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Abstract: Recently, various application scenarios have emerged in new communication networks that have a variety
of new requirements such as: ultra-low latency, low out-of-band emission and long battery life. Generalized Frequency
Division Multiplexing (GFDM) is one of the nonorthogonal multicarrier techniques that meets these requirements. We
study the analysis of nonlinearity effects in a High Power Amplifier (HPA) and crosstalk on Multiple Input Multiple
Output (MIMO)-GFDM systems and its compensation. Moreover, proposed is a recurrent receiver compensation
method for the joint RF interference in the MIMO-GFDM system. The assumptions made at the receiver considered
the characteristics of the HPA. This proposed technique also has the ability to compensate for the combined effects of
nonlinear and crosstalk distortion. The simulation results show an improvement in the bit error rate for small iteration
numbers, i. e. 1 - 4 iterations for 16-OQAM mapping. The receiver-based mitigation techniques were used as an option
to maintain low-level transmitter complexity. The main advantage is the possible application at the base station without
increasing the computational complexity of the mobile terminal as well as the terminal costs or battery life. This means
the advanced nature of the technique ensured there was no need to make any changes on the cellular terminal side.
Therefore, the performance of the iterative receiver technique proposed in the MIMO-GFDM system is better than
other orthogonal multicarrier systems.
Keywords: High power amplifier, GFDM, MIMO, Crosstalk, Nonlinear distortion.

1. Introduction
With the emergence of various application
scenarios in forthcoming communication networks,
namely
Fifth
Generation
(5G),
various
nonorthogonal multicarrier schemes are proposed to
satisfy new requirements. GFDM is one of the
nonorthogonal multicarrier techniques meets the
requirements of future applications [1]. GFDM can
be applied to Industrial applications 4.0 [2], Machine
Type Communication (MTC) [3], Cognitive Radio
[4,5], Satellite-Terrestrial [6] and Microwave
Photonics [7]. The circular filter in GFDM retains the
option to use Cyclic Prefix (CP) and Cyclic Suffix
(CS) for the entire frame [8]. In addition, this filter
avoids major delays and can minimize OOB
emissions. For the low latency communications
Industry, 4.0 short filter delay systems are an

important advantage because latency reduction is a
critical design criterion that GFDM can transmit [2].
A High Power Amplifier (HPA) is an important
element of every communication system to
communicate signals a significant distance [9]. Just
like other multicarrier systems, GFDM also uses an
HPA on the transmitter side. An HPA is used on the
downlink system at the Base Station on a massive
MIMO system for 5G technology [10]. HPAs are
generally operated in linear regions close to the
saturation region so that power efficiency is increased.
When the HPA input power rises close to the
saturation point, it increases power efficiency. But an
HPA will produce nonlinear distortion if operated in
this area [11]. Nonlinear distortion due to an HPA
causes several effects including amplitude distortion,
phase distortion, increase in out of band radiation,
and spread of the signal constellation [12]. The
nonlinear distortion effect also produces harmonic
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and intermodulation signals outside the frequency
band which results in a spectral spread of the
transmitted signal, in turn causing interference
between adjacent subcarriers [11].
One of the main challenges in multicarrier
systems such as the GFDM is the combined effect of
nonlinear and crosstalk distortion due to the use of an
HPA on an MIMO transmitter system [13] to convert
low-power RF signals into high-power signals, which
are required to drive the transmitter [14]. It is also
applied on downlink systems at the Base Station on
massive MIMO systems for 5G technology [10].
Crosstalk or coupling effect is the interference
between signals on different paths which reduces the
performance of the transmitted signal quality.
However, it is possible to correct linear MIMO
crosstalk using MIMO equalizers, though the
nonlinear signals generated before HPA cannot be
corrected by the receivers and are also considered to
be very dangerous [15].
Several investigations have been conducted in
recent years on PAPR, OOB radiation, and BER due
to the exposure of GFDM systems to nonlinear
distortion [16-18]. However, only a few have
investigated techniques to deal with the effects of the
distortion. Research has been conducted on how
nonlinear HPA distortion affects GFDM [13, 19], but
the combined effect with crosstalk on MIMO-GFDM
systems was not examined.
To the best of our knowledge, there have been no
studies investigating techniques for combining the
effects of nonlinear and crosstalk distortion in
MIMO-GFDM systems. Therefore, in this paper, we
investigate the application of iterative receiver
techniques to compensate joint nonlinear distortion
and crosstalk in MIMO-GFDM systems.
The remaining sections of this report are
organized as follows: Section 2 explains literature
review. Section 3 presents the MIMO-GFDM system
model with and without crosstalk and explains the
proposed iterative receiver techniques and
algorithms; Section 4 explains the results of the
simulation and discussion, and Section 5 is a
conclusion.

2. Literature review
Techniques to overcome nonlinear distortion due
to HPA can be used on the transmitter or the receiver
side. There are 4 types of techniques to overcome
nonlinear distortion in multicarrier systems, namely
reducing Input Back Off (IBO) [20], HPA
linearization [21], PAPR reduction [16, 22, 23] and
signal reconstruction on the receiver side [24].
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Vaezi et. al. has investigated technique to
overcome the combined effects of nonlinear and
crosstalk distortion on MIMO-OFDM systems [25].
This study proposes the Digital Pre Distortion (DPD)
technique. The HPA model used is polynomial
memory (MP). This method works well for
orthogonal modulation but has not been tried for
nonorthogonal modulation.
Gregorio et. al. has proposed a digital selfinterference canceller on a full-duplex MIMO radio
system but BER performance has not been
investigated in this study [26]. Previous studies have
been carried out [27] to overcome the combined
effect of I / Q imbalance and crosstalk on MIMOOFDM systems in the transmitter. The method used
in that case is MIMO-PD. Bassam et. al. proposed the
CO-DPD method to compensate for non-linear
crosstalk and distortion in MIMO systems on the
transmitter but BER performance has not been
investigated in this study [28].
Moreover, the techniques to overcome these
combined effects have been researched [15] only in
orthogonal multicarrier systems using OFDM while
GFDM was performed in nonorthogonal ones [29].
The disadvantage of the predistorter technique is that
it only compensates for nonlinear distortion.
However, the interference in MIMO systems is not
only due to this distortion but also crosstalk because
of the different signal paths. Therefore, there is a need
to study the techniques to compensate for the joint
effects of nonlinear distortion and crosstalk in
MIMO-GFDM systems.
The contributions of this paper are as follows:
1. First, the combined effects of HPA nonlinearity
and crosstalk on MIMO-GFDM were simulated.
The HPA was modeled by the famous Saleh
model [30] which is an empirical model used in
literature because of its ability to extract
parameters using direct measurements.
2. Furthermore, an iterative receiver method was
proposed to estimate and simultaneously reduce
the combined effects, which was later applied at
the base station for the uplink system. This
technique assumes HPA is independent for each
antenna and requires knowledge of its parameters.
3. Moreover, the BER performance of the iterative
receiver method was demonstrated to compensate
for the combined effects of nonlinear and
crosstalk distortion on MIMO-GFDM systems.

3. Proposed systems
3.1 System model
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Figure. 1 MIMO-GFDM system with nonlinear HPA

3.1.1. MIMO-GFDM wihout crosstalk

The scheme of the MIMO-GFDM system without
crosstalk is shown in Fig. 1. The information signal is
passed through the mapper 16 Offset Quadrature
Amplitude Modulation (OQAM), then the encoding
process is done using STBC Alamouti. This encoder
was chosen because it can reduce the signal-to-noise
ratio (SNR). The output of the encoder is inserted in
the GFDM modulator block.
Let K and M denote the number of subcarriers and
sub-symbol samples for each GFDM block
respectively. The results of the GFDM transmitter
signal can be mathematically modeled as follows [31]:
𝐾−1 𝑀−1

𝑥(𝑛) = ∑ ∑ 𝑔𝑘,𝑚 [𝑛]𝑑𝑚,𝑘 , 𝑛 = 0, … , 𝑁 − 1

where g[.] is the HPA transfer functions, A(.) and
P(.) are AM/AM and AM/PM conversions on an
HPA, and 𝑆(𝜌𝑘 ) is the amplitude of the HPA output.
The Saleh Model with AM/AM characteristic
functions were used and could be written as follows
[30]:
𝐴[𝑟(𝑡)] =

(5)
where r(t) is the amplitude of the HPA input
while the functional characteristics of AM/PM are as
follows:
𝛼𝜑 𝑟 2 (𝑡)

Φ[𝑟(𝑡)] = 1+𝛽

𝑘=0 𝑚=0

𝜑𝑟

(1)
with N=KM, and 𝑔𝑘,𝑚 [𝑛] is a shifted version of the
Raised Cosine pulse shaping filter g[n] in time
(circular) and frequency as follows[32]
𝑔𝑘,𝑚 [𝑛] = 𝑔 [(𝑛 −

𝑗2𝜋𝑘
𝐿𝑝−1
𝑚𝐾
) 𝑚𝑜𝑑 𝐾𝑀] 𝑒 𝐾 (𝑛− 2 )
2

(2)
whereas 𝑑𝑚,𝑘 is the data transmitted by the ksubcarrier and sub-symbol to m from each GFDM
block. The GFDM output was given an HPA in each
branch.
The HPA inputs for each branch are formulated as
follows [15]:
𝑥𝑘 = 𝜌𝑘 𝑒 𝑗𝜃𝑘

(3)

where 𝜌𝑘 is the amplitude of xk, and 𝜃𝑘 is the
phase of the input xk..
Therefore, the HPA output can be modeled as
follows:
𝒛𝑘 (𝑛) = 𝑔[𝒙𝑘 (𝑛)] = 𝐴(𝜌𝑘 )𝑒 𝑗(𝜃𝑘 +𝑃(𝜌𝑘 ))
= 𝑆(𝜌𝑘 )𝑒 𝑗𝜃𝑘

𝛼𝛼 𝑟(𝑡)
1 + 𝛽𝛼 𝑟 2 (𝑡)

(6)

with 𝛼𝛼 , 𝛽𝛼 , 𝛼𝜑 , 𝛽𝜑 being the parameters of the Saleh
model.
The operating points on the HPA are usually
identified using 'back-off' for validating theoretical
results, which are defined as:
𝐴2

𝐼𝐵𝑂 = 10𝑙𝑜𝑔10 ( 𝑃0 )
0

(7)

where A0 is the saturation amplitude of the HPA
input and P0 is the average power input. From
Bussgang's theorem and by extending complex
Gaussian processes the output from HPA can also be
represented as [15]:
𝒛𝑘 (𝑛) = 𝐾0 𝒙𝑘 (𝑛) + 𝒅𝑘 (𝑛)

(8)

where K0 is the attenuation coefficient, according
to Table 1 in [15] the value of Ko is 0.7556 + 0.1643i.
dk(n) is a nonlinear distortion that does not correlate
with the xk(n) signal input. The K0 value is given by
[15] with:
1

(4)

2 (𝑡)

𝐾0 = 2 𝐸[𝑆 ′ (𝜌𝑘 ) +
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Figure. 2 MIMO-GFDM system with nonlinear crosstalk

where 𝓗(𝑛, 𝑘) is the channel transfer matrix in
the
frequency
domain,
𝑿(𝑛, 𝑘) =
[ 1 (𝑛, 𝑘) … … , 𝑡 (𝑛, 𝑘)]𝑇 is a vector containing the
signal transmitted by each antenna and 𝓝(𝑛, 𝑘) are
Gaussian noise obtained by the FFT process of
thermal Gaussian noise with zero mean and variance
𝜎 2.

1

1

HPA

Linear crosstalk

nonlinear crosstalk

3.1.2. MIMO-GFDM wihout crosstalk

HPA
2

2

Figure. 3 Linear and nonlinear crosstalk

where S’(ρk) is denoted as a derivative of S(ρk). The
variance of the nonlinear distortion dk(n) are as
follows [15]:
𝜎𝑑2 = 𝐸[|𝒅𝑘 (𝑛)|2 ]
= 𝐸[|𝒛𝑘 (𝑛)|2 ] − |𝐾0 |2 𝐸[|𝒙𝑘 (𝑛)|2 ]
= 𝐸[|𝑆(𝜌𝑘 )|2 ] − |𝐾0 |2 𝐸[𝜌𝑘2 ]

(10)

𝑡
𝒚𝑚𝐿 (𝑛) = ∑𝑘=1
𝑯𝑚,𝑘 (𝑛)(𝐾0 𝑥𝑘 (𝑛) + 𝒅𝑘 (𝑛)) +
𝒏𝑚 (𝑛)
(11)

where 𝒏𝑚 (𝑛) is Additive White Gaussian Noise
(AWGN) and 𝑯𝑚,𝑘 (𝑛) is a circular time-domain
matrix Nc x Nc at time n, which is formed from the
channel response vector 𝑚,𝑘 (𝑛) for the link
between the sending antenna k and the receiving
antenna m.
The signal received in vector form for each
antenna in the k-th subcarrier can be written as
follows [15]:
𝐿 (𝑛,

𝒚 = 𝑯𝑨 𝑇 𝒁 + 𝒏

(13)

where 𝑨 𝑇 are the 𝑁𝑡 𝑥𝑁𝑡 crosstalk matrix on the
transmitter.

The signal received by each antenna 𝒚𝑚𝐿 (𝑛) is
replaced by the superposition of an independent
fading signal associated with the Nt antenna that
shares the same frequency space. The received signal
at time instant n is affected by Gaussian noise on the
array element as follows [15]:

𝒀

The MIMO-GFDM system scheme with crosstalk
is shown in Fig. 2. The signal received after exposure
to crosstalk can also be written in the form of a matrix
as follows:

𝑘) = 𝐾0 𝓗(𝑛, 𝑘)𝑿(𝑛, 𝑘) + 𝓗(𝑛, 𝑘)𝑫(𝑛, 𝑘)
+ 𝓝(𝑛, 𝑘)
(12)

1,
𝑨 𝑇 (𝑘, 𝑚) = {𝛼 𝑇 ,
0,

𝑘−𝑚 =0
|𝑘 − 𝑚| = 1
𝑜𝑡 𝑒𝑟𝑠
(14)

𝛼 𝑇 represents crosstalks between adjacent signal
paths on the transmitter. Z is a symbol transmitted
with an average power of 𝑃𝑜 , n refers to the vector
noise 𝑛𝑟 𝑥1 with elements that are independent and
identically distributed (iid). Complex circular
Gaussian distribution 𝒞𝒩(0, 𝑁0 ) does not correlate
𝑅, 𝑇
with the transmitted symbol, and 𝐻 = [ 𝑚,𝑘 ]𝑚,𝑘=1
expresses the random channel matrix 𝑁𝑟 𝑥𝑁𝑡 with
𝑚,𝑘 representing the channel coefficient between
the m-th transmitter antenna and the k-th receiver
antenna[33].
Fig. 3 explains the types of crosstalk on MIMO
systems. Linear MIMO crosstalk, which is relatively
benign because it is being repaired by an MIMO
equalizer, and nonlinear crosstalk that is not corrected
by the MIMO receiver and is therefore far more
dangerous [15].
Moreover, the HPA output with crosstalk effects
can be written as follows [15]:
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𝑡

𝑧𝑘 (𝑛) = 𝑔 [𝑥𝑘 (𝑛) + ∑

𝑙=1,𝑙≠𝑘

Table 1. Notation List of Proposed Methods
Symbol
Description
ZF weight function
𝑾(𝑍𝐹)
Instantaneous SNR
𝛾
Variance of signal
𝜎𝑥2
Variance of nonlinear
𝜎𝑑2
distortion
Noise variance
𝜎𝑛2
Complementary error
𝑒𝑟𝑓𝑐
function
Conjugate transpose
𝑯𝐻

𝛼𝑙𝑘 (𝑛) ⊗ 𝑥𝑙 (𝑛)]

𝑡

= 𝐾0 𝑥𝑘 (𝑛) + 𝐾0 ∑

𝑙=1,𝑙≠𝑘

𝛼𝑙𝑘 (𝑛) ⊗ 𝑥𝑙 (𝑛) + 𝑑𝑘 (𝑛)
(15)

where ⊗ denotes the Kronecker product, g [.] is the
HPA response per branch, 𝑥𝑙 (𝑛) is the output of
GFDM from l transmitter paths, and 𝛼𝑙𝑘 (𝑛) is a filter
representing the crosstalk and coupling modeling
between l to k paths [27]. Finally, the signal received,
if given a nonlinear crosstalk, is represented by:
𝑦𝑚𝐿+𝑐𝑟𝑜𝑠𝑠 (𝑛) = ∑

Applying eq. (17) to eq. (12), the transmitted
signal is obtained :

𝑡
𝑘=1

𝐻𝑚,𝑘 (𝑛)𝑥(𝐾0 𝑥𝑘 (𝑛)

+ 𝐾0 ∑

𝑡
𝑙=1,𝑙≠𝑘

𝛼𝑙𝑘 (𝑛) ⊗ 𝑥𝑙 (𝑛)

+ 𝑑𝑘 (𝑛)) + 𝑛𝑚 (𝑛)

̂ (𝑛, 𝑘)
𝑿
= [𝑯𝐻 (𝑛, 𝑘)𝑯(𝑛, 𝑘)]−1 𝑯𝐻 (𝑛, 𝑘)[𝐾0 𝓗(𝑛, 𝑘)𝑿(𝑛, 𝑘)
+ 𝓗(𝑛, 𝑘)𝑫(𝑛, 𝑘) + 𝓝(𝑛, 𝑘)]
(19)

(16)
where 𝑛𝑚 (𝑛) is Additive White Gaussian Noise
(AWGN) and 𝐻𝑚,𝑘 (𝑛) is a circular time-domain
matrix Nc x Nc at time n, which is formed from the
channel response vector 𝑚,𝑘 (𝑛) for the link between
the sending antenna k and the receiving antenna m.

Besides a predistorter technique to overcome
nonlinear distortion in MIMO GFDM, also proposed
is a mitigation technique at the receiver side is also
proposed. Nonlinear Distortion Cancelation (NDC
technique) is a nonlinear distortion mitigation
method in MIMO systems with an iterative receiver
technique that requires knowledge of HPA
parameters[15]. This technique can overcome the
combination of nonlinear distortion and HPA
crosstalk problems in MIMO and it does not
complicate the cellular terminal.
The analysis presented in this section is based on
the assumption that the distortion caused by HPA can
be modeled as a Gaussian additive noise, whose
variance depends on the input signal and non-linear
HPA characteristics. The Zero Forcing weight
function is modeled as:
(17)

After equalization, the estimated signal can be
obtained as:
̂ (𝑛, 𝑘) = 𝑾(𝑍𝐹) 𝒀(𝑛, 𝑘)
𝑿

𝛾=

𝛾𝑐 𝑔(𝛾)
𝑔(𝛾)𝜎𝑑2 + 𝜎𝑛2
(20)

We considered that 𝛾𝑐 = [𝐾0 ]2 𝜎𝑥2 , 𝑔(𝛾) =

3.2 Proposed methods

𝑾(𝑍𝐹) = [𝑯𝐻 (𝑛, 𝑘)𝑯(𝑛, 𝑘)]−1 𝑯𝐻 (𝑛, 𝑘)

SNR for nonlinear cases is written as follows:

(18)

𝛾𝜎𝑛2
𝛾𝑐 −𝛾𝜎𝑑2

and 𝑔′ (𝛾) =

𝛾𝑐 𝜎𝑛2
.
(𝛾𝑐 −𝛾𝜎𝑑2 )2

BER from MIMO-GFDM nonlinear OQAM
becomes:
𝑝 𝐿 (𝑒) = 2 (

𝑘−1
) 𝑒𝑟𝑓𝑐(√𝛾)
𝑘
𝑘−1
+ −(
) 𝑒𝑟𝑓𝑐 2 (√𝛾)
𝑘
(21)

3.2.1. Iterative receiver without crosstalk

Algorithm 1 is an iterative receiver algorithm
without the crosstalk. This technique requires
knowledge of HPA parameters. The proposed
method is applied at the receiver side, separately for
each antenna using its HPA parameters. Nonlinear
distortion d cannot be handled by conventional
receivers. In practice, the recipient does not know d,
but it must be known in order to get an estimate of the
characteristics of the HPA model. Provided the
receiver knows the nonlinear function of the
transmitter g (·) of the HPA, it can be estimated from
y. This is done repeatedly and can be described as
follows:
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1. From the received signal, calculate the data
symbol with a hard decision:
̂ (𝑞) = 〈𝛤 −1 (𝒚 − 𝒅(𝑞−1) )〉
𝒂

(22)

where 〈.〉 indicates a hard decision, Γ(. )−1 is a
GFDM demodulation operation and q is an
iteration number. The first iteration of each
element d is set to zero and the data symbol is
calculated directly from the received signal, i.e.
̂ (1) = 〈𝑦〉
𝒂
2. Calculate the distortion as follows
(𝑞)
(𝑞)
̂ (𝑞) (𝑛) = 𝑔 [𝒙
̂𝑘 (𝑛)] − 𝐾0 𝒙
̂𝑘 (𝑛)
𝒅
𝑘

̂𝑘 (𝑞) = Γ(𝒂
̂ (𝑞) )
with 𝒙

3.2.2. Iterative receiver with crosstalk

The proposed MIMO-GFDM receiver structure
with Iterative Receiver can be seen in Fig. 4. The
iterative receiver method was applied at the receiver
section of the system, and the workings of this
recipient's proposal are as follows:
1. From the received signal, calculate the data
symbol with a hard decision:
̂ (𝑞) = 〈𝛤 −1 (𝒚 − 𝒅(𝑞−1) )〉
𝒂

where 〈. 〉 denotes a hard decision, Γ(. )−1 is a
GFDM demodulation operation and q is an
iteration number. The first iteration of each
element d was set to zero and the data symbol
calculated directly from the received signal, i.e.
̂ (1) = ‖𝒚‖
𝒂

(23)
(24)

where Γ(.) is a GFDM modulation operation.
̂ (𝑞+1)using both
3. Move to Step 1 and calculate 𝒂
the received signal y and the nonlinear distortion
𝒅(𝑞) .
Using the results of Eq. (23), the transmitted
constellation is estimated again by canceling the new
distortion/decoding, and the process can be done
iteratively. The process is terminated if BER (i +1) =
BER (i).

(25)

2.

Calculate the distortion as follows:
(𝑞)
𝑡
̂ (𝑞) (𝑛) = 𝑔 [𝒙
̂𝑘 (𝑛) + ∑𝑙=1,𝑙≠𝑘
𝒅
𝛼𝑙𝑘 (𝑛) ⊗
𝑘

(𝑞)

(𝑞)

(𝑞)

𝑡
𝑥𝑙 (𝑛)] − 𝐾0 ̂
𝒙𝑘 (𝑛) + ∑𝑙=1,𝑙≠𝑘
𝛼𝑙𝑘 (𝑛) ⊗ 𝑥𝑙 (𝑛)

(26)
̂𝑘 (𝑞) = Γ(𝒂
̂ (𝑞) )
where : 𝒙

International Journal of Intelligent Engineering and Systems, Vol.13, No.4, 2020

(27)

DOI: 10.22266/ijies2020.0831.23

Received: April 16, 2020.

Revised: May 11, 2020.

Algorithm 1 Modelling of Iterative Receiver for MIMOGFDM Systems with joint HPA and crosstalk
1:
db
⊳ mapping 16
OQAM
2:
𝒅𝒙  d
⊳ Alamouti
Encoder
3:
x  A𝒅𝒙
⊳ output GFDM
4:
for k = 1 : K do
⊳ per Tx branch
5:
Rk(n)  A[rk(n)]
⊳ amplitude
HPA
6:
𝝍(𝒏)
⊳ phase HPA
← 𝜽𝒌 (𝒏) + 𝝓[𝒓𝒌 (𝒏)]
7:
⊳ output HPA
sk(n)  𝑹𝒌 (𝒏)𝒆𝒋𝝍(𝒏)
8:
𝐴 𝑇 (𝑙, 𝑘)
⊳ crosstalk
1,
𝑙−𝑘 =0
|𝑙 − 𝑘| = 1
← {𝛼𝑙𝑘 ,
0,
𝑙 𝑖𝑛𝑛𝑦
9:
end for
10: 𝑦𝑚𝐿+𝑐𝑟𝑜𝑠𝑠 (𝑛) =
⊳ receiver
𝑡
∑𝑘=1
𝐻𝑚,𝑘 (𝑛)𝑥(𝐾0 𝑥𝑘 (𝑛) +
𝑡
𝐾0 ∑𝑙=1,𝑙≠𝑘
𝛼𝑙𝑘 (𝑛) ⊗
𝑥𝑙 (𝑛) + 𝑑𝑘 (𝑛)) + 𝑛𝑚 (𝑛)
11: for q=1:4 do
⊳ iteration
12:

̂(𝑞) ← 〈𝛤 −1 (𝒚 − 𝒅(𝑞−1) )〉
𝒂

⊳ hard decision

13:

̂𝑘 (𝑞) = Γ(𝒂
̂(𝑞) )
𝒙

14:

̂𝑘 (𝑛) +
𝑔 [𝒙

⊳GFDM
Modulation
⊳transfer
function HPA

(𝑞)

(𝑞)

15:

𝑡
∑𝑙=1,𝑙≠𝑘
𝛼𝑙𝑘 (𝑛) ⊗ 𝑥𝑙 (𝑛)]
end for

Table 2. GFDM Simulation Parameters with Iterative
Receiver
Parameter
Notation
GFDM
Sampling Frequency
𝑓𝑠
4096
Subcarrier
K
8
Symbols per block
M
32
Samples per symbol
N
10
Pulse Shaping
g
RRC
Roll-of-factor
𝛼
0,25
Alpha_a
𝛼𝑎
2.1587
𝛼𝜑
Alpha_phi
4.0033
Beta_a
𝛽𝑎
1.1517
𝛽𝜑
Beta_phi
9.104
Mapping
16 QAM
IBO
7 dB
Crosstalk
5 dB

where Γ(. ) is a GFDM modulation operation
and 𝑔[. ] is a nonlinear function.
̂ (𝑞+1)
Move to Step 1 and calculate 𝒂
using both the received signal y and the
nonlinear distortion 𝒅(𝑞) . The iteration process

3.
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ends after BER (i + 1) = BER (i) or the error rate
is appropriate from the application point of view.
The algorithm method of iterative receivers proposed
is written in Algorithm 1, consisting of three main
steps as shown in Eqs. (25)-(27). The number of
iterations is varying, depending on the constellation
number of baseband modulation.

4. Result and discussion
Application of the iterative receiver method to
mitigate the combined effects of nonlinear and
crosstalk distortion in MIMO-GFDM systems has
been investigated. The analysis covered includes
system performance (namely BER), a constellation
diagram, and signal spectrum before and after a
combination of distortions. The research scenario
follows the parameters in Table 2.
With a scheme like in Fig. 2, the crosstalk values
vary from 5 dB, 10 dB, to 20 dB. This research
investigates the combined effects of nonlinear and
crosstalk distortion on MIMO-GFDM systems
including spectrum, constellation, and BER. Next, it
proposes an iterative receiver method which aims to
estimate and reduce simultaneously the combined
effects of HPA nonlinear and crosstalk distortion on
the receiver side of the MIMO-GFDM system. The
proposed method is applied at the Base Station (MS)
for the uplink system. This technique requires
knowledge of HPA parameters and HPA is assumed
to be independent for each antenna.
The system with crosstalk is written as Algorithm
1. This algorithm consists of the main steps as written
by Eqs. (22), (23), (25), and (26).
Crosstalk or coupling effect is the interference
between signals with different paths and results in a
decrease in the quality of the transmitted signals. This
type of crosstalk can be linear and nonlinear. Linear
MIMO crosstalk can be corrected by MIMO
equalizers, while nonlinear crosstalk generated before
HPA cannot be corrected by MIMO receivers and is
very dangerous [15]. The problem becomes more
complicated when the problem of nonlinear distortion
due to HPA in MIMO GFDM is combined with use of
high M-ary modulation.
This proposed method requires knowledge of HPA
parameters, such as complex attenuation coefficients.
Thus, distortion can be estimated with the knowledge
of the HPA model and then calculated by subtracting
the estimated signal from the original signal received.
This procedure can be repeated iteratively.
The advantage of the chosen technique is that it can
be implemented at the base station. Therefore, it does
not increase the computational complexity of cellular
terminals, so the results do not increase terminal costs

International Journal of Intelligent Engineering and Systems, Vol.13, No.4, 2020

DOI: 10.22266/ijies2020.0831.23

Received: April 16, 2020.

Revised: May 11, 2020.

Figure. 5 Spectrum of MIMO-GFDM with and w/o
crosstalk

(a)
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Figure. 7 Simulation and theory results for BER vs
SNR on MIMO-GFDM systems (NL IBO variations)

(b)

Figure. 8 Simulation results and theory for BER vs
SNR on MIMO-GFDM systems (NL crosstalk
variation)
(c)
Figure. 6 Constellation for Crosstalk: (a) 5 dB, (b) 10
dB, and (c) 20 dB

or battery time. On the other hand, the biggest loss
problem is important to know the required knowledge
of the exact parameters of the AM / AM and AM / PM
characteristics of the HPA. This severely limits the
practical work of the proposed scheme.
In Fig. 5 for MIMO-GFDM systems with
nonlinear crosstalk, it can be seen that there are ripples
in the inband section but OOB is low. Whereas for
systems with linear crosstalk there are not many
ripples in the inband section and OOB is also low.
Next the constellation diagram is observed after
the system with an HPA and nonlinear crosstalk is
added. This can be seen in Fig. 6 that the constellation
diagram is seen spreading and deformation. Crosstalk
variation causes different constellation diagram sizes;
for a crosstalk value of -20 dB, the constellation
diagram size gets smaller.

In the third scenario, the effects of nonlinear
distortion on the performance of the MIMO-GFDM
system were investigated and the result is presented in
Fig. 7. The effects of nonlinear distortion were found
to become worse as the Input Back Off (IBO) value
became smaller because the curve approaches the
saturation point, decreasing system performance.
Furthermore, there is the BER comparison analysis
between MIMO-GFDM systems without and with
crosstalk. Fig. 8 shows the BER performance for the
MIMO-GFDM system with crosstalk, the results look
worse. This is because nonlinear crosstalk makes
inband rippling. Therefore, systems with the addition
of crosstalk have worse BER performance compared
to those with only an HPA.
Fig. 9 illustrates BER versus Eb/No for the
performance of iterative receiver techniques in
MIMO-GFDM systems. Two scenarios were
observed: the first was the iterative receiver technique
without crosstalk, the second being with crosstalk. As
illustrated in Fig. 9 (a) and (b), the systems with the
crosstalk have worse performance than those without
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(a)
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during IBO 7 dB. As observed, the system with an
HPA and crosstalk has worse performance than the
one without it.
However, the iterative receiver technique can
compensate for the combined effects of nonlinear and
crosstalk distortion on the MIMO-GFDM system
after more than 1 iteration. When compared with the
pre-distorter technique in [8], the proposed method
has a better ability to compensate for the combined
effects and the major advantage is that it can be
applied at the base station. Therefore, there is no
increase in the computational complexity on the
mobile terminal, costs, or battery life. It is also
applied to the receiver and compensates for the
combined effects in the analyzed systems. Moreover,
in comparison with the technique proposed in [4], it
can be applied to non-orthogonal multicarrier
systems.

5. Conclusion

(b)
Figure. 9 Simulation results of the iterative receiver
method on the MIMO-GFDM systems with and
without crosstalk: (a) GFDM with HPA without
crosstalk and (b) GFDM with HPA and crosstalk

An iterative receiver method was proposed in
MIMO-GFDM systems to compensate for the
combined effects of nonlinear and crosstalk distortion.
The iterative receiver is able to compensate for the
combined effects of crosstalk and nonlinear distortion
in small iterations, ie 1-4 for mapping 16 OQAM. The
advanced nature of the technique presented is that
there is no need to make any changes on the cellular
terminal side. The method was also shown to have the
ability to compensate for the combined effects which
no previous research has been able to examine. Future
research is needed to apply this technique to overcome
the combination of crosstalk and nonlinear distortion
in the MIMO-GFDM system in real experiments.
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