
(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2017/0082802 A1 

US 20170O828O2A1 

Piehler et al. (43) Pub. Date: Mar. 23, 2017 

(54) OPTICAL NETWORK COMMUNICATION GO2B 6/28 (2006.01) 
SYSTEM WITH OPTICAL LINE TERMINAL H04. I4/02 (2006.01) 
TRANSCEIVER AND METHOD OF (52) U.S. Cl. 
OPERATION THEREOF CPC .............. G02B 6/125 (2013.01); H04J 14/02 

(2013.01); H04O II/0067 (2013.01); H04Q 
(71) Applicant: NeoPhotonics Corporation, San Jose, II/0005 (2013.01); G02B 6/2808 (2013.01); 

CA (US) H04O 2011/0015 (2013.01); G02B 2006/1215 
(2013.01) 

(72) Inventors: David Piehler, Half Moon Bay, CA 
(US); Anthony J. Ticknor, Cupertino, CA (US) (57) ABSTRACT 

A method of operation of an optical network communication 
(21) Appl. No.: 15/367,644 system including: providing a planar lightwave circuit 

including: connecting 2x2 single-mode ontical couplers in 
(22) Filed: Dec. 2, 2016 al ly for E. a 1XN E. optical it. 

Related U.S. Application Data combiner, and routing harvesting ports to an optical line 
terminal receiver for collecting harvested-light, from two or 

(63) Continuation of application No. 12/966,795, filed on more of the harvesting ports, in the optical line terminal 
Dec. 13, 2010, now Pat. No. 9,544,668. receiver wherein one of more of the harvesting ports is from 

O O the 2x2 single-mode optical couplers; transmitting to an 
Publication Classification optical network unit through the planar lightwave circuit at 

(51) Int. Cl. a first wavelength; and interpreting a response from the 
GO2B 6/25 (2006.01) optical network unit at a second wavelength through the 
H04O II/00 (2006.01) harvested-light. 

100 

PON OLT LINE CARD 

PON OLT TRANSCEIVER 
114 106 112 

OPTICAL 
A SPLITTER 

    

      

  

  



US 2017/00828O2 A1 

ZOV (..….ll........ >HELLITCHS #------|-|------- T\/O|LAHO | A\?*------- 
N X |~~~~, 

Mar. 23, 2017. Sheet 1 of 11 

C]>|\/O ENIT LTO NOCH 

~ool 

Patent Application Publication 

  



Patent Application Publication 

(A) (B) 

PA(Tx) 

Mar. 23, 2017. Sheet 2 of 11 US 2017/00828O2 A1 

(C) (D) 

12 P f 12 P N(x) \(Tx) N(T) (Tx) 
B A B 

O C, D 210 C, D P A P 
k(Tx) P(Tx) * 4 FTX) P(t) x(Tx) 

(E) (F) (G) (H) 
PM(Rx) PA(Rx) P1 P2 P1 P2 

Av B A B ? t 

C D C, D C, D C D 
A. 

P1 P2 P1 P2 A(RX) PX(Rx) 

FIG 2 

300-N 

122 

  



Patent Application Publication Mar. 23, 2017. Sheet 3 of 11 US 2017/00828O2 A1 

122 

128 506 502 

51O 

- O PLANAR LIGHT WAVE CIRCUIT 

  

  



Patent Application Publication Mar. 23, 2017. Sheet 4 of 11 US 2017/00828O2 A1 

600 Y 
506 

SFPMECHANICAL INTERFACE I / 
602 SFPPNoLIXFR II, I 122 

S. EN ESSE DFB NN ESFP E 3. Yor 
Ertz LASER 

606 6O4 61O 410 

FIG. 6 

PON OLT LINE CARD 

700 Y 

704 WAVEGUIDE 
COUPLER 122 
MPSM SR4 
TO 

  

  

    

  

    

    

  

  

    

  



Patent Application Publication Mar. 23, 2017. Sheet 5 of 11 US 2017/00828O2 A1 

  



Patent Application Publication Mar. 23, 2017. Sheet 6 of 11 US 2017/00828O2 A1 

1 000 N. 
504 506 

PON OLT LINE CARD 

SFP PON OLT XFR —l 

GPON Econ APDNNog EEEE| Dos INTRF F74 1 - XF HER E4'- 

606 604 610 608 
410 

FIG 10 
1100 N. 

504 506 

PON OLT LINE CARD 

SFP PON OLT XFR |-|-l 
APD PHS No EGPONE OLT DoGs SF ESFPEXER DFB / COC LASER 1 - 

122 

  

    

  

  

  

  

    

      

  



Patent Application Publication Mar. 23, 2017. Sheet 7 of 11 US 2017/00828O2 A1 

51O 

? PLANAR LIGHTWAVE CIRCUIT 

122 

F.G. 12 

PLANAR LIGHTWAVE CIRCUIT 

128 
122 

410 

  



Patent Application Publication Mar. 23, 2017. Sheet 8 of 11 US 2017/00828O2 A1 

PLANAR LIGHTWAVE CIRCUIT 

122 

122 

  



Patent Application Publication Mar. 23, 2017. Sheet 9 of 11 US 2017/00828O2 A1 

1600 N. 
1610 

1 G/2.5G re. HS 

1608 1606 1605 504 
514 

1612 OPT TX ADC 122 

FIG 16 

1700-N 
1 x 32 10G - PON EXTENSION SYSTEM 

  



Patent Application Publication Mar. 23, 2017. Sheet 10 of 11 US 2017/0082802 A1 

122 

122 

n 
1 X N/2 N 
SM 

SPLITTER 

FIG. 19 

  



Patent Application Publication Mar. 23, 2017. Sheet 11 of 11 US 2017/0082802 A1 

2000-N 

PON OLT LINE CARD 

122 

  



US 2017/0O828O2 A1 

OPTICAL NETWORK COMMUNICATION 
SYSTEM WITH OPTICAL LINE TERMINAL 

TRANSCEIVER AND METHOD OF 
OPERATION THEREOF 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a continuation of copending 
U.S. patent Ser. No. 12/966,795 filed on Dec. 13, 2010 to 
Piehler et al., entitled “Optical Network Communication 
System With Optical Line Terminal Transreceiver and 
Method of Operation Thereof.” incorporated herein by ref 
CCC. 

FIELD OF THE INVENTION 

0002 The present invention relates generally to an opti 
cal network communication system, and more particularly to 
a system for providing a passive optical network. 

BACKGROUND OF THE INVENTION 

0003. An example of a point-to-multipoint optical net 
work can be the passive optical network. Passive optical 
networks are defined in standards, by well known organi 
Zations, for general application. The network is terminated at 
a single point, typically located in a telecommunications 
provider central office (CO), in an optical line terminal 
(OLT) and at multiple subscriber points, typically at the 
Subscriber's residence, by an optical network unit (ONU). 
0004. The OLT and the ONUs have single fiber interfaces 
which transmit and receive optical signals at different wave 
lengths. The OLT transmits signals at a wavelength w, 
and receives signals from the ONUs at a wavelength ... 
The ONU transmits signals at a wavelength, and receives 
signals from the OLT at a wavelength W. The down 
stream signal broadcasts to all ONUs on the network; while 
upstream signals from each Subscriber ONU are assigned 
unique time slots according to a time division multiple 
access (TDMA) protocol. 
0005 To support high-data rates and long distances, 
between the OLT and ONUs, Passive Optical Networks 
(PONs) use single-mode optical fiber. A key component in 
any PON is a single-mode optical splitter. The function of a 
1xN optical splitter is to split and direct identical copies of 
the downstream optical signal to each of the each of the N 
ONU-facing ports. 
0006. The same splitter combines Nupstream signals into 
a single, single-mode optical port facing the OLT. The law 
of energy conservation requires that the downstream signal 
at each output port will be attenuated by at least a factor of 
1/N relative to the input signal. If one assumes that all 
signals in the upstream are treated identically by the splitter, 
(i.e. the splitter has no polarization, or wavelength prefer 
ences) then a signal entering any one of the N ONU-facing 
ports must be attenuated by at least a factor of 1/N by the 
time it reaches the single OLT-facing port, as a consequence 
of the second law of thermodynamics (entropy cannot 
decrease in a closed system). 
0007 For the ideal single-mode splitter, one that has zero 
excess loss, the total downstream optical power launched 
into the splitter is equal to the total power emitted from the 
N ONU-facing ports. For the same ideal splitter, the total 
optical power flowing out of the single OLT-facing upstream 
port can be no more than 1/N times the total optical power 
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launched into any set the N ports. A very large fraction, 
(N-1)/N of the upstream signal is radiated out of the single 
mode waveguides in the splitter as dispersed and unusable 
light energy, which will be called waste-light. 
0008 Thus, a need still remains for an optical network 
communication system with optical line terminal transceiver 
that compensates for the attenuation of the upstream signal 
path. In view of the growth in the optical network commu 
nication industry, world-wide, it is increasingly critical that 
answers be found to these problems. In view of the ever 
increasing commercial competitive pressures, along with 
growing consumer expectations and the diminishing oppor 
tunities for meaningful product differentiation in the mar 
ketplace, it is critical that answers be found for these 
problems. Additionally, the need to reduce costs, improve 
efficiencies and performance, and meet competitive pres 
Sures adds an even greater urgency to the critical necessity 
for finding answers to these problems. 
0009 Solutions to these problems have been long sought 
but prior developments have not taught or Suggested any 
Solutions and, thus, Solutions to these problems have long 
eluded those skilled in the art. 

SUMMARY OF THE INVENTION 

0010. The present invention provides a method of opera 
tion of an optical network communication system including: 
providing a planar lightwave circuit including: connecting 
2x2 single-mode optical couplers in an array for forming a 
1xN single-mode optical splitter/combiner, and routing har 
vesting ports to a receiver for collecting harvested-light, 
from two or more of the harvesting ports, in the receiver 
wherein one of more of the harvesting ports is from the 2x2 
single-mode optical couplers; transmitting to an optical 
network unit through the planar lightwave circuit at a first 
wavelength; and interpreting a response from the optical 
network unit at a second wavelength through the harvested 
light. 
0011. The present invention provides an optical network 
communication system including: a planar lightwave circuit 
includes: 2x2 single-mode optical couplers coupled in an 
array form a 1xN single-mode optical splitter/combiner, and 
harvesting ports routed to a receiver for collecting har 
vested-light, from two or more of the harvesting ports, in the 
receiver wherein one of more of the harvesting ports is from 
the 2x2 single-mode optical couplers; an optical line termi 
nal transmitter for transmitting a first wavelength to an 
optical network unit through the planar lightwave circuit; 
and a second wavelength, from the optical network unit, 
received through the harvested-light. 
0012 Certain embodiments of the invention have other 
steps or elements in addition to or in place of those men 
tioned above. The steps or element will become apparent to 
those skilled in the art from a reading of the following 
detailed description when taken with reference to the accom 
panying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0013 FIG. 1 is a functional block diagram of an optical 
network communication system, with optical line terminal 
transceiver, in an embodiment of the present invention. 
0014 FIG. 2 (A-H) is a functional block diagram of a 2x2 
single-mode optical couplers having a characteristic 
response to input wavelengths. 
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0015 FIG. 3 is a functional block diagram of the 1xN 
single-mode optical splitter/combiner, of FIG. 1. 
0016 FIG. 4 is a functional block diagram of an optical 
line terminal transceiver. 
0017 FIG. 5 is a schematic diagram of an optical line 
terminal transceiver in an embodiment of the present inven 
tion. 
0018 FIG. 6 is a functional block diagram of a passive 
optical network optical line terminal line card utilizing the 
planar lightwave circuit in an embodiment of the present 
invention. 
0019 FIG. 7 is a schematic diagram of a 1x32 single 
mode optical splitter/combiner in an embodiment of the 
present invention. 
0020 FIG. 8 is a functional block diagram of a passive 
optical network line card utilizing an external version of the 
planar lightwave circuit in a second embodiment of the 
present invention. 
0021 FIG. 9 is a functional block diagram of a passive 
optical network optical line terminal line card utilizing an 
external version of the planar lightwave circuit in a third 
embodiment of the present invention. 
0022 FIG. 10 is a functional block diagram of a passive 
optical network optical line terminal line card utilizing the 
planar lightwave circuit in a fourth embodiment of the 
present invention. 
0023 FIG. 11 is a functional block diagram of a passive 
optical network optical line terminal line card utilizing the 
planar lightwave circuit in a fifth embodiment of the present 
invention. 
0024 FIG. 12 is a schematic diagram of an optical line 
terminal transceiver utilizing a 1x4 single-mode optical 
splitter/combiner in an embodiment of the present invention. 
0025 FIG. 13 is a schematic diagram of an optical line 
terminal transceiver utilizing a 1x8 single-mode optical 
splitter/combiner in a sixth embodiment of the present 
invention. 
0026 FIG. 14 is a therein is shown a schematic diagram 
of an optical line terminal transceiver utilizing a 2x8 single 
mode optical splitter/combiner in a seventh embodiment of 
the present invention. 
0027 FIG. 15 is a functional block diagram of a 32-port 
10-Gb/s PON OLT transceiver in an eighth embodiment of 
the present invention. 
0028 FIG. 16 is a functional block diagram of a 32-port 
10-Gb/s PON OLT reach extension system in a ninth 
embodiment of the present invention. 
0029 FIG. 17 is a functional block diagram of a 32-port 
10-Gb/s PON OLT reach extension system in a tenth 
embodiment of the present invention. 
0030 FIG. 18 is a functional block diagram of a hybrid 
fiber coax optical network repeater in an eleventh embodi 
ment of the present invention. 
0031 FIG. 19 is a functional block diagram of an optical 
line terminal transceiver utilizing a 1x(N/2) single mode 
splitter/combiner, in a twelfth embodiment of the present 
invention. 
0032 FIG. 20 is a functional block diagram of a passive 
optical network optical line terminal line card utilizing the 
planar lightwave circuit. 
0033 FIG. 21 is a flow chart of a method of operation of 
an optical network communication system in a further 
embodiment of the present invention. 
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DETAILED DESCRIPTION 

0034. The following embodiments are described in suf 
ficient detail to enable those skilled in the art to make and 
use the invention. It is to be understood that other embodi 
ments would be evident based on the present disclosure, and 
that system, process, or mechanical changes may be made 
without departing from the scope of the present invention. 
0035. In the following description, numerous specific 
details are given to provide a thorough understanding of the 
invention. However, it will be apparent that the invention 
may be practiced without these specific details. In order to 
avoid obscuring the present invention, Some well-known 
circuits, system configurations, and process steps are not 
disclosed in detail. 
0036. The drawings showing embodiments of the system 
are semi-diagrammatic and not to Scale and, particularly, 
Some of the dimensions are for the clarity of presentation 
and are shown exaggerated in the drawing FIGS. Similarly, 
although the views in the drawings for ease of description 
generally show similar orientations, this depiction in the 
FIGS. is arbitrary for the most part. Generally, the invention 
can be operated in any orientation. 
0037. The same numbers are used in all the drawing 
FIGS. to relate to the same elements. The embodiments have 
been numbered first embodiment, second embodiment, etc. 
as a matter of descriptive convenience and are not intended 
to have any other significance or provide limitations for the 
present invention. 
0038. For expository purposes, the term “horizontal” as 
used herein is defined as a plane parallel to the plane or 
surface of the Earth, regardless of its orientation. The term 
“vertical refers to a direction perpendicular to the horizon 
tal as just defined. Terms, such as “above”, “below”, “bot 
tom', “top”, “side' (as in “sidewall”), “higher”, “lower', 
“upper”, “over, and “under', are defined with respect to the 
horizontal plane, as shown in the figures. The term “on” 
means that there is direct contact between elements. The 
term waste-light is defined as the light that is diffused from 
an optical junction in prior art splitters. For purposes of this 
application harvested-light is not diffused in the current 
invention but is rather collected or redirected for use by the 
receiver of the present invention. The term harvesting port is 
defined to be the extra port of a 2x2 single-mode optical 
coupler or a wavelength division multiplexer that is used for 
collecting or redirecting the harvested-light. 
0039 Referring now to FIG. 1, therein is shown a func 
tional block diagram of an optical network communication 
system 100, with optical line terminal transceiver 101, in an 
embodiment of the present invention. The functional block 
diagram of the optical network communication system 100 
depicts a 1xN single-mode optical splitter/combiner 102 that 
has at least two single-mode optical ports, such as a first 
single-mode optical port 104 and a second single-mode 
optical port 106 on the Optical Line Terminal-facing side. 
The second single-mode optical port 106, is the input to the 
1xN single-mode optical splitter/combiner 102 and may be 
coupled to an optical transmitter of an optical line terminal 
(not shown). 
0040. In addition to the first single-mode optical port 104, 
at least one additional port 108 may be directed through a 
multi-port single-mode group 110. Such as a group of optical 
fibers or optical waveguides, is directed toward photo 
detectors 116, in the optical line terminal, for harvesting 
upstream light. One of the additional ports of the single 
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mode group 110, may be derived from the second single 
mode optical port 106 by wavelength division multiplexing 
(WDM), for example. The upstream signals in the first 
single-mode optical port 104 and the multi-port single-mode 
group 110 are derived at least partially from collecting the 
harvested-light that would otherwise be dispersed from a 
prior art splitter, as waste-light, may now be harvested in the 
1xN single-mode optical splitter/combiner 102. 
0041. Upstream signals from the first single-mode optical 
port 104 and the multi-port single-mode group 110 are 
transported toward the photo-detectors 116. The upstream 
signals may traverse the multi-port single-mode group 110 
or they may be efficiently coupled to one or more multi 
mode optical waveguides 112 with low loss. The multi-mode 
optical waveguides 112 may transport the upstream signals 
through optical couplers 114, with low loss to the upstream 
signals. The optical couplers 114 may deliver the upstream 
signals to one or more of the photo-detectors 116 by a 
combination of the multi-mode optical waveguides 112 
and/or the multi-port single-mode group 110. 
0042. The upstream signals from the single multi-mode 
optical waveguide 112 are coupled to the photo-detectors 
116, labeled “O/E', having active detection area(s), not 
shown, Substantially larger than the square of the signal 
wavelength measured in nano-meters. The coupling of the 
upstream signals to the photo-detectors 116 may be achieved 
by proximity, refractive optics (i.e. lenses), reflective Sur 
faces, or diffractive optics. 
0043. If there are two or more of the photo-detectors 116, 
an electrical bus 118 is combined by means of analog or 
digital circuitry (not shown). The electrical bus 118 may be 
Suitable for manipulation by a processor (not shown). 
0044) The present invention can be implemented in such 
a way that any upstream signals, such as optical signals, 
entering at an ONU-facing port 120, which are directed to 
one or more of the photo-detectors 116 by more than one 
distinct optical path satisfying the following requirement: 
0045 N ONU-facing optical ports 122 may form an 
egress path for optical network units (ONU) 124, coupled by 
single-mode optical fiber 126, that are communicating 
through the optical network communication system 100. 
The combination of optical, electro-optical and electronic 
elements described above must be designed such that the 
time for an upstream signal from any particular one of the N 
of the ONU-facing optical ports 122 to travel along the 
multiple possible distinct optical paths to the electrical bus 
118 must be “equal to each other with a tolerance substan 
tially smaller than the reciprocal of the electrical bandwidth 
of the signal. 
0046 Or, in mathematical terms, the overall design must 
satisfy the following: 

0047 For all signal paths originating at any one particular 
port of the N ONU-facing optical ports 122. 
0048. Where: 
0049 T-time to travel from any of the N of the ONU 
facing optical ports 122 to the electrical bus 118 via a 
distinct path through the multi-port single-mode group 110. 
0050 T-time to travel from that same N of the ONU 
facing optical port 122 to the electrical bus 118 via a 
different distinct path through the multi-port single-mode 
group 110. 
0051 B the electrical signal bandwidth 
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0.052 The present invention places no limitations on the 
physical distribution of its constituent parts, so long as the 
design rules are preserved. Accordingly, certain embodi 
ments may physically separate constituent parts and/or 
locate them in distinct modules. In the examples illustrated 
below, the passive optical functions may be isolated to 
separate modules. 
0053. It has been discovered that by collecting the har 
vested-light from the 1xN single-mode optical splitter/com 
biner 102, a simplification of an optical line terminal 
receiver 128 that interprets the electrical bus 118 is possible. 
The simplification may translate to a reduction in cost and an 
increase in data reliability as reflected by the reduction in the 
bit error ratio. 
0054 Referring now to FIG. 2 (A-H), therein is shown a 
functional block diagram of a 2x2 single-mode optical 
coupler 202 having a characteristic response to input wave 
lengths. The functional block diagram of the 2x2 single 
mode optical couplers 202 depicts that each of the 2x2 
single-mode optical couplers 202 includes an A port 204, a 
B port 206, a C port 208, and a D port 210. It is understood 
that the 2x2 single-mode optical couplers 202 are optical 
couplers that transmit light of a certain wave length (W) as 
defined below. 
0055. The 2x2 single-mode optical couplers 202 are used 
as a key building block of the 1xN single-mode optical 
splitter/combiner 102, of FIG. 1. The 2x2 single-mode 
optical couplers 202 can be fabricated from fused-fiber, 
planar lightwave circuit or bulk optical technologies. For 
Successful implementation of the 1xN single-mode optical 
splitter/combiner 102, the 2x2 single-mode optical couplers 
202 should function as an equal-sided Y-junction at the 
Passive Optical Network (PON) Optical Line Terminal 
transmitter wavelength, W. At the wavelength of the 
PON OLT receiver, , the specification on the coupling 
ratio is much more relaxed, since in the preferred embodi 
ment, most or all paths, eventually get to the OLT receiver 
regardless of any particular split ratio. This is a departure 
from the prior art, which does not collect the harvested-light 
as defined in this application. 
0056. It is known by those skilled in the art that designing 
and fabricating a Planar Lightwave Circuit based on broad 
band features of the 2x2 single-mode optical couplers 202 is 
more challenging than one where the coupler is designed to 
split power equally over a narrow range of wavelengths. In 
this application, downstream performance is more critical 
than upstream performance. The basic definition of the 2x2 
single-mode optical couplers 202 in the application are 
illustrated below: 
0057. As shown in FIG. 2(A), the power of the transmit 
ted light P, entering the A port 204 of the 2x2 single 
mode optical coupler 202 is equally divided and replicated 
on both the C port 208, and the D port 210. Each of the 
destination ports will propagate the light at /2 P, 
0.058 As shown in FIG. 2(B), the power of the transmit 
ted light P, entering the B port 206 of the 2x2 single 
mode optical coupler 202 is equally divided and replicated 
on both the C port 208, and the D port 210. Each of the 
destination ports will propagate the light at /2 P, 
0059. As shown in FIG. 2(C), the power of the transmit 
ted light P, entering the C port 208 of the 2x2 single 
mode optical coupler 202 is equally divided and replicated 
on both the A port 204, and the B port 206. Each of the 
destination ports will propagate the light at /2 P, 
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0060. As shown in FIG. 2(D), the power of the transmit 
ted light P, entering the D port 210 of the 2x2 single 
mode optical couplers 202 is equally divided and replicated 
on both the A port 204, and the B port 206. Each of the 
destination ports will propagate the light at /2 P, AS 
shown in FIG. 2(E), the power of the received light P. 
entering the A port 204 of the 2x2 single-mode optical 
couplers 202 is arbitrarily divided between the C port 208, 
and the D port 210. Each of the destination ports will 
propagate a complimentary portion the light at P1 and P2, 
where: 

P1+P2-P, EQ 2 

with 

Ple0.05P, EQ 3 

and 

P2>0.05P, EQ 4 

0061. As shown in FIG. 2(F), the power of the received 
light P, entering the B port 206 of the 2x2 single-mode 
optical couplers 202 is arbitrarily divided between the C port 
208, and the D port 210. Each of the destination ports will 
propagate a complimentary portion the light at P1 and P2, as 
defined above. 
0062. As shown in FIG. 2(G), the power of the received 
light P, entering the C port 208 of the 2x2 single-mode 
optical couplers 202 is arbitrarily divided between the Aport 
204, and the B port 206. Each of the destination ports will 
propagate a complimentary portion the light at P1 and P2, as 
defined above. 
0063. As shown in FIG. 2(H), the power of the received 
light P, entering the D port 210 of the 2x2 single-mode 
optical couplers 202 is arbitrarily divided between the A port 
204, and the B port 206. Each of the destination ports will 
propagate a complimentary portion the light at P1 and P2, as 
defined above. 
0064 Referring now to FIG. 3, therein is shown a func 
tional block diagram of the 1xN single-mode optical splitter/ 
combiner 102, of FIG. 1. The functional block diagram of 
the 1xN single-mode optical splitter/combiner 102 depicts 
an array 302 of the 2x2 single-mode optical couplers 202. A 
primary input is an OLT-facing port 304, which may be 
coupled to an OLT transmitter (not shown). 
0065. In the prior art, an ideal 1 xN single mode optical 
splitter might be made of Y-junctions and is perfectly 
efficient in the downstream direction. However in the 
upstream direction, at each Y-junction, only one-half of the 
power from each leg will couple into the single upstream 
waveguide (not shown), while the excess power will radiate 
out of the waveguide as waste-light. 
0066. In the present invention each of the Y-junctions is 
replaced by a broadband version of the 2x2 single-mode 
optical couplers 202. The total upstream power launched 
into the two downstream facing legs can be preserved in the 
two upstream legs without radiating any portion of the 
power out from the waveguides. Only one of the two 
OLT-facing legs is used to form the 1xN single-mode optical 
splitter/combiner 102, as shown in FIG. 3. 
0067. An ideal 1 xN single-mode optical splitter/com 
biner 102 may be formed out of (N-1) of the 2x2 single 
mode optical couplers 202. In the present example, with 
N=8, a 1x8 single-mode optical splitter/combiner 300 may 
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be formed by coupling 7 of the 2x2 single-mode optical 
couplers 202. It is understood that the selection of the 
number 8 for the 1xN single-mode optical splitter/combiner 
102 is an example only and is not used in a limiting manner. 
It is also understood that the present invention may be 
practiced by using any number of the 2x2 single-mode 
optical couplers 202. 
0068. The total power launched into any subset of the 
ONU-facing optical ports 122 is described as P and the 
power from the OLT-facing port 304 will be P/N and the sum 
of the optical power from harvesting ports 306 labeled A, B, 
C . . . G will total P (N-1)/N. Also note that the 1xN 
single-mode optical splitter/combiner 102 can be formed 
from (N-1) of the 2x2 single-mode optical couplers 202, 
each with one port uncommitted and available to become the 
harvesting ports 306. In the above example where N was 
chosen to be 8, it takes (N-1) or 7 of the 2x2 single-mode 
optical couplers 202 to implement a 1x8 single-mode split 
ter/combiner 300. 
0069. Referring now to FIG. 4, therein is shown a func 
tional block diagram of an optical line terminal transceiver 
400 in an embodiment of the present invention. The func 
tional block diagram of the optical line terminal transceiver 
400 depicts the 1xN single-mode optical splitter/combiner 
102, of FIG. 1, coupled to form the 1x8 single-mode 
splitter/combiner 300 of the previous example. 
0070 An array of the ONU-facing optical ports 122 may 
be coupled to optical network units (ONU) 124, of FIG. 1, 
that may be coupled by the single-mode optical fiber 126, of 
FIG. 1, and placed a great distance away from the optical 
line terminal transceiver 400. The array of the ONU-facing 
optical ports 122 is shown as not connected for simplicity of 
the description and it is understood that in an operational 
environment the single-mode optical fiber 126 and the 
optical network units 124, of FIG. 1, would be present. 
0071. The present invention utilizes the optical power 
from the harvesting ports 306 (A through G) of the 2x2 
single-mode optical couplers 202, which make up the 1xN 
single-mode optical splitter/combiner 102 in a format usable 
for the optical communications system. 
0072 An ideal model of a wavelength division multi 
plexer 404, such as a three port wavelength division multi 
plexer, is attached to the OLT-facing port 304 of the 1x8 
single-mode splitter/combiner 300. The harvesting port 306, 
of the wavelength division multiplexer 404, diverts the 
upstream wavelength (w(RX)) that is identified as A", while 
the path from an optical line terminal-facing port 418 to first 
coupler via the wavelength division multiplexer 404 is fully 
transmissive at the downstream wavelength (W(TX)) as 
sourced from an optical line terminal transmitter 410. 
(0073. The full recovery of the upstream power, P, is 
made possible by coupling the harvesting ports 306. (A 
through G) from the 2x2 single-mode optical couplers 202 
and (A') from the wavelength division multiplexer 404 to 
collect harvested-light from the harvesting ports 306, 
through an optical/electrical converter 412 to the optical line 
terminal receiver 128. The harvested-light collected from 
the harvesting ports 306 of the 2x2 single-mode optical 
couplers 202 would, in prior art systems, normally be 
allowed to dissipate within the splitter as waste-light without 
being used. 
0074 By collecting the harvested-light in the optical line 
terminal receiver 128, the present invention simplifies the 
receiving process and collects all of the power delivered to 
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the 2x2 single-mode optical couplers 202. In this case, if the 
total power launched into any subset of the N ports is P, the 
power from the optical line terminal-facing port 418 will be 
Zero and the Sum of the optical power from the harvesting 
ports 306, labeled A, B, C . . . G and A', will total P. 
0075. It has been discovered that the present invention 
may simplify the design requirements of an optical line 
terminal receiver electronics 414 by providing the full 
amount of the P, that was initially launched. The sim 
plification in the optical line terminal receiver electronics 
414 may reduce cost of the optical line terminal receiver 
electronics 414 while increasing performance by decreasing 
the bit error ratio of the receiver data 416 that was launched 
data from the ONU 124, of FIG. 1. 
0076. In a passive optical network (PON) optical line 
terminal the optical line terminal (OLT) transmitter 410 
generates a downstream optical signal at the wavelength 
(Tx). The optical signal from the PON OLT transmitter 410 

is directed through the optical line terminal-facing port 418, 
such as an OLT-facing single-mode optical port. At the PON 
OLT there is the optical line terminal receiver 128 designed 
to receive optical signals from the ONUs at the wavelength 
(R)- 
0077. The invention can be used to couple light from the 
harvesting ports 306, of FIG. 3, of the 2x2 single-mode 
optical couplers 202, which comprise the 1xN single-mode 
optical splitter/combiner 102, and the harvesting port 306 of 
the wavelength division multiplexer 404 to the optical line 
terminal receiver 128 such that the upstream optical signal 
from any one of the ONU-facing optical ports 122 is 
simultaneously directed to the optical line terminal receiver 
128 by two or more distinct optical paths, in a format usable 
for the optical communications system. 
0078. To insure a format usable for the optical commu 
nications, the optical signals in at least two of the harvesting 
ports 306 (originating at the harvesting ports 306 of the 2x2 
single-mode optical couplers 202 and the harvesting port 
306 of the wavelength division multiplexer 404) are coupled 
into one or more single-mode or multi-mode optical wave 
guides or fibers (indicated by the dashed lines) and one or 
more of the optical/electrical converter 412, in which the 
active area of a photo-detector (not shown) is significantly 
larger than the mode field diameter of single-mode optical 
signal in the single-mode optical waveguide. 
007.9 The format usable for the optical communications 
system requires that the time for the communications signal 
to propagate from any of the array of the ONU-facing optical 
ports 122 to a common electrical junction within the receiver 
through multiple optical paths are substantially equal within 
a tolerance of At, where At31/B and B is the electrical 
bandwidth of the communication signal modulating the 
optical carrier. 
0080 Referring now to FIG. 5, therein is shown a sche 
matic diagram of an optical line terminal transceiver 500 in 
an embodiment of the present invention. The schematic 
diagram of the optical line terminal transceiver 500 depicts 
a planar lightwave circuit 502 having a 1xN single-mode 
optical splitter/combiner with the 2x2 single-mode optical 
couplers 202 arranged to provide a 1x4 single-mode optical 
splitter/combiner as an example of the present invention. 
0081. It is understood that the 1x4 single-mode optical 
splitter/combiner is an example to aid in the discussion of 
the present invention and not intended to limit the range of 
the invention in any way. 
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I0082. The preferred embodiment, as an example, inte 
grates this invention into the structure of the planar light 
wave circuit 502. The four-port version integrated onto the 
planar lightwave circuit 502 utilizes the 2x2 single-mode 
optical couplers 202 that are designed to evenly split power 
from the optical line terminal transmitter 410 at a wave 
length, W(t): 
I0083. In this case a first wavelength 503, such as 1480 
nms, is 1500 nm as is required for Gigabit Passive Opti 
cal Network (GPON) and Gigabit Ethernet Passive Optical 
Network (GE-PON) systems. The wavelength division mul 
tiplexer 404 preferentially directs some of the upstream 
signal at a second wavelength 512, such as 1260 
nms, s1360 nm, to an avalanche photo diode 504, while 
minimally impacting the flow of the downstream signal 
through the wavelength division multiplexer 404. 
I0084. The planar lightwave circuit 502 structure is 
designed Such that any path from any one of the four ports 
in the array of the ONU-facing optical ports 122 to the active 
surface of the avalanche photo diode 504 are equal within a 
tolerance of 40 pico-seconds (ps), in order to provide the 
format usable for the optical communications system, as 
suitable to enable “on-off keying “non-return to Zero” 
(OOK-NRZ) signals at 1.25 Gb/s as are used in the upstream 
of a GE-PON or GPON. The designer must take into account 
not only the path lengths of the waveguides on the planar 
lightwave circuit 502, but also the modal dispersion of a 
multi-mode optical waveguide 506, in determining the opti 
mal design. 
I0085. In the preferred embodiment of the planar light 
wave circuit 502, single-mode optical waveguides 508, such 
as single-mode optical waveguides, have a numerical aper 
ture (NA) of 0.22, a cross-section of 4.5-lum square, and the 
mode field diameter of approximately 3.7 um at 1310 nm 
Single-mode optical waveguides 508, such as patterned 
poly-silicon glass or optical fiber, may be routed to the exit 
of the planar lightwave circuit 502 in a array of single-mode 
optical waveguides 510 with 8 um spacing. The harvested 
light (v.) 514 may be derived from the second wavelength 
512 received through the array of the ONU-facing optical 
ports 122. 
I0086. The multi-mode optical waveguide 506 has a 
50-um core diameter and a NA of 0.27. The single-mode 
optical waveguides 508 described can simultaneously be 
coupled to the multi-mode optical waveguide 506 with 
nearly unity efficiency. The opposite end of the multi-mode 
optical waveguide 506 may be pigtailed to the avalanche 
photo diode 504 with a 65-um active area at an efficiency 
approaching unity. 
I0087. The design of the single-mode optical waveguides 
508 and choice of the multi-mode optical waveguide 506, 
including the length of the multi-mode optical waveguide 
506, must insure that the signal from any one of the array of 
the ONU-facing optical ports 122, propagating along dis 
tinct optical paths, must arrive at the avalanche photo diode 
504 within a tolerance of 40 ps with any other copies of the 
signal originating from the identical one of the ONU-facing 
optical ports 122, but propagating along a distinct optical 
path. The total delay from a specific one of the ONU-facing 
optical ports 122 through any of the single-mode optical 
waveguides 508, to the avalanche photo diode 504 also 
includes modal dispersion in the multi-mode optical wave 
guide 506. 
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0088. The schematic diagram of FIG. 5 and other dia 
grams in this specification are an example only and are not 
intended to convey design criteria of the single-mode optical 
waveguides 508 but only to show linkages without provid 
ing additional limitations. The actual layout of the single 
mode optical waveguides 508 must conform to the multi 
path length restrictions dictated by the application in order 
to meet the criteria of the present invention. 
0089. The planar lightwave circuit 502 is an integrated 
device, which can be used to split the downstream optical 
signal from the optical line terminal transmitter 410, in an 
implementation of a GE-PON or GPON OLT, into the array 
of the ONU-facing optical ports 122, while simultaneously 
combining the upstream optical power from the array of the 
ONU-facing optical ports 122 and guiding the upstream 
signal to the avalanche photo diode 504 in a form useful for 
upstream communications at the bit rate conforming to the 
GE-PON and GPON Standards. 

0090 Referring now to FIG. 6, therein is shown a func 
tional block diagram of a passive optical network optical 
line terminal line card 600 utilizing the planar lightwave 
circuit 502 in an embodiment of the present invention. The 
functional block diagram of the passive optical network 
optical line terminal line card 600 depicts a small form 
factor pluggable mechanical interface 602 having an elec 
trical interface 606, such as a small form-factor pluggable 
industry standard interface for passive optical network Sup 
port. The electrical interface 606 has an industry accepted 
specification for mechanical and electrical tolerances. 
0091. A small form-factor pluggable module 608 may 
couple to the mechanical interface 602, and to the electrical 
interface 606, through its electrical interface 604. In an 
embodiment of the present invention, as an example, the 
small form-factor pluggable module 608 may include an 
optical line terminal electrical circuit 610 that manages the 
transmission and receiving of the data between the Small 
form-factor pluggable module 608 and the optical network 
units 124, of FIG. 1, that are distributed along the optical 
network (not shown). The optical line terminal electrical 
circuit 610 may provide an electrical interface that drives the 
optical line terminal transmitter 410, such as a distributed 
feedback (DFB) laser, and receives an electrical signal from 
the avalanche photo diode 504. 
0092. The optical line terminal electrical circuit 610 may 
condition the data to transfer it into the small form-factor 
pluggable module 608 in a Time Division Multiplexing 
(TDM) data format rather than the Time Division Multiple 
Access (TDMA) format that is exchanged through the array 
of the ONU-facing optical ports 122. The presence of the 
multi-mode optical waveguide 506 connection from the 
planar lightwave circuit 502 to the avalanche photo diode 
504 allows the inclusion of the harvesting ports 306 of the 
2x2 single-mode optical couplers 202 where only one of the 
optical line terminal-facing port 304 is supported by the 
prior art. By providing the planar lightwave circuit 502 on 
the small form-factor pluggable module 608, the number of 
the ONU-facing optical ports 122 is increased from one to 
four without increasing the space or hardware required by 
the prior art solutions. It is understood that the planar 
lightwave circuit 502 is shown having four of the array of 
the ONU-facing optical ports 122 by way of an example and 
other numbers of the ONU-facing optical ports 122 is 
possible. 
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(0093. It will be understood by those skilled in the art that 
the invention can be extended to other types of point-to 
multi-point optical communications networks, including but 
not limited those defined by the 10G-EPON standard, the 
emerging ITU-T 10G-PON standard, RF over glass (RFoG) 
networks, other hybrid-fiber coax networks, and other point 
to-multi-point optical (or partially optical) networks. 
0094. While the above example includes the multi-mode 
optical waveguide 506 connection through the avalanche 
photo diode 504, other implementations are possible that do 
not include the multi-mode optical waveguide 506. As an 
example, each of the single-mode optical waveguides 508 
from the planar lightwave circuit 502 may be coupled to 
individual single-mode receivers (not shown) for conversion 
to the electrical interface of the optical line terminal elec 
trical circuit 610. 
(0095. The planar lightwave circuit 502 of the present 
invention may have application as a broadband downstream 
splitter, which is universal in optical broadcast communica 
tion networks. Alternate wavelengths can be incorporated 
into the invention for altering the intended application. The 
present invention may enable an implementation that is a 
broadband single-mode splitter in downstream direction, 
and a wavelength-independent optical power combiner in 
the upstream direction. The resulting device is applicable to 
various known passive optical network (PON) and hybrid 
fiber coax networks (HFC) implementations, without regard 
for wavelength choice, and is only limited by bandwidth 
requirements on the upstream signal, and the tolerance on 
the multipath combining optics, electro-optics, and electron 
1CS 

0096. It is understood that the planar lightwave circuit 
502 may include active optical elements (not shown) such as 
the optical line terminal transmitter 410 or receivers with 
optical booster or pre-amplifiers, the avalanche photo diode 
504, optical intensity amplifiers, polarization or phase 
modulators, optical amplifiers including semiconductor 
optical amplifiers, or variable optical attenuators. Other 
implementations can include a photo-receiver whose active 
area has a shape more compatible with the linear output of 
a multi-mode slab waveguide or the array of single-mode 
optical waveguides 510 of the single-mode optical wave 
guides 508. 
0097. The planar lightwave circuit 502 can also include 
integrated passive optical elements such thin-film filters, 
Mach-Zehnder-based interferometric filters, arrayed wave 
guide gratings, Bragg gratings, or multi-mode interference 
filters. One critical use for passive filters is to keep any stray 
light from the optical line terminal transmitter 410 or other 
Sources from interfering with the received signal at the 
avalanche photo diode 504. 
(0098 Referring now to FIG. 7, therein is shown a sche 
matic diagram of a 1x32 single-mode optical splitter/com 
biner 700 in an embodiment of the present invention. The 
schematic diagram of the 1x32 single-mode optical splitter/ 
combiner 700 depicts 31 of the 2x2 single-mode optical 
couplers 202 coupled in a pyramid fashion. 
(0099 While the preferred embodiment of the 1x32 
single-mode optical splitter/combiner 700 is shown to 
include the 2x2 single-mode optical couplers 202, various 
constructions may be accommodated and built as the planar 
lightwave circuit 502, of FIG. 5, including but not limited to 
arrayed waveguide gratings (AWGs), multi-mode interfer 
ometers (MMIS) and single-mode star couplers. 
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0100. In general, any single-mode NXN star coupler 
structure, including (but not limited to) Dragone routers, 
MMIs, arrays of the 2x2 single-mode optical couplers 202, 
and fused-fiber based star couplers can function as both a 
1xN splitter, and as a collector for the harvested-light. If the 
waveguide design can accommodate the restrictions on the 
path length tolerances required by the upstream bandwidth, 
any NXN star coupler structure can form the basis or a part 
of an implementation. 
0101. In implementing the planar lightwave circuit 502, 
care must be taken to limit the number of crossings of the 
single-mode optical waveguides 508 because each of the 
crossings of the single-mode optical waveguides 508 
increases an optical loss penalty, and decreases manufactur 
ability. 
0102 The embodiment of the 1x32 single-mode optical 
splitter/combiner 700 has a total of 24 waveguide crossings, 
and the worst case path from any of the ONU-facing optical 
ports 122 to the upstream photo-detector includes at most 
two waveguide crossings. This represents a significant 
improvement over the prior art, which may provide reduced 
size and improved manufacturing margins. 
0103 Integration of a 1x32 single-mode optical splitter 
with a multi-path optical power combiner there are a total of 
36 waveguide crossings compared to 496 for the prior art, 
and the worst case path crossing is 26 on the splitter, and the 
worst case on the combiner crossing is two, compared to the 
prior art which requires 31 optical crossings for the splitter 
and 31 optical crossings for the combiner. The significant 
reduction in the number of optical crossings simplifies the 
design of the planar lightwave circuit 502 and increases the 
manufacturing margin. 
0104. An additional benefit is the lowering or elimination 
of wavelength dependence. In the PON application, both 
upstream and downstream wavelengths are defined over a 
specified range and the planar lightwave circuit 502 can 
accommodate the entire range with no additional changes. 
0105. By way of an example, GPONs require that the 
optical line terminal transmitter 410 (downstream) emits 
light at a wavelength between 1480 and 1500 nm. All ONU 
transmitters (upstream) must emit light at a wavelength 
between 1260 and 1360 nm. It will be understood by one 
having ordinary skill in the art that the 2x2 single-mode 
optical couplers 202 and the single-mode optical wave 
guides 508 are capable of Supporting both ranges concur 
rently. 
0106. It is understood that as N increases; the value of 
including a wavelength division multiplexer coupler 404 to 
harvest the upstream light from the OLT-facing port 304 
diminishes. In addition, the requirement that the 2x2 single 
mode optical couplers 202 operate over a broad band is 
relaxed. There is no requirement on the optical power split 
ratio in the upstream, only the downstream splitting require 
ment (i.e. 50% to each port of the 2x2 single-mode optical 
couplers 202) needs specification. It is known by those 
having ordinary skill in the art that more care and space is 
required in creating a planar lightwave circuit-based 2x2 
single-mode optical couplers 202 that operates over a broad 
band than one that operates over a narrow band. 
0107. In addition, the fabrication of planar lightwave 
circuit-based WDM filters becomes more difficult and 
requires more sub-stages, which translates into more total 
planar lightwave circuit length, as wavelength specifications 
are tightened. The prior art requires N three-port WDM 
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couplers. In comparison the present invention requires Zero 
or one of the three-port WDM couplers simplifying both 
design and manufacturability, while also reducing device 
size. 
0108. The elimination of the WDM couplers from the 
1x32 single-mode optical splitter/combiner 700 makes the 
device much more wavelength agnostic. One having ordi 
nary skill in the art can now design a single device to operate 
under a wide range of wavelength requirements. This one 
size-fits-all approach can lead to lower manufacturing com 
plexity, and shorter time-to-market for a new product. 
0109 Referring now to FIG. 8, therein is shown is a 
functional block diagram of a passive optical network opti 
cal line terminal line card 800 utilizing an external version 
of the planar lightwave circuit 502 in a second embodiment 
of the present invention. The functional block diagram of the 
passive optical network optical line terminal line card 800 
depicts a small form-factor pluggable module 802 having 
the primary interface 604, such as a small form-factor 
pluggable industry standard interface for passive optical 
network support. The primary interface 604 has an industry 
accepted specification for mechanical and electrical toler 
aCCS, 

0110 A Passive Optical Network mechanical interface 
804 can have the electrical interface 606. In the prior art 
structure of a pluggable optical module (not shown) that is 
Substantially similar to the Small form-factor pluggable 
module 802, only one of the ONU-facing optical ports 122 
was provided. This prior art limitation causes additional 
hardware, space, and power to be consumed in order to 
increase the number of the ONU-facing optical ports 122 
supported by the passive optical network line card 800. 
0111. In the second embodiment of the present invention, 
the small form-factor pluggable module 802 may include the 
optical line terminal electrical circuit 610 that manages the 
transmission and receiving of the data between the Small 
form-factor pluggable module 802 and the optical network 
units 124, of FIG. 1, that are distributed along the optical 
network (not shown). The optical line terminal electrical 
circuit 610 can provide an electrical interface that drives the 
optical line terminal transmitter 410, such as a distributed 
feedback (DFB) laser, and receives an electrical signal from 
the avalanche photo diode 504. The small form-factor plug 
gable module 802 may be shorter than the small form-factor 
pluggable module 608, of FIG. 6, because the planar light 
wave circuit 502 is moved to a remote interface board 806, 
Such as a completely passive optical interface board. 
0112. It is understood that the optical and electrical 
contents of the small form-factor pluggable module 802 may 
be assembled in other form factors and the use of the small 
form-factor pluggable module 802 as an example is pro 
vided because of the challenging nature of the Small size. It 
is further understood that the remote interface board 806 is 
a completely passive optical element that may be used to 
extend or expand an existing optical network. 
0113. By providing the planar lightwave circuit 502 on 
the remote interface board 806, the number of the ONU 
facing optical ports 122 is increased from one to four 
without increasing the space or hardware required by the 
prior art Solutions. It is understood that the planar lightwave 
circuit 502 is shown having four of the ONU-facing optical 
ports 122 by way of an example and other numbers of the 
ONU-facing optical ports 122 is possible. It is also under 
stood that the remote interface board 806 may provide 
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interconnect hardware for coupling the multi-mode optical 
waveguide 506 and the single-mode fibers from the optical 
network units 124, of FIG. 1. 
0114. It is further understood that the present invention 
places no limitations on the physical location of its constitu 
ent parts, so long as the design rules are preserved. Accord 
ingly, certain embodiments may advantageously physically 
separate constituent parts and/or locate them in distinct 
modules. In the examples illustrated below, the passive 
optical functions are isolated to the remote interface board 
806. 

0115 Referring now to FIG. 9, therein is shown a func 
tional block diagram of a passive optical network optical 
line terminal line card 900 utilizing the external version of 
the planar lightwave circuit 502 in a third embodiment of the 
present invention. The functional block diagram of the 
passive optical network optical line terminal line card 900 
depicts the small form-factor pluggable module 902 having 
the primary interface 604, such as a small form-factor 
pluggable industry standard interface for passive optical 
network support. The primary interface 604 has an industry 
accepted specification for mechanical and electrical toler 
ances. The Passive Optical Network mechanical interface 
804 may have the electrical interface 606. 
0116. In the third embodiment of the present invention, 
the small form-factor pluggable module 902 may include the 
optical line terminal electrical circuit 610 that manages the 
transmission and receiving of the data between the Small 
form-factor pluggable module 902 and the optical network 
units 124, of FIG. 1, that are distributed along the optical 
network (not shown). The optical line terminal electrical 
circuit 610 may provide an electrical interface that drives the 
optical line terminal transmitter 410, such as a distributed 
feedback (DFB) laser, and receives an electrical signal from 
the avalanche photo diode 504. 
0117 The small form-factor pluggable module 902 may 
be smaller than the small form-factor pluggable module 608, 
of FIG. 6, because the planar lightwave circuit 502 is moved 
to the remote interface board 904, such as a completely 
passive optical interface board. A single-mode interface bus 
906 may comprise a bundle of single mode fibers coupled 
between the remote interface board 904 and the small 
form-factor pluggable module 902. A single-mode to multi 
mode combiner 908 is a multiple input single-mode con 
verter to a single output of the multi-mode optical wave 
guide 506. The single-mode to multi-mode combiner 908 
may include a lens structure, a proximity structure or the 
like. 
0118. By providing the planar lightwave circuit 502 on 
the remote interface board 904, the number of the ONU 
facing optical ports 122 is increased from one to four 
without increasing the space or hardware. It is understood 
that the planar lightwave circuit 502 is shown having four of 
the ONU-facing optical ports 122 by way of an example and 
other numbers of the ONU-facing optical ports 122 is 
possible. It is also understood that the remote interface board 
806 may provide interconnect hardware for coupling the 
single-mode interface bus 906 and the single-mode fibers 
from the optical network units 124, of FIG.1. A single-mode 
optical fiber 910 may be coupled between the optical line 
terminal transmitter 410 and the remote interface board 904. 
0119 Referring now to FIG. 10, therein is shown a 
functional block diagram of a passive optical network opti 
cal line terminal line card 1000 utilizing the planar light 
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wave circuit in a fourth embodiment of the present inven 
tion. The functional block diagram of the passive optical 
network optical line terminal line card 1000 depicts the 
small form-factor pluggable module 608 having the primary 
interface 604. Such as a small form-factor pluggable industry 
standard interface for passive optical network Support. The 
primary interface 604 has an industry accepted specification 
for mechanical and electrical tolerances. 
0.120. The small form-factor pluggable mechanical inter 
face 602 may have the electrical interface 606. The electrical 
interface 606 is intended to allow replacement of the small 
form-factor pluggable module 608. 
I0121. In a fourth embodiment of the present invention, 
the small form-factor pluggable module 608 may include the 
optical line terminal electrical circuit 610 that manages the 
transmission and receiving of the data between the Small 
form-factor pluggable module 608 and the optical network 
units 124, of FIG. 1, that are distributed along the optical 
network (not shown). The optical line terminal electrical 
circuit 610 may provide the electrical interface that drives 
the optical line terminal transmitter 410, such as a distrib 
uted feedback (DFB) laser, and receives the electrical signal 
from the avalanche photo diode 504. 
I0122. By providing a planar lightwave circuit 1002 on the 
small form-factor pluggable module 608, the number of the 
ONU-facing optical ports 122 is increased from one to four 
without increasing the space or hardware required by the 
prior art Solutions. It is understood that the planar lightwave 
circuit 1002 is shown having four of the ONU-facing optical 
ports 122 by way of an example and other numbers of the 
ONU-facing optical ports 122 is possible. 
I0123. The planar lightwave circuit 1002 may provide a 
utility port 1004 for attachment of an optical time domain 
reflectometer 1006. The optical time domain reflectometer 
1006 may transmit and receive network monitoring signals 
without adding any additional signal degradation penalties. 
In the prior art configuration, application of an optical time 
domain reflectometry probe wavelength was accomplished 
by the addition of a WDM filter, adding a non-negligible 
insertion loss to the overall PON link budget. Use of a 
low-bend loss optical fiber between the planar lightwave 
circuit 1002 and the utility port 1004 facilitates the circu 
itous optical path with minimum insertion loss. In this 
example the optical time domain reflectometer 1006 is 
shown as an external device which may be inserted for 
diagnostic purposes. 
0.124. The utility port 1004 may also be advantageously 
used for injection of an overlay wavelength for broadcast 
(one-way) services, such as the 1550-1560 nm video 
enhancement band defined in both IEEE and ITU-T stan 
dards. The injection of the overlay wavelength through the 
utility port 1004 does not impose any additional signal loss 
due to the connection of the utility port 1004. 
0.125. The utility port 1004 may also be used as an input 
port for a next generation overlay for two-way passive 
optical networks on the existing passive optical network 
infrastructure. In many cases a blocking filter may be 
inserted before the photo-detector or detectors to eliminate 
interference from the new PON upstream signals onto the 
old PON upstream signals. An example of this would be the 
overlay line of the “next-generation” G.987 10G-rate PON 
on an existing G.984 GPON. In the prior art, and as defined 
in draft versions of G.987.2, such an overlay would con 
tribute a 1 dB additional loss to the PON link budget due to 
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the insertion loss of the WDM filter. Notably, in the imple 
mentation of the present invention this 1 dB loss is elimi 
nated. 
0126. In the example above, one of the ports from the 
most common of the 2x2 single-mode optical couplers 202 
is presented to the edge of the module for reuse. In an 
identical fashion, a broadcast video network or a next 
generation PON can be applied to the existing PON by 
utilizing the same port. 
0127. Referring now to FIG. 11, therein is shown a 
functional block diagram of a passive optical network opti 
cal line terminal line card 1100 utilizing the planar lightwave 
circuit 1002 in a fifth embodiment of the present invention. 
The functional block diagram of the passive optical network 
optical line terminal line card 1100 depicts a small form 
factor pluggable module 1102 having the primary interface 
604. Such as a small form-factor pluggable industry standard 
interface for passive optical network Support. The primary 
interface 604 has an industry accepted specification for 
mechanical and electrical tolerances. 
0128. In the fifth embodiment of the present invention, 
the small form-factor pluggable module 1102 may include 
the optical line terminal electrical circuit 610 that manages 
the transmission and receiving of the data between the Small 
form-factor pluggable module 1102 and the optical network 
units 124, of FIG. 1, that are distributed along the optical 
network (not shown). The optical line terminal electrical 
circuit 610 may provide the electrical interface that drives 
the optical line terminal transmitter 410, such as a distrib 
uted feedback laser, and receives the electrical signal from 
the avalanche photo diode 504. 
0129. The presence of the multi-mode optical waveguide 
506 connection through the avalanche photo diode 504 
allows the inclusion of four of the ONU-facing optical ports 
122 where only one of the ONU-facing optical ports 122 is 
supported by the prior art. 
0130 By providing the planar lightwave circuit 1002 on 
the small form-factor pluggable module 608, the number of 
the ONU-facing optical ports 122 is increased from one to 
four without increasing the space or hardware required by 
the prior art solutions. It is understood that the planar 
lightwave circuit 1002 is shown having four of the ONU 
facing optical ports 122 by way of an example and other 
numbers of the ONU-facing optical ports 122 is possible. 
0131 The planar lightwave circuit 1002 may provide a 

utility link 1104 for attachment of an optical time domain 
reflectometer probe 1106, such as a passive receiver probe or 
a bi-directional transceiver probe, located within the small 
form-factor pluggable module 1102. The optical time 
domain reflectometer probe 1106 may receive network 
monitoring signals without adding any additional signal 
degradation penalties to the SFP PON OLT transceiver. 
0132 Referring now to FIG. 12, therein is shown a 
schematic diagram of an optical line terminal transceiver 
1200 utilizing a 1x4 single-mode optical splitter/combiner in 
an embodiment of the present invention. The schematic 
diagram of the optical line terminal transceiver 1200 depicts 
the planar lightwave circuit 502 having the 2x2 single-mode 
optical couplers 202 arranged to provide the 1x4 single 
mode optical splitter/combiner in an example of the present 
invention. 
0133. The preferred embodiment, as an example, inte 
grates this invention into the structure of the planar light 
wave circuit 502. The four-port version integrated onto the 
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planar lightwave circuit 502 utilizes the 2x2 single-mode 
optical couplers 202 that are designed to evenly split power 
from the optical line terminal transmitter 410 at the wave 
length, Jr. In this case, 1480 nms, is 1500 nm as is 
required for Gigabit Passive Optical Network (GPON) and 
Gigabit Ethernet Passive Optical Network (GE-PON) sys 
tems. The wavelength division multiplexer 404 preferen 
tially directs some of the upstream signal at 1260 
nms s1360 nm to the optical line terminal receiver 128, 
which may contain a combination of optical and electrical 
devices (not shown), without impacting the flow of the 
downstream signal through the wavelength division multi 
plexer 404. 
I0134. The planar lightwave circuit 502 structure is 
designed Such that any path from any one of the four ports 
in the array of the ONU-facing optical ports 122 to the 
optical line terminal receiver 128 are equal within a toler 
ance of 40 ps, which is derived from the example above, as 
suitable to enable “on-off keying “non-return to Zero” 
(OOK-NRZ) signals at 1.25 Gb/s as are used in the upstream 
direction of a GE-PON or GPON. The implementation must 
take into account not only the path lengths of the waveguides 
on the planar lightwave circuit 502, but also the modal 
dispersion of an optical coupler 1202. Such as a lens, a 
refractive coupler, a reflective coupler, or a proximity 
device, in determining the optimal design. 
I0135) In the preferred embodiment of the planar light 
wave circuit 502, the single-mode optical waveguides 508 
have the numerical aperture (NA) of 0.22, a cross-section of 
4.5-lum square, and the mode field diameter of approxi 
mately 3.7 um at 1310 nm. The single-mode optical wave 
guides 508 are routed to the exit of the planar lightwave 
circuit 502 in the array of single-mode optical waveguides 
510 with 8 um spacing. The optical coupler 1202, such as a 
lens, a refractive coupler, a reflective coupler, a proximity 
device, or the like. Those having ordinary skill in the art will 
realize that all four of the single-mode optical waveguides 
508 described can simultaneously be coupled to the optical 
line terminal receiver 128 with a 65-um active area at an 
efficiency approaching unity. 
0.136 The design of the single-mode optical waveguides 
508 and choice of the optical coupler 1202, must insure that 
the signal from any one of the ONU-facing optical ports 122, 
must arrive at the optical line terminal receiver 128, through 
two or more distinctive optical paths, within a tolerance of 
40 ps with any other of the ONU-facing optical ports 122. 
The delay through any of the single-mode optical wave 
guides 508 must also consider any modal dispersion in the 
optical coupler 1202 due to the wavelength of the incoming 
signal. 
0.137 The planar lightwave circuit 502 is an integrated 
device, which can be used to split the downstream optical 
signal from the optical line terminal transmitter 410, in an 
implementation of a GE-PON or GPON OLT, into the 
ONU-facing optical port 122, while simultaneously com 
bining the optical power from the ONU-facing optical port 
122 and guiding the upstream signal to the optical line 
terminal receiver 128 in a form useful for upstream com 
munications at the bit rate conforming to the passive optical 
network standards. 

0.138 Referring now to FIG. 13, therein is shown a 
schematic diagram of an optical line terminal transceiver 
1300 utilizing a 1x8 single-mode optical splitter/combiner in 
a sixth embodiment of the present invention. The schematic 
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diagram of the optical line terminal transceiver 1300 depicts 
a planar lightwave circuit 1302 having the 2x2 single-mode 
optical couplers 202 arranged to provide the 1x8 single 
mode optical splitter/combiner having a split receiver path 
as an example of the present invention. 
0.139. The sixth embodiment integrates this invention 
into the structure of the planar lightwave circuit 1302. The 
eight-port version integrated onto the planar lightwave cir 
cuit 1302 utilizes the 2x2 single-mode optical couplers 202 
that are designed to evenly split power from the optical line 
terminal transmitter 410 at the wavelength, Jr. In this 
example, 1480 nms s1500 nm as is required for Gigabit 
Passive Optical Network (GPON) and Gigabit Ethernet 
Passive Optical Network (GE-PON) systems. The wave 
length division multiplexer 404 preferentially directs some 
of the upstream signal at 1260 nms.s 1360 nm to the 
avalanche photo diode 504, without impacting the flow of 
the downstream signal through the wavelength division 
multiplexer 404. 
0140. The planar lightwave circuit 1302 structure is 
designed such that any path from any one of the first four 
ports in the array of the ONU-facing optical ports 122 to the 
optical line terminal receiver 128, travelling through the 
optical coupler, are equal within a tolerance of 40 ps, which 
is derived from the timing requirements of the data stream, 
as suitable to enable “on-off keying “non-return to Zero” 
(OOK-NRZ) signals at 1.25 Gb/s as are used in the upstream 
direction of a GE-PON or GPON. 
0.141. The implementation must take into account not 
only the path lengths of the waveguides on the planar 
lightwave circuit 1302, but also the modal dispersion of the 
first multi-mode optical waveguide 1304 and the second 
multi-mode optical waveguide 1308, in determining the 
optimal design. In this multiple receiver environment the 
delay path for any of the bits from the array of the ONU 
facing optical ports 122 should meet the 40 ps design 
tolerance. 

0142. In the sixth embodiment of the invention, the 
planar lightwave circuit 1302 may have the single-mode 
optical waveguides 508 with the numerical aperture (NA) of 
0.22, a cross-section of 4.5-lum square, and the mode field 
diameter of approximately 3.7 Lum at 1310 nm. The single 
mode optical waveguides 508 exit the planar lightwave 
circuit 1302 in two linear arrays with 8 um spacing. The 
optical coupler 1202 may include a lens, reflective coupling, 
refractive coupling, proximity coupling, or the like. Those 
having ordinary skill in the art will realize that all four of the 
single-mode optical waveguides 508 in the array of single 
mode optical waveguides 510 described can simultaneously 
be coupled to the optical line terminal receiver 128 with 
nearly unity efficiency. 
0143. The design of the single-mode optical waveguides 
508 in the array of single-mode optical waveguides 510 and 
choice of the optical coupler 1202 must insure that the signal 
from any one of the ONU-facing ports 122, must arrive at 
the optical line terminal receiver 128 within a tolerance of 40 
ps with any other of the ONU-facing optical ports 122. The 
delay through any of the single-mode optical waveguides 
508 in the array of single-mode optical waveguides 510 
must also consider any modal dispersion in the optical 
coupler 1202. The optical coupler 1202, between the array 
of single-mode optical waveguides 510 and the optical line 
terminal receiver 128, may include a lens, reflective cou 
pling, refractive coupling, proximity coupling, or the like. 
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0144. It is understood that while the optical line terminal 
receiver 128 is shown in two segments being coupled to 
independent instances of the optical coupler 1202, there may 
be a convergence of the electronic portion of the optical line 
terminal receiver 128 that is not shown. In an alternative 
construction the optical line terminal receiver 128 may have 
two ports that couple to each of the instances of the optical 
coupler 1202. 
0145 The planar lightwave circuit 1302 is an integrated 
device, which can be used to split the downstream optical 
signal from the optical line terminal transmitter 410, in an 
implementation of a GE-PON or GPON OLT, into the 
ONU-facing optical ports 122, while simultaneously com 
bining the optical power from the ONU-facing optical ports 
122 and guiding the upstream signal to the optical line 
terminal receiver 128 or the second avalanche photo diode 
1306 in a form useful for upstream communications at the 
bit rate conforming to the passive optical network Standards. 
0146 The above described configuration may allow the 
use of existing integrated electronics to perform operations 
on the upstream signal. Such a configuration might enable a 
faster manufacturing response time to a new product 
requirement. The additional flexibility provided by the pres 
ent invention enhances the manufacturability and design 
margin for products that implement it. For example, the 
number of ONU-facing optical ports 122 that can be coupled 
into a single photo-detector is a function is inversely related 
to the size of the photo-detector. In general, higher-speed (or 
bandwidth) photo-detectors have smaller active detection 
aaS. 

0.147. In the event that the number of desired downstream 
ports exceeds the number that can be effectively coupled into 
a single photo-receiver one may desire to use another 
photo-receiver in order to maintain manufacturing margin 
and delivery schedule. 
0148 Referring now to FIG. 14, therein is shown a 
schematic diagram of an optical line terminal transceiver 
1400 utilizing a 2x8 single-mode optical splitter/combiner in 
a seventh embodiment of the present invention. The sche 
matic diagram of the optical line terminal transceiver 1400 
depicts a planar lightwave circuit 1402 having the 2x2 
single-mode optical couplers 202 arranged to provide the 
2x8 single-mode optical splitter/combiner 1400 includes a 
split transmitter path as an example of the present invention. 
014.9 The seventh embodiment integrates this invention 
into the structure of the planar lightwave circuit 1402. The 
eight-port version integrated onto the planar lightwave cir 
cuit 1402 utilizes the 2x2 single-mode optical couplers 202 
that are designed to evenly split power from the optical line 
terminal transmitter 410 at the wavelength, Jr. In this 
example, 1480 nms s1500 nm as is required for Gigabit 
Passive Optical Network (GPON) and Gigabit Ethernet 
Passive Optical Network (GE-PON) systems. The wave 
length division multiplexer 404 preferentially directs some 
of the upstream signal at 1260 nms.s 1360 nm to the 
avalanche photo diode 504, without impacting the flow of 
the downstream signal through the wavelength division 
multiplexer 404. 
0150. The planar lightwave circuit 1402 structure is 
designed such that any path from any one of the eight ports 
in the array of the ONU-facing optical ports 122 to the active 
surface of the avalanche photo diode 504, travelling through 
the optical coupler 1202, are equal within a tolerance of 40 
ps, which is suitable to enable “on-off keying “non-return 
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to Zero” (OOK-NRZ) signals at 1.25 Gb/s as are used in the 
upstream direction of a GE-PON or GPON. 
0151. The implementation must take into account not 
only the path lengths of the waveguides on the planar 
lightwave circuit 1402, but also the modal dispersion of the 
optical coupler 1202, in determining the optimal design. 
0152. In the seventh embodiment of the invention, the 
planar lightwave circuit 1402 may have the single-mode 
optical waveguides 508 with the numerical aperture (NA) of 
0.22, a cross-section of 4.5-lum square, and the mode field 
diameter of approximately 3.7 Lum at 1310 nm. The single 
mode optical waveguides 508 exit the planar lightwave 
circuit 1402 in a linear array with 8 um spacing. Those 
having ordinary skill in the art will realize that all eight of 
the single-mode optical waveguides 508 described can 
simultaneously be coupled to the avalanche photo diode 504 
with a 65-um active area by using a lens or proximity 
coupling at an efficiency approaching unity. 
0153. The design of the single-mode optical waveguides 
508 and choice of the optical coupler 1202 must insure that 
the signal from any one of the ONU-facing optical ports 122, 
must arrive at the avalanche photo diode 504 within a 
tolerance of 40 ps with respect to any other optical path from 
the same one of the ONU-facing optical ports 122. The total 
delay must also consider any modal dispersion in the optical 
coupler 1202. 
0154 The planar lightwave circuit 1402 is an integrated 
device, which can be used to split the downstream optical 
signal from the optical line terminal transmitter 410 and the 
second OLT transmitter 1404, each transmitting an identical 
downstream signal, in an implementation of a GE-PON or 
GPON OLT, into the array of the ONU-facing optical ports 
122, while simultaneously combining the optical power 
from the array of the ONU-facing optical ports 122 and 
guiding the upstream signal to the avalanche photo diode 
504 in a form useful for upstream communications at the bit 
rate conforming to the passive optical network standards. 
0155 The above described configuration may allow the 
use of existing integrated electronics to perform operations 
on the downstream signal. Such a configuration may enable 
use of multiple lower-cost OLT transmitters, when optical 
amplification in the 1480-1500 nm wavelength range is not 
an option. Optical amplification of Such signals is chal 
lenged since they require the existence of an S-band optical 
amplifier. Semi-conductor optical amplifiers are presently 
available with saturated output powers up to about 13 dBm, 
equivalent to perhaps four uncooled directly modulated DFB 
lasers in parallel in the optical line terminal transmitter 410. 
S-band erbium-doped fiber amplifiers based on fiber with 
exceptionally high bend-loss above 1530 nm, have been 
demonstrated but are not commercially available Such a 
configuration might enable a faster manufacturing response 
time to a new product requirement. The additional flexibility 
provided by the present invention enhances the manufactur 
ability and design margin for products that implement it. 
0156 Depending on requirements, the invention can be 
configured as an integrated device with two optical splitter 
and one multipath power combiners. This can be generalized 
to different number combinations. 
(O157 Referring now to FIG. 15, therein is shown a 
functional block diagram of a 32-port 10-Gb/s PON OLT 
transceiver 1500 in an eighth embodiment of the present 
invention. The functional block diagram of the 32-port 
10-Gb/s PON OLT transceiver 1500 depicts a planar light 
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wave circuit 1502 having the 2x2 single-mode optical 
couplers 202 arranged to provide the 1x32 single-mode 
optical splitter/combiner 1502 as a further example of the 
present invention. 
0158. The eighth embodiment integrates this invention 
into the structure of the planar lightwave circuit 1502. The 
32-port version integrated onto the planar lightwave circuit 
1502 utilizes the 2x2 single-mode optical couplers 202 that 
are designed to evenly split power from the OLT transmitter 
1504 at the wavelength, Jr. In this case, in the 1575-1580 
nm wavelength window as is defined by both ITU-T and 
IEEE for use in a 10-Gb/s OLT transmitter. 

0159. In the near term, amplification of downstream 
transmitter for gigabit-speed PONs will be challenged. Next 
generation PONs, defined by both ITU-T and IEEE have 
selected a 10 Gb/s OLT transmitter operating in the 1575 
1580 nm wavelength window. L-band EDFAs, are well 
known in the art. A typical L-band EDFA operates over the 
1565-1600 nm window with a flat gain response. 
0160 Advantageously, for this application an L-band 
EDFA 1506 need only operate at a single wavelength 
between 1575 and 1580 nm A+20 dB constant output power 
from the L-band EDFA 1506, is well within the bounds of 
present technology. 
0.161 The invention configured to facilitate a 32-port 
10G-PON OLT requires the L-band EDFA 1506, which 
amplifies the transmitter signal to a constant output power of 
+20 dB, leading to an effective optical power at each port in 
excess of +3 dB. The harvested-light 514 from 31 of the 
single-mode optical waveguides 508 are guided to one or 
more photo-receivers according to the path length restric 
tions defined in the invention. In the implementation above, 
the multi-mode optical waveguide 506 having a -200-um 
core diameter guides the harvested-light 514 to a 200-um 
diameter active area version of the avalanche photo diode 
SO4. 

0162 Based on the standard performance of standard 
1x32 planar lightwave circuit-based optical splitters a 17 dB 
loss for the downstream, the L-band EDFA 1506 providing 
+20 dB should give an effective launch power from each 
port of +3 dB. On the downstream, even a high noise figure 
(NF=10 dB) L-band EDFA would contribute a relative 
intensity noise (RIN) of -146 dB/Hz to the overall down 
stream signal. This RIN contributes a negligible penalty on 
the overall 10 Gb/s downstream link budget. 
0163 We can expect that the in the upstream direction, 
there is 2 dB of loss, meaning that a single instance of the 
optical line terminal receiver 128 with a sensitivity of -28 
dB will translate to an effective sensitivity of -26 dB at each 
of the thirty-two ports. 
(0164. The IEEE specification defines a 1.25 Gb/s 
upstream at a wavelength in the 1270-1290 nm range. The 
ITU-T specification 2.5 Gb/s upstream also at a wavelength 
in the 1270-1290 nm range. 
0.165. On the upstream thirty-one modes can be coupled 
to a single multi-mode optical waveguide with high effi 
ciency. The overall waveguide design is created Such that 
from any one of the ONU-facing optical ports 122 all paths 
to the optical line terminal receiver 128 are equivalent to 
within a tolerance of 20 ps. If the NA of a single-mode 
optical waveguide is 0.22, and the waveguide cross-section 
is a 4.5 um square, the mode field diameter is 3.9 um at 1270 
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0166 Thirty-one of the single-mode optical waveguides 
508 can be coupled with low-loss into the optical line 
terminal receiver 128, which may include the avalanche 
photo diode 504, of FIG. 5, having a 200-um active area 
diameter. Alternatively, the thirty one of the single-mode 
optical waveguides 508 can coupled into a single multi 
mode slab waveguide (not shown) with dimensions of -200 
umx4.5um within planar lightwave circuit 1502. Either the 
array of thirty one of the single-mode optical waveguides 
508 or the single multi-mode slab waveguide can be coupled 
to the optical line terminal receiver 128 for activating the 
avalanche photo diode 504 having a 200-um active area 
diameter with conventional optics or a 0.4 NA multi-mode 
optical waveguide having a 200-um active area diameter 
APDs with a 0.8 GHz bandwidth are commercially avail 
able. 

(0167 For both the 1.25 Gb/s upstream as used in the 
IEEE approach, and the 2.5 Gb/s upstream defined by 
ITU-T, 0.8 GHz bandwidth is insufficient to support burst 
mode reception at 2.5 Gb/s. Since a single well characterized 
receiver is used, one can expect that an electronic equaliza 
tion circuit (not shown) may be included in the optical line 
terminal receiver 128 to compensate for the limited band 
width perhaps not perfectly, but perhaps enough to justify 
the ~15 dB improvement in link budget. 
0168 The design of the single-mode optical waveguides 
508 and choice of the multi-mode optical waveguide 506, 
including the length of the multi-mode optical waveguide 
506, must insure that the signal from any one of the 
ONU-facing optical ports 122, must arrive at the avalanche 
photo diode 504 within a tolerance of 20 ps relative to any 
alternate optical path from the same ONU-facing optical 
port 122. The delay through any of the single-mode optical 
waveguides 508 must also consider any modal dispersion in 
the multi-mode optical waveguide 506. 
0169. Referring now to FIG. 16, therein is shown a 
functional block diagram of a 32-port 10-Gb/s PON OLT 
reach extension system 1600 in a ninth embodiment of the 
present invention. The functional block diagram of the 
32-port 10-Gb/s PON OLT reach extension system 1600 
depicts a 32 port 10-Gb/s PON OLT reach extension board 
1602 having the 1x32 single-mode optical splitter/combiner 
1502, such as a planar lightwave circuit formed of the 2x2 
single-mode optical couplers 202, of FIG. 2, as a further 
example of the present invention. 
0170 The ninth embodiment integrates this invention 
into the structure of the 32 port 10-Gb/s PON OLT reach 
extension board 1602 utilizes the 1x32 single-mode optical 
splitter/combiner 1502 for port access to the ONU-facing 
optical ports 122. An ONU transmitter 1610 operates at the 
wavelength, Jr., which in this case, in the 1270-1290 nm 
wavelength window as is defined by both ITU-T and IEEE 
for use in a 10G-PON ONU transmitters. The L-band EDFA 
1506 need only operate at a single wavelength between 1575 
and 1580 nm 

0171 The downstream signal may be regenerated opti 
cally by use of an EDFA, semiconductor optical amplifier, or 
outside-the-box Raman amplification. In alternate embodi 
ments the downstream signal can be regenerated by an 
optical-to-electronic-to-optical (OEO) process. In such a 
process, an optical receiver directed toward the optical line 
terminal, detects the downstream optical signal generating 
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an electrical signal which drives one or more downstream 
transmitters that are coupled into the OLT-facing down 
stream port or ports. 
0172 A +20 dB constant output power version of the 
L-band EDFA 1506, is well within the bounds of present 
technology. The L-band EDFA 1506 will sufficiently drive 
the down stream port of the 1x32 single-mode optical 
splitter/combiner 1502. 
0173 The multi-mode optical waveguide 506 having a 
~200-um core diameter guides the harvested-light 514 to a 
200-um diameter version of the avalanche photo diode 504. 
A high speed analog to digital converter 1606 may interpret 
the output of a trans-impedance amplifier 1605 coupled to 
the avalanche photo diode 504. The high speed analog to 
digital converter 1606 may provide a stream of digital bits 
as input to a field programmable gate array 1608. 
0.174. A clock may be derived locally or intercepted from 
the downstream signal. All burst-mode circuit functionality, 
and additional equalization (e.g. for insufficient receiver 
bandwidth), even some level of forward error correction 
(FEC) can be accomplished digitally within the field pro 
grammable gate array 1608. In addition digital processing 
within the field programmable gate array 1608 may allow an 
ONU transmitter 1610 to send signals back to the central 
office based optical line terminal (not shown) at constant 
amplitude, relaxing dynamic range specifications of the 
optical line terminal burst-mode receiver (not shown). 
0.175. The embodiment above could accommodate a 
change in signal format by adjusting the signal processing 
performed by the field programmable gate array 1608. The 
embodiment illustrated above can, for example, accommo 
date 2.5 Gb/s binary and 5 Gb/s duobinary upstream sig 
naling without any hardware modification. 
0176 A single mode fiber connector may be coupled to 
an OLT-facing optical port 1612 positioned on an edge of the 
module, and 32 single-mode fiber connectors are located on 
the ONU-facing side. The number of ports on the ONU 
facing side may be adjusted as required by the application. 
Within the module a three port WDM coupler 1604 can be 
used to direct the downstream signal to the optical amplifier 
or optical receiver (in the case of OEO downstream regen 
eration). The implementer may choose to include an ONU 
within the module to communicate module status and telem 
etry information to the optical line terminal. 
(0177. One having ordinary skill in the art of PONs, will 
realize that the module will provide the most utility to the 
PON network operator if it can operate transparently, and 
autonomously from the OLT and ONU terminal equipment. 
Earlier attempts at regenerating GPON upstream signals 
using an OEO approach, have demonstrated a reduced 
dynamic range, in part due to the fact that an OLT-located 
receiver has access to a reset-signal, which is fed to the 
receiver as a direct electric connection from the OLT MAC 
(media access control.) Operation of a PON extension 
system, independent, autonomously, and remotely from the 
OLT precludes access to the reset signal. 
0178. One solution to achieve high-performance inde 
pendent receiver operation is to utilize a better receiver 
decision-thresholding and decision-making system com 
pared to the (analog) circuit standard in most OLT burst 
mode receivers. One approach, to improve and make more 
robust the signal reception and discrimination is to sample 
the upstream receiver signal or signals, and utilize digital 
signal processing, to add a level of pre-processing or equal 



US 2017/0O828O2 A1 

ization to the signals, and to utilize more flexible and robust 
decision algorithms than possible in an (analog) electronic 
circuit. 

0179 Advantageously, this processing can also compen 
sate for any non-ideality in the receiver Such as penalty from 
utilizing a larger active area photo-receiver (to capture more 
upstream light), at the expense of electrical detection band 
width or modal dispersion from the multi-mode optical 
waveguide used in some embodiments. 
0180 Referring now to FIG. 17, therein is shown a 
functional block diagram of a 32-port 10-Gb/s PON OLT 
reach extension system 1700 in a tenth embodiment of the 
present invention. The functional block diagram of the 
32-port 10-Gb/s PON OLT reach extension system 1700 
depicts an external version of the 1x32 Single-mode optical 
splitter/combiner 1502 coupled to redundant versions of the 
board 1702, such as a pair of the 32-port 10-Gb/s PON OLT 
reach extension systems 1600, of FIG. 16. 
0181. A first optical regenerator 1702 may include the 
three-port WDM coupler 1604, the L-band EDFA 1506, the 
multi-mode optical waveguide 506, the avalanche photo 
diode 504, the trans-impedance amplifier 1605, the high 
speed analog to digital converter 1606, the field program 
mable gate array 1608, and the optical transmitter unit 1610. 
The three-port WDM coupler 1604 may provide the source 
for the OLT-facing optical port 1612. 
0182. A second optical regenerator 1704 is identically 
configured to have the same functional blocks as the first 
optical regenerator 1702. The L-band EDFA 1506 may be 
coupled through a single mode fiber to a single mode Switch 
1706. An identical connection is made between the second 
optical regenerator 1704 and the single mode switch 1706. 
An output of the single mode Switch is the downstream port 
of the 1x32 single-mode optical splitter/combiner 1502. 
0183 The first optical regenerator 1702 and the second 
optical regenerator 1704 comprise a redundant back-up 
electronic system capable of extending the field serviceabil 
ity of the 32-port 10-Gb/s PON OLT reach extension system 
1700. Due to the completely passive nature of the 1x32 
single-mode optical splitter/combiner 1502, its field longev 
ity can be enhanced by having the redundant electronic sets 
provided by the first optical regenerator 1702 and the second 
optical regenerator 1704. 
0184. A multi-mode connection is made between the 
upstream port of the 1x32 single-mode optical splitter/ 
combiner 1502 and a multi-mode switch 1708. The outputs 
of the multi-mode switch 1708 are coupled to the multi 
mode optical waveguide 506 of the first optical regenerator 
1702 and the second optical regenerator 1704. 
0185. With such high N. some redundancy may be desir 
able. In general, even the most reliable active electronics and 
electro-optics have much lower reliability compared to 
passive optical elements. The illustration above illustrates 
how (active) equipment redundancy and path (to the OLT) 
redundancy may be accomplished. 
0186 Referring now to FIG. 18, therein is shown a 
functional block diagram of a hybrid-fiber coax optical 
network repeater 1800 in an eleventh embodiment of the 
present invention. The functional block diagram of the 
hybrid-fiber coax optical network repeater 1800 depicts a 
planar lightwave circuit 1802 having eight of the ONU 
facing optical ports 122 and implementing a 1x8 single 

Mar. 23, 2017 

mode optical splitter/combiner by coupling the 2x2 single 
mode optical couplers 202 by the single-mode optical 
waveguides 508. 
0187. The planar lightwave circuit 1802 may be mounted 
on a carrier board 1804 with the down stream port of the 
planar lightwave circuit 1802 coupled to a transmitter port 
1806 of the carrier board 1804. A hybrid-fiber coax networks 
(HFC) return path receiver 1808 is coupled to the single 
mode optical waveguides 508 of the planar lightwave circuit 
1802 via multi-mode optical waveguide 506. The RF ampli 
fier of the HFC return path receiver 1808 is coupled to the 
upstream RF output 1810 of the carrier board 1804. The 
single-mode forward-path optical input port 1806, will con 
nect to a forward-path transmitter (not shown) or an optical 
amplifier (not shown). 
0188 The diagram of FIG. 18 shows an example of an 
alternate implementation of the invention, which combines 
the function of several of the modules into a single module 
with better performance, significantly Smaller size, and 
wavelength independence. The planar lightwave circuit 
1802 works as well for a 1310 nm Radio Frequency over 
Glass (RFoG) return-path signal, as it does with a 1610 nm 
RFoG return-path signal. 
0189 The hybrid-fiber coax optical network repeater 
1800 is an integrated forward-path optical splitter/power 
combining return-path receiver module for use in HFC and 
RFoG networks. Apart from its multi-mode optical wave 
guide input 506, the HFC return path receiver 1808 is well 
known in the prior art. According to the invention the 
multiple paths from any of the ONU-facing optical ports 122 
to the photodiode 1811 must be equal within a tolerance of 
851 ps. The planar lightwave circuit 1802 implementation as 
illustrated may be implemented with fused-fiber couplers 
2x2 single-mode optical couplers 202. 
0190. The return-path RF signals are modulated on sub 
carriers in the f=10-80 MHz range according to the DOCSIS 
3.0 specification. It is well known in the prior art that for 
combining identical RF subcarrier multiplexed (SCM) sig 
nals with a time delay of At, the carrier-to-noise ratio (CNR) 
is penalized according to the equation: 

CNR=CNR, cos’(IfAt) EQ 5 

0191 For a maximum 0.1 dB penalty over all frequen 
cies, At-851 ps. In glass (n=1.5) this is equivalent to a length 
of 17 cm. This length tolerance is easily managed even in 
splicing fibers. Accordingly, although not as compact as a 
planar lightwave circuit implementation, a fully feasible 
implementation can be based on splicing 2x2 50/50 single 
mode fused-fiber couplers while maintaining a 17 cm length 
tolerance, according to the invention. 
(0192 Referring now to FIG. 19, therein is shown a 
functional block diagram of an optical line terminal trans 
ceiver 1900 utilizing a 1x(N/2) single mode splitter/com 
biner, in a twelfth embodiment of the present invention. The 
functional block diagram of the optical line terminal trans 
ceiver 1900 depicts the (N/2) 2x2 single-mode optical 
couplers 202 having the array of the ONU-facing optical 
ports 122. Additional optical splitting of the downstream 
signal is facilitated by a single-mode 1 x(N/2) splitter 1902. 
Each of the harvesting ports 306 on the 2x2 single-mode 
optical couplers 202 is routed to the optical line terminal 
receiver 128 for conversion to an independent electrical 
signal. Since each of the harvesting ports 306 has a unique 
route to optical/electrical converter 412, the length of its 
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routing is also independent and does not have a critical 
timing relationship to other routes. 
0193 The routing of the first line of the 2x2 single-mode 
optical couplers 202 to the optical line terminal receiver 128 
includes /2 of the total signal content from the array of the 
ONU-facing optical ports 122 and is greater than or equal to 
the amplitude of all of the remaining unrealized 2x2 ports 
within the 1x(N/2) single-mode splitter 1901. Routing only 
the first line of the unused outputs of the 2x2 single-mode 
optical couplers 202 will approximate the maximum result 
within 3 dB and is sufficient to provide reliable and robust 
communication. 
0194 Referring now to FIG. 20, therein is shown a 
functional block diagram of a passive optical network opti 
cal line terminal line card 2000 utilizing the planar light 
wave circuit 502 in an embodiment of the present invention. 
The functional block diagram of the passive optical network 
optical line terminal line card 2000 depicts the small form 
factor pluggable mechanical interface 602 having the elec 
trical interface 606, such as a small form-factor pluggable 
industry standard interface for passive optical network Sup 
port. The electrical interface 606 has an industry accepted 
specification for mechanical and electrical tolerances. 
0.195 The small form-factor pluggable module 608 may 
couple to the electrical interface 606 and the mechanical 
interface 602 through its electrical interface 604. In an 
embodiment of the present invention, as an example, the 
small form-factor pluggable module 608 may include the 
optical line terminal transmitter electrical circuit 610 that 
manages the transmission and receiving of the data between 
the small form-factor pluggable module 608 and the optical 
network units 124, of FIG. 1, that are distributed along the 
optical network (not shown). The optical line terminal 
transmitter electrical circuit 610 may provide an electrical 
interface that drives an optical line terminal bidirectional 
optical sub-assembly 2002. 
(0196. The optical time-domain reflectometer (OTDR) 
probe 1106 may be coupled to the planar lightwave circuit 
502. The presence of the multi-mode optical waveguide 506 
connection from the planar lightwave circuit 502 to the 
optical time-domain reflectometer (OTDR) probe 1106 
allows the inclusion of the harvested-light 514 for network 
monitoring purposes. By using the harvesting technique of 
the present invention, a -16.3 dB improvement in the signal 
returned to the optical time-domain reflectometer (OTDR) 
probe 1106 can be achieved. This significantly improves the 
sensitivity and accuracy of the readings taken across the 
single-mode optical fiber 126, of FIG. 1. Advantageously, 
the optical isolation between the bidirectional optical sub 
assembly 2002 and the OTDR probe 1106 is also improved. 
0.197 Having the optical time-domain reflectometer 
(OTDR) probe 1106 embedded within the small form-factor 
pluggable module 608 may provide a real-time analysis 
capability for determining the condition of the single-mode 
optical fiber 126 that is coupled between the optical network 
units (ONU) 124, of FIG. 1, and the ONU-facing optical 
ports 122 of the small form-factor pluggable module 608. 
The optical time-domain reflectometer (OTDR) probe 1106 
may be used for estimating the length of the single-mode 
optical fiber 126 and overall attenuation, including splice 
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and mated-connector losses. It may also be used to locate 
faults, such as breaks, and to measure optical return loss. 
(0198 It will be understood by those skilled in the art that 
the invention can be essential to the daily maintenance and 
support of the single-mode optical fiber 126, of FIG. 1, used 
in many types of point-to-multi-point optical communica 
tions networks, including but not limited those defined by 
the 10G-EPON standard, the emerging ITU-T 10G-PON 
standard, RF over glass (RFoG) networks, other hybrid-fiber 
coax networks, and other point-to-multi-point optical (or 
partially optical) networks. 
(0199 Referring now to FIG. 21, therein is shown a flow 
chart of a method 2100 of operation of an optical network 
communication system in a further embodiment of the 
present invention. The method 2100 includes: providing a 
planar lightwave circuit including: connecting 2x2 single 
mode optical couplers in an array for forming a 1xN 
single-mode optical splitter/combiner, and routing harvest 
ing ports to a receiver for collecting harvested-light, from 
two or more of the harvesting ports, in the receiver wherein 
one of more of the harvesting ports is from the 2x2 single 
mode optical couplers in a block 2102; transmitting to 
optical network units through the planar lightwave circuit at 
a first wavelength in a block 2104; and interpreting a 
response from the optical network units at a second wave 
length through the harvested-light in a block 2106. 
0200. The resulting method, process, apparatus, device, 
product, and/or system is straightforward, cost-effective, 
uncomplicated, highly versatile, accurate, sensitive, and 
effective, and can be implemented by adapting known 
components for ready, efficient, and economical manufac 
turing, application, and utilization. 
0201 Another important aspect of the present invention 
is that it valuably supports and services the historical trend 
of reducing costs, simplifying systems, and increasing per 
formance. These and other valuable aspects of the present 
invention consequently further the state of the technology to 
at least the next level. 
0202 While the invention has been described in conjunc 
tion with a specific best mode, it is to be understood that 
many alternatives, modifications, and variations will be 
apparent to those skilled in the art in light of the aforegoing 
description. Accordingly, it is intended to embrace all Such 
alternatives, modifications, and variations that fall within the 
scope of the included claims. All matters hithertofore set 
forth herein or shown in the accompanying drawings are to 
be interpreted in an illustrative and non-limiting sense. 
What is claimed is: 
1. A planar lightwave circuit comprising: 
2x2 single-mode optical couplers coupled in an array to 

form a 1xN single-mode optical splitter/combiner with 
two or more harvesting ports from uncommitted ports 
of the 2x2 single-mode optical couplers, where N is 
greater than 2, each of two or more of the 2x2 single 
mode optical couplers includes a port uncommitted and 
available to become one of the harvesting ports; and 
a waveguide configured to form a single composite 

harvesting port efficiently routing a combined har 
vested optical signal. 
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