures the main properties of a multicarrier system in a compact way.

E The projection of the transmitted basis pubseet) onto the received
basis pulsegs t  canthen be expressed by the ambiguity function
according to

(G (0 G, () = @UATARS AAAAAGTL 0 10 b Fabia i

only a phase shift ambiguity function

M. Vaezi, H. Vincent Poor, and Z. Ding, Multiple Access Techniques for 5G Wireless
Networks and Beyond. Springer, 2019. 47
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Prototype Filter (1/3)

E There exist some fundamental limitations of multicarrier systems, as
formulated by théalian Low theorem, which states that it is
mathematically impossible that the following four desired properties are
fulfilled at the same time [7]:

1. Maximum symbol density, 1,
TF

2. Time-localization, P 5
sc= R 7o di<a

3. Frequencylocalization,

:\/ﬁ’n(f F)2|P(f)f df < =

4. Orthogonality,
m|1’k1 (t)’ gz’kz (t) 60’0?"2)’(‘(1 ky)

A(T(k1' kz)’ F(|1 'Iz)) 92|1-|2),(k1 k,)

R. Nissel, S. Schwarz, M. Rupp, AFilter bank multicarrier mo
mobi | e c¢ o mmuBEEE doarmnalon Setectedl Areas in Communications, vol. 35, no. 8, 48

Niirda DODON17
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Prototype Filter (2/3)

Maximum Time- Frequency | Orthogonality
symbol localization localization
density
OFDM (noCP) yes yes no yes
FBMC/QAM no yes yes yes
FBMC/OQAM yes yes yes Real only

R.Nissel, S. Schwarz, M. Rupp, AFilter bank multicarrier mo
mobi | e ¢ o mmuBEEE doarnal on Setectedl Areas in Communications, vol. 35, no. 8, 49

Niirda DODON17
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" Prototype Filter (3/3)

E A prominent filter is theeHYDYAS prototype filte{6]

o(1) K-1 " sino (f - )NK) I;; ?O \/I;iz HZ_ Hﬁ_ Cis(dB)
= 3 - 2| - .
_ 311 | 09011438 | 0411438 | - 44
D NKsm(p(f- NK)) 411 0971960 | J2/2 | 0235147 [ -65

Orthogonal: T=T,; F =2/, -TF =
Localization: s, —027451'0 ;5 =0.328T,

\/h\ﬂ/ﬂmﬁ\/
\
)l &/ u \ \/ \/

2 15 4 0.5 0 0.5 1 15 2 3 9

-

o

®
©
=]

o

o
T
o
o

Amplitude

<
IS

Amplitude |P(f)]
(=}
s

°
N
(=]
N

o
X

Frequency f (normalized by subcarrier spacing 1/T) Su b-carr ier Index
M. Bell anger et al ., AFBMC physical | ayer: a primer, o J

http://www.ict-phydyas.org 50



_—

-

CCU Comm

{ Smart Antenna Lal

Offset QAM (OQAM)) (1/2

E

E

M

In FBMC systems, any kind of modulation can be used, whenever the
subchannels are separated.

For example, if only the suthannels with even (odd) index are
exploited, there is no overlap and QAM modulation can be employed.

However, if full speed iseekedall thesub-channels must be exploited
and a specific modulation is needed to cope witHrdggiency domain
overlapping of th@eighbouringsubchannels.

Then, the strategy to reach full capacity is the following:

U Double the symbol ratand, for eaclsubbchanneluse alternatively the real and the
imaginary parof theiFFT.

U This way, the reahnd the imaginary part of a complex data symbol are not transmitted
simultaneously as I@FDM, but themaginary part is delayed by half the symbol
duration

This is the secalledoffset quadrature amplitude modulation (OQAM)
and t he tralecimthetimé dhift @ hab the inverse of the-sub
channel spacing between the real partthedmaginary part of a complex
symbol.

51



"~ Offset QAM (OQAM))(2/2)

@© Real part

Imaginary part

Frequency

Complex QAM symbol

F =1/T : subcarrier spacing
T': OFDM/QAM symbol duration

Symbol density
OFDM/QAM (without CP) : 1/TF =1
@, @, @ 1

_ FBMC/OQAM : ———=2 =>1 (complex)
Time (T/2)F

F Y
v

172
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" FBMC/OQANM! System

50 [P} Age @O &
! —— %
jss (1) —ptt- -%) - Modulation Al p(t+5) 7 Eg(n)
2 Y
j(27pt+7 to RF Banc e. J(?t 3/3 . J<
0l © ¢ o, FomChame B 5T AR Tp®1 &)
0 ™ | i(ut ymt' | ALK mH;%i%§m)
JS]_ (t)—Ip(t- ;) a 0 2
- @

Demodulatior

A{}C from RF Banc

. 2p . 2p
iN-D( Pt 4 X(t) iN (Pt f
s i (t)" p(t) e T 2 v e T 2mzogs: ‘)<
v _(l-B—(b—» To Channe E A{}¢ ~ p(t) 'E\l-l(n)
~ 3 T
: T pd o n
Jﬁﬁ%wwbj ALJC ) 8.1
B. Farhang-Boroujeny, AOFDM versus f i |I|EEErSignaleProéessmqu | t i carrier, 0

Magazine, vol. 28, no. 3, pp. 92-112, May 2011. 53



" Fast Fourler Transform Architecture (1/2)

f‘il.u " g » E— zi'ﬂ
4 —> | P P —— 4,
iFFT | : | / | X[H] — /| | FFT | :
NS S | N
A, —> points g » points — 4, |
Transmitter Receiver

E Inthe presence of a channel wittultipath propagatiordue to the
channel impulse response, the multicarrier symbols overlap at the receive
input and it is no more possible to demodulate with just the FFT, because
inter-symbol interference has been introduced and the orthogonality
property of the carriers has been lost.
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" Fast Fourier Transform Architecture (2/2)

1. Extend the symbol duration by a guard time exceeding the length
of the channel impulse response and still demodulate with the
same FFT. The scheme is calleBDM.

2. Keep the timing and the symbol duration as they are, but add
some processing to the FFT. The scheme is cali2dC,
because this additional processing and the FFT together constitut
a bank of filters
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Input —

S,

es

N KN
symbols samp
K=4 >
Freq.
spread
-j_ng
H

| FFT

KN

» points

P/S
_|_

overlap
/sum

DAC

T/N

To
Channel

E The filter bank in the transmitter can be implemented as follows
A aniFFT of sizeKN is used, to generate all the necessary carriers,
A a particular data element after multiplication by the filter frequency

coefficients, is fed to th2K-1 inputs of thaFFT.

A Practically, the data element is spread over seifffal inputs and

t he

M. Bell anger
http://www.ict-phydyas.org

et

al . |

AFBMC physical

| ayer:

oper at i owighteafrequbney spreatlitlge d i

primer, o0 J
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" Extended FFT Method (2/3)

d:' d:'+2
. ) VIulticarrier Symbol P 4N <
e RARA BY | n-1 [ | 1 [ |
iK DK (2K n-2 1 | [ [ l
. : n-3 | I [ [ 1
KN points 1IFFT L
PS + | @ | time
overlap/sum >
T H
v N
x[n]
K | Hp H, H, H; o> (dB)
21 J2/2 - - -35
301 0911438 | 0411438 - -44
411 | 0971960 | J32/2 0235147 | -65

M. Bellanger, AFBMNBC: an alternative scheme for filter bank based multicarrier
t r ans mi sPsoc.dhe 5th Inti Symp. Commun., Control and Signal Processing 57
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" Extended FFT Method (3/3

xX[n]

KN points 1K

| ) )X
v v
df dr'+2
E The implementation of the receiver is based on an extended FFT of size

KN.

E At the output of the FFT, the data elements are recovered with the help o
a weighteddespreadingperation.

E In fact, the data recovery rests on the following property of the frequency

coefficients of theNyquistfilte 1 £ °
& = DI =1

k=—K+1
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, Matlab Simulation

N/2 N
symbol symbols - KNI KN
N bits (complex)  (real or imag —* samples points
Data Symbol OQAM )“/; ,gr equspcy Extended P/ Sl To
Bits Mapping Processing preading, IFFT Overlap, DAC Channel
P Hk sum
e T/2N
B 31: FBMC/OQAM A% 144 st R 15 H
K=4
From ? _| Extended Frequency | I/) OI?AtM Symbol Recovered
Channel 3 FFT R ’ > | |Demapping™™ Data Bits
KNl KN symbols Toccssing N/g ) N bits
SaMPIES points (real or imag) Symbols
(complex)
B 34: FBMC/OQAM # “450CGHRAER
OFDM (no CP) FBMC
MNumber of subcarriers (V) 1024 1024
Number of data subcarriers 600 600
Guard bands on both sides 212 212
Constellation mapping 4-QAM 4-00QAM
Overlapping factor K 4
FFT size 1024 (N) 4096 (K N)

Mathworks. FBMC vs. OFDM Modulation - MATLAB & Simulink Example, June 2017.

[Online] Available: https://ww2.mathworks.cn/help/comm/examples/fbmc-vs-ofdm-
modulation.html?s_tid=srchtitle
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| Prototype Filter

Amplitude

1.2

FBMC
OFDM

o o
[=2] (o] —
PSD (dB)

o
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/\-
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Frequency (normalized by subcarrier spacing 1/T)

Frequency responses of the prototype filters
of OFDM andFBMC (PHYDYAS filter, K=4).
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Comparison of spectrum GfFDM and
FBMC (PHYDYAS filter, K=4) for one
subcarrier.
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pectralDensity
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