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Analysis of Penalty Due to Low-Frequency Intensity
Modulation in Optical Transmission Systems
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Abstract—The low-frequency intensity modulation in optical
transmission systems can occurred by optical performance
monitoring or dynamic devices such as acoustooptic tunable
filters. Using a conventional receiver model, we derived the
optical signal-to-noise ratio (OSNR) and @ penalties due to the
low-frequency intensity modulation. The penalty is a function of
theextinction ratio, OSNR, the modulation index, and the number
of pilot-tone signals. The analytic results show good agreement
with the experimental results.

Index Terms—Bit error rate(BER), intensity modulation, optical
signal-to-noiseratio (OSNR) penalty, Q penalty.

|. INTRODUCTION

PTICAL path monitoring and an optical signa degrada-

tion monitoring schemes had been used as pilot tones or
subcarrier signals of low frequency compared to the bit rate of
alinesignal [1], [2]. These additional tones modulate the inten-
sity of original optical datasignalsand giveinevitable penalties.
Furthermore, dynamic devices such as acoustooptic tunable fil-
ters (AOTFs) that are driven by signals of afew megahertz may
also give apenalty to the system dueto intensity modulation [3].
In order to use these monitoring schemes or devices, we should
estimate the additional penalty caused by the low-frequency in-
tensity modulations.

However, thepenalty induced by low-frequency intensity mod-
ulation has not been analyzed clearly. Therewere afew analyses
that arose from interferometric noise [4] or chirp-induced inten-
sity fluctuationinmodulator [5], which can bereferredtoinorder
to analyze the penalty by low-frequency modulation. The SNR
penalty estimated by Murakami etal. [ 6] coincideswiththeir mea-
sured datafor alow-frequency small-amplitude pilot tone. How-
ever, itislimited to interference of supervisory signal intheline
signal. Thusitishardto gaininsight for the case of multiple mod-
ulationtonesimposed onthelinesignals.

Inthispaper, weproposeanovel model for theoptical receiver
suffered from the undesired low-frequency intensity modulation
asafunction of themodulationindex and the number of tones. In
Section |1, we calculate (@ factor using the proposed model, and
then show the hit error rate (BER) directly as an analytic form
for asingle modulation tone with asmall modulation index. The
resultant BER is described by the modified Bessel function of
thefirst kind of the modulation index. We extend the single-tone
results to multiple modulation tones. Then, the BER can be
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Fig. 1. (a8) Receiver model used in low-frequency amplitude modulation

analysis and (b) definition of notation.

described asamultiplication of themodified Bessel functionsfor
each modulation. In Sections!l and 111, wenumerically cal culate
the penalty for thevariousmodul ation indexesand the number of
tones and compare the results with the experimentally measured
data. Thetheoretical resultsagreewell with the measured results
for a small modulation index. Finaly, we discuss the limit of
line-signal transmission due to the low-frequency intensity
modulating tones.

II. MODELING AND DERIVATION

Fig. 1 shows an optical receiver with atypical eye-diagram.
We also show the definition of notations used in modulation
penalty derivation in the figure. I, is the average output cur-
rent level of the receiver corresponding to P;. oo 1 represents
the standard deviation of noise for “0” and “1” level, respec-
tively. We adopted an optical preamplifier before the receiver
with the gain G..p, and the noise figure NF. Other parame-
ters[i.e., optical input power per channel, optical signal-to-noise
ratio (OSNR), extinction ratio, etc.] are summarized in Table .

A. Sngle-Tone Case

We beginwith the case that singlemodulation toneisimposed
on the line signal. Then, we can express the modulated signal
current at the receiver output as

IS (y) = RGaHlPPS (y) (1 + mcoswrnt) ? y = 07 1

P(0) = P, )

2
—~_p,

where P,(1) = T
7
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TABLE |
NOMENCLATURE
Parameters Description
OSNR Optical SNR at the input of the preamplifier
PS Average input optical power of the preamplifier
r Extinction ratio of the line-signal
m Intensity modulation index of the low frequency tone
Gamp Gain of the preamplifier
NF Noise figure of the preamplifier
B Optica@ bandwidth of the channel (dependent on demux
" bandwidth such as AWG or OADM)
[lh Decision threshold of the receiver
R Responsivity of the receiver
Plire Electrical noise density in the receiver
By Electrical bandwidth of the receiver

where P,(y) is the optical signal power entering into the
receiver and w,, is the modulation frequency. As shown in
Fig. 1(b), we considered another parameter &, which is the
offset of the decision threshold from its average level. Then
we get 1, = I, + 6, where I, represents the average value of
I,(1) and I,(0). We define I, which is given by

L) =1,(1) - I,

s(0) =L(0) - L. @)

The noise current due to the ASE with two polarizations can

3301

where Py represents the noise power from the preamplifier
input, /v isthe photon energy, ., isthe spontaneous emission
factor, and By istheresolution bandwidth to get the noise power
level. Then, we can describe the detected noise as

In
N(y) = Icirc + 2Bel <C + B_A> Is(y)

In
+2BelIN <C + A ) ’ Y= 07 1 (4)

2B,

wherethefirst term representsthe circuit noise power that can be
obtained as p?;,.. B.;, the second term represents the signal shot
noise plus the signal amplified spontaneous emission (ASE)
beating, and the third term represents the ASE shot noise plus
the ASE-ASE beating. The standard deviations of noisefor “1”
level and “0” level are given by

©®)

The Q-factorsfor “1” level (1 and“0” level Q¢ are given by

o, - LW=¢8 o §-LO)
J1 Jgo

(6)

Substituting (2) and (5) into (6), we have 1 as shown in (7)
at the bottom of the page.

Here, the denominator of the (7) can be simplified using the
binomial approximation. For a small modulation index (m <
1), we have

{A (1 + mcoswnt) + B]fl/2

—1/2
=(A+B)™V/? {1 + mcoswmt}

be expressed as the sum of input ASE and the additional ASE A+ B
generated in preamplifier. Then we have 1= 3gftgmcoswnt @®

_ @+

IN - RPNGamp + 2thnsp (Gamp - 1) Brn
_n Gamplj; 4 2Rhongy (Gamp — 1) Bm (3) Thus, 1 can be expressed as shown in (9) at the bottom of
OSNRg= the page.
RGampP@ }% (1 + mCOSC()n,,t) -6
Q1= - - 7
{ﬁRGampPsBel (6 + BI.:]W) (1 + mcoswmt) + Icirc + ZBelI]V (6 + Qé\; )}

RGampPS% (1 + mCOSCUnlt) -6

{A(1 + mcoswpt) + B}/

In
Brn

4
Wha‘eA - —RGaanPSBel <C +
147

Iy
B=1I.c+2Baln <C + 2$7n> (7)
RGampPS% - 6 + {RGampPS% (1 - %ﬁ) + %ﬁ} mcoswmt
Q1= C)
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Similarly, we can obtain ¢} as shown in (10) at the bottom
of the page, where A and B are defined in (7).

Typicaly the signal-ASE beating is much higher than the
thermal noise, the ASE shot noise, and the ASE-ASE beating
noise (A > B). If we assume the ideal case of infinite extinc-
tionratio, i.e., » = 0, we can simplify (9) and (10) as

o gRGauins -0+ % {RGampPs + 6} mcosw,t
VA
Q0= RGampPs +6 + RGampPSmcoswmt' 1)
VB

Since we have ; and @y, we can obtain BER. If levels“1”
and“0" havethe same probability of being transmitted, the BER
is given by

1 1 o 2
BER = ANz exp | = Lo (aiBim)
1 a% 9
+m exXp —? IO (aoﬁom) (12)
0

where the definitions of the coefficients «; and 3; are given in
the Appendix . See the Appendix also for derivation of (12).

B. ASE Modulation Effect

In an optical transmission system with many optical ampli-
fiers, the ASE is a'so modulated by the low frequencies if we
use the acoustooptic filters at the midstage of each amplifier for
the gain equalization. Here, we assume the same modulation
index for the ASE. Then, we can rewrite the oy and oq in (4)
with the following modulation related ASE modulation:

Iy = In (14+mcosw,t)

where

Gal]l )PS
1 B, +2Rhl/7lsp (Gamp -

Iy = R—2mpls
N OSNR B

1) B,.

(13)
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Replacing I by I} in (4) and using (5), we can get each
new noise variance value for the “0” level and “1” level under
the ASE modulation. We & so assume a small modulation index
m < 1. See (14) at the bottom of the page.

Using (6) and (14), we obtain the following @ factors. Here,
we neglect the terms of m? and the higher order terms in bino-
mia approximation

RGampP i -6

— s14r
VO
i—r D 5D
RGampPS (1-1-1 - 1+: 2011) + 2Ci
X [14+ TMCOSWy, T
RGampPS 1+7 6
Q RGampPS 1+7 + 6
0 =
VCo
RGam P ( — T )+ 8Do
P s\ 1+4r 1+7 2C, 2C,
X |1— e mecoswmlt| .
Gamppq 1+r + 6
' (15)

If the signal shot noise is dominant, C; =
r = 0, we have

D;. Assuming

RGamppe - 6 gRGampPS + %
= ' 1 n),t
Ql Vv C(1 * RGampPS -6 meose
RGamp-Ps + 6 %RGampPS - %
= 1 mt| -
QO V C(0 * RGampPS + 6 oS
(16)

Once again, we can define appropriate coefficients «; and /3;
in (15) corresponding to (A1), and BER can be defined the same
as (12) in the optical signal with the modulated ASE.

C. Extension of Model to Multitone Case

In an optical transmission system with multiple low-fre-
guency tones for the optical performance monitoring, we have

Ar 5 _Ar
RGampPS 1+ + 6 + {RGaIinS 1+1 (1 ) A1—|—F)’) - %AT-l—B } mcoswmt
QO - 1/2 (10)
(Ar + B)
D,
Uf = [1 + Fm cos wmt}
1
D
08 =Cy [1 + Fom cos wmt}
0
C(1 - 2Bel6 |: amp 1+7 P + IN:| + 2BelB |:RGamp 147 :| + Icirc
Dl — 2Bele |:RGam) - P + IN:| + 4Bel |:RGam) - P + ’V:|
where P B o . (14)
0 - 2B€le |:RGamp 1+r P + IN:| + 2B€lB_V RGamp 1+r P + V:| + Icirc

DO - 2B€le |:RGamp T+r P + IN:| + 4B€l F)'

|:RGamp T+r
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the multiple modulation tones on the transmitted signal. In
addition, if we apply multiple low-frequency driving tones to
optical active devices, we also have multiple modulation tones.

If we neglect all beating terms among the modulation tones
for sufficiently small m,,, the output power with N modulation
tones can be written as

N
I, = RGanp P [ [ (1 + micosw,, 1)

i=1

N
~“RGamp Ps <1 + Z My COSWn, t) .

n=1

17)

Thus, the @ factor of the line signal can be given by

N
Q; =« - <1 + 3 - Z mncoswmnt> ,i=0,1 (18)

n=1

where «; and 3; areafunction of 6. Here, we should notice that
6 isalso afunction of the modulation indexes.
Let 7" be the period of a common multiple frequency of

Winl,Wm2, - ... Thenwe can see

1/t Q? J
), avmer(-%)a
o 1 of
(%)
1 /7 N N
T /0 <1— B; Z mncoswmnt>exp<—oc?/37; Z mncoswmnt> dt
n=1 n=1

(19)

,1 T N
T /0 exp <—a?/3i - Z mncoswmnt> dt

n=1

where we neglect all the terms of m?2 and higher order terms.
Thus, we have

1 1 o&)
BER=C | ———exp | ——
2 {\/27“)41 p< 2
N
1 o (aips - ma)

n=1

N
1 a% 9
+\/2_Ta0 exp <—?> 711;[1 Iy (a5 mn)] :
(20)
Therefore, the BER in the multitone case can be expressed
as the multiplication of the modified Bessel function that was

derived for asingle modul ation tone at agiven modul ation index
My

[11. SIMULATION RESULTS

We simulated the @ and OSNR penalties under the severa
conditionsto seetheinfluence of thelow-frequency modulation.
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TABLE I
SIMULATION PARAMETERS

Parameters Values
OSNR 20~35dB
P, -19 dBm
r 9~11dB
m 0~10%
Gump 15 dB
NF 6 dB (typical)
B, 60 GHz (~ 0.5 nm)
1, Variable
R ~0.8 A/W
Pire 14 pA/(Hz)'?
By 9 GHz

log BER

-22

241

0.5 1
x 10

5 -1 0.5 0
Decision level [Arb. Unit]

Fig.2. V-curvesthat arelog BER versusdecision level of receiver (a) whenno
additional modulation toneisapplied with 11 dB extinctionratio, 22-dB OSNR,
and —19 dBm/ch input power to the preamplifier of 15-dB gain, (b) when eight
tones with 2% modulation index are applied with no other condition changed,
and (c) when OSNR is increased to 23.3 dB and the other conditions are the
same as o those of (b). Here, the OSNR penalty for 8 x 2% modulation tones
becomes 1.3 dB. The circle on the each curve is the minimum BER point.

We used parameters for atypical 10-Gb/s transmission system.
These values are shown in Table II.

At first, we plot V-curves versus the decision threshold of the
receiver by varying é to obtain the minimum BER as shown in
Fig. 2 [7]. From the curve, we can calculate the minimum ob-
tainable BER. When we apply the modulation tones, the cor-
responding V-curve is shifted upward, which means that the
minimum obtainable BER is also increased. By increasing the
OSNR, we can restore the BER even if the modulation tones
exist. Here, we define OSNR penalty due to the modulation
tones as the increment of the OSNR to get the same BER.

In Fig. 3, we plot the required OSNR versus the modula-
tion index variation with two different extinction ratios at 10~ 1¢
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Fig. 3. Required OSNR for 10—*° BER in 10-Gb/s transmission link as a
function of modulation index at (a) 9 dB of extinction ratio and (b) 11 dB of
extinction ratio.

BER. Fig. 3(a) istheplot for the case of 9-dB extinctionratio. In-
creasing the modulation index requireslarger OSNR to maintain
the same BER. We can apply up to 0.75% of modulation index
per tone if we accept 1-dB OSNR penalty when 64 tones with
the same modulation index are imposed on the signal. When
theextinctionratiois 11 dB in Fig. 3(b), up to 0.9% of modula-
tion index per tone is available. It may be noted that the OSNR
penalty depends on the extinction ratio of the optical signal as
well as the modulation indexes.

We can also see the (-penalty instead of OSNR penalty for
evaluation. In Fig. 2, we got 10~22 BER with no modulation
tone and about 10~*® BER with eight modulation tones with
2% modulation index. Here, the corresponding ¢ factor is9.74
and 8.76, respectively. Therefore, inthiscase, the (-penalty due
to the modulation tonesis20-log;,(9.74/8.76) = 0.92 dB. We
plot the relationship between the Q-penalty and OSNR penalty
in dB-scale with variation of modulation index and number of
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Exr=11d8, Pin=-19dBm/ch, Gain=15dB, NF=6dB, BER=1E-16
3 , : 1 S S —

Q penalty [dB]

1.5 2 2.5 3
OSNR penalty [dB]

0 0.5 '

Fig. 4. Q-penalty versus OSNR penalty at 10~ BER caused by IV intensity
modulation tones with modulation index variation. The range of modulation
index was from 0% to 39% when N = 1, and from 0% to 1.4% when N = 16.
With negligible modulation tones, the 2 penalty and OSNR penalty have almost
the samevaluein dB scale, becausethe () isthe square root of OSNR. However,
as the amplitude of the modulation is increasing, the OSNR of the signal is
getting smaller so that more OSNR improvement is required to compensate the
BER degradation..

Exr=11dB, Pin=-19dBm/ch, Gain=15dB, NF=6

Q penalty [dB]
© o o o
[N o =3

o
N
7

0.1+

e S e S I L L
0 0.5 1 1.5 2 2.5 3 3.5 4
Modulation index per tone [%]

Fig. 5. Q-penalty increment variation at different OSNR. The group of solid
lines represents the case of single tone, while the dashed lines shows when four
tones are simultaneously imposed. As the OSNR is higher, the penalty due to
the low-frequency intensity modulation appears more clearly.

tones in Fig. 4. For each curve, the range of modulation index
is different among them: from 0% to 39% when N = 1, and
from 0% to 1.4% when N = 16. Asyou can see, the Q-penalty
has aimost the same value of OSNR penalty with low modu-
lation index because the @ factor is proportiona to the square
root of OSNR. However, as we increase the modulation index,
the degradation of the line signal becomes larger so that OSNR
penalty is getting larger than Q-penalty.

We plot the Q-penalty due to the low-frequency modulation
in Fig. 5 when a single tone (solid line) and four tones with
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Fig. 6. Experiment setup to measure )-penalty.

the same modulation index (dashed line) are imposed on the
line-signal respectively. Theinput power to the preamplifier was
—19 dBm for al cases. Preamplifier gain and NF are 15 and
6 dB, respectively. As we decrease the OSNR, (@ penalty de-
creases at a given modulation index. It can be explained by in-
crease of the background noise as we decrease the OSNR, i.e.,
the high background noise conceal sthe intensity modulation in-
duced penalty.

IV. Q-PENALTY MEASUREMENT

We measured experimentally the Q-penalty induced by the
low-frequency intensity modulation with the setup shown in
Fig. 6. We used an additional external modulator to impose
the low-frequency intensity modulation signals on the extenally
modulated 10-Gb/s line signal. The modulation tones of 1, 3,
and 5 MHz from three function generators (FG1~FG3) were
applied to the additional external modualtor. We used a broad-
band light source and a 3-dB coupler to adjust the OSNR of the
line signal. An erbium-doped fiber amplifier (EDFA) isused to
compensate the losses by two modulators and two 3-dB cou-
plers. We monitored the OSNR from atap at this EDFA output.
We used a tunable filter with 0.3 nm of full-width at half-max-
imum to emulate an optical channel drop. The optical signal was
parallelly monitored by alow-bandwidth PD connected to adig-
ital oscilloscope as well as by an optical power meter to mea-
sure the modulation index of pilot tones. By sweeping the de-
cision threshold level of the receiver, we obtained the V-curves
and calculated the @ factor [7]. As shown in Fig. 7, measured
Q-penalty shows good agreement with the estimated Q-penalty
by the analytic model for the small-indexed modulation. Asthe
modulation index increases, the error between the simulation
result and measured data is increased because the assumption
m < 1 becomes inaccurate.

BPF
PRBS Pattern r bvm ] | FG3 —l A
Generator I I
BERT
10G Rx.
Digital ] 150MHz o Variable
Oscilloscope PD ., . Afttenuator
Optical o
Power Meter

V. DiscussiON AND CONCLUSION

Based on the previous study, we can estimate the perfor-
mance degradation of the optical transmission link affected by
the low-frequency intensity modulation. The low-frequency
intensity modulation affects the performance of the digital
transmission system when the modulation frequency is higher
than the low-frequency cutoff of the optical receiver. More-
over, the modulation tones are accumulated when the signal
passes each amplifier that has acoustooptic gain equalizer
[3]. Assuming that the number of modulation tones is two in
each amplifier and the span length is 80 km, then the total
accumulated tone becomes 64 after 32 amplifiers. If we want
to transmit the optical signal up to 2500 km with less than
1-dB OSNR penalty incurred as a result of such accumulated
intensity modulation, the al-modulation tones added in each
amplifier should have a modulation index of less than 0.8% per
tone.

Theupper limit of the modulation index when our model falls
apart depends on the number of modulation tones. For asingle
modul ation tone, the model hol dswith about 10% of modulation
index. However, it decreases sharply aswe increase the number
of modulation tones, since there exists a coherent addition of the
multiple modulation tones at a particular time.

In conclusion, we have examined the effect of low-frequency
intensity modulation imposed on the line signal of an optica
transmission link. The penalty caused by a single tone or mul-
titone can be expressed as OSNR or @@ penalty, which is the
function of the extinction ratio, OSNR, modulation index, and
number of tones. With this proposed model, the penalty due to
the intensity modulation can be estimated analytically for de-
sign of the optical transmission systemsthat have optical perfor-
mance monitors or active acoustic devices derived by low-fre-
quency pilot tones. The proposed analytic model agreed well
with the experimental results.
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Exr=10.8dB, Pin=-7dBm/ch, Gain=0dB, NF=0dB, OSNR=20dB/0.1nm
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Q penalty [dB]
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Modulation index per tone [%)]
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Exr=10.8dB, Pin=-7dBm/ch, Gain=0dB, NF=0dB, OSNR=22dB/0.1nm
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20 25
Modulation index per tone [%]

(b)
Fig. 7. Comparison between the measured (2-penalty (discrete points) and the
estimated data (solid line) calculated using the proposed receiver model at 20-
and 22-dB OSNR per 0.1 nm.

APPENDIX

A. BER Calculation
Q factor (; can be simplified as a form of
Q; =« (1 + /3imcoswmt) , t=0,1 (A
where «; and j3; are obtained by comparing (A1) and (15). In
the case of no ASE modulation, we can take them from (9) and
(10) instead of (15).
The noise distribution in the receiver can be approximated

as Gaussian distribution. Therefore, we can use the well-known
equation for the BER

1 Q1 1 Qo
BER = Zerfc <E> + Zerfc <E)
1 1

SHERUNEAPEUERDWAC )
"2V, 2 ) "2 vmqy 2 )
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Under the assumption of /3;m < 1, the exponential notation
in (A2) can be approximated to the modified Bessel function of
the first kind, as we can see from (A5). We eliminate the square
term for small m and use (1 + z) = (1 — ) so that

1 ;
V27Q; P <_7>

1 062 2)
= exp | ——= (1 + B;mcosw,,t
V2ma; (1 4+ fimeosw,t) P < 2 1+ )

1 — B;mcoswmt < a? )
~Z Tt 7 exp | —— (1 4 28;mcosw,t

o?
exp <—?Z> - (1 — Bimcoswpmt)

1
V2o

. [IO (a?ﬁim) +2 Z (-1)"1, (afﬁim) Cosnwmt] .

n=1

o~

(A3)
Here, we did use the following relation:

gEeost — Z " T (2)e™ and I (2) = i7%Jp (iz) (A4)

k=—oc

where J, (z) represents the Bessel function of the first kind of
order k.

Averaging over amultiple of timeinterva T = 27 /w,,, we
can cancel out the all sinusoidal termsin (A3). Therefore, (A2)
will become

BER ——1 [71 e <__o¢%)1 (a2/3 m)
= X
2 [ V2roy P 2 0\

L9 1 (2
IO (a0/30m) . (AS)

1
+—ex
\/27?060 P < 2
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