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Abstract
Generalized frequency division multiplexing (GFDM) is a flexible block structured mul-
ticarrier scheme for next generation wireless systems featuring low out-of-band radiation 
and high spectrum efficiency. There are various approaches suggested for its analysis via 
simulations but testing in real time environments is necessary for its standardization. Tra-
ditional data aided methods of synchronization avoid the effect of egress noise in pilot 
preamble destroying its spectral advantage. To safeguard this advantage, preamble needs 
to be pulse shaped. The main contribution of this paper is the derivation of generalized 
maximum likelihood estimation of frequency and time offsets for receiver synchroniza-
tion in GFDM systems, using the modified preamble by the application of matrix inver-
sion lemma. The dependency of the choice of the filter on Cramer–Rao lower bound of 
frequency offset estimation is also emphasized. The performance of the system is analysed 
over additive white Gaussian noise and multipath channel environments. The authors car-
ried out real time implementation of GFDM system using IEEE 802.11 short preamble in 
indoor environments by employing national instruments universal software radio periph-
eral 2953R boards as hardware platform which is interfaced with LABVIEW for practical 
validations of the results.
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1  Introduction

Orthogonal frequency division multiplexing (OFDM) has dominated the wireless world 
over the past two decades as a physical layer multi-carrier (MC) technique mainly because 
of its easy implementation and single tap equalization [1]. A low complex flexible imple-
mentation is attained by using inverse fast Fourier transform (IFFT) at the transmitter, fast 
Fourier transform (FFT) at the receiver and single tap equalization is achieved by using 
a redundant cyclic prefix (CP) to mitigate multipath environments [2]. Due to which, it 
is adopted in many of the wireless standards such as IEEE 802.11, 802.16, 802.22, long 
term evolution (LTE) etc. In a typical mobile radio environment, the usage of IFFT at 
the transmitter would result in high peak to average power ratio (PAPR) which requires a 
costly power amplifier in order to compensate the effect [3]. The utilization of CP, which 
is included to combat the fading environment leads to decrease in bandwidth efficiency. In 
addition, the major limitation of OFDM is its inability to fill fragmented spectrum due to 
spectral leakage.

These demerits of OFDM impose major challenges in the current markets to serve 
the user needs for next generation mobile communication. There is a common consen-
sus among research community from both academic and industries to replace OFDM [4]. 
Though numerous physical layer modulation schemes are proposed for 5G, it is worth 
mentioning that they all inherit the advantages which are present in OFDM and address its 
limitations [5]. Alternate waveforms like filter bank multi carrier (FBMC) technique use a 
well localized prototype filter for avoiding ingress, egress noises and in turn reduce out-of-
band (OOB) emission. This MC technique requires ramp-up at the start and ramp-down at 
the end of each data packet which will cause a loss in spectral efficiency, thereby making 
it inefficient for low latency 5G applications like Internet of Things (IoT) and machine to 
machine communication (M2M)[6].

To address these issues, generalized frequency division multiplexing (GFDM) a flex-
ible time-frequency block structure was introduced by Fettweis covering OFDM and 
single-carrier frequency domain equalization (SC-FDE) as corner cases [7]. The concept 
of circular pulse shaping of individual subcarrier which bears a number of subsymbols 
is combined with tail biting to obtain a GFDM signal. Tail biting results in high spectral 
efficiency along with significant reduction in OOB emission but it introduces non orthogo-
nality which in turn will effect the symbol error rate (SER) performance [8]. Successive 
interference cancellation (SIC) was adopted in [9] in order to achieve an equivalent perfor-
mance of OFDM system.

Though numerous attempts are imposed for improving orthogonality [10], however, 
due to its fundamental non orthogonal nature it is still prone to severe inter carrier inter-
ference (ICI) and inter symbol interference (ISI) which results in symbol time offset 
(STO) and carrier frequency offset (CFO)[11]. This makes synchronization the hardest 
problem in real channel environments [12]. These misalignments are estimated either by 
using data aided methods or by using the redundant CP. In [13], maximum likelihood 
(ML) estimate using correlation with CP was proposed, but the main drawback involved 
with this method is that, it would be difficult to locate actual data because training sym-
bols and actual symbols look alike. Another drawback associated with CP based syn-
chronization methods is that, they rely on channel behaviour and are not ideal for mul-
tipath environments. Most popular pilot aided methods estimate STO by searching for 
two same halves, which present in training signal [14]. However this metric has a pla-
teau shape which causes large STO varience. STO estimation can be further improved 
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by considering different metrics as proposed in [15–17]. A similar extensions to GFDM 
systems are presented in [18, 19], highlighting the performance degradation than tradi-
tional OFDM systems [20].

We have implemented the GFDM in perspective PAPR and channel estimation in 
our previous work [21] where OOB emissions are not given importance. In general, 
all the mentioned synchronization techniques use rectangle pulse shaping filter for pilot 
preamble which create non negligible OOB radiations. Further, employing rectangular 
filtering for standard IEEE 802.11 preamble with multiple identical data leads to spikes 
and slow decaying of side lobes which in turn leads to destruction of the advantage of 
GFDM. To circumvent this problem, in this paper the data aided synchronization is per-
formed after limiting the pilot preamble with an arbitrary pulse shape. The main con-
tribution of this paper is deriving an ML estimation algorithm for time and frequency 
offset estimation for any number of sets of identical data for the preamble after employ-
ing pulse shaping. The Cramer–Rao lower bound (CRLB) for CFO is derived and the 
influence of choice of filters on it is discussed. We conclude that the usage of pulses 
like Tukey will improve the crucial spectral response with a little increment in esti-
mation error. Another vital contribution is, prototyping GFDM system model for real 
time environment employing universal software radio peripheral (USRP) as transmitting 
hardware which is driven by LABVIEW software. Widely accepted IEEE 802.11 short 
preamble is utilized for adjusting the misalignments which occur due to indoor channel 
variations. It will be proved in real time results that the suggested procedure provides 
smooth transitions in the received spectral response.

This paper is organized as follows: Sect.  2 emphasizes on GFDM system model. 
Section 3 presents the ML algorithm for time and frequency adjustments for the pulse 
shaped preamble. In Sect. 4, the derivation for CRLB on CFO estimation for an arbitrary 
pulse shape is performed. Section 5 briefly describes the performance analysis with the 
modified preamble in simulations and real time environments and finally, Sect. 6 con-
cludes the paper.

2 � System Model

GFDM system is a block structured modulation scheme with K subcarriers and M 
subsymbols in one complete block of length N = MK . The independently generated 
quadrature amplitude modulation (QAM) data symbols which are to be modulated are 
represented with dk(m) , where m = 0, 1,…M − 1 and k = 0, 1 …K − 1 are the indexes 
corresponding to subsymbol and subcarrier. It is important to note that each subcarrier 
bears dk = [dk(0), dk(1)… dk(M − 1)] symbols along its time axis. To perform GFDM 
modulation, data on every subcarrier is upsampled by an amount of K.

The obtained upsampled data pk = [pk(0), pk(1)… pk(MK − 1)] is circularly convolved 
with prototype filter g(n) of length MK to eliminate OOB noise. Finally, summation is 
performed along the subcarrier index after up converting to corresponding subcarrier fre-
quency to obtain GFDM signal x(n) [22].

(1)pk(n) =

M−1∑
m=0

dk(m)�(n − mK),
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Here ⊛ corresponds to the circular convolution operation and the value of 
n = 0, 1,…MK − 1 . Due to the flexible nature of GFDM system, it simulates the behaviour 
of pulseshaped OFDM system if M = 1 and reduces to SC-FDE when K = 1 . The choice of 
filter g(n) and its design strongly influences the error rate and spectral behaviour of the sys-
tem. In this work, we used root raised cosine (RRC) protyping filter exclusively on GFDM 
symbol for limiting OOB emissions. On the preamble, both Tukey pulse and well known 
rectangular pulse are used and their performance has been compared. It has been proved 
that usage of Tukey filter is showing a better spectral response over rectangular filter with 
a little compromise on the error floor. The detail description and Meyer auxiliary functions 
used for generation of filter coefficients can be found in [22]. RRC filters can be character-
ised by Meyer auxiliary function in its simplified form as,

The auxiliary function f (�) is defined on � = k∕�K which is used to describe the roll off 
region by varying � in frequency domain. Here � can be seen as a measure of overlap for 
kth sub carrier centred around the normalised frequency k/K. The mathematical formulation 
for the truncated Meyer auxiliary function is [22]

This function is used for RRC pulse generation because of its excellent spectral properties. 
Alternate matrix representation for GFDM system presented in [23] is given by,

The matrix A is modulation matrix of size N × N representing all the necessary signal pro-
cessing operations. The data vector d = [d0(0)… d0(M − 1)… dK−1(M − 1)]T consists of 
all the QAM modulated data symbols. Here, T in superscript represents the transpose of a 
matrix.

3 � Maximum Likelihood Estimation

The standard IEEE 802.11 preamble will consist of ten identical symbols which are of short 
length of 16 and two long symbols. The short symbols are utilized for symbol synchroniza-
tion and long symbols are used for channel estimation. The traditional and the Tukey pulse 
shaped preamble with ten short symbols are shown in the Fig. 1. We can clearly observe 
the suggested modified preamble in frequency domain is having a less amplitude at its start 
and end. This is the primary reason of reduction of OOB emission in the spectral response 
of the GFDM system which will discussed in result section. In this section. ML algorithm 
is derived assuming a non-dispersive channel with AWGN nature for simplicity. An exten-
sion for dispersive channels can be done by replacing the A with HA in the process of 

(2)

x(n) =

K−1∑
k=0

(pk(n)⊛ g(n))ej
2𝜋kn

K

=

K−1∑
k=0

M−1∑
m=0

(m)g{(n − mK)modMK}ej
2𝜋kn

K ,

(3)G(f ) =

√
1

2

[
1 − cos(�f�)

]
.

(4)f (�) = �4
(
35 − 84� + 70� − 20(�)3

)
.

(5)x = Ad.
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obtaining GFDM signal x where H represents the block circulant matrix [21]. The signal 
model with perfect channel estimation can be given as,

The pilot preamble inserted is at the start of the data packet as shown in Fig. 1, will be uti-
lized to perform ML estimation. The preamble of the received signal r(n) is anticipated to 
have the pilot preamble which consists of contiguous samples with Np sets of identical data 
of size L. Let the set of data Ii = {� + iL… � + (i + 1)L} symbolize all sets of identical 
data in the pilot preamble which can be indexed with Ii, i = 0, 1,…Np − 1 . To safeguard 
the spectral advantage, all these sets of data are pulse shaped before transmission. An 
important note is that even after pulse shaping the samples in Np sets i.e., r(k), k ∈ ∪

Np−1

i=0
Ii 

are pairwise correlated. This is because we have used the same pulse shape filter for all 
identical parts of the preamble. Then these pulse shaped samples are assembled into a 
L × 1 vector r , defined as r = [r(1) r(2)… r(L)]T . Hence for m, n ∈ [0,Np − 1] and m ≥ n 
we obtain

In (7), E[.] represents the expectation operator. So, �2
s
= E[x2(k)] and �2

n
= E[w2(k)] 

denotes the signal and noise power respectively. �2
g
 represents the energy of pulse shaping 

filter and ��

= 2�L�∕N is the CFO corresponding to the set I0 . The log likelihood function 
Λ(�, �) is expressed as logarithm of the probability density function (PDF) f (r|�, �) with 
conditioned variables � and � , since they have to be estimated. The PDF of L observed 
samples of r with above conditions can be represented as,

(6)r(n) = ej2��n∕N
N−1∑
n=0

x(n − �) + w(n)

(7)

∀k ∈ I0 ∶ E[r(k + nL)r∗(k + mL)]

=

⎧
⎪⎨⎪⎩

�2
s
�2
g
+ �2

n
, m = n

�2
s
�2
g
e−j(m−n)�

�

, m − n = 1, 2,…Np − 1

0, otherwise
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Fig. 1   Comparisons of traditional and proposed preamble
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Here the conditioned variables � and � are dropped for simplicity. For every k we assume 
f(r(k)) is one dimensional Gaussian random variable with zero mean, its PDF will be of the 
form,

In (8), the denominator is multiplication of Np complex Gaussian PDF which will be sim-
plified into,

where z(k) = [r(k) r(k + L)… r(k + (Np − 1)L)]T . The numerator in (8) can be expressed 
as joint PDF of f (z(k)) given by

where R denotes the correlation matrix. Then the expectation of z using (7) will be resulted 
into,

(8)

Λ(�, �)

= ln

��
k∈I0

f (r(k), r(k + L),… , r(k + (Np − 1)L)

×
�

k∉∪
Np−1

p=0
Ip

f (r(k))

⎫
⎪⎬⎪⎭

= ln

��
k∈I0

f (r(k), r(k + L),… , r(k + (Np − 1)L)

f (r(k)f (r(k + L)… f (r(k + (Np − 1)L)

×

Np×L�
k=1

f (r(k))

⎫
⎪⎬⎪⎭
.

(9)f (r(k)) =
1

�

�
�2
g
�2
s
+ �2

n

�exp
⎡⎢⎢⎢⎣

−r(k)2�
�2
g
�2
s
+ �2

n

�
⎤⎥⎥⎥⎦
.

Np−1�
m=0

f (r(k + mL)) =

⎛⎜⎜⎜⎝

1

�

�
�2
g
�2
s
+ �2

n

�
⎞⎟⎟⎟⎠

Np

× exp

⎛⎜⎜⎝
−
∑Np−1

m=0
�r(k + mL)�2

(�2
g
�2
s
+ �2

n
)

⎞
⎟⎟⎠

=

⎛
⎜⎜⎜⎝

1

�

�
�2
g
�2
s
+ �2

n

�
⎞
⎟⎟⎟⎠

Np

× exp

⎛
⎜⎜⎜⎝

−zH(k)z(k)�
�2
g
�2
s
+ �2

n

�
⎞
⎟⎟⎟⎠
,

(10)f (z(k)) =
1

�Npdet(R)
exp

(
−zH(k)R−1z(k)

)
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where I and � = �2
n
∕�2

g
 in (11) represents the identity matrix and the ratio of noise power to 

energy of the pulse shaping filter respectively. The value of normalized �2
g
 is unity for rec-

tangular filter but in the case of other filters its value deteriorates. So, the ratio � is the meas-
ure of increase in noise power because of pulse shaping. The vector q = [1, ej�

�

,… e(Np−1)�
�

] 
separates the effect of �′ for the defined set. The determinant of the matrix det(R) can be 
obtained as (�2

g
)Np

(
�Np + Np�

Np−1�2
s

)
 . Then inverse of the matrix obtained after utilization 

of lemma proposed in [24] is given by

Then Joint PDF after substituting (12) into (10) results into

By simple manipulation we can solve

where � is the correlation coefficient given by �m(k) =
∑Np−1

p=m
r(k + (p − m)L)r∗(k + pL) . 

Here subscript ∗ denotes complex conjugate operation and Re is the real part of the com-
plex number. The log likelihood function becomes,

By simple manipulations the Λ(�, �) value can be simplified as below,

(11)

R = E
�
z(k)zH(k)

�

=

⎡
⎢⎢⎢⎢⎣

�2
s
�2
g
+ �2

n
�2
s
�2
g
e−j�

�

… �2
s
�2
g
e−j(Np−1)�

�

�2
s
�2
g
ej�

�

�2
s
�2
g
+ �2

n
… �2

s
�2
g
e−j(Np−2)�

�

⋮ ⋮ ⋱ ⋮

�2
s
�2
g
ej(Np−1)�

�

�2
s
�2
g
e−j(Np−2)�

�

… �2
s
�2
g
+ �2

n

⎤
⎥⎥⎥⎥⎦
= �2

g
(�I + �2

s
q��),

(12)R−1 =
I

��4
g

(
�2
g
−

�2
s
qqH

(� + Np�
2
s
)

)

(13)

f (z(k)) =
1

�Np

(
�2
g

)Np(
�Np + Np�

Np−1�2
s

)

×exp
−

I

�2n

zH (k)z(k)+
�2s z

H (k)qqH z(k)

��4g(�+Np�2s )

(14)zH(k)qqHz(k) = zH(k)z(k) + 2

Np−1∑
m=1

Re
{
�(k)ejmϵ1

}

(15)

Λ(�, �) =

�+L−1∑
k=�

−ln(�Np

(
�2
g

)Np(
�Np + Np�

Np−1�2
s

)

−
I

�2
n

zH(k)z(k) +
�2
s
zH(k)qqHz(k)

��4
g

(
� + Np�

2
s

)

+ Npln�
(
�2
g
�2
s
+ �2

n

)
+

zH(k)z(k)(
�2
g
�2
s
+ �2

n

)

+

Np×L∑
k=1

lnf (r(k))
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where c1 =
(�+�2

s )
Np

�
Np−1(�+Np�

2
s )

 , c2 =
�2
s

�2
g
�(�+Np�

2
s )

 and c3 =
(Np−1)�

4
s

��2
g(�+Np�

2
s )(�+�2

s )
 . The first term and last 

term are not considered for estimation since they are independent of � and � . Then ML esti-
mate results into

The above Eq. (17) is obtained after neglecting the positive multiplication constants and 
� = �2

s
∕(�2

s
+ �) . However, we can observe from (17) that, the estimation is done using ML 

detection will require N2
p
L3 multiplication. In the first step the STO is estimated as,

Here, the obtained STO 𝜃̂ can be used to estimate the CFO � . The proposed ML algorithm 
presumes that the CFO estimate makes ∠

�∑𝜃̂+L−1

𝜃̂
𝛾m(k)

�
+ m𝜖� = 0 for m = 1,…Np − 1 

where ∠ represents the angle. Therefore, we can alternatively find the estimate of CFO for 
a index m as,

All the Np − 1 estimates obtained by varying m = 1,…Np − 1 we can find the final esti-
mated CFO can be obtained as,

By simplifying using (20) will require N2
p
L2 multiplication and thus will result in low 

complexity.

(16)

Λ(�, �) =

�+L−1�
k=�

⎧
⎪⎨⎪⎩
lnc1 + 2c2

Np−1�
m=1

Re

�
�m(k)e

jmϵ
�
�

− c3z
H(k)z(k)

�
+

Np×L�
k=1

lnf (r(k))

(17)𝜃̂, 𝜖 = argmax
𝜃,𝜖

𝜃+L−1�
k=𝜃

⎡⎢⎢⎣

Np−1�
m=1

Re
�
𝛾m(k)e

jmϵ�
�
−
Np − 1

2
𝜌zH(k)z(k)

�

(18)𝜃̂ = argmax
𝜃

Np−1∑
m=1

[
𝜃+L−1∑
k=𝜃

|𝛾m(k)| −
Np − 1

2
𝜌zH(k)z(k)

]

(19)𝜖 = −
1

m
∠

𝜃̂+L−1∑
𝜃̂

𝛾m(k)

(20)𝜖ML =
−N

2𝜋Ls
(
Np − 1

)
Np−1∑
m=1

1

m
∠

𝜃̂+L−1∑
𝜃̂

𝛾m(k)
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4 � Cramer Rao Lower Bound

In this section CRLB for unbiased CFO estimaion is derived considering STO as a priori. 
CRLB is defined as sharpness of estimating the unknown parameter. To quantify math-
ematically we have to determine the peak of the negative second derivative of likelihood 
function. So, CRLB is

By performing second derivative we obtain

Substituting the constant c2 as we computed in the previous section into (22) yields

By expansion of the summation in (23) the second derivative will be simplified into

Finally, the CRLB can be given by

The following conclusions can be made after observing the bound:

•	 As the energy of the pulse shape filter in the symbol interval decrease we observe raise 
in � value which inturn increase the bound value. It indirectly inference the increase in 
the error floor.

•	 When data samples in each set or number of sets used i.e., when L, Np increase the 
bound is going to decrease. It is to be remembered that the increase of number of sets 
requires a trade off in data efficiency.

•	 Presence of Multiple sets in the preamble will offer an advantage of increase in range of 
CFO estimation at the cost of bit error rate (BER) (Fig. 2).

(21)E[(𝜖(r) − 𝜖)2] ≥

{
−E

[
𝜕2lnf (r|𝜃, 𝜖)

𝜕𝜖2

]}−1

(22)

�2lnf (r��, �)
��2

= −2c2

�
2�L

N

�2 �+L−1�
k=�

Np−1�
m=1

Np−1�
p=m

m2Re

⎧
⎪⎨⎪⎩

Np−1�
p=m

r(k + (p − m)L)r∗(k + pL)ejmϵ
�

⎫
⎪⎬⎪⎭

(23)
�2lnf (r|�, �)

��2
=

8�2L3�2
s

N2�
(
� + Np�

2
s

)
Np−1∑
m=1

m2(Np − m)

(24)�2lnf (r|�, �)
��2

=
2�2L3N2

p

((
N2
p
− 1

)
�4
s

)

3N2�(� + Np�
2
s
)

(25)E[(𝜖(r) − 𝜖)2] ≤
3N2𝜂(𝜂 + Np𝜎

2
s
)

2𝜋2L3N2
p

((
N2
p
− 1

)
𝜎4
s

)
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5 � Results

This paper validates real time implementation of the GFDM system in indoor room 
environment using IEEE 802.11 short preamble by employing pulse shaping. For dem-
onstration, the hardware platform used is NI USRP 2953R which is interfaced with 
LABVIEW software of NI. USRP is capable of operating in frequency range of 1.2–6 
GHz with a bandwidth of 120 MHz. These configurations enable us to test all waveform 
used in today’s mobile communication. PC shown in the Fig. 3 is connected to USRP 
using a NI PXIe-PCIe8371 which is having a high throughput of 832 MB/sec. The real 
time demonstrator is having two USRP terminals, one acting as transmitter and other as 
receiver. Both USRP’s are connected to workstations for baseband processing. Param-
eters used for demonstration are tabulated in Table 1. The transmitter USRP acquires 
digital IQ samples via PCIExpress card which performs digital to analog conversion and 
transmits over air. In receiver, IQ samples captured by USRP are passed to the host PC 
using another PCI-Express connection for performing baseband operations. Since USRP 
performs principal operations like decimation, up and down frequency conversion etc in 

Fig. 2   Block diagram of the real time implementation of GFDM system with National instruments USRP’s

Table 1   Parameters for 
Simulated and real time GFDM 
system

Parameter Value

Number of subcarriers 64
Number of subsymbols 5
CP length 8
Prototyping filter Root raised cosine
Filter roll off factor 0.9
Transmitter oversampling factor 2
Reciever oversampling factor 2
Capture time 4 ms
Transmitter sampling rate 4 M
Zero pad length 8
Preamble pulse shaping Tukey,rect
Receiver sampling rate 4 M
Transmitter gain 0 db
Receiver gain 1 db
Carrier frequency 2.4 GHz
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hardware it exhibits real time communication scenario. It is to be noted that after per-
forming all signal processing operations on GFDM symbol, a zero padding sequence of 
length 8 is added at the start and at the end to a complete packet.

This is done inorder to differentiate the received signals in time. After performing 
all the required base band operations, RF up-conversion is done and transmitted over 
the air using the transmit antenna. Initially, based on the simulation parameters which 
are tabulated in Table  1, the mean square error (MSE) versus SNR analysis for CFO 
and STO over AWGN as well as dispersive channel conditions for various pulse shap-
ing filters are presented. The choosen dispersive channel is rayleigh with 8 taps linearly 
varying from 0 to −8 dB.

Figure 4, illustrates the MSE vs SNR of CFO over AWGN and dispersive channel. 
For pulse shaping, two types of filters are employed namely Rectangular and Tukey. 
From the figure it is evident that as the SNR increases, a better probability of error is 
attained for all the cases. The theoretical analysis carried out in Section IV for CRLB 
is plotted against SNR. It can be viewed that at an SNR of 10 dB, the observed error 
floor is 1.7 × 10−5 . Without loss of generality, the bound is plotted by considering the 
rectangular pulse shape filter. It is obvious that, both the pulse shaping filters yield good 
performance over AWGN channel. There is a slight degradation in performance over 
dispersive channel conditions. Over AWGN channel, at an SNR of 10 dB, Rectangular 
filter attains a MSE of 2.61 × 10−5 while Tukey filter has MSE of 5.87 × 10−5 . In case 
of dispersive channel environment, the performance deteriorates for Tukey pulse shap-
ing filter when compared with Rectangular pulse shaping filter. This is clearly observed 
because at an SNR of 10 dB, Tukey attains an error of 1.28 × 10−4 while Rectangular 
achieves 3.2 × 105 . The reason behind the accuracy of the result is that among received 
preamble set, it is easy to prove that the product r(k + (p − m)L)r∗(k + pL) in (22) results 
into continuous summation of constant multiplying random variables which follow chi-
square distribution with two degrees of freedom and three zero mean Gaussian random 
variables. So, with the increase in number of preamble data, the real and imaginary part 
of �m(k) by statistical properties converge to sin(2�m��

) and cos(2�m��

) receptively. So, 
at a consistent time offset estimation, varience of each term converges to zero indicating 
the best possible accuracy for CFO estimation for the proposed scheme.

Fig. 3   Experimental setup illustrating real time transmission
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The MSE for STO vs SNR for both the pulse shaping filters namely Rectangular and 
Tukey over AWGN as well as dispersive channel is depicted in Fig. 5. Here, it can be 
observed that a huge amount of error is obtained when Tukey pulse shaping is employed 
over dispersive channel environment. At an SNR of 5 dB the observed error is 0.22546 
while the error decreases progressively as the SNR increases. At an SNR of 10 dB the 
error attained for Rectangular and Tukey filer is 0.0193286 and 0.0634 respectively over 
dispersive channel. However, the performance is improved over AWGN channel for both 
the pulse shaping filters. The peak of likelihood function is broadened by the channel 
dispersion for multipath environments. This results in high error floor of STO estima-
tion at low SNR.

For the purpose of comparison we considered [18], where the authors have derived the 
ML estimate for estimating CFO and STO using the available CP. From the simulation 
results shown in Figs. 6 and 7 it can evidenced that, the aforementioned method results in 
high error floor when compared with the proposed method. Another interesting aspect to 
note is that, even though Tukey pulse results in considerable error floor when compared 
with Rectangular pulse but yields a better performance than the method proposed in [18]. 
However, the better results are obtained at the cost of data efficiency for the proposed 
method. Therefore, we can conclude that the block structure of GFDM data is not suitable 
for direct application of CP-based synchronization.

The usage of tukey filter resulted in high MSE than the traditional rectangular filter 
because of increase in the value of � as evidenced from Figs. 4 and 5. The exact advantage 
of using this filter can be depicted in the spectral response of real time results. The IEEE 
802.11a standard preamble consists of ten short symbols and two long symbols which are 
identical with each other. For demonstration simplicity, we have used 10 repeated short 
symbols for time and frequency estimation. The data is transmitted in IQ representation, 
but the Quadrature phase data is only shown since it provides enough interpretation. Each 
short symbol in the preamble extends to a duration 4 micro seconds and hence consists of 
16 samples. High amplitude in the data packet occurs because of this preamble as depicted 
in Fig. 8. For the proposed preamble, each 16 length short sequence is windowed by gen-
erating a tukey filter with ramp up and down of 2 bits. The repetition in preamble enables 
us to enhance the CFO estimation range later in the receiver. The discontinuities in the 
amplitude of the Quadrature signal in Fig. 8 occurs because of circular prototyping. The 
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advantage of this representation lies in reduction of the energy spending required by the 
USRP terminal.

The received spectrum is depicted in Fig. 9 where a minimum OOB radiation of −46 dB 
has been observed. This is achieved because of localization of time and frequency using a 
prototype filter. So, at every subcarrier we could get reduction in egress noise which was 
the major concern in OFDM systems. Since we are presenting real time results a more 
realistic spectrum is shown in Fig. 9. This spectrum is obtained after adding rectangular 
pulse shaped preamble of length 160 to the GFDM symbol. The zigzag nature of spectrum 
occurs because of addition of noise. We also observe spikes in the spectrum due to the rec-
tangular filtering of preamble, decreasing its reliability in scrambled spectrum applications. 
In this figure, half of the subcarriers are disabled intentionally to illustrate the difference 
in OOB emissions between the conventional and proposed preamble. Figure  10, clearly 
shows the advantage of enforcing the Tukey pulse shaping in GFDM system. Though there 
are little spikes but the maximum amplitude of spikes is decreased from −26 to −35 dB. 
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Fig. 5   MSE of the STO estimate various SNRs
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A relatively sharp decay in side lobes is observed due to incorporation of pulse shaping 
in preamble which in turn leads to reduction of OOB emission. Hence, the advantage of 
GFDM is maintained.

The observed experimental values in indoor environments are tabulated below in 
Table 2. Energy detection method incorporated in the receiver not only estimates the the 
data packet along with misalignments which arises due to channel delay but also includes 
the time lag introduced by pulse shaping and matched filtering as shown in Fig.  1. The 
Fig. 8, shows the received IQ signal and its corresponding spectrum is shown in Fig. 10 
where both are diminished in amplitude, distorted in time and frequency. These impair-
ments occur due to indoor channel environments. The spectrum after enforcing synchro-
nization algorithms which suggest that the system performance is not destroyed by adding 
pulse shape to the preamble. GFDM combats the real time environments similar to OFDM 
despite of its non orthogonal nature. An important point to be observed is that there is a lag 
in the captured IQ signal by USRP. Indirectly it is a measure of transfer capability, so one 
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wants it to be as minimum as possible. In this regard, we were able to capture the GFDM 
signal along with the pulse shaped preamble at a value of 3.5 ms as shown in Fig. 8. Lag in 
the IQ received signal is not only because of transmission wait but also real time process-
ing delay of USRP hardware.
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6 � Conclusion

In this paper, ML estimation algorithm using pulse shaped multiple sets of identical data 
for correcting the time and frequency misalignments for GFDM systems is derived. This is 
done to preserve the spectral advantage of the system. The CRLB for the frequency offset 
for an arbitrary pulse shape is also obtained. Simulations results obtained by modifying the 
preamble data in IEEE 802.11a standard, prove a little error floor due to noise enhance-
ment in AWGN and multipath channels. The main advantage of this modified preamble 
occur in the real time results by reduction of slope and unwanted spikes in the spectrum 
characteristics. Therefore, the method proposed in this paper can be employed for the mod-
ern 5G communication systems.
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