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Spectrally efficient frequency division multiplexing (SEFDM) is a
multicarrier communication technigue developed at UCL in 2003. SIGNAL
SEFDM systems demonstrations show the advantages of SEFDM In PROCESSING
Its potential data rates improvement, power efficiency and Xuemin (Sherman) Shen Editors
transmission distance extension compared to conventional FOR 5G % 5G Mobil
orthogonal communication technigues. Over the past 15 years, the [EEHEEEeR——=—— Llellie
studies of SEFDM have led to more than 100 papers in cross-
disciplinary areas at leading international journals and conferences.
In 2016, SEFDM was regarded as one of the potential 5G
techniques and was included in two renowned 5G books, namely:
i Signal Processing for 5G: Algorithms and Implementations s L
— (Wiley, 2016) and Key Enabling Technologies for 5G Mobile s </ - ) Springer
{_/J Communications (Springer, 2016). -

Advanced Air
Interface

Wei Xiang - Kan Zheng

Long Haul Optical
Fiber Transmission

Central @

Office | optical fiber

Communications

millimeter wave
indoor extension

loT

Optical Access
Network

Signal Precoding

e D
Gross bit rates:
Indoor 60 GHz mmWave ) ! Y 60 GHz mm-wave signal generated at the N\ /Envelope detector usedto )
S. | T - OFDM: 2.25Gbit/s photodiode, from two optical signals. Method based down-convert the 60 GHz
Ignal 1ransmission SEFDM: 3.75Ghbit/s on an uncorrelated remote heterodyne detection millimeter wave signal to
« < (RHD) concept. This optical scheme is low-cost and basedband. This is a low cost
. OFDM Symbol D ) e _ _ can be easily modified by adjusting the two lasers and robust technique, with high
What is SEFDM SEFDM Symbol The sub-carriers packin a ) 250 metres fibre length (multimode) wavelength separation to give different mm-wave resistance to phase noise.
- ¢ FREQUENCY sy P 9 Paramotors Values fed by and feeds single mode fibres. carrier frequencies. /
SChemeS Of OFDM and Millimeter wave frequency 60 GHz
h |
Ort Ogona - Intermediate frequency 1.8 GHz
Multiplexing SEFD M are ComparEd . It IS Baseband signal sampling frequency 3GHz = ||| e=eccccccccccccccccs s mmnmnn=n | /)  jmemm=smmsmsssscccccc===s/ & A eemeemmcccccscscsscsssssss—====
- Bandwidth of baseband signal 1.125 GHz
Single Sub_carrier PR w eVIdent that the SEFDM ;\;IP\-’G sa:npljing frequency 12 C?Hz i i E BS MS : e
\ H scilloscope sampling frequency 50 GHz ) gross, 0709, v=4
— S = waveform packs sub-carriers e | ocgas| | SMwE sl | oo
" - - Distance of mm-wave wireless link 3 meters [ | ¥ gross, 0=08, v=1
Non-orthogonal SAf xa closer leading to bandwidth Distance of mm v R i — :sw@)swi sdscoupler | QB
e - TFFT/FFT si 128 - »
Multiplexing SEFDM saving at the cost of self- D e W G T® : Flar e =4 Envelope 1 B
] . —————— 1| Awe I p N
| 6 SEFDM Symbols g interference (ICI). bl T | 1550 nm : A g || g e |
a=5/6=0.834 < < Coding rate Roogo=12 [ DER : I Spec-A Polarization ,#| Sampling |1 & - e, OFM A A
@ / : la 5 | : Controller ,* | Oscilloscope : e oo ST AP
| ser I i | 15 _—-*Al:—:-"""-"x'
I | DSP-Tx Polarization I ; ULt FEEEE R
: Controller : : ] A
- - I I I 1 L
- = = - I | -2 0 2 4 6 8 10 12 14
Advanced Air Interface Demonstration Signal Precoding for DSL Communication = Pl T LT\ L) .
\ Testbed ] Compressed Carrier Aggregation PSDin
> dBm/Hz 20 dBm 0 GH 60 GH raboli
Channel emulator-VRS5: W (. . ) (€ ) ( A - ke - e
» LTE channel model: Extended Pedestrian A (EPA) Blt rates: 65| 1280AM-SEEDM ! A antennas have 30
»  Central carrier frequency: 2 GHz : : Q -  —— A 3 dBi gain; and 3 dB -15 dBm
»  Sampling frequency: 61.44 MHz 73 |-t Outpe rfo rms 11 d -k “‘ beamwidth of 3.1°
»  Total channel bandwidth: 25 MHz . . =76 -1 C are employed.
»  Sub-carrier baseband bandwidth: 15 kHz LTE: 50Mbit/s e [T o 16QAM -OFDM 10 1 A 30 dB gain high 5
[ e s 54 SEFDM: 70Mbitl — e A e
’ size: JR ) o "™ in MHz S L5 E (HPA) at the
G.9700(14)_F7-2 ‘ (;uz‘{ ‘ % * }LGl]z v transmitter and a 30
Hardware emulation of various wireless ‘ T Ladaalad!™ T Wb Ll 177 i i
channels including standard 3GPP- TR i Real testbed ; I Precoding Redundancy' / N e “ﬁ?ﬂ""u“f'"f Wi A ! dB glatl‘.n 10\3133386 -35 dBm
s e W AT vt e
»  Extended Pedestrian A (EPA) 3 Bit |—| Mapping | s/p |— > () — @_ﬂ +Guard Band H IFFT }———-| P/S R s A L L “\/,“ ‘ the rece'lve.r.
>  Extended Vehicular A (EVA) i a PYY T I N N S N L Transmission
. >  Extended Typical Urban (ETU). ) ‘l' §‘AI\ HH N :"‘*S v 15533 1553.65 1554 distances from few
e A\ BER W \ ]! @@ nm nm nm cm to 3 metres.
PXI-Aeroflex: -
ol e T | Precoding Redundancyl
Bit |«— D:C?;%n Demapping P/S |« (=)< : De-Precoding |—<—l -Guard Band |<— FFT |«—{S/P

[HH HM - ol w Over-The-Air Testing for 4G and 5G

: — W SEFOM - Signals Coexistence Using USRP
p 16 ! e roaacrom Transceiver - LT._E‘fr'a'mework
1.4 —k— 16QAM-SEFDM :
- 5 CCs, BW=25 MHz — 10 4 20AU-SEFOM Transceiver .
> Each PXI has a Signal generator’ a CA-OFDM e :;:ggz EEEBM =4 _ +?gggxM?SEEEgAM \ \ > OFD M . LTE th roug h put Can reaCh 49 -92 M bpS
clock and a signal digitizer. Frap [TSCCSOPOM | g < Ty om0ty .
> Carrier frequegncy rar%ges from 100 % 'a E_g‘;l'. - -0.5 . 0 . 0.5 1 1.5 % "';ggim’gigm o >SEFDM . LTE th roughput Can reaCh 63-21 M bpS
- b requency (Hz <10’ |2
kHz to 6 GHz. e g o ; g
‘ e b5, o SEFDM, ¢:=0.6 K
; s, BW= 7 212 £ w — " =0, - e RX2
" e caserow i pa /”/~_Q pap=robe B8 . Parameters OFDM SEFDM
. I g 1 — OFDM : - -
i Ep Logszli.?/mz Slamp“rég rate. < of 14 e LB B Central carrier frequency (GHz)  2.412 2.412
ac It sample wora ConsIsts 0 E/W ) \ . -
bit | data, 14 bit Q data and 4 bit b . _ | - o T Modulation scheme 41QAM 4QAM
\ marker da.ta. / L 0 5 10 Eb,,:.g 2 % ) Frequegcy{Hz) 05 % 101?5 2 40 Eiger?\ul']alue indesf 100 120 5 10 Eb.'1N50 [dB) 2 % % Sampllng I'Elte (MHZ) 45 45
FFT size 1024 1024
Number of data sub-carriers 176 176
. . [ ) Bandwidth compression factor 1 0.6
. a z Y : -
loT WavefO m Shaplng. Coexistence Of 4G and 5G Nyqu|5t-SEFD|\/|: Sub-carrier spacing (kHz) 44 26.4
Data bandwidth (MHz) 7.73 4.64
i Single sub-carrier N Data rate (Mbps) 15.46 15.46
» Saves bandwidth OFDM |(_
— — 0 BW=7.73 MHz LTE Throughput Diagram
M 0 . .
3 S »No impact on 4G signals Host A | Measurement: Koz, Host B L ‘ | : rosghout of T
L L & 4 . = z PDSCH (CRC OK):
(] (1] L = | - 2
z z-20 SEFDM ZPRULN e Throughput LTE g (| ' Interference ; izl
5 L . ¢ Interference £ | e mm — e
O O - - ' -110 BW=18 MHz !
[ L -50.0 + ot 3e+7 0 347
% % -40 - N . = .Ju‘m.J'«r“"‘i‘"""'fll'""""“"""'-'M'r~ f""w""""h"l"h'?lh“hlilli'ﬂl E_;G: | 1 ‘fﬁo‘ . .?:m : Frequency (Hz) E m‘;’:::q
g E : ! OFDM 0.5 1 _30 SEFDM ) User data fto UDP)
25 25 Experimental testbed | f BW=4.64 MHz e Toroughput isgrom
%o 0 50 100 150 % 0 50 100 150 . | | | I‘WE g A 1p R " =TX2 50 -
Frequency (MHz) Frequency (MHz) ' » ‘\ 05 ] ) e i \ g et
, | .. , . USRP RIO b ~_\,; USRPRIO :
(a) NO Shaplng. (b) RRC Shaplng. H.FI h ’ i S B #h‘l pomy ey A I"'f‘lﬁl’r ST S . hh’l e 1 T‘\’{IH" - |] '1 “¢. ““‘ 'w‘ b :__'-__ .:-i‘ g Time (s)
| > I ﬂ“ jﬁqnww.'.ﬂ,-{ﬁ-iﬁl;L !ﬂm.'m.\\Jll||r{|'l"ﬁﬁ!|‘;lr.FL-lu,ﬂi' | il zlqt S{‘in L I. | | | :vl +, RX1==d possible Possible ™= RX2 '110_35,,7 —
> The RRC shaped sub-carrier has a much lower out-of-band power leakage. [ slitter £L_10.0 4t = e P G - ' 05 0 05 1 14 Interference Interference Frequency ()
> Itindicates that the interference from an RRC shaped sub-carrier is 1 : : : ; ; e I 18 Parameters OFDM SEFDM
\_ significantly reduced and it may only affects adjacent sub-carriers. ) : Co T L e T T 1 . * . . :
4 M It ) ™\ Combiner ] i i i i ! wil " ! ! Central carrier trequency (GHz) 2.4 24 CoeXIStence Of pUISe Shaped SEFDM/OFDM
ulticarrier | | | | | | N 05 . : ] ] .
e .56 3 Modulation scheme 4QAM 4QAM and LTE signals in a limited spectrum hole at
y Nyquist | 0 1 :
g ° g ° N Sampling rate (MHz) 30 30 baseband frequency.
5 -10 = -10 EEE - | FFT size 128 128
3 20 N“IWW“W 3 20 bk : ;  Loenibintaio e * ] Number of data sub-carriers 29 29
o o i ) GRS AR, ST |- ' ' ' ' ' - N -
ﬁ -30 100 MHz ﬁ -30 100 MHz= S “lRew: z.00khz L ' A5 1 b o os 1 1.5 EOHdOf'fdfiCtorq _ f i (1) 6 >OFDM . LTE th rOughpUt can reaCh 4.35 MbpS
o ] 1 I
S 40 S 40 \ \ | | | | e andwidth compression factor : .
S S x " Data bandwidth (MHz) 6.80 4.08 »SEFDM: LTE th roughplﬂ can reach 43.36 Mbps
=% o0 50 100 150 =% 0 50 100 150 ; bt itan - (leslithaly ok s ' :
» ‘ | - * * -
Frequency (MHz) Frequency (MHZz) ‘ . . g ~60.0 l | : i ‘ 0e | Data rate (MbpS) 13.60 13.60
(a) Rectangular shaped OFDM. (b) RRC shaped OFDM. r=2 y w E) | ® K R"u, . I 20 Limmited e 30 — 4 k. 30 Throughput of LTE
_ . | ‘ | | | pectram 1.01e'1 5 MHz r- T 680 MHz Y, '-"fi‘-ﬂf{:u. pulse Shaped B PDSCH (CRC OK):
% % 00,0 e Jlri,i' e S e S 0.5 ] €0 et ol le ”L]I-q &0 URR ‘ [. (1 OFDM » . ||||. ! | I I|| ¥ 'ill||! 3 4.35 Mbps
— =10 — -10 J \“‘ - . -E- .'||"' il .-I_|-II|I_ ',-."‘.,. o | |||i" i - = Il |"'|,;I|-‘,I_i| ld { frll" |'| g
% 20 g 20 .i4‘i'“I.Jf'ﬂﬂ1rll'!'-l}wrr-rw-.uiua'll'-ﬁl\1'w|‘1-'+l",-rﬁ|'f"‘nwww'l"hW*‘“M"J ‘ ['f‘“ﬁn*'n-wwﬂ”«.w Hi * :& s r' [] lj "ﬂ“ﬂ[- ! i! M'“ ‘ v é .J | é t‘H Y |’ 2
o - MW o - T T T R ] Span: 100.000MHz ) — e R , ! : : : % - R g ' % ‘ | &
B -30 B -30 e Pl | 15 1 05 0 05 1 15 -lﬂﬂl'-kg.h,g_,.l, fol | i, o Wiy il ""uf}"’r,i.f} Il Rt g .
== = T r— i i ’ i i i 15 f Resource Block Allocation (4 PRB/bit): | I “ I ‘| | . i lLENI Il ;
g -40 E -40 130 1111111110000000111111111 1 Y1 N AL N N N I N N N BN N B 130 ) ) rmetd
g 5 % g 5 ,‘ i TR B i g ~50.0 _‘_ﬂ]‘,rnd‘lumJ.u-,‘;;v.h.,ub,,,ll-.,.‘,.‘-“l_ﬂl I”-"‘M*”‘f“'l'*!”ﬂ‘lfh 1 - » g -1.5a+7 Freqﬂencv (H2) +1.5e+7 -1.5e+7 Freqaenwmzl +1.58+7 -1.5e47 Freqﬂency{Hz] +1.5e+7 E xmm
50 0 50 100 150 50 0 50 100 150 : e | | | | | | oe | B - w = T ——TE
Frequency (MHz) Frequency (MHz) FERE oo m ‘ : | SG: o 5 MHz LTE 4.08 _\1Hz+ ik il | PDSCH (CRC OK):
b . . L R e D : Nyquist 0 | spectrum hole Framework .L "i,"' |f|'”[" Pulse Shaped il .}' [I" I|I'|.'!|i ~ 43.36 Mbps
(C) ReCtangUIar Shaped SEFDM (d) RRC Shaped SEFDM- : “ - TN 3 ‘A_" - i 1 S . - —R0.0 e _— — | SPSRN S— SEFDM SRR SRS S D -ﬁl}é | | ‘|||Ir | |’|' ,:I_" H {H|“ ll.'.ljll'l___lll _'J Il I .‘[:"-'1 -60 ' | | SEFDM -60 l'll'l[ || [|' III"II.I I'I‘ l_‘ l i I:]‘ ||'|1.5II'I:!|II'|||.I-[I1‘!i|'||. é_ :
- - g o =i ‘ ‘ N i T T e |.'|'|‘Ii|f-| I|I_‘F'-l fil T € e Y R I I £
> (a)(b) shows OFDM. Using a root raised cosine (RRC) filter, the out-of-band Tl . VN B B - g | ! "] M | | £ | i ki ., :
ower leakage is reduced by 27dB. | — — e ' > | b e . g | 8 - — ) - | B
’ ’ ’ - "r‘Jﬂ‘ﬁ"l’"ﬂ"’l-l"u"‘ﬂr?ﬂ'“""""‘}’”F'*"I"t*“‘r"ﬁ-"""“ gt B L =200k b Mok I e Nt A il ! LA =-Log | w e
> (c)(d) shows SEFDM. The bandwidth is compressed by 28%. Using a root oo oo e Ry E— [ """ Resource Block Allocation (4 PRB/bit): ||| (At e o mill | P _
raised cosine (RRC) filter, the out-of-band power leakage is reduced by 27dB. - ik 130! 1111111110000000111111111 o sl T 1] 150 rime &)
\_ VAN JL ) “1.5e+7 frealoncy (Ha) +1.5e+ -1.5e+7 Freadency (Ha) +1.5e+7 O breateney (i TiGes7
. . . . 10° - ‘ 10% , ' : . 10"
Long Haul Optical Fiber Transmission @ 7.2006m ® Optical Access Network Testbed =
ot | FEC Threshold: 3.8x10™
— _
N o w BT K . I S, . . < [ I <A AR, S D S— .o,  i— - a0 | 1 T T ——— O _—
— o> = = B o 2 —— E — 210 1 21 a= — [aa]
[ [22| 1 |E[ E 1-Q o BER=3.8e-3 ; BER=3.8¢-3 @= 0.8 S
= | Modulator % : a=0.6 o ;
107 107 - %
Laser —/]PBS PBC : 7200km, 8QAM-OFDM | %0 &
8QAM-OFDM t s 5200km, 8QAM-OFDM Q
1-Q 1074+ w4 QOAM-SEFDM { 10} =—=FEC-7%-limit : ;
= = | Modulator =—4QAM-OFDM i | 40 %
&l |= & 2 s - G- 7 %-limit - o
= z = ES - 10 10 20
(=) - &? -15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15 OSNR [dB]
'sm FH E=mE R K | ' PBS 10° - ‘ 100 . . » - /E""" SR s T
JEH - =H HEHsH=H H Y He ?_/ () 2320km L (d) P S GeSKazis
& | £ HABE R 7 | | © 8-QAMa =10
: g g % % ;: 3 % E = : é — g . al 12GS/s |_©_Conventional QPSK-OFDM
1= 1D 2SS H g el o ) AWG
1 IEH = = = ;&, Ha - o LO 7 7 7 7
=] @] IO [ - 1550.20 1550.22 1550.24 1550.26 1550.28 1550.30 RF Amps
: ] [ ASE J [ OSA ]
————————————————— BER=3.8¢-3 BER=3.8e-3 Wavelength (nm) Noise =
“ y & Yo [ =
- ECL Dual-Pol igi <
At the same data rate, the 4QAM-SEFDM 10° ( " ) AR M . (©)) Digital
: : : AN, 200AK OFDM By transmitting the same amount of 100kHz J \Q-Modulatoy L~~~ 80km Coherent
signal has ~50% reach advantage in enabling MO, | =200k, 320AM-OFDM g — I el X, X EDFA  SSMF Recevier
- - 107} - ; 1 10} il 1 ata can greatly save optica
transmission over 7200 km while the 8QAM- e | t | J y P RF Amps
- ! Spectral resources.
OFDM signal can only reach 4800 km. 4 | | | p | | | P
10 10 0 ) GS/ 45 | | | . ‘ | .
9 ) 15 10 5 0 5 10 15 15 -10 5 0 5 10 15 12GS/s % 7 8 9 10 1112 13 14 15 16 17 18
Launch Power [dBm] Launch Power [dBm] K j OSNR (dB)

¢ NATIONAL

G EPSRC INSTRUMENTS

Engineering and Physical Sciences

WWW.Sg .eu Research Council




