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ABSTRACT

Constant Envelope Discrete Cosine Transform based Orthogonal Fre-
quency Division Multiplexing (CE-DCT-OFDM) system with M-ary
Pulse Amplitude Modulation (PAM) mapper is considered. In the sys-
tem phase modulation is used to achieve constant envelope signals that
have 0 dB Peak-to-Average-Power Ratio (PAPR). Transmission of such
signals permit high power amplifiers in the system to operate with max-
imum power efficiency. The performance of CE-DCT-OFDM systet is
examined over Additive White Gaussian Noise (AWGN) and over fading
channels. Closed-form expressions for Bit Error Rate (BER) over Ricean
and Rayleigh channels are derived. The performances of CE-DCT-
OFDM and conventional DCT-OFDM systems are compared as a func-
tion of Input power Back-Off (IBO) and Signal-to-Noise Ratio (SNR) for
the Traveling-Wave Tube Amplifier (TWTA) model. Results show that
CE-DCT-OFDM system offers superior BER performance compared to
DCT-OFDM system and has other advantages as well.
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lation and DCT for demodulation in an OFDM
system, results in better integrated system de-

1 Introduction

Fast Fourier Transform based Orthogonal frequency
division multiplexing (FFT-OFDM) is widely adapted
in a variety of communication standards due to its at-
tractive properties such as high spectral efficiency and
low complexity of the receiver, particularly, over mul-
tipath fading channels [2]. In an FFT-OFDM system,
complex orthogonal exponential functions are used
as basis functions. Instead, orthogonal cosinusoidal
functions can be utilized as basis to create multicar-
rier system. Such a system utilizes Discrete Cosine
Transform (DCT) [3] and is referred to as DCT-OFDM
system. Several researchers have been investigating
the use of DCT in OFDM system [4,5,6], as it has sev-
eral advantages over conventional FFT-OFDM system.
They are:

1. DCT is well known to have excellent spectral
compaction and energy concentration proper-
ties. As a result, the channel estimation and
also the system performance can be improved in
noisy environments [7].

2. DCT is widely adopted in image/video coding
standards (e.g. JPEG). Using IDCT for modu-

sign and reduced overall implementation cost
are possible [8].

. DCT uses real arithmetic compared to complex

arithmetic in the case of FFT. This reduces signal
processing complexity and power consumption,
especially, when M-ary Pulse Amplitude Mod-
ulation (MPAM) mapper is used in DCT-OFDM
system [7].

. In the presence of frequency offset, due to the

energy-compaction property of DCT, the inter-
carrier interference (ICI) coefficients in DCT-
OFDM system are concentrated around the
main coefficient. As a result, DCT-OFDM sys-
tem is robust to Carrier frequency offset (CFO)

[7].

. When MPAM mapper is used in DCT-OFDM

system, it requires half of bandwidth required
by an FFT-OFDM system, with the same num-
ber of subcarriers [9].

One of the major drawbacks of an OFDM system is
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the high PAPR of transmitted signals in an FFT-OFDM
system. When high PAPR signals are amplified us-
ing non-linear power amplifier, severe signal distor-
tion will occur. Therefore, power amplifier with suit-
able power backoff is required in the system. Without
appropriate power backoff, the system suffers from
spectral broadening, intermodulation distortion, and,
consequently, performance degradation. The problem
can be mitigated by increasing the power backoff, but
this results in poor power efficiency. In mobile de-
vices with limited battery supply power efficiency is
required to be as high as possible [10]. Several tech-
niques have been suggested to mitigate the problem
of high PAPR in an OFDM system such as coding,
partial transmission sequences, clipping, tone reser-
vation, and filtering [11,12,13]. These techniques offer
a variety of trade-offs in terms of complexity, perfor-
mance and spectral efficiency.

An alternative approach to completely eliminate
the PAPR problem in an OFDM system is based on sig-
nal transformation. In this technique, signal transfor-
mation occurs at the transmitter prior to modulation
and an inverse transformation at the receiver prior
to demodulation. In [14,15,16,17] phase modulation
and demodulation are considered in OFDM system:s.
Such systems are characterized by constant envelope
signal with 0 dB PAPR, and hence suitable for power
amplification close to the saturation level of non-
linear power amplifier. While FFT-OFDM systems
with phase modulation have been extensively studied
in the literature, DCT-OFDM system with phase mod-
ulation has not received much attention. In this paper,
therefore, DCT-OFDM system with phase modulation
referred to as CE-DCT-OFDM is presented and exam-
ined. The intent of this paper is to present a gener-
alized model of CE-DCT-OFDM system that can be
used to examine its performance. The BER analysis
of CE-DCT-OFDM system in AWGN channel is pre-
sented and then the analysis is extended to the case
of fading channel, as over practical communication
channels signal fading is always present.

This paper is organized as follows. Section II de-
scribes the generation of DCT-OFDM signal. Section
III introduces phase modulation in DCT-OFDM sys-
tem. CE-DCT-OFDM system with MPAM mapper is
described in Section IV, and its performance is anal-
ysed in AWGN channel. Section V deals with perfor-
mance analysis of CE-DCT-OFDM system over fading
channels. Finally, the paper is concluded in Section
VI.

2 Baseband DCT-OFDM Signal

The process of generating DCT-OFDM signal is shown
in Figure 1. The signal can be represented by

N-1
f=) Cupult)0<t<T, (1)
n=0
2
qDn(t):{\/;coshzfnt, 0§t<.T, 2)
0, otherwise
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Figure 1: Block diagram of DCT-OFDM signal gener-
ator

The cosinusoidal function ¢, (t) is the n*" orthogonal
signal with frequency f, = n/2T and repersents the n'"
subcarrier. The subcarrier spacing is 1/2T. The sub-
carriers are orthonormal over 0 <t < T = NT,. That
is,

T
fo ou(Dpr(Ddt 3)

r 2
:J; Tcosannt*
1
10

The time duration of the OFDM symbol is T = NT; T
is the time duration of DCT-OFDM symbol. It is noted
that T, = kT, and M = 2k. T}, denotes the bit duration.
C,(n=0,1,..,N —1) are N independent data symbols
obtained from MPAM signal constellation. The DCT-
OFDM signal can thus be represented by

Ecos27‘(fkt dt (4)
T
k

n=
otherwise

(5)

N-1

2
f(t)= \/;Zd C, cosmnt/T,0<t<T, (6)

3 DCT-OFDM Signal with Phase
Modulation

The phase modulated bandpass signal can be repre-
sented by

s(t) = Accos(2mf.t + P(t)) (7)

Where A, and f, are the carrier amplitude and fre-
quency. The phase in (7) is proportional to f(t) and is
given by

P(t) =hpf (1)

where hp is the modulation index.

(8)
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In DCT-OFDM system, f(t) is real for MPAM map-
per [9]. The advantage of DCT-OFDM system with
phase modulation is that the transmitted signals have
peak and average powers the same and hence, their
PAPR is 0 dB. Figure 2 shows a comparison of instan-
taneous powers of DCT-OFDM and CE-DCT-OFDM
signals.
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Figure 2: Instantaneous signal power: (a) DCT-

OFDM signal and (b) CE-DCT-OFDM signal.

4 CE-DCT-OFDM Transmitter

The block diagram of CE-DCT-OFDM transmitter is
shown in Figure 3. The output of the system can be
written as:

Generate
Data S/IP |— Mapping DCT-OFDM
Signal —‘
f@®
Phase Power
Modulation Amplifier
sty |0

Figure 3: Block diagram of CE-DCT-OFDM transmit-
ter

N-1
2 fet+ o /Tigi’-hp ZCncos(Tcnt/T)] (9)
s n=0
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s(t) = A.cos

where 0 <t < T, A, is the signal amplitude and f, is
the carrier frequency. 02 = (M?~1)/3 is the variance of
the data symbols [16]. {C,} are MPAM data symbols,
C,e {£1,43,---,£(M — 1)} for all n. The message signal

is given by: f(t) = v2/To? Y N-J C,cos(rent/T). The
average power of s(t) is P, (: IOT s(t)?dt/T = A%/Z) and

the signal energy is E; = P,T = A2T/2. For k bits of
information per symbol per transmission, the average
bit energy is E;, = A?T/2Nlog, M = A2T/2Nk.

4.1 Bandwidth Considerations

Phase modulated signals are complex to analyze for
their bandwidth. However, simple observations can
be used to get rough idea about the bandwidth of CE-
DCT-OFDM signals. Using Maclaurin series, the PM
signal described in equation (7) can be written as

s(t) = Ac(cos2mfet —hy f (t)sin2mf t
2

- 2—’: 2(t)cos2mfut +---)  (10)

When hp is small, the first two terms in the series are
sufficient to represent CE-DCT-OFDM signal. That is,

s(t) = Accos2mft — Achy f (t)sin2m fct (11)
This represents the narrowband case and the band-
width of the signal is at least 2W, where W is the
bandwidth of f(t). As h, becomes larger, the band-
width of the signal broadens. A useful expression
for bandwidth of the signal is given by the root-
mean-square (RMS) bandwidth [18] which is equal to
max(2hy,2)WHz. The bandwidth of the message sig-
nal f(t)is W =(N/2T)Hz

4.2 BER Analysis over AWGN Channel

The CE-DCT-OFDM receiver consists of a phase de-
modulator followed by the standard DCT-OFDM de-
modulator to recover the transmitted data symbols as
shown in Figure 4. Each block will be analyzed below.

w(t)

s(1)

Phase

o Demodulation

Hi(f)

LPF
Ha(f)

> ) ()

u(t) 0
DCT-OFDM

Demodulation

P/IS Data

UN—1|

Figure 4: Block diagram of CE-DCT-OFDM receiver
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4.2.1 Phase Demodulation

The noise w(t) is modelled as additive white Gaussian
with zero mean and power spectral density Ny/2. The
received signal s(f) + w(t) is fed to a BPF with transfer
function H;(f) shown in Figure 5. The filter has a cen-
ter frequency f, and bandwidth B. It is noted that only
a negligible amount of input signal power lies outside
the frequency band f, - B/2 <|f| < f. + B/2. The band-
width B is in excess of twice the message bandwidth
W by an amount that depends on the deviation ra-
tio of the signal s(t). Thus, it is noted that the BPF
allows the CE-DCT-OFDM signal without any distor-
tion. The filtered narrow band noise #n(t) can be rep-

H (f)

- f

BN
|
xolEU
|
P

Figure 5: Ideal bandpass filter characteristic

as

n(t) = ny(t)cos2m fot —ng(t)sin2mnf .t (12)

where n;(t) and ng(t) are the in-phase and quadrature
components of the zero-mean filtered Gaussian noise.
n(t) can also be represented as

n(t) = x(t)cos[2m f.t + V] (13)
where

x(t) = J[nr(t)? + ng(t)?] (14)
and

W = tan™ (ng(t)/n;(t)) (15)

The bandpass filter output y(f) can be written as:
y(t) = Accos[2mfet + p(t)] + x(t)cos[2m f.t + W (t)] (16)
Equation (16) in polar form is given by:
v(t) = vlt)cos[2m it + O1(1)) (17)

where v(t) represents the envelope and 6(t) is the
phase angle which can be written as [18,19]

O(t) = P(t) +&(t) (18)
where
- x(t)sin[W(t) + P(t)]
() = tan 1{Ac+x(t)cos[\lf(t)+qb(t)]} (19)

is the noise signal. With the assumption of a high
Carrier-to-Noise Ratio (CNR), A, >> x(t), equation
(18) becomes

x(t) .
P(t) + A—szn[\I’(t) - ¢(t)]

c

o(t) ~ (20)
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The output of the phase demodulator is given by

r(t) = k,0(t) (21)
where k), is the gain constant. With the large CNR
assumption and choosing k, = 1/h,,, equation (21) be-
comes.

r(t) = f(t)+na(t) (22)
where
kyx(t)
ng(t) = a1 sin[W(t) + P(t)] (23)

The power spectral density Sy4(f) of n,(t) is related
to the power spectral density Syg(f) of ng(t). That is
[19,20],

ky \°
Snalf)= {A_} Snolf) (24)
where
B
Snalf) = {I\(])0 otlilrsw?se (25)

The phase demodulator output is applied to a low
pass filter of bandwidth equal to message bandwidth
W. Itis used to pass the message signal and reject out-
of-band noise from n,4(t). The ideal transfer function
of the filter is

L IfIsw
Ha(f) = {0, otherwise

The output of the low pass filter can be written as

(26)

u(t) = f(t)+mn,(t) (27)

The power spectral density Sy,(f) of output noise
n,(t) at the output of low pass filter is given by

_[NokMAZIfl<W
Snulf) = { 0, otherwise (28)
and the average output noise power is
W Nok; 2WNok;
f af = 5 (29)
-W AC A(;

4.2.2 DCT-OFDM Receiver

The DCT-OFDM receiver, as depicted in Figure 4, is
composed of two stages: a demodulator and a detec-
tor. The demodulator projects the incoming signal us-
ing orthonormal bases and generates a vector whilst
the detector applies detection algorithm to estimate
the transmitted information symbols.
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Figure 6: DCT-OFDM signal demodulation using cor-
relators

The input to the bank of correlators (DCT-OFDM
demodulator) in Figure 6 is the signal u(t). The output
of the demodulator is the vector #. The j-th element
of 11, can be expressed as:

T
j :JO u(t)p;(t)dt (30)
T
= [ om0 G1)
=Cj/Jo?+Nyj;j=1,2,.,N-1 (32)

The mean of u; is,

E[u;] = E[Cj/+/0d + N,j]1 = E[C;/\J0?] = Cj/ | 0?
(33)
where C]- €{+1,43,...,+(M —1)}. The mean is indepen-
dent of the noise. However, the variance of uj is de-
pendent on noise and is given by:

Varluj] = o) (34)
= El(=G)’) (35)
T
= |:J‘ nu(t)(P]'(t)dtJ‘ Tlu(Z)(p]-(z)dz] (37)
0 0
T T
:EUO i (Pj(t)(Pj(Z)-nu(t)nu(z)dtdz] 38

Taking the expectation operation inside the integrals,
we can write

T T
03J‘ZL JO @j(t)@j(2)E [n,(t) - n,(z)]dtdz  (39)

T T
:'[ j Pj(t)pj(z)R,(t, z)dtdz (40)
0 Jo

where R,,(t,z) is the autocorrelation function of the

noise process. The variance of u; can be shown to be
given by:

www.astesj.com

2WNok; (T
of = A—g.[) HGLE (41)
~ 2WNok;
=— (42)
Az

4.2.3 Probability of Bit Error

The symbol error rate (SER) can be shown to be given
by [21]:

M-1 1
SER= —2P(Nuj > —] (43)
[2
Os
_,M-1 1
M Jiyvaz \/2n(2WN0/A§h§) (44)
e(—xZ/[2(2WN0/Agh§)])dx
M—l o0 1 )
=2— _e—x /de (45)
M 1/[2WNyo2/AZR3]05 271
- 6h2log,(M)E
:2(M 1)Q plog,(M)E, (46)
M (M2 - 1)N0

It is noted that for h, = 1, (46) represents the SER for
MPAM system [21]. For high CNR, the only signifi-
cant symbol errors are those that occur at adjacent sig-
nal levels. The BER of CE-DCT-OFDM system, thus,
can be approximated as [21]

BER ~ SER
log,(M)
- 6h2log,(M)E
> M-1 plogy(M)E, (47)
Mlog, (M) (M2-1)N,

The BER performance given by (47) is a function
of E,/Ny, signal-to-noise ratio, hp, modulation index,
and M, the number of amplitude levels in the MPAM
mapper in the CE-DCT-OFDM system. The perfor-
mance of CE-DCT-OFDM system with h, = 0.7 for
various values of M are illustrated in Figure 7, which
shows that BER increases as M increases for fixed
value of modulation index. For example at BER = 107>
and hp = 0.7, the SNR required for M = 16 is 14 dB
more than that required for M = 4.

Figure 8 depicts BER performance of CE-DCT-
OFDM system for 16-PAM mapper for h, = 0.3,0.7
and 1.2. It is observed that BER decreases as h), in-
creases for a fixed value of SNR. For example at BER
= 1075 the SNR required for h, = 0.3 is 12 dB more
than that required for h, = 1.2. The BER performance
of the system can be controlled by varying h and M
as shown in Figure 9. For example, the system with
M =16 and h, = 1.7 outperforms the system with

M =4 and hy, = 0.2 by nearly 9 dB at BER = 107.

Figure 10 compares simulation results to theoreti-
cal BER given by (47) for CE-DCT-OFDM system us-
ing N = 64 subcarriers, and M = 4. For E,/N, greater
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than 15 dB, and for a small modulation index hp =0.1,
simulation result is nearly the same as theoretical re-
sult. For large modulation index, for example hp =
0.8, the theoretical BER is not as accurate as simula-
tion result but still is within 1 dB of the former.

For the traveling-wave tube amplifier (TWTA)
model, BER performance of CE-DCT-OFDM system
is compared with that of DCT-OFDM system. The
undesirable effects of TWTA nonlinearities can be re-
duced by increasing the input power backoff (IBO).
For a given DCT-OFDM signal, we need to adjust the
average input power so that the peaks of the signal are
rarely clipped. That is, we will have to apply an IBO
to the signal prior to amplification. Computer simula-
tions are used to study the performance of the systems
using nonlinear TWTA with various IBO levels. Fig-
ure 11 compares BER performance of 64 subcarrier 8-
PAM CE-DCT-OFDM system and 8-PSK DCT-OFDM
system with TWTA using IBO of 0 dB, 8 dBand 12 dB.
At high SNR, CE-DCT-OFDM system provides signif-
icant performance improvement due primarily to the
0 dB backoff. The DCT-OFDM system with 0 dB IBO
has an error floor at BER of 0.09. At the BER 1073, the
IBO that results in the best DCT-OFDM system per-
formance is 12 dB, with E;/Ny = 16 dB. However, the
CE-DCT-OFDM system achieves this BER= 1073 with
Ey/Ngy =12 dB which implies an advantage of 4 dB.

10°
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Figure 7: BER performance of CE-DCT-OFDM system
over AWGN channel, as a function of M for hp =0.7
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Figure 8: BER performance of CE-DCT-OFDM system
over AWGN channel, as a function of hp for M = 16.
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Figure 9: BER performance of CE-DCT-OFDM system
over AWGN channel, as a function of (h,, M).
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Figure 10: BER performance of 64 subcarrier CE-
DCT-OFDM system with M = 4 over AWGN channel,
as a function of h,.
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Figure 11: Comparison of 64 subcarrier 8-PAM
CE-DCT-OFDM and DCT-OFDM systems for model
TWTA for various of IBO.

5 Performance over Fading Chan-
nels

The received CE-DCT-OFDM signal over a fading
channel can be expressed as:
r(t) = h(t)+s(t)+n(t) (48)

where h(t) represents the impulse response of the fad-
ing channel given by h(t) = ao(t). The instantaneous
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SNR per bit and the average SNR per bit can be rep-
resented as y = @?E;,/Ny and y = E{az}Eh/NO, respec-
tively. To obtain the bit error rate (P,) of CE-DCT-
OFDM system over such a fading channel, the con-
ditional BER is averaged over the Probability Density
Function (PDF) of y and can be written as [22]:

n= [P0y (49)
0
where Py(y) is given by:
M-1
Py(y) = Z(W)Q( \/DV) (50)
2
where D = %. It is noted that Q(z) in (50) is

the well-known (i—function and it can also be written

as:
1 /2 72
Q(Z)Z ;L exp(—m)de (51)

5.1 Rayleigh Fading Channel

For Rayleigh fading channel, the PDF of y is given by
[22]:

py(y)=%exp( ) Y20 (52)

YuIY

Using (50)-(52) in (49), the average BER over Rayleigh
fading channel can be shown to be given by

/2
p,=2
=2 sregan 77 . J

exp ( 2sin (9)

YlIY

)dyd@ (53)

Upon simplification (53) [23], we get:

[ M-1 [ Dy
Pb_(Mlogz(M))[l_ 1+D7y/2 (54)

The BER given by (54) for CE-DCT-OFDM system
over Rayleigh fading channel is a function of h,, mod-
ulation index, M, number of levels in MPAM, and
Ey/Ny, signal-to-noise ratio. The BER of CE-DCT-
OFDM system for M = 4 is plotted as a function of
hy, and E,/Ny as shown in Figure 12. It is observed
that BER increases as h, decreases for a fixed value of
SNR. For example at BER = 107> the SNR required for
h, =0.7 is 7 d B more than that required for h, = 1.5.
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Figure 12: BER performance of CE-DCT-OFDM sys-
tem over Rayleigh fading channel, as a function of h,
for M = 4.

5.2 Ricean Fading Channel

For the Ricean fading channel, the PDF of y is given
by [22]:

Py ()= (1 +1;)ef<exp[_(1 +77K)7/]
P PN LSLSIb 4 R

Using (50), (51) and (55) in (49), P, can be written as:

b _3( M-1 )(1+K)eK j”/zj‘”
" Mlog,(M) 14 o Jo
Dy (1+K)y (K+K2?)y
- - Ip|2+|——LL \dyd
ex”[ 2sin2(0) | ° 7 ydo

(56)

Integrating (56) [23], BER of CE-DCT-OFDM system
over Ricean fading channel can be written as:

b _g( M-1 J‘W (1+K)sin®(0)
" wn\Mlog,(M)) J, (1+K)sin?(0)+Dy/2
KDy/2
P\ =K@ Dz |10 57

The BER given by (57) is a function of h,, M, K,
Rice distribution parameter and E;,/Ny. The BER per-
formance K =7 dB and M = 4 is illustrated in Figure
13, are a function of h,. It observed that there is im-
provement in BER as hp increases, for example at BER
=107 the SNR required for h, =1.51is 17 dB less than
that required for h, = 0.2.

The effect of parameter K on BER performance is
illustrated in Figure 14, for M = 4 and hp =0.5. Itis
noted that the BER decreases as K increases, for exam-
ple at BER = 107> and h, = 0.5 the SNR required for
K =2 dB is 30 dB more than that required for K =18
dB.
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Figure 13: BER performance of CE-DCT-OFDM sys-
tem over Ricean fading channel, as a function of h), for
M =4.
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Figure 14: BER performance of CE-DCT-OFDM sys-
tem over Ricean fading channel, as a function of K for
M =4 and hp =0.5.

6 Conclusions

A generalized description of CE-DCT-OFDM system
is presented. In this system, phase modulation is
used to eliminate the problem of PAPR. BER analyses
of this system over AWGN and flat fading channels
are presented and closed-form expressions for BER
have been obtained. Improved BER performance is
seen with increased value of modulation index at fixed
transmission power. It is also observed that BER per-
formance can be controlled by varying h, and M as
well. Simulation performance of CE-DCT-OFDM sys-
tem over AWGN channel is also presented and com-
pared with theoretical results. The results show that
for a small modulation index, simulation result is
nearly the same as theoretical result. With nonlin-
ear the results show that CE-DCT-OFDM system has
better BER performance than the conventional DCT-
OFDM system when TWTA amplifier is used.
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