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Optical Beat Noise Suppression and Power
Equalization in Subcarrier Multiple Access Passive
Optical Networks by Downstream Feedback

S. Soerensen

Abstract—This paper describes a cost-effective method of sup- bandwidth for a given data bitrate and modulation format, the re-
pressing optical beat noise in subcarrier multiple access passive maining methods of minimizing OBN may be divided into two
optical networks. The method is based on initial power equaliza- main categories.
tion followed by automatic fine tuning of laser wavelengths, via .
downstream feedback control of their mean powers, so that the 1) Spectral Broadening:
receiver noise floor level is continously minimized. Application « Light-emitting diodes (LEDs) as optical sources.
and performance of the method is demonstrated for a low-cost The low output power limits the split ratio and trans-
16-channel system with uncooled Fabry—Perot lasers, utilizing mission distance in the PON.
narrow-band QPSK modulated subcarrier frequencies over more . . . L
than one octave. In static and dynamic temperature worst-case * Direct intensity laser modulation index. > 1.

situations a considerable reduction in the number of transmission Limits the usable subcarrier frequency range due to
errors caused by optical beat noise is observed, depending on the harmonics.
temperature change rate.  Very high subcarrier modulation frequencies. In-
Index Terms—Downstream feedback, optical beat interference creases the cost of the transmitter and receiver.
(OBI), optical beat noise (OBN), passive optical network (PON), * Very high frequency laser chopping. Increases the
power equalization, quarternary phase shift keying (QPSK), sub- cost of the transmitter and receiver.
carrier multiple access (SCMA). 2) Wavelength Separation:
« Laser selection by wavelength. Expensive, requires
|. INTRODUCTION laser temperature control for multichannel field sys-

tems.

« Laser temperature control. Expensive, requires a
record of wavelengths/temperatures for replace-
ment or addition.

» Automatic wavelength control. Requires feedback
from the receiver to each of the transmitters.

PTICAL beat interference (OBI) arises due to the

quadratic conversion of optical to electrical power
by mixing of optical fields when two or more light sources
illuminates a receiver photodiode at the same time. OBl may
be controlled and utilized for communication in systems
with coherent detection, but in a subcarrier multiple access
(SCMA) passive optical network (PON) it may cause unwanted
disturbing products in the electrical frequency range used for
the subcarriers. It is then denoted optical beat noise (OBN). AThe method described here belongs to the second category.
mathematical description is beyond the scope of this paper lus aimed particulary at low cost bidirectional PONs with up-
may be found in [1], [2] and [3]. The parameters affecting thetream SCMA, requiring low subcarrier harmonic levels over a
amount of OBN in a SCMA-PON are summarized as followsiarge optical dynamic rande: < 1), using direct current/inten-

Il. DOWNSTREAM FEEDBACK

« number, type, and power of the optical sources; sity modulated standard multimode Fabry—Perot lasers without
« spectral distribution of the optical sources; temperature control or special wavelength selection. However,

« wavelength separation of the optical spectra; it may also be used in systems where the modulation index is
« number and linewidth of longitudinal modes for lasers; larger than 1 and in systems with temperature stabilization of

* polarization of the individual optical modes; the lasers.

« data bit rate and modulation format: According to [4] the dynamic range of a SCMA-PON using

« subcarrier frequency and modulation index. Fabry—Perot lasers becomes very small in the presence of OBN

According to [1] the signal-to-interference ratio (SIR) is pro\_/vhen the laser modulation index is less than 1. Furthermore the

portional to the square of the modulation index < 1) and ﬁenuaiﬁ)ndr?ﬁy bfe d|fr_ere|'n;[jfor_ez_1t<_:hlbranch n aﬁ_ractt]cal I??hN
inversely proportional to the receiver bandwidtB). Having € method therelore includes initial power equalization of the

chosen the number and type of optical sources and the rece(\(;é:reived subcarrier levels at system start-up. This is followed by
automatic fine tuning of the laser wavelengths, via downstream

feedback control of their optical mean powers, performed on the
Manuscript received December 20, 1999; revised June 2, 2000. This worlyigsis of noise measurements in a frequency band not used for
a part of the ACTS-038 project, which was supported by the EU. . . L . .
The author is with the R&D Tellabs Denmark A/S, Ballerup 2750 DenmarQcharr'ers' This procedure minimizes the receiver noise floor
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Fig. 1. Principle of downstream feedback.

reduce the number of transmission errors caused by OBN in [Il. OBN SUPPRESSION

systems where th_e following agsumptmn.s hald true. _ The basic idea of wavelength control by feedback based on
~ The small relative changes in the optical mean powers Wi|t-of-band noise measurements is described in [5] but it does
increase the distance between interfering modes sufficienglyt account for power equalization or harmonics control which

without substantially changing the subcarrier power levelre essential issues in real multi-octave SCMA systems with
Additionally, the laser linewidths are large enough to causeigqe differencies in their optical branch attenuations. Further-
noise reduction in the subcarrier frequency band as well as Vﬁ%re, the algorithm proposed in [5], which is based on temper-
measurement frequency band. ature control, would be very slow, power consuming and expen-

In Fig. 1 a PON provides upstream SCMA for a numg®)  sive to implement, and it has never been verified.
of remote optical network units (ONUs), with standard lasers Fig. 1 is an enhancement of the principle described in [5]
transmitting on the wavelengths , A2, ... Ax. In each ONU incorporating arrangements for subcarrier power equalization
the optical output mean power is controlled via the laser bigsntrolling harmonics by calibration of the ONUSs. In addition
current by the circuit C, which also controls the laser modulatiqRe new OBN algorithm described below and illustrated by the
current via the variable amplifet. The subcarrier frequenciesfiow-chart in Fig. 2 solves the earlier problems.
f1s f2, ... fv are modulated with the input signdls Io, ... Iy Initially, equalization is done for each of the calibrated ONUs
in the modulatorg M). in turn by gradually increasing the optical mean poufg(n)

In the optical line terminal (OLT) of the head-end the photaand modulatior; (») until the nominal leveL y is reached on
diode converts the sum of optical signals to an electrical signtiie subcarrier level detector. The upstream management channel
which is amplified inA and separated by a set of filters or hetis then verified to be operational before the corresponding nom-
erodyne receivers on the subcarrier frequengieys, ... fx. inal mean powetPy(n) is stored and the stat@I'(n) set to
The output signal®, O, ... Opn are recovered from the sub-active. A number of active ONUs, capable of transmitting man-
carriers by the demodulatof®). agement information and acknowledging commands from the

Subcarrier power equalization at the point SC is done @LT, are then available.
system start-up by means of level detectofs on the filter The subsequent OBN suppression process is essentially a
outputs, providing feedback to the power and modulatiarontinously repeated moving window minimum search within
controls of the ONUs, via the microprocess@iP) and the specified limits of optical mean power for each of the active
downstream management channels (DMCs). Subsequently, @¢Us in turn. The limits Pr to Pr_) are calculated as a
receiver noise floor level is continuously measured in sonfiactor K, relative to Py (n). In each cyclePy(n) is stepped
free bandwidth not used for subcarriers and separated fravith Ps through a power window and set to the valig,
these by a filterf,. The filtered noise is applied to anothercausing the minimum outpi{F',, at the receiver noise level
level detector( L), the output of which (the point NF) is useddetector. The window sizeFy - to Py _) is calculated as
to control the laser mean powers of the ONUSs. This is alsofactor Ky < Ky, relative to the minimum found in the
done via thexP and the DMC, in accordance with the OBNorevious cycle for that ONU, starting witAx (n) immediately
suppression algorithm described below. after equalization.



SOERENSEN: OPTICAL BEAT NOISE SUPPRESSION AND POWER EQUALIZATION IN SCMA PON 1339

Equalization:
forn=1toN
Setup Py (n)
Setup P,(n)

if upstream OK
Py(n) = Py(n)
ST(n) = active

Read ST(n)

Read Py(n)

Py, = Py(n).K,
P, =Pyn)/K,
Read Py(n)

Py, = Py(m)-Ky
Py. = Py(n)/Ky,
Read NF

NF,, = NF

Py(n) =Py,

P <Py(n)<Py,

Setup P,(n)
Read NF

yes
Py(n) = Py =Pyn)
P,(n)+P NF, =NF

Py(n) <Py.

Py(n) =Py
Setup Py(n)

Fig. 2. OBN suppression algorithm.

In the absence of OBN the nominal mean power settings
should remain unchanged. When OBN appears it should be sup-
pressed by the algorithm with an effeciency depending on the
rate of change in the OBN level and the time it takes to perform
a window sweep for all ONUs in the PON.

Besides the excecution speed, the efficiency of the OBN
suppression algorithm also depends on the size of the sweep
window and the limits of the allowed mean power deviation.

If Ky is small, the probability of being caught in a local
minimum is larger, but ifKy approached<; a mean power
value causing a higher level of OBN is more likely to be tested
during the sweep of an ONU.

IV. POWER EQUALIZATION

When modulated with a sinusodial subcarrier of frequency
fc the laser output power of the ONU is given by

P(t) = By + Picos(2n fot) + Pocos(dn fet) +--- (1)

The optical modulation index: and relative second-harmonic
level s is given by

m= Fo 2
and
— P2

For an ideal laser diode the higher order terms in (1) are
zero in the linear region above threshold. For real laser diodes
the nonlinearity is most significant just above threshold, which
means that for a fixed modulation index the harmonic distortion
will increase with decreasing mean output power.

In SCMA systems operating over more than one octave har-
monics must be limited to a nondisturbing level and thus only
values ofm < 1 are allowed. However, in order to spread the
spectra and minimize initial OBNy should be as large as pos-
sible over the dynamic range, without causing excessive har-
monics even if the mean power is reduced by the fa&igrin
the subsequent OBN suppression process. Empirically a suit-
able compromise is obtained by setting the optical mean power
Fy versus optical path attenuatiehaccording to

Py(A)=a-A+D (4)

Inserting the limits of the dynamic rangé min = Fo(Amin)
and Py max = Po(Amax) and solving fora andb yields

PO,max - PO,min

PO(A) = PO,maX - A — A

(Amax - A) (5)

If Po(A)/ Ky, = Poz(A) is the optical mean power causing a
second harmonic level dfo log(s) = 10log(P/P) = -5
dBc after power equalization, then (5) may be written:

This procedure allows the mean powers, and thereby the

wavelengths, of the active ONUs to move around within the Po2,max — Po2,min
specified limits in a continuous search for the combination 0(4) = K& | Foz,max — A — Amin (Aimax — 4)
providing the lowest receiver noise floor level fat 6)
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and the calibration procedure below may be used to determmented in a 16 channel narrow-band SCMA-PON with down-
the values of%2 1min aNdFo2 max iNdividually for each laser as stream Time Division Multiplexing (TDM).
follows: The PON carries the downstream traffic at 1550 nm in the
« for Ay, setup the maximum allowed laser mean powersame fibers as the upstream traffic at 1300 nm by means of bidi-
« increase the modulation curreftuntil the nominal sub- rectional optical devices (BIDIs) in the OLT and ONUSs. This
carrier levelL v is reached in the receiver; minimizes the interference from optical reflections.
* reduce the mean power to the lev&bh ,.i, for which the The BIDIs include a receiver p-i-n-diode, a Fabry—Perot laser
second harmonic &+ S dB below the carrier measured atdiode, an output power monitor diode, a wavelength division
the SC pointin Fig. 1, while readjusting the modulation tenultiplexer (WDM) to separate 1300 from 1550 nm, and a
maintainl v if necessary, and note the final setting..;»;  single-mode fiber for the common input and output. There is
* repeat the above procedure . .», Foz max aNdI1 max.  NO internal peltier-element or temperature sensor, so the laser
The required modulation current versus optical attenuation igemperature is allowed to drift. However, an external sensor
measures the temperature of the housing.
I(A) = 11, max A 7 The mean output powdr, is set by comparing the monitor
Amax diode current with a programmable reference. Therefore it is

and the gradual increase of mean power and modulation durm&ctlcally temperature independent, whilst the laser bias cur-

power equalization may then be done according to (6) and (ﬂwtlo increases Wi_th temperature. The sinusodial modulat_ion
starting withA = A,.;, and increasingd stepwise until the current amplitudd; in the ONU and the peak pulse current in

nominal receiver subcarrier levély is reached. th_e OLT is compensated for the change in the [d3&F sl_ope
If the laser temperature is held constant, or the modulati®/ith temperature, by means of the external sensor. This is done
current amplitude is properly compensated for the change“fhorderto achieve a practically temperature independent mod-

the P/I slope with temperature, the calibration procedure wif!ation indexin the ONU and extinction ratio in the OLT.

ensure optical second harmonic levels less th&rdBc within ~ The 1550-nm laser in the OLT is nonreturn-to-zero (NRZ)

the dynamic range during the subsequent execution of the oBigdulated with 155.52 Mb/s downstream data. In each of the

suppression algorithm. 16 ONUs the 1300 nm laser is modulated with a subcarrier in
Now, if the downstream traffic is carried in the same fibers 48 frequency range 80-230 Mhz. The subcarrier is QPSK mod-

the upstream traffic, by means of bidirectional optical devices iiated with the 4.86 Mb/s narrowbaifigc? symbol rate from the

the OLT and the ONUS, then the optical attenuation is the sa¢feded demultiplexed 9.72 Mb/s upstream data.

in both directions and it may be calculated as Management data at 768 kb/s is embedded in the 155.52 Mb/s

TDM downstream data, from which a clock is recovered and

_ Pr ) used for upstream timing in each ONU. Similary, a 64 kb/s man-

Pr agement channel is embedded in the 9.72 Mb/s upstream data

wherePr is the constant optical mean power transmitted by tr?é each ONU prior to QPSK modulation.

OLT and Py is the received optical mean power in the ONU, Selectivity of the subcarrier filters in the OLT is obtained in

A

Substituting (8) into (6) yields heterodyne receivers where the sqbcarﬁ@r by means of a
programmable local oscillator &, is down converted to an
Py(PR) intermediate frequency; which is then QPSK demodulated.
Level detection is done at the intermediate frequency and
= K7, | Py — PO?f“X — Pof:min < 1 i) clock recovery acquisition, phase alignmehf() ambiguity
’ oo~ Py \Rmin IR resolution and multiplexing into 9.72 Mb/s is done in a custom

(9) device for all 16 channels. Further description of the digital
signal processing in the OLT and ONU, is beyond the scope of
An alternative way of performing power equalization is therehis paper.
fore first to measuré’y, then setting’(Pr) according to (9)
and finally increasing the modulation currefitstepwise until
the the nominal receiver subcarrier levey, is reached.

However, this could cause more optical interference with QPSK modulation was chosen as a sitable compromise be-
other Fhann_els vvtfs]en at'?e"lv ONU is adde_d to aI_S):jstben; duzg\%en the transmission channel bandwidth, the subcarrier phase
operation, since the optical mean power IS applied betore th;qq requirements and the availability and cost of components

modulation is turned on. From this point of view it is probabl¥or digital radio equipment on the market

better to slowly increase the mean power and modulatlon_l_he subcarrier frequencies may be writtgs:= fx +7- f
imultan I rdin nd (7), allowing the OB . XS
simultaneously according to (6) and (7), allowing the O I}Iorn = 1to 16, wherefx is the offset and’s is the channel

suppression process more time to work on the active ONUS'spaCing. To allow for uncritical transmittéy ) filtering fs was

set to 9.72 MHz. The offset was chosen so that second har-

monics of lower carriers are placed exactly between higher car-
This section describes how the principles of power equalizaers and third harmonic of the lowest carrier is above the highest

tion and OBN suppression by downstream feedback are imptetrier, which implies thafxy = 7.5 - fs = 72.9 MHz.

A. Frequency Plan

V. SYSTEM DESIGN
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Fig. 3. ONU output power versus input power.

TABLE | B. Dynamic Range
Cho T T Camtier Tocal Tmoge | 2 Ham | 1. Spor _ As a design target the_SCMA-PO_N should work error-free

No. f. f, £+, 24, 26~ f, in the absence of OBN with attenuations of 10 to 25 dB in the
] 32.62 152.62 22260 165 .24 33524 optical paths between the OLT and the ONUs. Equalization ac-
2 92.34 162.34 232.34 184.68 254.63 cording to (9) is used and since the constant OLT output mean
3 102.06 17206 | 24206 | 204.12 | 274.12 power isPr = —4.0 dBm the received ONU mean powg¥,

5 121.50 191.50 26150 243.00 313.00 In order to determine the ONU mean output pourgs re-

6 13122 | 20122 | 27122 | 26244 | 33244 . ; .

7 13094 31094 38004 3188 35788 quired to keep the optical second harmonics beleid dBc

3 5066 T 2066 T 29066 | 3013 | 37132 (—20 dBc at the SC point) the calibration procedure is applied
9 160.38 230.38 300.38 320.76 390.76 to 6 different ONUs at four points within the dynamic range.
10 170.10 | 240.10 310.10 | 34020 41020 The results are plotted in Fig. 3 for each of their serial numbers.
11 179.82 | 249.82 319.82 | 359.64 | 429.64

12 189.54 | 259.54 | 32954 | 379.08 | 449.08 Though it is possible to store individual values for the
13 199.26 269.26 339,26 398.52 468,52 dynamic range limits in each ONU, the worst case values:
14 20898 | 27898 | 34898 | 417.96 | 48796 P _ _7sdB 4P — 178 dB d

15 21870 | 288.70 | 35870 | 43740 | 507.40 02,max = —/.6 UBM aN0L02 min = —17.6 ABM are use

16 378.42 59842 36842 23684 37682 generally. WithK;, = 1.35, corresponding to an allowed mean

power deviation oft10 - log K, = £+1.3 dB, 10 - log Py(Pr)

is calculated according to (9) in units of dBm and plotted in
i _ ; Fig. 3.

Finally f; = 70 MHz was chosen, for which compact SAW The distance of 1.3 dB betweéfy and F. in the end points

filters are available, angf;, was placed abovéc in order to is fairly constant for points within the dynamic range as well
separate spurious. This determines the (MHz) frequency plan. y P y g '

Since the heterodyne receivers are just as sensitive to Mgchjusnﬂes the assumption in (4) and the use of (9).
image as to the carrier, the range is split with filters after the ) )
SC point into a low band (1-8) and a high band (9-16). C. OBN Algorithm Monitor

Noise floor measurements are done below the subcarrief~rom the OLT it is possible to monitor all settings and mea-
range, where the receiver thermal noise is smallesfy at 70  sured values in the system during operation. The OBN algorithm
MHz through a SAW filter similar to the ones used &t A monitor shows information from all ONUs on their types, status,
logarithmic detector with a 17-mV/dB response is used, fitInterleaved Parity (BIP) error counts, received powers, nom-
an increase of 100 mV at the NF point indicates a rise ofal output powers and actual output power deviations. It also
approximate 6 dB in the receiver noise floor at 70 MHz at thiecludes readout of the actual subcarrier and noisefloor levels
SC point. in the OLT. Further, it is possible to set the parameféfsand
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Fig. 5. Receiver noise floor.

X®
NF-Mon | Recorder

25 and 78C. The control box includes an offset voltage gen-
erator withdV'/dt limitation, so that a sweep around the preset
temperature value, with a selectable rate of 2, 5, 10, 20, 50 or
— 100°C/h, may be performed for one or more of the ONUs at the
same time.

Fig. 4. OBN test setup for APON system.

) A. Noise Floor and Harmonics
Kw, to start/stop the algorithm and to reset output powers to

their nominal values. In these and all of the following measurements with the elec-

trical spectrum analyzer, the resolution bandwidth is 500 kHz,
the video bandwidth is 1 kHz and the sweep time 1.22 s for a
VI. OBN SYSTEM TESTS sweep from 50 to 250 MHz.
- Fig. 5 shows the receiver noise floor measured without optical

ferent types of access systems: the synchronous-PON (SPd Pt t9 the OL,T' In the subcarrier range from 80 i 23.0 MHZ
where each 9.72 Mb/s channel transports 4 multiplexed 2.3 noise floor Increases from?SldBm to—70 dBm. This is
Mb/s SDH VC12s, and the asynchronous-PON (APON), whefeProperty of the p-I-N diode, V.Vh'k.a the rolloff below 70 MHz
each 9.72 Mb/s channel transports 9.3 Mb/s ATM traffic. Th@nOI a_ll:_)ove 240 MHz is due to f|_|ter|ng gfter the ?ransmpedance
APON system is used for verification. amplifier. At 70 MHz, the receiver noise floor is75.5 dBm

Fig. 4 shows the OBN test setup for the APON system. Onﬁprresponding to a reading of 700 mV in the NF monitor point.

14 ONUSs were available at the time of testing. These are Con_F|g. 6 shows subcarriers 1-5 and their second harmonics after

nected to the OLT and to an optical spectrum analyzer via a 2_91%ualizlatio.nhwit2lapgi(.dm—ﬁS d: of o?ticalkalttenlljgtion and the
coupler with an optical attenuation of appx. 12-13 dB. A varlQBN algorithm disabled. The channel peak level is appab

able optical attenuator is inserted between the coupler and corresponding to a reading of appx. 22 mV on the subcar-

OLT, and fixed optical attenuators may be inserted between e level detectors. Even though these are not the same ONUs

coupler and the ONUSs as marked with &n as used for the measurements in the previous section, the second

An electrical spectrum analyzer is connected to the OLTs Sd'ba_lrmonlcs are still more than 20 dB below the subcarriers.

carrier monitor point, and aX (¢) recorder is connected to its ) .
noise floor monitor point. A Personal Computer with a termind}- ©BN Generation and Suppression
program is used to control and monitor the system. Due to differencies in mode spacing and mode jumping,
An ATM traffic analyzer for measuring PRBS errors in thevhich occurs during temperature changes, it is a difficult and
payload of the 9.3 Mb/s traffic is connected to the OLT antime consuming task to find more than two ONU lasers with
traffic loop-back is applied in the ONU to be measured. In thisoincident main modes in the 25 to 7& temperature range.
application, the payload of the ATM-cell is 47 bytes out of 53Therefore, the 4 ONUs used to generate optical beat noise are
so a PRBS error count of 1/min corresponds to an error ratesaflected to form two pairs 7—-8 and 9-10 with coincident main
(60-9.3-10°-47/53)"1 = 2.0209 - 1079, modes at some preset temperatures. Initially this is done after
Optical beat noise is generated by temperture control of tequalization with the optical attenuator set to 5 dB.
laser wavelengths in 4 selected ONUs, and polarization controld=igs. 7 to 11 show the optical spectra of channels 7, 8, 9,
are used to maximize the OBN for worst-case measuremerasd 10 both separately and together at the preset temperatures
The temperature controls consist of external peltier-elememtsmain mode coincidence. The pair 7-8 has coincident main
with heatsinks and temperature sensors clamped to the laseides at 1319.26 nm and the pair 9-10 at 1329.20 nm. Fig. 12
housings of the ONUs. These are connected to a 4-channel catmews the optical spectra of all 14 channels simultaneously as
trol box where the temperatures can be set individually betwetrey appear in the subsequent static temperature tests.

The SCMA front-ends described above are used in two dj
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Fig. 6. Harmonics of Channels 1-5.

Fig. 7. Channel 7 at 35.2C.
Fig. 13 shows subcarriers 7-10 after equalization with ap-
proximately 18-19 dB of optical path attenuation and adjus _,4
ment of the polarization controls for maximum OBN. The noist
floor level is —58 dBm at 70 MHz. Fig. 14 shows subcarriers
7-10 after the OBN algorithm has been activated and allowe
to settle withK;, = 1.4 andKy- = 1.1. The noise floor is level
was reduced 16.5 dB at 70 MHz and 10.5 dB at 230 MHz dow
to approximately 1 dB above the level in Fig. 5. There were n _
significant changes in the received subcarrier levels and duril
the settling process the BIP errors were reduced to zero in
four channels. This confirms the basic principles and assum
tions. -
Results from the OBN algorithm monitor are shown in Table
Il. Pgis the received powef}(Pr) is the nominal power after -60
equalization according to (9) andlP, is the power changefrom 1z17.5
Figs. 13to 14. The noise minimum was found within the allowed
limits for the beating pair of lasers 7—8 while the beating pair &fg. 8. Channel 8 at 50.0C.
lasers 9-10 were driven to their limit8 log K;, = 4+1.5 dB.

However, increasing(;, did not improve the noise reduction ithm has been activated and allowed to settle viith = 1.4
significantly and emperically values of around 1.3 to 1.4 Washd Ky = 1.1. Over one minute there were no BIP errors in

13208.8nm  1322.5

found to give satisfactory results. any channels and the noise floor reached a maximum level of
—73.3 dBm at 70 MHz, which is just 2.2 dB above the level
VIl STATIC TEMPERATURETESTS in Fig. 5. The noise reduction was achieved without excessive

The purpose of the tests in this section is to examine hgcond harmonics or significant changes in the received subcar-
a system with 14 ONUs handles a static temperature “woréier levels. Table Il shows the ONU mean output power changes
case” situation when the OBN algorithm is activated after pow#Pm Figs. 15 to 16.
equalization with values of optical path attenuations in the spec-
ified dynamic range. The “worst-case” situation is generated By 10 dB Attenuation Spread
adjusting the temperature and polarization of the two beatingTo create attenuation spread fixed attenuators were inserted
pairs 7-8 and 9-10 to maximum OBN after equalization. Hovih some of theX points in Fig. 4. Unfortunately equalization
ever, the uncontrolled laser temperature of the remaining ONWas impossible for attenuations below 15 dB, due to insufficient
may eventually cause beating with the main or side modesrekolution in the digital-to-analogue converter (DAC) setting the
other channels, causing additional contributions to the noigfdulation current amplitude in the ONUs. Therefore the mea-

floor. surements above were repeated with 15-25 dB of optical path
) attenuations, with the smallest values for the controlled beating
A. 1 dB Attenuation Spread pairs 7-8 and 9-10, generating most of the OBN.

Fig. 15 shows all subcarriers with “worst-case” OBN after The results were very similar, except for a slightly higher
equalization with appx. 18-19 dB of optical path attenuationoise level of—71.4 dBm at 70 MHz and a few BIP errors in
The BIP error count for the 14 active channels was betweéve of the 14 channels after settling of the OBN algorithm. This
13052 and 38701 over one minute, during which the slightlg probably due to the fact that the absolute allowed mean power
fluctuating noise floor reached a maximum levek57.9 dBm deviation is now smaller for channels 7-8 and 9—10 because of
at 70 MHz. Fig. 16 shows all subcarriers after the OBN algaheir lower nominal mean powers after equalization.
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_ PRBS errors in the payload of one ATM channel, in a static
Fig. 11. Channels 7, 8, 9, and 10.

“worst-case” OBN situation after equalization with 18-19 dB
of optical path attenuation.

In order to extend the dynamic range over which the OBN The integration period of the ATM traffic analyzer is set to
algorithm preserves its high error reduction efficiency, this ol- min and loopback of ATM cells are done in ONU-13. The
stacle could probably be removed by using a higher value Qforst-case” OBN situation is created as previously stated and
Poz min i (9), than the one found during calibration. the error counter is started. After 10 min, the OBN algorithm

is activated, allowed to settle and run for 20 min after which
C. Long-Term PRBS Error Test the monitor screen is printed out, the algorithm stopped, and

This test is done to examine the error reduction speed aheg ONU mean powers reset to their nominal values. The error

long-term effect of the OBN algorithm, with respect to theounter is allowed to run for another 10 min.
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Fig. 15. “Worst-case” OBN.

During the first and the last 10 min periods the noise floor - - .
. systems, where some ONUSs are inside buildings at fairly con-
and error count fluctuate, but the average error ratio over thes%/gnt temperatures and others in street cabinets exposed to am-
two periods together is 2.6210~2. In the error-free period in P P

. : . . bient temperature variations.
between, there is less than 1 error in 20 min corresponding to aI%\S in the previous section. the PRBS error test is done b
error ratio of less than 1.011071°. The error reduction factor P ’ y

of the OBN algorithm is thus at least 280°times under these It_)opback of the ATM cells in ONU-13 with an integration pe-

. riod of 1 min and the ‘worst-case’ situations are generated by
circumstances. I N . )
. . . adjusting temperature and polarization of the two beating pairs
The time between window sweeps (addressing cycles) for,a S
=8 and 9-10 after equalization.

particular ONU is approximately 50 s and the time from acti- With the OBN algorithm disabled a sweep:56.5°C around

vation of the OBN algorithm until the error-free noise level i .
reached is around 90 s. This gives an indication of the OBN ihe preset temperatures of the ONU lasers 7 and 10 is started

. . . - - Simultaneously with theX () recorder and the error counter.
%?\Tlghsmir?)t(r?icsuitrlr?glesr?wzi?é\t\ilgrt{n =14 Ky =1land14 p sweep is repeated with the algorithm running.

) . : . During the sweeps the preset “worst-case” situation with two
The monitor printout after 20 min of error-free operation _. L
irs beating is passed, but the uncontrolled laser temperature

. pa
shows that the mean powers of all channels have been adjugtfaﬁ]e remaining ONUs may eventually cause beating with the

down, except channels 7 and 9 of the controlied beating PaRin or side modes of other channels, causing additional con-

responsible for most of the OBN. This long-term drift towar?ributions to the noise floor level
lower power values is understandable if you consider two laser ig. 17 shows the noise floor. voltage and the PRBS error

beating with exactly coincident modes. In such a case reducg&m for a temperature sweep at@/h with the OBN algo-

the power of a laser will be preferred, since this results in IesI m disabled and running with'; = 1.3 andKy = 1.1. The
. . L — . VV — P B

.OBN than a POWET Increase, even i th_e_ mode wavelength S{% al number of errors is 3365 699 and 492 523 respectively, and

is the same size in both directions. Additionally, those lasers q

; . : . 8% error reduction factor is thus 6.83 times. Single errors, cor-
beating will tend to turn their powers down to reduce mtensnﬂas onding to an error rate of. 20-°. appear around 825 mV
noise. This could be avoided by activating the algorithm on P g » 8PP

above some noise threshold. However, this long term drift do‘xgiCh equals arise of 7.5 dB up 1668.0 dBm in the noise floor
' ’ 9 f&Vel at 70 MHz. As expected the OBN algorithm has little influ-
not seem to be an obstacle.

ence on the peak noise floor level but does reduce the duration
of the high noise floor level and the total number of bit errors.
Since error-free transmission is achieved after appx. 90 sec. ina
A static temperature situation at all of the ONUs simultanestatic “worst-case” situation, the duration of a noisefloor above
ously will hardly ever occur outside the test laboratory. The puB00 mV will probably not exceed the 2—3 min shown in Fig. 17
pose of the tests in this section is therefore to examine hoveeen for slower sweeps.
system with 14 ONUs handles more realistic dynamic temper-Fig. 18 shows the noise floor voltage and the PRBS error
ature “worst-case” situations with the OBN algorithm runningount for a temperature sweep atG/hour with the OBN al-
continously after power equalization. They are relevant for fielgbrithm disabled and running with;, = 1.3 and Ky = 1.1.

VIIl. D YNAMIC TEMPERATURETESTS
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700 800 900 mV 700 800 900 mV
°C/h. This has not yet been verified though the system has a po-
Fig. 17. Sweep at 2C/h. tential for improvements, such as follows:

« increasing OLT/ONU microprocessor calculation speed;

* increasing up- and downstream management traffic speed,;

* improving the OBN algorithm, for instance by repeating
the window search for an ONU, if it reduces the noise floor
more than some value, before proceeding to the next.

The total number of errorsis 1 158 824 and 148 539 respectively,
and the error reduction factor is thus 7.80 times. This is actually
better than in Fig. 17 though the duration of the high-noise floor
level does not seem to be reduced much.

Fig. 19 shows the noise floor voltage and the PRBS error
count for a temperature sweep at I0/h with the OBN algo-
rithm disabled and running with ;, = 1.3 andKy = 1.1. The It has been shown that the principle of OBN suppression by
total number of errors is 557 873 and 344 338, respectively, af@wnstream feedback may be applied successfully, taking into
the error reduction factor is thus 1.62 times. This is not signifaccount subcarrier operation over more than one octave. In the
cant and the duration of the high noise floor level is practicalffPON system the OBN algorithm has an outstanding error re-
unchanged. However, temperature changes faster than this @iifing effect in static temperature “worst-case” OBN situations

hardly ever occur in field applications where the enclosure thétver an optical dynamic range of at least 10 dB, and an error
ma”y isolates the laser from the environment. ratio of less than 1 10712 is reached within 90 seconds from

Repeating the measurements above reveals some sprea@ffiyation, for a system with 14 ONUs. e
the calculated error reduction factors for a fixed sweep rate be."urthermore it has been shown that the OBN algorithm in
cause it is not possible to reproduce the ‘worst-case’ situatifHS SYStem preserves an error reducing effect, when sweeping
exactly from sweep to sweep as the main modes of the two paFFgE;\ temperature through “worst-case” OBN situations at rates

necessary to generate a high level of OBN, are not coincident'80 5°C/hour. The duration of error bursts caused by slower
precisely the same time in each sweep. temperature sweeps will probably always be less than 3 min and

It seems fair to conclude that the average error reducti(t:)rhe system has a potential for improvements.

factor of the OBN algorithm is 1 for temperature sweeps faster
than 10°C/h, and that it increases as the sweep speed decreases,
since it is almost infinite in the static temperature situation. In order to achieve an optical dynamic range, which is suit-

It also seems resonable to assume that increasing the excetile for practical purposes, power equalizing of the ONUs by
tion speed of the OBN algorithm will increase the average errdownstream feedback is required anyway. Implementation of
reduction factor and reduce the duration of the inevitable err@BN suppression provides an economical extension, since it
burst during a temperature sweep at a fixed rate slower thand@ly requires an extra filter and detector in the OLT.

IX. SUMMARY

X. CONCLUSION
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The “worst-case” OBN situation generated in order to test the ACKNOWLEDGMENT
system under static and dynamic temperature conditions is quit
extreme, since it involves simultaneous wavelength and pol
ization coincidence of the main modes of two pairs of lase
The probability of its occurence in field applications is there-
fore extremely small. However, depending on the polarization
and mode distribution, there is always some risk of getting an
error burst when the wavelength of one laser slowly passes théll C.Desem, “Optical interference in subcarrier multiplexed systems with

| th of another multiple optical carriers,JEEE J. Select. Areas Communwol. 8, no. 7,
wavelength o er. o _ pp. 1290-1295, Sept. 1990.

In highly demanding upstream applications this could be[2] C.Desem, “Measurement of optical interference due to multiple optical

avoided by stabilizing all ONU lasers at the same temperature, ga”iergé’; Sggga/f;i” ;’ggtlyip'eXi”g'EEE Photon. Technol. Leftvol.
. . . . , Pp- —389, Apr. .

therepy Cre_atlng a static temperature situation where t_h_e OB'\{?,] C.-H. Chang, “Interference of multiple optical carriers in subcarrier-
algorithm fine-tunes the wavelengths to obtain a minimum multiplexed systems [EEE Photon. Technol. Lettvol. 5, pp. 848-850,
noise level. This increases the cost and power consumptioT July 1993. o

f th tem, but the benefit is that it will not be necessar 41 R. D. Feldman, T. H. Wood, G. Raybon, and R. F: Austin, ‘Effect of
0 € sys ’ Yy optical beat interference on the dynamic range of a subcarrier multiple
to select lasers and keep a record of the wavelengths and access passive optical network using Fabry—Perot laskrsightwave
temperatures in order to replace or add ONUs. [5] \I\? (i-rlmgi)v\\;g:l % ?icéaf’iu‘é’é’wzrlk1751§’ I';/Iaignltgﬁs'lication GB 2294372

Tellabs APON and SPON systems utilizes retransmission in™ A" oy 24 1’996? B PP
their upstream applications and they are also designed to main-
tain their synchronization at high bit error rates. Error bursts of
some duration may therefore be tolerated and temperature con-
trol is not needed. Here the OBN suppression algorithm pr
vides a guarantee against high bit error rates for long periods
time and results in very reliable low-cost systems for less d
manding traffic.

Finally, OBN suppression by downstream feedback may al
be utilized in conjunction with the spectral broadening metho
for further error reductions. Therefore it constitutes a valua
contribution to the discusssion regarding the pros and consi 22:7'103'[];;22;0??2&':% esc}gg“fg&;a”hde %%Ze[ggn
SCMA_ ve.rsgs a!temat'ves such as TDMA for the upstreafik, psc communications A/S, recently renamed to TeIIabs’Denmark AIS,
traffic in bi-directional PON transport systems. working with SCMA-PON systems and currently with optical WDM systems.
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