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Abstract—Cellular systems of the fourth generation (4G) have
been optimized to provide high data rates and reliable coverage
to mobile users. Cellular systems of the next generation will face
more diverse application requirements: the demand for higher
data rates exceeds 4G capabilities; battery-driven communication
sensors need ultra-low power consumption; control applications
require very short response times. We envision a unified physical
layer waveform, referred to as Generalized Frequency Division
Multiplexing (GFDM), to address these requirements. In this
paper we analyze main characteristics of the proposed waveform
and highlight relevant features. After introducing the pri nciples
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 different
channel models, (iii) concepts for MIMO-GFDM to achieve
diversity, (iv) preamble-based synchronization that preserves
the excellent spectral properties of the waveform, (v) bit error
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 platforms
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.

I. I NTRODUCTION

M OBILE communication has become an essential tool
for the modern society. The first generation of cellular

systems provided basic, yet innovative, voice transmission.
Communication started to become personal rather than be-
ing connected to fixed locations. The second generation has
digitalized the voice in order to increase system capacity,
battery life of devices and Quality of Service (QoS). It also
introduced the Short Message Service, which revolutionized
the way people communicate. The third generation enabled
mobile Internet access and data rates not too far behind
of wired solutions of that time. The advent of smartphones
with large storage and processing capabilities equipped with
high definition screen and cameras, in combination with so-
cial networks that turned users from media consumers into
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content providers, has pushed the fourth generation towards
even higher throughput. Starting with the second generation,
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 beyond higher
data rates [1], [2]. The main scenarios for 5G networks are
machine type communication(MTC) [3], Tactile Internet[4]
andWireless Regional Area Network(WRAN) [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 for 5G
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 the orthog-
onality between subcarriers unaffordable [2]. The low latency
required for Tactile Internet and vehicle-to-vehicle (V2V) [10]
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 spectrum
efficiency due to the CP insertion is also a problem for WRAN
application, where the typical channel impulse response has
a duration of tenths of microseconds [11]. Additionally, the
high out-of-band (OOB) emission of OFDM [12] poses a
challenge for opportunistic and dynamic spectrum access [13].
All these challenges make OFDM not the most promising
waveform for the next generation networks. In this context,
alternative multicarrier schemes are currently being evaluated
as candidates for the PHY layer of next generation of mobile
communication systems.

In Filter Bank Multicarrier (FBMC) [14], one of the most
investigated filtered multicarrier systems, the subcarriers are
pulse shaped individually in order to reduce the OOB emis-
sions. Because the subcarriers have narrow bandwidth, the
length of the transmit filter impulse response is usually long.
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. Clearly,
this solution is not suitable for low latency scenarios, where
high efficiency must be achieved with short burst transmis-
sions. Universal Filtered Multicarrier (UFMC) [15] is a recent
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Fig. 1: Block diagram of the transceiver.

proposal where a group of subcarrier is filtered to reduce the
OOB emission. Because the bandwidth of the filter covers
several subcarriers, its impulse response can be short, which
means that high spectral efficiency can be reached in short
burst transmissions. UFMC does not require a CP and it is
possible to design the filters in order to obtain a total block
length equivalent to the CP-OFDM. However, because there
is no CP, UFMC is more sensitive to small time misalignment
than CP-OFDM [15]. Hence, UFMC might not be suitable for
applications that require loose time synchronization in order to
save energy. Bi-orthogonal Frequency Division Multiplexing
(BFDM) [16] employs well localized pulse shapes at the
transmitter and receiver side that are bi-orthogonal to each
other. The good frequency-localization of the transmit pulse
makes the system robust against frequency dispersion (Doppler
effect) while the good time-localization of the pulse pro-
vides robustness against time dispersion (multipath). Neverthe-
less, the Balian-Low theorem prohibits time-frequency well-
localized pulses when using standard Quadrature Amplitude
Modulation (QAM) with maximum spectral efficiency [17].
Therefore, BFDM employs Offset QAM (OQAM) to achieve
well localized pulses both in time and frequency domains.
Hence, critically dense BFDM cannot be easily integrated
with MIMO aiming diversity [18], which is one of the key
points for 5G applications. Also, similar to FBMC, BFDM
needs to handle long pulse tails that reduces the efficiency for
short burst transmission necessary in low latency and M2M
applications.

A flexible multicarrier modulation scheme, named Gener-
alized Frequency Division Multiplexing (GFDM) [19], has
also been proposed for the air interface of 5G networks.
The flexibility of GFDM allows it to cover CP-OFDM and
single-carrier frequency domain equalization (SC-FDE) [20]
as special cases. GFDM is based on the modulation of
independent blocks, where each block consist of a number
of subcarriers and subsymbols. The subcarriers are filtered
with a prototype filter that is circularly shifted in time and
frequency domain. This process reduces the OOB emissions,
making fragmented spectrum and dynamic spectrum allocation
feasible without severe interference in incumbent services
or other users. The subcarrier filtering can result in non-
orthogonal subcarriers and both inter-symbol interference (ISI)
and inter-carrier interference (ICI) might arise. Nevertheless,
efficient receiving techniques can eliminate this interference,
i.e. a matched filter receiver with iterative interference can-
cellation [21] can achieve the same symbol error rate (SER)

performance as OFDM over different channel models.

GFDM is a promising solution for the 5G PHY layer
because its flexibility can address the different requirements.
For real-time applications, the signal length must be reduced
to fulfill certain latency requirements [10]. Because GFDM
is confined in a block structure ofMK samples, whereK
subcarriers carryM subsymbols each, it is possible to design
the time-frequency structure to match the time constraintsof
low latency applications. Different filter impulse responses can
be used to filter the subcarriers and this choice affects the
OOB emissions and the SER performance. As will be shown,
GFDM allows engineering signals in their frequency and time
characteristics. Thus, the scheme retains all main benefits
of OFDM at the cost of some additional implementation
complexity.
In a GFDM block, the overhead is kept small by adding a sin-
gle CP for an entire block that contains multiple subsymbols.
This benefit can be used to improve the spectral efficiency of
the system or it can be traded for an additional cyclic suffix
(CS), which allows to relax the synchronization requirements
of multiple users in an MTC scenario [2]. Furthermore, all
major synchronization algorithms developed for OFDM [22]
can be adapted for GFDM. Of course, multiple input multiple
output (MIMO) [23] will be a key feature in 5G networks. In
this paper we show that space-time coding (STC) [24] can be
effectively combined with GFDM for achieving transmit and
receive diversity.
Though the increased complexity of GFDM will surely be
manageable with the evolution of electronics, our proposed
scheme can be implemented with today’s technology already.
A flexible, customizable Field Programmable Gate Array
(FPGA) platform [25] has been used to develop a GFDM
proof-of-concept and testbed for experimental research. An
efficient receiver structure is employed to implement the
matched filter or zero-forcing receivers based on any prototype
filter.

This work contributes with the following new aspects:
We present a detailed description and numerical evaluation
of two techniques that improve the spectral properties of
GFDM, namely inserting guard symbols and pinching the
block boundaries. SER performance is investigated with new
analytical expressions for the AWGN, frequency-selectiveand
time-variant channel. A way of applying space time coding to
GFDM is proposed, which allows for full diversity gain despite
the fact that the waveform is non-orthogonal. Techniques to
synchronize the receiver which are known from OFDM are
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Fig. 2: Details of the GFDM modulator.

adapted to GFDM. But, in this case, additionally the constraint
of preserving the good spectral properties of the waveform
is addressed. The bit error rate performance of linear and
iterative GFDM receivers is evaluated in combination with
error control coding. Several sets of GFDM parameters are
presented, which serve as a guideline how to configure the
transmitter and receiver such that it can address the four
5G application scenarios. And lastly, an efficient receiver
architecture is presented that enables to implement receive
filters with arbitrary bandwidth.

The remaining sections are organized as follows: Section II
presents basic principles of GFDM, highlighting the modu-
lation and demodulation procedures. Section III presents the
waveform engineering for GFDM, where several prototype
filters are analyzed in terms of OOB emissions. Section IV
analyzes the SER performance of GFDM, including theo-
retic equations, assuming zero-forcing receiver under different
channel models. OOB emission vs. noise enhancement is also
analyzed in this section. Section V combines time-reversal
STC with GFDM to achieve diversity over time-variant
frequency-selective channels. Section VI provides solutions for
time and frequency domain synchronization, based on state-
of-art approaches developed for OFDM. Section VII extends
the basic matched filter receiver by successive interference
cancellation (SIC) and compares its performance in a coded
system. In Section VIII, it is shown how GFDM can be
parameterized in order to meet the channel and application
requirements for different scenarios. Section IX describes a
case of study of a proof-of-concept receiver setup. Finally,
Section X concludes the paper.

II. SYSTEM DESCRIPTION ANDPROPERTIES

Consider the block diagram depicted in Fig. 1. A data
source provides the binary data vector~b, which is encoded
to obtain~bc. A mapper, e.g. QAM, maps the encoded bits to
symbols from a2µ-valued complex constellation whereµ is
the modulation order. The resulting vector~d denotes a data
block that containsN elements, which can be decomposed

into K subcarriers withM subsymbols each according to
~d =

(

~d0
T, . . . , ~dM−1

T
)T

and ~dm = (d0,m, . . . , dK−1,m)
T.

The total number of symbols follows asN = KM . Therein,
the individual elementsdk,m correspond to the data transmit-
ted on thekth subcarrier and in themth subsymbol of the
block. The details of the GFDM modulator are shown in Fig. 2.
Eachdk,m is transmitted with the corresponding pulse shape

gk,m[n] = g

[

(n−mK) mod N

]

· exp
[

−j2π
k

K
n

]

, (1)

with n denoting the sampling index. Eachgk,m[n] is a time and
frequency shifted version of a prototype filterg[n], where the
modulo operation makesgk,m[n] a circularly shifted version
of gk,0[n] and the complex exponential performs the shifting
operation in frequency. The transmit samples~x = (x[n])

T are
obtained by superposition of all transmit symbols

x[n] =
K−1
∑

k=0

M−1
∑

m=0

gk,m[n]dk,m, n = 0, . . . , N − 1. (2)

Collecting the filter samples in a vector~gk,m = (gk,m[n])
T

allows to formulate (2) as

~x = A~d, (3)

where A is a KM × KM transmitter matrix [26] with a
structure according to

A =
(

~g0,0 . . . ~gK−1,0 ~g0,1 . . . ~gK−1,M−1

)

. (4)

Fig. 3 shows three columns of an example transmitter
matrix. As one can see,~g1,0 = [A]n,2 and~g0,1 = [A]n,K+1

are circularly frequency and time shifted versions of~g0,0 =
[A]n,1.
At this point,~x cointains the transmit samples that correspond
to the GFDM data block~d. Lastly, on the transmitter side a
cyclic prefix ofNCP samples is added to produce~̃x.

Transmission through a wireless channel is modelled
by ~̃y = H̃~̃x + ~̃w, where ~̃y is the received counter-
part of ~̃x. Here, H̃ denotes the channel matrix which is



4 IEEE TRANSACTIONS ON COMMUNICATIONS

0

280
4

8
12

16
20

24
28

0

1

column index isample index n

∣ ∣ ∣
[A

] n
,i

∣ ∣ ∣

(a) A transmitter matrix.

-1

0

1

[A
] n

,1

-1

0

1

[A
] n

,2

real imaginary absolute

-1

0

1

sample index n

[A
] n

,K
+
1

(b) Three columns in detail.

Fig. 3: Illustration of GFDM transmitter matrix forN = 28, K = 4, M = 7 and a raised cosine (RC) filter with roll-off0.4.

a N +NCP+Nch − 1 by N +NCP convolution matrix with
band-diagonal structure based on a channel impulse re-
sponse~h = (h0, . . . , hNch−1)

T of length Nch. Lastly, ~̃w ∼
CN

(

0, σ2
wIN+NCP+Nch−1

)

denotes additive white Gaussian
noise (AWGN). At the receiver, time and frequency synchro-
nization is performed, yielding~̃ys. Then the cyclic prefix is
removed. Under the assumption of perfect synchronization,
i.e. ~̃ys = ~̃y, the cyclic prefix can be utilized to simplify the
model of the wireless channel to

~y = H~x+ ~w, (5)

by replacingH̃ with the N by N matrix H, which is the
corresponding circular convolution matrix. This allows em-
ploying zero-forcing channel equalization as efficiently used
in OFDM [6], although other equalization procedures can be
employed [27]. The overall transceiver equation can be written
as ~y = HA~d + ~w. Introducing~z = H

−1
HA~d + H

−1 ~w =
A~d+ ~̄w as the received signal after channel equalization, linear
demodulation of the signal can be expressed as

~̂
d = B~z, (6)

where B is a KM × KM receiver matrix. Several stan-
dard receiver options for the GFDM demodulator are read-
ily available in literature: Thematched filter(MF) receiver
BMF = A

H maximizes the signal-to-noise ratio (SNR) per
subcarrier, but with the effect of introducing self-interference
when a non-orthogonal transmit pulse is applied, i.e. the
scalar product〈g0,0, gk,m〉

CN 6= δ0,kδ0,m with Kronecker
delta δi,j . The zero-forcing (ZF) receiverBZF = A

−1 on
the contrary completely removes any self-interference at the
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 error(MMSE) receiver
BMMSE = (R2

w + A
H
H

H
HA)−1

A
H
H

H makes a trade-off
between self-interference and noise enhancement. Here,R

2
w

denotes the covariance matrix of the noise. Note that in case
of MMSE reception, the channel is jointly equalized in the

receiving process, hence the zero-forcing channel equalizer

block is not required and~̂d = B~y. Finally, the received

symbols ~̂
d are demapped to produce a sequence of bits~̂

bc

at the receiver, which are then passed to a decoder to obtain
~̂
b.

From the description of the transmitter and receiver, it can
be concluded that GFDM falls into the category of filtered
multicarrier systems. The name derives from the fact that the
scheme offers more degrees of freedom than traditional OFDM
or single carrier with SC-FDE. GFDM turns into OFDM when
M = 1, A = F

H
N and B = FN , whereFN is a N × N

Fourier matrix. SC-FDE is obtained whenK = 1 and SC-
FDM, a frequency division multiplexing of several SC-FDE
signals, is obtained when~g is a Dirichlet pulse [28]. However,
the important property that distinguishes the proposed scheme
from OFDM and SC-FDE is that, like SC-FDM, it allows
dividing a given time-frequency resource intoK subcarriers
andM subsymbols as depicted in Fig. 4. Therefore, it is pos-
sible to engineer the spectrum according to given requirements
and enables pulse shaping on a per subcarrier basis. As a
consequence, without changing the sampling rate, GFDM can
be configured to cover a portion of bandwidth either with a
large number of narrow band subcarriers like in OFDM or with
a small number of subcarriers of large individual bandwidth
like in SC-FDM. Further it is important to note that although
filters are introduced, GFDM is still a block based approach.
These aspects are relevant for the scheduling of users in
a multiple access scenario [2] and also when targeting low
latency transmissions [4].

III. WAVEFORM ENGINEERING

The flexibility of GFDM allows designing a signal that has a
very low OOB radiation. This section contains a theoretic anal-
ysis of the OOB radiation of GFDM. The main contribution
is a detailed description and numeric evaluation of techniques
for reducing OOB radiation..
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The choice of the pulse shaping filters strongly influences
the spectral properties of the GFDM signal and the symbol
error rate. The frequency responses of candidate filters
employed are summarized in Tab. I(a), whereas the respective
impulse responses are calculated by inverse discrete Fourier
transform (IDFT). In Tab I(a),linα(x) is a truncated linear

function with linα(x) = min
(

1,max
(

0, 1+α
2α + |x|

α

))

that is used to systematically describe the roll-off
area defined byα in the frequency domain. Further,
p4(x) = x4(35− 84x+ 70x2 − 20x3) is a polynomial that
maps the range(0, 1) onto itself.
In GFDM, the kth subcarrier is centered at the normalized
frequencyk/K and hence,α describes the overlap of the
subcarriers in the frequency domain. In particular, forα = 0
all functions in Tab. I(a) reduce to a rect and are denoted the
Dirichlet filter [29, p. 619], since the impulse response is the
M th Dirichlet kernel of the discrete Fourier transform (DFT)
of lengthMK. Fig. 5 shows sample impulse and frequency
responses of the described pulse shaping filters.

To measure the OOB radiation, the power spectral density
(PSD) of the baseband signal can be formulated as [30]

P (f) = lim
T→∞

(

1

T
E{|F{xT (t)}|2}

)

, (7)

where xT (t) is the transmit signal that is truncated to the
interval (−T/2, T/2). In GFDM, xT (t) is the concatenation
of multiple GFDM blocks

xT (t) =
∑

v,m,k

dvmkg0m(t− vMTs)e
−j2π

k
Ts

t (8)

with respective Fourier transform given by

XT (f) =
∑

v,m,k

dvmkGm

(

f − k

Ts

)

e−j2πvMTsf (9)

whereTs is the time duration of one subsymbol,v is the block
index that ranges from− T

2MTs
to+ T

2MTs
, andk,m range over

all allocated subcarriers and subsymbols. When assuming i.i.d.

data symbols with unit variance, inserting (9) into (7) yields
the PSD of the GFDM system as

P (f) =
1

MTs

∑

k,m

∣

∣

∣

∣

Gm

(

f − k

Ts

)∣

∣

∣

∣

2

. (10)

The OOB radiation of the GFDM signal is defined as the
ratio between the amount of energy that is emitted into the
frequency rangeOOB and the amount of energy within the
allocated bandwidthB by

O =
|B|

|OOB| ·
∫

f∈OOB
P (f)df

∫

f∈B
P (f)df

. (11)

Between B and OOB a number of guard subcarriers is
inserted. Fig. 6(a) illustrates the concept of guard subcarriers
for OOB measurement and shows a comparison of the PSD
of OFDM and GFDM. By default, due to the abrupt changes
of the signal value between GFDM blocks, the OOB radiation
of GFDM is approximately15 dB below OFDM. In order to
make the pulse shaping even more effictive in reducing the
OOB radiation, two suitable techniques are discussed:
1) Inserting Guard Symbols (GS): When using an ISI-free
transmission filter (e.g. the RC or Xia filters) and CP with
length ofrK, r ∈ N samples, it is possible to keep the signal
value constant at the block boundaries by setting the0th and
(M − r)th subsymbol to a fixed value. Fig. 6(a) shows the
strongly attenuated OOB radiation of GFDM, when the GS
value is set to zero, denoted by GS-GFDM. For highM the
reduction of the spectral efficiency byM−2

M
due to the GS

insertion can be neglected and furthermore, these subsymbols
are free for inserting synchronization signals and pilots.In
case of highM , increase of latency can be mitigated by
proportionally reducing the subsymbol duration and enlarging
the subcarrier bandwidth. The number of subcarriers can be
reduced, in order to keep the occupied bandwidth constant.
2) Pinching the Block Boundary: The insertion of the CP
of NCP samples introduces redundancy in the transmitted
data. In windowed GFDM (W-GFDM) this is exploited at
the transmitter side by multiplying each GFDM block with a
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TABLE I: Pulse shaping filters and window functions.

(a) Investigated pulse shaping filters.

Name Frequency response

RC GRC[f ] =
1
2

[

1− cos(π linα(
f

M
))
]

Root RC GRRC[f ] =
√

GRC [f ]

1st Xia [31] GXia[f ] =
1
2

[

1− e−jπ linα(
f

M
) sign(f)

]

4th Xia [31] GXia4[f ] =
1
2

[

1− e−jπp4(linα(
f

M
)) sign(f)

]

(b) Window functions for block pinching.

Window Time domain

Rect wRect[n] = 1

Ramp wR[n] = lin NW
KM

[

KM+NW
2KM

(

2n
KM+NCP

− 1
)]

RC wRC[n] =
1
2
[1− cos(πwR[n])]

4th RC wRC4[n] =
1
2
[1− cos(πp4(wR[n]))]

window functionw[n] in the time domain to provide a smooth
fade-in and fade-out as illustrated in Fig. 6(c). Different
window functions are given in Tab. I(b), whereNW is the
number of samples that are included in the linear part of the
rampwR[n]. At the receiver side, the data is recovered from
the received W-GFDM block by summing the parts of the
CP that were modified by the window. As a result, a noise
enhancement of10 log10(1 +

NW
KM

)dB occurs because of the
summation of two redundant parts of the signal. This noise
enhancement can be mitigated by using the square root of
the block window at the transmitter and at the receiver which
resembles the matched filter approach. Calculations of the
OOB power have been carried out with the parameters in
Tab. II, where different CP lengths have been employed. The
results for one and six guard carriers are shown in Fig. 6(b).
Obviously, any of the presented GFDM configurations has
a lower OOB radiation than OFDM. GS-GFDM efficiently
reduces the OOB radiation to 32 dB below OFDM with a CP
of K samples. For a CP length ofK/4, GS-GFDM performs
20 dB below OFDM. Pinching is most effective in combination
with a higher number of guard carriers, since the multiplication
with a block window spreads the spectrum of the GFDM
signal. ThewRC4-window attenuates the OOB radiation with
six guard carriers most, but has the least suppression with
one guard carrier due to its wide mainlobe in the frequency
domain. It can attenuate the OOB radiation to below -100 dB
as is shown in Fig. 6(b) in the solid blue line. When tolerating
six guard carriers, the pinching technique can supress the OOB
radiation below -70 dB with a ramp length of only a quarter
subsymbol and an RC window.

IV. SYMBOL ERROR RATE PERFORMANCEANALYSIS

In this section we analyze the performance of the GFDM
system in terms of SER versusEs/N0 assuming that a ZF
receiver is employed. This type of linear receiver is able to
remove self-generated interference at the cost of introducing
noise enhancement, depending on the pulse shape. Differ-
ently from previous work, where the bit error rates have
been analyzed only based on simulations [26], this section
introduces analytical expression to evaluate the GFDM SER
performance under AWGN, static frequency-selective channels
(FSC) and flat time-variant channels (TVC). Besides the SER
performance analysis, this section provides a trade-off analysis
between noise enhancement and OOB emissions for different
pulse shapes.

The system parameters used for the simulation are presented
in Tab. II, while Tab. III shows the channel impulse response
used in the SER performance evaluation. Fig. 7(a) shows

TABLE II: Simulation parameters.

Parameter Value

Mapping 16-QAM
Transmit Filter RC
Roll-off (α) 0.1 or 0.9
Number of subcarriers (K) 64
Number of subsymbols (M ) 9
CP length (NCP) 16 samples
CS length (NCS) 0 samples

the receive filter impulse response for ZF and MF receivers
assuming the parameters presented in Tab. II withα = 0.9
to highlight the noise enhancement. Fig. 7(b) shows the cor-
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Fig. 6: Waveform engineering results.

TABLE III: Channel impulse response and delay spread for theconsidered
channel models.

Channel Impulse Response Delay Spread

AWGN ~h = (1) Nch = 1

FSC ~h =

(

10
−i

Nch−1

)T

i=0,...,Nch−1

Nch = NCP

TVC ~h = (h), h ∼ CN (0, 1) Nch = 1

responding frequency response of both filters. As visible, the
ZF filter collects noise outside the desired bandwidth, affecting
the SER performance of the system. Over flat channels, the
noise enhancement factor (NEF)ξ determines the signal-to-
noise ratio (SNR) reduction when using the ZF receiver. It is
defined as

ξ =
MK−1
∑

n=0

∣

∣

∣
[BZF]k,n

∣

∣

∣

2

, (12)

which is equal for everyk.
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

pAWGN(e) = 2

(

κ− 1

κ

)

erfc(
√
γ)+

−
(

κ− 1

κ

)

erfc2 (
√
γ) ,

(13)

where

γ =
3RT

2(2µ − 1)
· Es

ξN0
, (14)

and

RT =
KM

KM +NCP+NCS
, (15)

µ is the number of bits per QAM symbol,κ =
√
2µ, NCP

andNCS are the length of cyclic prefix and cyclic suffix (CS)
respectively,Es is the average energy per symbol, andN0 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, consequently
the NEF, plays an important role in the GFDM performance.
The noise enhancement can be neglected when a RC filter
with α = 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 withα = 0.9 is used. The
prototype pulse shape must be properly chosen in order to
avoid prohibitive performance loss due to noise enhancement.
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

η = 10 log

[

M(K +NCP+NCS)

MK +NCP+NCS

]

dB. (16)
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Fig. 7: Time and frequency characteristics of the ZF and MF receiving filters.

Hence, a largeM must be chosen if spectrum efficiency is
an important requirement in the system design. On the other
hand, it must be noted that latency increases linearly withM
in this case. Therefore, when choosing the length of the CP,
a trade-off between latency and spectrum efficiency must be
found for given applications.
2) Frequency-selective channel: A good SER performance over
FSCs is an important requirement for multicarrier modulations.
Following the block diagram presented in Fig. 1, the signal at
the input of the demapper when the ZF receiver is employed
is given by

~̂
d = ~d+ ~weq , (17)

where

~weq = BF
−1

~W

~H
(18)

is the equivalent noise,~W is the noise vector in the frequency
domain, and~H is the vector of the channel frequency response.
The variance of the equivalent noise for thelth subcarrier can
be evaluated from (18) and leads to

σ2
l =

1

MK

MK−1
∑

k=0

∣

∣

∣

∣

GRl,m
[−k]

H [k]

∣

∣

∣

∣

2

σ2
n = ξlσ

2
n = ξl

N0

2
, (19)

whereGRl,m
[k] is the frequency response of the filter for the

lth subcarrier andmth subsymbol andξl is the corresponding
NEF. Notice thatσ2

l is equal for everym. The position of the
filter in the frequency domain changes the NEF because the
channel frequency response is not flat for multipath channels.
Hence, the GFDM SER over FSCs is given by

pFSC(e) = 2

(

κ− 1

κK

)K−1
∑

l=0

erfc(
√
γl)+

− 1

K

(

κ− 1

κ

)2 K−1
∑

l=0

erfc2 (
√
γl) ,

(20)

where

γl =
3RT

2(2µ − 1)
· Es

ξlN0
. (21)

GFDM has M times more samples per subcarrier when
compared to OFDM, which provides a higher spectrum reso-
lution for equalization, allowing GFDM to better mitigate the
frequency selectivity per subcarrier.
Fig. 8(b) compares the performance of GFDM and OFDM

over FSC considering the channel delay profile presented in
Tab. III with Nch = 16. Again, GFDM uses the CP more
efficiently when compared to OFDM. Notice that the channel
delay profile leads to a coherence bandwidth ofBc ≈ fs/259
and the bandwidth of each subcarrier isBsc ≈ fs/64, which
means that this channel is frequency-selective per subcarrier.
In this scenario, the larger number of samples per subcarriers
allows GFDM to present a better performance than OFDM,
as shown in Fig. 8(b). In fact, for high SNR, the GFDM
performance when employing an RC filter withα = 0.9 and
large NEF approaches the OFDM SER.
3) Time-variant channel: In a time-variant channel both instan-
taneous SNR and instantaneous SER are random variables.
Thus, the average symbol error probability over a time-
variant channels is an important tool to analyse the system
performance. Consider that a time-variant channel can be
modelled as a multiplicative channel where the amplitude gain
is a Rayleigh random variable with parameterσr and phase
uniformly distributed between−π andπ. It is assumed that the
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
over time-variant channels is given by

pTVC(e) = 2

(

κ− 1

κ

)(

1−
√

γr
1 + γr

)

+

−
(

κ− 1

κ

)2 [

1− 4

π

√

γr
1 + γr

atan

(
√

1 + γr
γr

)]

,

(22)

where

γr =
3σ2

rRT

2µ − 1

Es

ξN0
. (23)

Fig. 8(c) shows the GFDM and OFDM SER performance
assuming a Rayleigh channel with parameterσ2

r = 1
2 . Once

again, we can observe that the NEF resulting from the chosen
pulse shape is neglectable when compared with OFDM for
α = 0.1. GFDM benefits from using only one CP forM
subsymbols, which results in a better power and spectral
efficiency.

Closed-form solutions for the SER performance under
AWGN of the matched filter receiver are available in [33]. The
MF receiver outperforms the ZF receiver in low SNR regions
due to the significant influence of the noise enhancement.
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However, since the MF receiver suffers from self-interference,
it cannot reach the performance of the ZF approach at high
SNR values. The MMSE receiver balances the noise enhance-
ment and self-interference so that it converges to the MF
receiver for low SNR and to the ZF receiver for high SNR
regions. However, no closed form solutions for the SER in
Rayleigh fading channels do exist. Simulated SER curves for
the MMSE receiver are provided in [26]. Fig. 9 shows the
OOB radiation and NEF of different filters and different roll-
off factors for W-GFDM and GS-GFDM assuming the system
parameters presented in Table II. The choice of the pulse
shaping filter significantly influences the NEF and, in case of
GS-GFDM, also the OOB radiation. For W-GFDM the OOB
radiation is nearly independent of the employed filter. The NEF
increases with the roll-off factor due to the wider overlapping
of the subcarriers. The ZF receiver needs to put more effort
into ICI cancellation which is bought for an increased NEF in
the range from0 dB for the Dirichlet filter up to3.5dB for full
roll-off RRC and 1st order Xia filters. The 4th order Xia filter
shows the lowest NEF of1.25 dB with full roll-off. However,

for practical applications, the RC and 4th order Xia filter with
lower α in the range of0 ≤ α ≤ 0.2 are preferrable.

V. SPACE-TIME CODED GFDM

Any 5G system shall be able to exploit the benefits of multi-
ple transmit and receive antennas. Transmission diversity[24]
is a crucial feature for future wireless networks to achievethe
required reliability and robustness under frequency-selective
and time-variant channels. Due to the orthogonality of the
symbols the Alamouti-STC is easily applied in OFDM [34].
For GFDM, the overlapping subsymbols in the time domain
impede the direct application of the Alamouti-STC within
one GFDM block. However, as a major contribution of this
section, we show that the block-structure of GFDM enables the
application of time-reversal STC, which has been developed
for single carrier systems to achieve diversity under frequency-
selective channels [35]. Fig. 10 presents the block diagrams
of the STC-GFDM transmitter and receiver.

In this approach, two data vectors~d1 and ~d2 are indepen-
dently modulated leading to

~x1 = A~d1 and ~x2 = A~d2. (24)

The modulated signals are delivered to the space-time encoder
to produce the signals that will be transmitted by the two
antennas in two successive time frames, which are presentedin
Tab. IV. A CP is appended to each signal before transmission.

TABLE IV: STC signals.

Antenna 1 Antenna 2

Time frame 1 x11[n] = x1[n] x21[n] = −x∗

2[−n mod N ]
Time frame 2 x12[n] = x2[n] x22[n] = x∗

1[−n mod N ]

On the receiver side, the signals at theith receiving antenna
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on time frames 1 and 2 are given by

~yi1 = H1i~x11 +H2i~x21 + ~wi1

~yi2 = H1i~x12 +H2i~x22 + ~wi2,
(25)

whereHji is the circulant matrix with the impulse response
of the channel between thejth transmitting antenna and the
ith receiving antenna, and~wi1 and ~wi2 are the noise vectors
received byith receiving antenna in the time frames 1 and 2,
respectively. It is assumed that the channel coherence timeis
larger than two GFDM symbols.
The space-time maximum ratio combining is carried out in the
frequency domain to achieve diversity. The combined signals
in the frequency domain are given by

~̂X1 =

∑I

i=1 Ξ
∗
1i
~Yi1 +Ξ2i

~Y ∗
i2

∑I
i=1 Ξ

∗
1iΞ1i +Ξ∗

2iΞ2i

= ~X1 +

∑I

i=1 Ξ
∗
1i
~Wi1 +Ξ2i

~W ∗
i2

∑I
i=1 Ξ

∗
1iΞ1i +Ξ∗

2iΞ2i

= ~X1 + ~Weq1

~̂X2 =

∑I
i=1 Ξ

∗
1i
~Yi2 −Ξ2i

~Y ∗
i1

∑I

i=1 Ξ
∗
1iΞ1i +Ξ∗

2iΞ2i

= ~X2 +

∑I
i=1 Ξ

∗
1i
~Wi2 −Ξ2i

~W ∗
i1

∑I

i=1 Ξ
∗
1iΞ1i +Ξ∗

2iΞ2i

= ~X2 + ~Weq2

(26)

whereI is the number of receiving antennas,Ξji = FHjiF
−1

and ~Yi1 and ~Yi2 are the discrete Fourier transform of~yi1 and
~yi2, respectively.
The estimated data vectors can be obtained from the combined
signals presented in (26), therefore

~̂dj = BF
−1 ~̂Xj. (27)

Fig. 11 compares the SER performance of classical STC-
OFDM [34] with STC-GFDM considering the system param-
eters from Tab. II and the frequency selective channel delay
profile from Tab. III, however, each tap of the channel impulse
response is multiplied by i.i.d. Rayleigh random variables
with parameterσ2

r = 1
2 . Also, the total transmitting power

is kept constant, which means that each antenna transmits
with half of the available power. Two transmitting antennas
and two receiving antennas have been used in this simulation.
Fig. 11 shows that STC-GFDM and STC-OFDM achieve the
same diversity gain. In a practical system setup,α shall be
chosen small because the NEF can be neglected. Again, STC-
GFDM uses the CP more efficiently which leads to a better
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Fig. 11: SER performance of the 2x2 STC-OFDM and STC-GFDM under
frequency-selective and time-variant channel. The minimal number of symbol
errors for each SNR value is 20000.

performance than STC-OFDM when smallα is used. The
NEF becomes significant for high values ofα, resulting in
a performance loss. Nevertheless, the diversity gain of2I is
achieved by STC-GFDM for both transmit pulses analyzed
in this section. As stated in Sec. IV, GFDM has a higher
spectrum resolution per subcarrier, which allows for a better
frequency domain equalization. The benefit of a more precise
equalization can be also observed in Fig. 11, where the
slopes of the STC-GFDM curves are steeper than for STC-
OFDM. Hence, even STC-GFDM employing RC withα = 0.9
performs better than STC-OFDM for high SNR (Es/N0 > 18
dB).

VI. B LOCK BASED SYNCHRONIZATION

Synchronization is a key element in the performance of
the signal processing carried out on receivers and can be
achieved in GFDM on a block basis. The block structure with
its CP allows adaptation of fundamental OFDM solutions to
estimate symbol time offset (STO) and carrier frequency offset
(CFO) [36], [37], but low OOB is a factor to be specifically
considered in GFDM.
The algorithm proposed in [22] will be evaluated in this section
to achieve one-shot synchronization using a straightforward
proposal of a separated W-GFDM preamble, which is defined
with M = 2 and the transmitted data in thekth subcarriers
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of both subsymbolsdk,0 and dk,1 are filled with the same
pseudo-noise (PN) sequence, resulting in a signal composed
with two identical halves.
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. III, differ-
ent pinching lengthsNWp andNWd can be applied respectively
to the preamble and data blocks in order to achieve a desired
emission mask.

Given that r[n] is a set of received samples containing
at least one complete W-GFDM preamble, the two identical
halves are identified with an autocorrelation metric, which
is integrated along the CP and CS length to remove plateau
effects [37], [38], leading to the metric

µ[n] =

0
∑

ι=−NCP

N−1
∑

k=0

r[n+ ι+ k]∗r

[

n+ ι+ k +
N

2

]

. (28)

The argument that maximizes the absolute value of the metric
µ[n] is taken as a coarse STO

n̂c = argmax
n

|µ[n]|, (29)

while the angle ofµ[n̂c] is used to estimate the CFO as

ǫ̂ =
∠µ[n̂c]

π
. (30)

The valueǫ̂ is employed to correct the CFO in the received
sequence and a cross-correlation operation is then performed
as

c[n] =
1

N

N−1
∑

k=0

r[n+ k]∗ej2π
ǫ̂
N

(n+k)p[k], (31)

wherep[k] represents the known GFDM preamble.
To suppress side peaks that arise from the two halves and
from the CP and CS parts,c[n] is combined withµ[n] and
an optimized estimation of the STO is obtained by searching
the peak value in the range around the coarse STO estimation
[n̂c − N

2 , n̂c +
N
2 ] that is

n̂o = argmax
n

(|c[n]||µ[n]|) . (32)

This synchronization procedure is robust for single path chan-
nels, but in a time-variant FSC, the primary echo can be lower
than other echoes and the strongest peak will not represent the
correct STO. Thus, an additional search beforen̂o can reveal
if there is another yet undetected peak to be considered as the
primary one. For samples that do not belong to the preamble,
the output of the cross-correlation can be interpreted as a
complex Gaussian random sequence and a threshold criteria,
depending on an acceptable probability of false alarmpFA, can
reveal the presence of multipaths beforen̂o.
Considering that the first peak of (31) is within the range
(n̂o − λ, n̂o] , whereλ < NCP is an adjustable parameter, the
threshold is defined as

TTh =

√

− 4

π
ln (pFA)





1
N
2 − 2λ

−λ
∑

k=−N
2
+λ

|c[n̂o + k]|



 (33)
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data block
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Fig. 12: W-GFDM preamble preceding a W-GFDM data block.
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and the fine STO estimation for the first multipath is finally
given by

n̂f = argfirst
n̂o−λ<n≤n̂o

(|c[n]| > TTh) . (34)

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
Table II but withM = 2. A wRC [n] window function with
NW = 16 is used,λ = 16, pFA = 10−4 and the time-variant
FSC is set as described in Sec. V. For a SNR range higher
than 5 dB the variance of the STO estimation stabilizes within
tenths of a sample due the time variant fading effect in the
multipath channel. The variance of the CFO estimation starts
from thousandths of the subcarrier bandwidth and gets linearly
better (in log scale) with increasing SNR.
The results obtained with the double pinching configuration
show that burst synchronization can be achieved without
penalties to the performance when compared with the results
presented in [22]. The smooth block boundaries at the edges of
the preamble and the data portion of the signal are particularly
important as keeping OOB emission low is an important
feature of GFDM.

VII. A DVANCED RECEIVER

In this section, the previously presented basic matched filter
approach is extended by successive interference cancellation
(SIC) [21], yielding the MF-SIC receiver. We investigate its
performance compared to the ZF and to the linear MMSE
receiver in terms of bit error rates (BER). Compared to the
previous work, error control coding is introduced in the the



12 IEEE TRANSACTIONS ON COMMUNICATIONS

GFDM demodulator

ZF/
MMSE

soft
demapper

iterative
decoder

~z
~̂
d

~̂
bc

~̂
b

(a) ZF and MMSE receiver configuration

GFDM demodulator

+ MF
soft

demapper
iterative

decoder

SIC

~z ~z
(ℓ) ~̂

d
(ℓ) ~̂

bc
~̂
b

~u
(ℓ)

(b) MF-SIC receiver configuration

Fig. 14: The considered receiver configurations.

setup. The results show that although ZF can severely enhance
the noise in the system, it can be a reasonable alternative tothe
iterative approach in some cases, mainly when small values of
α andM are employed.

A non-orthogonal waveform like GFDM inherently in-
troduces correlation across all subcarriers and subsymbols
within a block, which can result in unwanted self-interference
among the elements of~̂d, when the MF receiver is employed.
Supposedℓ is the iteration index, the algorithm starts by

first detecting all data symbols~̂d(ℓ), ℓ = 0 based on the
received signal~z. In the first iterationℓ = 1, the detected

data symbols~̂d(0) are then fed back to calculate a cancellation

signal~u(ℓ)
k,m = A

~̂
d(ℓ−1) − ~gk,md̂k,m for each pair of(k,m),

which is based on all but the(k,m)th element of ~̂d(ℓ−1).
The received and equalized signal~z is partially cleaned of
interference, producing~z(ℓ)k,m = ~z+ ~u

(ℓ)
k,m. Lastly, the(k,m)th

data symbol is detected again to obtaind̂
(ℓ)
k,m. Theℓth iteration

is complete once all pairs of(k,m) are run through. The total
number of SIC iterations shall be denoted byJSIC.
This method has been shown to be effective, even for high
order of QAM mapping [39]. However, for largeK andM
this can significantly increase the computational complexity
of the receiver. In this case, using a Nyquist filter allows to
elimininate self-intersymbol-interference and thus requires to
iterate only through the subcarriers in the system. Another
option is to define a threshold for〈~gk′,m′ , ~gk,m〉 with k 6= k′

andm 6= m′, below whichdk′,m′ is considered not to have
influence ond̂k,m.
Additionally, an interesting question is, to what degree
can coding help to overcome the impairments of the non-
orthogonal waveform. To investigate this, encoder and decoder
are introduced in the transmission chain. The parallel concate-
nated convolutional code (PC-CC) from [40] with code rate
R = 1/3 is considered for this section. On the receiver side,
a turbo decoder [41] withJTD iterations is employed.

In the following, the two configurations depicted in Fig. 14
shall be considered. In the first setup, a linear receiver, i.e. ZF
or linear MMSE, is utilized in combination with the turbo

decoder. The second setup employs MF with several SIC
iterations prior to decoding. As a reference, an orthogonal
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. III and the configuration of
the GFDM system is based on Tab. II.
The main objective here is to evaluate the penalty of using
a non-orthogonal waveform. Generally, when the transmit
filter exhibits little self-interference (α = 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 interference
becomes severe (α = 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 outperformsZF.
However, with increasingEb/N0 in the frequency selective
channel, the MF can only outperform the ZF, when combined
with SIC. This behaviour is similar in the time-variant channel,
however here a pronounced waterfall region is absent. In the
case of strong self-interference, the performance of the MMSE
receiver is comparable to MF-SIC for the time-variant channel,
while MF-SIC outperforms it by0.5dB for high SNR in
AWGN conditions and by an even smaller fraction of that
in the frequency-selective channel.
Overall, it can be concluded that when operating with little
self-interference, ZF should be favored as ZF and MF-SIC
show nearly identical performance, but ZF does not entail
the complexity overhead of the SIC iterations. When self-
interference is severe, MF-SIC outperforms at the cost of
more computational effort. The MMSE achieves similar per-
formance as the ZF receiver, when looking at the frequency-
selective or the time-variant channel.

VIII. A PPLICATION REQUIREMENTS

New scenarios are being foreseen for 5G networks with
requirements that cannot be addressed only with throughput
increment. In this section, we present a short description of
the most prominent application scenarios and propose sets
of GFDM parameters to address the specific requirements.
In particular, adequate values ofK and M based on the
restrictions from the wireless channel characteristics and on
the requirements of the application scenarios are established.
Table V presents the typical channel parameters and a sug-
gested GFDM configuration for each scenario. The application
scenarios considered in this section are:
1) Bitpipe communication: Currently broadcasting services are
experiencing a media shift, where television and radio content
are being broadcasted through the Internet. People demand
their favorite shows anywhere, and smartphones and tabletsare
commonly used to access the content. With screen resolution
on mobile devices beyond high definition, videos and 3D con-
tents will require several tens of Mbps to achieve a good Qual-
ity of Experience (QoE). Therefore, next generation networks
must rely on advanced digital communication techniques, such
as MIMO [23] for diversity and multiplexing, highly efficient
channel coding, small cell coverage with inter-cell interference
management and efficient dynamic spectrum allocation. For
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Fig. 15: BER simulation results for a coded system withJTD = 10 andJSIC = 1.

waveform engineering, low out-of-band emission is a crucial
requirement to allow fragmented and opportunistic spectrum
allocation with cognitive radios (CR) [42]. Orthogonal Fre-
quency Division Multiplexing (OFDM) [6] with−35dBc
OOB emissions will hardly be able to attend the emission mask
without additional filtering, which renders the deploymentof
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 suitable
to explore vacant and fragmented spectrum. Besides the low
OOB emission, GFDM configuration with largeM can reduce
the impact of the CP length in the overall throughput and
can significantly increase the spectrum efficiency. GFDM
combined with Coordinated Multipoint transmission [43] can
increase the spectrum re-use in small cell networks without
increasing the interference between cells.

2) Machine Type Communication (MTC): Machines, devices
and even objects are becoming intelligent and equipped
with sensors, which increasingly allow them to operate au-
tonomously and to communicate without human interaction.
While today’s MTC is mainly based on short-range wireless
technologies, such as Bluetooth and Zigbee, it is expected
that cellular systems providing wide area coverage will gain a
significant market share. There are two major markets foreseen
for MTC. The first considers machines as complete systems
with only an interface that allows for controlling it over
the Internet. The other considers machines as sensors and
actuators where all the control system is to be moved to
a cloud infrastructure. Although the first approach can be
implemented shortly, the second one is regarded as the most
interesting because the connected sensors will provide accurate
information for Big Data processing [44], allowing for data
analytics to uncover patterns and correlations, and offer new
or better services. Consider a scenario, where smart devices in
a given environment communicate among each other or with
a central station without human intervention. These devices

CP data data data data data data data CS

CP data CP data CP data CP data CP data CP data CP data

G
F
D
M

O
F
D
M

Fig. 16: GFDM and OFDM frame comparison for the MTC scenario.

are typically powered by batteries and their lifetime must
be extended. MTC devices connecting to cellular networks
cannot pass through all the synchronization steps, because
this process would consume a large amount of energy. Hence,
MTC devices must be able to achieve reliable communication
with a loose synchronization or even operate asynchronously.
A large CP and CS can be used to allow for loose time domain
synchronization in a random access channel [15], but this
approach cannot be efficiently used with OFDM as it requires
one CP and CS per symbol. GFDM applies one CP and one CS
in a block with several subsymbols. Therefore, a LTE resource
block can be organized as a GFDM block with CP and
CS large enough to accommodate timing misalignment (see
Figure 16). It is worth noting that GFDM is able to increase
the size of the CP and introduce a CS without consuming
further resources when compared with the LTE approach.
3) Tactile Internet: This new application scenario is first
envisioned in [4], where the 5G network is used for real-
time control applications with at most1ms round-trip latency
requirements. The low latency requirement is determined by
the typical interaction latency for tactile steering and control
of real and virtual objects. In fact, most of today’s mobile
devices use a touch screen as input interface and future devices
will integrate various interfaces for haptic, visual and auditory
input and feedback. These new interface devices are also
going to be used to interact with the online environment for
virtual and augmented reality, health monitoring, smart house
controlling, gaming and many different applications. If too
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TABLE V: Channel and system parameters for the identified application scenarios.

Parameters Bitpipe Tactile Internet MTC WRAN

Cell size [km] 4 1 4 100
Delay Spread [µs] 5 1 5 50
Bc [kHz] 40 200 40 4
Doppler shift [Hz] 100 10 100 10
Tc [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
TCP [µ] 7 2 7 80
Symbol duration [µs] ≤ 5000 ≈ 5 ≈ 500 ≤ 50000
Modulation order 2, 4, 6 or 8 2 or 4 2 2, 4, 6 or 8
Bw [MHz] 20 100 (Fragmented) 1 5, 10 or 20

large, the round-trip delays between the command insertion,
the action in the online environment and the feedback can
result in a poor QoE or even cybersickness. Since the overall
round-trip system delay cannot be larger than1ms, the time
budget for the physical layer will be of no more than hundreds
of µs. The current frame structure of Long Term Evolution
(LTE), based on70µs OFDM symbols, has a latency that is
at least one order of magnitude above the target for the Tactile
Internet. GFDM can address this application by having a small
MK product. This approach will lead to larger bandwidth per
subcarrier, which means that each one might suffer from chan-
nel frequency-selectiveness. Nevertheless, because GFDMhas
M samples per subcarrier, FDE can be applied in this case.

4) WRAN: Despite the fact that reasonable Internet access
is available in cities, sparsely populated areas suffer from
low data rate and unreliable solutions. Wired technologies
have limited coverage and require large investments. Today’s
wireless networks have relatively small cell size and oper-
ate in licensed frequencies, which makes them economical
unfeasible in low populated areas. CR technology addresses
this problem by dynamically and opportunistically accessing
vacant UHF TV bands. When using OFDM as the air interface,
it is a challenge to attend the emission mask imposed by
spectrum regulation. Besides this, large cell coverage leads
to high delay spread and the conventional OFDM with a CP
for every symbol will result in a low spectral efficiency. The
next generation network shall address large coverage areas
using dynamic channel allocation based on CR with low OOB
emissions and efficiently deal with the multipath effects by
reducing the impact of the CP in the overall data rate.
Although a long CP is requested to avoid ISI, in this scenario
the user terminals are typically static and Doppler effect plays
a small role. Slow time-variant channels allow for GFDM
blocks with largeM , whereas the increased latency is not
critical to the WRAN application scenarios and CP and CS
can be efficiently used to avoid ISI and time misalignment.
In general, the channel characteristics, such as coherencetime
(Tc) and coherence bandwidth (Bc), impose a restriction to
the number of subsymbols and subcarriers. The coherence
time defines an upper boundary forMK, while the coherence
bandwidth defines a lower bound according to

Rs

Bc

(1 + α) < MK < TcRs, (35)

whereRs is the overall symbol rate.
In summary, flexibility will be one key aspect for future

cellular systems in order to address the wide range of foreseen
application scenarios. GFDM in particular can address the
requirements of these application scenarios where the con-
figuration of the number of subcarriers and subsymbols is an
important feature.

IX. PROTOTYPE IMPLEMENTATION

The GFDM scheme has been implemented as proof-of-
concept on a FPGA based platform. The theoretical foun-
dations for the transceiver algorithms are provided in [39]
and [45]. Both, the transmitter and the receiver implementation
exploit the fact that the corresponding filters are limited to L
subcarriers in the frequency domain and this section explores
a way of realizing valuesL > 2 on the receiver side. In order
to utilize the parallel processing capabilities of the FPGAin a
pipelining structure, the transmit and receiver filter frequency
responses are split intoL groups ofM samples according to

F [k] = DFTLM

{

(−1)ng
[

K
L
n
]}

Fl[j] = F [lM + j],
(36)

where k = 0, . . . , LM − 1, j = 0, . . . ,M − 1, g[n] is
the impulse response of the prototype transmit or receive
filter, the factorK

L
corresponds to a decimation in time, and

(−1)n causes a FFT shift in the frequency domain. At the
transmitter the standard RC and Xia filters limited toL = 2
are implemented. The frequency response of the receiver
filter depends on the receiver type. For a smallα it can be
reasonably limited toL = 2 andL = 16 for the MF and ZF
receiver, respectively (cf. Fig. 7). The main contributionof this
section is to present a receiver structure that is not limited to
a specific receiver type but works with any given filter.

The transmitter pipeline structure is shown in Fig. 17(a). In
each pipeline iteration,M samples of data in the frequency
domain are sent through a filter delay chain. Finally, the time
domain signal is acquired by IDFT of the frequency samples.
Circularity in the frequency domain is achieved by initializing
the delay block with the data of the last subcarrier.
Fig. 17(b) illustrates the corresponding receiver structure. Due
to a higher bandwidth of the receiver filter, more delays and
filter blocks are required. However, these will work in parallel
on the FPGA which does not increase the overall delay, but the
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Fig. 17: Implementation structure of GFDM transmitter and receiver. D
represents a delay ofM samples.

occupied area in the chipset. The received time domain signal
is first transformed to the frequency domain and then sent
through the filter delay chain. The required decimation in time
by a factorL is achieved by the summation of theL separately
filtered groups before taking the IFFT of the data. Circularity
for every subcarrier is achieved by initializing the delay
blocks according toDl[j] = X [j + (K − L+ 1 + l)M ]. At
the output of the receiver, the subcarriers are delivered with a
delay ofL/2− 1 due to the filter bandwidth.

To verify the practical feasibility of the low-complexity
GFDM transceiver structure, a software defined radio platform
was designated for its implementation. The demonstrator con-
sists of a National Instruments PXI [46] PC-based platform
including an Intel i7 general purpose processor (GPP) for
controlling the application and performing basic baseband
processing and a FlexRIO 7965 FPGA module for high-
throughput baseband processing. NI FlexRIO provides user-
programmable FPGA modules coupled to interchangeable I/O
adapter modules, such as the NI-5791 RF transceiver module.
The latter has a continuous frequency coverage from200MHz
to 4.4GHz, 100MHz of instantaneous bandwidth on both
transmitter and receiver, and performs signal up- and down-
conversion to and from radio frequencies. The hardware and
software components of this platform are integrated with the
LabVIEW graphical programming language.
The GFDM transceiver was fully implemented on the FPGA
of the platform, realizing the pipeline structure as described
in this section. The parameter configuration in Tab. VI is
flexible, which allows to cover a variety of different GFDM
applications.

The GFDM implementation makes use of the Xilinx FFT
IP core [47]. This IP core supports a pipelined streaming
architecture for continuous data processing and a run-time
configurable transform point size that can be a positive integer
power of two. Compiling the GFDM transmitter for a Xilinx

TABLE VI: Implementation parameters.

Parameter Value

Number of subcarriers (K) 23,4,...,12

Number of subsymbols (M ) 23,4,...,7

Block length (N = KM ) 26 ≤ N ≤ 215

Modulation scheme QPSK, 16QAM, 64QAM
Filter configurable
Used subcarrier mapping configurable
Bandwidth 10... 30MHz
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)
Slice LUT 48,6% (28642 out of 58880)
DSP48s 19,7% (126 out of 640)
Block RAMs 80,3% (196 out of 244)

Virtex-5 SX95T FPGA platform uses around 75% of the chip
resources. Detailed results of the compilation are presented in
the Tab. VII. The digital baseband processing uses a parallel
structure with different timed loops and a first-in-first-out
(FIFO) memory approach to exchange data among processing
blocks. Notice that the design also includes advanced debug-
ging features that allow collection of internal data and the
control of system parameters through an external graphical
user interface (GUI) developed with LabVIEW. The bottleneck
in the system is the loop that feeds the DAC. With typical
bandwidths being in the range between20MHz and50MHz,
the current design is capable to generate GFDM blocks of up
to 32768 samples length continuously.

The complete base implementation verifies that GFDM can
be implemented with reasonable complexity using today’s
technology. The prototype is the core of our 5G wireless
testbed for experimental research and will be extended by more
advanced algorithms and additional PHY layer features, such
as framing, channel coding, and data interfaces in the future.

X. CONCLUSIONS

A novel modulation proposal for a 5G physical layer needs
to address the specific requirements described in this paper.
The first key property of a future waveform is flexibility, so
that different applications can be addressed by a single solution
with different parameter settings instead of multiple solutions.
This flexibility includes the partitioning of time and frequency
resources, as well as means for spectrum engineering. The
latter property is especially useful to control the impact of
interference among multiple users and between systems in
adjacent frequency bands. It is also important to guaranteea
harmonious coexistence with other technologies, as we experi-
ence today with 4G networks operating in the so called Digital
Dividend. Typically, filtering needs to be introduced on the
transmitter or receiver side to achieve coexistence. But doing
so, chances are that orthogonality will be forfeit. Nevertheless,
the proposed scheme should still be capable of MIMO, and
synchronization and channel estimation should preferablybe
easy to implement. Also error rate performance should not
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be neglected, once the focus is shifted towards robustness
for certain applications. In this respect, the proposed scheme
needs to be as good as state-of-the art orthogonal waveforms,
if not outperform them. Lastly, a laboratory proof-of-concept
is desirable, in order to validate the feasibility of the proposal.
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 by
the different envisioned application scenarios can be addressed
with a flexible block structure and subcarrier filtering and have
presented suitable parameter configurations for these scenar-
ios. We have introduced two techniques, which in addition to
the subcarrier filter address the requirement of low out-of-band
radiation and presented a preamble based synchronization
scheme that preserves these low spectral emission. We have
analyzed the error rate performance of GFDM analytically and
numerically for various channel conditions and with iterative
receivers, yielding several GFDM configurations that have
no penalties compared to OFDM and SC-FDE. We have
addressed MIMO-GFDM as a mean to obtain diversity in the
system and lastly presented a proof-of-concept implementa-
tion.
Certainly, many more issues still need to be resolved. Never-
theless, this paper has shown that GFDM is a novel modulation
technology with the potential to fulfill the requirements ofthe
next generation of mobile wireless systems.
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