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Novel Dynamic and Static Methods for
Out-of-Band Power Suppression in SC-OFDM

Fumihiro Hasegawa, Akihiro Okazaki, Atsushi Okamura,
Damien Castelain, Cristina Ciochina-Duchesne, Loic Brunel, and David Mottier

Abstract—Novel dynamic and static out-of-band (OoB) sup-
pression methods for single carrier (SC)-orthogonal frequency
division multiplexing (OFDM) are proposed in this letter. In
the dynamic approach, symbols at designated positions from
the previous block are inserted at predetermined positions in
the current block to maintain continuity between blocks. In the
static method, a fixed sequence of symbols is inserted in an SC-
OFDM block for OoB power suppression. In both approaches,
OoB power can be suppressed significantly by controlling design
parameters.

Index Terms—SC-OFDM, out-of-band emissions, phase conti-
nuity

I. INTRODUCTION

Single carrier (SC)-orthogonal frequency division multi-
plexing (OFDM), a full carrier version of SC-FDMA (Fre-
quency Division Multiple Access) [1], is an attractive block
transmission method due to its low envelope variations and ro-
bust performance against multipath fading channels. However,
inheriting the phase discontinuity problem from OFDM, out-
of-band (OoB) emissions becomes a problem in SC-OFDM.
Windowing techniques [2] reduce useful portions of cyclic
prefix (CP). A variety of techniques [3] [4] have been proposed
to lower the OoB emission for OFDM but they cannot be
directly applied to SC-OFDM. The authors in [5] proposed
ECP-OFDM (extended cyclic prefix OFDM) which extends
OFDM blocks into neighboring blocks for smoother phase
transition by adding perturbation vectors to OFDM signals. In
this letter, novel methods are proposed to create overlapping
SC-OFDM blocks simply by using the past symbols or static
sequences to improve continuity of the waveform and lower
the OoB emission.

II. PROPOSED OOB SUPPRESSION METHODS
A. Signal model and measure of continuity

The signal model and measure of continuity are described
here. The number of data symbols, length of CP and number
of carriers for an SC-OFDM block are denoted as Np,
Ncp and N, respectively. First, discrete Fourier transform
(DFT) precoding is applied to Np data symbols d; =
[dyo, - denp_1]" for the k™ block obtaining sz; =
ZND*l e’jzﬂml/Ndeﬁm where —Np/2 <[ < Np/2 — 1.
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It is assumed that F \dkﬂ-\z =1and F [dk,mdzn} =0 if
k # 1 or m # n. The precoded symbols are mapped onto Np
carriers with (N — Np) /2 zeros on each side as a guard band.
Subsequently, IV carriers are converted to time-domain signals
by the inverse discrete Fourier transform (IDFT). Denoting
x, (), Top and Ts as OFDM signal for the £*" block, dura-
tion of CP and block interval without CP, respectively, it has
been shown in [4] that OoB power suppression for OFDM can
be achieved by setting derivatives of the signal continuous at
block transitions so that x,(cp ) (-Tep) = x,(ﬁ 1 (Ts), where
xép) (t) denotes the p'" derivative of x, (t) and zy (t) is
assumed to be nonzero for —Top < t < Tg. Using the
analog representation of the OFDM signal used in [4], an
analog representation of an SC-OFDM waveform for the k"

. Np
block is given by x (1) = > %

l=—=
the definition of sy ; in x(t), it can be shown that zj (t) =
_ _ —qorl( e -t
SN e Zl]\;D_/]%,Dl/z ¢ (¥5775) Let us assume that
Tep, Ts and Np are chosen such that the following condition
is satisfied,

j27l o
sk €’”" Ts . Substituting

TCP:T-NCPZL o)
Ts T-N Np’
where T is the sampling time 7' = Ts/N and x is an integer.
Then, it is obvious that x4 (—Tcp) = Np -di,np—y. It can be
shown that x,&p) (t) = 22281 dk,maffi) (t) where o (t) =
2 \P ~Np/2-1 —j2nl
(%) S/ratre

e ¥5 75 ) If the condition in (1)
is satisfied, a'?) (—Tp) can be expressed as o2 (—~Tcp) =

) p jorl
(%) ZJ\LDJJ%[;}Q Pe” Np (M) 1y addition, afff) (Ts) can
; p j2mlm
be written as o’ (Ts) = (%) ;i{/ir;l/z Pe” Np |
Then, the following equality can be derived, o (Ts) =
ar(ﬁ))d(mix Nb) (-Tep) = a'?) where mod(z,y) denotes

“x modulo y” and agﬁ) is introduced for notational conve-

nience. Let us also define an error term which is used as a

measure of continuity in this letter, ¢ = x,(f ) (=Tep) —

5“1(21 (Ts). By using the definition of x,(f) (t) and o, the

error term ) can be written as

Np—1
eP) = Z a%) (dk,mod(mfx,ND) - d/kflxm) : )
m=0

Bm

B. Proposed dynamic method

1) Symbol design: The goal here is to extend an SC-OFDM
block into adjoining blocks to create overlapping regions so



Copy

i Copy
L, K k+1™ block
block }
\cp, 7 Nep” | .
'
Extended

™ CPw x |
——> Extended k+1"™ block

Fig. 1. SC-OFDM block format in the proposed dynamic method
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Fig. 2. Proposed transmitter and receiver with the dynamic method

that interblock continuity is improved. Simultaneously, similar
to the method in [5], cyclicity needs to be preserved within
the extended SC-OFDM block to create an extended CP. Thus,
the following symbol placement is proposed:

dk,ND—Xer = dk—l,ma 0 <m< NR
dk:,NDfxfn = dkfl,NDfn; 1<n< NL (3)

where Nr and Ny, determine size of the overlapping region.
If we define Np = Np+ Np + 1 and Np < x, Np — Np
symbols are reserved for new data symbols in (3). It is obvious
from (3) that 3,, = 0 is achieved in (2) for m € Ir where
Ir ={0,1,--- ,Ng,Np — Np,--- ,Np — 1}. An example
of the proposed block structure is illustrated in Fig. 1, where
Np = N is assumed for simplicity. It is clear from Fig. 1 that
neighboring blocks are overlapped since the (k + 1)** block
can be extended into the k" and (k + 2)*" block by N, and
Npg + 1 symbols, respectively. Furthermore, cyclicity appears
within the extended block, thanks to the extended CP.

When Np = N; = 0, the proposed method becomes
dk,Np—x = dr—1,0.- Thanks to periodic extension in the IDFT
output [6] [7] and condition in (1), zx_1 (Ts) approaches
dr—1,0 which is also the first sample of the CP of the next
block x; (—Tcp) = Np - di—10. It is also clear from the
definition of 0455) and (2) that setting dy N, — = dir—1,0 yields
£ = 0 since aﬁ,?) =0 for m # 0 and Sy = 0: the 0t" order
continuity is achieved.

The transmitter and receiver structure of the proposed
method are shown in Fig. 2. As indicated in the figure,
the output of the IDFT corresponding to the k‘" block,
which contains N symbols oversampled L times by zero
padding (ZP) in the frequency domain, is written as y, =
[Yk,0,- - ,yk}NL,l]T. The last LN¢ p samples of yj,, denoted
as york = [YnL(N-Nep)s s UkNL-1] > are used as CP.
The transmitted signal can be written as y}, = [y4 Pk yHT.
The transmitter requires a delay component which holds the
designated symbols for one SC-OFDM block duration. As
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Fig. 3. SC-OFDM block format for the proposed static method

shown in Fig. 2, conventional SC-FDMA receivers [1] can
be used to demodulate the proposed waveform. For example,
during demodulation of the k" SC-OFDM block, the demod-
ulator may ignore dk7ND_X+m for —N;, < m < Ng since
these symbols are already demodulated in the previous block.

2) Comparison with ECP-OFDM [5]: For clarity, the trans-
mission method proposed in [5] is described here. Let us
define an NL x Np IDFT matrix W where the (m,n)"
element of W is given by [W] = = e/?™in/NL ang
in € {0,--- ,Np/2 —1,NL — Np/2,--- ,NL — 1}. Then
an OFDM waveform for the k" block can be expressed

as vy = [Pk, ,rk,NL,l]T = Wd. The perturbation

vector wy = [wg,0,- " ,wk_NL_l]T is added to the OFDM
- 2 - T

waveform to obtain Ty, = [Fr0, - ,Tk NL-1] = Tk + W.

Let us also represent rows between (N — Ngp)** and
(N — Ngp + Ng — 1) row of W as W and define
€km = ’Fk—l,m — Tk,m+(N—Ncp)L for m = 07 t ,NS -1
where Ng is a design parameter that determines the size of
the overlapping region. The perturbation vector is computed
to minimize the average power of f, = [fi.0, - 7fk’ND,1]T
where e, = [ex0, - ,e;%Ns_l]T = Wf,. Then, assuming
all data subcarriers are used to compute wy, the OFDM
waveform with the perturbation vector can be expressed as

~ -~ ~ -1 ~
fp=r,+WWH (WWH) ex, where W# is the Hermi-

tian transpose of W. Since the optimum perturbation vector
must be computed for every OFDM block, the receiver for
ECP-OFDM needs to implement an interference cancellation
algorithm to remove the perturbation vectors from the received
signal to avoid BER performance degradation [5]. On the
contrary, due to simple symbol assignments in the proposed
method (3), OoB suppression can be achieved without any
BER performance loss.

C. Proposed static method

Defining a static sequence as [F_n,, - ,Fo, -, Fngl,
the proposed static method can be expressed as
dkfl,m:me OSmSNR
dk—1,Np—n=F_n. 1<n<Np (4)

dk,pr)@Hn = Fm7
dk,prnfx = anv

The proposed static sequence placement is shown in Fig. 3.
In the proposed SC-OFDM block, 2Ny data symbols are
replaced with the static sequence and Np — 2N symbols are
reserved for new data symbols. Similar to the dynamic method,
it is clear from Fig. 3 that the proposed block can be extended
into adjacent blocks. It is also clear from (4) that 3,, = 0 can
be obtained in (2) for m € Ir. An advantage of the proposed
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method over a dynamic method is that the conventional SC-
OFDM transmitter can be configured to replace data symbols
with the static sequence. However, 2Nr symbols are reserved
for the static sequence whereas only Ny symbols are used
for the past symbols in the dynamic method. It should be
noted that when Np = N, = 0, the proposed static sequence
becomes dp n,— = dr—1,0 = Fp, resembling two “anchor
symbols” placed in an SC-OFDM block to maintain phase
continuity between blocks [7].

D. Performance analysis

1) Comparison of waveforms: An example is shown in
Fig. 4 to illustrate the proposed waveforms generated by the
proposed dynamic and static method. The real part of y;. for
quadrature phase shift keying (QPSK) is shown in the figure.
In this letter, the Zadoff-Chu sequence [8] is used for the

static sequence such that [Fy, -+, Fn,, Fon,, -+, F_1] =
—jr(Np—1)2
- e Np

. From the figure, it is clear

—jmk?

Ll, e H
that phase transition can be improved by the proposed meth-
ods, thanks to the extended SC-OFDM block. Furthermore,
it is noticeable from the figure that the overlapping regions
in the static method are composed of the static sequences
and remain fixed whereas overlapping regions in the dynamic
method change randomly. We note from the figure that due
to the inter-symbol interference [9], extended CP becomes an
approximate CP when Np < N.

2) MSE performance analysis for the dynamic method: Let
us evaluate the mean square error (MSE) performance of the
proposed dynamic method using () in (2). It can be shown

that MSE for SC-OFDM is given by &) = E [|5(p)’2] =

Np—1 2 2
25300 m , where E[\,é’m| } = 2. Note from (2)
that MSE can be reduced by setting 5,, = 0 for selected
values of m. Thus, using (2) and (3), MSE for the proposed

method can be written as £P) = Qng In ‘ o
(p)

m

. Hence,

reduction of MSE by 2"

the proposed dynamic method. Theoretical MSE &(P) of the
dynamic method, evaluated with the parameters from DVB-
NGH [10], is shown in Table 1. For each value of p, all MSE
performances of the proposed method are normalized by the

melp can be achieved with

TABLE 1
THEORETICAL MSE (IN DB) OF THE DYNAMIC METHOD WHEN

Np =432, N = 512, Nop = 32 [10] AND x = 27
P 1 2 3 7]
Ne=N,=0 0.0 =35 | 00 | =19
Nr=1, N, =2 —F0 | —168 | —1.8 | —9.2
Np =11, N, =12 | —13.0 | —409 | —9.3 | —324
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Fig. 5. ) for p = {1,2,7,14} when Np = 432

MSE performance of SC-OFDM with no OoB suppression
technique. Theoretical MSE for p = 0 is not shown in the table
since the proposed methods achieve the 0" order continuity. It
is clear from Table I that the MSE performances for all values
of p can be improved by increasing Np and Np.
Improvement in the MSE performance by increasing Ng
and N, can be explalned by investigating Cv( ?) 1tis clear from
the definition of a(p that oz,(n is the m b coefficient of the

a2
DFT of [. In Fig. 5, normalized o P = |7p(p)

is shown for various values of p when Np = 432. From
the figure, it is clear that w( P) decreases as m approaches
Np/2 and signal energy of [P in the frequency domain
is concentrated mainly near m = 0. As p increases, the
energy distribution of [P flattens due to the presence of higher
frequency components in [P. Thus, more reduction in MSE
can be obtained by increasing Ny and Ny in (3) since, as
indicated in Fig. 5, N and N in (3) can be intet&preted as
bandwidth of a lowpass filter capturing energy in « p)

3) Performance analysis for the static method: MSE per-
formance analysis of the static method is not straightforward
due to the presence of the proposed static sequence Thus,
let us present the following upper bound of ’5(”)| using

the Cauchy-Schwarz inequality [11], |€ |2

2
(va\iiol ‘agﬁ)’ ) (ZND Y18l ) Note from (2)
that the upper bound eyp can be reduced by setting 3,,, = 0 for
selected values of m. Thus, with the proposed static method
(4), the following upper bound can be obtained ’a(p)|

(ng]F alf) ) <Zm¢1F 5(p) ) < eyg. Clearly, reduc-

tion in the upper bound by >
the proposed method (4).

< eyp where

EUuB =

is achieved with

alf)

melp

III. SIMULATION RESULTS

The power spectra of the proposed signals obtained through
simulations (Sim.) and experiments (Exp.) are shown in Fig. 6.
The parameters considered in DVB-NGH with QPSK mod-
ulation is used. In the simulation, the spectra are estimated
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Fig. 7. OoB suppression performance of the proposed methods in the
presence of HPA, Np = 432, N = 512, Nop = 32 [10] and x = 27

with the Welch’s averaged periodogram method with L = 4,
an N L-sample Hann window [6] and %—sample overlap.
In the experiment, signal bandwidth of 5MHz is assumed.
Anritsu MG3700A and Anritsu MS2690A are used to generate
waveforms and collect data, respectively. While the spectral
loss for the anchor symbol method [7] is 2/432 ~ 0.463%,
the spectral loss for the dynamic and static methods are
24/432 ~ 5.56% and 48/432 ~ 11.11%, respectively, when
Npr = N —1 = 11. It is obvious from Fig. 6 that OoB spectral
suppression can be improved by increasing Np and Np.
Furthermore, the proposed dynamic method can achieve the
same OoB reduction performance as the static method with
superior spectral efficiency. Finally, as can be seen from Fig. 6,
simulation and experimental results are in agreement.

In Fig. 7, a comparison between power spectra of ECP-
OFDM [5] and proposed method is shown. In the simulation,

2 —1/2p
Vour | — <1+(VV > [12] with

out
Vin

the Rapp model ‘

Vsat = 1 is used as the high power amplifier (HPA). Input
and output amplitudes are represented by V;, and V.,
respectively. Following the simulation parameters used in [9],
QPSK, p = 2 and input backoff of 7dB are assumed.
The OoB suppression performances of the proposed dynamic
method and ECP-OFDM with Ng = {6,7} are shown in
Fig. 7. From Fig. 7, it is clear that due to adaptive data
processing applied to every OFDM block at the transmitter,
ECP-OFDM outperforms the proposed dynamic method when
the HPA is not incorporated in the simulation. However, in the
presence of the HPA, the suppression performance of ECP-
OFDM degrades because of high peak to average power ratio
(PAPR) of the OFDM waveform. Furthermore, increasing Ng
does not improve the suppression performance of ECP-OFDM.
On the contrary, the proposed dynamic scheme yields bet-
ter OoB suppression performance compared to ECP-OFDM,
thanks to low envelop variations of SC-OFDM.

IV. CONCLUSION

Two novel transmission methods are proposed to reduce
Oo0B emission for SC-OFDM. While the static approach relies
on insertion of a fixed sequence of symbols, the dynamic
approach uses data symbols from the previous SC-OFDM
block to maintain continuity between blocks. Simulation
results demonstrate that the proposed methods can reduce
OoB emission significantly compared to the existing methods.
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