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Abstract—Cellular systems of the fourth generation (4G) have
been optimized to provide high data rates and reliable covexge
to mobile users. Cellular systems of the next generation wiface
more diverse application requirements: the demand for higler
data rates exceeds 4G capabilities; battery-driven communation
sensors need ultra-low power consumption; control applicéons
require very short response times. We envision a unified physal
layer waveform, referred to as Generalized Frequency Divi®n
Multiplexing (GFDM), to address these requirements. In ths
paper we analyze main characteristics of the proposed wavefm
and highlight relevant features. After introducing the principles
of GFDM, this paper contributes to the following areas: (i)
means for engineering the waveform’s spectral properties(ii)
analytical analysis of symbol error performance over diffeent
channel models, (iii) concepts for MIMO-GFDM to achieve
diversity, (iv) preamble-based synchronization that presrves
the excellent spectral properties of the waveform, (v) bit gor
rate performance for channel coded GFDM transmission using
iterative receivers, (vi) relevant application scenariosand suitable
GFDM parameterizations, (vii) GFDM proof-of-concept and im-
plementation aspects of the prototype using hardware platrms
available today. In summary, the flexible nature of GFDM makes
this waveform a suitable candidate for future 5G networks.

Index Terms—5G scenarios, physical layer, non-orthogonal
waveform, GFDM, pulse shaping, MIMO, synchronization, proof-
of-concept.
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|I. INTRODUCTION

content providers, has pushed the fourth generation t@vard
even higher throughput. Starting with the second generatio
the evolution of the mobile communication has focused on
increasing the throughput.

However, the scenarios foreseen for future fifth generation
(5G) networks have requirements that clearly go beyonddrigh
data rates [1], [2]. The main scenarios for 5G networks are
machine type communicatidMTC) [3], Tactile Internet[4]
andWireless Regional Area NetwofWRAN) [5], while clas-
sical bitpipe communication is still considered an important
application.

At present, Orthogonal Frequency Division Multiplexing
(OFDM) [6] is a widely adopted solution mainly because
of its robustness against multipath channels [7] and easy
implementation based on Fast Fourier Transform (FFT) al-
gorithms [8]. But the application scenarios predicted f& 5
networks present challenges which OFDM can only address
in a limited way. MTC and machine-to-machine (M2M) com-
munication [9] require low power consumption, which makes
the strict synchronization process required to keep theogrt
onality between subcarriers unaffordable [2]. The lownate
required for Tactile Internet and vehicle-to-vehicle (\)2¥0]
applications demands for short bursts of data, meaning that
OFDM signals with one cyclic prefix (CP) per symbol would
present a prohibitive low spectral efficiency. The low spatt

OBILE communication has become an essential t0gkiciancy due to the CP insertion is also a problem for WRAN
for the modern society. The first generation of Ce"”'_aépplication, where the typical channel impulse response ha

systems provided basic, yet innovative, voice transmissiQy’ g ration of tenths of microseconds [11]. Additionallye th
Communication started to become personal rather than lﬂ‘?gh out-of-band (OOB) emission of OFDM [12] poses a
in_g. cqnnected to fixeq locations. The second generation %Ilenge for opportunistic and dynamic spectrum accedjs [1
digitalized the voice in order to increase system capacity| these challenges make OFDM not the most promising

battery life of devices and Quality of Service (QoS).

It alsQ aveform for the next generation networks. In this context,

introduced the Short Message Service, which revoluti@izg e native multicarrier schemes are currently being e

the way people communicate. The third generation enablgd ., gigates for the PHY layer of next generation of mobile
mobile Internet access and data rates not too far beh'&ﬂnmunication systems.

of wired solutions of that time. The advent of smartphones |, Fiiter Bank Multicarrier (FBMC) [14], one of the most
with large storage and processing capabilities equipped Wi estigated filtered multicarrier systems, the subcesrare

high definition screen and cameras, in combination with s

BDIse shaped individually in order to reduce the OOB emis-

cial networks that turned users from media consumers ink,s Because the subcarriers have narrow bandwidth, the
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length of the transmit filter impulse response is usuallyglon
Typically, the filter has four times the length of the symbols

As a consequence, FBMC can only achieve good spectral

efficiency if the number of transmit symbols is large. Clgarl
this solution is not suitable for low latency scenarios, whe
high efficiency must be achieved with short burst transmis-
sions. Universal Filtered Multicarrier (UFMC) [15] is a et
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Fig. 1: Block diagram of the transceiver.
proposal where a group of subcarrier is filtered to reduce therformance as OFDM over different channel models.

means that high spectral efficiency can be reached in sh% real
burst transmissions. UFMC does not require a CP and itd? fulfill

possible to design the filters in order to obtain a total blo E confined in a block structure off K samples, wherek
length equivalent to the CP-OFDM. However, because thegﬁbcarriers carnM subsymbols each, it is possible to design

if] no((:ZFF){(;JFFDI\/IN(l: ilssm(|3_|re sensLthli;/&éo ST“f]” timimisa}ligbr;m;alar]e time-frequency structure to match the time constraifts
than CP- [15]. Hence, might not be suitable fof,, latency applications. Different filter impulse respessan

applications that require loose time synchronization teotto be used to filter the subcarriers and this choice affects the

save energy. Bi-orthogonal Freqqency Division Multiphei OOB emissions and the SER performance. As will be shown,
(BFDM) [16] employs well localized pulse shapes at th%FDM allows engineering signals in their frequency and time

transmitter and receiver side thf‘lt are bi-orthogonal Fmeagharacteristics. Thus, the scheme retains all main benefits
other. The good frequency-localization of the transmlt'sp)ulmc OFDM at the cost of some additional implementation
makes the system robust against frequency dispersion qmp%omplexity

effect) while the goc_)d ti.me-lo.calizaFion of the pulse PO a GFDM block, the overhead is kept small by adding a sin-
vides robustness against time dispersion (multipath)eNge- gle CP for an entire block that contains multiple subsymbols

Iess,_the Balian-Low theo_rem prohibits time-frequencylwelThiS benefit can be used to improve the spectral efficiency of
localized pulses when using standard Quadrature Amplltuglee system or it can be traded for an additional cyclic suffix

Modulation (QAM) with maximum spectral efficiency [17]'(CS), which allows to relax the synchronization requiretaen

Therefore, BFDM employs Offset QAM (OQAM) to achleveof multiple users in an MTC scenario [2]. Furthermore, all

well Iocali_z_ed pulses both in time and frequer_1cy_domain ajor synchronization algorithms developed for OFDM [22]
Hence, critically dense BFDM cannot be easily integrate

. 2 . X o n be adapted for GFDM. Of course, multiple input multiple
W't.h MIfMOSglmmgl_dlvgrsninlS], W_h|c_;|h IS ogeBl\(ijtthig?Aoutput (MIMO) [23] will be a key feature in 5G networks. In
points for applications. Also, similar to ’ his paper we show that space-time coding (STC) [24] can be

needs to handle long pulse tails that reduces the efficiesrcy ffectively combined with GFDM for achieving transmit and
short burst transmission necessary in low latency and M2M .. e diversity

applications.

-time applications, the signal length must be reduc
certain latency requirements [10]. Because GFDM

Though the increased complexity of GFDM will surely be

F@anageable with the evolution of electronics, our proposed
scheme can be implemented with today’s technology already.
also been proposed for the air interface of 5G networ F'FEIGe)XbIei (;ustomzlzabrl]e F|beld Prog(rjamm;blel Gate GAI\:rIE)aI\)Z
The flexibility of GFDM allows it to cover CP-OFDM and ) platiorm [25] has been used to develop a

single-carrier frequency domain equalization (SC-FDH)][2 pr(_)o_f-of-concgpt and testbeq for expenment:_:ll researah. A
as special cases. GFDM is based on the modulation %fflment receiver structure is employed to implement the
independent blocks, where each block consist of a numb ?tChed filter or zero-forcing receivers based on any pypeot

of subcarriers and subsymbols. The subcarriers are filte fer-

with a prototype filter that is circularly shifted in time and This work contributes with the following new aspects:
frequency domain. This process reduces the OOB emissioMe present a detailed description and numerical evaluation
making fragmented spectrum and dynamic spectrum allatatiof two techniques that improve the spectral properties of
feasible without severe interference in incumbent sesvic&€FDM, namely inserting guard symbols and pinching the
or other users. The subcarrier filtering can result in noblock boundaries. SER performance is investigated with new
orthogonal subcarriers and both inter-symbol interfeegih®l) analytical expressions for the AWGN, frequency-selectind

and inter-carrier interference (ICI) might arise. Nevel#iss, time-variant channel. A way of applying space time coding to
efficient receiving techniques can eliminate this intexfere, GFDM is proposed, which allows for full diversity gain detepi
i.e. a matched filter receiver with iterative interferen@n- the fact that the waveform is non-orthogonal. Techniques to
cellation [21] can achieve the same symbol error rate (SERynchronize the receiver which are known from OFDM are

A flexible multicarrier modulation scheme, named Gene
alized Frequency Division Multiplexing (GFDM) [19], has
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Fig. 2: Details of the GFDM modulator.

adapted to GFDM. But, in this case, additionally the comstrainto K subcarriers withM subsymbols each according to
; ; - - T -

pf p:j%servmg t?_(re] gcgtl)td spectratl propfertles of th(fa I\_Naveforgﬂ: do",....dyv1T) andd, = (do.m, -;dKfl,m)T-

IS addressed. The bit error rate performance ot linear f"u?ﬂe total number of symbols follows @ = K M. Therein,

iterative GFDM receivers is evaluated in combination wit

ol codi S | sets of GEDM ¢ e individual elementsd, ,,, correspond to the data transmit-
error control coding. Several Sets ol Parameters iy on thekth subcarrier and in thenth subsymbol of the
presented, which serve as a guideline how to configure

i it d . h that it dd the f fock. The details of the GFDM modulator are shown in Fig. 2.
ransmitier and recever suc at it can adaress i€ 5chdk m IS transmitted with the corresponding pulse shape
5G application scenarios. And lastly, an efficient receiver ’

a_lrchitec_ture is_ presented _that enables to implement receivgk_m[n] — g |(n—mK) mod N| - exp _j%ﬁn Y
filters with arbitrary bandwidth. ’ K

The remaining sections are organized as follows: Sectionyjth ,, denoting the sampling index. Eagh,,[n] is a time and
presents basic principles of GFDM, highlighting the modurequency shifted version of a prototype filtgli], where the
lation and demodulation procedures. Section IIl presems tmodulo operation makeg, .. [n] a circularly shifted version
waveform engineering for GFDM, where several prototypst 4, (n] and the complex exponential performs the shifting
filters are analyzed in terms of OOB emissions. Section 'E/peration in frequency. The transmit sampies: (x[n])T are

analyzes the SER performance of GFDM, including thegtained by superposition of all transmit symbols
retic equations, assuming zero-forcing receiver undéemint Mt

channel models. OOB emission vs. noise enhancement is also

analyzed in this section. Section V combines time-reversal ol = Z Z em[Pldim, =0, N=1. (2)
STC with GFDM to achieve diversity over time-variant

frequency-selective channels. Section VI provides sohstfor  Collecting the filter samples in a vectgk.,m = (grm[n])"
time and frequency domain synchronization, based on stagdows to formulate (2) as

of-art approaches developed for OFDM. Section VIl extends 7= Ad_; ©)
the basic matched filter receiver by successive interferenc

cancellation (SIC) and compares its performance in a codwfere A is a KM x KM transmitter matrix [26] with a
system. In Section VIII, it is shown how GFDM can bestructure according to

parameterized in order to meet the channel and application

requirements for different scenarios. Sectjon IX deseri_be A= (Goo .- Gr-10 Gou .- Gr-1a-1). (4)
case of study of a proof-of-concept receiver setup. Fipally
Section X concludes the paper.

k=0 m=0

Fig. 3 shows three columns of an example transmitter
matrix. As one can segj o = [A],2 and go1 = [A]n k+1
are circularly frequency and time shifted versionsgef =
Il. SYSTEM DESCRIPTION ANDPROPERTIES (Al 1. ’
Consider the block diagram depicted in Fig. 1. A datAt this point,Z cointains the transmit samples that correspond
source provides the binary data vectgrwhich is encoded to the GFDM data blockd. Lastly, on the transmitter side a
to obtainbe. A mapper, e.g. QAM, maps the encoded bits toyclic prefix of Ncp samples is added to produge
symbols from a2#-valued complex constellation whegeis Transmission through a wireless channel is modelled
the modulation order. The resulting vectdrdenotes a databy § = HZ + @, where § is the received counter-
block that containsV elements, which can be decomposepart of Z. Here, H denotes the channel matrix which is
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real - - - imaginary - absolute

sample index n 280 column index 4 sample index n

(a) A transmitter matrix. (b) Three columns in detail.

Fig. 3: lllustration of GFDM transmitter matrix faN = 28, K =4, M = 7 and a raised cosine (RC) filter with roll-off.4.

a N + Ncp+ Nen — 1 by N + Ncp convolution matrix with receiving process, hence the zero-forcing channel egualiz
band-diagonal structure based on a channel impulse Fock is not required andi = Bgy. Finally, the received

— o T ~ ~ 7 ~
sponseh = (ho,..., ing-1)  Of length Ney. Lastly, @ symbolsd are demapped to produce a sequence of hits

) - ) .
CN (0, 0% Ly Nep-Nen—1) denotes additive white Gaussiar, y,o receiver, which are then passed to a decoder to obtain
noise (AWGN). At the receiver, time and frequency synchra-

nization is performed, yieldin@_';. Then the cyclic prefix is o ) ) )
removed. Under the assumption of perfect synchronization,From the description of the transmitter and receiver, it can

i.e. js = ¢, the cyclic prefix can be utilized to simplify theP€ concluded that GFDM falls into the category of filtered

model of the wireless channel to multicarrier systems. The name derives from the fact that th
scheme offers more degrees of freedom than traditional OFDM

i = HT + 0, (5) orsingle carrier with SC-FDE. GFDM turns into OFDM when

. . o M =1, A = F{ andB = Fy, whereFy is aN x N
by replacingH with the IV by NV matrix H, which is the ' poyrier matrix. SC-FDE is obtained wheki = 1 and SC-
corr(_aspondlng C|rcular convolqun_mgtnx. Th|slalllows eMEp)M, a frequency division multiplexing of several SC-FDE
ploying zero-forcing channel equalization as efficientsed gjgnals, is obtained whegis a Dirichlet pulse [28]. However,
in OFDM [6], although other equalization procedures can Rge important property that distinguishes the proposedrsen
employed [ZZ]. The overall transceiver equation can bet@vrit .o OFDM and SC-FDE is that. like SC-FDM. it allows
asj = HAd + . Introducing = H'"HAd + H™'@ = gviding a given time-frequency resource info subcarriers
Ad+w as the received signal after channel equalization, lineghq 1/ subsymbols as depicted in Fig. 4. Therefore, it is pos-
demodulation of the signal can be expressed as sible to engineer the spectrum according to given requinéne
2 . and enables pulse shaping on a per subcarrier basis. As a
d =Bz, (6) consequence, without changing the sampling rate, GFDM can

where B is a KM x KM receiver matrix. Several stan-P€ configured to cover a portion of bandwidth either with a
dard receiver options for the GFDM demodulator are real@'9e number of narrow band subcarriers like in OFDM or with
ily available in literature: Thematched filter(MF) receiver & Small number of subcarriers of large individual bandwidth
Bur = AT maximizes the signal-to-noise ratio (SNR) pep_ke in SC-_FDM. Further it is important to note that although
subcarrier, but with the effect of introducing self-inenénce filters are introduced, GFDM is still a block bgsed approach_.
when a non-orthogonal transmit pulse is applied, i.e. tHd1€S€ aspects are relevant for the scheduling of users in
scalar product(go.o, gkm)en # Oox00m With Kronecker a multiple access scenario [2] and also when targeting low
delta &; ;. The zero-forcing (ZF) receiverBzz = A~! on latency transmissions [4].

the contrary completely removes any self-interferencehat t
cost of enhancing the noise. Also, there are cases in which
A is ill-conditioned and thus the inverse does not exist.
The linear minimum mean square errofMMSE) receiver  The flexibility of GFDM allows designing a signal that has a
Bumse = (R2 + AHHPHA)"'APH" makes a trade-off very low OOB radiation. This section contains a theoretiglan
between self-interference and noise enhancement. HRe, ysis of the OOB radiation of GFDM. The main contribution
denotes the covariance matrix of the noise. Note that in cdse detailed description and numeric evaluation of teahesq
of MMSE reception, the channel is jointly equalized in théor reducing OOB radiation..

I1l. WAVEFORM ENGINEERING
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subsymbols, (b) with' = 1 subcarriers and/ = N subsymbols and (c) witl =4, M =3 and N = 12.

2

(10)

The choice of the pulse shaping filters strongly influencekta symbols with unit variance, inserting (9) into (7) gl
the spectral properties of the GFDM signal and the symbitie PSD of the GFDM system as
error rate. The frequency responses of candidate filters ) k:
employed are summarized in Tab. I(a), whereas the respectiv P(f) = Z Gm (f — _)
impulse responses are calculated by inverse discrete dfouri MT; eom Ts
transform (IDFT). In Tab I(@)]ina(x) is a truncatedl Ilinear The OOB radiation of the GFDM signal is defined as the
. . . _ . 1+« x
function  with  ling(z) = min ( 1, max (O_’ Ba T F)) ratio between the amount of energy that is emitted into the
that is used to systematically describe the roll-offequency rang®»©B and the amount of energy within the
area defined bya in the frequency domain. Further,gjocated bandwidtiB by
pa(x) = 24(35 — 842 + 702% — 2023) is a polynomial that
maps the rangé0, 1) onto itself. 0= Bl Jreoos P()df 11)
In GFDM, the kth subcarrier is centered at the normalized |0OB| ffGB P(f)df
frequencyk/K and hencepn describes the overlap of the . .
subcarriers in the frequency domain. In particular, foe= 0 Bet:r/;%n [é | ar;}d(a()gi(ﬁfst;t(re]:rtrrl1bee20cr)1fcegl{[a(;? il;?gasrgti;ir IS
all functions in Tab. I(a) reduce to a rect and are denoted t - 9. 4 sh P gt t th
Dirichlet filter [29, p. 619], since the impulse responsehis t ?‘rOOFIODIi/I r;ﬁgsgfénl\inéande;u?:\'zuaeigTﬁ:gﬁ?S ?cLaen PeSSD
Mth Dirichlet kernel of the discrete Fourier transform (DFT?f the sianal value be.twgen GFDi\/I blocks. the OOFIJB radiagon
of length M K. Fig. 5 shows sample impulse and frequencgf GFDI\?I is approximatelyl5 dB below OF’DM N order to
responses of the described pulse shaping filters. ; Sl )
o ke the pulse shaping even more effictive in reducing the
To measure the OOB r_ad|at|on, the power spectral dens OB radia?ion two spuitgble techniques are discussed: ’
(PSD) of the baseband signal can be formulated as [30] 1) Inserting G,uard Symbols (GSWhen using an ISI-.free
. 1 9 transmission filter (e.g. the RC or Xia filters) and CP with
P(f) = Tlg%o (TE{|]:{xT(t)}| }) ’ (7) length ofr K, r € N samples, it is possible to keep the signal
_ o ) value constant at the block boundaries by settingOtieand
where z7(t) is the transmit signal that is truncated to theys _ ;yth subsymbol to a fixed value. Fig. 6(a) shows the
interval (~7'/2, T/2). In GFDM, w7 (t) is the concatenation strongly attenuated OOB radiation of GFDM, when the GS

of multiple GFDM blocks value is set to zero, denoted by GS-GFDM. For highthe
) reduction of the spectral efficiency b¥=2 due to the GS
_ . 7‘727TT_t 8 . .
2r(t) = Y domkgom(t — vMTs)e s (8) insertion can be neglected and furthermore, these subdgmbo
v,m,k are free for inserting synchronization signals and pildis.

case of highM, increase of latency can be mitigated by
proportionally reducing the subsymbol duration and eriteyg
(f ﬁ) (ImNT.S (g) the subcarrier bandwidth. The number of subcarriers can be
T. reduced, in order to keep the occupied bandwidth constant.
2) Pinching the Block BoundaryThe insertion of the CP
whereT is the time duration of one subsymbolis the block of Nop samples introduces redundancy in the transmitted
index that ranges from 537 t0 + 5777, andk, m range over data. In windowed GFDM (W-GFDM) this is exploited at
all allocated subcarriers and subsymbols. When assuniidg i.the transmitter side by multiplying each GFDM block with a

with respective Fourier transform given by

XT(f) = Z dvmka

v,m,k
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Fig. 5: Impulse and frequency response of employed pulspirghdilters. Roll-off « is set t00.5 except for the Dirichlet filter ¢ = 0). Solid and dashed
lines denote real and imaginary part, respectively.

TABLE I: Pulse shaping filters and window functions.

(a) Investigated pulse shaping filters. (b) Window functions for block pinching.
Name Frequency response Window  Time domain
RC Grelf] = 3 [1 = cos(m lina (7)) Rect  wrecln] =1
. KM+ N
Root RC Grrelf] = VGrolf] Ramp  wgln] = hn% [ SN (KlwinNcp - )]

— 1 .
lstXia[31] Gialf] = 1 {1 _ e—jw]ina(%)sign(f)} RC wreln] = 5 [1 — cos(mwr[n])]

; i (L) siee 4th RC =111 —cos
4th Xia [31] mem:é[1fe-mwannslgn(n} wrean] = 5 [1 = cos(mpa(wr(n]))]

window functionw[n] in the time domain to provide a smooth V. SymBOL ERRORRATE PERFORMANCEANALYSIS

fade-in and fade-out as illustrated in Fig. 6(c). Different |, this section we analyze the performance of the GFDM
window functions are given _in Tab. I_(b), Wh_erNW is the gystem in terms of SER versus, /N, assuming that a ZF
number of samples that are included in the linear part of thgceiver is employed. This type of linear receiver is able to
rampwr[n]. At the receiver side, the data is recovered frofemoye self-generated interference at the cost of intrioguc
the received W-GFDM block by summing the parts of thRgise enhancement, depending on the pulse shape. Differ-
CP that were modified by the window. As a result, a noisgytly from previous work, where the bit error rates have
enhancement of0 log, (1 + 7757) dB occurs because of thepeen analyzed only based on simulations [26], this section
summation of two redundant parts of the signal. This noi§groduces analytical expression to evaluate the GFDM SER
enhancement can be mitigated by using the square rootakformance under AWGN, static frequency-selective cenn
the block window at the transmitter and at the receiver whi f-'fSC) and flat time-variant channels (TVC). Besides the SER
resembles the matched filter .approach._ Calculations of Y8rformance analysis, this section provides a trade-aflysis
OOB power have been carried out with the parameters Wanyeen noise enhancement and OOB emissions for different
Tab. Il, where different CP lengths have been employed. TBﬁlse shapes.

results for one and six guard carriers are shown in Fig. 6(D).The system parameters used for the simulation are presented
Obviously, any of the presented GFDM configurations hag Tap. |1, while Tab. Ill shows the channel impulse response

a lower OOB radiation than OFDM. GS-GFDM efficientlyyseq in the SER performance evaluation. Fig. 7(a) shows
reduces the OOB radiation to 32 dB below OFDM with a CP

of K samples. For a CP length & /4, GS-GFDM performs TABLE II: Simulation parameters.
20 dB below OFDM. Pinching is most effective in combination

with a higher number of guard carriers, since the multipira Parameter Value
with a block window spreads the spectrum of the GFDM Mapping 16-QAM

. . - . Transmit Filter RC
signal. Thewrcsa-window attenuates the OOB radiation with Roll-off (a) 0.1 0r 0.9
six guard carriers most, but has the least suppression with Number of subcarriersi) 64
one guard carrier due to its wide mainlobe in the frequency Number of subsymbolsi{) 9

. . CP length (Vcp) 16 samples

domain. It can attenuate the OOB radiation to below -100 dB CS length (Ves) 0 samples

as is shown in Fig. 6(b) in the solid blue line. When tolergtin

six guard carriers, the pinching technique can supress O Othe receive filter impulse response for ZF and MF receivers

radiation below -70 dB W.'th a ramp length of only a quartearlssuming the parameters presented in Tab. Il with= 0.9
subsymbol and an RC window.

to highlight the noise enhancement. Fig. 7(b) shows the cor-
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0.0 0.2 0.4 0.6 0.8 1.0
W/K

(b) OOB radiation of different GFDM configurations

Nw
P Transmitted block
Sl wln
H/_/
CP Useful data
e Received block RN

Recovered data

(c) Pinching the block boundary yields W-GFDM.

Fig. 6: Waveform engineering results.

TABLE llI: Channel impulse response and delay spread foradbesidered
channel models.

Channel  Impulse Response Delay Spread

AWGN k= (1) Nen=1
_; T
FSC h= (10 Nchfl) Nen = Nep
. i=0,...,Neh—1
TVC h = (h), h ~CN (0,1) Nen=1

responding frequency response of both filters. As visilile, t
ZF filter collects noise outside the desired bandwidth caiffig

the SER performance of the system. Over flat channels, the
noise enhancement factor (NEE)determines the signal-to-
noise ratio (SNR) reduction when using the ZF receiver. It is

defined as
MK-1

§= Z ‘[BZF]k,n i

n=0

; (12)

which is equal for every.

1) AWGN Channel The NEF adjusts the equivalent SNR

for GFDM at the receiver side. Consequently, GFDM and
OFDM SER performance under AWGN [32] only differs in

the equivalent SNR. Therefore, GFDM SER under AWGN is
given by

pawcn(e) = (K ; 1) erfc(\/7) +
o1 (13)
- (5 ) ere (),
where - 5
_ T =5
TT @ —1) ey (14)
and 0
Fr = KM + Ncp+ Ncs’ (19)

u is the number of bits per QAM symbok, = v/2#, Nop

and N¢g are the length of cyclic prefix and cyclic suffix (CS)
respectively,F is the average energy per symbol, aNg is

the noise power density.

Fig. 8(a) compares the SER performance of GFDM and
OFDM under AWGN taking the energy spent for CP into ac-
count. The figure shows that the pulse shape and, conseguent!
the NEF, plays an important role in the GFDM performance.
The noise enhancement can be neglected when a RC filter
with o = 0.1 is used and, in this case, the GFDM and OFDM
SER curves match. For this reason, only the theoretical OFDM
curve has been plotted in Fig. 8.a. On the other hand, the
GFDM SER performance is severely degraded due to noise
enhancement when a RC filter with = 0.9 is used. The
prototype pulse shape must be properly chosen in order to
avoid prohibitive performance loss due to noise enhanceémen
Fig. 8(a) also shows that GFDM suffers a smaller performance
penalty due to the CP insertion when compared with OFDM.
The GFDM performance gain over OFDM is given by

M (K + Ncp+ Ncs)
MK + Ncp+ Ncs

n = 10log dB. (16)
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Fig. 7: Time and frequency characteristics of the ZF and Mfeiwng filters.

Hence, a largeVd must be chosen if spectrum efficiency ioover FSC considering the channel delay profile presented in
an important requirement in the system design. On the othiab. 11l with N., = 16. Again, GFDM uses the CP more
hand, it must be noted that latency increases linearly with efficiently when compared to OFDM. Notice that the channel
in this case. Therefore, when choosing the length of the GRlay profile leads to a coherence bandwidtiBet= fs/259

a trade-off between latency and spectrum efficiency must ded the bandwidth of each subcarrier3s. ~ f,/64, which
found for given applications. means that this channel is frequency-selective per subcarr
2) Frequency-selective channél good SER performance overln this scenario, the larger number of samples per subcarrie
FSCs is an important requirement for multicarrier modoladi allows GFDM to present a better performance than OFDM,
Following the block diagram presented in Fig. 1, the sighal as shown in Fig. 8(b). In fact, for high SNR, the GFDM
the input of the demapper when the ZF receiver is employpérformance when employing an RC filter with= 0.9 and

is given by B large NEF approaches the OFDM SER.
7 T 3) Time-variant channeln a time-variant channel both instan-
d = d+ Weq, a7) ! 0
taneous SNR and instantaneous SER are random variables.
where - Thus, the average symbol error probability over a time-
0. = BF&K 18) Variant channels is an important tool to analyse the system
Beq 4 (18) _ . .
H performance. Consider that a time-variant channel can be

is the equivalent noisd}’ is the noise vector in the frequencyMdelled as a multiplicative channel where the amplitude ga
domain, andd is the vector of the channel frequency responsiS, @ Rayleigh random variable with parametgr and phase
The variance of the equivalent noise for tiie subcarrier can uniformly distributed betweerw andr. It is assumed that the
be evaluated from (18) and leads to channel remains static during the transmission of one GFDM

symbol. In this case, the GFDM SER follows the OFDM SER
with the penalty of the noise enhancement when a ZF receiver
is employed. Due to the flat property of the channel, the NEF

is constant for all subcarriers. Therefore, the SER of GFDM
whereGRr, ,, [k] is the frequency response of the filter for theyver time-variant channels is given by

lth subcarrier andnth subsymbol and; is the corresponding o1
( ) (1 v >
K 1+,

MK-1

1
2 _
T MK ;

2

G —k
Rl,m[ ] O—Z e gloi = fl%a (19)

HIk]

NEF. Notice thatr? is equal for everyn. The position of the  pryc(e) = 2
filter in the frequency domain changes the NEF because the

. : (22)
channel frequency response is not flat for multipath channel ~ (x —1 2 1 4 Y atan 14,
Hence, the GFDM SER over FSCs is given by K T\ 1+, Vr ’
o1 Rl where 302 Rr B
Prscle) = 2< — ) > erfe(y) + yy = SonBr By (23)
=0 (20) 26 —1 gN()
1 (r—1\2 & 2 Fig. 8(c) shows the GFDM and OFDM SER performance
AU > erfc (A, assuming a Rayleigh channel with parametgr= 1. Once
1=0 again, we can observe that the NEF resulting from the chosen
where 3R B pulse shape is neglectable when compared with OFDM for
e . (21) « = 0.1. GFDM benefits from using only one CP fav
2(2#—1) &No

subsymbols, which results in a better power and spectral
GFDM has M times more samples per subcarrier wheafficiency.

compared to OFDM, which provides a higher spectrum reso-Closed-form solutions for the SER performance under
lution for equalization, allowing GFDM to better mitigateet AWGN of the matched filter receiver are available in [33]. The
frequency selectivity per subcarrier. MF receiver outperforms the ZF receiver in low SNR regions
Fig. 8(b) compares the performance of GFDM and OFDMue to the significant influence of the noise enhancement.
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Fig. 8: GFDM and OFDM SER performance in different chann@lse minimum number of symbol errors for each SNR value is: BS0AWGN and
frequency-selective channels and 20000 for time-variaéanoel.

T T T T T for practical applications, the RC and 4th order Xia filtethwi
: : : lower « in the range of) < a < 0.2 are preferrable.
3 ) TR EE . T
m . . .
— & — “GFDM : GS-GFDM
f 2 ---3-W-:-G-------f-qs--(-;---:---x--- V. SPACE-TIME CODED GFDM
K : : :
Al #. [ RC e—elst order Xia |- +-cY Any 5G system sha_II be able to exploit tht_a bgnefits of multi-
|| RRCY—v4th order Xia| ple transmit and receive antennas. Transmission dlve[@m]y
ob-----# . == e T .- pooo¥. 2 is a crucial feature for future wireless networks to achidae
-70 -65 -60 -55 -50 -45 -40 required reliability and robustness under frequencyesiele

OOB [dB] and time-variant channels. Due to the orthogonality of the
Fig. 9: NEF and OOB for various GFDM filters. OOB radiation wasasured SYmbols the Alamouti-STC is easily applied in OFDM [34].
with 6 guard carriers. The W-GFDM system uses a RC window witamp For GFDM, the overlapping subsymbols in the time domain
length of K/4. The roll-off « increases in the direction of the arrows fromimpede the direct application of the Alamouti-STC within
0 to 1 in steps of 0.1. . . .
one GFDM block. However, as a major contribution of this
section, we show that the block-structure of GFDM enables th
application of time-reversal STC, which has been developed

However, since the MF receiver suffers from self-interfee fonr single carrier systems to achieve diversity under f )

it cannot reach the performapce of the ZF apprqach at hIgelective channels [35]. Fig. 10 presents the block diagram
SNR values. The MMSE receiver balances the noise enhancg- . .
the STC-GFDM transmitter and receiver.

ment and self-interference so that it converges to the In thi h two dat tof and d. ind
receiver for low SNR and to the ZF receiver for high SNR nﬂ IS %pp:rct)agl, V(;’_O ?a vectorig andd, are indepen-
regions. However, no closed form solutions for the SER ﬁan y modulated leading to
Rayleigh fading channels do exist. Simulated SER curves for = — Ad S 7

. . . X = and = Ad,. 24
the MMSE receiver are provided in [26]. Fig. 9 shows the o ! 2 2 (24)
OOB radiation and NEF of different filters and different roll The modulated signals are delivered to the space-time encod
off factors for W-GFDM and GS-GFDM assuming the systefyy produce the signals that will be transmitted by the two
parameters presented in Table Il. The choice of the pulgftennas in two successive time frames, which are presiented

shaping filter significantly influences the NEF and, in case ghp. |v. A CP is appended to each signal before transmission.
GS-GFDM, also the OOB radiation. For W-GFDM the OOB

radiation is nearly independent of the employed filter. Ti&-N TABLE IV: STC signals.
increases with the roll-off factor due to the wider overlaugp
of the subcarriers. The ZF receiver needs to put more effort
into ICI cancellation which is bought for an increased NEF in Time frame 1 z11[n] = 21[n]  z21[n] = —z3[—n mod N]

the range front dB for the Dirichlet filter up to3.5 dB for full Time frame 2 z12[n] = @2[n]  222[n] = @f[-n mod N]
roll-off RRC and 1st order Xia filters. The 4th order Xia filter

shows the lowest NEF aof.25 dB with full roll-off. However, On the receiver side, the signals at thle receiving antenna

Antenna 1 Antenna 2
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dy, d2| GFDM |1, T2 space-time remove | | gpace-time| | GFDM |d1, d2

A 211, Z12 7 B
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Fig. 10: Transceiver block diagram of the STC-GFDM.

on time frames 1 and 2 are given by 10° T T T T
¥i1 = Hyy@ + Ho @1 + Wi

R R ~ . (25)
Yiz = HyiZ12 + HoZog + Wio,

,_.
2
(3o}

whereHj; is the circulant matrix with the impulse response
of the channel between thgh transmitting antenna and the
ith receiving antenna, and;; andw;, are the noise vectors —
received byith receiving antenna in the time frames 1 and 2,2
respectively. It is assumed that the channel coherenceisime £, ——STC-OFDM
larger than two GFDM symbols. ” 10-6 1|75 STC-GFDM - RC v = 0.1
The space-time maximum ratio combining is carried out in the —6—STC-GFDM - RC oo = 0.9
frequency domain to achieve diversity. The combined signal ‘ : ‘

error rate

—_
i
~

mpo

in the frequency domain are given by 0 4 8 12 16 20
. I e o= O Es/No [dB]
X, = Zi=1 ELYa +EY5
S - - Fig. 11: SER performance of the 2x2 STC-OFDM and STC-GFDMeund
21:1 E1200 BB frequency-selective and time-variant channel. The mihimanber of symbol
. ZI :‘i s L+ :.Q.W*Q errors for each SNR value is 20000.
i—1 =14 7 =013 . — -
=X+ ST D s - T W
i=1 =151 T 2952 (26)
)? B Zle E1,Yie — By Y] performance than STC-OFDM when small is used. The
2T s VBB 4 BBy NEF becomes significant for high values af resulting in
= (2 13 . . .
! [ = T a performance loss. Nevertheless, the diversity gaifi/ofs
= X0+ Zijzl —L2 2T X 4 W, achieved by STC-GFDM for both transmit pulses analyzed
im1 221+ E58 in this section. As stated in Sec. IV, GFDM has a higher

wherel is the number of receiving antenn&s,, — FH ,F ! spectrum resolution per subcarrier, which allows for adrett
M Jt

and¥;, andY,, are the discrete Fourier transform @ and frequgncy domain equalization. The bgneflfc of a more precise
7io, respectively. equalization can be also observed in Fig. 11, where the

The estimated data vectors can be obtained from the combif&Pes of the STC-GFDM curves are steeper than for STC-
signals presented in (26), therefore OFDM. Hence, even STC-GFDM emplpymg RC with= 0.9

A A performs better than STC-OFDM for high SNR /Ny > 18

d; = BF'X. (27) dB).

Fig. 11 compares the SER performance of classical STC-
OFDM [34] with STC-GFDM considering the system param- VI. BLOCK BASED SYNCHRONIZATION
eters from Tab. Il and the frequency selective channel delaySynchronization is a key element in the performance of
profile from Tab. Ill, however, each tap of the channel impulghe signal processing carried out on receivers and can be
response is multiplied by i.i.d. Rayleigh random variableschieved in GFDM on a block basis. The block structure with
with parameters? = % Also, the total transmitting power its CP allows adaptation of fundamental OFDM solutions to
is kept constant, which means that each antenna transreitimate symbol time offset (STO) and carrier frequencyeiff
with half of the available power. Two transmitting antenna@FO) [36], [37], but low OOB is a factor to be specifically
and two receiving antennas have been used in this simulatioansidered in GFDM.
Fig. 11 shows that STC-GFDM and STC-OFDM achieve ththe algorithm proposed in [22] will be evaluated in this satt
same diversity gain. In a practical system setupshall be to achieve one-shot synchronization using a straightfodwa
chosen small because the NEF can be neglected. Again, Sp@posal of a separated W-GFDM preamble, which is defined
GFDM uses the CP more efficiently which leads to a bettaith M/ = 2 and the transmitted data in thgh subcarriers
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of both subsymbolsiy.o and d, are filled with the same Nwp - camble Nwa data block

pseudo-noise (PN) sequence, resulting in a signal composed | ‘ o - \‘

with two identical halves. P e e — e — S—
CP  dipo , , di,1 di, m—1

Low OOB is obtained by pinching the block boundary and
Fig. 12 illustrates this configuration, where a W-GFDM pream
ble precedes another W-GFDM data block and forms a burst
with a double pinching pattern. As described in Sec. Ilfedif
ent pinching lengthsvyy, and Nwq can be applied respectively
to the preamble and data blocks in order to achieve a desiredg
emission mask.

Given thatr[n] is a set of received samples containing
at least one complete W-GFDM preamble, the two identical

=
3
~

109

10—t

Fig. 12: W-GFDM preamble preceding a W-GFDM data block.

i

halves are identified with an autocorrelation metric, which 102 : * *
is integrated along the CP and CS length to remove plateau
effects [37], [38], leading to the metric 1073 & T T T g
0 N-1 N . i 1
pl =Y §:TM+L+M7{n+L+k+-5} (28) T gl ]
t=—Ncp k=0 ~ F ]
The argument that maximizes the absolute value of the metric 5 !
. -5 I I |
u[n] is taken as a coarse STO 10 5 10 15 20 25
e = argmax]p[n|, (29) Ey /Ny

Fig. 13: Performance evaluation of variance of the fine STtnesion 7
and CFO estimatior¢ for the GFDM preamble in a time-variant multipath
channel

while the angle ofu[n] is used to estimate the CFO as

¢ = Zhlhe] (30)

™

The valueé is employed to correct the CFO in the receivegding the fine STO estimation for the first multipath is finally
sequence and a cross-correlation operation is then peztbrrgiven by

as e iy = ar)gﬁrst (le[n]] > Trn) . (34)
. e No—A<Nn<T,o
cln] = = E rln + k] 2™ (FR) plE] (31) =" o _
N =0 The performance evaluation in terms of variance of nor-

malized STO and CFO estimations is presented in Fig. 13 for
the W-GFDM preamble following the parameters presented in
le 1l but with M = 2. A wgc[n] window function with

wherepl[k] represents the known GFDM preamble.
To suppress side peaks that arise from the two halves
from the CP and CS partg[n] is combined withu[n] and w = 16 is used,\ = 16, pea — 10— and the time-variant

an optimized estimation of the STO is obtained by searchirf:%C is set as described in Sec. V. For a SNR range higher

tf)e pe]\r;l K \faluej\',n tEe range around the coarse STO estimatiol, 5 4B the variance of the STO estimation stabilizes withi
e — 3, 7+ 3] thatis tenths of a sample due the time variant fading effect in the

fio = argmax (|c[n]||u[n]]) . (32) multipath channel. The variance of the CFO estimation start
n from thousandths of the subcarrier bandwidth and getstiynea

This synchronization procedure is robust for single patineh better (in log scale) with increasing SNR.
nels, but in a time-variant FSC, the primary echo can be low&he results obtained with the double pinching configuration
than other echoes and the strongest peak will not representghow that burst synchronization can be achieved without
correct STO. Thus, an additional search befogecan reveal penalties to the performance when compared with the results
if there is another yet undetected peak to be considereceas RFesented in [22]. The smooth block boundaries at the edges o
primary one. For samples that do not belong to the preambliee preamble and the data portion of the signal are partigula
the output of the cross-correlation can be interpreted agnaportant as keeping OOB emission low is an important
complex Gaussian random sequence and a threshold critdfgature of GFDM.
depending on an acceptable probability of false alggm can
reveal the presence of multipaths befére

CAonsi;j\erAing thﬁt thi fir]s\'; pe_ak of é?’l) i;lwithin the ranhge In this section, the previously presented basic matches filt
(20 7h ’Iél‘?] ,dwf_er(ej < Nep Is an adjustable parameter, t eolpproach is extended by successive interference canoellat
threshold Is defined as (SIC) [21], yielding the MF-SIC receiver. We investigats it

1 = performance compared to the ZF and to the linear MMSE
N o) Z le[fo + k]| | (33) receiver in terms of bit error rates (BER). Compared to the
2 T N previous work, error control coding is introduced in the the

2

VIl. ADVANCED RECEIVER

4
Trh =1/ ——1n(pra)
iy
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GFDM demodulator decoder. The second setup employs MF with several SIC
7 77/ il soft be [ iterative Py iterations prior to decoding. As a reference, an orthogonal
7 MMSE demapper | | decoder | SC-FDM transmission is used. The performance is compared

in terms of bit error rates in AWGN, frequency-selective and
time-variant channels from Tab. Il and the configuration of
the GFDM system is based on Tab. .

GFDM demodulator The main objective here is to evaluate the penalty of using

(a) ZF and MMSE receiver configuration

7 #0) dOl soft gc cterative| b a non-orthogonal waveform. Generally, when the transmit
%@—' MF demapper | | decoder |~ filter exhibits little self-interferencea( = 0.1), for either of
MF and ZF, the PC-CC alone is able to close the gap to
the orthogonal system. In a situation where the interfarenc
a® SIC becomes severex(= 0.9), MF and ZF can strongly deviate

from the performance of the orthogonal system. Looking at
the AWGN case, noise enhancement appears to have a more
severe impact than the self-interference as MF outperfdfmns

Fig. 14: The considered receiver configurations. However, with increasing®, /Ny in the frequency selective
channel, the MF can only outperform the ZF, when combined
with SIC. This behaviour is similar in the time-variant chah

setup. The results show that although ZF can severely eshaR@Wever here a pronounced waterfall region is absent. In the
the noise in the system, it can be a reasonable alternattie tocaSe of strong self-interference, the performance of theS#M

iterative approach in some cases, mainly when small valfies"8C€iver is comparable to MF-SIC for the time-variant creinn
a and M are employed. while MF-SIC outperforms it by0.5dB for high SNR in

AWGN conditions and by an even smaller fraction of that

(b) MF-SIC receiver configuration

A non-orthogonal waveform like GFDM inherently in- )
iy the frequency-selective channel.

troduces correlation across all subcarriers and subsyamb . . L
within a block, which can result in unwanted self-interfeze Overall, it can be concluded that when operating with little

among the elements @ when the MF receiver is employed self—interferen_ce, Z_F should be favored as ZF and MF—SI(_:
Supposed is the iter:;uion index, the algorithm starts b'show nearly identical performance, but ZF does not entail

BN Mhe complexity overhead of the SIC iterations. When self-
first detecting all data symbpls(@: t = 0 based on the jyerference is severe, MF-SIC outperforms at the cost of
received signalZ. In the first iteration/ = 1, the detected mgre computational effort. The MMSE achieves similar per-
data symbolsgi(®) are then fed back to calculate a cancellatioformance as the ZF receiver, when looking at the frequency-
signal ggzn = Ad“~D — G ndi.m for each pair of(k,m), Selective or the time-variant channel.

which is based on all but thék, m)th element ofd(‘~1.
The received and equalized signalis partially cleaned of VIII. A PPLICATION REQUIREMENTS

interference, producmgffzn = 5+H§ﬁn Lastly, the(k, m)th New scenarios are being foreseen for 5G networks with
data symbol is detected again to obtdf},. The(th iteration requirements that cannot be addressed only with throughput
is complete once all pairs ¢k, m) are run through. The total increment. In this section, we present a short description o
number of SIC iterations shall be denoted Jyc. the most prominent application scenarios and propose sets
This method has been shown to be effective, even for high GFDM parameters to address the specific requirements.
order of QAM mapping [39]. However, for larg&” and M In particular, adequate values df and M based on the
this can significantly increase the computational compexirestrictions from the wireless channel characteristios an
of the receiver. In this case, using a Nyquist filter allows tthe requirements of the application scenarios are eshailis
elimininate self-intersymbol-interference and thus ieegito Table V presents the typical channel parameters and a sug-
iterate only through the subcarriers in the system. Anothgested GFDM configuration for each scenario. The applinatio
option is to define a threshold fdfx: .n/, Gk,m) With k& # k' scenarios considered in this section are:
andm # m', below whichdy ,,v is considered not to have 1) Bitpipe communicatiarCurrently broadcasting services are
influence ondy . experiencing a media shift, where television and radio @aint
Additionally, an interesting question is, to what degregre being broadcasted through the Internet. People demand
can coding help to overcome the impairments of the notheir favorite shows anywhere, and smartphones and tadiets
orthogonal waveform. To investigate this, encoder and deco commonly used to access the content. With screen resolution
are introduced in the transmission chain. The parallel amc on mobile devices beyond high definition, videos and 3D con-
nated convolutional code (PC-CC) from [40] with code ratents will require several tens of Mbps to achieve a good Qual
R = 1/3 is considered for this section. On the receiver sid&y of Experience (QoE). Therefore, next generation neksor
a turbo decoder [41] with/7p iterations is employed. must rely on advanced digital communication techniquesh su

In the following, the two configurations depicted in Fig. 14s MIMO [23] for diversity and multiplexing, highly effici¢n
shall be considered. In the first setup, a linear receiverZiE channel coding, small cell coverage with inter-cell inteeince
or linear MMSE, is utilized in combination with the turbomanagement and efficient dynamic spectrum allocation. For
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Fig. 15: BER simulation results for a coded system witp = 10 and Jgic = 1.
Waveform englneerlngl lOW OUt_Of_band emISSIOn IS a Cnuc'% CP data data data data data data data CS

requirement to allow fragmented and opportunistic spettru ©
allocation with cognitive radios (CR) [42]. Orthogonal Fre = '
quency DiViSion Mu|t|p|eXIng (OFDM) [6] W|th —35 dBC % CP| data |CP| data |CP| data |CP| data |CP| data |CP| data |CP| data
OOB emissions will hardly be able to attend the emission mask

without additional filtering, which renders the deploymeit Fig. 16: GFDM and OFDM frame comparison for the MTC scenario.
OFDM questionable in the next generation standards.

As presented in Section IV, GFDM can achieve OOB emission

several dBs below OFDM and, therefore, is more suitablge typically powered by batteries and their lifetime must
to explore vacant and fragmented spectrum. Besides the Igw extended. MTC devices connecting to cellular networks
OOB emission, GFDM configuration with large can reduce cannot pass through all the synchronization steps, because
the impact of the CP length in the overall throughput angis process would consume a large amount of energy. Hence,
can significantly increase the spectrum efficiency. GFDMITC devices must be able to achieve reliable communication
combined with Coordinated Multipoint transmission [43hcawith a loose synchronization or even operate asynchrogous!
increase the spectrum re-use in small cell networks withontiarge CP and CS can be used to allow for loose time domain
increasing the interference between cells. synchronization in a random access channel [15], but this
2) Machine Type Communication (MT:Qylachines, devices approach cannot be efficiently used with OFDM as it requires
and even objects are becoming intelligent and equippetde CP and CS per symbol. GFDM applies one CP and one CS
with sensors, which increasingly allow them to operate aii a block with several subsymbols. Therefore, a LTE resurc
tonomously and to communicate without human interactioflock can be organized as a GFDM block with CP and
While today’s MTC is mainly based on short-range wireledsS large enough to accommodate timing misalignment (see
technologies, such as Bluetooth and Zigbee, it is expecteigure 16). It is worth noting that GFDM is able to increase
that cellular systems providing wide area coverage wilhgai the size of the CP and introduce a CS without consuming
significant market share. There are two major markets feresdurther resources when compared with the LTE approach.

for MTC. The first considers machines as complete systel® Tactile Internet This new application scenario is first
with only an interface that allows for controlling it overenvisioned in [4], where the 5G network is used for real-
the Internet. The other considers machines as sensors @m control applications with at mostms round-trip latency
actuators where all the control system is to be moved tequirements. The low latency requirement is determined by
a cloud infrastructure. Although the first approach can libe typical interaction latency for tactile steering andtcol
implemented shortly, the second one is regarded as the mafsteal and virtual objects. In fact, most of today’s mobile
interesting because the connected sensors will provideaiec devices use a touch screen as input interface and futureegevi
information for Big Data processing [44], allowing for datawill integrate various interfaces for haptic, visual andlitory
analytics to uncover patterns and correlations, and oféev ninput and feedback. These new interface devices are also
or better services. Consider a scenario, where smart deiwvicegoing to be used to interact with the online environment for
a given environment communicate among each other or withitual and augmented reality, health monitoring, smard&

a central station without human intervention. These daviceontrolling, gaming and many different applications. Ibto
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TABLE V: Channel and system parameters for the identifiediegijion scenarios.
Parameters Bitpipe Tactile Internet MTC WRAN
Cell size [km] 4 1 4 100
Delay Spread js] 5 1 5 50
Be [kHZ] 40 200 40 4
Doppler shift [Hz] 100 10 100 10
Te [ms] 5 50 5 50
Subcarriersk 20,1,2,....8 64 or 128 1 20,1,...,4
SubsymbolsM 1023 ... 5 5 7 1023 ... 127
Receiver type MF-SIC ZF ZF MF-SIC
Tep [1] 7 2 7 80
Symbol duration fis] < 5000 ~5 =~ 500 < 50000
Modulation order 2,4,60r8 2o0r4 2 2,4,6o0r8
Bw [MHZ] 20 100 (Fragmented) 1 5, 10 or 20

large, the round-trip delays between the command insertiavhere R is the overall symbol rate.

the action in the online environment and the feedback canln summary, flexibility will be one key aspect for future
result in a poor QoE or even cybersickness. Since the over@@llular systems in order to address the wide range of ferese
round-trip system delay cannot be larger tHams, the time application scenarios. GFDM in particular can address the
budget for the physical layer will be of no more than hundredsquirements of these application scenarios where the con-
of us. The current frame structure of Long Term Evolutioriiguration of the number of subcarriers and subsymbols is an
(LTE), based ori70 us OFDM symbols, has a latency that ismportant feature.

at least one order of magnitude above the target for thel@acti

Internet. GFDM can address this application by having akmal IX. PROTOTYPEIMPLEMENTATION

M K product. This approach will lead to larger bandwidth per the GEDM scheme has been implemented as proof-of-
subcarrier, which means that each one might suﬁerfromch%ncept on a FPGA based platform. The theoretical foun-
nel frequency-selectiveness. Nevertheless, because GiBM yaions for the transceiver algorithms are provided in [39]
M samples per subcarrier, FDE can be applied in this casgnq (45, Both, the transmitter and the receiver implemioria

4) WRAN Despite the fact that reasonable Internet acceggploit the fact that the corresponding filters are limitedLt

is available in cities, sparsely populated areas suffemfrosubcarriers in the frequency domain and this section egplor
low data rate and unreliable solutions. Wired technologigsway of realizing value€ > 2 on the receiver side. In order
have limited coverage and require large investments. Tedayb utilize the parallel processing capabilities of the FPiG/A
wireless networks have relatively small cell size and opegipelining structure, the transmit and receiver filter freqcy

ate in licensed frequencies, which makes them economiegsponses are split intb groups of M/ samples according to
unfeasible in low populated areas. CR technology addresses
this problem by dynamically and opportunistically accegsi _ n, [K
vaca?rt UHF TV bands. When using gﬁzDM as the air interface, F[kf] = DFTLn {(_1) g [fn] }
it is a challenge to attend the emission mask imposed by Filj] = FIIM +j,

spectrum regulation. Besides this, large cell coveragdsleavhere k = 0,...,LM — 1, j = 0,...,M — 1, g[n] is

to high delay spread and the conventional OFDM with a GlRe impulse response of the prototype transmit or receive
for every symbol will result in a low spectral efficiency. Thilter, the factorZ corresponds to a decimation in time, and
next generation network shall address large coverage areas)” causes a FFT shift in the frequency domain. At the
using dynamic channel allocation based on CR with low OOBansmitter the standard RC and Xia filters limitedio= 2
emissions and efficiently deal with the multipath effects byre implemented. The frequency response of the receiver
reducing the impact of the CP in the overall data rate. filter depends on the receiver type. For a smalit can be
Although a long CP is requested to avoid ISI, in this scenarigeasonably limited td, = 2 and L = 16 for the MF and ZF

the user terminals are typically static and Doppler efféayp receiver, respectively (cf. Fig. 7). The main contributagithis

a small role. Slow time-variant channels allow for GFDMsection is to present a receiver structure that is not lunite
blocks with large ), whereas the increased latency is nai specific receiver type but works with any given filter.

critical to the WRAN application scenarios and CP and CS The transmitter pipeline structure is shown in Fig. 17(a). |
can be efficiently used to avoid ISI and time misalignment.each pipeline iteration)/ samples of data in the frequency
In general, the channel characteristics, such as cohetienee domain are sent through a filter delay chain. Finally, theetim
(Tt) and coherence bandwidti{), impose a restriction to domain signal is acquired by IDFT of the frequency samples.
the number of subsymbols and subcarriers. The coherem@igcularity in the frequency domain is achieved by initiaiig
time defines an upper boundary fbf K, while the coherence the delay block with the data of the last subcarrier.

bandwidth defines a lower bound according to Fig. 17(b) illustrates the corresponding receiver stuetDue

to a higher bandwidth of the receiver filter, more delays and
filter blocks are required. However, these will work in péhl

on the FPGA which does not increase the overall delay, but the

(36)

%(1 +a) < MK < T.Rs, (35)

c
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TABLE VI: Implementation parameters.

Store
BJ and z Parameter Value
move -
Number of subcarriersK) 234,512
Number of subsymbols){) 23,4057
GFDM modulator Block length (Vv = K M) 26 < N < 215
) Modulation scheme QPSK, 16QAM, 64QAM
(8) Transmitter Filter configurable
Used subcarrier mapping configurable
Read Bandwidth 10... 30MHz
Z nz?g\c,le lﬁ CP length 0...3K samples

TABLE VII: Compilation results.

Resources Value
Total Slices 73,3% (10783 out of 14720)
Slice Registers  44,3% (26104 out of 58880)
m Slice LUT 48,6% (28642 out of 58880)
: DSP48s 19,7% (126 out of 640)
Block RAMs 80,3% (196 out of 244)
GFDM demodulator

(b) Receiver

Fig. 17: Implementation structure of GFDM transmitter areteiver. D Virtex-5 SX95T FPGA platform uses ar(?un.d 75% of thEt chip
represents a delay df/ samples. resources. Detailed results of the compilation are preseint
the Tab. VII. The digital baseband processing uses a phralle
structure with different timed loops and a first-in-firsttou
occupied area in the chipset. The received time domain kighfa!FO) memory approach to exchange data among processing
is first transformed to the frequency domain and then Sekp{_pcks. Notice that the design a.lso mcl_udes advanced debug
through the filter delay chain. The required decimationimeti 9ing features that allow collection of internal data and the
by a factorL is achieved by the summation of tiieseparately COntrol of system parameters through an external graphical
filtered groups before taking the IFFT of the data. Circtyari USer interface (GUI) developed with LabVIEW. The bottlekec
for every subcarrier is achieved by initializing the delag‘ the system is the loop that feeds the DAC. With typical
blocks according toD;[j] = X[j + (K — L+ 1+ 1)M]. At andwidths bemg in the range betwehMHz and 50 MHz,
the output of the receiver, the subcarriers are delivered avi the current design is capable to generate GFDM blocks of up
delay of L/2 — 1 due to the filter bandwidth. to 32768 samples length continuously.
To verify the practical feasibility of the low-complexity, '€ Complete base implementation verifies that GFDM can
GFDM transceiver structure, a software defined radio piatfo P& implemented with reasonable complexity using today’s

was designated for its implementation. The demonstrator cd€chnology. The prototype is the core of our 5G wireless
sists of a National Instruments PXI [46] PC-based platforfffStoed for experimental research and will be extended brg mo

including an Intel i7 general purpose processor (GPP) fgpvanced algorithms and additional PHY layer featuresh suc
controlling the application and performing basic basebaff framing, channel coding, and data interfaces in thedutur
processing and a FlexRIO 7965 FPGA module for high-
throughput baseband processing. NI FlexRIO provides user- X. CONCLUSIONS
programmable FPGA modules coupled to interchangeable I/OA novel modulation proposal for a 5G physical layer needs
adapter modules, such as the NI-5791 RF transceiver modude address the specific requirements described in this paper
The latter has a continuous frequency coverage faiMHz  The first key property of a future waveform is flexibility, so
to 4.4GHz, 100MHz of instantaneous bandwidth on bothhat different applications can be addressed by a singlgisol
transmitter and receiver, and performs signal up- and dowpith different parameter settings instead of multiple solus.
conversion to and from radio frequencies. The hardware amgis flexibility includes the partitioning of time and freemcy
software components of this platform are integrated with thesources, as well as means for spectrum engineering. The
LabVIEW graphical programming language. latter property is especially useful to control the impatt o
The GFDM transceiver was fully implemented on the FPGhterference among multiple users and between systems in
of the platform, realizing the pipeline structure as désamlii adjacent frequency bands. It is also important to guaraatee
in this section. The parameter configuration in Tab. VI isarmonious coexistence with other technologies, as werexpe
flexible, which allows to cover a variety of different GFDMence today with 4G networks operating in the so called Digita
applications. Dividend. Typically, filtering needs to be introduced on the
The GFDM implementation makes use of the Xilinx FFTransmitter or receiver side to achieve coexistence. Buiglo
IP core [47]. This IP core supports a pipelined streamirgp, chances are that orthogonality will be forfeit. Nevelglss,
architecture for continuous data processing and a run-tiriee proposed scheme should still be capable of MIMO, and
configurable transform point size that can be a positivegerte synchronization and channel estimation should preferably
power of two. Compiling the GFDM transmitter for a Xilinxeasy to implement. Also error rate performance should not
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be neglected, once the focus is shifted towards robustne®s J. Kim, J. Lee, J. Kim, and J. Yun, “M2M Service PlatfornBurvey,

for certain applications. In this respect, the proposecseh

needs to be as good as state-of-the art orthogonal waveforms

if not outperform them. Lastly, a laboratory proof-of-cept
is desirable, in order to validate the feasibility of the posal.

[10]

In this work, we have presented GFDM as a candidate wave-
form modulation scheme for the air interface of future 5G
networks. We have shown how the requirements imposed fay;

the different envisioned application scenarios can beesded

with a flexible block structure and subcarrier filtering arayé

presented suitable parameter configurations for theseascen
ios. We have introduced two techniques, which in addition {g

the subcarrier filter address the requirement of low oubanid

Issues, and Enabling TechnologietfEE Communications Surveys &
Tutorials, vol. 16, no. 1, pp. 61-76, 2014.

M. Nekovee, “Quantifying Performance Requirements\ehicle-to-
Vehicle Communication Protocols for Rear-End Collisiorofdance,” in
Proc. IEEE 69th Vehicular Technology Conferengel. 1. Barcelona,
Spain: IEEE, Apr. 2009, pp. 1-5.

H. Kim, J. Kim, S. Yang, M. Hong, and Y. Shin, “An EffecevMIMO-
OFDM System for IEEE 802.22 WRAN Channel$ZEE Transactions
on Circuits and Systems II: Express Brie¥sl. 55, no. 8, pp. 821-825,
Aug. 2008.

J. Van De Beek and F. Berggren, “Out-of-Band Power Seggion in
OFDM,” IEEE Communications Letteryol. 12, no. 9, pp. 609-611,

radiation and presented a preamble based synchronization sep. 2008.

scheme that preserves these low SpeCtral emISSIOI'?. We h@g]e E. Hossain,Dynamic Spectrum Access and Management in Cognitive
analyzed the error rate performance of GFDM analytically an

numerically for various channel conditions and with itest

14

receivers, yielding several GFDM configurations that have

no penalties compared to OFDM and SC-FDE. We ha

tion.

Radio Networks Cambridge University Press, 2009.
B. Farhang-Boroujeny, “OFDM Versus Filter Bank Mutéiitier,” Signal
Processing Magazine, |IEERoI. 28, no. 3, pp. 92-112, May 2011.

_ i L &] V. Vakilian, T. Wild, F. Schaich, S. ten Brink, and J.-Frigon,
addressed MIMO-GFDM as a mean to obtain diversity in the

system and lastly presented a proof-of-concept implementa

Certainly, many more issues still need to be resolved. Never

theless, this paper has shown that GFDM is a novel modulati

technology with the potential to fulfill the requirementstbé
next generation of mobile wireless systems.
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