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Abstract—1In this letter, we developed a novel phase
offset (PHO)-based channel estimation method for optical
orthogonal frequency division multiplexing (OFDM)/offset
quadrature amplitude modulation (OQAM). In this approach,
the suppression of intrinsic imaginary interference (IMI) induced
by both the linear and nonlinear impairment could be improved
by increasing the pseudo pilot power with the using of PHO.
As demonstrated in the numerous Montel Carlo simulation
results, PHO outperforms the interference approximation
methods (IAMs) for both the suppressing IMI and combating
the fiber nonlinearity induced interference.

Index Terms— OFDM/OQAM, channel estimation, pseudo
pilot, IMI.

I. INTRODUCTION

OMPARED to conventional orthogonal frequency divi-
sion multiplexing (OFDM), OFDM offset quadrature
amplitude modulation (OFDM/OQAM) could be a promising
candidate for the next generation optical communication sys-
tem since it enables high spectral efficiency by eliminating
the cyclic prefix (CP), and a lower out of band leakage by
utilizing filter banks with promising time-frequency localiza-
tion (TFL) property [1]. However, the orthogonal condition for
OFDM/OQAM only holds in the real field, resulting in that the
chromatic dispersion (CD) and polarization mode dispersion
(PMD) might lead to serious intrinsic imaginary interference
(IMI) to optical OFDM/OQAM [2], evidently deteriorating the
system performance and lead to bit-error-rate (BER) floor.
To overcome the obstacle of IMI, numerous studies have
tended to concentrate on the channel estimation (CE) for opti-
cal OFDM/OQAM [2]. In [3], Zhao proposed time domain CE
method for single polarization optical OFDM/OQAM. In [2],
frequency domain CE based on IMI approximating has been
discussed for coherent OFDM/OQAM. In [4], time domain
least square algorithm demonstrated improved performance
compared with [2]. In [5], frequency domain averaging method
has been proved effective in combating IMI for intensity-
modulation direct detection (IMDD) OFDM/OQAM. In [6],
orthogonal basis expansion based method has been studied
for combating IMI induced by phase noise. The methods in
[3], [4], [6] were based on time domain transmission model,
the complexities for which tend to be serious due to the
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requiring of matrix inversion. The proposal in [2], [7] utilized
the concept of interference approximation method (IAM) to
decrease CE complexity. For IAM, the concept of pseudo
pilots has been utilized to improve CE accuracy by extracting
IMI from the received pilots. However, [5] is designed for
IM-DD system and could not be directly applied for coherent
OFDM/OQAM, research in [2] lacks of the discussion on the
designing of pilot preambles to achieve optimal CE perfor-
mance. For wireless OFDM/OQAM, a series of IAM variants
were presented [7], including IAM-R, IAM-I and TAM-C.
Unfortunately, for the TAMs, residual interference becomes
significant at poor optical signal-to-noise ratio (OSNR) since
the IMI distributed outside of first order time-frequency neigh-
bor zoom being totally ignored. To our best knowledge, dis-
cussions on the designing of pilot preambles for the obtaining
of optimal CE performance have not been reported for optical
OFDM/OQAM to date.

In this paper, we present a novel phase offset (PHO)
based CE method for optical OFDM/OQAM. The mathe-
matic derivation indicates that IMI could be suppressed most
effectively when the optimal pilot power was obtained by
using PHO. As validated by numerical simulation results,
the proposed PHO method outperforms the IAMs in both
suppressing IMI and nonlinear induced interference evidently.

II. THEORETICAL MODEL
The schematic diagram of optical OFDM/OQAM is shown
in Fig.1. Baseband OFDM/OQAM signal in the discrete time
domain [2] is expressed as:
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where N is the number of sub-carriers in an OFDM/OQAM
block, a, , is the real-valued data of the mth sub-carrier on the
nth block. Phase modulation ¢y, , = (m+n)-7 /2 is employed
to guarantee the real field orthogonal condition. In (1), g (k)
denotes the impulse response of the prototype filter.

The signal traverses the optical fiber with an impulse
response of 4 (I). For the facility of discussion, the received
signal without considering the laser phase noise and nonlinear
effect could be given by:

rk)y=>Y"h)sk—1)+wk

P PRI A GV
_Zl:zz_am,ng( - _nE)e

n m=0

x ¢l 5 m+m) ~h(l)} + o (k)

_ ;zNzl s (k-0 )

n m=0

2mm(k—1)
xel TN

el 2 g (1) } + o (k) 2)

1041-1135 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


https://orcid.org/0000-0003-0270-5832

1282 IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 31, NO. 15, AUGUST 1, 2019
S T T T T T T T T T T = = ~ -5 roT T T T T T \|
= I =3 e B = e M o BN - I |
—>1 —> — - §
RV R I s3] 2 [lgz| AN
S/P 1. 3B 2 Sl 3|27 I o
| K ik DIERL 5] o1 L[mam}{so] - $
| |—] Im Time —] —] D/A = s I I ; g‘
N offset ) Sl | 2
_—_————— - - al'« _ ®
o
RF OFDM/OQAM Transmitter RF-to-Optical Up-converter -§_ =
__________________________ - —_—_————————————— Y 8
I/ o 2 ! =5 ! [oor k— Optical )
e e HEEH wol-{2 2 v
| — 7 o 35 o ol 88| PD2 Hybird . D2
| E] s> |a 3 e = @
I AHER: 53(:(28 25| = | Edypy
° N 5 == 9 "
| & Time | = ;,3 L @ I b E PD3 z+— Optical m |
| de-offset m S g ) / 2 2| | T Poage Hybird |
N - - = _____ —_ -
RF OFDM/OQAM Reciever Optical-to-RF Down-converter
Fig. 1. Schematic diagram of optical OFDM/OQAM system. S/P: serial-to-parallel conversion. P/S: parallel-to-serial conversion. D/A: digital-to-analogue
g gl P! P p g 8|
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where w (k) is the amplified spontaneous emission (ASE)
noise. Under the condition 1/7, is less than the coherence
bandwidth of the channel B, = 1/2A, we could assume g (k)
has relatively low variations over time interval ¢ € [0, A] as
g(k—1—n%) ~ g(k—n%). Here T, denotes the length
of the prototype filter and A stands for the maximum delay
spread of the channel [2]. For OFDM/OQAM, Ty is usually
several times the length of symbol period and A is usually
small for this system. The demodulated signal d,, , can be
written as:
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ar(rf,)n = dm,n
prqplg+2
+ z Am+p.n+q ° ]p atpla+an) . Ag (—qz,—pv).
(P:Q)EQE,])
apMt!
“4)

and Ay (—g7, —po) is the ambiguity function [2] defined as:
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where 7 and o are the time and frequency interval
between consecutive blocks and sub-carriers, equal

-Zehnder modulator. PD: photo detector.

to N/2 and 1/N, respectively. Here, Q?l’l)
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I
the channel frequency response. In the derivation of (3), we

have utilized assumption Hy,4, ~ Hy, , for Q?l 1y With (3),
CE could be processed as: '
=~ dm,n ar(nc,)nHm,n + Om,n Wm,n
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According to (6), promoting the power of the pseudo pilot a,(,f ,),,

could improve the CE performance by suppressing the inter-
ference induced by w,,,, and other residual interference.

III. PHASE OFFSET BASED CE METHOD
In this section, PHO based CE method is discussed to

achieve optimal performance by maximizing the power of
pseudo pilot. Based on (4), the power of the pseudo pilot can
be expressed as:
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where E (-) denotes the power, 03 is the variance of

the real-valued pilot symbol dm . (gmn. mipintq) =
jPratratIm A, (—ge, —po) is the interference weight of
the filter banks. According to [8], A,(-) shows a cen-
trosymmetric property, i.e., A,(—gt, —pv) = Ag(—qr, pv)
and Ag(—qt,—pv) = Ag(gr, —pv). For (p,q) & Qq,,
Ag (—qt, —pv) approaches to zero. Consequently, the pseudo
pilot has the following weights matrix in Q1)

je ja jc
w=|-jb 1 jb]|. (8)
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Here, the row and the column vectors referring to the time
and frequency respectively, a, b, ¢ are real valued parameter,
which could be previously calculated off line.
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For PHO, we employed three consecutive OFDM/OQAM
blocks as the preamble and placed nulls in the first and
third blocks to reduce the CE complexity, i.e., am,—1 =
ammu+1 = 0. Then, the pilot in the center block am+in,
i € {1,2,...N} was utilized. With ¢/ = cos + jsiné,
the pilot power was normalized as E (’amﬂ-,n ]2) = 1. In this
case, preamble A could be written as

0 ej‘gin+l,n O
A=|0 ¢e/nn 0. )
O ejem—l,n ()
where 0, 5, Ony1,, and 0,1, denote the phases of three
consecutive pilot symbols respectively and 0,4, € [—7, 7).
With (8) and (9), (4) is then simplified as
a’ac’)l = amn + j_1>2nam71,nAg(O, —v) + j1+2"am+1,,,Ag(O, V)
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In case n is an odd number integer, a’(ncz is expressed as:
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Thus, the power of pseudo pilots is given by
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From (12), the optimal pseudo pilot power will be achieved
when 0y, On41,n and 0,1, satisfying PHO as

emfl,n - 9m+1,n = —x. (13)
T

em,n - (9m—1,n = E (14)
T

0m+1,n - Hm,n = 5 (15)

Substituting the (13) to (15) into (9), the general structure
of the preamble when n is an odd integer could be given
as (16). In, considering the periodicity of trigonometric func-
tion, we construct each pilot module with four pilots to
guarantee the constant power of each pilot module.

O ejam,n+% 0
0 ej‘gm,n 0
O ejam,n*% O
O ejgm,n*” ()

Repeating the analysis discussed above, we obtain the

general structure of the preamble when n is an even integer
as

(16)
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Fig. 3. Comparison of the BER performance of optical OFDM/OQAM using
PHO, IAMs, and optical OFDM in linear transmission with 10GS/s sampling
rate.

IV. SIMULATION RESULTS AND DISCUSSION

In this section, numerical simulations were conducted by
using the commercial software VPI transmissionMaker 9.9 to
validate the advantage of PHO. IAM-I and TAM-R were
simulated as comparisons for PHO. Pilot structures for the
three methods were depicted in Fig.2. Each OFDM/OQAM
block was generated by 256 point FFT, for which 216 data
sub-carriers were loaded with OQAM symbols, 20 null sub-
carriers were allocated in the middle to avoid the energy
fading, each 5 null sub-carriers were placed in the both
two sides as guard interval, 10 pilot sub-carriers were peri-
odically inserted for the facility of phase correction. Each
OFDM/OQAM frame contained 300 OFDM/OQAM blocks
and the first three blocks were used as the pilot preambles.
Considering all the redundancy for pilots, preambles and 7%
overhead for forward error correction, the net and raw bit rate
for the optical OFDM/OQAM, with 10GS/s sampling rate,
were 15.32 Gb/s and 16.39 Gb/s, respectively. The occupied
bandwidth was 8.83 GHz. Thus, the net and raw spectral
efficiency were 1.74 bit/s/Hz and 1.86 bit/s/Hz. Both DAC and
ADC were assumed with unlimited bandwidth and without
quantization noise. Isotropic orthogonal transform algorithm
(IOTA) filter with length of 1024 was utilized in constructing
the filter banks. The fiber link consisted of several spans
of 100km standard single mode fiber (SSMF) with an average
loss of 20 dB each. An Erbium-doped fiber amplifier (EDFA)
fully compensated the fiber attenuation in each span. The fiber
dispersion was 17ps/km/nm. Laser linewidth has been assumed
ideal in this paper for the convenience of discussion.

Fig.3. shows the BER performance of IAMs, PHO, and opti-
cal OFDM in linear transmission scenarios. We set CP size for
optical OFDM as 60, to accommodate CD induced interference
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Fig. 5. Comparison of the BER performance of optical OFDM/OQAM using
PHO, IAMs and optical OFDM in 500km linear transmission for different
sampling rate.

in 2000km transmission. The nonlinear index was zero in this
part. The bandwidth for the transmitter was 10GHz. In the
receiver, super-Gaussian optical filter with 3dB bandwidth of
10GHz was utilized. The electrical signals were then filtered
by a Sth—order low-pass Bessel filter with 3dB bandwidth
of 7.5GHz. The OSNR, with 12.5GHz bandwidth for noise
power measurement, was controlled by feeding appropriate
ASE noise at the receiver. As shown in Fig.3, at 10~3 BER,
PHO outperforms IAM-I by 1dB and IAM-R by 2dB in
OSNR penalty for 500km transmission. The advantage of PHO
is more evident in 2000km transmission due to better IMI
robustness of PHO, thanks to the obtaining of optimal pseudo
pilot power. The performance of PHO obviously outperforms
optical OFDM in linear transmission. This is mainly due
to lower out-of-band leakage of the optical OFDM/OQAM.
As shown in the emitted spectrum of the transmitter in Fig.4,
optical OFDM/OQAM demonstrates 15dB out-of-band leak-
age advantage compared with optical OFDM thanks to the
promising TFL property of the filter banks.

Fig.5 shows the performance of PHO and IAMs in 500km
linear transmission with different sampling rate. As shown in
Fig.5, at 32GS/s sampling rate, the accumulation of IMI is
more serious. In this case, the advantage of PHO is more
obvious thanks to the improved robustness against IMIL.

Fig.6 depicts the capability of the PHO and the IAM-R
in combating the fiber nonlinearity induced interference. In this
part, the fiber nonlinear index is 1.32/W/km, the noise fig-
ure of the EDFA is 5dB. The noise bandwidth has been
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Fig. 6. Comparison of the BER performance of PHO, IAM-R in nonlinear
transmission with 10GS/s sampling rate.

assumed unlimited. As shown in Fig.6, the BER performance
of PHO outperform IAM-R with the launch power varies from
—20dBm to -5dBm, after 300km, 500km and 700km trans-
missions. In 700km transmission, the optimal launch power
for PHO and TAM-R are —13dBm and —11dBm, respec-
tively. 2dBm launch power improvement could be obtained
with the using of PHO. For the promising TFL property
of optical OFDM/OQAM, nonlinear induced interference is
mainly brought by am4p nig ((p,q) S Q(l,l)), while inter-
ference from a4 p niqg ((p, q) ¢ Q(l,l)) could be effectively
suppressed. Channel estimation and equalization accuracy in
nonlinear transmission scenarios could be evidently improved
thanks to the promoting of pseudo pilot power brought
by PHO.

V. CONCLUSION

A novel PHO based channel estimation method for optical
OFDM/OQAM has been proposed in this paper. The simula-
tion results show that PHO outperforms the IAMs for both
suppressing IMI and combating the nonlinear interference
evidently thanks to the promoting of pseudo pilot power.
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