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Abstract: Non-contiguous orthogonal frequency division multiplexing (NC-OFDM) has been considered as an outstanding
technique for high data rate 5G and beyond 5G wireless communications. In this paper, we have made comprehensive
performance evaluative study for a single user NC-OFDM scheme implemented wireless communication system under
consideration of millimeter-wave (mmWave) large MIMO antenna configuration. In our 32×256 uniform linear antenna (ULA)
configured simulated system under investigation, three selective modern channel coding (LDPC, Repeat and Accumulate and (3,
2) SPC) with a single higher order digital modulation (256-QAM)) and three signal detection (ZF, MMSE and LR-based linear
detection) techniques have been utilized. On consideration of color image transmission in AWGN and Rayleigh fading channel,
it is observable from MATLAB based simulation study that the Repeat and Accumulate channel encoded simulated system is
very much robust and effective in retrieving color image under utilization of MMSE signal detection technique.
Keywords: NC-OFDM, Digital Precoding, Mmwave Geometrical Channel, SNR

1. Introduction
In perspective of meeting up challenges for developing
high spectral and energy efficient 5G radio system, it is
noticeable that the present research trend is focusing on new
and novel multicarrier transmission techniques using
noncontiguous subcarriers such as NC-OFDM, its enhanced
version, Generalized Multicarrier (GMC) multiplexing, or its
special case, namely the Non-contiguous Filter-Bank
Multi-Carrier (NC-FBMC) technique. The NC-OFDM has
been recognized as one of the suitable candidates for future
Fifth Generation (5G) communication with cognitive
capabilities. In cognitive radio literature, the NC-OFDM
technique has been proposed in which the Fourier transform is
used to provide orthogonally between subcarriers and a cyclic
prefix (CP) with temporal length greater than channel delay
spread is added to each NC-OFDM symbol to mitigate inter
symbol interference. With possessing of sufficient spectral

agility, the novel NC-OFDM technique is capable of
facilitating
simultaneous
data
transmission
from
unlicensed-system users (Secondary Users (SUs)) across
several fragmented unoccupied frequency bands even in the
presence of licensed-system users (Primary Users (PUs))
signals with increased spectrum utilization [1, 2]. The
NC-OFDM based cognitive radio (CR) system has the
drawbacks of high side lobe power and peak-to-average power
ratio (PAPR) values. A significant amount of work has already
been done for minimization of such system drawbacks.
However, In 1915, Hao and Lai proposed a precoding scheme
to jointly reduce PAPR values in the secondary users (SUs)
spectrum band and suppressed side lobes of signals in the
primary user (PU) band [3]. In 2017, Elahi and et.al.,
considered NC-OFDM as an appropriate candidate for
Cognitive radio (CR) physical layer and focused on its high
out of band (OOB) radiation due to high side lobes. They
proposed two algorithms for enhancement of spectrum
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sharing capability such as Genetic Algorithm (GA) and Firefly
algorithm (FFA) for cancelling OOB radiation with inserting
Cancellation subcarriers (CCs) on either side of the used
NC-OFDM signal [4]. In 2017, Fathima and et.al., mentioned
that the side-lobe suppression methods implemented in
NC-OFDM based cognitive radio (CR) system with utilization
of the fixed length rectangular windowing functions for
canceling carriers (CC's) like Extended Active interference
cancellation (EAIC) and active interference cancellation (AIC)
methods, the CCs in different frequency had non-uniform
assignment for side lobe suppression. To overcome such
problem, they proposed a novel variable basis function in
which the CCs are grouped by frequency positions and
modeled with different waveforms of different length to
suppress NC-OFDM side lobes effectively while reducing
inter carrier interference (ICI) at the same time [5]. In addition
to reviewing of non cognitive radio literature, it has been
known that the 5G network has not yet been deployed
commercially and also its physical layer technology and radio
spectrum have not been standardized. There are
predominantly three key approaches to address the 5G
Network architectural designing such as (i) ultra-dense
networks (UDNs): the network densification already has been
adopted in existing 4G wireless cellular networks, which is
essentially known as small cell technology, and a denser
network can further boost the network capacity; (ii) large
quantities of new bandwidth: migrating toward higher
frequencies will release a large amount of bandwidth available
to achieve higher capacity. In particular, the millimeter-wave
(“mm Wave,” for carrier frequencies of 30–300 GHz)
communications can be the promising candidate and (iii) high
spectrum efficiency: by using a large number of antennas (100
or more), massive multiple-input multiple-output (MIMO) can
significantly improve the spectrum efficiency by extensively
harnessing the available space resources [6]. In this present
study, we have presented simulation results for
Non-Contiguous Orthogonal Frequency Division Multiplexing
Wireless Communication System under consideration of large
MIMO antenna configuration and signal transmission with
mmWave carrier frequency.

NC-OFDM scheme, no cancellation carriers have been
inserted. The 142 data symbols and the remaining 114 zeros
are fed into IFFT block for multicarrier modulation [1]
2.2. MIMO Fading Channel Estimation
In estimation of ray path geometry based 8×64 sized
mmWave MIMO fading channel H , it is assumed that the Nt
(=64) transmitting and Nr (=8) receiving antennas are arranged
in uniform linear array (ULA). Such MIMO channel has
limited scattering with Lu (=6) scatterers. Each scatterer is
assumed to contribute a single propagation path between the
base station (BS) and mobile station (MS). The geometrical
channel model H ∈ CNr×Nt can be written as:
H=

Nt N r
ρ Lu

Lu

∑α

∗
u ,l aMS (θ u ,l ) a BS (ϕu ,l )

2.1. Non-Contiguous Orthogonal Frequency-Division
Multiplexing

where, αu ,l is the complex gain of the lth path including the
path loss, ρ is the path loss between base station (BS) and
mobile station (MS). The variable θu ,l and ϕu ,l ∈[0, 2π] are
the lth path's angle of arrival and departure (AoAS/AoDs)
respectively. Finally, aBS (ϕu,l ) an d aMS (θu,l ) are the
antenna array response vectors of the BS and MS respectively.
With available knowledge of the geometry of uniform linear
antenna arrays, aBS (ϕu,l ) is defined as:
a BS (ϕu ,l ) =

j
1
[1, e
Nt

2π

λ

d sin(ϕ u ,l ),............. j ( N t −1)

e

2π

λ

d sin(ϕ u ,l )

]T

(2)

and
aMS (θu,l ) =

j 2π d sin(θ ),..... j( N r −1) 2π d sin(θ )
1
u,l
u,l ]T (3)
λ
[1, e λ
e
Nr

where, λ is the signal wavelength and d is the distance
between two consecutive antenna elements.
The MIMO channel H is further normalized to get its
Fresenius norm value-

Ĥ = S ⊙ H

(4)

where, ⊙ is indicative of Hadamard product, S the 8×64 sized
matrix whose each element is inverse of magnitude of each
complex element of H. The squared Frobenius norm of the
normalized channel matrix Ĥ is given by[ 7, 8]
2

In NC-OFDM scheme, 256-sized IFFT block is considered
where; the total number of subcarriers is 256. Out of 256
subcarriers, merely 142 subcarriers are treated as active
subcarriers for utilizing 142 complex digitally modulated data
symbols. The remaining subcarriers are null subcarriers viz.
they do not carry any data symbols. All the subcarrier indices
are in the range: { -128,-127,- 126…….0,1,2,3,…..127} and
the active subcarriers indices, IDC = {−100,…,−62} ∪
{ −41,…,−11} ∪ {10,…, 40} ∪ {61,…,101}. In this

(1)

l =1

2. Signal Processing Techniques
In our present study various signal processing schemes have
been used. A brief overview of these schemes is given below-
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[ Hˆ F ] = N t N r

(5)

2.3. Digital Precoding
Digital precoding is generally used to control both the
phases and amplitudes of the original signals to cancel
interferences in advance. In consideration of designing digital
precoding for single-user mmWave massive MIMO system, it
is assumed that the base station (BS) employs Nt antennas to
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simultaneously transmit Nr data streams to a user with Nr
antennas (Nr <Nt). The BS applies an Nt× Nr digital precoder
D and the transmitted signal prior to D/A conversion can be
presented byx=Ds

2
F

= trace( DDT ) = N r

(7)

In terms of geometrical channel presented in Equation (4),
the digital precoder is given byD=

Nr
F
tr ( FF H )

(15)

ˆ
where, the matrix Ĥ is the Moore-Penrose pseudo-inverse of
matrix Ĥ . The equation (14) can be rewritten as:

(6)

where, s is the Nr× 1 original signal vector before precoding
with normalized power as E (ssH)=(1/Nr)INr, To meet up the
total transmit power, D satisfies

D

ˆ ˆT
Û = Ĥ H

ˆT
Uˆ T Ĝ = H

From equation (16), orthogonal matrix Ĝ is estimated as:
Gˆ = (Uˆ T ) −1 Hˆ T

H
where, F= Hˆ

(18)

the detected desired signal from the transmitting antenna is
given by [9, 10]
xɶ LR = (Uˆ ) −1Wˆ T yˆ

2.4. Signal Detection Scheme

(17)

The LR-based linear detection weight matrix, Ŵ is given
byWˆ T = (Gˆ T Gˆ ) −1 Gˆ T

(8)

(16)

(19)

2.5. Repeat and Accumulate Channel Coding

In our 8×64 simulated system, the received signal in terms
of D/A converted transmitted signal xˆ , fading channel Ĥ
and white Gaussian noise n̂ with a variance σn2 can be
written as:
ˆ ˆ + n̂
yˆ = Hx

(9)

In Minimum mean square error (MMSE) based signal
detection scheme, the MMSE weight matrix is given byWMMSE = ( Hˆ H Hˆ + σ n 2 I ) −1 Hˆ H

(10)

where, (.)T is applicable to all cases to indicate complex
conjugate (Hermitian) transformation and the detected desired
signal from the transmitting antenna is given by

xɶ MMSE = WMMSE yˆ

(11)

The RA is a powerful modern error-correcting channel
coding scheme. In such scheme, all the extracted binary bits
from the color image has been arranged into a single block and
the binary bits of the such block is repeated 2 times and
rearranged into a single block containing binary data which is
double of the number of input binary data.

2.6. (3, 2) SPC Channel Coding
In SPC channel coding, the transmitted binary bits are
rearranged into very small code words consisting of merely
two consecutive bits. In such coding, (3, 2) SPC code is used
with addition of a single parity bit to the message u = [u0, u1]
so that the elements of the resulting code word x = [x0, x1, x2]
are given by x0 = u0, x1 = u1 and x2 = u0 ⊞ u1 [11]
where, ⊞ denotes the sum over GF (2)

2.7. LDPC Channel Coding
In Zero-Forcing (ZF) scheme, the ZF weight matrix is given
byWZF = ( Hˆ H Hˆ ) −1 Hˆ H

(12)

and the detected desired signal from the transmitting antenna
is given by [9]

xɶ ZF = WZF yˆ

(13)

In LR based linear signal detection scheme, the channel
matrix Ĥ is decomposed into unimodular matrix Û and
orthogonal matrix Ĝ such that
Ĥ = Ĝ Û
The unimodular matrix Û
following relation:

(14)
is estimated using the

The low-density parity-check (LDPC) code known as
Gallager code was invented as early as 1962. Such code is an
linear block code with its parity-check matrix H containing
only a few 1’s in comparison to 0’s. The parity-check matrix
Hp used in this present study is 64× 128 sized. In LDPC
channel coding, the input binary data are rearranged into
blocks with each block containing 64 binary bits. For each
individual block, a 1×128 matrix sized code word c is
produced. Its first 64 bits are the parity bits and the last 64 bits
are the information bits. In LDPC channel decoding, iterative
Log Domain Sum-Product LDPC decoding technique is
implemented to operate alternatively on the bit nodes and the
check nodes to find the most likely code word c that satisfies
the condition cHTp=0 [12]. In such decoding scheme, the
log-likelihood ratio (LLR) of transmitted code ward c is
estimated from received bit sequence rxi converted from (0/1)
format into (-1/1) format and passed through AWGN channel
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PiSum(i,c1)=ln[(exp (Pibetaij(i,c1)+1)/[(exp (Pibetaij(i,c1)-1)] (23)

of noise variance of N0 as:
(20)

[LQIJ]= [Hp] ⊙ [LCI]
and β

considered [LRJI] matrix is upgraded through inserting the
parameter Lrji (i,c1) values as:
Lrji(i,c1)= prodOf(i,c1)* PiSum(i,c1)

(24)

In vertical stepping for finding non zero in the row of Hp
matrix, the Lqij parameter values at the position (r1,j) are
updated using the relation:
Lqij(r1,j)= Lci +sum(Lrji(r1,j))- Lrji(r1,j)

(25)

where, i=1, 2………128, j=1, 2………128
Finally, a new parameter value is estimated as:

j
i

j
i

Two useful parameters,αααα

(21)

j
i

where, i=1,2,3………………….128
The mathematical formulations presented in this section are
based on MATLAB source codes available in the website at
[13] for iterative Log Domain Sum-Product LDPC decoding
algorithm. However, considering all 128 sampled values from
Equation (20), a 64× 128 sized [LCI] matrix is formed with
identical sampled values at its each of 64 rows. In perspective
of messages sending sent from bit nodes i to check nodes j, a
64× 128 sized [LQIJ] matrix is considered which is formed
from the element wise product of two matrices [Hp] and [LCI]
as:

Similarly, another parameter prodOf (i,c1) values are
αααα
estimated from the product of all column wise multiplied
values withαααα
value at that position. The previously

j
i

Lci=-4 rxi/ N0

are estimated from

the matrix [LQIJ] using the following relation:
≜ sign[LQIJ] β ≜ |LQIJ|

Initially, a 64× 128 sized [LRJI] matrix is considered as null
matrix. In horizontal stepping for finding non zero in the
column of Hp matrix, the Pibetaij parameter values at the
position (r,l) are estimated using the relation:
j
i

j
i

Pibetaij(r,l)=ln[(exp( β (r,l)+1)/[( exp( β (r,l)-1)]

LQi = Lci + sum(Lrji(r1, j))

(26)

If LQi is less than zero, the transmitted bit is 1, otherwise
the transmitted bit is 0.

j
i

j
i

αααα

93

(22)

At each position of non zero element, new values
Pibetaij(i,c1) are estimated from the summation of all column
wise Pibetaij values previous Pibetaij value at that position
where, i=1, 2, …….64, c1 is the non zero elemental position in
the column for a row identified by i. With estimated values of
Pibetaij(i,c1), PiSum(i,c1) are estimated as:

2.8. 2D Median Filtering
2D median filtering is widely used as an effective technique
for removing various types of noises (salt and pepper and
Gaussian) from noise contaminated image. In such filtering
operation, the pixel values in the neighborhood window are
generally ranked according to intensity and the middle value
(the median) becomes the output value for the pixel under
evaluation. In this paper, 2D Median Filtering scheme with a
3×3 neighborhood windowing mask is preferably used to
make sorting of all the pixel values within the window and
finding the median value and replacing the original pixel value
with the median value [14].

3. System Description

Figure 1. Block diagram of a Single-user Digitally Precoded mmWave NC-OFDM Wireless Communication System.
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The simulated single-user digitally precoded mmWave
non-contiguous orthogonal frequency division multiplexing
wireless communication system is presented in Figure 1. A
RGB color image with 96 pixels (width) ×96 pixels (height) is
processed in such simulated system. It is converted into their
respective three Red, Green and Blue components with each
component is of also 96 pixels ×96 pixels in size The pixel
integer values [0-255] are contaminated with salt and pepper
noise and the noise converted pixel integer values converted
into 8 bits binary form and channel coded and interleaved and
digitally modulated using 256-QAM [15]. The digitally
modulated complex symbols are the serial–to–parallelly
converted and fed into NC-OFDM subcarrier selection section
and subsequently processed for multicarrier modulation,
parallel to serial conversion, Cyclic prefixing and serial to
parallel conversion for data transmission in eight streams. The
complex data are fed into digital precoder, digital to analog
conversion and eventually sent up from each of 64
transmitting antennas. In receiving section, all the transmitted
signals are detected with linear signal detection schemes and
the detected signals are analog to digitally converted and
processed for cyclic prefixing removing, multicarrier
demodulation, extraction of desired NC-OFDM subcarriers,
parallel to serial conversion, digital demodulation,

deinterleaving, channel decoding, binary to integer conversion,
2D image filtering, reconstruction of Red, Green and Blue
components and eventually color image retrieving.

4. Result and Discussion
In this section, simulation results using MATLAB R2014a
are presented to illustrate the significant impact of various
types of signal detection techniques on performance
evaluation of a single-user digitally precoded mmWave
NC-OFDM wireless communication system in terms of bit
error rate (BER) on color image transmission. The rate of
noise contamination rate for transmitted color image is 5% viz.
461 pixels out of 9216 pixels are contaminated with impulsive
noise for 96 pixels ×96 pixels sized Red, Green and Blue
components of the color image. In perspective of higher order
digital modulation, 256-QAM has been preferably used.
However, it has also been assumed that the channel state
information (CSI) of the geometrically estimated mmWave
large MIMO fading channel is available at the receiver and the
fading channel coefficients are constant during simulation.
The proposed model is simulated to evaluate the system
performance with considering the following parameters
presented in the Table 1.

Table 1. Summary of the Simulated Model Parameters.
Parameters
Data Type
Image Size
Carrier frequency
Path loss constant
Path loss, dB for carrier frequency wavelength λ and transmitter-receiver distance, d
Noise reduction image filter
Antenna configuration
Channel Coding
LDPC Channel decoding
Noise type
Digital Modulation
Signal Detection Scheme
SNR
Channel

It is quite obvious from visual inspection of the normalized
power spectral density (PSD) curves of NC-OFDM
transmission with rectangular windowing presented in Figure 2
that the mean out-of-band(OOB) interference power level is
achieved at least 300 dB below the mean non-contiguous sub
band power level with high and steep OOB power attenuation.
The estimated normalized PSD for various frequencies is
based on the consideration of sub carrier frequency spacing (∆f)
and sampling frequency (Fs) with values of 488.28 KHz and
125 MHz respectively for a FFT size is of 256(The bit rate is
1Gbps and the symbol rate is 125 Msymbols/sec). The
graphical illustration presented in Figure 3 shows the system
performance comparison in terms of Bit error rate (BER) Vs.
SNR values under implementation of LDPC, Repeat and
Accumulate and (3, 2) SPC channel coding schemes and ZF
signal detection technique. Under typically assumed SNR value
of 2 dB, the estimated BER values are 0.1463, 0.1553 and

Types
Color image
( 96 x 96 x 3) pixels
28GHz
3
-20log10(λ/4πd)
2D-Median filter
32 x 256 Large MIMO Channel
LDPC, Repeat and Accumulate and (3, 2) SPC
Log-domain sum product

Impulse (Salt and pepper) and Gaussian
256-QAM
ZF, MMSE and LR based linear detection
0 to 10 dB
AWGN and Rayleigh

0.2256 in case of (3, 2) SPC, Repeat and Accumulate and
LDPC channel coding schemes respectively. In such
specifically considered SNR value, system performance
improvement of 0.2593 dB and 1.8809 dB are achieved in (3, 2)
SPC as compared to Repeat and Accumulate and LDPC
channel coding techniques. At 10% BER, SNR gain of 0.1353
dB and 0.4018 dB are obtained in (3, 2) SPC as compared to
Repeat and Accumulate and LDPC channel coding techniques.
In Figure 4, it is noticeable that BER performances in case
of implemented Repeat and Accumulate and (3, 2) SPC are
not well discriminated from each other. For a typically
assumed SNR value of 2 dB, the estimated BER values are
0.1449 dB and 0. 0.2346 dB in case of Repeat and Accumulate
and LDPC which implies a system performance improvement
of 2.0926 dB. At 10% BER, the SNR gain 0.0926 dB is
obtained in Repeat and Accumulate as compared to LDPC
channel coding technique.
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Figure 2. Comprehensive graphical illustration showing estimated normalized power spectral density (PSD) for the NC-OFDM transmission signal at various
subcarrier index and frequencies relative to center frequency (shown as zero).

Figure 3. BER performance of various channel encoded single-user digitally precoded mmWave NC-OFDM wireless communication system under utilization of
256-QAM and ZF signal detection technique
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Figure 4. BER performance of various channel encoded single-user digitally precoded mmWave NC-OFDM Wireless communication system under utilization of
256-QAM and MMSE signal detection technique.

Figure 5 represents the BER performances under
implementation of LDPC, Repeat and Accumulate and (3, 2)
SPC channel coding schemes for LR based signal detection
technique. Under consideration of SNR value of 2 dB, the
estimated BER values are 0.1549, 0.1477 and 0.2271 for (3, 2)
SPC Repeat and Accumulate and LDPC channel coding
schemes respectively. In such specifically considered SNR

value, system performance improvement of 0.2067 dB and
1.8684 dB are achieved in Repeat and Accumulate as
compared to (3, 2) SPC and LDPC channel coding schemes.
At 10% BER, the SNR gain 0.3120 dB and 1.2500 dB are
obtained in Repeat and Accumulate in comparison with (3, 2)
SPC and LDPC channel coding schemes.

Figure 5. BER performance of various channel encoded single-user digitally precoded mmWave NC-OFDM wireless communication system under utilization of
256-QAM and LR based signal detection technique.

On critical observation at various images presented in
Figure 6, it is observable that the quality of the retrieved

images improves with the increase in SNR values. The
impact of 2-D filtering technique on improvement of
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retrieved image is reasonably acceptable. In Figure 7, it is
quite obvious that the pixel values of the original color image
have comparatively lower pixel values. Distributions of pixel
values are changing due to salt and pepper and AWGN noise
contamination. In case of higher SNR value preferably 10dB
and filtered image, the presented histograms get resemblance
as to original image. In Figure 8, 3-dimensional graphical

97

illustration showing transmitted, salt and pepper noise
contaminated and retrieved color images with and without
filtering have been presented to justify the suitability of our
proposed single-user digitally precoded mmWave
non-contiguous orthogonal frequency-division multiplexing
wireless communication system.

Figure 6. Transmitted, Pepper and Salt noise contaminated and retrieved color images with and without filtering in a single-user digitally precoded mmWave
NC-OFDM wireless communication system.

Figure 7. Histogram of RGB to Gray converted transmitted, Pepper and Salt noise contaminated and retrieved color images with and without filtering in a
single-user digitally precoded NC-OFDM wireless communication system.
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Figure 8. 3-Dimensional Graphical illustration showing RGB to Gray converted transmitted, Pepper and Salt noise contaminated and retrieved color images
with and without filtering single-user digitally precoded mmWave NC-OFDM wireless communication system.

5. Conclusion
In this paper, the performance of single-user digitally precoded
mmWave non-contiguous orthogonal frequency-division
multiplexing (NC-OFDM) wireless communication system has
been investigated on color image transmission under utilization
of various channel coding and signal detection techniques. From
the simulation results, it can be concluded that the presently
considered
single-user
digitally precoded
mmWave
non-contiguous orthogonal frequency-division multiplexing
(NC-OFDM) wireless communication system shows satisfactory
performance with higher order digital modulation under
implementation of MMSE signal detection and Repeat and
Accumulate channel coding technique.
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