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Abstract—Vehicular communications enable information exchange among vehicles including the roadside infrastructure.
This has led to applications to primarily increase road safety
and traffic efficiency. Standardization efforts on vehicular communications are underway. The physical layer (PHY) is defined
based on the IEEE 802.11 family of WiFi standards operating
at the 5.9 GHz frequency band and on extensions of LTE; in
both cases orthogonal frequency division multiplexing (OFDM)
is the waveform of choice. Since the typical environment of WiFi
deployment is very different to the vehicular communication environment, it is a challenging task to adapt the WiFi-based PHY
for providing reliable and real-time communications under highly
time- and frequency-selective fading channels. In this paper,
the employment of an alternative waveform termed generalized
frequency division multiplexing (GFDM) for vehicular communication is investigated. Specifically, a GFDM-based packet design
is proposed on the basis of the standard-compliant OFDM-based
PHY configuration. On the receiver side, this paper focuses on
developing synchronization, channel estimation and equalization
algorithms. The performance of the resulting GFDM-based PHY
is verified and compared with the OFDM-based one by means of
simulation. The obtained results demonstrate that the proposed
GFDM-based PHY can utilize the time and frequency resources
more efficiently, and outperform particularly under challenging
channel conditions. Additionally, the low out-of-band (OOB)
emission of GFDM is a desirable feature for future multi-channel
operation (MCO) in vehicular communications.
Index Terms—Intelligent transportation system (ITS), vehicular communications, OFDM, GFDM, inner receiver design

I. I NTRODUCTION
Vehicular communications are commonly regarded as a
cornerstone of intelligent transportation systems (ITS). It increases the range of vision of vehicle sensors and improves
the driver’s awareness. The considered use cases include road
safety and traffic efficiency, such as road hazard warning, road
works warning, in-vehicle signage and green traffic light speed
advisory. These use cases are mainly for driver’s information
and warning with moderate requirements on latency, reliability
and throughput. In the future, vehicular communications can
enable a very broad range of use cases. Among those, cooperative advanced cruise control (C-ACC), platooning, vulnerable
road user (VRU) protection and urban ITS are currently being
considered in research and standardization. Specifically, use

cases related to communication support for vehicle automation
rely on cooperative sensing and the exchange of maneuvering
commands, which will have more stringent requirements on
the wireless transmission.
The current standardized access technology for vehicular
communications is based on a specific set of options of the
IEEE 802.11 standard [1] operating at the 5.9 GHz frequency
band allocated for safety and traffic efficiency in Europe and
U.S, named ITS-G5 and WAVE, respectively [2], [3].1 In
addition to the IEEE 802.11-based solutions, enhancements
of the cellular technology LTE for supporting vehicle-toeverything (V2X) communications are being specified by
3GPP (see e.g., [4]). Both, the IEEE 802.11-based solution
and LTE-V2X, rely on orthogonal frequency division multiplexing (OFDM) as the waveform. Furthermore, for operation
in the 5.9 GHz spectrum, both need to fulfill the regulatory
requirements for RF output power, receiver selectivity and
other parameters. Therefore, these requirements, e.g., defined
in ETSI EN 302 571 for the European regulation, constitute
the baseline for the minimum performance of the current
generation of vehicular communications systems. Throughout
this paper, we choose ITS-G52 to collectively name the access
technology and use it as the baseline for our work on the
physical layer (PHY) design for vehicular communication.
However, the outcome of our investigation can be applied to
other variants of vehicular communications systems.
In this paper, challenges on the PHY faced by vehicular communications systems are of concern. From extensive
studies on channel modeling, e.g., in [5], [6], the vehicular
communication channel can be highly selective in both time
and frequency. Aiming at reliable data transmission under such
a challenging scenario, ITS-G5 defines short OFDM symbols
with long cyclic prefix (CP), accounting for 25% overhead in
the usage of time resources.
The highly time- and frequency-selective vehicular commu1 In the U.S., this set is referred to as wireless access in vehicular
environment (WAVE), which was commonly known as the “p”-amendment
to IEEE 802.11. The amendment was integrated into the IEEE 820.11-2012
and updated to the -2016 standard release. On the basis of WAVE, ITS-G5 is
an European variant, adapting to European requirements.
2 ETSI EN 302 663 and EN 302 571, URL http://etsi.org/standards
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nication channel causes another challenge for the design of
PHY: The receiver needs to track the fast time-varying channel
for coherent detection. Analogous to IEEE 802.11a, ITS-G5
adopts a preamble for synchronization and channel estimation.
However, channel estimation solely based on preamble is only
suitable for relatively static channels, being initially targeted
by IEEE 802.11a. For vehicular communication, the relative
speed between two vehicles can be in the range of several
hundred kilometers per hour. The initial preamble-based channel estimate will become outdated after a few OFDM data
symbols. Even though each OFDM data symbol carries 4 pilot
symbols, their spectral spacing is too large to yield accurate
channel estimates for all active subcarriers. In fact, the original
purpose of the 4 pilot symbols is to compensate the common
phase error caused by the residual frequency offset (RFO)
rather than to estimate the channel.
In the literature, the issue of fast time-varying vehicular
communication channel has been studied intensively, see [7]
for an overview. Briefly, two classes of solutions exist. The first
modifies the frame structure of ITS-G5 by inserting additional
training sequences, either at symbol [8]–[11] or at bit level [12]
for data-aided (DA) channel estimation. However, additional
training sequences will further reduce the temporal efficiency.
The other class of solutions relies on decision-directed (DD)
channel estimation. Namely, the data symbols fed back from
the detector [13] or from the decoder [14] are treated as
auxiliary pilot symbols for updating the channel estimates.
The former one is subject to severe error propagation, since
the symbol error rate at the output of detection is much higher
than at the output of decoding. For the latter, the data symbols
are subject to a processing latency caused by the decoder.
However, this class of solutions does not require modification
of the standard but comes at the cost of an increased receiver
complexity and processing latency.
Last but not least, OFDM introduces large out-of-band
(OOB) emission due to rectangular pulse shaping, which can
yield high adjacent channel interference (ACI). The spectrum allocation in the 5.9 GHz frequency band assumes several 10 MHz channels including one primary safety channel,
termed control channel (CCH), and other service channels
(SCHs). Even though the planned initial deployment in Europe
and U.S. considers only a single channel, it can be expected
that with increasing equipment rate of vehicles and greater
number of services, the other channels of the 5.9 GHz frequency band will also be exploited. In this case, ACI becomes
a critical design issue for reliable and efficient communications. For multi-channel operation (MCO) two approaches exist: (i) A vehicle with a single-radio transceiver operates on one
channel at a time and can periodically switch between CCH
and any of the SCH. (ii) With dual-radio transceivers, one is
permanently tuned to the CCH and the other can dynamically
switch among SCHs. MCO is an active research area [15] and
even though a first standard for MCO is available [16], the
standardization process is still ongoing. In terms of spectrum
emission masks associated to individual classes of devices [1],
[17], the current allowable OOB emission is not low enough
for simultaneous usage of the channels. Potential solutions to
enable and to optimize MCO include transmit power reduction,
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restricted usage of channels adjacent to the CCH, synchronized
transmission on adjacent channels and an improved spectrum
emission mask [15].
From the above mentioned challenges, we come to the
conclusion that OFDM may not be an efficient waveform for
vehicular communication in terms of efficiency in the usage
of time and frequency resources. To our knowledge, there has
been no prior work in the literature that systematically and
comprehensively investigates alternative waveforms in vehicular communications. In the field of mobile communications,
the waveform study has been an important part of the ongoing
research and development activities on the access technologies
for the 5th generation (5G) communications systems [18],
while OFDM is the 4th generation (4G) solution.
Major candidate waveforms for 5G systems, but not limited to them, include filtered OFDM [19], universal-filtered
OFDM [20], filter bank multicarrier (FBMC) [21] and generalized frequency division multiplexing (GFDM) [22]. The first
two waveforms apply linear filtering on the basis of OFDM to
eliminate the interference between adjacent users. Naturally,
this approach is usable for reducing ACI in the context
of MCO as well. However, linear filtering also introduces
additional interference between OFDM symbols. This can
lead to severe performance degradation in highly frequencyselective channels. If the CP length increases for better protection, the temporal efficiency would be further decreased.
Different to OFDM and its variants, both FBMC and GFDM
are non-orthogonal waveforms. While suffering from selfgenerated interference, they also provide an additional degree
of freedom in the time domain, namely, each subcarrier can
carry multiple data symbols. The choice of filtering is an
important design aspect of the non-orthogonal waveforms.
FBMC applies linear filtering and achieves ultra-low OOB
emission without being block-based. GFDM adopts circular
filtering, which yields a block-based waveform with no filter
tails and accomplishes a good compromise in the usage of both
time and frequency resources. In this paper, we choose GFDM
and focus on tailoring it for an improved PHY performance
under challenging vehicular communication channels. We note
that different variations of waveforms exist; for example the
authors of [23] changed the linear filter in FBMC to circular.
Therefore, the concepts proposed for GFDM in this paper may
also be applicable to other block-based waveforms, but this is
beyond the scope of this paper.
The main contribution of this work is summarized as
follows. First, we derive a configuration of GFDM for vehicular communications based on ITS-G5. In particular, the
technique termed unique word (UW), initially developed for
discrete Fourier transform (DFT) spreading OFDM (DFT-sOFDM) [24]–[27],3 is applied on top of GFDM. Two novel
and simple modifications are proposed to further reduce OOB
emissions and relieve the negative impact of UW insertion on
the data transmission. Using the UW as a training sequence,
the second contribution on the GFDM receiver design involves
algorithm development for UW based RFO and channel esti3 Single-carrier frequency division multiple access (SC-FDMA) can be
regarded as a special case of DFT-s-OFDM.
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Since GFDM is a nonorthogonal waveform in general, a straightforward application
of LMMSE equalization can cost much higher complexity
than that of OFDM. Therefore, we aim at low complexity
implementation that can support a high-level of parallelism in
computation. Finally, we evaluate the performance achieved
by GFDM in terms of transmit power spectral density (PSD),
packet error rate (PER) and PHY-level throughput, while
the performance attained with the standard-compliant OFDM
setup is provided as a baseline.
The remainder of the paper is organized as follows: Section II gives a brief overview of the PHY configuration in
ITS-G5. On this basis, a GFDM-based PHY design is proposed
in Section III followed by the corresponding GFDM inner
receiver design in Section IV. We evaluate its performance
and compare it with the OFDM-based PHY in Section V. The
whole paper is summarized and concluded by Section VI.
II. OFDM FOR V EHICULAR C OMMUNICATION
Fig. 1 depicts the packet structure at the PHY specified by
ITS-G5. Each packet starts from a 32 µs preamble followed
by a 8 µs signal and variable-length data fields. Specifically,
the preamble consists of 10 identical short training symbol
sequences, each of which lasts 1.6 µs. They are used for
packet detection and coarse synchronization. The subsequent
3.2 µs long CP followed by two identical 6.4 µs long training
symbol sequences are designed for fine synchronization and
initial channel estimation. The signal field contains the rate and
length information of the packet. The data field is comprised of
a number of OFDM data symbols that adopt the configuration
given in Table I and III.
The number Nofdm of OFDM symbols per packet is determined by the ratio of the overall length of the packet and the
number Nbpofdm of information bits per OFDM symbol


8Npl + 16 + 6
,
(1)
Nofdm =
Nbpofdm
where d·e stands for the ceiling function. The overall length
of packet is mainly determined by the payload size Npl (in
bytes) conveyed by the packet (more precisely the size of the
PHY layer Service Data Units, PSDU). The additional 16 and
6 bits in the numerator of (1) denote the service and tail field
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Parameter

CP

OFDM
#11

Ltl

in the PHY header and trailer as defined in [1], [30]. The
number Nbpofdm of information bits per OFDM symbol in
the denominator depends on the adopted OFDM configuration.
Note that hereafter we refer Npl to as the packet size.
Let us denote an OFDM symbol as s[n]
1
s[n] = √
K

K/2−1

X
k=−K/2

kn

dk ej2π K , n = 0, . . . , K − 1,

(2)

where K stands for the IDFT size and dk can be data symbol,
pilot symbol or zero, depending on the type of the subcarrier k,
namely, data subcarrier, pilot subcarrier or inactive subcarrier.
At the sampling rate 10 MHz, the 1.6 µs CP produces Lcp =
16 samples, which is identical to the last Lcp samples of s[n].
III. GFDM FOR V EHICULAR C OMMUNICATION
Starting from some basics of GFDM, this section presents
a novel GFDM configuration for vehicular communication.
Namely, we propose to combine GFDM with a UW signal
in order to: (i) further reduce the OOB emission of GFDM,
(ii) use the UW signal as a training sequence for RFO
compensation and channel tracking, and (iii) avoid dedicated
CP insertion.
A. Basics
Assume a GFDM symbol occupies K subcarriers, see
Fig. 2. Each subcarrier can at most carry M data symbols,
which are temporally equally spaced and circularly filtered by
a pulse shaping filter g(t). Denoting the temporal spacing as
T , one period of g(t) and the subcarrier spacing equal M T
and 1/T , respectively. At the sampling rate K/T , the discretetime model of one GFDM symbol can then be written as
K/2−1 M −1
X X
k=−K/2 m=0

k

dk,m g [hn − mKiN ] ej2π K n ,
n = 0, 1, . . . , N − 1,

4 The

OFDM
#12

Value

Carrier frequency
5.9 GHz
Bandwidth4
10 MHz
GFDM
#2 size
GFDM #3
(I)DFT
64
Number of data subcarriers
48
Ltl Lhd
Number of pilot subcarriers
4
Subcarrier spacing
156.25 kHz
CP duration
1.6 µs
OFDM symbol duration
6.4 µs
FEC
Convolutional code ({133, 171}8 )

s[n] =

CP

sampling rate equals the bandwidth.

(3)
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where dk,m stands for the symbol carried by the subcarrier
k and transmitted at the time instant m, g[n] equals g(t =
nT /K) for n = 0, 1, . . . , N − 1 with N = M K, i.e., one
period, and haib represents the operation a modulo b. Without
PN −1
loss of generality, here we normalize n=0 |g[n]|2 to one. If
certain subcarriers of a subsymbol are inactive, this implies
the corresponding symbols can only have the value zero.
Compared to OFDM, the common configuration of GFDM
also adopts CP to combat multipath fading, but uses a single
one to protect M symbols on the same subcarrier, see Fig. 2.

lets the second subsymbol equally share the negative impact
with the last one, thereby reducing the number of burst errors.
Specifically, the determination of such first subsymbol
resorts to a matrix-vector representation of linear GFDM
modulation [22]. Let us concatenate the symbols carried by
the active subcarriers of the first subsymbol into a vector d0 .
By analogy, we denote the rest symbols carried by the other
M − 1 subsymbols as d\0 . On this basis, the N samples of
s[n] can be viewed as the entries of the vector s given as

B. Unique Word (UW) GFDM

where A0 and A\0 are the modulation matrix with respect to
the first and the rest (M − 1) subsymbols, and suw denotes
the UW signal embedded with the N GFDM samples.
The first subsymbol d0 is chosen to achieve




Ahd,0
Ahd,\0
· d0 +
· d\0 = 0,
(5)
Atl,0
Atl,\0

The general goal of the UW schemes developed for
DFT-s-OFDM is to have a fixed tail per DFT-s-OFDM symbol [24]–[27]. Analogously, the proposed UW design for
GFDM also aims to ensure that each GFDM symbol has a
fixed segment within the overall N samples but with two key
differences: the location and the form of the fixed segment.
Due to circular filtering, a GFDM symbol is confined to the
time interval [0, M T ]. The tail biting effect creates disruptive
changes on the boundaries, accounting for the major part of
its OOB emission [22]. Fig. 2-(b) indicates that the head and
tail of a GFDM symbol s[n] are mainly influenced by the
first subsymbol. To remove the disruptive changes, we aim
at setting the first subsymbol in a way such that the first
Lhd and last Ltl samples of s[n] become data-independent,
see Fig. 3. In other words, the head and tail of every GFDM
symbol are fixed, while the head can be different to the tail.5
If the length Ltl is greater than CP, the tail of the GFDM
symbol i effectively serves as the CP for the GFDM symbol
(i + 1) without inserting a dedicated CP as OFDM and the
conventional GFDM do.
We note that the fixed head and tail will primarily and
respectively affect the transmission of the second and last
subsymbol. Targeting the same number Lfix of fixed samples
per GFDM symbol, the approaches in the literature, which
position all fixed samples at the tail (Lhd = 0 and Ltl = Lfix ),
tend to severely deteriorate the transmission of the last subsymbol. This makes the last subsymbol much more vulnerable
to channel impairments than the other subsymbols. A large
number of burst errors can result in the loss of the whole
packet. On the contrary, our approach (Lhd = Ltl = Lfix /2)
5 Here, the length L
hd and Ltl shall be smaller than K/2. For larger values,
it is not enough to just use the first subsymbol. However, the following
presented steps can be straightforwardly extended for having an increased
number of fixed samples by enabling more subsymbols for the UW signal.

s = A0 d0 + A\0 d\0 + suw ,

(4)

where the matrix Ahd,(·) and Atl,(·) respectively take the first
Lhd rows and the last Ltl rows of A(·) . Since d\0 is known
by the transmitter, we can compute d0 by solving the linear
system given in (5)

−1
H
d0 = − AH
hd,0 Ahd,0 + Atl,0 Atl,0 + γI


H
(6)
· AH
hd,0 Ahd,\0 + Atl,0 Atl,\0 d\0 ,

where γ is parameter with a small enough value (e.g., 10−3 )
to ensure an invertible matrix.
Due to (5), the first Lhd and last Ltl samples of s are
determined by suw . In contrast to d0 and d\0 , the vector suw of
length N is deterministic such that each GFDM symbol s has
a fixed head and tail, which can be exploited by the receiver
for fine synchronization and channel tracking. Here, we choose
to generate suw by means of GFDM modulation. Since only
its first Lhd and last Ltl samples are of concern, only the
first subsymbol needs to be activated, i.e., keep the terms with
m = 0 in (3). As a result, the entry n of suw equals
X
j2π kn
K .
(7)
suw [n] =
duw
k,0 guw [n]e
k

It is noted that the circular pulse shaping filter guw [n] adopted
by the UW signal can be different to that used for data
transmission. Regarding the choice of {duw
k,0 }, we use a ZadoffChu (ZC) sequence6 , considering its flat frequency-domain
response and constant time-domain amplitude.
6 Here it is generated by calling the matlab function lteZadoffChuSeq(·)
with the 23th root.
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Fig. 3. Structure of the data field for the GFDM-based PHY compared with the OFDM based one.
TABLE II
UW-GFDM C ONFIGURATION
Parameter

Value

Carrier frequency
Bandwidth
(I)DFT size
Subcarrier spacing
Number of subsymbols
GFDM symbol duration
UW head and tail duration
CP duration
Number of data subcarriers
Number of pilot subcarriers
Number of subcarriers used for the UW
Circular pulse shaping filter
Prefix of the first UW-GFDM symbol
Suffix of the last UW-GFDM symbol

5.9 GHz
10 MHz
64
156.25 kHz
5
32 µs
2.4 µs
0
52
0
57
periodic RC filter
6.3 µs
6.4 µs

For generating the above-described UW-GFDM, one direct
way is to view (6) as an instance of precoding d\0 , where
the precoder is pre-calculable. After calculating d0 , we feed
it together with d\0 into the standard GFDM modulation
unit [31] followed by adding the pre-defined UW signal (7).
C. Packet Design Using UW-GFDM
Using UW-GFDM, this subsection proposes a packet design
based on ITS-G5 (see Fig. 3). The preamble and the signal
field of the ITS-G5 packet structure in Fig. 1 are preserved,
while we only replace UW-GFDM instead of OFDM for data
transmission, see Table II.
Compared to the OFDM configuration in Table I, we first let
UW-GFDM adopt the same DFT size and subcarrier spacing
such that the sampling rate is identical. Each subsymbol has
the same duration as one OFDM (without CP). Since each
UW-GFDM symbol uses M − 1 subsymbols (except the first
one) for data transmission, the overhead is equivalent to the
overall CP overhead of 4 OFDM symbols. In order to achieve
an equal or a higher spectral efficiency than OFDM, the
number M of subsymbols per UW-GFDM symbol should
be no less than 5. Since a small M is preferred from the
implementation perspective, here we adopt M = 5 such that
transmission of one UW-GFDM symbol lasts 32 µs, see Fig. 3.
Among the 5 subsymbols, we then use the first one to
generate the UW signal such that the initial and last 2.4 µs of
each GFDM symbol are nearly identical. In the configuration
of OFDM, the CP with duration 1.6 µs is considered to be
sufficient to combat multipath fading. This suggests that the
2.4 µs tail of the former UW-GFDM symbol is long enough

to serve as the CP for the latter one without an extra guard
time interval in between. The other 4 subsymbols are for
data-carrying. Since the UW signal will be exploited for RFO
compensation and channel estimation, the 4 pilot subcarriers
with indices {±21, ±7} in ITS-G5 become re-usable for data
transmission, leading to overall 52 data subcarriers with indices {±26, ±25, . . . , ±1}. For generating the UW signal, we
let the first subsymbol additionally adopt the subcarriers with
indices {0, ±27, ±28} for assisting the receiver to achieve
a good channel estimation quality on every data subcarrier.
It is noted that the use of {±27, ±28} will widen the PSD
of UW-GFDM. However, due to the low OOB emission of
UW-GFDM, this design still fulfills the requirements in the
standard, see Section V-A.
According to the configuration from above, we can calculate
the number Nbpgfdm of information bits carried by one UWGFDM symbol and then determine the number of UW-GFDM
symbols for a given packet size Npl analogous to (1)


8Npl + 16 + 6
.
(8)
Ngfdm =
Nbpgfdm
We note that one UW-GFDM symbol has the same duration
as 4 OFDM symbols plus CPs. Since the 4 data-carrying
subsymbols per UW-GFDM symbol adopt 4 more subcarriers
than OFDM for data transmission, UW-GFDM yields ≈ 1.08
times higher data rate, see Table III.
Finally, we add a prefix to the first UW-GFDM symbol and
a suffix to the last UW-GFDM symbol in the packet such that
the transmission of the Ngfdm UW-GFDM symbols starts from
and terminates to zero without disruptive changes in between
to ensure low OOB emission. Considering the use of periodic
raised cosine (RC) filters, the zero crossings of g[n] and guw [n]
are at the integer multiples of K, except n = 0, e.g., in Fig. 2(b). Therefore, the prefix and suffix are determined by the
last K − 1 and first K samples of (7), which last 6.3 µs and
6.4 µs, respectively. Since UW-GFDM achieves a higher data
rate than OFDM, the overhead of the prefix and suffix can be
compensated as long as each packet contains the information
that needs at least 21 OFDM symbols to carry.
IV. GFDM R ECEIVER A LGORITHMS
The task of the receiver is to recover the transmitted
message based on the noisy channel observation. After successfully detecting the presence of a signal, the baseband processing at the receiver typically starts from synchronization.
In this paper, we focus on estimating and compensating the
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Due to the channel dispersion, the maximum point δmax of
Λ (δ) tends to be larger than the true STO . At the stage of
coarse STO estimation, we subtract δmax by a time shift ξc

TABLE III
R ATE DEPENDENT PARAMETER
MCS
index

Code
rate

Modulation
scheme

1
2
3
4
5
6
7
8

1/2
1/2
1/2
2/3
3/4
3/4
3/4
3/4

BPSK
QPSK
16 QAM
64 QAM
BPSK
QPSK
16 QAM
64 QAM

Data rate [Mbps]
(OFDM)
(GFDM)
3
6
12
24
4.5
9
18
27

ˆc = δmax − ξc

3.25
6.5
13
26
4.875
9.75
19.5
29.25

dominant symbol-timing offset (STO) and carrier frequency
offset (CFO). On this basis, channel estimation is further
conducted for subsequent coherent equalization and detection.
Let us denote the sample sequence of the transmitted packet
as x[n]. Its experienced time-varying multipath fading channel
(in discrete-time model) has Lch delay paths, where Lch
corresponds to the maximum channel delay length normalized by the sampling period. Considering the purpose of CP
insertion, here we presume Lch < Lcp . At the receiver, the
received samples under STO  and CFO Ω (normalized by the
subcarrier spacing) are given as
!
LX
ch −1
Ωn
r[n] =
hl [n − ]x[n −  − l] ej2π K + w[n], (9)
l=0

where w[n] is the additive white Gaussian noise (AWGN) with
zero mean and variance N0 , and hl [n] represents the channel
coefficient of the lth delay path at the time instant n. Here
we note that it is a common practice to model the STO  as
an integer and let its fractional part be integrated with the
channel impulse response (CIR).
A. Preamble-Based Synchronization
The initial task is synchronization based on the ITS-G5
preamble as depicted in Fig. 1. Specifically, we follow the
approach in [32] to perform coarse STO and CFO estimation
with appropriate modification. For further fine STO estimation,
the authors of [32] relied on the ML estimate of CIR. Here, we
propose to replace it by SBL [28], since the latter can exploit
the sparsity of the CIR for an improved estimation quality.
Considering the implementation constraint, we derive a low
complexity SBL variant termed FV-SBL, see Appendix A.
1) Coarse STO Estimation: At the sampling rate 10 MHz,
the initial 10 identical short training sequences in the preamble
yields 160 samples with period 16. Given such repetitive
structure, the timing metric is first calculated as [32]

2
10 |P (δ)|
Λ (δ) =
,
(10)
9 E(δ)
where the functions P (δ) and E(δ) are defined as
P (δ) =
E(δ) =

8 X
15
X
u=0 v=0
9 X
15
X
u=0 v=0

r∗ [δ + 16u + v]r[δ + 16(u + 1) + v], (11)
|r[δ + 16u + v]|2 .

(12)

(13)

and it shall be larger than the average time shift arising
from channel dispersion. Without any prior knowledge of the
channel, we set ξc = 8, i.e., being identical to half CP length.
2) CFO Estimation: Using the coarse STO estimate ˆc , we
further extract the received samples {rsht [n]}n=0,1,...,143 in
the sequence r[n] that are supposedly associated to the last 9
short training sequences. Within such a short time interval,
the CIR variation is unnoticeable. Therefore, apart from a
multiplicative complex exponential due to CFO, the extracted
144 samples shall be repeated every 16 samples in a noise-free
case.7 Exploiting such repetitive structure, the CFO estimate
is then computed as [32]
Ω̂ =

5
9 X
w(u)φ(u),
2π u=1

(14)

where w(u) and φ(u) are given as
(9 − u)(9 − u + 1) − 20
120
143
X
1
r∗ [n − 16u]rsht [n]
R(u) =
144 − 16u n=16u sht
w(u) =

φ(u) = [arg R(u) − arg R(u − 1)]2π .

(15)
(16)
(17)

In above, arg R(u) takes the argument of R(u) and the modulo
2π operation [a]2π reduces a to the interval [−π, π).
The CFO estimation range of this approach is ±4.5 (normalized by the subcarrier spacing) [32]. As specified by the
standard [1], the oscillator precision tolerance should be less
than ±20 ppm, implying the normalized CFO Ω is in the range
from −1.51 to +1.51 . Evidently, it is within the acquisition
range of the above-presented approach, implying the RFO
Ωf = Ω − Ω̂c shall be relatively small. However, any nonzero RFO will still generate a non-negligible common phase
offset on the data symbols [33], which needs to be properly
compensated during the reception of each GFDM data symbol.
3) FV-SBL Assisted Fine STO Estimation: The two identical long training sequences in the preamble (see Fig. 1)
are usable for channel and fine STO estimation. The long
CP yields 32 samples, providing the robustness against the
residual STO f = −ˆ
c . With 0 ≤ f ≤ 32−Lch , the residual
STO only results in a cyclic shift in the received long training
sequences, which can be further viewed as the outcome of
cyclic convolution between the long training sequence slng [n]
and a circularly shifted CIR plus noise. Since f determines
the time shift in CIR, we can estimate it by tracking the delay
of the first significative paths in the estimated CIR.
Specifically, given the coarse STO estimate ˆc , the first
received sample of the two long training sequences shall be
r[ˆ
c + 192], where 192 is the number of received samples
associated to the 10 short training sequences plus the long
7 Each short training sequence, except the first one, can treat its former one
as the CP for combating the multipath fading channel.
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CP. After compensating the CFO based on Ω̂, the two received
long training sequences can be conveniently expressed as
[b]

rlng [n] = e−j2π

Ω̂(n+ˆ
c +192+bK)
K

r[n + ˆc + 192 + bK]

(18)

for n = 0, 1, . . . , K − 1, and b stands for the index of the two
long training sequences with b ∈ {0, 1}. Based on (9), eq. (18)
can be further expanded as
LX
ch −1

[b]

hl [n + ˆc + 192 + bK]ej2π

rlng [n] =

circularly shift the CIR estimate by δ and calculate a timingmetric by summarizing the first Lcp taps

Ωf (n+bK)+θ
K

Λf (δ) =

Lcp −1

X
l=0

|ĥ0avg,hl+δiK |2 .

(24)

Here, we use Lcp instead of Lch because the latter is unknown
to the receiver. Instead of directly taking the maximum point
of Λf (δ) as the fine STO estimate, we determine it by taking
the middle point of the left- and right-most point that can attain
the 95 % maximum of Λf (δ).

l=0
[b]

· slng [hn − f − liK ] + w̃lng [n],

(19)

where θ equal to Ωf (ˆ
c +192) represents the cumulative effect
[b]
of RFO from the past ˆc + 192 samples, and w̃lng [n] is the
Gaussian noise incorporating the CFO compensation. We can
treat the exponential multiplicative term in (19) as a part of
the CIR. The variation of such effective CIR during the shorttime transmission of the two long training sequences is limited.
Therefore, we can re-write (19) as
[b]

rlng [n] =

LX
ch −1
l=0

[b]

havg,l slng [hn − f − liK ] + I [b] [n] + w̃lng [n]
(20)

with the average channel gain
havg,l =

2K−1
Ωf n+θ
1 X
hl [n + ˆc + 192]ej2π K
2K n=0

(21)

and a negligible interference I [b] [n] caused by the small change
of the effective CIR [34]. Introducing K auxiliary variables
{h0avg,l }l=0,...,K−1 under the relation havg,l = h0avg,hl+f i , a
K
proper interchange of variables in (20) yields
[b]
rlng [n]

=

K−1
X
l=0

B. UW-Based Channel Estimation and RFO Compensation
Under a highly time-selective vehicular communication
channel, the initial preamble-based CIR estimate can become
outdated after receiving multiple GFDM symbols. From our
packet design, each GFDM symbol is embedded with a UW
signal suw [n] known by the receiver and therefore can be
used for channel tracking. Additionally, it can be used to
compensate the RFO, avoiding dedicated pilot subcarriers.
For simplicity, the following algorithm derivation assumes
perfect STO synchronization. This can be interpreted as that
the receiver uses the estimated STO as the true one and any
mismatch due to inaccurate STO estimation in practice is
counted as additional Gaussian noise.
Fig. 3 shows that between two successive GFDM symbols
there is a segment of length Ltl + Lhd that is known by the
receiver, i.e., suw [hn − Ltl iN ] for n = 0, . . . , Lhd + Ltl − 1.
The distance between two adjacent segments is N . Ignoring
the CIR variation during the transmission of the Lhd +Ltl +N
samples, the observed two segments at the receiver except the
first Lcp − 1 samples can then be expressed as
[b]
ruw
[n] = ej2π

LX
ch −1

Ωf (n+bN )+θ
K

l=0

[b]
hl suw [hn − Ltl − liN ] + w̃uw
[n]

(25)
h0avg,l slng [hn

[b]

− liK ] + I [n] +

[b]
w̃lng [n].

(22)

Taking the average of the two observed training sequences
and also treating the interference term as an additional noise,
eq. (22) for n = 0, 1, . . . , K − 1 and b ∈ {0, 1} can be
compactly written into a form
y = Φh + ω,

(23)
[0]

where y, h and ω are vector representations of {(rlng [n] +
P1
[1]
[b]
rlng [n])/2}, {h0avg,l } and { 21 b=0 I [b] [n] + w̃lng [n]}, respectively, and Φ is a Toeplitz matrix constructed from slng [n].
On the basis of (23), we apply the iterative FV-SBL algorithm
derived in Appendix A for estimating h0avg,l . To initialize FVSBL, we set the initially estimated value of h0avg,l to zero and
obtain the initial noise variance estimate by measuring the
power of the non-information bearing observations.
Given the fact that h0avg,l is a cyclic shift of the true
CIR with only Lch non-zero taps, the obtained estimates
{ĥ0avg,l }l=0,...,K−1 are further used to compute the timing
metric for refining the coarse STO estimate. Namely, we

for n = Lcp − 1, . . . , Ltl + Lhd − 1 and with the segment
index b ∈ {0, 1}. In (25), the common phase offset θ equals
Ωf times the index of the first observed sample of the former
segment (b = 0) in the complete received sequence r[n], and
[b]
w̃uw [n] represents the effective noise involving interference
arising from inaccurate STO estimation and the CIR variation
during the transmission of the Lhd + Ltl + N samples.
In a noise-free case, we notice from (25) that


Ωf N
[b=0]
[b=1]
ruw
[n] exp j2π
= ruw
[n]
(26)
K
for n = Lcp − 1, . . . , Ltl + Lhd − 1. Under this identification,
we can estimate the RFO Ωf by computing the correlation
[0]
[1]
between ruw [n] and ruw [n]


Ltl +L
hd −1


X
K
[0]
[1]
Ω̂f =
arg 
conj ruw
[n] ruw
[n] . (27)
N (2π)
n=Lcp −1

In fact, the summation in the equation above can also involve
all segments received in the past. This approach is also
applicable for tracking time-varying Ωf caused by oscillator
drifts or changes of Doppler shifts.
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After compensating the RFO, we proceed to channel estimation based on (25). The phase offset θ can be treated
as a part of the CIR, as it is common to the transmission of all Lhd + Ltl + N samples. Analogous to the
preamble-based CIR estimation, here we adopt FV-SBL to
θ
estimate {hl ej2π K }. This requires us to first formalize the
discrete-time model (25) into a form identical to (23). In
the current case, the observation vector y, the channel vec[0]
tor h and the matrix Φ are constructed from {(ruw [n] +
θ
[1]
ruw [n])/2}n=Lcp −1,...,Ltl +Lhd −1 , {hl ej2π K }l=0,...,Lcp −1 and
{suw [hn − Ltl iN ]}n=0,...,Ltl +Lhd −1 , respectively. On this basis, we can subsequently apply the iterative FV-SBL algorithm
derived in Appendix A for estimating the CIR. It also provides an estimate of the effective noise variance needed for
subsequent equalization. Considering the temporal correlation
of the channel, the current run of FV-SBL can start from the
previously obtained CIR and noise variance estimate.
C. LMMSE Equalization
The goal of coherent equalization is to separate superimposed data streams based on the receive samples and the channel estimate, while treating the data symbols as continuous
random variables. The N received samples of each GFDM
symbol is the outcome of circularly convolving it with the
CIR plus noise, thereby permitting simple frequency domain
equalization.
Based on the STO estimate, we define the N -point DFT
window for each GFDM symbol. The outcome of DFT is
Rgfdm [ν] = Sgfdm [ν]Ĥ[ν] + W̃ [ν],

(28)

where Sgfdm [ν], Ĥ[ν] and W̃ [ν] are the N -point DFTs of the
GFDM symbol, estimated CIR and effective noise that incorporates the synchronization and channel estimation errors. In
particular, Sgfdm [ν] is comprised of the information-carrying
data symbols and the deterministic UW signal
X
Sgfdm [ν] = Suw [ν] +
G[hν − kM iN ]Dk,u=hνiM , (29)
k

where Suw [ν] and G[ν] respectively denote the N -point DFT
of suw [n] given in (7) and the circular pulse shaping filter g[n]
in (3), and the auxiliary variable Dk,u is defined as
Dk,u =

M
−1
X

mν

dk,m e−j2π M .

(30)

m=0

As both Ĥ[ν] and Suw [ν] are known by the receiver, we can
subtract their product from the frequency domain observation
R̃gfdm [ν] = Rgfdm [ν] − Ĥ[ν]Suw [ν]
X
= Ĥ[ν]
G[hν − kM iN ]Dk,hνiM + W̃ [ν]. (31)
k

In the sequel, the frequency domain equalization will be based
on the input-output relation given in (31).
Firstly, we note the presence of inter-symbol interference
(ISI) from all active subsymbols due to (30) and inter-carrier
interference (ICI) from subcarriers with G[hν − kM iN ] 6= 0.
Due to the ISI and ICI, a straightforward application of

G[hν − kM iN ]
k−1

k+1

k

ν
ν = kM

Fig. 4. G[hν − kM iN ] versus the frequency bin ν for three consecutive
subcarriers, where g(t) is constructed from the RC filter with the roll-off
factor 0.5 and M equals 5.

LMMSE equalization requires to invert a banded matrix with
complexity O(KM 3 ) [35]. Aiming at an implementation
friendly solution, here we present a low complexity approximation. Namely, even though the first subsymbol {dk,m=0 } is
determined by the other subsymbols for the UW generation,
we still assume that {dk,m } are i.i.d. Gaussian random variables with zero mean and variance equal to the energy Es of
each data symbol. Under this assumption, {Dk,u } as the M point DFT of {dk,m } are also i.i.d. Gaussian random variables
but with zero mean and variance M Es . By first estimating
{Dk,u } based on (31), we can then generate the approximate
LMMSE estimate {dˆk,m } by simple M -point IDFT.
Secondly, the LMMSE estimation of {Dk,u } based on (31)
can be split into M groups. This is because for a specific
u ∈ {0, 1, . . . , M − 1} the information of {Dk,u } are only
contained in R̃gfdm [ν] with hνiM = u, i.e.,
X
R̃gfdm [κM +u] = Ĥ[κM + u]
G[h(κ − k)M + uiN ]Dk,u
k

+ W̃ [κM + u] κ = 0, 1, .., K − 1. (32)
Eq. (32) effectively forms a linear system of dimension K.
On top of it, we can readily follow [29, Theorem 12.1] to
compute the LMMSE estimates {D̂k,u } and their estimation
2
error variances {σD,k,u
}. The required complexity depends
on the value of u. With the use of the periodic RC filter,
there are two possible cases. One is the ICI free case, e.g., for
u = 0 in Fig. 4. In this case, G[h(κ − k)M + uiN ] is non-zero
only if κ = hkiK . In other words, the system is memoryless,
yielding LMMSE estimation complexity O(K). The other is
with the presence of ICI, e.g., for u = 2 in Fig. 4. Then,
G[h(κ − k)M + uiN ] is non-zero for both κ = hkiK and
κ = hk − 1iK , namely ICI from one neighboring subcarrier.
The system becomes non-memoryless and the memory length
equals one. Resorting to the Tridiagonal matrix algorithm [36],
the LMMSE solution can still be obtained in O(K).
Taking M-point IDFT of {D̂k,u }, we finally compute the
LMMSE estimates of individual data symbols as
M −1
2πum
1 X
D̂k,u ej M ,
dˆk,m =
M u=0

(33)

while the error variance of the LMMSE estimate D̂k,u yields
2
σd,k,m

M −1
1 X 2
= 2
σ
.
M u=0 D,k,u

(34)

Since the LMMSE equalizer is a biased estimator, we need to
compensate the bias before subsequent detection and decoding.
The mean and variance in (33) and (34) effectively form an
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2
a-posteriori distribution of dk,m , i.e., CN (dˆk,m , σd,k,m
), by
incorporating the likelihood of dk,m given the channel observation and the a-priori distribution of dk,m , i.e., CN (0, Es ). In
the context of message passing, e.g., in [37], [38], bias compensation is effectively achieved by a simple divide between
the a-posteriori and a-priori distribution
2
CN (dˆext,k,m , σext,k,m
)∝
dˆ

dˆ

2
CN (dˆk,m , σd,k,m
)
CN (0, Es )

(35)

−2
−2
with σext,k,m
= σ2k,m and σext,k,m
= σd,k,m
− Es−1 . This is
2
ext,k,m
d,k,m
in line with the concept of extrinsic information in the context
of iterative decoding, where division in the probability domain
is equivalent to subtraction in the log-probability domain.

D. Soft Detection and Decoding
As the final decoder only accepts a sequence of bits plus
reliability information, i.e., in terms of log-likelihood ratios
(LLRs), we need a soft detector that maps the outcome of the
equalizer onto a sequence of LLRs. Briefly, it treats dˆext,k,m
as the observation of dk,m that is attained at the output of an
2
AWGN channel with noise variance σext,k,m
. Following [39],
the bit-wise LLRs are generated and then fed into the channel
decoder. As ITS-G5 adopts a convolutional code, channel
decoding can be realized by a Viterbi decoder.
E. Complexity Analysis
On the algorithm level, this section presents a complexity
analysis, focusing on the most computational intensive receiver
algorithms that are GFDM-specific. Compared to mobile
handsets powered by a small battery, vehicles can support
much more powerful processing capability under a relaxed
energy consumption and area constraint [40]. On contrary,
the processing time is critical to support latency sensitive
applications. Therefore, we consider the level of parallelism
in implementation supportable by the proposed algorithms is
more important than the number of arithmetic operations.
1) N -point DFT: DFT is often the module at the transceiver
that consumes the majority of the processing time budget. At
the transmitter, we need K-point DFT analogous to OFDM.
However, to perform frequency domain equalization at the
receiver, we need to apply N -point DFT for both the N
received samples per GFDM symbol and the estimated CIR.
According to our configuration in Table II, N equal to 320 is
5 times greater than the 64-point DFT required for OFDM in
ITS-G5. In the following, we present two possible solutions.
First, we can use a dedicatedly designed 320-point DFT
module. According to Table 3-1 in [41], such module, involving radix-2 and -5 operations, is expected to require about 103
latency cycles, equal to 4 µs at the clock rate of 250 MHz.
If we plan to finish the processing of one GFDM symbol
before the next one arrives, DFT consumes 12.5 % of the time
budget. This is actually identical to the OFDM case, namely
the time spent for 64-point DFT approximately equals 12.5 %
of OFDM symbol duration plus CP.
Second, we can reuse the 64-point DFT plus a 5-point DFT
(i.e., one radix-5 operation) for executing 320-point DFT, see

Appendix B. By means of parallel processing, this approach
allows to realize one 320-point DFT with the latency equal to
that of a single 64-point DFT plus a small increment.
Here we also note that the estimated CIR has maximally
Lcp = 16 non-zero values, permitting much simpler and
faster 320-point DFT operation. Based on the factorization
N = 320 = 20 × 16, the approach in Appendix B implies
that we need to perform 20-point DFT followed by 16-point
DFT. Since the 20-point DFT is applied for a single non-zero
value plus 19 zeros, the outcome is straightforward. Then,
the effective complexity required for 320-point DFT of the
estimated CIR reduces to that of 16-point DFT.
2) LMMSE Equalization: According to Section IV-C, the
LMMSE equalization of a GFDM symbol can be split into
M independent tasks, where each task can be simultaneously
executed. The latency of each task depends on the choice
of the pulse shaping filter g[n]. If g[n] is chosen to be ICI
free, e.g., RC filter with a zero roll-off factor, the latency
is identical to perform LMMSE equalization of an OFDM
symbol. Otherwise, it depends on the implementation of the
Thomas algorithm. Nevertheless, the complexity of both cases
scales linearly with the number of data subcarriers. After
finishing the M = 5 tasks, we need to additionally perform
a series of M -point IDFT, depending on the number of data
subcarriers. With sufficient computational resources, they all
can be conducted in parallel to achieve the minimum latency.
In the ideal case, the processing time difference between
equalizing a GFDM and OFDM symbol can be marginal, even
though the former carries over four times more data symbols.
Concluding from the above algorithmic level analysis, we
observe the potential of achieving a low-latency GFDM receiver design. For further quantitative analysis, we shall resort
to hardware implementation which will be a part of our future
works.
V. P ERFORMANCE E VALUATION
In this section, we evaluate the performance of the proposed
GFDM-based PHY under two representative ITS-G5 channel
models [42] for single-user scenarios, see Table IV and V.
All delay taps are modeled as Rayleigh distributed random
variables except the first path in the line-of-sight (LOS) case
follows a Rice distribution with the K-factor equal to 10. The
total channel gain is normalized to one. We assume successful
detection of packet arrival, but without knowing the starting
point. The CFO is set to the largest possible value under the
oscillator precision tolerance specified in [1], i.e., 40 ppm. The
configuration of OFDM and GFDM follows Table I and II,
respectively. The MCS 1/2-rate QPSK and 3/4-rate 64 QAM
are of primary concern. The former is the default choice for
transmission over CCH and also has been identified as the
optimal choice for vehicular safety communication [43]. The
latter is the highest oder MCS considered in ITS-G5.
A. Perfect Synchronization and Channel Estimation
Fig. 5-(a) depicts the transmit PSDs of OFDM and GFDM.
Under the assumption of perfect synchronization and channel
estimation, Fig. 5-(b) shows their PERs attained at different
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TABLE V
H IGHWAY NON -LOS (NLOS), 252 KM / H DIFFERENTIAL SPEED

TABLE IV
U RBAN A PPROACH LINE - OF - SIGHT (LOS), 119 KM / H DIFFERENTIAL SPEED
Tap 1

Tap 2

Tap 3

Tap 4

Tap 1

Tap 2

Tap 3

Tap 4

Delay [ns]

0

117

183

333

Delay [ns]

0

200

433

700

Power [dB]

0

-8

-10

Doppler [Hz]

0

236

-157

-15

Power [dB]

0

-2

-5

-7

492

Doppler [Hz]

0

689

-492

886

OFDM
GFDM (αd = αu = 0, Lhd = Ltl = 24)

0

GFDM (αd = αu = 0, Lhd = 0, Ltl = 48)
GFDM (αd = 0, αu = 1, Lhd = Ltl = 24)

100

−40

10−1
PER

PSD (dBr)

−20

−60
−80

10−2

1/2 rate
QPSK

−100
−120
−15

−10

−5

0

5

10

15

10−3

Frequency (MHz)

(a) Power spectral density (PSD)

5

10

3/4 rate
64 QAM

15
20
SNR (dB)

25

30

(b) PER under Highway NLOS

Fig. 5. Transmit power spectral density (PSD) and packet error rate (PER) of OFDM and GFDM, where the packet size equals 800 bytes.

signal-to-noise ratios (SNRs), where the SNR measure is
defined as Es /N0 in [dB].
Three UW designs combined with the GFDM configuration
given in Table II are examined. Specifically, the parameters
αd and αu are the roll-off factors of the periodic RC filters
that are respectively used for filtering the data symbols and
generating the UW signal. With αd = αu = 0, GFDM
reduces to DFT-s-OFDM, whose spreading factor and DFT
size respectively equal M and N . The UW designs for DFT-sOFDM in the literature always have a fixed tail, i.e., Lhd = 0
and Ltl = 48. Our proposal is Lhd = Ltl = 24, yielding
lower OOB emission and PERs, see Fig. 5. Furthermore, as a
generalization of DFT-s-OFDM, GFDM permits the use of
periodic RC filters with arbitrary roll-off factors. For data
transmission, the choice αd = 0 ensures ICI-free, easing the
implementation of LMMSE equalization. For generating the
UW signal, αu = 1 on the other hand can further reduce
the OOB emission, see Fig. 5-(a). Since the deterministic
UW signal can be easily canceled out at the receiver, a nonzero roll-off factor will not introduce interference to data
transmission. Overall, the UW design with αd = 0, αu = 1
and Lhd = Ltl = 24 outperforms the others. Therefore,
hereafter it is the default choice for GFDM.
Comparing GFDM with OFDM, Fig. 5-(a) confirms the
fulfillment of the standard requirement that the transmit PSD
has 0 dBr8 bandwidth not exceeding 9 MHz [1], [17]. Beyond
the 9 MHz bandwidth, the OOB emission shall be as low as
possible such that the interference to systems operating in
8 Decibels

relative to the signal level at the band center.

neighboring spectrum outside of the 5.9 GHz frequency band9
– such as the CEN DSRC system in Europe [17] at 5.8 GHz –
can become harmless. It is also a desirable feature for adjacent
channels inside the 5.9 GHz frequency band when multiple
ITS-G5 radios operate at adjacent channels, i.e., MCO in
either single or dual-radio transceiver modes. In Fig. 5-(a), the
frequencies of ±10 MHz effectively correspond to the adjacent
channel center frequencies in the considered spectrum. With
identical transmit power, the interference caused by OFDM
can be up to 60 dB higher than that of GFDM. This indicates
that by GFDM with its well-shaped PSD the regulatory
requirements in terms of transmit spectrum masks could be
sharpened, and thereby the system performance improved.
Fig. 5-(b) shows that GFDM achieves slightly smaller PER
than OFDM with 1/2-rate QPSK. A performance loss appears
when switching to the higher order MCS 3/4-rate 64 QAM.
This implies that GFDM relies on the code diversity to combat
the self-generated interference and the negative impact introduced by UW embedding. The ensuing part further compares
the PERs of GFDM and OFDM when synchronization and
channel estimation errors are taken into account.
B. Imperfect Synchronization and Channel Estimation
Without any prior knowledge of the synchronization parameters and the CIR, the synchronization and channel estimation algorithms developed in Sec. IV are needed. They
are DA approaches based on the preamble and the UW
9 For

ITS-G5 outside of 5,855 MHz to 5,925 MHz.
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PER

GFDM

GFDM DA CE

GFDM DA Sync. & DA CE

100
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5
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Fig. 6. Packet error rate (PER) achieved by GFDM under two channel models, where the packet size equals 800 bytes. Note: unless stated otherwise in the
labels the synchronization parameters and the channel coefficients are assumed to be perfectly known by the receiver.

signal. Comparing with the case of perfect synchronization and
channel estimation (i.e., curves with label “GFDM”), Fig. 6
shows that the performance loss is mainly due to inaccurate
channel knowledge and GFDM is insensitive to the residual
synchronization errors. Therefore, in the following comparison
with OFDM, the capability of combating time and frequency
selective fading channels is the focus.
In order to track the time-varying channel, we let OFDM
work with three different channel estimation approaches. First,
a midamble [9] identical to the long training sequence in the
preamble is periodically inserted into the sequence of OFDM
data symbols. In the simulation, every 8 OFDM symbols a
midamble is inserted, being labeled as Tp = 8. Using the
midamble, we perform two types of DA channel estimation by
means of FV-SBL. One uses the currently received midamble
to predict the channel for coherently detecting subsequent
OFDM data symbols until the next midamble is received.
The other one takes the average on the observation of two
consecutive midambles and estimate the channel for coherent
detection of the OFDM data symbols in between. The former
does not need to wait for receiving two midambles, while the
latter provides more accurate channel estimates.
Instead of inserting midambles, the third approach considered here is a DD approach. ITS-G5 uses convolutional code
and bit-interleaving is only among bits carried by the same
OFDM symbol. Given the Markov property of convolutional
code, we can decode the first OFDM symbol before receiving
the second one. By reproducing the first OFDM symbol at
the output of the decoder, we further use it as an auxiliary
midamble to predict the channel for the next OFDM data symbol. This approach does not waste time resources for inserting
dedicated midambles. However, the processing complexity and
latency are both higher than the above two DA approaches.
They can become unacceptable if other channel codes for
achieving more stringent reliability requirement are adopted,
e.g., turbo or low density parity check codes. Alternatively, it
is possible to directly make hard-decision on the data symbol
estimates attained by the equalizer without exploiting the error

correction capability at the decoder. However, the resulting
high symbol error rate can lead to a high PER error floor,
being problematical for ultra-reliable communication as well.
Therefore, it is not considered here.
For GFDM, we save the use of CPs for embedding training
samples into each GFDM data symbol via the UW signal. By
doing so, we are able to perform simple DA channel estimation
without requiring extra time resources.
Fig. 7 shows that for OFDM the DD approach generally
outperforms both DA approaches. The midamble period Tp of
8 OFDM symbols becomes inefficient to handle fast changing
channels at the high-order MCS. GFDM DA can achieve
up to 50 % reduction on the PER of OFDM DD under the
challenging highway channel model.
C. PHY-Level Throughput
Table III lists the achievable data rates of 8 MCSs without
considering the preamble overhead and the dropped packets
due to decoding errors. This subsection evaluates the PHYlevel throughputs of OFDM and GFDM according to
8Npl (1 − PERgfdm )
(32Ngfdm + 40 + 6.3 + 6.4) · 10−6
8Npl (1 − PERofdm )
=
.
(8Nofdm + 40) · 10−6

Thrgfdm =

(36)

Throfdm

(37)

In words, the number 8Npl of bits per packet divides the
packet duration and then multiplies the rate (1 − PER) of a
packet being successfully received. Specifically, the duration
of one GFDM packet involves overhead from the insertion of
preamble, the 6.3 µs prefix of the first GFDM data symbol
and 6.4 µs suffix of the last GFDM data symbol to ensure
low OOB emission. Additionally, the last GFDM symbol
effectively carries the final information bits with the number
equal to the remainder after the division of (8Npl + 22) by
Nbpgfdm , see (8). It may happen that only very few information
bits are carried by the last GFDM symbol, which still lasts
32 µs. On contrary, OFDM handles such remaining bits more
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Fig. 7. Packet error rate (PER) achieved by GFDM and OFDM under two channel models, where the packet size equals 800 bytes. Note: unless stated
otherwise in the labels the synchronization parameters and the channel coefficients are assumed to be perfectly known by the receiver.

we can derive that one GFDM packet is guaranteed to be
shorter than one OFDM packet if Nofdm ≥ 73.
Fig. 8 depicts the throughputs of the default MCS scheme
attained at different packet sizes. In principle, two conflicting
effects can affect the throughput. One is from the preamble
overhead, reducing as the packet size increases. The other
is the probability of encountering error bits, i.e., PER. It
increases when we have more bits to decode. As PER reduces
to zero as the SNR increases, the benefit of having a larger
packet size appears only if the SNR is large enough. For
instance, at 15 dB, the gain of GFDM over OFDM is mainly
due to its shorter packet length. It is expected to increase
with the packet size. As the SNR decreases, the PER plays a
more critical role on the throughput. The preserved and even
enlarged gains at 10 dB and 5 dB indicate that GFDM achieves
lower PERs, being more reliable than OFDM at low SNRs.
Fig. 9 depicts the throughputs achieved by all MCS schemes
indicated in Table III. They are evaluated at a small and moderate packet size, namely, 400 and 800 bytes. The observations
are generally aligned with those obtained from Fig. 8 at the
default MCS, i.e., MCS with index 2. Particularly, Fig. 9-(a)
and (d) indicate that it is beneficial to use GFDM at difficult
channel conditions. In Fig. 9-(c), one exception is that OFDM
slightly outperforms GFDM at the MCS with index 4, 7 and 8.
These indices correspond to the three highest order MCSs,
requiring the three smallest numbers of OFDM data symbols

GFDM (SNR 5 dB)
GFDM (SNR 10 dB)
GFDM (SNR 15 dB)

OFDM (SNR 5 dB)
OFDM (SNR 10 dB)
OFDM (SNR 15 dB)

6
Throughput (Mbps)

efficiently, as one OFDM symbol only takes 8 µs. However,
the 25 % CP overhead applies for each OFDM symbol. From
Table III, each OFDM symbol is less efficient than GFDM
in conveying information bits. Comparing the overhead of
GFDM and OFDM, the former does not increase with the
packet size and the latter does. Based on the following relation
on the number of GFDM and OFDM symbols to deliver the
same packet size


Nofdm
Nofdm
Ngfdm ≤
≤
+ 1,
(38)
(13/3)
(13/3)

5
4
3
2
1
200

400

600

800

1,000

1,200

Packet size (bytes)
Fig. 8. PHY-level throughput of GFDM (DA CE) and OFDM (DD-Pre CE)
under the highway NLOS channel for different SNR values in [dB].

to carry the 400 bytes, i.e., Nofdm < 73. In this case, the
GFDM packet may still take longer transmission time than
OFDM. However, the gain reduces and even disappears, when
the packet size is doubled, see Fig. 9-(f).
VI. C ONCLUSION
Considering the specifications and requirements defined in
ITS-G5, this paper has presented a GFDM-based PHY design
for vehicular communication. On the transmitter side, we
have designed the GFDM symbol to achieve three goals:
(i) embed training sequences for channel tracking, (ii) avoid
dedicated CPs for temporal efficiency, and (iii) ensure low
OOB emission to adjacent channels or frequency bands for
spectral efficiency. On the receiver side, we have aimed
at synchronization, channel estimation and equalization. In
particular, we have developed a low complexity variant of
variational SBL for assisting fine STO synchronization and
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Fig. 9. PHY-level throughput of GFDM and OFDM under the Highway NLOS channel model and for different MCSs.

estimating the sparse CIR. For tackling the interference introduced by the channel and the waveform GFDM itself, we have
followed the LMMSE criterion and aimed at an approximation
whose implementation complexity can be comparable to that
of OFDM.
Benefiting from its higher temporal and spectral efficiency,
the GFDM-based PHY can achieve up to 60 dB less ACI, 50 %
lower PER and two times higher PHY-level throughput than
the standard-compliant OFDM-based solution. The achieved
gain is particularly pronounced in challenging conditions, e.g.,
low SNRs, high mobility and high-order MCS. Compared to
the OFDM-based state-of-the-art solutions ITS-G5 and LTEV2X, the waveform GFDM enables a performance gain at
upper protocol layers and can eventually improve road safety
and traffic efficiency of ITS. The advantage will amplify when
the system simultaneously operates over multiple channels of
the 5.9 GHz frequency band.
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A PPENDIX A
VARIATIONAL S PARSE BAYESIAN L EARNING (SBL)
Consider the following linear model
y = Φh + ω,

(A.1)

where y ∈ CNo is the observation vector, Φ ∈ CNo ×L is
a design matrix with L columns, i.e., {φl }, the vector h =
[h1 , h2 , . . . , hL ]T collects the coefficients to be estimated, and
ω ∈ CNo represents the additive Gaussian noise with zero
mean and variance τ −1 . In the context of SBL, an estimate of
h with only a few non-zero coefficients is encouraged to be
selected for reconstructing the observation vector y. This is
achieved by constraining each coefficient hl with a parametric
prior p(hl |αl ), which is symmetric with respect to zero and
the sparsity parameter αl shall be inversely proportional to
the width of the probability density function (pdf) p(hl |αl ),
e.g., a Gaussian distribution p(hl |αl ) ∝ exp(−αl |hl |2 ). For
compactly denoting {αl }, we introduce the vector α.
In the literature, one important class of algorithms to
solve the above SBL problem is based on the variational
approximation for Bayesian interference, e.g., [44]–[46]. To
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avoid the matrix inversion required by them, here we derive
a low complexity variant of variational SBL by using a fully
factorized variational proxy pdf, namely, FV-SBL.
Specifically, we factorize the target distribution p(h, α, τ |y)
as
Y
p(h, α, τ |y) ∝ p(y|h, τ )p(τ )
p(hl |αl )p(αl )
l

∝e

−τ ky−Φhk2

p(τ )

Y
l

p(hl |αl )p(αl )

(A.2)

where the prior pdf p(αl ) and p(τ ) are selected to be Gamma
distributions
p(αl ) = Ga(αl |al , bl ),

p(τ ) = Ga(τ |c, d).

(A.3)

Here, we choose al = bl = c = d = 0 for obtaining non-informative prior pdfs. Our aim is to approximate
the target
distribution by an alternative pdf q(h, α, τ ) =
Q
q(τ ) l q(hl )q(αl ), namely
q̂(h, α, τ ) = arg min KL [q(h, α, τ )||p(h, α, τ |y)] , (A.4)
where KL(·||·) represents the Kullback-Leibler divergence
between two pdfs. Due to fully factorization of q(h, α, τ ), the
L × L matrix inversion needed in [44], [46] can be avoided.
Unlike [45], we avoid to introduce a set of admissible hidden
data vectors for deriving a tractable problem solver.
Since the objective function is convex with respect to
individual pdfs, we can locally minimize it with respect to
one pdf while fixing the others. By successively and iteratively
refining the pdfs, the convergence to a local minimum is
guaranteed, but the global optimality depends on the starting
point of the iterative process. Skipping detailed derivations,
the update equations for the pdfs are given as
!
2
τ̂ φH
l (y − Φ\l ĥ\l )
2
q(hl ) ∝ exp −(τ̂ kφl k + α̂l ) hl −
τ̂ kφl k2 + α̂l


2
q(αl ) ∝ Ga αl 1, |ĥl |2 + σh,l
!
X
2
2
2
q(τ ) ∝ Ga τ No , ky − Φĥk +
σh,l kφl k , (A.5)
l

where ĥl , τ̂ and α̂l stand for the mean value of hl , τ and
αl given their pdfs q(hl ), q(τ ) and q(αl ), respectively. The
2
variance of hl is denoted as σh,l
. The matrix Φ\l is obtained
by deleting the lth column of Φ, while the vector ĥ\l contains
all {ĥl0 } except l0 = l. From (A.5), we can notice the pdfs
2
are fully parameterizable by {ĥl , σh,l
, α̂l } and τ̂ . Therefore,
iteratively updating pdfs boils down to iteratively searching
2
for {ĥl , σh,l
, α̂l } and τ̂ .
Analogous to [46], we can repeatedly update q(hl ) and
q(αl ) for a given l, while the other pdfs are fixed. This leads
to a sequence of updates on α̂l , converging to
[∞]

α̂l

=

τ̂ 2 kφl k4

(A.6)

2
2
2
|τ̂ φH
l (y − Φ\l ĥ\l )| − τ̂ kφl k
[∞]

2
2
2
if |τ̂ φH
= ∞.
l (y − Φ\l ĥ\l )| > τ̂ kφl k ; otherwise, α̂l
Using the identified stationary points of {α̂l }, we are able to
speed up the convergence of the iterative solution.

Algorithm 1 FV-SBL
Initialize τ̂ and {ĥl }
In the context of this paper, Niter ← 12
while Niter 6= 0 do
for l = 1 to L do
2
2
2
if |τ̂ φH
l (y − Φ\l ĥ\l )| > τ̂ kφl k then
2
4
lk
α̂l ← |τ̂ φH (y−Φτ̂ kφ
2
2
2
\l ĥ\l )| −τ̂ kφl k
l
else
α̂l ← 108
end if H
τ̂ φ (y−Φ ĥ )
ĥl ← τ̂l kφ k2 +\lα̂l \l
l
2
σh,l
← (τ̂ kφl k2 + α̂l )−1
end for
τ̂ ← ky−Φĥk2 +NPo σ2 kφ k2
l

Niter ← Niter − 1
end while

h,l

l

Algorithm 1 lists the key steps of the above-derived FVSBL. Its arithmetic complexity is O(Niter L2 + No L). Since
Φ is typically pre-defined, many values can be computed in
2
advance, e.g., φH
l Φ\l and kφl k for l = 1, . . . , L. AdditionH
2
ally, the value kyk and φl y for l = 1, . . . , L are invariant
over iterations and therefore only need to be calculated once.
A PPENDIX B
(KM )- POINT DFT VIA K- AND M - POINT DFT
Given N samples y[n] with n = 0, 1, . . . , N − 1, our goal
is to compute its N -point DFT
Y [ν] =

N
−1
X

nν

y[n]e−j2π N .

(B.1)

n=0

Considering the factorization N = KM , we proceed to realize
the above computations via K- and M -point DFT.
Let us start from variable interchanges, i.e., ν ← αM + β
and n ← bK +a, with α = 0, 1, . . . , K −1, β = 0, 1, . . . , M −
1, a = 0, 1, . . . , K − 1, and b = 0, 1, . . . , M − 1
("M −1
#
)
K−1
X
X
aβ
−j2π bβ
−j2π
M
N
Y [αM + β] =
y[bK + a]e
e
a=0

b=0
αa

· e−j2π K .

(B.2)

On the basis of (B.2), we further notice the inner summation
in [·] corresponds to M -point DFT. After multiplying with
aβ
e−j2π N , the outer summation corresponds to K-point DFT.
Specifically, by arranging the sequence y[n] of N samples
into a M × K matrix via row-by-row writing, one possible
implementation of (B.2) consists of the following steps:
1) Apply M -point DFT on the column basis;
aβ
2) Perform element-wise multiplication with e−j2π N ,
where a and β are the column and row index;
3) Apply K-point DFT on the row basis.
Reading out the matrix column-by-column, we consequently
have {Y [ν]}ν=0,1,...,N −1 . Exploring the maximum possible
parallelism, the latency of the above-three steps equals that of
one M -point DFT, one multiplication and one K-point DFT.
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