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Abstract

without nonlinear distortion.

The peak-to-average power (PAPR) is one of the main challenges in multicarrier transmissions. Aiming at reducing the
PAPR, we propose a residue number system (RNS)-based OFDM parallel transmission scheme. The key idea of the
proposed scheme is to utilize the parallel property of RNS to convert the input signals into the parallel smaller residue
signals while utilizing the characteristic of RNS modular operation to effectively limit the output in each residue
subchannel after inverse fast Fourier transform, which is smaller than the corresponding modulus. The main
contribution of the proposed scheme is to reduce the dynamic range of the transmitted signal without nonlinear
distortion so as to reduce the PAPR during the transmission. A generalized performance of the proposed scheme is
analyzed in this paper, including the PAPR reduction, the complexity, the transmission bandwidth, etc. Also, an
approximate formula to calculate the transmission bandwidth of the proposed scheme is derived, which simplifies
design procedure in practice and implies that a minor increase of the dynamic range of RNS will bring comparative
improvement of the transmission bandwidth consumption. Theoretical analysis and simulation results demonstrate
that the proposed scheme has the ability to achieve desirable PAPR reduction and low computational complexity

1 Introduction
Orthogonal frequency division multiplexing (OFDM),
known as a multicarrier transmission, divides high-rate
serial data streams into a number of parallel lower rate
data streams that are transmitted on different subcarriers.
The main advantages of OFDM-based systems include
robustness to frequency selective fading, high spectral
efficiency, low-complexity equalization, etc. [1,2]. How-
ever, since the transmitted signal of multicarrier trans-
mission is the sum of data on different subcarriers, the
variation of OFDM signal amplitudes is very wide with
high peak-to-average power ratio (PAPR). The system per-
formance could be degraded due to high PAPR, which
introduces signal distortion when the dynamic range of
transmitted signals is larger than the amplifier accom-
modation. As a consequence, PAPR becomes one of the
bottlenecks for OFDM-based systems in practical applica-
tions.

These years, great interest has been focused on PAPR
reduction [3-10]. In general, these schemes can be
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classified into lossy and lossless techniques depending
on whether the transmitted signals are distorted or not.
Common lossy schemes include clipping, peak window-
ing, companding transform, etc. Among them, clipping
[5,6], which limits parts of the signals over the allowed
region, is the simplest and most widely used. However,
there are some limitations for these lossy schemes. For
example, when the distortion caused by amplitude clip-
ping is serious, it will lead to bit error rate (BER) perfor-
mance degradation. Lossless schemes include coding [7]
and probabilistic scheme [8-10]. Coding scheme selects
the codeword that reduces the PAPR for transmission and
may address the problem of error control, but it is hard to
be adapted to OFDM with a larger number of subcarriers.
Probabilistic schemes, such as partial transmit sequence
(PTS) and selected mapping (SLM), which are based on
decreasing the occurrence probability of peaks instead of
avoiding peak of signals, reduce the PAPR effectively with-
out the distortion at the cost of computational complexity
and data rate loss due to the use of side information.
Residue number system (RNS), a parallel number sys-
tem, is based on Chinese remainder theorem (CRT),
which divides a large integer into several independent and
parallel smaller ones with a specific modulus set. Due to
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the carry-free and parallel properties, RNS further simpli-
fies the computations by decomposing a problem into a
set of parallel, independent residue computations. Thus,
RNS has received wide attention in very large scale inte-
gration applications. The activities of RNS focus on RNS-
to-binary conversion, RNS parity check, and RNS scaling
scheme [11-13]. Recently, more attention is also paid to
RNS in a parallel communication field because of its paral-
lel and fault-tolerant properties [14-19]. For instance, the
RNS-based parallel communication scheme like CDMA
has been proposed in [14,15], which focused on the system
architecture and the BER performance improvement at
the receiver. An RNS arithmetic aided frequency-hopping
pattern is designed in [16-18], where RNS is invoked as
a tool for constructing uniform pilot patterns with lim-
ited interference. In [19], we proposed an RNS-based
OFDM transmission scheme to reduce the PAPR without
nonlinear distortion.

A preliminary study was previously presented in [19],
where we concentrated on the system’s description and on
the PAPR simulation results. In this paper, we extend the
performance analysis of the proposed scheme to the PAPR
reduction, the complexity, the transmission bandwidth,
etc. We will evaluate its performance in comparison
with conventional OFDM and PTS-OFDM. The hardware
complexity of the proposed scheme will be also discussed.
Unlike [14-18], we utilize residue signals to present trans-
mitted signals so as to reduce the PAPR at the transmit-
ter in OFDM multicarrier systems. When an RNS-based
transmission scheme is employed in OFDM, one of the
big advantages is that the dynamic range of the inverse
fast Fourier transform (IFFT) output is limited by the
corresponding modulus due to the characteristic of RNS
modular operation. The main principle of the proposed
scheme is to utilize the parallel property of RNS to divide
the original frequency band into V' equal portions and to
convert the input signals into V smaller residues using
the corresponding modulus set. Then, these V residue
signals are preformed modulations (in particular, OFDM
in this paper) in the corresponding V residue subchan-
nels. Signals of each residue subchannel share the original
frequency band through frequency division multiplexing
(FDM). Specifically, the value of the corresponding mod-
ulus determines the dynamic range of the output in each
residue subchannel. When the number of subcarriers is
large, the proposed scheme is still able to limit the trans-
mitted signals within a small dynamic range and reduce
PAPR without nonlinear distortion. It is demonstrated
that the PAPR performance has been improved by more
than 5 dB compared with conventional OFDM. We also
find that the proposed scheme outperforms PTS-OFDM
in computational complexity.

This paper is organized as follows: In Section 2, the
background about OFDM, PAPR, and the properties of
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RNS is briefly introduced. The proposed transmission
scheme is described, and the performance analysis of
PAPR reduction, complexity, and transmission bandwidth
is provided in Section 3. The simulation results are given
in Section 4, while the conclusions are offered in Section 5.

2 Background

2.1 OFDM and PARR

OFDM is a transmission scheme which distributes the
data over a large number of closely spaced orthogonal
subcarriers. The available bandwidth is divided into the
orthogonal carriers. The basic structure of OFDM trans-
mission is shown in Figure 1. It multiplexes the data on
multiple carriers and transmits them in parallel. Define
the input data symbols (i.e., constellation symbols) on the
subcarriersas d;(i = 0,1,...,N — 1), where N is the num-
ber of subcarriers. The output after the inverse discrete
Fourier transform is s, as shown in (1).

ijz[ik),(OEkEN—l) (1)

N-1
Sk = Z d; exp(j
i=0

The PAPR of OFDM signals is defined as the ratio
between the maximum peak power and the average power
[20].

2
max{|sk2| }(dB)

E{lsk|”} 2)

k=0,1,2...,N—1)

It is known that the complementary cumulative distri-
bution function (CCDF) is commonly used to denote the

probability that the PAPR exceeds a given threshold value
z, as shown in (3).

P(PAPR >z} =1—{PAPR <z} = 1— (1—e 9N (3)

PAPR = 10log

2.2 Properties of residue number system

An RNS is defined by the relatively prime modulus set
my(v = 1,2,..., V). Any integer R can be represented in
RNS by residue sequence {r1,ry,- - - ,rv}, as shown in (4).

r, = R(modm,) (4)

The number ry is said to be the residue of R with respect
to my, and we shall usually denote this by r, = (R),,,. The
integers in the range of [ 0, M) can be represented in this

OFDM
do So
d ? Sk
1 S1
Serial- = —> - i
erial : [FFT Parallle Cycl-lc
to-parallel | : to-serial prefix
dn g SN
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Figure 1 The basic structure of OFDM transmission.
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Figure 2 The simplified block diagram of RNS-OFDM.

RNS uniquely and unambiguously, where M; = ]_[1‘,/:l my
is referred to as the information dynamic range, i.e., the
legitimate range of the information symbol.

For example, given a modulus set {7, 15, 16}, the infor-
mation symbol R = 1,538, in the information dynamic
range [0, 1,680), can be presented by {5, 8,2} in this RNS.
In this sense, a big integer can be converted into small
residues, which are always smaller than the corresponding
moduli.

Usually, the binary-to-residue conversion and the
residue-to-binary conversion are denoted as B/R and R/B,
respectively. The information symbols can be uniquely
recovered by residue sequence through CRT [21], which
is one of the fundamental theorems of RNS. The relation-
ship between the information symbols R and its residues
is as follows (5):

(Z Sy x (1/8)),,,, X rv> mod Mj, (5)

where (1/S,),,, is called as multiplicative inverse of S,,
Sy = M;/my, and (S, x (1/S,),, ) mod m, = 1.

The definition of a signed number in RNS is similar to
that in two’s complement system (TCS) [13,22], that is,
an integer R in the legitimate range [ 0, M) can be repre-
sented as a signed number, R. Thus, if 0 < R < [M;/2] or
[M;/2] <R < My, Ris positive or negative, respectively,
where [x] denotes the smallest integer larger than x.

In RNS, the addition and multiplication are both per-
formed in a modular manner. If the given modulus set
is {my,my,...,my}, X = {x1,%0,...,x2v}, and ¥ =
1,92, .- yvhie, x, = (X),,, andy, = (Y),,, , then the

addition/subtraction and multiplication can be presented
respectively by (6) and (7):

XEY ={x,%,.. .07} £ {y1,92, ..., 9V}
={z1,29,...2v} = Z where z, = <xv :i:yv)mv

(6)

X XY Z{x1,%x0,...,x0vI ¥ {y1,y2, .., 9V}
={z1,2,...2zv} = Z wherez, = (xv X yv>mv

O

In the following section, we propose the RNS-based par-
allel transmission scheme, which limits the dynamic range
of transmitted signals to reduce the PAPR of the system.
Also, we will analyze the PAPR performance, complex-
ity performance, and transmission bandwidth with the
Shannon theory.

3 RNS-based parallel transmission
The simplified baseband block diagram of the RNS-based
OFDM transmission scheme (denoted as RNS-OFDM in
this paper) is given in Figure 2 (the bold arrow repre-
sents for the parallel processing). The original frequency
band is divided into V equal portions, and the input
signals (i.e., constellation symbols) are converted into V'
residues by the corresponding modulus set through B/R.
The frequency-domain symbols in residue form in each
residue subchannel are modulated by IFFT to the RNS-
based OFDM symbols through the OFDM modulator.
Specifically, Figure 3 portrays the proposed RNS-based
parallel transmission scheme designed for OFDM. The
number of modulus {m1,my,---my} is V, and the sym-
bols transmitted are denoted as do, d1,dy - - - ,d;, - - dn_1.
The function of the mapping module, if the input is posi-
tive, can be sent into the B/R module directly; otherwise,
the input adds the legitimate M before B/R.

'RNS IFFT.

m;
{I'mm_rm”‘rmu ...I'm“\,UL FET

1
m !
Z{I'mgn_l”mﬂ I'my,, - Tmpn. “ E‘SA STX (k)
B/R ( IFFT T + —

| 1
: Lo |
m ! | f,
V{ ImyoI'm,; I'my,, ...I’mw,\,,uj H
> IFFT |¢ (%)9
1 1
1 1

Figure 3 The basic diagram of RNS-based parallel transmission scheme.
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Through B/R conversion, according to (4), the serial
data streams are divided into V parallel residue subchan-
nels transmitting signals, which are represented as (8) in
the RNS.

Ym1,00 Yy, 15 oo Py ,(N—1);

"m2,05 Yimo, 15 «oos Yo (N —1); (8)

Tmy,00 T'my,15 <o Y'may (N —1);

The residue sequences {7y,,0, ", 1 --» 'm,,(N—1)} Which
correspond to the modulus set m, (v = 1,2,... V) residue
subchannel are transmitted into the IFFT module, respec-
tively. According to (1), the output corresponding to the
modulus m, residue subchannel after IFFT is represented
as follows (9):

N 2 ik
Skam, = SKKT/N) = T, i eXp(——)
pary N ©)

O0<k<N-1L0<i<N-1.

The signals of each residue subchannel share the orig-
inal frequency band through FDM. The set of V par-
allel residue signals is superimposed in the transmitter
expressed as (10)

1%
Stx (k) = Re |:Z Sk,m, exp(janv):| , (10)
v=1
where 1 < v <V, f, is the carrier frequency.

In the proposed scheme, the parallel transmitting sig-
nals of Vresidue subchannels are simultaneously sent to
the channel in V frequency band portions, i.e., assuming
these parallel transmitting signals are uncorrelated. Thus,
the transmitted signals are superimposed on each other
from all frequency bands and are separated on different
residue subchannels in FDM. The reception module (in
Figure 2) of the receiver is dedicated to receiving signals
on the corresponding residue subchannel. Using FFT to
demodulate signals for each residue subchannel, the input
signals are recovered based on (5) after R/B. The demod-
ulation and detection techniques for receiving RNS-based
signals have been proposed in the publications [14,15],
which is beyond the scope of this paper.

3.1 PAPRreduction

It can be seen from (1) and (2) that the output of OFDM is
the sum of the N subcarriers. Wide variation of the ampli-
tudes of OFDM signals could cause high PAPR, which
potentially results in nonlinear distortion unless OFDM
systems have enough linear dynamic range. When the
number of subcarriers is larger, the influence is more criti-
cal. However, the dynamic range of the amplifier is usually
limited in practical applications. Accordingly, it is better
for PAPR reduction that the linear dynamic range of the
amplifier is fully used without signal distortion.
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The proposed scheme using the properties of RNS effec-
tively reduces the range of transmitted signals. In the fol-
lowing, we will evaluate the PAPR reduction performance
by mathematical analysis.

Based on the definition of RNS, the residue is smaller
than its corresponding modulus from (4), i.e, 0 < r, <
my, forl < v < V. The addition/multiplication operation
is modular addition/multiplication in RNS, as seen in (6)
and (7).We can get (11)

2y = (im0 + rmy1 + ... + va,(N71)>mv . (11)

The result is the same in the multiplication in RNS. The
output signals after IFFT at the transmitter of this scheme

are obtained from (9). Obviously, we can get z, < m,, i.e.,
N-1
XEJ Tmyi < My.
l In other words, regardless of the number of addition and
multiplication, the sum of residue signals in each residue
subchannel is still smaller than its corresponding modu-
lus. So, this scheme effectively limits the dynamic range of
the transmitted signals.

From the definition of the PAPR in (2), the output of
OFDM in (1), and the output of RNS-OFDM in (9), the
PAPR of OFDM can be presented by (12)

2

}

Nl 2mik
> diexp(j=-)

i=0

max{
PAPROFDM = 1010g

2

}

=L 2wik
> diexp(j=5)

i=0

N-1
> di

i=0

E{

2

<10log - (dB).

N-1 o
> diexp(j=R~ )’ }
=0

E{

(12)
The PAPR of RNS-OFDM also can be obtained as (13)

2

}

N-1 ,
max{ Z rmv,iexp(jzgr\]—lk)
PAPRgys = 101log N‘ZIO
E{| > rmv‘,-exp(jZ”Tﬂ()
i=0
N-1
Z Ty, i
=0 - (dB).

ziky)| )

2

}

2

< 10log

N-1

E{| > rm,iexp(i
i=0

(13)

When these phrases of N subcarriers are the same,
the highest PAPR occurs, i.e., the inequality sign of the
above equation takes an equality sign. In addition, the
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Table 1 Computational complexity of RNS and PTS by the number of equivalent real additions

PAPR reduction schemes RNS PTS

Equivalent real additions of IFFT 21VNlog, N 11MNlog, N

Additions of all phrase factors 2M = HWM=IN

Computation of PAPR VN IWM=1N

Number of equivalent real additions 21VNlog, N + 9VN T1TMNlogy N + M + HWM=TN
N=2048,V=3W=2,M=38 1,474,560 8,011,776

real and imaginary parts of the OFDM signal have asymp-
totically Gaussian distributions for a large number of
subcarriers by the central limit theorem. Then, the ampli-
tude of the OFDM signal follows a Rayleigh distribution
R(0+/0.57, (2—0.57)02%), with mean E(X) = 0+/0.57 and
variance D(X) = (2 — 0.57)02. From the computational
formula for variance [23], we can get (14)

E(X%) = DX)+H[EX)]? = 2—0.57)0% + 05102 = 202
(14)

By substituting (14) to (12) and (13) respectively, we
can find that the denominators in the PAPR equation
of OFDM and RNS-OFDM are both constant for a spe-
cific Rayleigh process. To compare the PAPR performance

between OFDM and RNS-OFDM is mainly to com-
N-1 ‘

pare the fractions, i.e., the size of X(:) d; exp(j%—‘k) and
1=

N-1 ,

‘Zo iy i exp(jz’;\[—lk). According to (4), the residue 7, ; of

1=

the number d; is always smaller than d;. After multiplying

a rotation factor exp(jZ"Tik) and summing up all the N ele-

N-1 N-1
ments, we have ) rmv,iexp(j%) < Y d; exp(j%).
i=0 i=0
Therefore, the PAPR in RNS-OFDM could be much
smaller than that in OFDM.

For intuitive description, we show a simple example
to compare the PAPR reduction performance between
them. The symbols to be transmitted are denoted as
do,di,dy -+ ,d;, - - - dn_1, where the data d; are selected in
this dynamic range D :[ 0, 128), and the number of subcar-
riers is 1,000. In conventional OFDM, the output s gets
the high value when the phrases of subcarriers are close
to each other. Extremely, if these phrases of all subcarri-
ers equal zero, the output has the highest value from (12).
Then, the range of the output is [0, 128,000) from (1). In
this RNS-OFDM, the modulus set {3, 7, 8} is selected, and
the legitimate range M equals [0, 168), where M D D.
In such case, d; can be unambiguously recovered by the
residue sequence (r1,r2,73). The range of the output of
the RNS-OFDM can be evaluated [0, 8,000) from (9). In
the RNS-based parallel transmission scheme, the residue
is always smaller than its corresponding modulus, i.e., 0 <
ry < my,for 1 < v < V.In addition, the value of each

selected modulus can be much smaller than the value of
the original data d;. As a result, the amplitude of the trans-
mitted signals of the RNS-OFDM decreases more than 10
times as that of the OFDM, and the range of the maximum
power reduces more than 100 times.

With respect to of the dynamic range of transmitted
signals in the proposed scheme, we have made mathemat-
ical analysis and made the preliminary estimate for PAPR
reduction performance. The RNS-based parallel trans-
mission scheme for OFDM is expected to improve the
PAPR reduction performance. A simulation study will be
given in Section 4.

3.2 Complexity analysis

We focus our attention on the computational basic units
in RNS, modular addition and multiplication, which are
the basis of complexity analysis. The computational com-
plexity of the RNS-based scheme will be discussed in this
part.

In theoretical analysis, RNS modular addition/multi-
plication can be designed for flexibility in which case the
methodology allows the design of adder/multiplier for any
modulus. The basic adder for any modulo- is defined as
(15)

(A+B),, =

{A—i—B ifA+B <m (15)

A+ B —m otherwise.

The most straightforward implementation, the most com-
plex way, requires three adders: one for the addition,
one for the subtraction, and one for the comparison
[24]. A modular multiplication of complex signals can be
expressed as (16)

(A x B),, = (@142}, — (b1b2) ) 1

. (16)
+i{(bra2),, + (b2a1),),, -

The modular multiplier needs more six modular oper-
ations than complex multiplier, which needs four real

Input P, Ni, Py Nout
—| Transmitter — Channel ——={ Receiver ——
w w’ W’ W

Figure 4 The general diagram of transmission channel.
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Table 2 Parameter used for simulation of PAPR

Parameters Value

Subcarrier number, N 2,048

The number of input symbols 1,000

Modulation format 64QAM, 16QAM, QPSK
Moduli number, V 3

Moduli set 128,127,63

Phase factors, W {—=1,1}

Disjoint sub-blocks, M 3,8

multipliers and two real adders. In each modular opera-
tion, it needs two adders (one for addition and one for
comparison) in the most straightforward implementation.

In general, a length N IFFT operation requires
(N/2)logy N complex multiplications and N log, N com-
plex additions. A complex multiplication takes four real
multiplications and two real additions, and a complex
addition requires two real additions [8].

In the RNS-based scheme, the number of modulus V
N-pointed IFFT is needed. Considering the input as the
complex signal, a modular complex addition would take

would take 30 real additions in the high-complexity situ-
ation. |Sk,mv }2 is calculated to determine the PAPR, which
requires 2VN real multiplications and VN real additions.
In Table 1, we have summarized the computational
complexity of the RNS-based transmission scheme
through real addition and compared it with one of the
popular lossless PAPR reduction schemes, the PTS [9].
Note that implementation of the RNS-based PAPR reduc-
tion scheme is supposed in the most complex way. How-
ever, when the binary phase factors of {—1, 1} are used, i.e.,
W = 2, the computational complexity of the rotation of
each sub-block for the PTS scheme is reduced. The com-
putational complexity of the RNS-based PAPR reduction
scheme is much lower than that of the PTS scheme.

3.3 Bandwidth analysis
In the following, we will analyze the transmission band-
width consumption of the proposed scheme and derive
the approximate transmission bandwidth to facilitate the
practical application.

From the Shannon formula [25], the channel capacity in
unit time is expressed as (17)

Py

C
2. . C;= lim = = Wlog(1+ 17
6 real additions, and a modular complex multiplication E e T 8 noW)’ (17
CCDF plots of PAPR
0
10° T
104 r ]
[/
[a]
Q
&)
10721 .
|[ —+— RNS_1-PAPR
| RNS_2-PAPR
R — RNSmB—PAPR
[| —— Ori-PAPR
—A—- PTS-PAPR M=3
—+— PTS-PAPR M=8
107° I ! Y -
0 2 4 6 8 10 12
PAPR(dB)
Figure 5 PAPR reduction performance of the proposed scheme, PTS scheme, and the conventional OFDM. With N = 2,048, 640AM, V = 3,
W={=1,1},andM = 3/M =8.
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where W is the transmission bandwidth, P is signal
power, and ng is white Gaussian noise spectral density. It
can be seen that the channel capacity is relevant to the
transmission bandwidth and signal-to-noise ratio (SNR).

The general diagram of the transmission channel is
shown in Figure 4. When the channel capacity and trans-
mission time are constants, the information rate of input
is equal to the information rate of output. Hence, the
following relationship is obtained:

/

p
W log(1+ —*) = Wlog(1l +
Nin

S
N, out )

To compare the transmission bandwidth of these two
schemes, the RNS-OFDM and conventional OFDM, we
derive their relationship expression of transmission band-
width under the conditions that the input of the trans-
mitters and number of subcarriers of the two schemes are
the same. Denote the signal bandwidth as Wrns (i.e., the
transmission bandwidth), signal power as Prns, and the
additive white Gaussian noise channel with signal power
as Nrns. Through the conventional OFDM scheme pro-
cessing, the transmission bandwidth is denoted as W, the
signal power as Ps, and the channel noise power as Ny. The
following expression can be obtained from (18):

(18)
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When II\% is much more than 1, i.e., the signal-to-noise
ratio SNR = 10log f—i) is larger than 0 dB, the equation
above can be facilitated as
Py
No'

Prus Wins (20)

Nrns

In order to compare the transmission bandwidth of
these two schemes, let o be the coefficient of transmis-
sion bandwidth consumption, i.e, @ = Wgns/W. So,
the coefficient of transmission bandwidth consumption is

obtained from (20)
Py
e logP]\T0 ' 1)
10g Fixs

Since the signal power is P; = Ej, x r, where Ej, and r are
the energy per information bit and the information trans-
mission rate, respectively, according to the structure of the
RNS-based parallel transmission scheme, the relationship
of transmission rate between the proposed scheme and
the conventional OFDM can be presented by rrns = ¢ X 7,
where the bit-wide coefficient ¢ = %
resents the M-ary of the input signal. Then, the signal
power of RNS-OFDM is obtained as follows:

» and My rep-

Prns Py
Wrns log(1 + )= Wlog(l+ —). (19)
Nrns No Prns = Eprrns = Epcr = cPs. (22)
, RNS-OFDM PAPR
107 ek kX —k ok
107 ) .
;
W |
a |
Q i
o |
)\
\
|\
—%— - RNS_1-PAPR QPSK i
107°H RNS_2-PAPR QPSK B B
%~ RNS_3-PAPR QPSK ]
% RNS_1-PAPR 16QAM
RNS_2-PAPR 16QAM
l| % RNS_3-PAPR 16QAM
— % RNS_1-PAPR 64QAM
[ RNS_2-PAPR 64QAM ,} *
— % RNS_3-PAPR 64QAM
10-3 T T 1 1 A 1 1 i 1
4 4.2 44 46 4.8 5 5.2 5.4 5.6 5.8
PAPR(dB)
Figure 6 PAPR performance of the RNS-OFDM with 64QAM, 16QAM, and QPSK modulations.
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Since the channel noise average power of OFDM is Ny =
no W, the noise power of RNS-OFDM can be obtained as

follows:
NRrNs = noWrNs = noa W = aNp. (23)

In this case, the following relationship is obtained by
substituting (22) and (23) in (21):

log £ log £
oy OgP _ ogNo - = 1 1 ) (24)
log ;b logs +logip 14 2882
logN—0

In other words, the transmission bandwidth relationship
between these two schemes is

1

1+ logc—lo.got (25)

Wrns =
log 11\%

The character of the curve of coefficient of the trans-
mission bandwidth consumption will be shown in the
following section, in which 0 < « < 1. Obviously, since
logr < 0 and log ]I\)TZ > 0, we can get
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To facilitate the practical application, the approximate
formula of the transmission bandwidth between the pro-
posed scheme and conventional one, as seen in (27), is
obtained after simplifying (25). The verification and anal-
ysis of the approximate formula will be shown in the
following section

1
logc
Py
log No

WrNs = (27)

The transmission bandwidth of this scheme is relevant
to the bit-wide coefficient ¢ and SNR. When ¢ = 1,
i.e., the dynamic range equals the value of M-ary of the
input signal, is met, then both transmission bandwidths
are equal. When the condition 11\); > 1, ie, SNR >
0 dB and ¢ > 1, is met (in general SNR is bigger than
0 dB in practical applications), the transmission band-
width of the proposed scheme is smaller than the one of
OFDM. This could be explained that when ¢ > 1, the
total number of bits per residue symbol is also bigger

1 1 than the number of bits of the M-ary input, implying that
O<a= ; < <1 (26) . o
1 M 1 4 losgc the energy per symbol increases. Hence, the bandwidth is
T F g I
o8 15 %% No decreased.
The bandwidth ratio
0.95 ‘

Bandwide ratio a

055 |- O—c=2 ]
—*%—c=3
c=
% =5
05 | | | | | | T
10 15 20 25 30 35 40 45 50

SNR(dB)

Figure 7 The relationship between the bandwidth consumption ratio and SNR with different bit-wide coefficients c.
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Table 3 Approximate results of bandwidth consumption
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4 SNR

10dB 20dB 30dB 40dB 50dB
2 76.9% 86.9% 90.9% 93.0% 94.3%
3 67.7% 80.7% 86.3% 89.3% 91.3%
4 62.4% 76.9% 83.3% 86.9% 89.3%
5 58.9% 74.1% 81.1% 85.1% 87.7%

4 Simulation results

We use simulations to study PAPR reduction, transmis-
sion bandwidth performance, and the out-of-band (OOB)
spectrum of the proposed scheme and to evaluate the
complexity performance through the comparison of 2048-
FFT between the RNS-FFT and TCS-FFT.

The performance of PAPR reduction is evaluated by
CCDEF. The simulations assumed that the number of mod-
ulus V was equal to 3 and the value of the modulus set
{m1, my, m3} was {128,127,63}. The parameter used for
simulation is shown in Table 2.

Figure 5 compares the PAPR reduction performance of
the proposed scheme, the PTS scheme, and the conven-
tional OFDM, where the modulation style is 64QAM. The
curves labeled by ‘RNS_m; — PAPR] ‘RNS_my — PAPR]
and ‘RNS_m3 — PAPR’ denote the PAPR performance of

the residue subchannels, respectively, which correspond
to the modulus set {m], my, m3} . The curves labeled by
‘PTS-PAPR M = 3’ and ‘PTS-PAPR M = 8 denote the
PAPR performance of the PTS scheme with M = 3 and
M = 8 disjoint sub-blocks, respectively. When the PTS
is with M = 3, W = {-—1,1}, the RNS-based scheme
is better than the PTS by about 4 dB. When the PTS is
with M = 8, the proposed scheme still outperforms PTS.
Meanwhile, the computational complexity of the RNS-
based scheme is less than 20% of that of the PTS. The
curve labeled by ‘Ori-PAPR’ denotes the conventional
OFDM PAPR performance. More than 5-dB improve-
ment of PAPR reduction is obtained by the RNS-based
parallel transmission scheme at a CCDF of 1072

The PAPR reduction performance of the proposed
scheme is simulated with different modulation styles, viz.

The PSD of RNS—-OFDM & OFDM

PSD[dB]

-151

Ori-OFDM
— — RNS-OFDM

frequency

Figure 8 The power spectral density of RNS-OFDM and OFDM with N = 2, 048, 64QAM.
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Table 4 Complexity performance of RNS-FFT and TCS-FFT for 2048-point FFT

RNS-FFT

TCS-FFT

Combinational ALUT (used/total)
Memory ALUT (used/total)
Registers (used/total)

Frequency of critical path (MHz)

9,925/182,400 (5%)
162/91,200 (< 1%)
3,101/182,400 (2%)
114.08

13,294/182,400 (7%)
0/91,200 (0%)
1,361/182,400 (< 1%)
106.09

ALUT, adaptive look-up table.

64QAM, 16QAM, and QPSK, as shown in Figure 6. These
curves denote the PAPR performance of the residue sub-
channels with different modulation styles, respectively.
While the modulation style changes, the PAPR perfor-
mance curves of each residue subchannel scarcely change.
The results show that the proposed scheme can effectively
reduce the PAPR compared with the conventional trans-
mission scheme. At the same time, the proposed scheme
is not restricted to any modulation format in any residue
subchannel.

The relationship curves between « and SNR based on
(25), as shown in Figure 7, portray the transmission band-
width consumption ratio curves with different bit-wide
coefficients ¢, which vary from 2 to 5. For instance, when
the coefficient ¢ = 3 and the signal-to-noise ratio SNR =
20 dB, the transmission bandwidth consumption of the
RNS-OFDM is reduced to 77.2% of that of conventional
OFDM.

The results in Table 3 present the bandwidth ratio
between the RNS-OFDM and the conventional one,
which are obtained from (27) with bit-wide coefficients
¢ and SNR. Compared to the bandwidth ratio curve in
Figure 7, the approximate results in Table 3 are a little
larger than the real results, but the approximate for-
mula facilitating the calculation is very useful in prac-
tical application. Furthermore, according to the analysis
above, the proposed scheme occupies less bandwidth
resource than the conventional one. As a general trend,
the transmission bandwidth changes exponentially with
different SNRs, as seen in (20); thereby, we can adjust
SNR through the minor adjustment of the number of
modulus, or the dynamic range of RNS, to get a compara-
tively better improvement of the transmission bandwidth
consumption.

The OOB spectrum can be observed from Figure 8.
The spectrums of RNS-OFDM and OFDM are almost the
same. This could be explained by the computational pro-
cess of PSD which is equivalent to the conventional FFT
of the signal envelope.

Regarding the hardware complexity, it can be seen that
when the proposed scheme increases the additional R/B
and the residue subchannels units, the hardware com-
plexity of this scheme rises. However, at the same time,

it completely preserves the advantages of RNS, such as
parallelism, carry-free, high speed, etc. We illustrate the
complexity performances of the proposed RNS-based
FFT by comparing it with the TCS-based FFT in FPGA.
As shown in Table 4, our implementation is comparable
to TCS-FFT in terms of hardware complexity, but it out-
performs TCS-FFT with respect to computation speed.
In practical hardware implementation, the RNS-based
parallel transmission scheme possibly would seek a trade-
off between the hardware complexity and computation
speed.

5 Conclusions

This paper has presented a novel PAPR reduction scheme,
where the natural properties of RNS are utilized to ensure
that the amplitude of the transmitted signals has a smaller
range for PAPR reduction. Simulation results demonstrate
that the proposed scheme achieves 5-dB PAPR improve-
ment compared with the conventional OFDM and also
outperforms PTS with low computational complexity. A
bandwidth approximate formula of the proposed scheme
is derived, which simplifies the design procedure in prac-
tice. Though the hardware complexity of the proposed
scheme rises, the proposed scheme would seek a trade-
off between the hardware complexity and computation
speed.
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