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Abstract: Constant envelope with a fractional Fourier transform-
orthogonal frequency division multiplexing (CE-FrFT-OFDM) is a
special case of a constant envelope OFDM (CE-OFDM), both be-
ing energy efficient wireless communication techniques with a 0 dB
peak to average power ratio (PAPR). However, with the proper se-
lection of fractional order, the first technique has a high bit error
rate (BER) performance in the frequency-time selective channels.
This paper performs further analysis of CE-FrFT-OFDM by exam-
ining its spectral efficiency (SE) and energy efficiency (EE) and
compare to the famous OFDM and FrFT-OFDM techniques. An-
alytical and comprehensive simulations conducted show that, the
CE-FrFT-OFDM has five times the EE of OFDM and FrFT-OFDM
systems with a slightly less SE. Increasing CE-FrFT-OFDM’s trans-
mission power by increasing its amplitude to 1.7 increases its SE
to match that of the OFDM and FrFT-OFDM systems while slightly
reducing its EE by 20% to be four times that of OFDM and FrFT-
OFDM systems. OFDM and FrFT-OFDM'’s amplitude fluctuations
cause rapid changing output back-off (OBO) power requirements
and further reduce power amplifier (PA) efficiency while CE-FrFT-
OFDM stable operational linear range makes it a better candidate
and outperforms the other techniques when their OBO exceeds
1.7. Higher EE and low BER in time-frequency selective channel
are attracting features for CE-FrFT-OFDM deployment in mobile
devices.

Keywords: fractional Fourier transform (FrFT), constant envelope,
spectral efficiency (SE), energy efficiency (EE), high power ampli-
fier.
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1. Introduction

Orthogonal frequency division multiplexing (OFDM) is a
famous physical layer transmission technique with a high
data rate and ease of implementation using fast Fourier
transform (FFT). The main drawback of the OFDM
modulated waveform is high amplitude fluctuations that

Manuscript received January 17, 2017.
*Corresponding author.

produce large peak to average power ratio (PAPR). The
high PAPR makes the OFDM sensitive to nonlinear dis-
tortion and high energy requirement for wireless commu-
nicating handheld devices [1].

This and other drawbacks such as its sensitiveness to
carrier frequency offset make the OFDM unfit for the next
generation mobile device usage. Different techniques were
applied to reducing or eliminating OFDM PAPR draw-
backs as discussed in [2,3], which are mainly categorized
as signal scrambling techniques and signal distortion tech-
niques.

The 0 dB PAPR signal scrambling techniques include
a constant envelope OFDM (CE-OFDM) presented in [4]
and a CE fractional Fourier transform OFDM (CE-FrFT-
OFDM) or simply named CE chirped OFDM discussed in
our earlier research in [5]. The techniques attain the same
symbol error rate (SER) as the conventional OFDM and the
FrFT-OFDM with ease of deployment and 100% amplifier
efficiency in its operation. The CE-FrFT-OFDM uses the
advantages of FrFT as discussed in [6] and [7] to imple-
ment CE-OFDM as developed by [4] and its symbol error
rate (SER) performance was analyzed in [8].

The advantages of the CE-FrFT-OFDM includes high
SER as conventional OFDM, high power amplifier (PA)
energy efficiency, additional system security due to the sig-
nal spreading which creates a noise-like waveform suitable
for secure and low probability of intercept (LPI) communi-
cations as in [9]. Unlike the CE-FrFT-OFDM proposed in
[10] and its performance analyzed in [11], which has limi-
ted range of applications as it only uses Barker codes,
the CE-FrFT-OFDM in [5,8] has a wide range of applica-
tions as it uses any modulated signal like M-ary quadrature
amplitude modulation (M-QAM), M-ary phase shift key-
ing (M-PSK), and offset quadrature amplitude modulation
(OQAM) with a M-PSK coverage in this paper.

However, 0 dB PAPR, 100% PA efficiency, and high
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SER are not the only performance conditions needed by a
next generation communication system. Other conditions
include system complexity for system feasibility, spectrum
efficiency (SE) and energy efficiency (EE) for efficient use
of available bandwidth and energy as discussed in [12].
Since the CE-FrFT-OFDM uses FrFT in its operation with
the same complexity and power consumption as FFT in a
traditional OFDM [13], then, the CE-FrFT-OFDM has the
same complexity and power consumption as the conven-
tional OFDM with the exception of signal extension and
its wrapping into CE. The fact that the additional opera-
tions in the CE-FrFT-OFDM are in the real-valued signal
reduces extra memory requirement and power consump-
tions [14]. It is an added advantage and the increasing need
of its further exploration.

The main objective of this paper is to further discuss
the CE-FrFT-OFDM by analytically finding its SE and EE,
compare the analytical results with simulations, the tradi-
tional OFDM and the FrFT-OFDM systems. The rest of
the paper is organized as follows. Section 2 gives the re-
view of the CE-FrFT-OFDM. Section 3 gives SE and EE
analytical calculations of the system. Section 4 gives the
detailed SE and EE system simulations and comparison to
the OFDM and the FrFT-OFDM. Lastly, Section 5 con-
cludes the paper and provides recommendations for future
work on CE-FrFT-OFDM systems.

2. System model

This section provides a review of a CE-FrFT-OFDM sig-
nal generation as depicted by a block diagram in Fig. 1.
The main stages of CE-FrFT-OFDM formation is obtain-
ing a time-domain signal by using an inverse FrFT (IFrFT)
as given by

N-1
sim) = > Si(k)F_a(m,k), 0<m<N-1 (1)
k=0

where S;(k) is the modulated signal (PSK is used in this
paper), F_.(m, k) is the IFrFT transform as detailed ex-

plained in [15,16]. The FrFT is given by

Fo(m,n) =1/ W exp (‘%m2 cot a(u)2> X

exp <‘]§n2 cot a(Tf)) exp (—j 2nmn> 2)

N

1 . .
where = p- - (0 < a < =), pis the fractional
factor of the transform, Aw is the sampling space in the

27| sin o
—— . Wh
N en

a = g, the system becomes a traditional OFDM system
(FFT-OFDM) and the obtained system will be CE-OFDM.

fractional Fourier domain, and AuTy =

Signal CP Signal CE
] mappings | SP IFrFT addition | | extension — S modulation
Wireless channel
. ; CE
—~— Slgnél = P/S < FrFT |—= Cp |=— Signal |~ S/P demodul-
demappings removal compres ation
sion

Fig.1 CE-FrFT-OFDM block diagram

Then, to get a CE-FrFT-OFDM, the obtained time-
domain signal s;(m) is extended to obtain a real-valued
time signal as shown by (3) and wrapped by a CE wave-
form as given by (4).

—— {éNxN] R(s)" + |:2N><N] (s (3)
NXxXN NXxXN

where ()H represents the transpose operation, Iy is an

N x N identity matrix, Oy x v is an N X N zero matrix

and R(+) and 3(+) stand for real and imaginary operations.

Signal extension operation creates a noise-like wave-

form which is suitable for increasing security of the com-
municating devices as discussed in [9]. Cyclic prefix (CP)
can be added as a guide band to eliminate inter-symbol in-
terference (ISI) of the transmitted information but for sim-
plicity CP overhead is not covered in this paper. Then, the
CE of the real-valued signal generated is obtained by phase
modulating the signal m,; as given by

x; = Aexp(j(2h mod - My +6;)) “)

where h 04 is a constant modulation index (MI), j =
v/ —1, and 6; is the ith subcarrier angle for increasing chan-
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nel estimation efficiency given by 6; = 6;_1 + 2711% with
0o = 0.

The signal is then amplified and transmitted through a
wireless channel. The received signal is the results of wire-
less channel impulse response (CIR) and additive white
Gaussian noise (AWGN) as given by (5). The receiver ex-
ecutes inverse operations in reverse order to estimate the
transmitted signal.

Yi =h; @ z; +w; (@)

where h is CIR, ® is convolution operation,  is the trans-
mitted signal and w is the noise between the transmitter
and receiver. In the frequency domain, it can be easily rep-
resentedby Y = HX + W.

In implementations, N = 64 FrFT size is used followed
by signal extension to obtain 2N phased modulated sub-
carriers. The implementations need additional computa-
tion/circuit for signal extension and wrapping with addi-
tional 10% to 15% circuit power consumption requirement
as stated in [17,18]. However, PAPR elimination will fur-
ther reduce 40% of the amplification power [19] and there-
fore gives the overall best system power consumption than
OFDM and FrFT-OFDM systems.

3. SE and EE analysis
31 SE

SE is a widely accepted criterion for wireless network op-
timization. It measures the system throughput per given
bandwidth. According to Shannon’s formula [20], the
achievable data rate over an AWGN channel could be ex-
pressed by

C = Blog,(1 + SNR) = Blog, <1 + %) (6)
where B is the bandwidth, SNR is the signal to noise ratio,
P, is the average received power, and P,, is the AWGN
average power.

Due to receivers estimation errors, the signal to noise
ratio is further decreased by incresed signal distortions
caused by estimation errors and the overall channel
throughput is given by

Py
C= BlOg2(1+SNDR) = BlOg2 (1 + m) (7)

where SNDR is the signal to noise distortion ratio, and Py
is the power of the nonlinear distortion noise.

For a multicarrier systems in a multipath wireless com-
munication channel, its capacity is given by (7) as detailed

explained in [21-23]. By using (7) we obtain the CE-
FrFT-OFDM system capacity given by

1Ll
il HWHI?P,
7 |H(W?")]

N
C=B) log, |1+ —=
; o82 [ 1 oa P+ o2

(=)

@)

[ V)

where N is the number of subcarriers, L is the multipath
taps, H(W?') is the channel impulse response in the fre-

quency domain for the first path, and P; is power for the
T
z

xX; (t)

T

ith subcarrier given by P, = J - x;(t)*dt with

(-)* being the complex conjugate, and 0% is the minimum
mean square error (MMSE) variance due to equalization
and o2 is the AWGN variance.

NP
CCE-FFT-OFDM = %BlogQ (1 + %)

©)
where E[] is the expectation operation, and P, is the aver-
age transmit power of the CE-FrFT-OFDM subcarrier.

By using block type pilot symbols, the receiver is as-
sumed to have partial channel state information (CSI) and
can be used to determine the CIR of the Rayleigh fading
channel which is a good model for analyzing performance
of the CE-FrFT-OFDM in indoor environments.

A least square (LS) estimator or MMSE estimator can
be used to approximate and equalize the transmitted sig-
nal with an alternative of the training sequence. The CIR
obtained by LS and MMSE estimators is given by

His=Xp'Yp (10

Hyvse = Run(Run + o2(Xp X)) ' Hrs  (11)

where H is the estimated complex-value Rayleigh fad-
ing random variable (CIR) in the frequency domain H =
[Ho,H1,...,Hr 1], Xp and Yp are transmitted and re-
ceived pilot symbols respectively and Ryy is channel au-
tocorrelation.

Although the OFDM, the FrFT-OFDM, and the CE-
FrFT-OFDM pass through the same wireless channel, each
one will be affected differently as each has different peak
values and fluctuations. The CE-FrFT-OFDM, the FrFT-
OFDM, and the OFDM channel responses are shown in
Fig. 2. The CIRs are of equal nature and determined by
the type of channel intead of the waveform type but the SE
and EE will vary depending on the signal strength of each
waveform as shown in Fig. 3 and Fig. 4.
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Fig.2 OFDM, FrFT-OFDM, and CE-FrFT-OFDM channel impulse responses
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Fig. 3 SE of CE-FrFT-OFDM against MI and amplitude when
SNR=15 dB
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Fig. 4 EE of CE-FrFT-OFDM against MI and amplitude when
SNR=15 dB

The overall CE-FrFT-OFDM SE is given by

2
wHWH&) )

1 )
— Zog, (1
8B = 5 1082 ( * oA Py + 02,

Compared with OFDM, the ratio between the CE-FrFT-

OFDM and OFDM SE is given by

1 E[H,]?P,
— log, <1 + 72[ 1 12 )
7SE, _ 2 (TAP1—|-(Tw (13)
1SE; E[H,]* P,
10g2 1 + S p . 2
ox Py + 02
Simplify (13) and we obtain
o2
ok + T + Bl
1 1 P
5 089 2
O’2A + Tw
ZzEl - — i . a4
" ok + 7 + ElHo)”
lo 2
22 D)
ozA + Tw
Py

Thus, under the same transmit power, i.e., when P, =
P», and the same noise energy, i.e., E[H;]* = E[H2)%,
nSEz, but increasing P; also increases 7sg, to

NSE, =
match 7gsg, as shown in Fig. 3.

3.2 EE

In addition to throughput improvement, EE is becoming
an increasingly important factor for mobile communica-
tions because of the slow progress of battery technology.
EE defines the amount of energy used by a communica-
tion system to transmit the given information [24,25]. EE
is simply defined as the system throughput divided by the
total system power consumption.

Moreover, the mobile devices also incur additional cir-
cuit power during transmissions. The circuit power repre-
sents the average energy consumption of device electro-
nics, such as mixers, filters, and digital-to-analogy convert-
ers. In a transmit mode, the EE of the CE-FrFT-OFDM is
given by

_ Ccp-mFT-OFDM

NEE = Pr =

CCE-RFT-OFDM
kP, + Po
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B
A |
2(kPy + Po) 22 ( +

where x is a constant depending on the amplifier opera-
tional efficiency, P, is the transmit signal power and P¢ is
the circuitry power consumptions.

For the CE-FrFT-OFDM, k = 1. Since it has 100%
power amplification efficiency but > 3 for OFDM and
FrFT-OFDM as they attain maximum amplifier efficiency
of 30%.

E[|H(W)]?| P,
o3 Py + 02 ) 15

C
Take EE of the CE-FrFT-OFDM as ngg, = W:-Pc’
Cy
d EE of OFDM - 72
an 0 as NEw, B P
Compare the two EEs:
oy _ 1 rals £ 1 (16)

MEE, k1P + P . Cs

For the same channel capacity, i.e., C; = C5, and from
k1 = 1land Ko > 3, we get

P, + P,
NEE, _ K2 2+ ¢ a7
NEE, P+ P,
So for the same transmission power, i.e., P; = P,

the CE-FrFT-OFDM will have better EE than OFDM, i.e.,
NEE, > TER,, as it is proved in Fig. 4.

3.3 Transmission under power amplifier

Under PA, the signal power P, is amplified with the gain
g, and to reduce energy consumption signal clipping is em-
ployed when P;,, > P®* as given by

P,
P = {

—Pin < Jgirl?ax

Rn 2 })irr?ax (18)

where P, is the amplifier output signal power, P, = P,
is the signal power, g > 1 is the amplifier gain and PJ'**
is a maximum signal power which causes amplifier satura-
tion.

Unlike multicarrier systems, the CE-FrFT-OFDM has a
high linear range of operation and has a 0 dB PAPR. In
multicarrier systems power back-off factor is used to in-
crease the operational linear range of an amplifier. The in-
put back-off (IBO) and output back-off (OBO) further in-
creases SNDR hence reducing system capacity as given
in [19]. The SNDR in a multicarrier system is given by

1 P,
SNDR = OBO (Pd + Pw) 1

Pmax
where OBO = P(-);Jg .

mn
In multicarrier systems, OBO > 1, which in-
creases signal distortion and makes SNDRpyc <

SNDRcE-rrrT-0FDM, and hence SE and EE of the CE-
FRFT-OFDM are always greater than those of the OFDM
and the FrFT-OFDM systems as shown in Fig. 5.

8.0

751

7.01

SE/(bps/Hz)
IS s
(=] wn

W
W

bl
=]

430 15 20 25 30 35 40 45 50

OBO power
—— :OFDM; —— :FRFT-OFDM; —— : CE-FRFT-OFDM.
Fig. 5 SE comparisons for CE-FrFT-OFDM, OFDM and FrFT-
OFDM under HPA when SNR = 15

4. Simulation results

The parameters used in the simulation are tabulated in Ta-
ble 1.

Table 1 System parameters

SN Information Value
1 Subcarrier size 64
2 Guard band 8
3 Modulation type 8-PSK
4 Fractional order 0.1
5 Number of symbols 10 000
6 MI h 104 1
7 Envelope amplitude (EA) 1.5
8 Doppler frequency/Hz 100
9 Signal delay/us 1,10
10 Delayed signal power/dB -4, -2
11 Subcarrier bandwidth/MHz
12 Maximum transmit power/W 3
13 Circuit power/W 0.2
14 Amplifier gain/g 1

In analyzing the SE and EE of the CE-FrFT-OFDM, we
compute their values under different MI and EA as shown
in Fig. 3 and Fig. 4. The first shows that an increase of
MI reduces SE but the increase of EA increases SE of the
system. The latter shows an increase of MI leads to the in-
crease of EE while increasing EA reduces EE. Bases on
this, the trade-off between EE and SE has to be made for
the best system operation condition. Since the CE-FrFT-
OFDM is an energy efficient system, we compromise EE
for better SE and the preferred choice for EA and M1 is 1.5
and 1 respectively as tabulated in Table 1.

The selected MI and EA are used to find SE and EE of
the system and compare to OFDM and FrFT-OFDM sys-
tems as shown in Fig. 6 and Fig. 7. The first shows that,
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the SE of the CE-FrFT-OFDM is slightly less than that of
the OFDM and the FrFT-OFDM but it can be increased to
match other systems by increasing its EA from 1.5 to 1.7
as shown by Fig. 3 and Fig. 4.

9

7,

SE/(bps/Hz)

L L

10 15 20 25
SNR/dB

—— :OFDM; ——:FRFT OFDM;

—— : CE-FRFT-OFDM-simulations;

—#— : CE-FrFT-OFDM-analytical.

(=)
W

Fig. 6 SE for CE-FrFT-OFDM and its comparison to OFDM and
FrFT OFDM

8.0

7.5¢
7.0¢
N 6.50

o
=]
.

SE/(bps/Hz

“n
n
!

0 5 10 15 20 25
SNR/dB

:OFDM; —— :FRFT OFDM;

: CE-FRFT-OFDM-EA=2;

: CE-FRFT-OFDM-EA=1.8;

: CE-FRFT-OFDM-EA=1.5.

Fig. 7 SE of CE-FrFT-OFDM under different EA

Fig. 7 shows the EE of the system is five times that
of OFDM and FrFT-OFDM. In increasing EA of the CE-
FrFT-OFDM system we increase SE to match shows that
the SE of CE-FrFT-OFDM is constant while the SEs of
OFDM and FrFT-OFDM decrease or exceed that of OFDM
and FrFT-OFDM systems. Fig. 6 further compares SE
of the systems under high PA with different OBO. It is
abruptly when increasing OBO and it is outperformed by
CE-FrFT-OFDM when OBO is greater than 1.7.

5. Conclusions

In this paper, we discuss the implementation of the CE-
FrFT-OFDM. The SE and EE of the CE-FrFT-OFDM are

analyzed to show the effectiveness of the system. Fig. 3
and Fig. 4 show how the optimized waveform amplitude
and MI are obtained in our system. Using the optimized
value, the SE and EE of the system are found and analyzed
under different SNR, and compared to OFDM and FrFT-
OFDM systems as shown in Fig. 6 and Fig. 7.

The simulation proves the CE-FRFT-OFDM is a energy
efficient system with slightly less SE. Fig. 6 shows the
SE of the system can easily match that of the OFDM and
the FrFT-OFDM when amplitude of the waveform is in-
creased. Fig. 5 shows the system has better performance
than the OFDM and the FrFT-OFDM when operated under
amplifier with an OBO of at least 1.7.

The high SE and EE proved here plus the same SER
performance as the OFDM and the FrFT-OFDM show in
our previous research proves that the CE-FrFT-OFDM is a
good waveform of choice for use in wireless communica-
tion devices.
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