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a b s t r a c t

Recently, the orthogonal frequency-division multiplexing (OFDM) system has become an appropriate
technique to be applied on the physical layer in various requests, mainly in wireless communication
standards, which is the reason to use OFDM within mobile wireless medical applications. The OFDM
with cyclic prefix (CP) can compensate lacks for the time-invariant multi-path channel effects using
a single tap equaliser. However, for mobile wireless communication, such as the use of OFDM in
ambulances, the Doppler shift is expected, which produces a doubly dispersive communication channel
where a complex equaliser is needed. This paper proposes a low-complexity band LDLH factorisation
equaliser to be applied in mobile medical communication systems. Moreover, the discrete fractional
Fourier transform (DFrFT) is used to improve the communication system’s performance over the OFDM.
The proposed low-complexity equaliser could improve the OFDM, and the DFrFT-orthogonal chirp-
division multiplexing (DFrFT-OCDM) system’s performance, as illustrated in the simulation results.
This proves that the recommended system outperforms the standard benchmark system, which is an
essential factor as it is to be applied within mobile medical systems.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Mobile wireless communication systems for E-health appli-
ations have received more attention recently with the goal to
chieve a mobile hospital and patient monitoring system. Accord-
ngly, the mobile wireless communication system, including video
roadcasting features, is urgently needed in such applications.
he orthogonal frequency-division multiplexing (OFDM) is the
ase for several communication systems such as, European dig-
tal video broadcasting systems like Digital Video Broadcasting-
errestrial (DVB-T), DVB-Second Generation Terrestrial (DVB-T2),
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DVB Handheld (DVB-H), Long-Term Evolution (LTE), and fifth
generation (5G) mobile communication systems. The popularity
of OFDM systems is based on its ability to compensate the ef-
fect for the time-invariant channel matrix. However, the OFDM
loses its optimality against intercarrier interference (ICI) due to
Doppler shift (doubly dispersive channel) or carrier frequency
offset; accordingly, the system will be in need of sophisticated
equalisers [1,2]. In [3,4], the discrete Fourier transform (DFT) was
replaced by the discrete fractional Fourier transform (DFrFT) for
multicarrier systems, which resulted in decreasing the Doppler
frequency spread’s effect, benefiting from the DFrFT subcarrier’s
chirped nature that mitigates the Doppler shift. As such, the ICI
was reduced.

While DFrFT gives a more improved performance than DFT
under the doubly dispersive fading channel, there is still a need
for a complex equaliser [5]. Simple equalisers were proposed
in [6–8], wherein [6] least-squares problems (LSQR) algorithm
was offered to solve the matrix inversion iteratively; accordingly,
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o matrix inversion is needed, which simplifies the equaliser.
n [7], the equaliser was simplified by using a banded matrix,
hile in [8], a new approach is proposed, which is based on both
banded matrix and the LDLH factorisation algorithm.
Unlike the aforementioned simple equalisers which were ap-

plied with OFDM, this paper proposes the Orthogonal Chirp Divi-
sion Multiplexing (DFrFT-OCDM) systems, and then combines the
simple suggested equaliser under a time-variant multi-path chan-
nel, which is deemed to be suitable for a medical mobile video
broadcasting system. Furthermore, the DFrFT-OCDM system was
introduced in detail, including the way it is able to replace the
DFT on the OFDM, and primarily, the simple equaliser has been
added with DFrFT-OCDM to fit the mobile medical applications.
Moreover, the doubly dispersive channel details, with their effects
on the OFDM and the DFrFT-OCDM system’s performance, will
be outlined. The equalisation challenges will be specified, then
an assessment between some known complex equalisers will be
delivered to evaluate the equalisers’ behaviour when improving
the systems. The suggested simple equalisation methods based on
the LDLH factorisation algorithm is explained and presented as a
practical solution for mobile medical applications.

802.11-WLAN video streaming was investigated in [9] over m-
health claims, where a medical channel-adaptive fair allocation
scheme was proposed to enhance the Quality of service (QoS) for
IEEE 802.11 (WLAN). More recent work against real-time medical
applications were explained in [10], where an adaptive video
encoder compared to a real-time medical use is investigated to
maximise the encoded video’s quality, improve encoding rate,
and to minimise the bit rate demands. In [11], an experimental
set was introduced to provide mobile WiMAX video streaming
performance analysis for Bandwidth on demand (BOND) services.
More recent research and proposed wireless medical applications
can be found in [12–15]. Comprehensive knowledge regarding
the structure of health monitoring and machine learning can
be found in the well-cited reference book [16], where the the-
ory and the demonstration of the health monitoring structure
were presented. Recently, a lot of research has been carried out
in this field, including, [17], where the limitations of machine
learning approaches have been investigated, and future clini-
cal translations defined. Specific application for using machine
learning within health monitoring is rapidly increasing, for ex-
ample, in [18] where this technique was proposed for the early
prediction of asthma attacks.

On the other hand, [19] investigates the scenario of E-health
applications that apply the multi-service stream network, which
concludes that the mathematical model class G/G/1 – in its
eneral case of a single-channel system – is regarded as an
ppropriate technique to be implemented within the E-health
pplications. Indeed, the short time delay and the jitter are prac-
ically suitable for E-health primarily. Moreover, the packet losses
nd the error rates are also considered to be suitable within
-health.
The paper is organised as follows: In Section 2, the background

f the OFDM system equalisation is explained to equip the reader
ith a more comprehensive understanding of the research work
resented. The preliminaries for this research are also stated in
his section. The proposed approach is presented in Section 3. Sec-
ion 4 details the performance analysis of the proposed method,
echnical discussion, and deep computing/machine learning per-
pectives. Finally, conclusions are presented in the last section.

. Background and preliminaries

The OFDM allows high data rates to be reliably and efficiently
ransmitted over the delay-dispersive channels. By dividing the
ransmitted signal into several narrow bandwidth sub-carriers,
OFDM can mitigate the undesirable multi-path effects, mainly,
the inter symbol interference (ISI) quantity in long symbol time
systems. Moreover, at the beginning of each symbol, a guard
period is added – termed cyclic prefix (CP) – to eliminate the
expected effects of ISI over the multi-path signals’ delay. The
multi-path effect tolerant resulting from CP makes OFDM more
suitable for high data rate transmission over terrestrial locations
rather than single carrier transmissions.

The CP has significant influence over the OFDM system equal-
isation, as a result of inserting it at the first part of the OFDM
symbol. This transfers the multi-path frequency fading channel
matrix into a circulant matrix that can be diagonalised by the FFT
at the receiver side. The diagonalised channel matrix can be com-
pensated using a single tap equaliser, which can be considered as
a simple multiplication in the gain and phase components.

The basic block diagram for a baseband OFDM transmission
and reception system is shown in Fig. 1. The OFDM signal is cor-
rupted by passing through the channel. Taking into consideration
that the receiver’s mission is to obtain the useful information
from the corrupted message correctly, accordingly, the receiver
converts the received signal into its original form depending on
a single tap equaliser.

Let us consider the communication system in Fig. 1 in its
sequence processing steps over a noisy, frequency fading channel.
The received symbols are shown in (1):

zn = HFHxn + vn (1)

where zn is the received signal, H is the N × N frequency fading
channel matrix, N is the number of subcarriers, FH is the inverse
discrete Fourier transform (IDFT) matrix of DFT, xn is the data
vector transmitted in the nth OFDM symbol, and vn is the time
domain of the white Gaussian noise (WGN). After demodulation
and using DFT, the received vector can be calculated as:

z̃n = FHFHxn + Fvn (2)

Where H is a circulant matrix (resulting from CP), FHFH

becomes a diagonal matrix [20], and we can equalise the received
signal by simple adjustment of the amplitude and phase for the
received sequence [21]. This property is one of the key advan-
tages of OFDM as it reduces the complexity of the equalisation
process in a multi-path fading channel, which is a harsh environ-
ment requiring complex equalisers [22]. However, this property
is valid only in time–invariant frequency-selective multi-path
channels [23].

When the channel is doubly selective or the receiver induces
a frequency offset, [24], the channel matrix is no longer circulant,
the DFT cannot diagonalise and ICI appears. In this event, OFDM
needs a complicated equaliser [8,22,25], such as the minimum
mean square error (MMSE) equaliser. The fractional Fourier trans-
form (FrFT) proposed a new base for OFDM [3,4] that can enhance
multicarrier modulation (MCM) systems’ performance under a
doubly dispersive fading channel because of its ability to cope
with the Doppler shifts and to compensate its effects.

2.1. Discrete Fractional Fourier Transform (DFrFT)

The FrFT was presented as a new idea in 1929 [26] as a gen-
eralisation of the FT. Namias reintroduced FrFT in mathematics
for applications in quantum mechanics in 1980 [27]. The DFrFT
appeared after many groups of researchers reinvented FrFT [28].
Later, low-complexity representations, computational cost, and
applications for the DFrFT were investigated in [29,30]. Nowa-
days, DFrFT is being used in various requests, such as in optics,
image processing, and signal processing.

One of the FrFT definitions is that:
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Fig. 1. Basic baseband OFDM transmission and reception system.
Fig. 2. The Basic baseband DFrFT-MCM transmission and reception system with a complicated equaliser.
w

‘‘A fractional Fourier transform is a rotation operation on the
ime–frequency distribution by angleα’’ [28].

For α = 0 when DFrFT has no effect, for α = π/2 when DFrFT
eturns to FT, and for any value of α in between 0 to π/2; the
DFrFT substitutes the time–frequency distribution based on the
value of α.

The transformation kernel of the continuous FrFT is according
o [30]:

α (t, y) = Aαe
jπ

(
t2+y2

)
cotα−j2π ty cscα (3)

where α is the rotation angle for the transformation process
and

Aα =
e{−jπsign[sinα]/4+jα/2}

√
|sinα|

(4)

The FrFT becomes:

fα {d (t)} (y) = Xα (y) =

∫
∞

−∞

d (t) Kα (t, y) dt (5)

d (t) =

∫
∞

−∞

Dα (y) K−α (t, y) dy (6)

The fractional Fourier signal domain is defined by the α angle
for 0 < |α| < π . Fourier transform can be obtained using α =

/2. There are several DFrFT algorithms with various properties
nd accuracies. The DFrFT algorithm proposed in [31] is used in
his work. Suppose that the input and output functions of the
FrFTf (t) and Fα (y)respectively have the chirp period of order
with the period Tp = N∆t , F p = M∆y, and the sampled signals

are bound between the interval ∆t and ∆y as:

d n = f n∆t ,D m = F m∆y (7)
( ) ( ) α ( ) α ( )
where n = 0, 1 . . .N−1 and m = 0, 1 . . .M−1. When α ̸= X .π (X
is an integer), (5) can be converted to:

Dα (m) = Aα∆te
j
2 cotα.m2∆y2

N−1∑
n=0

e
j
2 cotα.n2∆t2ej cscα.n.m.∆t.∆yd (n) (8)

when M = N the transformation is reversible, with the condition:

∆t∆y = 2π sinα/M (9)

Eq. (8) may also be written in a multiplication of matrix and
vector form,

D = Fαd (10)

here D = [Dα(0),Dα(1), .,Dα(N − 1)] T, d = [d(0), d(1), . . . .,
d(N − 1)] T, and Fα is an N∗N matrix in the same way, the IDFrFT
may be written as:

d = F−αD (11)

where F−α = FH
α .

The DFrFT-MCM system shown in Fig. 2 is a system based on
block data transfer, and the subcarriers are orthogonal to each
other where each subcarrier is a different chirp signal, so we can
call it DFrFT-OCDM. Two bases for the DFrFT-OCDM system are
shown in Fig. 3 and the spectral energy distribution for the two
bases are shown in Fig. 4.

The Wigner distribution in time and frequency domain for
the 1st basis signal and the 20th basis signal with α = 0.7
are shown in Fig. 5. The figure shows that the DFrFT bases are
frequency varying with time, which is a property of the DFrFT
transformation.

The transmitted DFrFT-OCDM signal is a combination of many
blocks, starting with a CP to eliminate the ISI. However, the need
for fast mobile communications with significant high data rates
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Fig. 3. DFrFT-OCDM basis for the 1st and the 20th basis signals.

Fig. 4. Spectral Energy Distribution for the 1st and the 20th basis signals.

Fig. 5. The Wigner distribution for the 1st basis signal and the 20th basis signal.

nd long symbols introduces larger ICI, which forces the use of
omplicated equalisers.
The DFrFT-OCDM system complexity is nearly equivalent to

he traditional OFDM system [3], and both systems exhibit almost
he same performance when the channel is time-invariant. How-
ver, neither of them can diagonalise the time-variant channel
Fig. 6. Rayleigh fading channel corresponding to a Doppler shift of 10 Hz.

matrix; the DFrFT-OCDM can compress it towards the diagonal
much more effectively than OFDM, which is the main advan-
tage of the DFrFT-OCDM system. This enables it to achieve a
better performance than OFDM and provides the opportunity
to use low-complexity equalisers while maintaining this better
performance.

2.2. Doubly dispersive channel

The channels of the mobile-radio applications have time-
variant behaviour, due to the transmitter and/or the receiver
movement that results in the continual changing of the propaga-
tion paths. The changing pace of the propagation circumstances
is causally related to the fading rapidity, i.e. the speed of the
changing rate of fading environments.

In the environment of proposed multimedia mobile communi-
cations for medical applications, multiple copies of the transmit-
ted signal are received with different delays and phases at the
receiver. This creates the phenomenon of multi-path, resulting
in a random frequency modulation on each of its multi-path
components due to the Doppler shifts. Hence, the resultant re-
ceived signal may suffer from severe attenuation and interference
that can lead to errors at the receiver and system performance
degradation.

The variation in the fading channel frequency response with
time due to the Doppler shift in fading channels is called a doubly
dispersive fading channel. The Doppler shift calculations are given
by:

fd = (∆u/C) fC (12)

here fd is the Doppler shift frequency, ∆u is the velocity differ-
ence between the transmitter and the receiver, C is the speed of
light, and fC is the signal carrier frequency.

Figs. 6 and 7 show the Rayleigh fading channel mutual shape
for two different maximum Doppler shift frequencies of 10 Hz
and 100 Hz, respectively. These Doppler shifts are measured re-
spectively for 6 km/h and 60 km/h velocities at 1800 MHz, which
is one of the working frequencies for GSM mobile networks. The
intensity of the signal can fall by several thousand factors or
30–40 dB in some ‘‘deep fades’’.

2.3. Communication channel equalisation

The majority of errors at the receiver side are caused by the
channel distortion, whilst the most effective method to compen-
sate for this channel distortion effect, in order to recover the
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Fig. 7. Rayleigh fading channel corresponding to a Doppler shift of 100 Hz.

original signal’s shape, is the equalisation, as shown, for example,
in Fig. 8 [32]. The most fundamental method used by the equal-
isation is to select the correct receiver’s filter to compensate for
the selectivity of the radio channel frequency completely. This
could be accomplished by choosing the receiver’s filter impulse
response that satisfies the relation in (13):

W ⊗ h = 1 (13)

here W is the equaliser impulse response, h is the channel
mpulse response, and ‘‘⊗’’ represents the linear convolution. This
lgorithm of equalisation is called ‘‘zero-forcing (ZF) equalisa-
ion’’ and, according to [32–34], ZF can provide the complete
emoval of any frequency selectivity in the radio channel. As a re-
ult, destruction-free and corruption-free signals can be achieved.
owever, ZF equalisation may become a great source of noise
mplification that occurs after the filtering process. This may have
n undesirable effect in that it may cause severe degradation in
he system’s performance.

An alternative suggestion for the ZF equalisation is to build a
ilter that provides a compromise between the noise/interference
evel and the signal distortion level based on the level of the
adio-channel frequency selectivity. This might be accomplished
y the MMSE equaliser that selects the filter to minimise the
ean-square error (ε)between the transmitted signal and the
qualiser output:

= E
{⏐⏐ẑ (t) − z(t)

⏐⏐2} (14)

here d̂ (t) is the estimated signal, and d(t) is the actual trans-
itted signal.
It was proved that using a single carrier modulation system

n frequency fading channel is inefficient due to the time equal-
sation complexity. On the other hand, the OFDM systems give
n instant solution to this problem using a single tap equaliser
n the frequency domain. As the OFDM cannot deal with doubly
ispersive channels, there is a motivation to search for other
ases that can match the channel frequency variation with time
ike DFrFT.

. Proposed method

Fig. 9 shows the OFDM system data flow, xn = [x0, x1 . . . xNa−1]
T

s the data vector transmitted in the nth OFDM symbol, whilst its
amples are permuted by the binary matrix P ∈ ZN×Na in the
frequency domain, which allocates a data vector xn ∈ CNa to N
ubcarriers, with only Na active:

=
[
0Na×(N−Na)/2INa0Na×(N−Na)/2

]
(15)

INa is an identity matrix with Na × Na dimensions. The vector
sn = [s0s1 . . . ..sN ]T is calculated from:

n = FHPxn (16)

here FH is the N-point IDFT matrix.
The time and frequency fading channel can be demonstrated

y the time-variant discrete impulse response: h(n, u), where n is
he time instant, and u is the time delay. The justification of this
odel with further details can be found in [1,35,36] that could
e stated in the formula of (time-variant, or circular) convolution
atrix by:

H]n,u := h (n, ⟨n − u⟩N) (17)

upposing the causal channel and the maximum delay spread Nh
ere shorter than the CP Nh ≤ L; after removing the CP, the nth

OFDM received symbol can be specified by:

zn = Hnxn + vn (18)

where vn are the samples of the additive white Gaussian noise
(AWGN) with variance of σ 2. In static setting,Hn is circulant and
the DFT matrix can be decoupled. The received subcarriers are
demodulated by DFT:

y = Fzn (19)

here F is the DFT matrix. The equaliser matrix W n ∈ CNa×Na

deals with the input:

z̃n = PHFHnFHPxn + PHFv = Unxn + ṽn (20)

ith a system matrix Un ∈ CNa×Na , where Un = PHFHnFHP .
P is a binary matrix used to remove the components that may
appear in the lower left and upper right corners in Un [37], and to
support reducing the out-of-band emissions. The estimated data
vector after using equaliser is specified by:

x̂n = Wz̃n (21)

t is easy to show that
[
H̃

]
m,k

= h̃ (m − k, k), where

˜ (m, k) =
1
N

N−1∑
n=0

N−1∑
u=0

h (n, u) e−j2π (uk+mn)/N (22)

From (22), it is clear that
{
h̃ (0, : )

}
is on the main diagonal of[

H̃
]
m,k

,
{
h̃ (1, : )

}
and

{
h̃ (−1, : )

}
is on the first sub-diagonal and

the first super-diagonal respectively. It is obvious that h̃ (m, k) is
the response of the frequency-domain, at subcarrier k + m, to a
frequency-domain impulse centred at subcarrier k. In h̃ (m, k), k
is the frequency index and m known as Doppler index. In h (n, u),
n is known as the time index and v as the lag index.

The DFrFT-OCDM system data flow diagram is shown in
Fig. 10, which illustrates the difference from the OFDM system by
using inverse fractional Fourier transform (IDFrFT) and the DFrFT
for modulation and demodulation respectively. Using identical
sequences for the data vector in the transmitter and the receiver,
it can be shown that the equaliser W n ∈ CNa×Na function is to
estimate the transmitted data using Eq. (20):

z̃n = PHFαHnF−αPxn + PHFαv = Un,αxn + ṽn (23)

where Fα and F−α represent the DFrFT matrix and the IDFrFT
matrix respectively, with fractional angle = α. The channel matrix
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and the noise vector in the fractional domain are given by H̃α =

αHF−α and ṽ = Fαv, respectively.
H̃ and H̃α introduce ICI because they are non-diagonal sub-

arrier channel matrices, which is the case in a doubly dispersive
ading channel, accordingly, the process of the symbol estimation
ill be complicated and as a result, it is necessary to use a
omplex equaliser.

.1. Zero forcing and MMSE block equalisers

The ZF and MMSE equalisers can estimate the transmitted data
y minimising E

{xn − Wz̃n
}

[37]:

x̂ZF = H̃
+

α z̃n = H̃
H
α

(
H̃αH̃

H
α

)−1
z̃n (24)

ˆMMSE = H̃
H
α

(
H̃αH̃

H
α + γ −1INa

)−1
z̃n (25)

when α = π/2, the fractional domain channel matrix H̃α can
be reduced to the frequency domain channel matrix H̃ , x̂ZF , and
x̂MMSE is the estimated data using the ZF and the MMSE equalisers
respectively, γ is the signal-to-noise ratio (SNR), and H̃

+

α is the
fractional domain Moore–Penrose pseudo-inverse of the chan-
nel matrix [38]. In (24) and (25), complete information of the
channel matrix Hα is presumed thanks to the channel estimation,
even when the guard subcarriers are not used by the equaliser.
Moreover, it is presumed that: E {xn} = E

{
ṽn

}
= 0, E

{
xnxHn

}
=

I, E
{
dnṽ

H
n

}
= 0, and E

{
ṽnṽ

H
n

}
= σ 2I

The ZF equaliser enhances the noise so its performance is
poor, whilst the performance of the MMSE equaliser is the best
in all linear equalisers [5]. However, it is the most complicated
because it needs channel matrix inversion that involves O

(
N3

a

)
complex processes [39]. For high values of Na like DVB-T, DVB-H
and WiMAX, it is not practical.
3.2. Main contribution

Reduced complexity MMSE equalisers are proposed in [8,
22,25,37,40–43]. In [37], a sequential MMSE equaliser is sug-
gested and banded equalisers were presented in [8]. As identified
in [37], a nearly-banded channel matrix produced in the fre-
quency and fractional domains under doubly dispersive channels
based on these conditions adapting LDLH factorisation, can reduce
the MMSE equaliser complexity [8,20]. All the low-complexity
equalisers are itemised for the OFDM systems alone; this is not
the case for the DFrFT-OCDM systems.

LDLH factorisation equaliser (Linear equaliser) was proposed
in [42] as a low-complexity equaliser for the OFDM systems,
benefiting from the banded properties of the frequency domain
channel matrix H̃ . In like manner, the DFrFT-OCDM systems can
use the LDLH factorisation equaliser because the system matrix
in the fractional domain is almost banded more than the system
matrix in the frequency domain [3].

The calculation of the equaliser matrix W n is restricted to the
first Q sub- and super-diagonals of H̃α by applying the binary
masking matrix M with elements:

M(m, n) =

{
1 0 ≤ |m − n| ≤ Q
0 Q < |m − n| < Na

(26)

here the masked matrix:

n = M ⊙ H̃α (27)

hich is shown in Fig. 11, where ⊙ denotes to the element-wise
ultiplication. The MMSE equaliser can be defined according

o [42] as:

n,MMSE = BH
n

(
BnBH

n + γ −1INa

)−1
(28)

here Bn is a banded matrix with Q off-diagonal terms below
nd above the diagonal, which corresponds to a band structure
or (BnBH

n ), only the first 2Q off-diagonal terms above and be-
ow the diagonal enclosed elements can reduce the calculation
omplexity of the MMSE equaliser in (28). In the meantime, (28)
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Fig. 11. The desired structure of the band matrix B inside the whole matrix H̃α .

is regarded as time-dependent where x̂n = W n,MMSE z̃n can be
educed with no need for explicitly determining W n,MMSE .
The LDLH factorisation of the Hermitian band matrix BnBH

n +
−1INa = LDLH can then be directly calculated [39], reaching to:

ˆn = BH
n

(
LDLH)−1 z̃n = BH

n dn (29)

As an alternative option to calculate the inverse in (29), the
ystem can be resolved by forwarding the substitution to obtain
2,n via the lower left triangular matrix L and a rescaling by the
iagonal matrix D−1 to calculate d1,n. Finally, back substitution
ith the upper right triangular LH yields xn, which can be inserted

nto (29) to determine d̂n :

LDLH)−1 z̃n = dn (30)

z̃n =
(
LDLH)

dn (31)

z̃n = L D

d1,n
LHdn  
d2,n

(32)

The overall complexity for obtaining x̂n is (8Q 2
+ 22Q + 4)Na

complex operations [42]. The choice of the parameter Q is a
trade-off between performance and sophistication. So, for exam-
ple, a larger Q produces a slight estimation error, resulting in
performance enhancement. On the other hand, the calculations’
complexity increases as a consequence of the higher bandwidth
of B.

4. Results and discussion

In the following channel environments, the performance of
uncoded bit error rate (BER) for the conventional OFDM and
DFrFT-OCDM systems is studied:

1- Time-invariant channel.
2- Time-variant channel.

The QPSK modulated OFDM system under investigation has
the following parameters: L = 8,N = 128, and Na = 96.
The communication channel simulated in this proposed work is
the Rayleigh fading channel that has an exponential power delay
profile and a root-mean-square delay spread of 3. The adopted
carrier frequency is chosen to be ultra-high frequency based on
the suggested application investigated in this paper, therefore,
the subcarrier spacing is ∆f = 20 kHz and fC = 10 GHz. This
Doppler frequency corresponds to a high mobile speed V = 324
Km/h. Simulation is carried over 105 continuous channels and
different OFDM symbols, which means105

∗ 96 ∗ 4 data bits.

4.1. Time-invariant channel

Doppler frequency is equal to zero in the time invariant chan-
nel environment (fd = 0). The OFDM system uses the single tap
equaliser, and the DFrFT-OCDM system uses the MMSE equaliser.
Fig. 13 shows the BER performance for both systems. The OFDM
Fig. 12. OFDM and DFrFT-OCDM BER comparison in time invariant channel
environment.

Fig. 13. OFDM and DFrFT-OCDM BER comparison in time-variant channel
environment.

system performance is compared to the work carried out in [42],
and it was found to match.

From Fig. 12, although the DFrFT-OCDM system has a superior
performance, the OFDM system with the single tap equaliser has
a very competitive performance with much less complexity. As
a result, there is a recommendation to use the OFDM in the
time-invariant fading channel scenarios.

4.2. Time-variant channel

In the time-variant channel environment, we consider the
maximum Doppler frequency fd = 0.15∆f . The MMSE equaliser
as used for the OFDM and the DFrFT-OCDM system.
From Fig. 13, the DFrFT-OCDM system has a superior per-

ormance when compared to the OFDM system with the same
MSE equaliser, and with the same complexity. As a result, the
FrFT-OCDM is regarded as a better choice in time-variant fading
hannel scenarios.

.3. LDLH factorisation equaliser simulation

To measure the performance of the proposed OFDM system,
imulation was run for an OFDM transmission with N = 128
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Fig. 14. BER for MMSE equalisation with a block of Q = Na(96), and low-
omplexity at Q = 5 approaches for DFrFT-OCDM at α = 0.2π/2 and
FDM.

Fig. 15. Comparing OFDM and DFrFT-OCDM at α = 0.2π/2 for different
percentage values of H̃α power restricted in Bn , determined by [Q ] that depends
n the number of off-diagonal elements Q that are measured by M ..

ubcarriers, where only Na = 96 are active subcarriers, with CP
f lengthL = 8, and QPSK modulation. The channel model is the
ame as the one used in [8], which adapts an exponential power
elay profile with an RMS delay spread of 3 sampling periods,
ith a maximum Doppler spreadfd equal to 15% of the carrier

spacing over a group of 105 Rayleigh fading channels.
A comparison between the block MMSE equaliser and the LDLH

low-complexity equaliser (Banded MMSE) is shown in Fig. 14 for
the OFDM system and the DFrFT-OCDM system (α = 0.2π/2).The
ow-complexity equaliser functions with Q = [5, 96], where 96
orresponds to the regular block MMSE equaliser. Performance
esults are shown in Fig. 14 in terms of BER. The OFDM curves
orrespond with those stated in [42]. The DFrFT-OCDM system
ith Q = 5 shows a slight degradation over the full MMSE OFDM
ystem at high SNR, but needs only 3.4% [42] of the calculation’s
ost in terms of complex operations, and still outperforms OFDM.
To investigate and determine the masking level Q’s influence,

he power components in H̃α and the after-masking process by M
educed to Bn, should be compared. We take into consideration
hat the ensemble trace operator tr{·}’s average power ratio is
iven in the following relation:

[Q ] = ε

⎧⎨⎩ tr
{
BnBH

n

}
tr

{
H̃αH̃

H
α

}
⎫⎬⎭ , 0 ≤ ρ [Q ] ≤ 1 (33)

Fig. 15 clearly illustrates that OFDM suffers from the effect of
oppler fading that causes energy to spread away from the main
iagonal. The results show that the spread of energy is not even
imited to nearby off-diagonals, which makes it essential to imply
high value of Q to collect a large amount of the power contained
n H̃ . A similar effect of Doppler fading can be noted with the
FrFT-OCDM because of its inability to diagonalise H̃α . However,
nlike OFDM, DFrFT-OCDM’s leaked power exists adjacent to the
ff-diagonal element. As a result, a much lower value of Q can
e applied to collect the required power of the components of
˜

α in Bn, which justifies the performance improvement achieved
ith even less difficulty, making the proposal of this system for
obile medical application with machine learning perspectives
referable.

.4. Deep computing perspectives

Although various concepts of machine learning and big data
pplications are explored in mobile health, there has been little
ttention paid to the usage of machine learning and optimi-
ation techniques for coding at the physical layer. At present,
he machine learning and deep learning fields have overcome
ssues concerning compression of neural networks and neural
uto-encoders. Consequently, there is adequate opportunity for
pplying such techniques in the mobile health field; indeed, it
ould be used in encoding the data prior to broadcasting and
hen decoding it after passing through the channel. This oppor-
unity is regarded as essential in the sense that a robust and
ompressed neural net is needed. At the same time, such a model
ust be able to decrease the load of transmitted data through

ts auto-encoding structure. Other opportunities consist of the
pplication’s design using intelligent models that are specialised
or specific medical tasks. They can also communicate through
he channel both efficiently and in a compressed manner.

There are various methods that can apply machine learning
odels for the specific tasks of medical images or video process-

ng [43]. Such models can be quickly and easily learned through
ifferent optimisation techniques, such as greedy growing and
runing for trees. These can be easily used for fast auto-encoder
asks because they are compact and simple to interpret. Other
ypes of models, such as neural nets, can be learned through
ome gradient-based methods. However, for neural nets, due
o the high complexity of the model, the issue of compressing
nd decreasing inference complexity must be tackled for specific
asks of data transmitting. As an extension to the current work,
ne can further design a model that is suitable for the previ-
usly mentioned tasks whilst achieving optimal efficiency in data
ransmission, encoding, and bandwidth usage.

. Conclusions

In this paper, a mobile medical video streaming broadcasting
ystem was proposed. The time and frequency fading channel
ith its effects on OFDM system performance were investigated.
he DFrFT-OCDM MCM system was studied as an alternative
CM system that can enhance the overall MCM system perfor-
ance. It was demonstrated that using simple equalisers with
CM systems was in high demand within the medical video
roadcasting system because of its large symbol length, despite
ts simplicity. The DFrFT-OCDM was found to be a good alterna-
ive for the OFDM in a doubly dispersive channel environment,
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dependent upon changing the traditional OFDM basis with a chirp
basis using the DFrFT, which can cope with the channel variations.

Low-complexity equalisers based on LDLH factorisation were
proposed with the DFrFT-OCDM system, and it was demonstrated
that this new combination shows improved performance when
compared to OFDM using the same equalisers. This justifies the
reason this system is recommended to be applied within mobile
medical video broadcasting. Future work will be implemented
to incorporate this proposed system with other techniques that
could reduce the complexity or the power consumption, such as
searching for new low-complexity equalisers, searching for alter-
native bases that can improve the MCM system’s performance
under doubly dispersive fading channels in other applications
like social media, introducing Network Coding in [15,44–46] with
MCM systems to improve the overall system performance, or with
searching for the optimum number of paths for realisation of
multi-path routing as in [47].
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