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ABSTRACT  
 

We have evaluated an attractive access network restoration candidate employing an optical matrix switch 
called an Optical Multifunction Switch (OMS). Here, we describe the operation and implementation of the 
device architecture and characterise its diversion capacity and flexibility in a proposed Ethernet Passive Optical 
Network (EPON) intelligent fiber-to-the-home (i-FTTH) network. A set of fifteen 2×2 optical switches was 
designed to allow multiple switching signal routes especially in the drop region (optical splitter to Optical 
Network Units (ONU)), thus improving the survivability of i-FTTH applications. We have discussed a sample 
application of the OMS in which this device could perform similar function as the customer-access protection 
unit (CAPU) proposed earlier and hence a performance comparison analysis is discussed. The flexibility of the 
device is demonstrated by its rerouting performance in the CAPU system and its protection mechanism. The bit-
error-rate performance of networks based on three faulty conditions were studied and compared, and 
OptiSystem, Inc. software was used to demonstrate the feasibility of this device. Our results were obtained by 
observing the eye diagrams, BER effects, input and output power and the maximum distance of fiber achieved. 
 
Key words: Optical switch, i-FTTH, restoration, multiple routes. 
 
Introduction 
 

Fiber-to-the-home (FTTH) technology represents an attractive solution for providing high bandwidth from 
the central office to residences and to small- and medium-sized businesses. FTTH is cost-effective because it 
uses a passive optical network (PON). Conventional access networks that are based on twisted-pair copper 
cables exhibit limited bandwidth-distance products. At data rates of 100 Mb/s, the transmission distance is 
limited to approximately 100 m and requires the use of highly sophisticated transmission technologies 
(Fujimoto, Y., 2006).  

PONs are characterised by the “splitting” of the optical fiber one or more times in the field, resulting in the 
sharing of the optical fiber among multiple users. A typical PON can reach subscribers who are 20 km from the 
original transmitter, which would cover 98% of the population. EPON vendors are initially focusing on 
developing fiber-to-the-business (FTTB), fiber-to-the-curb (FTTC), and FTTH networks to deliver data, video, 
and voice over a single platform. EPON is one of the solutions being considered by the new IEEE 802.3ah 
Ethernet in First Mile (EFM) Task Force, and it is very similar to the asynchronous transfer mode (ATM) PON 
(APON) in its basic operation. The downstream signal from the optical line terminal (OLT) is broadcast to each 
optical network unit (ONU), and the upstream signal from each ONU requires a multiple-point control protocol 
(MPCP) mechanism to arrange the uplink. When a fiber link between the OLT and ONU is broken (or cut) due 
to environmental effects, the affected ONU becomes unreachable by the OLT. The motivation of passive optical 
technology in the access space is to provide a cost-efficient transport mechanism to the end user that is 
interference free, bandwidth elastic, and distance independent between the user and the head ends. The general 
PON topology consists of a single-mode fiber linking the network OLT and the ONU and connecting the ONU 
with the optical-network’s terminating unit (NT) through a fiber link that may be up to 40km long (depending 
on the type of fiber); such a distance provides service to all loop lengths. 
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2. Optical Switch: 
 

The survivability of Ethernet passive optical networks (EPON) is often highlighted as a critical issue in 
providing seamless service and ensuring network reliability. The optical switch is one of the most important 
fiber-optic components for seamlessly maintaining network survivability and providing a flexible signal-routing 
platform. Although most switching in communication systems is currently accomplished electronically, 
emerging all-optical networks will require switches to route signals purely in the optical realm to achieve high 
bit-rates and protocol-transparent networks. Various types of optical switches are commercially available today, 
with the electro-optical and opto-mechanical models being the most common. Electro-optical switches realize 
optical switching functions by using electro-optic effects, which offer relatively faster switching speed. The 
older types of optical switches are the LiNbO3 and SOA based switch whereas the newer types are among 
semiconductor switches that are based on Mach-Zehnder interferometers (MZI) or multimode interference 
couplers MMI. They usually include two branching waveguides arranged in a manner similar to 3-dB couplers 
on the input and output linked by two waveguide paths to form a MZI structure. This structure can be used for 
both 1×2 and 2×2 switching configurations. The differential phase between the two paths is controlled by a 
voltage applied to one or both paths. The interference effect routes signals to the desired output as the drive 
voltage applied to one or both paths of the MZI structure changes the phase differential between them (Xiaohu, 
M., 2003). The newer types are liquid crystal (LC) and electroholographic (EH) switches.  Electronically 
switchable waveguide Bragg gratings switches are a cross between LC and EH switches, which is based on 
holographic polymerized polymer/liquid crystal composites. The dramatic scene of success of optical 
technology in telecommunication encouraged researchers to develop better technologies for optical switching 
systems (Xiaohu, M., 2003). Previous studies on protection switching have focused on the switching occurring 
in the ONU itself. Some studies reported on protection switching in conjunction with local-area network (LAN) 
emulation, where an automatic-protection-switching (APS) mechanism against distribution fiber breaks in PONs 
is implemented at the customer location (i.e., the ONU) by monitoring of the distribution fiber using the traffic 
that is transported among the customers in the PON. Here, the LAN data are used to monitor the state of the 
distribution fiber, and switching to the protected path is performed independently at each ONU; in this scenario, 
the protection scheme enables the protection of services for each ONU to be performed on customer demand 
and does not affect the operation of other ONUs (Rahman, M.S.A. and M.T.M. Yusof, 2008). 

 
3. Architecture Approach: 
 
Customer Access Protection Unit (CAPU) in the i-FTTH: 

 
The i-FTTH solution  suggested a noble concentration on the issue of survivability by offering a number of 

packages with different job functions at various locations to ensure the continuity of the network in case of fiber 
failures. Survivability in a network system provides the protection and restoration architectures and the 
continuity of services in the presence of failures. Figure 1 below is showing the whole schematic of the 
proposed i-FTTH solution highlighting protection mechanism at the drop region. 

 

 
 
Fig. 1: Schematic for i-FTTH solution. 
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Appearing at the customer end (drop region), is a smart device called a customer-access protection unit 
(CAPU); introduced to further enhance network reliability and security. If there is a fiber breaks in working line, 
the protection mechanism uses neighbouring-line protection to provide an alternative path for the working line. 
The signal-monitoring section in the access-control system (ACS) is responsible for sensing faults and their 
locations, whereas the generation of signal activation is handled by the activation section of the ACS. The 
activation signal triggers CAPU device to activate the switching mechanism inside the device through 
microprocessor instructions (Rahman, S.A., 2009). Our linear protection scheme (topology tree) suggests that 
only a passive optical network using a single port at the central office (central office, CO) to provide n number 
of users in 1: n ratio of the optical part. The split ratio can be adjusted from 2 to 64. However, the ratio of 32, 
16, or 8 is usually used. PON uses wavelength division multiplexing WDM multiple data stream to be carried in 
a single fiber. 

In the proposed protection scheme, CAPU routes can be classified into three failure orders. Failure Order 1 
is characterised by the detection of one fiber fault in a working line fiber (see Figure 2). In this case, the optical 
signal is routed to the neighbouring line for protection and returned to the end user. In Failure Order 2 (i.e., two 
fiber faults detected in a sequence line), neighbouring-line protection is used as a restoration route to return the 
optical signal to the original path. Similarly, in Failure Order 3 (i.e., three fiber faults), the optical signal finds a 
standby neighbouring- line protection to use the alternative protection path.  

 
Fig. 2: Multiple failure order routes according to proposed restoration mechanisms. 

 
Switch Matrix in the Optical Multifunctional Switch (OMS): 

 
A basic 2×2 switch contains two inputs and two outputs and exhibits two switching states as follows (refer 

Fig. 3a and 3b): one is the "straight" state, which is also known as the bar state, and the other is the "swap" state, 
which is also known as the cross state (Singh, G., 2009). A new switching configuration is proposed through an 
OMS that implements an optical matrix switch for the selection of an optical propagation route between three 
input and output ports. Optical switch matrices, as key components in the optical communication systems, are 
the signal routing modules in the optical layer. However, there are several types of optical switching matrix that 
are based on different mechanisms, such as micro-electromechanical systems-based optical switching, thermo-
optical switching, and electro-optic switching matrices (Gang, J.L., 2003). As for this work, the design of the 
matrix switch consists of fifteen 2×2 electro-optical switches arranged in a unique manner (as shown in Fig. 3c) 
to increase the number of signal routes (possible 8 routes with good bit-error-rate BER characteristics). The 
OMS architecture also consists of power splitters and combiners at the input and output ports. The addition of 
power splitters and power combiners is to fit the OMS into i-FTTH network layout in replace of CAPU.  

The insertion loss of optical switching technology is defined as the optical power loss when optical signals 
pass through the optical switch, consisting of coupling loss, waveguide propagation loss, and excess loss. When 
designing a network according to optical power budget, optical switches and their cascading impact network 
performance greatly. Furthermore, insertion loss limits the scalability of optical switches and increases system 
cost (Xiaohu, M., 2003). Since the evaluation of OMS performance in this report will only concentrate on the 
physical layer, we have not state any type of switching element to be considered in optical layer.  
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Fig. 3: Basic 2x2 switch with switching states a) the “bar” state; b) the “cross” state while c) is the OMS 

architecture 
 
Table 1 summarizes the routes available for re-route capability offered by OMS device; being classified 

according to number of optical switch involved in a route. Simulation analysis in the next section will be using 
these three conditions as samples. Insertion loss of a single optical switch is counted as 1.2 dB based on the 
value that being considered in CAPU analysis before. The electro-optic type based on MMI couplers is claimed 
to have similar value (< 1.5 dB) rather than the one with MZI element which is reported to have much higher 
value of insertion loss.   
 
Table 1: Routes available in OMS. 

 
 
 
 

Routes involving two 
optical switches  

(ROUTE A) 
 

Insertion loss = 2x1.2  = 
2.4dB 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 

 
Routes involving three 

optical switches 
(ROUTE B) 

 
Insertion loss = 4x1.2  = 

4.8 dB 
 

 
 

 
 

 
Routes involving five 

optical switches 
(ROUTE C) 

 
Insertion loss = 5x1.2  = 

6.0 dB 
 

 
 

 

 
 
 
 



319 
Adv. in Nat. Appl. Sci., 5(4): 315-325, 2011 
 

 
 

3. Experimental Results:  
 
FTTH-Based Design for Simulation – Tree-Based Architecture of the CAPU System: 

 
The FTTH-based network design was modelled and simulated using the Optisystem CAD program 

developed by Optiwave Systems, Inc. Two optical fibers were connected between the transmitter and a 1:8 
bidirectional splitter (18 km) using a bidirectional optical fiber; one of the fiber was also linked between a 
splitter and ONUs (2 km) using a single-mode fiber (SMF). In the downstream direction at the OLT, two 
wavelength channels with frequencies of 1550 nm and 1480 nm were multiplexed and transmitted over the 
optical fiber (18 km) to the bidirectional splitter. In the upstream direction, the transmission wavelength was 
1310 nm. The simulation aimed to verify the feasibility of the system and investigate the performance of the 
proposed protection-route mechanism based on the EPON architecture. For the simulation modelling, the 
proposed FTTH-EPON design contained eight ONUs with a transmission distance of 20 km between the OLT 
and ONUs. The 1480 nm and 1550 nm downstream signals and the 1310 nm upstream signal exhibited 1.25 
Gb/s direct modulation in the test access network, and the output power of the 1480 nm and 1310 nm lasers was 
0 dBm. The BER performances were measured using a 1.25 Gb/s non-return-to-zero (NRZ) pseudorandom 
binary sequence (PRBS) with a pattern length of 231-1 for the downstream traffic between the OLT and the eight 
ONUs. The specifications of the components appeared in the model system are listed with their loss count in 
Table 2. The amount of insertion loss for optical switch is assumed to be the same value as the one used for 
CAPU. Results were basically obtained by observing BERs, eye diagrams, optical power levels, and dispersion 
levels. Figure 4 and 5 display the simulation model for CAPU system at the OLT and optical network 
termination (ONT) respectively.  

 

 
 
Fig. 4: Simulation model for OLT. 
 
Table 2: Simulation parameters. 

Component Parameter type Value 
PBRS Generator 
 

upstream Bit rate (Gbps)  
downstream Bit rate (Gbps)  

1.25 
1.25 (symmetrical) 

Electrical Generator Rise time/ Fall time 0.05 bit 
Light source 
 

Downstream wavelength(nm) 
Upstream wavelength (nm) 

1480, 1550 
1310 

Modulator Modulation format  NRZ 
Multiplexer/Demultiplexer Insertion loss (dB) 0.5 
Bidirectional Splitter (1:8) Insertion loss (dB) 3 
Circulator bidirectional Insertion loss (dB) 1 
Bidirectional optical fiber Attenuation constant (dB/km) 0.25 
Optical Switches Insertion loss (dB) 1.2    
Power Combiner Insertion loss (dB) 1 
Power Splitter Insertion loss (dB) 1 
SMF (20km) Attenuation constant (dB/km) 0.25 
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Fig. 5: Simulation model for network termination (splitter to ONUs) having CAPU. 
 

Using the CAPU system simulation model layout, we tested the feasibility of OMS in the aspect of multiple 
routes and we performed comparison performance study between the two devices. Figure 6 and 7 depict the 
replacement of OMS over CAPU system in the previous simulation model layout. Four OMS needed to be 
connected to a 1x8 optical splitter at the intermediate split. Four power combiners were placed at the input ends 
of the OMS while only three power splitters were used at the output ends to be connected to the receiver/ONU. 
This is due to the arrangement of the switch matrix in the OMS architecture. Different OMS representing 
different signal routes to show the capability of multi-routing of the device. Summary of different routes used in 
the study were discussed in the next section. 

 

 
 
Fig. 6: Simulation model for network termination (splitter to ONUs) having OMS. 
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Optical receiver has been designed to convert the optical signas received at the ouput ends optical fiber into 
the original electrical signal. Architecture of the receiver consists of Bessel Low Pass Filter and PIN photodiode 
that can be seen in Figure 6. Measurement in the receiver side will be extracted from optical spectrum analyser 
(OSA), optical power meter, and electrical scope i.e the BER analyser whose responsible in producing the eye 
diagram, hence providing the Q factor values and jitter. As for the upstream signal, 1310 nm wavelength will be 
transmitted using the principle Multi Point to Point, MP2P from the ONU and the signal will be received at the 
OLT.  

 
 
Fig. 7: Simulation model of OMS connected to the network termination (splitter to ONUs). 

 
Simulation Results with -35 dBm and -38 dBm Receiver Sensitivity: 

 
From the simulation, system performance at the network user can be seen from BER analyzer. BER 

analyzer displays eye diagram and many signal parameters can be extracted from the resulting eye diagram such 
as eye-height, jitter, BER and maximum Q factor values. The performance criterion for digital receivers is 
governed by the BER, which is defined as the probability of the incorrect identification of a bit by the decision 
circuit of the receiver. The receiver sensitivity is then defined as the minimum average received power, Prec, 
which is required by the receiver to operate at a BER of 10-9. The receiver performance is characterised by 
measuring the BER as a function of the average optical power received. The average optical power 
corresponding to a BER of 10-9 is a measure of the receiver sensitivity (Agrawal, G.P., 2009).  

CAPU reported having receiver sensitivity of -35 dBm to sustain its protection scheme and re-route 
capability (Ab-Rahman, M.S., 2009). When OMS is replaced in the CAPU simulation test bed, the network 
system requires higher value which is at – 38 dBm for a much better signal and longer fiber length. Receiver 
sensitivity and dynamic range are the minimum acceptable value of received power needed to achieve an 
acceptable BER or performance. Receiver sensitivity takes into account power penalties caused by use of a 
transmitter with worst-case values of extinction ratio, jitter, pulse rise times, optical return loss, receiver 
connector degradations, and measurement tolerances. The receiver sensitivity does not include power penalties 
associated with dispersion or with back reflections from the optical path. These effects are specified separately 
in the allocation of maximum optical path penalty. If receivers have to cope with optical inputs as high as -
5dBm and as low as -30dBm, the receiver needs an optical dynamic range of 25 dB (Alwayn, V., 2004).  In the 
case of OMS, the device has bigger number of optical switches consumed in the demonstrated routes if 
compared to CAPU, hence consuming more insertion loss. Initially we demonstrated the eye diagram for OMS 
in the downstream transmissions at -38dBm sensitivity as introduction. Performance comparison study between 
CAPU and OMS is then made using two receiver sensitivities of -35 dBm and -38 dBm by looking at three 
performance parameters; the Max Q factor, output power and input power over length. Figure 8 showing eye 
diagrams produced by BER analyzer at different condition; condition A having two optical switches in the route, 
condition B having 4 switches in the route and condition C having 5 switches in the route. “Eye diagram” is 
actually an oscilloscope that displays a superposition of many bits where the eye opening is a measure of the 
degradation of the link. An open eye with sharp lines resembles good performance, while noise and intersymbol 
interference appears as spreading of the rails (Jerry Seams, 2005). Wide opening eye diagrams can be seen for 
condition A and B for both wavelength type but not for condition C. This is due to the increase number of 
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switches hence the amount of insertion loss. The worse eye opening is observed at Figure 8 (ii) in condition C (4 
switches in the route) for 1480 downstream wavelength.  

 

 
Fig. 8: Eye diagrams reported for OMS device at receiver sensitivity -38 dBM for (i) 1550n downstream 

wavelength and (ii) 1480 downstream wavelength 
 

i. Max Q Factor Versus Length: 
 
The study also includes the distance analysis when OMS is being simulated using the sensitivity of – 35 

dBm and -38 dBm. CAPU has reported that in order to perform protection and restoration scheme up to order 3, 
an optimum receiver sensitivity value of -35 dBm was chosen for a 20km network of 8 users. If we need to 
increase the length, the sensitivity should be increased too to ensure good receiver performance. Figure 9 and 10 
show a comparison of maximum distance achieved between CAPU and OMS by using Max Q factor parameter. 
The maximum fiber length that can be  employed by CAPU at the failure order 1 is  about  53  km  so  that  the  
power  receiver  at  35  dBm can be achieved  for Max Q Factor as equal  to 6. A higher fiber length represents a 
smaller value of Max Q Factor in all failure scenarios. The OMS on the other hand, is capable to have a 
maximum fiber length of 28 km at condition A, 25.5 km at condition B and 21.5 km at condition C. Although 
the maximum lengths achieved were almost halved if compared to CAPU, the lengths are still more than 20 km. 
We also noticed in Figure 11 below, the maximum length varies with different sensitivity and different class of 
failure order. In OMS, different class of failure order implies the different number of switches employed in 
different condition. A much longer fiber distance can be achieved when receiver sensitivity -38 dBm is 
considered. Maximum distance for condition A is now 43 km, 36 km for condition B and 24.5 km for condition 
C. Another factor that could possibly lead to the need for increasing receiver sensitivity so as to get better output 
signal is the number of user i.e the ONU.  

 
ii. Total output power: 

 
Figure 12 (i) shows a straight decrement line when the fiber line is increased for the three failures condition 

in CAPU protection network when a lower sensitivity is implied (-25dBm). The highest ouput power obtained 
by the normal condition for every increasing unit of distance. Failure order 3 has the least output power at 
higher fiber length. Reachability of maximum distance is also depend on the sensitivity used; for example in 
order to achieve distance more than 20km for failure order 3, a higher sensitivity should be used for the entire 
protection network. Figure 12 (ii) showing the same behaviour but at higher output power when OMS 
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simulation model was run through a -35 dBm sensitivity. At 40km, output power obtained by Condition C is 
significantly higher if compared to CAPU from the previous graph.This predict that CAPU will produce similar 
performance if being tested on higher sensitivity i.e -35 dBm.   

 

32.5
44.5 53

 
Fig. 9: Graphs showing MAX Q factor versus length for -35 dBm sensitivity for CAPU in the downstream 

signal 1550 nm. 
 

 
 

Fig. 10: Graphs showing MAX Q factor versus length for -35 dBm sensitivity for OMS in the downstream 
signal (i) 1550 nm and (ii) 1480 nm wavelength 

 
iii. BER and input power: 

 
Figure 13 shows the effect of BER when higher input power is injected (until 3dBm) for CAPU simulation 

model. BER obtained is decreasing exponentially when there is a higher input power. In conjunction to that 
behavior, the bit rate will increase to 1.00 x 10-7 when input power is decreased by -4 dBm for failure order 3. 
When the signal is too low, the possibility that data signal can be separated from the noise is lower, hence 
resulting higher bit error rate. Obviously for OMS behavior as shown in Figure 14, the same trend of exponent 
decrement can be seen when different value of input power is injected (ranging from -2 dBm to 2 dBm). 
Especially at condition C, the bit rate will increase to 1.00 x 10-10when input power is decreased by -2 dBm. The 
X region highlighted in the graph represents region having bit error rate less than 1.0 x 10-9. 
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Fig. 11: Graphs showing MAX Q factor versus length for -38 dBm sensitivity for downstream signal (i) 1550 

nm wavelength and (ii) 1480 nm wavelength. 
 

 
 
Fig. 12: Total output power versus fiber length for CAPU (i) and for OMS (ii). 

 
 
Fig. 13: The effect of BER towards input power for CAPU. 
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Fig. 14: The effect of BER towards input power for OMS. 
 
4. Conclusion: 

 
When referring to performance parameter of optical switching technology, one has also to consider the 

basic perfomance as well as the network and system performance. Parameters of basic performance are the 
insertion loss, switching speed, crosstalk, polarization-dependent loss, wavelength dependency, bit rate and 
protocol transparency and also operation bandwidth. Elements for network requirements are basically the 
multicast, switching device dimension, scalability and nonblocking. Nonblocking means the flexibility to route 
or reroute any input channel to any unoccupied output channel, if needed. Another important parameter 
especially for a system requirement is the stability or reliability of the optical switching technology. Given the 
number of terabits per second the device can switch, reliability is extremely crucial (Gang, J.L., 2003). 

This paper reviewed the architecture and the performance investigation of OMS through possible routes 
introduced earlier in only physical layer when implied into CAPU protection network in the i-FTTH simulation 
test bed. The potential of OMS is being compared to CAPU through Max Q factor, output power and effect of 
BER over distance of fiber length. OMS needed a slightly higher receiver sensitivity in the protection network 
in order to satisfy signal over 20 km as proposed in the EPON FTTH. Future work will be reporting the 
investigations of OMS in optical layer to study the performance parameter through OptiBPM software. We will 
be more specific on technology used and also come up with the best switching elements that give convincing 
value of switching speed, low crosstalk value and also low insertion loss. 
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