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Abstract: - Performance analyses are presented theoretically on OFDM-PON working in 1Q modulation-
heterodyne detection scheme for downstream and in intensity modulation-homodyne detection scheme for
upstream which include the characterization of non-linear distortion in 1Q modulator, pilot light multiplexing
for optical phase noise cancellation in ONU receiver, heterodyne detection with LO provided by sharing the
seed light power to RSOA, downstream system optimization and non-linear optical phase noise cancellation
in OLT receiver. Simulation and experiment show that the receiver sensitivity can reach —(21~27) dBm for
downstream light at single wavelength carrying 64/16 QAM-modulated OFDM signal in 2GHz band, when LO
power is higher than —10 dBm and the receiver sensitivity can reach —20 dBm for upstream light at single
wavelength carrying 16 QAM-modulated OFDM signal in1.6 GHz band, when LO power is high than 0 dBm.
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1 Introduction exclude the application of coherent detection to
The typical OFDM-PONSs considered so far ONU, which is cost sensitive.

operate in intensity modulation and direct If a pilot-carrier, generated from the same
detection scheme, because of its simplicity and light source as the signal carrier, is polarization-
cost-effectiveness. But the downstream and multiplexed ~with the signal carrier and
upstream links of an OFDM-PON are analog- transmitted together, then the same frequency
modulated optical systems. To avoid nonlinear and phase of the carriers are kept at homodyne
distortion in modulators the optical modulation receiver, allowing easy recovery of stable
index for each OFDM sub-channel should be constellation and real-time measurement of bit-
kept below 3 %, hence the receiver sensitivity is error rate (BER). Moreover, the phase noise of
poor making the link budget normally less than light source is cancelled at receiver, therefore
15dB, far behind the requirement of NGPON-2. the signal source and the local source do not
To improve the receiver sensitivity optical 1Q need very narrow line-width as required by
modulation and coherent detection could be intra-dyne detection [1-3]. Because a local laser
employed. The classical coherent detection is of is avoided, ONU cost can be reduced. However
intra-dyne (ID) type with a free running laser to the receiver sensitivity and link budget problem
provide the local oscillation (LO) for O-E are still in doubt, because the LO optical power
conversion of the received optical signal in a is taken from a polarization-de-multiplexer
quasi-homodyne style. After detection a digital which is in the same order of magnitude as
signal processing (DSP) unit should be signal light.

employed to perform fiber CD compensation, From these viewpoints, a research work has
polarization de-multiplexing, carrier frequency been carried out on the downstream path of a
offset and 0ptica| phase noise estimation, reflective OFDM-PON, where the seed |Ight to
channel equalization and symbol estimation the colorless RSOA is partially picked up as the
(CPE). The expense of laser and the complexity LO for heterodyne detection and on the
of DSP are the major reasons that people upstream path where self-homodyne scheme is
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used. After a brief description of system
configuration, especially the principle of linear
optical phase noise cancellation by pilot-carrier
multiplexing, an analysis on receiver sensitivity
will be presented including nonlinear distortion
in 1Q optical modulator, SNR and EVM in
receiver output. The optical modulation index
will be optimized and the BER performance
will be shown experimentally. At last, the
principle of nonlinear optical phase cancellation
in upstream homodyne receiver is described and
demonstrated by simulation.

2 Configuration of OFDM-PON

Based on 1Q optical modulation and heterodyne
detection an experimental OFDM-PON is
configured as shown in Fig.1.
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Fig.1 Configuration of OFDM-PON with
coherent detection in down- & up-link

In OLT, an optical comb generates 24 light-
waves with wavelength interval 0.1nm in C
band as shown in Fig.2 (a). Among the comb
outputs 10 light-waves are used as downstream
signal carriers and other 10 as the seed lights
injecting to RSOAs after being transported over
the fiber link to construct a reflective PON.
Each downstream light-wave carries an OFDM
signal in 2 GHz band by 1Q optical modulation
to a LiN,O3z modulator and each upstream
light-wave carries an OFDM signal in 1.6 GHz
band by intensity modulation to a RSOA.
Coherent detection is used both in downstream

E-ISSN: 2224-2864

38

Mingzhi Mao, Rongrong Chen, Caixia Kuang, Rujian Lin

and upstream reception. The total transmission
rates are 100 Gb/s in downstream and 40 Gb/s
in upstream respectively by means of the
adaptive bit allocation to the OFDM sub-
carriers.

For the downstream reception, ONU utilizes
a special heterodyne detection scheme with the
LO taken from a part of seed light to RSOA, so
as to avoid a free running LO laser and keep the
coherence of LO to the signal light. In such a
way a pure and stable electric carrier at an
intermediate frequency (IF) of 12.5 GHz is
generated with an associated OFDM sub-band
as shown in Fig.2 (b). To reduce the DSP
burden in optical phase noise estimation, a pilot
light at the same wavelength is polarization-
multiplexed with the signal light via two
polarized beam splitters in OLT, then the
optical phase noise cancellation takes place in
the procedures of coherent mixing and RF
down-conversion in ONU under the condition
of equal time delay between the signal light
path and the pilot light path. Therefore a
tuneable delay line is inserted in the pilot light
path. To make the LO power as strong as
possible, a SBS compression method is
exploited in OLT by phase modulation on the
seed light with an out-of band sinusoidal signal.
To reduce the ASE noise effect to SNR
degradation a narrow optical band-pass filter
(OBP) is installed in front of the LO entrance
point of coherent receiver.

a) o (b) Receiver output
Fig.2 Downstream signals

For the upstream reception, a self-homodyne
detection scheme is performed in OLT with
non-linear optical phase noise cancellation .

3 Non-linear Distortion in 1Q Optical

Modulator
3.1 Transfer Function of 1Q modulator
The configuration of 1Q modulator composed of
two LiNpO3 MZMs is shown in Fig.3.
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Fig.3 1Q modulator and E-O transfer behaviour

Biased appropriately, the complex envelop of
electric field output from the modulator is

1 . T .. T
E,(t)= > E; [Sm(i x(t)) - Jsm(i yanl (D)
K()=Y A cos@akit+6) y(t)=Y A sin2rkit+6)

where E; is the amplitude of input electric field;
f is the frequency of modulation symbol; A,

6, are the amplitude and phase of modulation
vector.

The amplitude of output electric field is the
function of modulating signal voltage, which is
called the transfer function of 1Q optical
modulator:

T (%) :ésin%xa)} @

T,00 —lsm[—ya)] )

77'

The E-O transfer characteristics of 1Q optical
modulator are shown in Fig.3 where the bias
voltages for MZMs are V,, -V,, =V,, -V,, =V,
(operation point at Null), and V,,=V_/2, where
V, is the half-wave voltage of the modulator.
The transfer function is sinusoidal with odd

symmetry. It causes the third order distortion of
modulating signal x(t) and y(t).

3.2 Expression of electric OFDM signal
The OFDM signal can be expressed in the
following:

V() =x(O)+ y() = i i A" gt -nTe/*™ (4)

k=1 n=-

where A, ., 6, , are the amplitude and phase of

modulating vector at the n-th symbol period; g(t)
Is the waveform of baseband symbol; f_,T, are
the symbol rate and symbol period of data

signal respectively; N is the total number of
sub-carriers.
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The auto-correlation function of signal v(t) is
defined as R, (t,t+7) =%E{v*(t)v(t+r)} (where

E{ } is mathematical expectation operation),
which turns to be [7]:

N +00
R (tt+7)=) e 3 6Zg(t-mTs)g(t+r-mTs) (5)
k=1 m=—o0

N N
1 .
where aj:Zaf:E{ZEAf,n} is the average
k=1 k=1
power of OFDM signal.
Because R, (t,t+7) is cyclo-stationary with a

time period T, , a time average is taken to
obtain

_ 1 - 2 nj27kfsr
- _Zo-ke ¢gg (T) (6)
T i

where ¢, (7) is the correlation function of g(t)
defined as

4 (1) =] a(Dg(t+z)dt (7)

whose Fourier transform is |G(f)|2, where G(f)

is the Fourier transform of g(t).

The OFDM signal v(t) is a sum of many
amplitude- & phase-modulated subcarriers with
independent and equal probability distribution.
Therefore it always approximates a Gaussian
process if N>10, regardless of the form of
probability distribution, according to the central
limit theorem.

3.3 The Output Field of 1Q Modulator and

The Output Power of Receiver
Considering the 1Q optical modulator as a non-
linear converter, as shown in Fig.4, we relate
the input and output Gaussian processes by Rice
non-linear conversion theorem [6].

\MUMAM RE_ | opeionce | Rof?) Wﬁ»ﬂﬂ
Fig.4 Optical modulator as a non-linear
E-O converter
The auto-correlation function of output

optical signal from the optical modulator is
related to that of input electric OFDM signal as

R,(¢) = z—h [RV(T)
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ej2;rnf51¢gg (T):| (8)

where R (z') is the auto-correlation function of

output optical OFDM signal; R,(r) is the auto-
correlatlon function of input electric OFDM
signal; o, is the variance of the input electric

OFDM S|gnal, ie. 0,2=R,(0). The zero order
term of (8) is the DC component, the first order
term is the OFDM signal component and the
higher order terms are non-linear distortion
components. h , the k-th expansion coefficient

of the power series, can be expressed as
XZ

1 o X, 1 5.2
h =—[ T(X)H, (=)—=—=e **dX
5 GVLD (X) k(av) = 9)

where T(X) is the transfer function of 1Q optical
modulator. H,(-) is the k-th order Hermite
polynomial, satisfying the relations:
Ho(X)=1, H1(X)=X, Hn(X)= X Hp.1(X)-(n-1)
Hy-2(X) for n> 2.
Substituting (2) or (3) into (9), the non-linear
coefficients of 1Q modulator are obtained as
h, =0

0 N
St Yo

=1

1(ﬁ)2 (10)

( 1) (“)2“1 22" kK=0,1,2,3

2k+1

Wherey , the mean-square optical modulation
index of OFDM signal, is defined as
T yox 1. T\2 2
(V”) kZﬂ:E{ZAk} (V”) o,
When N sub-carriers are in the same power, we
have c2=N xE{A’/2}. This kind of non-linear
distortion analysis method has already been
published for optical intensity modulators [7].
Here is an extension to optical 1Q modulator.
It is found from (10) that non-linear coefficient
of 1Q modulator is much smaller than that of
MZM intensity modulator due to the horizontal
expansion of modulation transfer function as
seen from Fig.3.
Taking the Fourier transform of auto-
correlation function (8) and omitting the DC

term, we obtain the power spectrum of optical
modulator output as

S (f)_ahl > o2 [G(f —K)f +

sko

(11)

E-ISSN: 2224-2864

40

Mingzhi Mao, Rongrong Chen, Caixia Kuang, Rujian Lin

. 4T2{Z of [G(f —kf )| ®Zakz|G(f kf )| I+

: 3x{za;|e(f kf,)[ ®Zokz|G(f—kf )
60T

®Zok2|G(f—kfs)| Foo
k=0

where the first term represents the OFDM
signal; the second term represents the second
order distortion products including 2™ order
harmonic and inter-modulation components; the
third term represents the third order distortion
products including 3™ order harmonic, carrier
compression, cross modulation, intermodulation
and triple beat components. Among the second
order distortion products, the interference
components to sub-channels are 2™ inter-
modulation products falling at frequencies
(jxk)f, . Among the third order distortion

products, the interference components to sub-
channels are 3™ inter-modulation products
falling at frequencies (2j+k)f, and triple beat

products falling at frequencies (j+k=+I)f and

dominated by the latter. Gathering all 2™ order
inter-modulation  products falling at the
frequency nf,, (n=1,2,...N), and counting the

number of products as C,,, also gathering all
triple beat products falling at the frequency nf,,

(n=1,2,...N), and counting the number of
products as Cs,, we obtain the OFDM signal
power Pi, the average composite 2™
order inter-modulation power P, and the
average triple beat power Pj3, in a symbol
period as

(12)

P, =K hl"j |G(f)| df (13)
P, =K, Sl % [ 1o () ojo(nfldr  (14)
T e
Csnh cr 15
P =Ky i j [6(H)f ®lc(f)f ®[c(f)1df (15)

where ® represents the convolution product
operation. The optical power output from the
modulator and transmitted over the fiber
produces the photo-current at the coherent
receiver with amplitude equal to the product of
R+/LE,E, /2and the transfer function of optical
modulator, where R is the responsivity of

photodiode; L is the link loss; vLE,=E, is the
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electric field of received signal light and E_
is the electric field of LO light. Therefore the
proportional coefficient of receiver output

power is K, =R?P,P.R /2, where P, is the
optical power of received signal light; P, is the
optical power of LO light; R, is the load

resistance.
If the baseband waveform g(t) is rectangular,
its amplitude spectrum is shown in Fig.5(a).

The power spectrum of ¢ (z) is shown in Fig.5
(b). The related expressions are:

1 |f<T/2
g(t):{o (|>T, /2 (16)
’ (){ RS
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Fig.5 Signal spectrum
|G(f)| Tzsm 2(#T, f) (18)
C (AT f)
T.’ sin? (7T, f)
F(f)=|G(H)* ®[G(F) ®|G(f) = (2 f) - o ]
(19)
Substituting (18) for |G(f)[* in (13)~(15)
gives
_1o 20'2
R,==R°P,PR x0.9xh’—2 (20)
2 o,
4
P, =ZR?P.PR, 1C,, x0.8xh2n (21)
2 2 o,
6
P3n=%R2PSPLRL%C3nXOJXhSZG_g (22)

\Y

1,
For IQ optical modulator, h=(u/4)e & ,

1,
h,=0, h=—(4/16)e ¢
The composite triple beat is defined as:
P3n 7CSn 4

CTB, =—=

"B, T 576NZ " (23)
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The composite triple beat product number
Cas, are related to the sub-carrier number N, and
distributed along the sub-carrier frequency f.
For the continuously located N sub-carriers, the
maximum C3, occurs at the middle of frequency
band whereC,, .. ~(N-n)(n-1)/2+N?/4, as

shown in Fig.6. For example, if the effective
number of sub-carriers equals 60 in total 64
sub-carriers, an exhausting computation shows
that C,, =1305. A correctly biased 1Q optical
modulator does not have 2™ order inter-
modulation products and a good RF driving
amplifier only has some small inter-modulation
products with C, <« C,,, one should majorly
concern about the triple beat distortion when
optimizing an OFDM transmission system
based on 1Q optical modulator.

T

||||||||||H
Frequency
Fig.6 The frequency distribution of the
composite triple beat number C,,

Sub-carrier

RF Power

4 The Output of Heterodyne Receiver
The typical heterodyne detection receiver with
polarization diversity is shown in Fig.7.

2/1 lilx D
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li3y>- EP
A, K14z /7/
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Fig.7 Heterodyne receiver

At TM polarization direction the photo-

currents of two pairs of balanced photo-diode
are expressed as

ilx (t) B i3x (t) oc
—R\/%\/ PP A A M)sin[2z(5 f —nf)t—4,(t) - 4,() + ¢, (t—7,)]

R %JP&L cos[275 f (t) -4, (t) + ¢, (t—7,)]
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i2>< (t) - i4x(t) oc
—R\/%\/ PP.BY A () cos[27(5 f —nf )t -, (1)~ ¢, (6) + ¢, (t - 7,)]

R 1‘70‘1/F>F,F>L sin[275 ft — ¢, (t) + 4. (t—7,)]

and at TE polarization direction the photo-
currents of two pairs of balanced photo-diode

are expressed as
by (1) gy (1)

-R LTa\I PSPLﬂZN:A‘(t)SIn[Z/r(é‘f _nfs)t_¢n(t)_¢c(t)+¢c(t—fz)]

+R\/%JPP P_cos[275 Tt — ¢, (t)+¢, (t —7,)]

Iy (1) =iy, (1) o

-R l_TaJPSPLﬂZ’j: A (t)cos[2z (5 T —nf)t—¢, (1) — ¢, ()+4. (t—7,)]

7R\/%\/PPPL sin[276 ft — ¢, (t)+¢, (t —7,)]
where 6 f =12.5GHz is the frequency difference

between LO light and signal light. &,(t) is the
random phase of signal light and pilot light.
¢.(t)— 4. (t—7,) is the optical phase noise with

7,, the time delay of LO light field relative to
signal light field and pilot light field. The

polarization factors are@=c0s’ 0, 1-a=sin’8,

with @, the random polarization angle of signal
light. p=7/(2V,) is the optical phase modulation

index.

In above expressions the IF frequency
(12.5GHz) carrier comes from beating of pilot
light and LO light, while the OFDM signal
side-band comes from beating of signal light
and LO light. Due to the orthogonal state of
polarization between pilot light and signal light,
the polarization-induced amplitude fluctuation
of 12.5GHz carrier is opposite to that of OFDM
signal side-band. In the down-conversion step
followed, beating between the 12.5GHz carrier
and the OFDM signal side-band will result in a
baseband OFDM signal with an amplitude
factor \Ja(1- @) , which means that the amplitude
fluctuation of baseband signal induced by light
polarization variation is reduced, but does not
disappear. Conventionally, the polarization
variation problem is solved by a diversity
process in the following DSP. But in the above
heterodyne arrangement, the x branch and y
branch of RF down-converter will present two
outputs without any difference, making the
polarization diversity technique not feasible.
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To obtain a stable system output, a polarization
tracker with external feedback control is
inserted in the signal light path at receiver input
as shown in Fig.1. In this way the coherent
receiver is simplified to have two pairs of
balanced PIN only and one 2x4 90° hybrid.
Because the same optical phase noise is
contained in the 12.5GHz carrier and in the
OFDM signal side-band, it can be cancelled out
in the down-conversion process ideally, leaving
the actual residual optical phase noise to be
estimated and wiped out in DSP. This method
helps to simplify the DSP and is a major
advantage of the system presented in Fig.1.

5 Analysis on SNR in Downstream
The signal light (at wavelength 4 ), the pilot
light (at wavelength 4 ) and the LO light (at

wavelength 4, ) all go through EDFAs before
reaching the front end of coherent receiver. The
receiver noise is dominated by the EDFA ASE.
Therefore in the following noise analysis the
electric noise including the shot noise and the
thermal noise will be neglected.

Fig.7 indicates that the electric field (Es) of
signal light and the electric field (Ep) of pilot
light have the same wavelength, but orthogonal
polarization directions. The LO electric field
(EL) has a difference wavelength with
frequency deviation o f . Each light has an ASE
noise background.

In the heterodyne receiver, photodiode 1
carries out the square operation as:
iy (t) oc

2
\/;(Es Z ’BA<e*llzﬂksz@k]eJ[f%ﬂ*% o 4 n, (t)eJ[wc1'+¢c (t)])
k

ZR|+1-« (Epei[f0c11+¢c o np (t)ej[wc11+¢c(t)])

+i(ELei[wcz(t)wc(t)]+nL(t)eJ’[wczt+¢c(t)])}
2

2

where ES (t) — ESZﬁAke*j[ZﬂkfstJer] ’ Ep ’ EL are

the electric field envelope of modulated signal
light, pilot light, and LO light; The angular

frequency ., corresponds to wavelength A; ;
The angular frequency @., corresponds to

wavelength A,; & (t) isthe random phase of
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the optical comb.
Optical mixing results in many products
falling to the baseband and being filter out,

which include the self-beat terms Es(t)|2  E,%,

EZ |n () ,|np('[)|2,|nL(t)|2 and the homodyne
terms E (t)xn,(t), E,(t)xn,(t), E_(t)xn_(t),
E,(t)xn,(t), E,{t)xn,(t). The resulted hetero-

dyne terms are the signal beat E (t)xE,
E,xE_ and the signal-ASE beat noise

E,()xn (1), E xn,(t), E xn,(t), E,(©)xn.(1),

which are located in IF band and picked out by
a 12.5GHz band-pass filter. The ASE-ASE beat

terms n (t)xn (), n () xn_(t),n, (t)xn_(t) are

also falling in IF band, but omitted because they
are relatively small.

The IF signal components ini, (t) are

R[\/%ESZﬂAkej(Zﬂ'kfstJrgk) EL
k

+ /LTQELED]ZCOS(ZﬂxSf xt)

The IF signal-ASE beat noise components are

R{\/% [E.2 AAE % n, 0+ En O]+
\/g[Ean (O+E, (O, (t)]}2cos(2z x5 f xt)

The same operation taken in photodiode 3
produces iz (t)=—i;(t), so that iy(t)—i3(t) from
the first balanced photodiode pair is

2R{\/%ESZﬂA<e—j(2ﬂ'kfst+6’k)EL
k

+ /LTaELEp}ZCOS(Zﬂxdf xt)

+2 R{\/%[ES D BALTIE W (1) +E n(1)]

+ /“T“[Ean(t)+Ean(t)]}2cos(27zx5f xt)

The photo-currenti, (t) —i, (t) output from the
second balanced photodiode pair is

2R{\/%ESZIBA‘(e—j(ZﬂkaI-H9k)EL
k

" /“T“ELEp}zsin(znxaf <t)
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+2 R{\/%[ESZ BAIEE N (£) + E n, (1)]

il
2

In down-conversion, the 12.5 GHz carrier is
first extracted and amplified, then mixed with
the IF signal and IF signal-ASE beat noise.
After filtering out the DC and double frequency
components, the output baseband signal and
noise are

{4R\/%ZIBA<Gj(z;zkfstwk)ESEL+4R\/%ELnS('[)
k

+4R /LTQ[Ean(t)+Ean(t)]}4R /PTaELEp\/E

where G is the gain of IF amplifier.

The average baseband signal power in the
n-th sub-band is

S :1024R4Ga(1—a),320'fPst P’

The power of baseband signal-ASE beat
noise in a sub-band is
Ng_pse =256R*G{ar(1- )P, R *N, (Af)

1, (29

+(1—05)2[Pp P°N o (AF) + PLszNL(Av)]W}

[E.n, (D+E n (H)]}2sin(27 x5 f xt)

(24)

where Av, is the bandwidth of LO optical filter;
Af =Nf is the receiver bandwidth. By setting
E=Av, | Af , (25) becomes

Ng_nse =256R‘G{ar(1- )P P.*N,

+(1—a)2[PpPL2Np + PLPPZNLg]}fS (26)
The signal to noise ratio is
SNR, = S
S,ASE (27)

_ 4aﬂZCTnZPSPL
{aP N, +(1-a)[PN, + P N ET}H,

where o,°=E{A’}/2 is the mean square
amplitude of OFDM signal in single sub-
channel. Because s <1, the subcarrier-LO
ASE beat noise power has been omitted in (26).
Ns, Np and N are ASE power spectrum of
signal light, pilot light and LO light. Because
the signal light and pilot light go through the
same EDFA, i.e. N;=N_ , The SNR can be
simplified to
4aP,P p*c?

SNR =
[AN, +{@-a)P,N &]f,

(28)
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6 Optimization of EVM and BER

On the receiver side of the downstream OFDM
transmission system, the non-linear distortion
products of OFDM signal caused by the 1Q
modulator behave as an interfering noise to sub-
carrier channel which superimposes on the
white noise floor determined by the signal-ASE
beat noise and degrades the average bit error
rate (BER) of OFDM demodulator. Therefore,
the conventional formula of BER for M-QAM
OFDM scheme should be expanded to include
the effect of interfering noise as

2 1

3 1
P, = 1-— fi
M~ Tog, M TN CN 2(M —1) XEVMZ}
(29)
where p,, is the bit error rate (BER); EVM is the

error vector magnitude, which is determined
jointly by SNR and CTB as

EVM? =

+CTB, (30)

SNR,

In the OFDM signal band, the white noise is
normally flat over different sub-channels, but
the composite triple beat power is dependent on
the position of sub-channel within the band.
Regularly in the center of OFDM signal band
the composite triple beat power is highest (Cs,
is maximum). Therefore when measuring the
transmission performance in the worst case, one
should consider the effect of composite triple
beat in the central part of sub-channels.

Substituting (28) for SNR,, and (23) for
CTB, in (30) gives
_N[PN,+@-a)P,N&If,  7C,

B PP “enz G

where x?, the mean square optical modulation

index, is proportional to the average power of
driving OFDM signal:

EVM?

2_1 T \2 52

JZ (Vﬁ) oy,

To minimize EVM?and BER, in addition to
reducing the ASE spectrum and increasing the
LO power as possible, the optimization of
OFDM power driving to the 1Q modulator is
also important. Viewing (32), (33) finds that if
the single sub-carrier power is higher, then SNR
is higher, but CTB is even higher, therefore an

2 _ 2
0,=No;

(32)
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optimal value of o2 exists which minimizes
EVM. Let the derivative of EVM? with respect
to 12 be zero, we find x4, satisfying

7C N[P.N, +(1-a)P,N &]f,
e () = - (33)
576N 2a PR Hon
PN +(Q-a)P N )T
lujptzNX?m[ L p+( a) p Lg] S (34)
0.0243xaP,R.C,,
The corresponding EVM?_ is
7C,,
EVM?, =3x 576?\1 > (How)* (35)

(33) means the optimal mean square optical
modulation index making CTB to be a half of
SNR™. (35) shows that the minimized EVM?is

the triple times of CTB. To reduce EVMZ..

lowering 4, is necessary. This can be done by
appropriately selecting the system optical power
and the ASE parameter according to (34).
Computation is done for the following
system parameters: signal wavelength 4, =

1550.116nm; LO wavelength A, =1550.216nm ;

OFDM bandwidth B = Nfs=2GHz, N=64 (60
effective), fs=31.25MHz; half-wave voltage
V_=2.8V, optical phase modulation index g =

7w l(2V )=0.561 radian/V ; polarization factor

a=0.5. Received signal optical power Ps=-—
(10~30) dBm, Pilot optical power Pp,= —5dBm,
LO optical power P =-10~+5 dBm; Optical
filter bandwidth ratio £=0.10~0.25 ; Photo-

diode responsivity (including 90° hybrid loss)
R=0.08 A/W; C3,=1305. ASE power spectrum

Np =-142.8 dBm/Hz and N =-142.3 dBm/Hz.

SNR is calculated versus P using (28) with
the result shown in Fig.8. It is revealed that
SNR increases with the LO power, but there is
no benefit for very high LO power. Narrowing
the optical filter bandwidth is useful.

The EVM? versus x?is calculated using (31)
and shown in Fig.9. The optimal mean square
optical modulation index and the minimum
EVM? are found to be 0.6 and 7% which are
compliance with the results of (34) and (35).

The optimum OFDM power is found to be

2
Poron = - =(2)? 42, -+ =9 53mW=9.79dBm
R«

L
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Fig.10 BER vs Ps

When the optimal 42 is used, the system
BER versus received optical power Ps is drawn
in Fig.10 for different LO power P.. It is
revealed that P.=—2 dBm is enough for good
BER performance. If 2x10° Pre-FEC BER is
set to be the threshold to define receiver
sensitivity, this OFDM-PON downstream link
based on 1Q modulation-heterodyne detection
can have receiver sensitivity of —28.5 dBm.

7 Non-linear Optical Phase Noise

Cancellation in Upstream
In the uplink ONU, the CW light at wavelength
A, injecting into RSOA is reflected, amplified

and intensity-modulated by 1.6 GHz OFDM
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signal with 32 subcarriers. The bandwidth of
RSOA is 1.6 GHz at 80 mA bias current and -2
dBm input optical power. The OFDM driving
power is optimized by adjusting the non-linear
distortion power in RSOA as a half of the ASE
noise power received by OLT.

In receiver, the signal light carrying OFDM
subcarriers beats with the LO light at the same
wavelength, resulting in the following photo-
currents of balanced PIN detectors as

L) =100,

N-1
oc 4RL/P,P, \/1+mz A cos[27kf,(t —%7)+¢k]
k=0

% Cos[d, (t)— 6, (t ) — 5Ot -%r)]
O =i, ® -1,

N-1
oc —4RL/P,P, \/1+mz A cos[27kf (t —%r)+¢k]
k=0

<sinf,r+6, (t) — 6, (t—7)— 50(t —%z’)]

where m is the optical modulation index per
unit current in RSOA; 6, (t) is the optical phase
of seeding light; 60(t) is the optical phase shift
induced by RSOA; 7 is the time delay in the
downstream and upstream round trip.

Because the OFDM signal is carried on the
envelope of signal light, the optical phase is
useless, therefore in the DSP a sum of squares
operation on the above receiver outputs can be
executed in the digital domain after ADC, so
that the optical phase noise is cancelled out and
the baseband OFDM signal is recovered as:

i,2(t) = i2(t) +1,(t)
=16(RL’*P,P, [1+m§ Acos(27kf t+4, )]

In such a way the DSP algorithm is very
simple, because the CPE frequency offset and
carrier phase estimation is no longer necessary.

8 Experiment and Simulation

An experimental platform of OFDM-PON is set
up according to Fig.1 including OLT, ODN and
ONU. InOLT a 24 A optical comb is driven by
a DFB laser source with 1 MHz line-width. An
arbitrary waveform generator (Tek AWG
7122C) produces OFDM | and Q signals to
modulate the signal light via a 40 Gb/s 1Q
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modulator (Fujitsu FTM7962EP). In ODN, 20
km single mode fiber and Kylia DWDM
multiplexers with wavelength interval 0.1nm
are used. Wavelengths are checked with an
optical spectrum analyser (AQ6370C). In ONU
a coherent receiver is adopted to produce 4
outputs in push-pull manner which are observed
with two spectrum analysers (N9010/30). The
RF down converter is arranged as Fig.11 with a
supper narrow (Q merit equal to 1000) band-
pass filter centred at 12.5GHz to extract the IF
carrier which is used to convert the sub-band
OFDM signals down to baseband.

PDL j _j
i H
1 PD3

Phase
Shift

1 PD4

Fig.11 RF down-converter

The system input and output signals are
shown in Fig,12. The input generated by AWG
is a 64 sub-channel OFDM signal in 2 GHz
band with a pre-enhanced slop of 6 dB/2GHz in
order to ensure the flat output of coherent
receiver. The dip in two central sub-channels is
designed to check if the 3-rd order nonlinear

distortion occurs after transmlssmn

(c)'E'xtracted IF carrier (d) Recovered signal
Fig.12 OFDM signal

The baseband OFDM signals (I & Q) output
from the down-converters as in Fig.12 (d) are
sampled to be series data by an oscilloscope
( keysight 20 Gsa/s DSO-S 904A) with 10 bit
ADC for the following DSP.

The DSP wunit is an offline MATLAB
software configured as Fig.13, in which the
conventional CPE module is simplified to just
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contain a pilot tone-aided phase estimation
algorithm to deal with the signal constellation
dispersion and rotation caused by the residual
optical phase noise and differential time delay.

Equalization
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o
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>
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>

w

Inverse mapping

=
A=
®
1S
=
(%2}
6
©
(%2}
<
=
[a

Frequency
synch
FFT
Pol demux. and

Fig. 13 DSP block

The measured BER versus P data points for
16QAM and P =-2dB are recorded as dark dots
beside the theoretic curve in Fig.14, where the
recovered constellations are also shown. There
is roughly 1 dB difference between the theoretic
and the practical result. This difference should

1

10

+PL=-1odBm§
+PL=-2dBm :
10,} _ P =0dBm I
NG —v—PL:SdBm H
.
= e SN=
TR i RN
wyilo N\
ool g g . )
N
A AW
10° \\_\ \
\\ %
“\\ \,
10

30 29 28 27 26 -25 -24 -23 -22 -2l
Ps(dBm)

Fig.14 BER versus Ps

be the penalty caused by the link fiber in 20km

In upstream, the simulation was performed
using VPI TransmissionMaker software added
with a MATLAB algorithm for sum of squares
operation. As results Fig.15 displays the spectra
of intensity-modulated light and receiver output.
The recovered 16QAM constellations are
shown in Fig.16 and the BER curve with
received optical power shown in Fig.17. It is
found that the sensitivity of uplink receiver
reaches —20 dBm at 2x10° BER, when the LO
optical power is 0 dBm. The performance of
uplink is obviously inferior to that of downlink.
The improvement of receiver sensitivity is
expected, if the LO power is higher.
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9 Conclusion

A physical configuration of reflective 100/40
Gb/s OFDM-PON is proposed which works in
coherent detection schemes to improve the link
power budget. For the downstream link, 1Q
modulation-heterodyne detection is adopted. It
is proved that the non-linearity tolerance of 1Q
optical modulator is much looser than that of
MZM intensity modulator. By sharing the seed
light power to RSOA, heterodyne detection can
be carried out without an individual LO laser.
By polarized pilot light multiplexing the optical
phase noise in the heterodyne receiver output
can be cancelled out in the RF down-conversion
process if the delay difference between signal
and pilot paths is eliminated. For the upstream
link, the principle of non-linear optical phase
noise is also discovered. These techniques may
reduce system cost and DSP complexity and
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make the coherent detection in OFDM-PON
reasonable. A system performance analytic
model is given for EVM and BER optimization.
As a result the receiver sensitivity of —(27~28.5)
dBm is feasible for 16QAM format downlink
which is much better than that of conventional
intensity modulation-direct detection system.
Further study is needed to improve the uplink.
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