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Abstract—A modified star—ring architecture (MSRA) consisting  pacity plus the tolerance to faults also decrease. This will make
of a star network on the upper level and many concatenated ring the network not capable of providing an acceptable quality of

subnets on the lower level is proposed for subcarrier multiplexed service. Therefore. we shall suagest a novel approach to solve
passive optical network (SCM-PON). The upper level star network ’ Lo 99 PP
these problems effectively.

ensures high network capacity and its weakness in reliability is g » . .
overcome by the concatenated ring subnets with self-healing ca- [N this paper, we propose a modified star-ring architecture
pabilities. The self-healing function can be performed at remote (MSRA) which employs a properly optimized two-level net-
nodes (RNs) by using optical switches (OS) to reconfigure the ring work architecture having a star network on the upper level along
subnets if any link fails. Moreover, we design the cascade add/drop \yiih many concatenated ring subnets on the lower level. A spe-
transceiver (CAT) structure in the lower level ring subnets to com- . . S
pletely eliminate the optical beat interference (OBI) problem and cial CAT structurg IS employed .at each .mode t‘? eI|-m|nate the
achieve an OBI-free optica| network. Fina”y, we set up an experi_ OBI problem. ThIS aI’ChIteCture IS a feaSIble ChO|Ce In terms Of
mental network to demonstrate the feasibility of this cost-effective the capacity, the OBI-reducing capability, the quality-of-service
survivable structure. (QoS), and the cost of initial installation. We had analyzed the
Index Terms—Cascade add/drop transceiver (CAT), modified performance of the MSRA and carried out an experimental net-
star-ring architecture (MSRA), optical beat interference (OBI), work to demonstrate its feasibility.

reliability, self-healing function. The rest of this paper is organized as follows. Section Il in-
troduces the MSRA in detail and Section Il analyzes its perfor-
|. INTRODUCTION mance. In Section IV, we implement an experimental network

and demonstrate its experimental results. Finally, Sections V

UBCARRIER multiplexed passive optical networksynqg v are devoted to the discussion and conclusions of this
SCM-PONSs) are cost-effective and favorable archltegtudy_

tures for subscriber networks such as CATV and FTTH [1]-[3].
In densely populated commercial and residential areas, the
number of nodes may increase significantly and a high-capacity
network is necessary under this circumstances. The networklhe most common physical topologies of customer access
has to be reliable as well, which can be recovered from failunetworks from a central office (CO) to subscribers are star, ring,
condition within a short period of time [4]. and bus topologies. The star topology is attractive due to the fact
The optical beat interference (OBI) could seriously impair thiat the transfer from a narrowband network to a broad-band
SCM-PON, especially when the number of nodes is large. It witlustomer access network is easy and effective. If the number of
degrade the carrier-to-noise ratio (CNR) and limit the numbeubscribers is increased, the star network can be easily broken
of optical network units (ONUSs) [5]-[7]. Many valuable ap-up into several subnets, being a versatile and flexible architec-
proaches were proposed to reduce the influence of OBI. For tare for network expansion.
stance, Woodwardt al. suggested that different mode spacing Among all of the subcarrier multiplexed passive optical net-
lasers could effectively reduce OBI [8]. Feldmeinal.demon- works, the two-level star—star architecture is popular because it
strated that the penalty of OBI could be eliminated by amplowns low propagation delay, low first installed cost and high
fied LEDs in a subcarrier multiple access system [9]. Besideympatibility. But if the network is large, its reliability and the
our previous work showed that a strong sine wave modulatiotherent OBI problems become significant. To overcome the
could reduce OBI to an acceptable level [10]. However, all of theeakness of star networks while preserving their advantages,
methods mentioned above have treated the OBI problem indie propose a novel network architecture, as shown in Fig. 1.
vidually at each optical node. As the number of nodes increaséhge proposed MSRA is based on the two-level star—ring archi-
not only does the OBI problem become severe but the excessteature with special arrangements on the lower level ring sub-

Il. THE MODIFIED STAR-RING ARCHITECTURE

nets.
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Fig. 1. Block diagram of the modified star—ring architecture (MSRA).

for the ONU of interest via the lower level ring subnet, and the
further delivered to the CO using the upper Ievel'stallr networ $ Up-stream(1.31um)
The 1.55xm band is used for downstream transmission and t| down-stream(1.55um)
1.3-:m band for upstream transr_niss_io_n. _ B 20&1& | S_SZ Control

Every lower level ring subnet is divided into two semiring: S}E’hm circuit

by RNs, with each consisting of several ONUs. The functic

of RN is to properly transfer signals between the CO ar To OS control signals

the lower level ring subnet in the normal condition, and t )

perform self-healing function if link failure occurs in the uppe 1.3_1&_’0_00 O?-O—w

level star network. As shown in Fig. 2, each RN contair 98 >wom—L_ o S

two 1.554m/1.3 um coarse wavelength-division multiplexers 1 55pm| o o_o%
pm o)

(CWDMs) and several optical switches (OS). A signalin

tone is constantly sent by the CO and detected by the cont

circuit in the RN. The switch states are normally set as shov

5 1.31pm

in Fig. 2(a), therefore the 1.56m downstream signals and @
the 1.3um upstream signals are properly forwarded by th
two CWDMs. If the corresponding link in the upper level sta 4
network is broken, the signaling tone will be absent and tt d
control circuit will reconfigure the OS functioning as Fig. 2(b’ ggg&l B_SZ Control
such that the upstream signals can bypass the RN of intel splitter cireuit
and go to the neighboring RNs. In this scenario, the network ’ ]
virtually reconfigured, as shown in Fig. 3, such that the affecte T0 OS control signals
ONUSs will be assisted by the two neighboring RNs. Obviousl 1.31um 'Po’oo O, | 1:31pm
the downstream signals can still be transmitted from the CO oS O >
the affected ONUSs. < o OOS

In each ONU, we design the CAT structure to overcome tt 1.31um _055 n} 1.31pm

OBI problem. Please refer to Fig. 4 to understand the idea
CAT. In the ONU,, the downstream optical signal originatec
from the CO is first converted to electrical by a p-i-n module (b)
Then this signal is forwarded to an add/drop module in whic..

the upstream signals() is added and the message destined to _ . ,
the ONUY, (C,) is dropped. The output of the add/drop modulq,'rg'ngh ofgg{:f;“gg;;;ggm:lurﬁie for () normal operations and (b) fiber

which contains the downstream signal from the CO and the up-

stream signal of the ONY) is transmitted to the next ONU by ] ] .

a 1.3um laser transmitter. The same operation is performed $° afterwards. The CAT structure indeed brings two major ad-

the following ONUs in a cascade manner. Thus, all the dowMantages.

stream signals can be received by the destined ONUs and all thes Since the upstream optical signals come from a sole laser
upstream signals can be transferred to the RN, and then to the transmitter all the time, there is no OBI problem in the
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Fig. 3. Virtual configuration of the lower level ring under link failure on the upper level star network.

lower level ring subnets, and in turn the whole network i&. CNR of the Upstream Signal
OBl free.

* The downstream/upstream signals are regenerated at e
ONU, so that low-power lasers can be used and there is
no branch Ioss_ at eac_h ONU. 'I_'his is not the case for other Po={[((S1 +n1) G-y - Ry Ay + 12+ Ss)
systems in which optical amplifiers are usually needed to

Referring to Fig. 4, the output signal pow#&s in the p-i-n
ule at the CO for a number bfcascade ONUSs is given as

compensate for branch losses for upstream/downstream -Ga -4y - Rz - A3+ S3 + n3]
signals.
. , . . . -Gz -l3-Ry-Ay+---+ 5y ;
The detail configuration of ONU in our experiments to be Ga by Ry Agteoo o Siomn}
demonstrated later is shown in Fig. 5. The electrical signals ~Gr Ly - Riy1 - Akt - 0041 Q)

from the p-i-n module output include the downstream signal

in the high-frequency band and the upstream signals in théere

low-frequency band. Using a band-pass filter (BPF), a demul-S;  upstream signal power;

tiplex (DMUX), and a demodulator (DFSK), the downstream n;  total noise power;

signal (digital data or multi-channel video signals) can be G;  E/O conversion gain of the laser transmitter;

dropped. On the other hand, a local upstream signal is added; transmission loss factor;

to the p-i-n module output before modulating a 13- laser. R;  responsivity of the p-i-n diode;

The laser output is sent to the next ONU. In each ONU we useA;  gain of the receiver preamplifier for thgh ONU, re-

a pair of OS to bypass the node when it fails. spectively.

In general, the modulated frequency bandwidth of a corhlote that here the CO is taken as the1)th ONU for brevity.

mercial Fabry—Perot (FP) laser diode is about 1.0 GHz. In thée loss facto¥; is given as

MSRA, the downstream signal frequency bandwidth ranges

from 550 MHz to 1.0 GHz and the upstream signal frequency b = ek (2)

bandwidth is from 80 MHz to 500 MHz, respectively. As

each branch of the upper level star network can use the fuwlhere« is the fiber loss coefficient; anf; the fiber length be-

modulation bandwidth to serve the corresponding ONUSs, th@een ONU and ONU, ;. The upstream signafs are subcar-

MSRA can provide very high-capacity information transferier multiplexed at different frequency bands and they are in-

and serve a large number of subscribers. dependent of each other. Without loss of generality, we assume
G4 Riy1- Ay 21,4 =1~ kthen the CNRfor each
subcarrier signal at the receiver output of CO is given as

Ill. PERFORMANCEANALYSIS

C; S
The signal quality of subcarrier networks is closely related to * " Paoise k!
the CNR. The CNR is related to the optical modulation index as Z U
well as the system noise. In the CAT structure, since the distance =1 L oo
between ONUs is short as normally, the receiver noise can be _ 3 mily
ignored due to large optical power output. Thus in general laser k-(RIN-I8 - B+2qloB+4KTBF/R,.,)

source noise dominates. (€))
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Fig. 5. Detailed configuration of ONU.

where [, is the average photocurrent and; the optical the equivalent resistance a#dthe noise figure. Note that;
modulation index per channel correspondingstoRIN is the consists of LD noise and;1 has receiver noise only.

relative intensity noise of the laser sourdg,the bandwidth  As shown in Fig. 1, the upstream signals in each branch of
of each channel. The shot noig8el,B and the thermal noise the upper level star network come from cascade ONUs from
4KTBF/R., are produced by the receiver, wifi,, being two semirings in the lower level. If the two semirings have the
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same number als ONUs, the CNRis written as (4), shown at to 52. Moreover, as = 2, the maximum number of cascade

the bottom of the page. ONUs is only 39. IfRIN is reduced tc-145 dB/Hz, the max-
imum number of cascade ONUs is 118 under a normal working
B. CNR of the Upstream Signal Under Link Failure condition. In the event that the number of failed branches1

=2,th f N h 7
If alink in the upper level star network is broken, those ONUandu , the number of cascade ONUs can change to 78 and

56, respectively. The results reveal tRdlN is a critical param-
originally served by the RN connected to the broken link will bgte’r in ?he curri/ant system P

served by the wo neighboring RNs as shown in Fig. 3. In this RIN is indeed not the only critical parameter in the system

case, the number of ONUs served by the neighboring RN is i the number of active ONUs is large. In this case nonlinear

creased. If a cluster of u links are failed simultaneously and thefe, i 0 induced by laser clipping should be taken into con-
arek ONUs in each lower level semiring, it is uncomplicated t

: . Lideration. In general, merely part of the ONUs are active such
obtain the CNR as in (5), shown at the bottom of the page. that the total number of upstream and downstream channels

) will be lower than 150 (there are about 75 upstream channels
C. CNR of the Downstream Signal and 75 downstream channels in the proposed frequency band).
As shown in Fig. 4, the downstream signal from the CO fsven under the worst cagé = 150, by carefully choosing the
received and regenerated at each ONU. As additional noiséXll/ch, a high C/NLD still could be achieved [11].
added at each ONU, the CNR of the downstream signal of the

ONU; will be the highest and that of the ONUill be the IV. EXPERIMENTAL SETUP AND RESULTS
worst. Using previous results, it is easy to obtain the CNR at1q gemonstrate the feasibility of the MSRA, we setup an ex-
the jth ONU as perimental network as shown in Fig. 7. In the downstream direc-
tion, a commercial 1.5%m FP laser is directly modulated by

S; a composite signal consisting of several 3 Mb/s FSK subcarrier
CNR; = J signals and analog FM video channels. The FSK channels are
Ny + 2”7 6 MHz apart, and the spacing for FM video channels is 38.36

P MHz. The multiplexer frequency bandwidth covers 550-1000

1 MHz. In the upstream direction, there are eight ONUs forming

3 milg two rings in the network to be linked to CO via three branches

~j (RIN -I2 - B+ 2qloB + AKTBF/R.,) of a8 x § star coupler. A low-cost 1.3m FP laser in the ONY

6) is directly modulated by several 3 Mb/s FSK subcarrier sig-

nals originated from thei(— 1) cascade ONUs ahead of the
ONU;. The upstream FSK subcarrier channel spacing is 6 MHz,
ranging from 80 to 500 MHz. The 3 Mb/s data signal can be con-
verted into an FSK signal through a VCO module with a modu-
lation index of 0.5. And the output of FSK signals is used to di-
D. Results rectly modulate the laser having an optical modulation index of

Fig. 6 shows the value of CNR in the upstream directiod.2. In this work, the upstream subcarrier channels were chosen

versus the maximum number of cascade ONUSs in each ringfribm 94 MHz to 136 MHz, and the 106-MHz channel (ONUs
there is no failure, the number of maximum cascade ONUs imonitored during this experiment. In the downstream direction,
each ring can reach up to 78 in the present case when €NRe subcarrier channels were chosen from 550 MHz to 580 MHz,
17 dB,m = 0.032, [y = 0.9 mA, T = 300 K B = 6 MHz, andthe 556 MHz subcarrier channel is monitored. The total op-
F = 3and RIN= —135 dB/Hz. When the failed linking branch tical loss through the 2.2 km single-mode fiber is 0.82 dB at
u = 1, the maximum number of cascade ONUs will be reducedd3 xm and 0.43 dB at 1.5hm, respectively. The end-to-end

wheren,, is the LD noise at the CO, ang consists of receiver
noise only.

1, 272
" Pooise k ~ 2k (RIN-I2-B)+ (2k — 1) (2q1oB + 4KTBF/R.,)’
Ngy1 + 22 g
i=1
. . 1 2]2
CNR; = Si Si = 2 M0 (5)

Paoiee K (w+2) k- (RIN-I2-B) + [(u+2) -k — 1] - (2q1oB + AKTBF/R.y)’
N1 + (u+ 2)2 ni

i=1
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Fig. 6. CNR versus the number of cascade ONUs in each ring. For the normal operatiorand the branch failures = 1 and2 underm = 0.032,1, = 0.9
mA, B = 6 MHz, T = 300°K, F = 3, R., = 50 © andRIN = —135 dB/Hz and—145 dB/Hz.
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Ch.A (BM bits) —>F7er] Sr—
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Ch.N (Video Signal) X FP-LD
(550 -1000MHz )

Fig. 7. Experimental setup.

optical loss of the system is 13.76 dB at 1,58 (from Point A p-i-n module in the ONUY. It is monitored under four different

to B) and 14.34 dB at 1.3m (from Point C to D). cases:
Fig. 8 shows the measured BER of the 556 MHz downstream1) transmit the 556 MHz channel only;
channel versus the received optical power at the output of the2) add two adjacent downstream SCM channels;



38 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 19, NO. 1, JANUARY 2001

3) add two adjacent downstream SCM channels and eic
SCM channels in the upstream direction; Downstream
4) the same as case 3 except as branch u2 fails.

For the 1.55-m FP laser at the CO, the transmitted optice -3
power is—4 dBm and a BER of 10° is obtained at a received
optical power of-26.4 dBmin case 1. Thereare 0.4and 1.6 d
power penalties due to the eight upstream channels in case
and 4, respectively. Thus, the downstream channel optical pov -4
margin is 8.24 dB{4—13.76 — 0.4+ 26.4) in case 2, and 7.04
dB (—4 — 13.76 — 1.6 + 26.4) when branch u2 fails.

In Fig. 9, the 106 MHz upstream channel is monitored und
the following four situations:

1) transmit the 106 MHz channel only;

2) add seven adjacent upstream SCM channels;

3) add three downstream channels and seven adjacent
stream SCM channels;

4) same as case 3 except as branch u2 fails.

For the 1.3am FP laser in ONWY, the transmitted optical power
is —4.5 dBm, and a BER of 1 is obtained at a received op- , , ; , ' :

tical power of—29.3 dBm in case 1. There is a 0.7 dB powe 10 -31 30 29 28 27 26 25 24
penalty with seven adjacent SCM channels in case 2. Moreo\ Optical Power Received, dBm

a downstream channel and seven adjacent channel transmis-

sion result in 0.8 dB power penalty, and 1.8 dB power penalfjg. 8. Measured BER curves for downstream transmission at the:QalU
when branch u2 fails. Thus, the ONpical power margin is 1 1% 550 Mz SCU channel ot o aicent dourstean SO
9.66 dB (-4.5 — 14.34 — 0.8 + 29.3) in case 3 and 8.66 dB scM channels,¢ with eight upstream SCM channels and two adjacent
(—4.5 — 14.34 — 1.8 + 29.3) in case 4 when branch u2 fails. downstream SCM channels if branch u2 fails.

log (BER)

7

V. DISCUSSION

. . . Upst!
Figs. 8 and 9 reveal that the optical power penalty is le: pstream

than 2 dB for the bidirectional transmission with eight upstrea
channels in the two lower level ring subnets and one downstrei
channel. Cascading many ONUSs in the ring subnets and hav
several channels transmit on the downstream direction sim
taneously can cause inter-channel interference (ICI) and no
accumulation problems at the p-i-n module output. Thus, a b¢
tleneck would occur and both the transmission rate and the mi &
imum number of cascade ONUs would be limited. g.i
=11]
Q

4

1
w
1

The maximum number of ONUSs in the ring subnet is limitet
by

1) accumulated noise in each ONU;

2) the modulation bandwidth of the laser.

The limitation imposed by accumulated noises had been ar 4L
lyzed before. The laser modulation bandwidth is obviously
dominant factor for the maximum number of ONUs. In ou -8
system, the upstream signals are added at each ONU so that oF “A el e
maximum number of ONUs will be limited by the laser band L ! ' ' ' ' —
width in the last ONU before the RN. 34 33 32 Sl ) 30 » R

In SCM-PONSss, the OBI noise in the star architecture is prc Optical Power Received, dBm

portion toj(j — 1)/2 term in the case of simultaneous op- _ o ,
ig. 9. Measured BER curves for upstream transmission ataC@ith the

. : ) : : F

tical carriers [5]. According to our previous experimental '€06 MHz SCM channel only with seven adjacent upstream SCM channels,

sults, the system can be extended to 23 ONUs at most witlmavith three downstream SCM channels and seven adjacent upstream SCM

strong modulation signal when CNR 17 dB is required for channels# with three downstream SCM channels and seven adjacent upstream
.. e . SCM channels if branch u2 fails.

digital FSK transmission [10]. In the CAT structure with the

same lasers and p-i-n diodes, the noise accumulation is propor-

tion to j(RIN*I3B + 2qloB + 4KTBF/R.,) term. From (6), 17 dB,m = 0.032, [, = 0.9 mA andRIN = —135 dB/Hz,

the capacity of each ring can be up to 78 ONUs when GAR being superior to the former approach.
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