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Abstract
The optical fiber has inherent large

transmission bandwidth. It plays an
important role in broadband wireline

communication networks. Three
techniques: wavelength division
multiplex (WDM), code division

multiple access (CDMA) and time

division multiple access (TDMA) are the
most commonly used transmission
schemes. Due to the growing demand of
the Internet transmission bandwidth, the
networks are required to provide full
multimedia services. WDM
(DWDM) technology has become the
dominant transmission technology of the
backbone networks. On the other hand,
OCDMA 1is getting more and more
attention recently and can be used in the
access networks. Therefore, different

kinds of systems have to be integrated to

Dense

achieve this goal. This project aimed at
studying the broadband
optical fiber communication systems
thoroughly.

The main research results include
coding in optical CDMA (OCDMA)
systems, passive optical network using
OCDMA,
wavelength
monitoring, high-speed optical switch,
protection of WDM networks, design of
long-period fiber gratings and fiber

intelligent

wavelength selection,

conversion, wavelength

coupling, etc.

Keywords: wavelength-division
multiplexing (WDM), optical
code-division multiple access

(OCDMA), passive optical network,

wavelength  conversion, wavelength
monitoring, high-speed optical switch,

fiber coupling, fiber gratings
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Abstract

[ 1st year)

Because the Internet traffic increases
rapidly, the Internet Protocol (IP) has
become very popular. Large
transmission bandwidth is required to
provide more services. The Dense

Wavelength  Division  Multiplexing
(DWDM) technology is growing in
optical fiber transmission and can
provide a lot of transmission capacity.

Currently many companies have the

network architectures as IP over ATM

3



over SDH/WDM. Because these
architectures have too many layers, they
need a lot of processing power in the
host and the router. Thus the
architectures must be simplified to make
efficient use of resources. A new IP over
WDM protocol with routing and
transport capabilities is proposed. This
protocol utilizes the concept of label
switching and wavelength information
of Wavelength Division Multiplexing
(WDM). The transport adaptation and
encapsulation scheme of this protocol is
simple and transparent to protocol data
unit. It also integrates the Multiprotocol

Label traffic

Switching (MPLS)
engineering control concept as the IP
transport and switching control plane.
On the other hand, we have fulfilled the
performance analysis for two types of
asynchronous = Wavelength  Division
Multiplexing (WDM) optical routers
that can handle asynchronous and
variable length packet switching for

high-speed Internet core networks. We

compare the network using Partially

Shared Buffer (PSB) and using Multiple
Path Routing (MPR) by simulation
results. We conclude that a PSB type
asynchronous WDM optical router using
the same number of input/output ports as
the re-circulation ports without using
void filling algorithm is more suitable
for handling IP traffic in the high-speed
optical core networks.

Keywords: dense wavelength division
multiplexing (DWDM), multiprotocol
label switching (MPLS), router, partially
shared buffer (PSB), multiple path

routing (MPR)

[2nd year ]
Multiple Protocol Label Switch

Optical

integration is a trend for future all

(MPLS) and Switching
optical networks. We had proposed a
very stable protocol with transport and
switching capabilities. Based on this
protocol, we study the feasibility of
using this protocol on burst switching
and packet optical wavelength switching

architecture. The architecture may fulfill

4



the requirements of both burst switching
and packet switching networks. The
architecture can switch variable length
packets asynchronously, i.e., the input
packets are not necessary to enter the
switch at the inputs ports simultaneously.
This property will simplify the buffer
shows that the

design. The result

throughput of this switch is very high.

A modermn switch must provide
multicasting to allow multiple copies of
an incoming packet to be sent to their
destinations  simultaneously.  Such
feature is necessary to support video
conferencing, video-on-demand, distant
learning, etc. An enhanced version of
the variable length self-routing packet
switch is proposed to perform multicast
switching. The optimal design rule and
switching of

analysis of multicast

variable length packets are discussed in

this report.

Keywords: switch, MPLS, burst
switching, packet switching, optical
switching, variable length packet,

asynchronously

[ 3rd year)

fiber is an important

Optical
medium of the wireline communication
systems. Passive optical network (PON)
is considered to be a solution to realize
full-service access networks (FSAN). It
is a point-to-multipoint optical network
with no active devices through the signal
transmission. The network is easy to
méintain and to be upgraded. Combining
Ethernet frame with PON (EPON) is a
promising candidate for next-generation
broadband access networks. PON uses
time division multiple access (TDMA)
and asynchronous transfer mode (ATM)
in upstream and down stream direction.
The two schemes have fixed time slot
and are not suitable to variable length
packets, such as IP packets and Ethernet
frames. We proposed an EPON
configuration using optical code division
multiple access (OCDMA) in its

upstream direction. The downstream

direction is still broadcasting in nature,

5



which 1s the same as the ordinary EPON.

We proposed a synchronous OCDMA
code: Perfect difference code (PDC).
PDC has better performance than the
other codes when the multiple user
interference (MUI) canceller is used. We
also proposed an asynchronous OCDMA
code: optical orthogonal codes (OOCs)
with nonideal cross correlation. Given
the same code weight and code length,
the size of the proposed new codes is ten
times more than that of ideal optical
orthogonal codes. It «can thus
accommodate more simultaneous users
and increases the network utilization.
The proposed system can achieve the
goal of broadband access networks.

Keywords: Passive optical network
(PON), Perfect difference code (PDC),
multiple user interference (MUI), optical
(O0Cs), cross

orthogonal  codes

correlation

=~ &dRBEH

[F—%]
The explosive growth of Internet traffic
demands more bandwidth on the core
networks. While IP backbone systems
are being realized using Synchronous
Optical Network / Synchronous Digital
Hierarchy (SONET/SDH) and
Asynchronous Transfer Mode (ATM)
existing

technologies, transport

networks  will not yield the
bandwidth-effective transporting and
routing schemes for IP traffic. The
integration of IP and Dense WDM
(DWDM) has been the most popular
research and development area for next
generation Internet. These new emerging
technologies, ie., Generalized
Multiprotocol Label Switching (GMPLS)
and the related signaling protocols play
an important role of the control plane
that could integrate IP and DWDM
capability. They aim at providing an
end-to-end

efficient and flexible



lightpath for IP centric and non-IP

centric services. MPLS is rapidly
emerging as an Internet Engineering
Task Force (IETF) standard. MPLS
intends to enhance the speed, scalability,
and service provisioning capabilities in
the Internet. MPLS uses the technique of
packet forwarding based on labels, to
enable the implementation of a simpler
high-performance  packet-forwarding
engine. MPLS is best viewed as a 2.5th
layer protocol, integrating layer 2 and
layer 3 functions. With this point of
view, optical label switching has been
deemed as the most probable technique
for the future all optical networks.
However, at the present time, due to
the gap to success of optical elements,
optical labeling is not so realizable.
Other  techniques  using  optical
sub-carriers to carry the labels may
suffer the optical transparent problem in
all optical networks. For this sake, we
need to reconsider 1) the properties of

optical transmission, 2) the properties of

[P traffic, and 3) future requirements for

IP backbone traffic. What we need are
as follows: 1) an IP over WDM transport
mechanism that can handle physical
framing, data link delineation and part of
layer 3 routing functions at the same
time. This mechanism also needs to
speed up the processing, while keeping
all possible optical networks transparent
2) As for IP traffic properties, we need
additional traffic engineering models as
the control plane for IP networks. In
other words, we need a high-speed
transport mechanism

asynchronous

integrating  with  label  switching
techniques and the advantages of control
plane functions. This mechanism must
be able to migrate to future all optical
networks smoothly.

could

Although GMPLS support

packet, Time Division Multiplexing
(TDM), wavelength, waveband and fiber
switching, it still treats DWDM as a big
bandwidth pipeline and acts more like
cross-connect provisioning mechanism.

This may not be the most efficient and

flexible solution that could be achieved

7



directly by combining the advantage of

DWDM with all optical packet
switching capabilities to yield WDM
optical router for IP centric services.
However, at the present time, due to the
elements,

availability of  optical

all-optical  packet switching and
processing are not so realizable. Almost
switching using

all-optical  packet

optical-to-electrical-to-optical (O-E-O)
techniques for the header processing is
more practical. At the same time, the
optical buffer can only be emulated by
using fiber delay lines with fixed delay
unit. On the other hand, considering the

present Internet network scenario and IP

properties, the transfer mode based on

variable length packets and
asynchronous operation is more
effective.
(E=%F)

Recently, the traffic of backbone

and access networks increase
dramatically. The transmission capacity

of optical networks doubles every nine

months. However, the switching and

routing capacity increases slowly
compared with the transmission capacity.
Many switching or access schemes are

[1}-(4].

integration of MPLS and wavelength

proposed Among them,
division multiplexing technologies is a

promising choice.

Combination of electronic and
optimal routing for the hybrnid Internet
Protocol (IP) networks is inevitable. A
WDM optical packet switch consists of
input interface unit, the switch fabric,
the output interface unit and the control
unit. In a conventional switch, the input
interface unit processes the packet
header information extraction, packet
delineation and  alignment.  The
switching fabric is the most important
element. The output interface unit
regenerates the optical signals. Based on
the information in the packet header, the
control unit controls the switch. Because

of the synchronization requirements, the

packet size must be fixed. Currently, the



packet header can be out-of-band

signaling including sub-carrier
multiplexing and dual wavelength, or

in-band-signaling.

In this report, we propose a self-routing
variable-length packet switch, which can
provide unicast and multicast switching.
The performance of the switch operating
in unicast or multicast switching is
verified both by simulation and
queueing analysis. The first part of this
report focuses on the unicast switching,

and the second part discusses the

multicast switching.

[F=%]

Recently, fiber-optic  code-division
multiple-access (CDMA) systems have
attracted much attention. Because
synchronous optical CDMA (SOCDMA)
systems are more efficient to utilize the
bandwidth than any asynchronous
optical CDMA systems, many studies of
SOCDMA systems have been reported

in the literature. There are several

possible ways to achieve slot
synchronization. One way is that we add
a synchronizer node located at the star
coupler. This node broadcasts a pulse
called the sync pulse periodically. Using
the periodic pulses, the synchronization
may be achieved among all the
transmitters. One of the major concerns
of designing a  direct-detection
SOCDMA system is the multiple-user
interference  (MUI)  because the
performance of this system is usually
interference limited. That is, there is an
asymptotic error floor no matter how
much power the receiver received.
Unlike in the electric domain, the
signature sequence in a direct-detection
SOCDMA consists of unipolar (0, 1),
sequences. As a result, there are no strict
orthogonal codes under the constraint
that the total number of codes is equal to
the code length. We study the “perfect
difference sets” and propose a new
SOCDMA system using these sets as the

signature code sequences instead of

modified prime sequences. The perfect

9



difference codes have the following
interesting characteristics:

1) Any two distinct codes are
cyclic-shifted with each other.

2) The cross correlation between any
two distinct codes is exactly one.
However, the modified prime sequence
codes have the cross correlation either
one or zero. Although these codes are
not strictly orthogonal, we may say that
they are quasi-orthogonal. Using the
first property, we propose a simple
transmitter structure, in which the code
sequence can be cyclic-shifted to get

another transmitter. Using the second

property, we also can easily design the

receiver to remove the effect of the MUIL

However, from the viewpoint of

asynchronous systems, the perfect
difference codes are basically identical
because they are cyclically shifted with

one another. In other words, we have

only one code for asynchronous systems.

Therefore, we must modify the perfect

difference codes to get a larger code size.

To do so, we consider the case that the

correlation is relaxed to two. When the
two codes are not aligned—that is, they
are cyclically shifted with each
other—the cross correlation between the
two codes is exactly one. In such a
violate the

situation, it does not

constraint of correlation. However,
when there is no cyclic shifting between
them, the value of the cross correlation
is equal to the code weight, which is far
from the constraint. To overcome this,
wé can drop some marks appropriately
from marks of each code, such that the
modified code weight is reduced and the
code length is still equal to original size.
Moreover, the cross-correlation property
should satisfy the constraint.

We further discuss the implementation
of OCDMA system in high-speed access
networks. EPON is promising a solution

service

of broadband full access

networks and is illustrated in Fig. 1.

ONU
ONU
ONU
oo vhackapi
e ek NU
aLT Qu
ONU
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Fig. 1. An EPON configuration

The downstream direction is a
point-to-multipoint transmission and is
broadcasting in nature. Downstream
packets are sent from the optical line
terminal (OLT) and received by optical
network units (ONU) according to the
specific address. In the upstream
direction, each ONU transmits packets
to the OLT and may collide with other
packets if more than one packet arrive at
the OLT simultaneously. To solve this
problem, three multiple access schemes
can be used: time division multiple
access (TDMA), wavelength division
multiple access (WDMA), and code
division multiple access (CDMA). In
TDMA, each ONU is allocated a time
slot telling when to send data and for
how long. This allocation can be static
or dynamic. In WDMA, each ONU
transmits data at different wavelengths.
The WDM components such as tunable

laser and tunable optical receiver are

much more expensive than that of

TDMA and CDMA. The operation and
maintainence are also more complicated.
Thus makes WDMA not suitable for
FSAN.

We propose an EPON configuration
using synchronous OCDMA (SOCDMA)
in its upstream direction. The
downstream direction is still
broadcasting in nature, which is the
same as the ordinary EPON.
Bidirectional transmission is performed
over a single fiber by wavelength
multiplexing of 1.5 #m wavelength in
the downstream direction and 1.3 ym
wavelength in the upstream direction. In
the downstream direction, the packets
are broadcasted to all ONUs from the
OLT. Only the frames with the desired
ONU’s Ethernet address are extracted by
that ONU and the others are discarded.
In the upstream direction, Ethemnet
frames from the ONU are spread by a
spreading circuit, which uses PDC as the
code signature. The OLT decodes the
incoming OCDMA signals by using the

despreading receivers. Upstream packets

1



of different addresses can be received
simultaneously without collision. The
EPON configuration with maximum
range of at least 20km can split at most
32 subscribers. The synchronization
strategy is worked out as the following.
In the proposed network, the OLT has a
very high precision clock. When there is
an Ethemet packet to be sent, the OLT
just transmits the packet. Otherwise the
OLT transmits the preamble signal. Thus
the OLT plays the role of master clock
and transmits clock information to the
downstream ONU. Initially, when an
ONU is powered, the local clock of the
ONU locks the down stream clock
signal transmitted from the OLT. In
order to synchronize all the ONUs, the
OLT polls the inactive ONUs
sequentially and periodically. The polled
ONU responses immediately and the
OLT will estimate the round trip delay
and send synchronization information
back to the ONU. The ONU
synchronizes the local clock and sends

training packet to the OLT. The

procedure will be repeated until

satisfactory synchronization is obtained.

= MAERRHR

i
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A. An IP over WDM Protocol with
Routing and Transport
Capabilities

The concept of the proposed IP over
WDM protocol is not merely an IP over
DWDM adaptation and encapsulation
scheme, but also the concept of utilizing
MPLS Label Distribution Protocol
(LDP/CR-LDP) as the DWDM network
signaling protocol. It also integrates
MPLS traffic engineering control for
optical network elements. However,
each transport protocol does have its
own framing and encapsulation method.
In this section, we will first introduce

the transmission format of the newly

proposed‘ IP over WDM protocol.
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2 bytes 2bytes 2bytes 2bytes 6 bytes

Length

4 bytes

LLabel CRC-16] Length|CRC-16{ Control

)
Packet Payload /J/ CRC-32 | Label |CRC-16| Length{ CRC-16| Control
T

Fig. 2 Physical and Data Link Layer Frame Delineation of the Proposed IP over WDM Protocol

The transmission format of the proposed
protocol is shown in Fig. 2. The frame
encapsulation is done by using <Label>
<CRC-16>  <Length>  <CRC-16>
<Control> and followed by the protocol

data unit of variable length and a

<CRC-32> field as the trailer for

payload CRC checking. As shown in Fig.

2, the “Label” field has two bytes and is
used as the label switching function. The
circuit  with

CRC-16 generating

polynomial: g(x)=x"+x"+x"+1, is
used to check if the “Label” field is
correct or not during searching process
of re-framing. These bytes with “Label”
form the framing

field together

indication of physical layer. The
“Length” field together with the second
CRC-16 bytes is used to indicate the
length of the protocol data unit, and to

be the data link layer frame delineation.

Once the framer arrives at the “Sync”

state, the CRC-16 check circuit is

triggered as the single-bit error
correction circuit (so does at the “Post
Sync” state). So, the framer just need
one CRC-16 and one logic control
circuit which records the status of the
framer and controls the operation of
CRC-16 circuit to be multiple errors
detection or single-bit error correction.
This simplifies the hardware of the
framer a lot. “Control” field is used to
indicate the type of protocol data unit,
scrambler synchronization status and
maintenance information. In order to
avoid the inefficiency of using preamble
techniques as the bit synchronization
method, there must have the inter-packet
fills to maintain the channel continuity.
Those idle inter-packet fills contain only
the necessary <Label>, <CRC-16>,
fields.

<Length> and <CRC-16>

Maintenance packets like those to

13



deliver OAM messages will have
additional <Control> and <CRC-32>
fields. These OAM packets will
periodically be inserted into optical
channel with higher priority than the
normal data packets.

We propose 16 bits for labels in the
proposed IP over WDM protocols. To
accommodate all the addressing range,
ie., 2% and incorporate the technologies
of wavelength routing, we adopt 16
different wavelength, 4,,4,,---,4,, as a
group of MLPS path addresses. In that
way, we can fully utilize the wavelength
information while keeping electrical
labels as small as possible. In this case,
it is possible that we could integrate the
MPLS technologies with wavelength
routing. These similarities between
wavelength and label have been used for
combining MPLS traffic engineering
control with optical cross-connects
(OXCs). Additional need for a General
Switch Management Protocol (GSMP)
or GSMP-like protocol to interface the
gear may also be

optical router

considered.

L Analysis of Framing and

Encapsulation Performance
To find the frame in “Sync” state at
the first time that the system is powered
up or at the time of re-framing after loss
of frame detected, the framer is in
“Hunt” state. The framer uses
byte-by-byte search to find the first valid
CRC-16 sequence of label field. The
framing and delineation state transition
diagram of the proposed IP over WDM

protocol is shown in Fig. 3. The framing

state transition diagram consists of four

distinct states: “Hunt”, “Presync”,
“Sync” and “Post Sync” states.
, Labd’s
Length’s Correctable
CRC Foun CRC Found

Correctable
CRC Not Found}

Length’s
Correctable
CRC Found

Length’s
Correctable
CRC Not Found

Labd’s
CRC Not Found

Fig. 3. Framing and Delineation State Transition

Diagram
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The procedure of framing and
delineation is as follows: When the
framer is first powered up or in the state
of re-framing, the framer tries to find out
valid Label

the first field in a

byte-by-byte shifting and checking
manner. If no valid header is found, the
framer continues the shifting and check
processes, i.e., staying in the “Hunt”
state. Once upon finding such a valid
CRC-16 sequence, the framer moves to
the “Presync” state, and records the
status of framing. The control logic of
framer, at this state, continues to
perform the second CRC-16 checking
for the subsequent specific 4 bytes
(Length field + second CRC-16 field) to
find out the second correct CRC-16
pattern of Length field. If the framer
fails in finding the second valid CRC-16
pattern after subsequent 4 bytes, it then
returns back to the “Hunt” state. If it
finds the second valid CRC-16 sequence,
the framer goes into “Sync” state. At

that point, the framer is considered in

frame. The framer determines from the

Length field to find out how many bytes
there are until the beginning of next
Label field of next frame.

Once the framer gets into the “Sync”
state, the control logic circuit of framer
enables the CRC-16 error checking
circuit into a single-bit error correction
circuit. The framer now detects the
CRC-16 sequence with no error bit and
with one error bit pattern for the Label
and Length field of next frame. If it does
not‘ﬁnd the next single-error correctable
CRC sequence, it goes back to the
“Hunt” state to perform the searching
process again. If the framer detects the
first correctable CRC sequence of Label
field of next frame, it goes into “Post
Sync” state (with CRC-16 as a single-bit
error correction circuit). The framer then
continues identifying the subsequent 4
bytes with CRC-16 as single-bit error
correction circuit to see if they are
correctable for the Length field. If not
correctable, the framer goes back into
“Hunt” state to perform shifting and

checking process. If the framer finds out
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the correctable CRC-16 sequence of the
Length field, it goes into “Sync” state
again and maintains the CRC-16 circuit
in single-bit error correction status. This
process continues until lost of frame
detected and all the re-framing processes
go over again. We analyze the

performance of the proposed protocol as

follows.

II. Probability of Loss of Frame

It is worth to note that at the receiver
side, the framer is first delineated using
<Label> and <CRC-16> to arrive at
“Presync” state and then using
<Length> and second <CRC-16> fields
to get into “Sync” state. Probability of
loss of frame (PLF) is directly a function
of optical channel bit error rate (BER).
Once the synchronization is achieved,
single-bit error correction is activated.
Thus, for a loss of frame, more than one
error in the <Label> and <CRC-16>
fields or less than one error in <Label>
and <CRC-16> fields but more than one
second

eror in  <Length> and

<CRC-16> fields is required. Since all
these fields are 2 bytes and the single-bit
error correction is enabled, the
probability of the frame loss due to the
channel corruption in framing and

delineation is:
PLF =PLF,_, +PLF,_,

where, PLF,,, 1is the probability that loss
of frame happened in checking valid

CRC-16 sequence of Label field and

PLF,

Length

is the probability that loss of
frame happened in checking valid
CRC-16 sequence of Length field. These
two probabilities are shown as follows:
PLF,, =1-[(1-P)*+32P.(1-P)"]
PLF_, =PLF, (1-PLF,,)

where, P is the optical channel BER.

Fig. 4 shows the probability of loss of

frame of the proposed IP over WDM

protocol.
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Fig 4. Probability of Frame Loss versus Channel

BER.

After we obtain the PLF, we can
roughly estimate the “Mean Time To
Frame Loss” (MTTFL) which can be

expressed as follows:

1
PLF * FrameRate

MTTFL =

where, FrameRate is equal to
Channel Bit Rate/ Frame Length. However,
since the transport is asynchronous and
with variable packet length, we can’t get
the accurate “Mean Time To Frame
Loss”, unless we know the packet length

roughly

estimate this parameter with a given

distribution. We only can
packet length. Fig. 5 shows the graph of
MTTFL (in Years) versus packet length
(in Bytes) at optical channel bit rate
10Gbps and BER 102, We can see
MTTFL even at very small packet length
distribution can still get almost a billion

years!

Optical ChanaelBitRax @ 10° bps
Opéical Chamnel BER@ 102
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Mean Time To Frame Loss (Years)
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Frame Length (Byks) x 10'

Fig. 5. Mean Time To False Frame versus Packet

Length

III.  Probability of False Frame

When parsing the frame byte-by-byte
in search of a valid header, it is possible
that the valid CRC-16 pattern is found
inside the protocol data unit. This is the
case that the CRC-16 header is
simulated by the payload data. And the
probability of false frame (PFF) is equal
to the probability of two consecutive
is shown as

CRC-16 matches and

follows:
PFF = (ZLJ =(2)=2.33x10"

Even if “false framing” happens, the
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framer does not stay in “Sync” state for
the coming frames unless it finds more
consecutive two CRC-16 matches at the
right places. It could be an exact match
or a match with only one bit in error.
This means that the probability of
falsely staying in “Sync” state is Prob
(false sync) = (33x27'%) 2= 25x10%. This
makes the probability of rejecting false
frame becomes 1 - 25x10° and is equal
to 0.99999975. From this, we can see
that the probability of rejecting staying
in false “Sync” state of the proposed

protocol is nearly equal to 1.

V. Mean Time To Frame

Re-frame refers to the transition from
“Hunt” state to “Sync” state as shown in
Fig. 3. Re-frame time, or mean time to
frame (MTTF), is the duration of time
required for a frame alignment circuit to
re-establish frame alignment from being
powered up or from a misalignment
condition. A re-frame procedure consists

of two separate processes: search and

confirmation. A  search  process

sequentially searches the CRC-16
sequence for Label header to identify the
beginning of each packet. If there is a
match, the position is provisionally
accepted as a candidate and a
confirmation process is called in to test
validity of the candidate position. If the
confirmation criterion is met with the
candidate position, frame alignment is
declared. If not, a search process is
another

reinitiated, followed by

confirmation process and so on.

1. MTTF Search Process

To consider the worst case, a search
process is initiated just one byte after the

position.

frame alignment

correct
Therefore, all the n bytes in each
packet, where n is variable for each
packet, have to be checked. For the first
(n-1) byte position, a search process
takes time to verify them wrong. If the
payload simulates the CRC-16 sequence,
a confirmation process is called in to

detect its falsehood. After the falsehood
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is detected, the search process 1is
re-initiated and the next byte position is
checked. At thenth byte position the
search process accepts it. Using the
technique of probability of generating
function (PGF) in the generalized state
transition diagram, we can derive the
state transition diagram of search

process as shown in Figure 6.

confirmation process takes 4/n packet
to detect its falsehood. The probability
of CRC-16 pattern is simulated by the
payload is p, which is equal to1/2".
The

probability of not being simulated as the
CRC-16 pattern is 4, which is equal to
1-p, . If the simulation continues
happening, the framer will go into the

false framing state and the probability of

Fig. 6 Falsehood Detection Process in Search Process

The search process moves from the byte
position i to i+1 in one byte
duration. Since the proposed protocol is
a packet based framing and delineation
architecture, the more meaningful units
in qualifying the MTTF duration is in
packets. So, we denote one byte duration
as 1/n packet, where n is the packet
length in bytes. If the CRC-16 pattern of
simulated, the

Label header is

staying in “Sync” state and ‘“Post Sync”
state is p, which is equal to 33xp,
and the probability of back to “Hunt”
state is ¢, which is equal to 1-p, .
From Fig. 6, we then can show that the
PGF of the state transition from state i

to i+1 isgiven by:

T O N LI
qs2" +BZ"[qsZ" + psZqyZ " + psZ” q52"]
I-paZ
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The maximum mean time to frame
requires the falsehood detection for the
first (n—1) byte position and a correct
CRC-16 pattern for the last nth byte
position. Therefore if the correct
CRC-16 pattern is not corrupted by
optical channel bit errors, the search
process takes the signal transfer function

7(Z) to the right position, where z(2)

1s given by:

1

12)=[q,2" 1+ P.Z)]"'Z"

=q,”"ZQ+PZ")"

P1(2)

qDT(Z) @‘@ pr~ °
quz%

Fig. 7. Reframe Declaration Procedure

2. MTTF Confirmation Process

After the correct position of CRC-16

pattern is found, the confirmation
process is called in. Fig. 7 shows the
state transition diagram of the reframe
declaration procedure. After the correct

position 1s found, the probability that the

framer goes into ‘“Presync” state is P, .
And P, is equal to the (1-pP)*, where
P is the optical channel BER. The
probability that the CRC-16 pattern is
corrupted by the channel noise is gq,,
which is equal to1- P, .

The overall transfer function from the

“Hunt” state to “Sync” state is given by

4

Py (2)=— BBTDZ"

1-g,7(Z)[1 + ppZ"]

which is the PGF of maximum average
MTTF. Therefore, the maximum average

MTTF, T, isgiven by
Tpr = RF 1)

=L m+2p,]
Pp n

Fig. 8 (a) to (d) show the maximum
MTTF with packet length 65535 bytes,
1500 bytes, 354 bytes and 576 bytes,
respectively. The packet length of 1500
bytes is the maximum transfer unit
(MTU) of Ethernet and the length of 576
bytes is the length that all routers must

support.
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From Fig. 8 (a) to (d), we can see that
when optical channel BER is less than
10°, the maximum average MTTF is
almost equal to one frame. This is quite
straightforward, since the proposed
protocol is actually in “Sync” state in
less than one packet duration. The
maximum average MTTF will be at
most one packet to get into “Sync” state.
This is much faster for the framing of
variable packet length than in
conventional one. Each different length
packet arriving at “Sync” state is almost
the same at channel BER less than 10~
We can see that although the packet
length is a random variable and will
affect the accuracy of actual MTTF
results, we still can conclude that the
MTTF will be almost less than one
packet.

B. Performance Analysis of

Asynchronous WDM  Optical
Router under Long Range
Dependence Traffic

We first analyze the performance of
the feed forward type asynchronous
WDM optical routers under LRD traffic.
In order to validate the impact of LRD
traffic on the contention resolution
techniques used in optical packet
switching and the benefit of void filling
algorithm, we have done programming
in an ad-hoc discrete event simulator
(DES) using raw C++ code to perform
In all

the analysis. the following

simulations, we use an aggregated
ON-OFF process modulated with a
Pareto distribution to simulate LRD
traffic. The Pareto distribution with
cumulative distribution function (CDF),
P[X <x]=1-(b/x)*, for a > 0, has the
degree of self-similarity, H=(3-a)/2,
where He (0.5,1)and ae (1, 2). All
the traffic parameters for our simulations
are Hurst parameter, # =09, load of

each source, L, =0.8, and the location

parameter of the ON time Pareto

distribution, b=400 bytes.  The

switching parameters are 16x16
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input/output ports, 16 wavelengths/port.
The buffer depth is limited to 10 fiber
delay lines for both of the main output
buffers and common shared buffers.
Wavelength conversion is activated in
all input and re-circulation ports. The
number of re-circulation allowed in the
router is 30, which is a reasonable limit.
The system void records for each output

and re-circulation port are 40.

1. Feed Forward Type Asynchronous

WDM Optical Router

We first validate the effect of excess
load caused by asynchronous and
variable length packets on optical
buffers with fixed delay time, and the
benefit of using void filling algorithm as
shown in Fig. 9. We can see that
hardly

switching  performance 1is

improved by using wavelength
conversion solely, which can improve
the performance significantly for the
synchronous and asynchronous optical
packet switch under Bemoulli and

bursty traffic. We also see the effect of

excess load caused by voids in the fiber
delay line buffers. The longer delay line
length for each fiber delay line is, the
more packet contention occurs and more

packets are dropped.

e Fe2df orward Type Without Veid Filing
- [ eedF orward Type With Voud Filing

-1 T T —T
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Delay Line Length (Bytes)

Fig. 9 Performance of feed forward type

WDM optical router under LRD traffic

Fig. 10 is the performance analysis for
the same router using multiple path
routing (MPR). The three-category
means that input packets are divided into
three different types of traffic: type 1,
80% of the total traffic, not allowing to
adopt MPR, type 2, 10% of the total

traffic, allowing to have one chance to

choose the second output port while the
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original output buffers are full and type
3, 10% of the total traffic, allowing to
have two chances to choose the alternate
output port. On the other hand, the
percentages of six-category traffic
are P1=0.2% for type 1, P2 =30% for type
2, P3=23% for type 3, P4=20% for
type 4, P5=25% for type 5 and
P6 =1.8% for type 6. From Fig. 10, we

believe that MPR is a good technique for

asynchronous WDM optical router.
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""" With Void Filling + MPR (3 Categories)
== oo o Yithayt Void Filling + MPR (€ Categonies:
«=<= With Void Fliling + MPR (6 Categories)

Log(PPL)

w
NS RAOST S

0 1000 2000 3000 4000 §000
Delav Line Lenath (Bvtes)

Fig. 10 Performance of feed forward type WDM

optical router using MPR under LRD traffic

PSB Type Asynchronous WDM Optical

Router

From our architecture of asynchronous
WDM optical routers shown in Fig. 11,
we force the delay line length of the
re-circulation ports equal to the delay
line length of the main output buffers in
order to share the common fiber delay
lines. In the following simulation we set
the initial unit delay the same as the
delay line length of fiber delay lines of
the main output buffers. We simulate
two extreme cases for the PSB type
WDM optical routers. One is with single
re-circulation port and the other is to use

16 re-circulation ports.
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Fig. 12 Performance of feed forward type optical
router versus PSB type optical router using 1

re-circulation port under LRD traffic

Fig. 12 shows the performance of feed

forward type WDM optical routers with
and without activating void filling
PSB type WDM

algorithm versus

optical routers using single
re-circulation port operating at the same
modes. We can see that the performance
of PSB type routers using single
re-circulation port looks like the
performance of feed forward type
routers in various operating modes.
Although, the performance of PSB type
routers using single re-circulation port is
superior to the feed forward type routers,
the improvement is only a little. The
function of the re-circulated common

shared buffers acts as buffers with larger
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buffer depth for the feed forward type
routers. The improvement of switching
performance is regulated by LRD traffic.
In this case, the PSB type routers using
single re-circulation port can only play
the role of buffer depth extension. It
doesn’t show any benefit of coping with
asynchronous and variable length packet
switching. However, during the period
of packet-by-packet verification for our
simulator, we find that there are two
driving forces in the PSB type routers
affecting the probability of packet loss.
One is the increase of delay line length
in the buffers. The longer the delay line
length is, the higher probability of
packet contention is. The other is traffic
smoothing capability due to the common
shared re-circulation buffer. The longer
the delay line length is, the more
powerful the traffic  smoothing
capability is. These two driving forces
cancel the effect of each other on the
probability of packet loss due to LRD

traffic.

In order to compare this phenomenon

thoroughly, we analyze another extreme
case of the PSB type routers using 16
re-circulation ports and without using
void filling algorithm in Fig. 13. To
compare with various operation modes
in feed forward type routers, we depict
the performance of 16 re-circulation
ports PSB type routers without using
void filling and with MPR activated in
the same figure. We see that the PSB
type WDM optical routers using 16
re-circulation ports without void filling
can have comparable performance as the
feed forward type routers without void
filling but with MPR activated in the
region of longer delay line length. We
also find the same result in Fig. 13, for
the performance comparison between
the PSB type routers using 16
re-circulation ports with MPR activated
but without void filling and the feed
forward type routers with both void
filling algorithm and MPR capability
activated in the region of longer delay

line length. Surprisingly, we find that

the performance of the PSB type WDM

26



optical routers using 16 re-circulation
ports has the similar properties with the
feed forward type routers with void
filling algorithm activated for the delay
line length in both of with and without
MPR activated modes.

not

This phenomenon is

straightforward as the void filling
algorithm. We observe that during the
period of packet-by-packet verification
for our simulator, the driving force from
the traffic smoothing is more powerful
than the increase of packet contention
probability resulted from the longer
delay line length of the fiber delay line
buffers. When there are more packets
coming into the routers by using larger
delay line length, it will cause more
packets dropped in feed forward type
routers. If we use shorter delay line
length, the packet will come out from
the re-circulation buffers more quickly.
However, since the input traffic is LRD,
it means that the traffic has a heavy
tailed probability of having very long

packet length. These long packets will

occupy the output buffers for a long time.
Then, the packets coming out from the
re-circulation  buffers have to
re-circulate in the routers again and
again. This will cause higher packet loss
probability. These results show that we

can use the PSB type router with

suitable re-circulation ports to handle

asynchronous and variable length
packets without using the
computing-consuming  void filling

algorithm at the expense of system

complexity.

————— F gedfcrward Without Void Fiiling
—— Faedforward With Void Filling

— — Feadficrward Without Void Filing + MPR
----- Feedforward With Void Filling + MPR
---- P3B Without Vord Filling
smsm PSH Without Voud Fillng + MPR

0 1000 2EllIJ 3000 AC(l]J 5000
Delay Line Length (Bytes)
Fig. 13 Performance of PSB type WDM optical

router with MPR activated under LRD traffic
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Fig. 1. The architecture of the N'TU switch.

Fig. 1 depicts the architecture of the
proposed optical switch, called NTU
Switch. There are N input ports (output
ports). The transmission speed of an
input line and an output line is the same
as that of the switching fabric. A header
and a trailer will be attached to each
incoming IP packet in linecards. The
output port address, which is assigned
according to the IP address, is placed in
the header. The trailer acts as an ending
delimiter. We let every G input ports of

the switch group together to share a

preprocessor. The number of output
lines of the preprocessor is G-R ,
where R is an expansion ratio. An output
line of the preprocessor is connected to
an input line of the sequencer followed
by the crossbar switching planes. We
denote the number of planes and the
number of sequencers of each plane by

P and NR/P respectively. Each

crossbar switching plane consists of

N?R/P  switching elements, which

form an (NR/P)xN matrix. The

structures of all switching elements are
identical except with differently stored
output port addresses. The outputs of

switching planes are connected

to N multiplexers. Each multiplexer

has P inputs and single output.

L Preprocessor

Each preprocessor accepts the

packets from a group of G input ports
and distributes them to appropriate
with  the

sequencers  associated

preprocessor. The bit stream of an

incoming packet arrives on an eight-bit
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Header 1
(2 words)

TVrailer
(2 words)

word bus. The sequencer will append a
control bit to this word to form a
nine-bit word before sending this packet
into the crossbar switching plane. The
control bit of a header and a trailer is set
to 1. For a data byte, it is set to zero. The
packet format with nine-bit words is
illustrated in Fig. 2. Note that the format
of the trailer is identical with that of the
header but it consists of an invalid

output port address.

1 word=9 bits —4Mm8M8 >

Data[0]

L 1 1 1 |

Dawu}8}

L1 1

Output Port Address

Payload

Invahid OQutput Port Address

Fig. 2. The packet format of the NTU switch.

11 Sequencer

The sequencers associated with the
same plane send the packets into the
plane in a round robin fashion. All

sequencers can start to send the packets

only at pre-assigned time points, which
are illustrated in Fig. 3, wherer is the
propagation delay of an output port busy
indicator signal in the plane from the
first switching element to the last
switching element in the same column.

When the successfully

packet is
transmitted to the destination port via a
certain switching element, the switching
element will send a feedback signal to
inform the sequencer continuing the
transmission until finished. Otherwise
the sequencer will retransmit the packet
at the next allowable entering time point.
The sequencer may buffer more than
one packet. If a packet is not
successfully transmitted after several
attempts, the sequencer may send the
next packet waiting in the buffer to the

switch plane at the following allowable

entering time points.
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case with 4 sequencers.

111 Crossbar Switching Plane
The switching fabric is composed
of P planes. For each plane, the

switching elements in the same column
corresponding to a single output port are
connected to the output buffer via a
vertical bus and an output port busy
indicator line. The switching elements in
the same row are connected to the
horizontal bus and a feedback signal line
associated with the sequencer. The
schematic diagram of one switching
element is shown in Fig. 4. It has two
states: cross and bar. Initially, all the
switching elements are in the bar state.
The feedback signal and the output port

busy indicator signal are idle. The

switching element always listens to the

horizontal bus. The control bit 1 will
activate the correlator to examine the
address in the nondata word. If the
two-word packet address matches the
prestored output port address and the
output port busy indicator signal is idle,
then the switching element changes its
state to cross and activates its connector
to route the packet to the output port. At
the same time it sends a feedback signal
to the sequencer and sets the output port
busy indicator. When any nondata words,
which do not match the output port
address, are detected, the switching
element releases its connector and resets
the output port busy indicator line and
the feedback signal line idle.

Simultaneously the state is changed back

to its initial bar state. Because the trailer
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Fig. 4. The block diagram of the switching element.

IV.  Analysis of the crossbar

switching plane

We analyze a single crossbar
switching plane first because it is the
place where blocking of the packet
streams occurs. Then we use the result
of this evaluate the

analysis to

performance of the overall system.

1. Model Assumptions

In an M x N crossbar switching

plane, each sequencer has a buffer with

storage capacity of K  packets,
including the transmitting one. The
system time is divided into slots,
and M slots are grouped into one frame.
Each slot is equal tor and set to one.
Each sequencer is assigned permanently
to a slot in the frame. The backlogged
sequencer can send one packet in its
assigned slot to the plane to perform
self-routing switching. The packet
arrival process of each sequencer is i.i.d.
(independent and identically distributed)
Bemnoulli process with rate o and the
length of each packet is i.i.d. geometric
distributed with mean g slots. Each
packet chooses one of the N output ports
as its destination with equal probability.
The late arrival model with delayed
access is used in our analysis and

[8].

replacement rule when a packet arrives

simulation We use delayed
in the last slot of a packet transmission
time and the buffer is full, that is, the
sequencer does not accept such a packet

and packet loss occurs [9].
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2. State Definition

The modes of a sequencer are: idle,
backlogged, and transmission. The
sequencer with empty buffer is in the
idle mode, and it is in the transmission
mode while transmitting a packet. The
backlogged sequencer has packets in its
buffer and is waiting for its assigned slot
to start self-routing. In addition, the
number of packets in the buffers is
necessary for the sequencer to determine
whether to accept the arriving packets or
not. Moreover, after a packet departure,
the mode of the sequencer is determined
by its buffer status. Hence, we classify
the sequencers as idle, backlogged or
transmission withk packets in its buffer,

where k=1,2,---,K.

Packet arrival and departure in each
sequencer occur during one slot with the
probabilities o and u respectively.
However, at the beginning of one slot,
only the assigned sequencer can start

self-routing. The self-routing sequencer

will start transmitting if it doesn’t

collide with others, otherwise, it will

enter backlogged mode. For

convenience, we number all the
sequencers from 1 toM and rotate the
number with progress of slots, i.e., in the
next slot, Sequenceriin the current slot
will become Sequenceri+1 (modM ).
Without loss of generality, the current
slot is assigned to Sequencer 1 which
can start self-routing if it has packets
waiting in its buffer. We observe the
system at the beginning of slot ¢ and
vector

define the state

as  VO=(VO,.. vO..vo)

O —g (1), (D) 1) . (0 (1)
where VO=(i ;50 . b3 14, £%)

and i’ =Pr[Sequencer jis idle in the

time slot t], &%} =Pr[Sequencer j is
backlogged with k packets in its buffer in
the time slot t], ¢)= Pr[Sequencer jis
transmitting packets with &k packets in its
in the

buffer time slot t]. For

Sequencer j , we have

X X
(6} (1) () . .
li +kz_lbjfk+§tjfk_1 V.}‘LZ’ sM-
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Note that we have defined a

multi-dimensional Markov chain

{VO,1= 1,2, 0.

The stochastic behaviors of

Sequencers 1,..., M are identical and

independent.  Therefore, we can

determine the state probabilities of
Sequencer 2, ..., M in the next slot given
the state probabilities of Sequencer

1,...,M —1in the current slot:
Vil =v?.C, Vj=23-M

where C is the routing probability matrix.
Because self-routing is possible for
Sequencer 1, and the probability of
successful switching is determined by

the modes of the transmitting sequencers,

we have

Vi =(1-5) VY -D, +5V, - D,
where s =Pr[self-routing is successful],

and D,(D,) is the routing probability

matrix given that self-routing fails

(succeeds). The collision will occur if
the self-routing packet is destined for an
output port to which one of Sequencer
2,..., M is transmitting. Based on the
assumption of uniform traffic and using

the law of total probability, we have

where T, =Pr[There are m transmitting

sequencers among Sequencer 2,..., M ].
When the buffer of a sequencer can store
oniy one packet, the corresponding

routing matrices are given as follows.

-0 o 0
cC=| 0 1 o |
# 0 1-u
l-c o 0
D= 0 1 o |-
# 0 1-pu

®
o
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C-= (Cn[p,Q] 0 }
C.lp.q1 Cylp.q]

b

D=(D”[‘D’q] sz[P,Q])
D,,[p.q] D,[p.q]

where
l-o0,ifp=¢q,1< p<K, u(l-o),ifp=q,l<p<K-1,
o, ifp=g-1,1<p<K, MO, ifp=¢g-L1<p<K-],
C.lp.ql= . C,lp.ql= .
. 1, ifp=g=K~+1, M, ifp=¢g=K,
0, otherwise. 0, otherwise.
(1_0')(1‘.”),lfp=‘I:15P5K—1,
o(l-pu), ifp=¢g-1L1<p<K-],
Cpip.ql= .
1- 4, ifp=qg=K,
0, otherwise,
( .
-0, ifp=g=1 o(1-R), ifp=q1<p<K,
R(l-O’), 1fp=q,25P5K, (1 )(1 R) if 1.2 < <K
: -c)(1-R),ifp=g+1,2< p<K,
D,lp.gl={ R, ifp=g=K+l, Dulpal=4" .fp_j( 1 _pK
Ro, ifp=¢gq-1,1<p<Kk, - Hp=_/+Lg=4,
. 0, otherwise.
0, otherwise.

u(l-o),ifp=q=1,
Ru(l-c),ifp=¢q,2< p<K -1,
D,lp.ql={ Ru, 1ifp=g=XK,
Ruo, ifp=qg-11<p<K-],

0, otherwise.
“]—d)(]—,u)+pa'(l—R), if p=g,l<p<K-l,
1-u, if p=g¢g=K,
u(1-o)(1-R), if p=g+1,2<p<K-1,
D,[p,q]= .
#(1-R), if p=K,qg=K-1,
o(l-u), if p=¢g-1,1<p<K-1
0, otherwise,

where o and u are defined in the assumption of traffic model. According to the

definition, D, (D, ) is equal toD with R =1(0).
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V. Limiting Probabilities

We assume the system is in the
steady state and denote the steady state
vector by V . Using the above equations,

we have
V. =V.C7\Vj=2 M,
and
V,=(1-s)V,-D, +5V, D, .
The steady state probabilities are in

terms of V,, which satisfies a nonlinear

equation

V,=V,-C*".[(1-5)D, +sD, |

We  define the  generating

function[10] to count the events that m

sequencers are transmitting packets: S (x)
M K

= H{H(x—l)thyk] . In S(x), we
~ pa

j=2

have counted the probabilities of

transmission for Sequencer ;, i.e.,Z;, by

associating them with x . Hence, T, is
equal to the coefficient of x"inS (x)
and hence S (0)/m!. Because Cis a
we have

stochastic matrix,

K
i +kZ(bu +1,,)=1
=1

Finally, we can solve for V, by using

Newton’s Method for systems of

nonlinear equations.

VI.  Analysis of performance metrics

1. Definition

We denote the throughput of the
switch by y, which is defined as the
average utilization factor per output port.
The generating function which counts
of sequencers in the

the number

transmission mode is

F(x)=H7=1 {"j e b+ 1,4 )} - The

coefficient of x™ inI'(x) is the probability

that there are m sequencers in
transmission mode. Hence the expected

transmitting

number of sequencers

isT"(1). After using the normalization

, M K .
condition, we obtain y=1R=%" %%t
Because of conservation of the traffic
flow, we have <(1-pg)=y4; in the
steady state, where we denote fas the
blocking probability. Hence,
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,B=1—(7/10'/0'M)_

We define the delay experienced by
each packet in the sequencer as the total
time it spends from the instant it arrives
at the sequencer buffer to the instant
when it finishes transmission. The

associated generating function for the

ox) =

HZ] {"f OMNCIEEIN: S } . The

of x™ in Q(x) is the

system size is

coefficient
probability that there arem packets in
the system in the steady state. Therefore
the expected systems size isQ (1) . Using
the well-known Little’s Law [10], we

obtain the packet delay as follows

M

K
D k(b +1, )/N”‘

k=1

T=Q (D/N}’# =

J

2. Validation of the Model

We use a stochastic self-driven
discrete event simulation to verify the
correctness of our analytic model. The
assumption of simulation is identical

with the analytic model. We measure the

time average utilization per output port
as the throughput. The delay is measured
by averaging over all the packets.
Finally, the blocking probability is
defined as the ratio of the total number
of discarded packets due to overflow of
the buffers to the total number of
arriving packets. Fig. 5 plots the
comparison of simulation results with
the analytic model. Both the unbuffered
case (K =1) and general case (K =4)
are verified. It can be seen that the

results obtained through the analytic

model agree with simulation very well.

1
H —— Analyticixa
[| -— Anatytic16x16

Simulation8x 16

[¢]

06 H B Simuationtex16 |. .. _._._.__.._.__ _|
° 4
X Simulation16x8
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VII.  Performance of the
multiplane switch

We assume that the packet arrival
processes at the linecards are i.i.d.
Bernoulli process with rate A . The
incoming packet will be sent to the
connected preprocessor, where it
chooses one of the connected sequencers

with the same probability. Hence, the

arrival rate of the Bernoulli process at

each sequencer 9 is equal to A/R ,

where R is the expansion ratio.

1. Throughput for Infinite Buffer

Let us assume for the moment that
the storage capacities of input and
output buffers are infinite. Thus, we are
considering a no-loss system. We denote
the throughput per output port of the
crossbar switching plane by y . The

overall switch throughput per output

port is the aggregate throughput of the

outputs of the planes

P
Y, = Zy, = Py. We are interested

I=1
in the maximum throughput y, . which
occurs at saturation. When the system is
at saturation, there are always packets
waiting in the buffer of the sequencer to
be sent. Thus, there are no idle modes
vector V equals

and the state

(bl,l,..,,bM,l;tl,,,...,tM,,). We have the

routing probability matrix
sz(l 0 J
u l-p

dD® R 1-R Th

M= Ry 1-prp(1-R))

associated generating function with
M

throughput is S(x) = [[1+(x~1)z, ] -
i=2

Then we can use the state transition

equations and the normalization

M
conditionz (b,.,, +1;, ) =1to solve for
i=1
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the steady state vector V . Finally, the
P M
maximum throughput isy,, = YV—Zt ;-
j=1

Fig. 6 shows the maximum
throughput with different expansion
rétioR and number of planes P. We see
that the HOL blocking is alleviated by
increasing the number of planes and
expansion ratio. Moreover, the mean
packet length will also affect the
maximum throughput. For
a 32x32 switch, we see that 100%
throughput is attained with four planes
and expansion ratio 1.5 if the mean
packet length is larger than 207 . This is
because when the packet length is larger
compared to the frame duration, the
fraction of time the sequencer spends in
waiting its turn to perform self-routing
will be smaller. However, the large
packet will also block the transmission
of the other packets destined for the
same output port. Hence, the gain of

throughput will decrease as the packet

length increases.

0.6

Maximum Throughput
©
=

e
[

Maximum Throughput

Fig. 6. The maximum throughput for infinite
buffer for (a)R=1, (b)R=1.5.

2. Blocking Probability

In this and next subsection, we
consider a loss system. Assume that the

in each sequencer

buffer capacity
is K packets and the output buffer of
each output port can store K packets. An
output queue for each output port is
shared by all P planes and no
backpressure mechanism is used. We

model the output buffer by a discrete

time Geom/Geom/1/K, queueing
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system. The offered load of the output
buffer is P-y, and the departure rate is
4. We can use a Markov chain analysis

to derive the state probability of

the Geom/Geom/1/ K, system [11]

A(1-u)Y
P = E) ( 0( lu)) , n:l,...’K

" l-u u(l-4,) °

b

and

B=(u-4,) ﬂ—io[y(l_lo)

where A, =P-y-pu.

Because of the BASTA property of
the arrival process [12], the blocking
probability at the output buffer (5,,) is

equal to the probability of state K, that

is, Py, =P . Using conservation of

packet flows for an N x N switch, we

have 7(1-R)=Py(1-PR,)

where P, is the overall blocking

probability.  Therefore, we  have

P

},.Iu(l"PBz)'

P =1-
i A

Fig. 7 shows the blocking
probability of al6 x16 switch, where we

denote by L the mean packet length.

We find that the blocking probability is
almost the same when the packet length
is 10 or 100 for R =1.5 and P =4. This is
because when packet length is larger
than 8 the maximum throughput of
a 16x16 switch has attained 100%
if R=15and P=4, and hence the
performance of the switch doesn’t
change greatly with the packet length.
The blocking probability is more
sensitive to the change of output buffer
capacity than that of input buffer
capacity. Increasing the capacity of the
output buffer will obtain more gain in
blocking probability than increasing the
capacity of the input buffer. However,
the more the input buffer capacity is, the
more the gain is obtained when we
increase the output buffer capacity.
There exists an upper bound beyond
which the gain doesn’t increase
especially in the light load. Finally, we
see that the maximum throughput with
infinite buffer capacity can be attained if
we increase both the capacities K

and K, . When R=1and P=2 , the
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switch is input buffer limited and
therefore the gain of the blocking
probability doesn’t increase as the
output buffer capacity increases when
the input buffer capacity is small. The
blocking probability will be smaller
when the mean packet length is 100.
Comparing with the case R =1.5
and P =4, we see that the more

alleviation of blocking effect using more

planes and larger expansion ratio.
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3.  Waiting Time
The waiting time is defined as the
time interval from the time an arbitrary
packet enters the buffer to the time the
buffer.

packet leaves the

Storing-and-forwarding switching is
used in our model, hence the minimum
waiting time is twice the packet length.
We denote the mean waiting time of the
switch by W . Clearly, W=T+T, ,
where T is the mean waiting time spent
in the sequencer buffer and 7, is the
mean waiting time spent in the output

buffer. T is obtained by using Little’s

Law:

K

T,,=Z”ne/ﬂ~o(l—az)

n=1

Fig. 8 shows the mean waiting time
of packets in units of mean packet length
ina 16x16 switch. We see that packets
with mean length of 100 will spend less
time in units of mean packet length
waiting then to the packets with mean
length of 10. The difference in the

behavior of the waiting time is more
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Fig. 8. The normalized mean
waiting time of a 16 x16 switch for
(a)P=4, R=1.5, (b)P=2, R=1.

obvious when the switch is input buffer
limited, ie., R=1 and P=2

Therefore, it is more efficient to operate
in longer packet length when the switch
is input buffer limited. Note that when
the switch is output buffer limited, that
is, R=1.5 and P =4, increasing the
input buffer capacity will obtain much
gain in the blocking probability if the
sufficient output buffer capacity is used.

This is attained at the expense of

increase in the mean waiting time.
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Viil. CONCLUSION

We analyze the queueing system of
the crossbar switching plane, where
blocking of packet streams occurs. The
maximum throughput, blocking
probability, and waiting time of the
overall system are obtained based on
this analysis. As seen in the analysis,
although the input port expansion and

multiplane structure increase the switch

complexity a little, it will significantly

improve the throughput. QOur result
shows that a reasonably sized NTU
switch with four planes and 1.5
expansion ratio will have 100%
maximum throughput, which matches
OQ switches. Moreover, the result
shows that the blocking probability and
waiting time of the switch is output
buffer limited when enough planes and

expansion ratio are used.

B. Multicast Switch

There are many multicast switches
proposed and analyzed in the literature
[13]. However, a little is done about the
multicast scheduling of variable length
packets. In this report we assume that an
incoming  packet has  multiple
destinations and is of variable length
without being fragmentized into cells.
Hence a new architecture must be
designed to solve output contention
among all the multicast destinations, to
replicate the packets and finally to route
their destinations

these copies to

respectively. The complication arises
because the availability of outputs is of

random nature.

Multicast queueing disciplines were
discussed in [14] for fixed length
packets. It was shown that the multicast
service with Fanout splitting has better
throughput and delay performance.
However, the performance of a switch
capable of handling variable length
packets is not discussed. In this report,

we assume a random HOL service with

Fanout splitting. Multiple copies of an
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incoming packet can be served at the
same time, depending on the availability
of the destinations. The HOL packet in
an input is completely served if all its
copies are transmitted. Then the next
fresh packet in the queue can move into
the HOL position. It will be shown that
the maximum throughput depends on
not only the mean of the Fanout
'distribution as expected, but also on a
quantity termed Fanout Function, whose
characteristics will be surveyed in detail.
The mean waiting time will also be

derived.

The HOL queueing discipline for
multicast packets with variable length is
more complicated than that for fixed
because of the

length  packets

asynchronous  nature of  output
availability. Hence, it is difficult to
schedule the routing of all the multicast
copies by a central arbitrator. Instead,
replication,

distributed packet

decentralized output contention

resolution and self-routing are very

desirable. In this report we propose a
multicasting switch based on the

previous  architecture to  provide

multicast switching function with

random HOL service and Fanout
splitting. This switch, which is a
combined input output queue switch,
can achieve 100% maximum throughput
and hence emulates an Output Queue

switch by using multiple planes, input

grouping and expansion techniques.
I Multicast Switch Operation

Multicast_Bit

Switching Element Ly
rjr:j 18
Connector

HData
_/61 al

>
3 <
o' g
2 B
3
g ’
4
N \-Reservation “Residual 4E

Fig.9. The switching element of

multicast switch.
The architecture is Fig9. For

multicast linecard

switching, the
generates a multicast address packet and
a data packet for each incoming packet.
The multicast address packet consists of

a truncated bit map of the incoming

packet's multicast destination set, and
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the multicast data packet carries the data
unit of the incoming packet. Each output

has a preassigned bit in the bit map. For
example, in a bit map {b,:i=1,2,~,N },

b, is set to 1(0) if output i is(not) in the
multicast destination set, for i =1,2,~N.
The transmission of the whole bit map is
not necessary when outputi are not in
the multicast destination set for
i =I+1,~, N, where/ is the last output
port number in the multicast destination
set. Because both kinds of packets are of

variable length, trailers are appended to

indicate the ending.

The linecard sends the multicast
address and data unit of its HOL packet
to one of the shared sequencers via the
coordination of the preprocessor. The
sequencer can broadcast a packet to all
the switching elements connected to it.
The schematic diagram of the switching
element is shown in Fig.9. A switching
element consists of a multicast bit,
which is represented by the output of a

J-K Flip-Flop as shown in Fig.9. The

switching elements in the same column
of a plane are connected to the same
output and interconnected by an output
busy indicator line. Once the multicast
address packet is sent to a sequencer, the
sequencer will broadcast this packet
immediately. The connected switching
element will check whether it is in the
multicast destination set and if so, its
multicast bit will be set to high, or else it
1s set to low. Note that the multicast
address packet of an incoming packet is
sent only one time to solve the multicast

addressing problem.

The sequencers in the same plane
must send a data packet in a round-robin
fashion to prevent output conflict. The
sequencer waits for its preassigned time
point to broadcast the multicast data
packet. When a data packet arrives, the
switching element, whose multicast bit
is high, will check the output busy
indicator line output busy. If this line is
high, the switching element will route

the incoming data packet to the
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connected output, reset its multicast bit
to low, and set the connected output
busy indicator line output busy to low.
Otherwise, the switching element
discards the data packet and sends a
NACK signal to the sequencer through
the signal Reservation. The switching
elements must also send the updated

multicast bit to the sequencer through

the signal Residual.

Then, the sequencer checks signals
Reservation and Residual. If Reservation
is high, it means that there are no
switching elements able to route the data
packet and hence the sequencer will
terminate this transmission. This data
packet will be transmitted again at the
next allowable time point. If Reservation
is low, the sequencer will check
Residual. If Residual is high, the data
packet is already sent to all the multicast
destinations and the  sequencer
completes the processing of the packet
after this transmission. Otherwise, the
the next

sequencer will wait for

allowable time point to transmit the data
packet again. This process is repeated
completion, 1i.e.

until transmission

Residual is high.
II.  Performance Analysis

Assume that the packet arrival
process at each input is independent and
identical Poisson process with rate A, .
The length of each packet 1is
independently and identically
exponentially distributed with mean 1/pu.
For multicast switching, a packet may
request deliyery to multiple destinations.

This multiplicity denoted by F is termed

Fanout, and its probability mass function
is p,4Pr[F=f ],V f=1.,N. The

multicast destination set of each packet
is a random sample without replacement
of all the N outputs. That is, the first
copy chooses one of the N outputs
randomly, the second copy chooses one
of the remaining N -1 outputs randomly,
and so on. When N is much larger than
the mean Fanout, we can approximate

the destinations of a multicast packet to
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be independently and uniformly
distributed for all outputs, since the
resulting event of having two identical
destinations in a packet becomes
unlikely for large N . Therefore, the
packet copy flows are spread evenly into

all of the N outputs.

The buffer capacity of each

linecard is assumed to be infinite.
Ignoring the overhead of preprocessor,
we can model the G linecards and the
associated G- R sequencers by an M/G/c

queueing system, where the number of

servers ¢ is G-R and packet arrival rate

is G- 4,,. The service time is defined as

the time each packet spent in the

sequencer.

1. Service Time in Sequencers

The service time distribution of

each multicast denoted by

copy,

X,,i=1,...,F, is exponential with rate ¢ :

N il EaVop
- By — as Vo

And an incoming packet spends time

X in the sequencer. The mean of X is

1 N
I — Moy = 2 .
E[X U ZH Hy-py
Voo, u-LF P
qL el = nw o P-p,
where
& ll l]],' ]1 ‘ S v[ﬁ 1
W= = - Hr= 2=t
E [F_ =

. P 2(Wp) is the input load, and 7 is

the Fanout Function. The coefficient of
variation of X depends only on the

random variable F:

where
2 SR (?)J
- _l-: '._\-}“ L ]1[]-

PO 2 2 A AR
22 (fp? and #2258 2

2. Maximum Throughput

The maximum throughput per

output, denoted by S, is attained when

Chu N = 1.
We can solve A, under the saturation

condition as
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/\in = H.P.#

Then, we have the maximum throughput

as

Mg - EF
S = Min (———-— ])
T

~ AMin (Jli— 1).
R4 P-y

3. Output Buffering Condition

For given multicast traffic with

Fanout Function 7 and the 100%

maximum throughput requirement, i.e.
S=1, we can express the optimal values
R Py

or I, — =———

]_)‘ —
“ Ty P

of R, andP, as

For multicast switching with finite

mean Fanout, 0<y<l, and without
expansion, R=1, it is necessary to use
obtain 100%

multiple planes to

throughput. Moreover, the smaller 7 is,

more planes are required.

The required R, or P, is smaller in

P-E[Hp|~ R-E F|

the multicast switching than in the

unicast  switching. Therefore, a
configuration of our system to emulate
output buffering in unicast switching
always also attains 100% maximum
throughput in the multicast switching

case.

4. Mean Waiting Time in Linecards

Because there is no exact solution
of the M/G/c queueing system, we use
the following approximations to
evaluate the mean waiting time

« 1iC '%«

L<”11 . {'] /,‘]ﬂ-ﬁ < p 5 2 }LJ”,T-‘P .

where

e 1 gk L !
Eree - 0P I
A CAWNCES I {l.f:o & el »"}
o ~2 s KX)o ELX)
P .1 - ( _\",‘ o+ 1 4 (.Y Pt
= G-R.op—Ldap|x
The normalized mean waiting time,
E[W,] u, is a function of the input load

P, and the Fanout distribution. The

Fanout will affect the mean waiting time

through C2.

48



C. Numerical Result

Assuming a 64x64 switch with P
planes and R expansion ratio, the Fanout
distribution can be deterministic or
truncated Geometric distributed, both
with the same mean Fanout E[F]. The
deterministic Fanout is a fixed value of
E[F].The truncated Geometric Fanout
has possible values of 1,2,3,...,64. We
use these two distributions to evaluate
the maximum throughput and optimal
expansion ratio as shown in Tables 1
and 2 respectively. The simulation
values in Table 1 are obtained by using
deterministic Fanout and the bound of
95%
(SimL,SimU). As a

deterministic distribution is a good

confidence interval given as

result, the

candidate for Fanout distribution in
performance evaluation because its
Fanout Function is easy to evaluate and
doesn't differ very much from other

distributions.

A multicast switch with small
expansion ratio and multiple planes will
eliminate the HOL blocking, as shown
in Table 2. As the mean Fanout E[F]
increases, it can lower the switch
complexity to less than N? by using
enough planes. For example, if we use
three planes when the mean Fanout E[F]
is four, the switch complexity 1is

0.6931N? for Geometric Fanout.

Although the number of linecards
per preprocessor, G, doesn't affect the
maximum throughput, it can lower the
mean waiting time in the linecards as
shown in Fig.10. When four linecards
are grouped to share a preprocessor,the
normalized mean waiting time is smaller
than that when two linecards share a

Preprocessor.
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- P=1 P=2
E F R 1 1.2 1 1.2
Al 0.50010) 0.543) 0.6667 0.7500
1 SimmlL 0.4762 ().5150 0.6171 0.57156
Sim (0.4920 1.5323 .6699 0.7106
Siml 0.5079 0.5497 (0.692x8 0.76H7
Det. 0.5714 0.6151 (.5000) ().8889
Geo. (1.59N6 0.6339 (1.8381 (0.92580)
2 SimlL (.H257 (.5%15 0.7951 0.8910
Sim (.H6HT 0.6056 (.8134 0.8975
Simml’ (LHTHN 0.61068 (18281 .9141
Det. 0.6207 0).6626 (.9000) 0.9910)
Geo. 0.6:155 0.6860) (1.9530 1.0000
3 SimL 0.605N 0).6390 (.90:32 0.9759
Sinn (,6121 (1.6468 (L9150 (.9592
Sinl” (1.6G190) (.63:16 (1.9269 1.0000)
Det. (.67 0.6973 0.9796 1.0000)
Geo. 01,6530 (1.7220 1.0006) 1.0000)
| Simnl (.6-112 0.673s (.07H9 1.0000)
Sim (.6.197 (.6807 (LORGE) 1.0000)
Sinl” (.6551 0.6877 (.9960 1.0000)
Table 1. The maximum throughput.
L|F P 2 3 l

1 Al 2 1.5 1.3333

5 Det, 1.5000 1.1250 1.0000

- (Fco. 1.3863 1.0397 ).92.12

i Decl. 1.2222 9167 08118

s Geo. 1.O9R6G (1,820 0.732:1

| Del. 1.0417 N.7813 0.6G9 41

Geo. ).092.12 N.6931 0.6161

Table 2. The optimal expansion ratio.



D. Conclusion

We generalized the performance

analysis of variable length packet
unicast switching to random HOL
multicast service with Fanout splitting.
The Fanout F affects the maximum
throughput through the Fanout Function,
7. We formulate the maximum
throughput analytically as a design

guide.

The performance simulation results

match the analytical calculation. The
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Fig. 10. The normalized mean waiting time.

optimal number of planes and expansion
ratio are derived to emulate the output
buffer switch. The input grouping with
larger G can lower the mean waiting
time. It is known that the condition of
the switch for unicasting is more
stringent than multicasting and we can
lower the number of switching elements
to provide multicasting. In particular, the
complexity of the switch can be lowered

to less than N? by using multiple planes

in multicast switching.

input Load, P
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A. Perfect Difference Code

Definition: Let W be the v-set of the
integers 0, 1, 2, ..., v-1 modulo v. A set

D={d,,d,,...,d, } is a k-subset of W. For
every a#0 (mod v), there are exactly

A ordered pairs (d;,d;), i# j, such

that

d~d; = a(modv).

(1

A set fulfilling these requirements is
called a perfect difference set. Since
there are k(k-1) pairs and the total

number for a #0 (mod v) is (v-1), the

relation amongv, k, A is
1= k(k-1) . @
v—1

We can construct perfect difference

codes C, ={c,o,C,1sC.ppyy}» TEW,

based on the cyclic difference set with

the rule
1, forieD,
C.. =
™ 10, otherwise.
(3

The code weight, code length, and total

number of codes are %, v, v, respectively,
where v =k’>—k+1. The cyclic-shifted
property of perfect difference codes
makes the design of a tunable

transmitter or a tunable receiver
simpler.

The application of the perfect
difference sets in the SOCDMA
systems is investigated first time. We
also propose a new SOCDMA system
using these sets as the signature codes.
Based on the cyclic-shifted and unity
cross correlation properties of these
codes, we propose the transmitter and

receiver structures as shown in Fig.1

and Fig. 2.

Fig. 1. Tunable transmitter structure.
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Fig. 2. Delay line selector in the ith

branch.

An optimal divider shown in Fig. 3
is used in the receiver to enhance the
system performance. The numerical
result with consideration of shot noise,
thermal noise, APD bulk, and surface
leakage currents is shown in Fig. 4.
PDC with the proposed receiver
structure can effectively eliminate the
MUI and the asymptotic error floor,
which appears in the SOCDMA
systems with modified prime sequence
codes. Moreover, the proposed system
can provide reliable communication
even under heavy load without reducing
the number of usable codes. It is
believed that the proposed system
performs better than other SOCDMA

systems.

Fig. 3. The fixed receiver structure

with optimal divider.
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Fig. 4. Bit error probability
comparisons under different code

weights and full load.

B. Optical orthogonal codes with
nonideal cross correlation
Recently, the construction and

performance analysis of OOCs for

optical code division multiple access
have  been

(OCDMA)  systems

investigated widely. A (v,w,4,,4.) -
OOC is a family of (0, 1) sequences

with code length v, code weight w, the
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maximum value of  off-peak

autocorrelation 4,, and the maximum
value of cross correlation A . Most
studies paid attention to (v, w,1)-O0Cs

'with 4, = 4, =1 for the sake of

synchronization and minimizing
interference. However, under the
constraint of the ideal auto- and

cross-correlation properties, the code

size is upper bounded
by |(1/w)| (v=1)/(w=1)]] , which is
linear to the code length, where |x]
denotes the greatest integer not greater
than x. Therefore, the code size is very
sparse with respect to the code length.
In order to obtain a larger code size, we
should relax the constraint. We drop
some marks appropriately from k marks
of each code, such that the modified
code weight becomes w and the code
length is still equal to v. Moreover, the
cross-correlation property should satisfy
the constraint of A4 =2, even when the
two codes are aligned with each other.

For example, the set {0, 1, 3, 7, 15, 31,

36, 54, 63} is a (73, 9, 1)-perfect

difference set, where each element

means the mark position. We can drop

the first and the last five elements from
the set, respectively, to form two
subsets. Therefore, the two subsets form

a family of (73, 4, 1, 2)-O0Cs. We can

further use the follow algorithm to

obtain the code with maximal code size.
1) Construct a perfect difference set
with elements according to (A),
where k=q +1 and
v=g”+q"+1, q is a prime
number and r is a positive integer.

2) Each element of an extended field
F =GF(qg")U{ec} , which also

contains k elements, is related to

one element of the perfect
difference set.

3) Choose all the possible subsets
with w elements from F and reserve
the subsets fulfilling the property of
a circle, where w=gqg+1.

4) Each circle is related to w elements
of the perfect difference set. The w

elements form a code word with

code length v and code weight w,
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where each element represents the
mark position. The codes form a
family of (v,w,1,2)-O0Cs.

The total number of codes is given by

' q2r _1
qg-1
Fig. 5 shows the bit error probability

“)

T = qr—l

versus the received power per pulse of
the systems using the four classes of
OOCs under the number of
simultaneous users N=200 and code
length v=6643. When the received
power B, is small, these systems are
power limited. When £, is large,
these systems are MUI limited. It also
shows that the proposed codes with
reversed codes perform better than ideal
0OOCs and Yang’s codes. Moreover, the
proposed codes have the largest code
Fig. 6 shows the bit

size. error

probability versus the number of
simultaneous users under the fixed

received power £, =05p W. At
BER<107, the systems with the ideal
OOCs have only about eight (with w=3)

or 25 (with w=4) simultaneous users.

The systems with Yang’s codes have
about 52 (with w=S5), 83 (with w=6), or
115 (with w=7) simultaneous users. On
the other hand, the systems with the two
proposed codes accommodate about
190 users and have more users than the

conventional coding schemes.

‘.\\‘\i\ - . . w3
£
z 10° N wad b
'«
§1o‘ va6643 L NEE SPRUUIUIVINSN. - UV
E N=200 3 wes
107 . ri 3
3 ! T
oo & | e—desi00Cs * .
Fl--x- Yang's codes * \uﬁﬂ) i
+ & — without reversed codes 00—

© - - with reversed codes 1

A i i
01 015 02 025 03 035 04 048 o.sw
"
Received power per pulse

Fig. 5. The bit error probabilities versus
the received power under v=6643 and

N=200.
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Fig. 6. The bit error probabilities versus

the number of simulitaneous users under

v=6643 and P, =0.54W.

We propose two new classes of
OOCs. For the first time, we show that
it is possible to construct a code family
with code size larger than the code
length. Compared with ideal OOCs and
Yang’s codes (v,w,],2)under the same
code length and code weight, the
performances of the systems with the
four classes of codes are almost the
same as onc another. However, the
proposed codes accommodate the users
10 times (which depends on the values
of £ and w) more than ideal OOCs for
larger code length. To increase the
number of simultaneous users for a

given BER, we may increase the code

weight and reduce the code size. We
show that it is possible to accommodate
many more simultaneous users with the
proposed codes than ideal OOCs and

Yang’s codes.

C. Jitter Performance Analysis of

SOCDMA-Based EPON Using
Perfect Difference Code

For the spread spectrum
technique of wireless communication
system, PN sequence is usually used as
a signature pattem. However, the
SOCDMA code structure is designed
under some correlation constrain and
we can’t further assume it at random.
Therefore, we discuss the correlation
property of PDC, which has better
performance than other codes in the
literature. We have the following
observations. The codes with weight &

and length v=k?-k+1 have k-1

codewords with first chip of value “1”
and k-1 codewords with last chip of
value “1” but not both. These 2k-2

codes are called margin_1 codes. There
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exists only one “special code” with both
first chip and last chip of value “1”. The
rest codes are named margin_0 codes as
shown in Table. I. Note that the
margin_1 codewords do not include the
special code, which has chip “1” at both
first and last chip position. We also
observe that each codeword has two
codes. For

corresponding  burden

example, the desired receiver codeword

“000001010000110010000” has
corresponding burden codes
“000000101000011001000” and

“000010100001100100000” which are,
respectively, the right shifted and left
shifted versions of the desired code. We
call it burden code because the
cross-correlation between desired code
and burden code is larger than the other
codes. In the following analysis we will
show that the burden code jitter has
major impact on BER performance.

We can classify the receivers into
three categories: the margin 1 receiver,

the margin_O receiver, and the special

code receiver. A margin_1 receiver has

the margin 1 code as the signature
codeword. When time error occurs, the
correlator output of the last_chip 1
receiver is influenced by the next
transmitted data bit of the interfering
users. On the other hand, the
first_chip_1 receiver is influenced by
the previous transmitted data bit. The
two kinds of receivers have the same
correlation properties. Without loss of
generality, we consider only the
last_chip_1 receiver in the following
analysis and the analysis of the other
kinds is similar.

We suppose that the signal
waveform of APD output is rectangular.
Moreover, the output waveform after
entering an ideal low pass filter with
bandwidth much larger than the signal
bandwidth (e.g. filter bandwidth is five
times of signal bandwidth) is very
closed to rectangular. The thermal noise
and shot noise in this receiver are much
than MUI and will not

smaller

influence the system

significantly
performance. Therefore, we can assume
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a rectangular signal waveform in our
analysis without loosing the accuracy.
We evaluate the jitter properties of three
different receivers as the following.
A. The Receiver with Correlator

For the receiver using a correlator,
if the desired signal has time error ¢,
and the correlation error in each chip is
the autocorrelation has the

A,

following property:

_ (1-A,))-k+y-A,if specialcode (1)
- (1-4,) -k+A,,otherwise

where y is binomial distributed with
equal probability that the desired signal
has bit 1 or 0 in neighbor transmitted
data bit.

The calculation of
is more

cross-correlation of PDC

complicated than that of autocorrelation

because the cross-correlations of

codewords with first chip 1 and
last chip_1 are different. Assume N,
is the number of interfering users
transmitting bit 1 in present bit duration

and N, is the number of interfering

users transmitting bit 1 in next bit

duration, then N, and N, are

statistically independent. The
cross-correlation between the i-th
desired

interfering user and the

last_chip_1 receiver in present data bit
duration C, is given by:
1 ,if 7hasfist_chip0

G= 1-Ax, ,if Fhasfirst_chipl
1+(k-2)-Ax, ,if i isaburdencode

2

The cross-correlation of the last_chip_1
receiver with the i-th user in next

transmitting bit is

. { 0
Cln =
Az,

where

,if next bit transmits 0 3)
,if next bit transmits 1

,1f late time error @)
,if early time error

,if next bit1

5
,if next bit 0 %)
Assuming that bit “1”, bit “0”, late time

and early time errors have the

probability equal to —;— Let n and m be

the number of interference users with
first chip_1 transmitting bit 1, then the

total cross-correlation is given by:
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(Zn:(l—Aixi)-*-iAizi +(N, —n)

i=1

,1f no burden code appears

i(l_Aixi)+iAizi +(N, —n)

i=1
C={+(k-2)-A,x,
, if one burden code apprears

n

Z(l_Aixi)+Zm:Aizi +(N, -n)

i=1

+(k=2)-A,x,; +(k=2)-A,.x,

(6)
The special code receiver has the
special code as its signature codeword.
It has similar correlation property as (2)
of the margin 1 receiver. The total
cross-correlation of the special code

receiver can also be derived as:
( n

Z(l—A,.x,.)+2-zm:A,.z,. +(N, —n)

i=1
,if no burden code appears

n

Z(I—Aix,.)+2-iA,.zi +(N, —n)
C=J-’:1(k—2)-Abxb B

,if one burden code appears
Zn:(l—A,.x,.)+2-zm:A,.z,. +(N, —n)
:](k—2)-Ab.xb. +'=(lk—2)-Ab..xb..

,1f two burden codes appear

(7)

A margin_0 receiver has the margin 0
code as the signature codeword. The

cross-correlation property is given by:

, 1f two burden codes appear

C - 1+(k-1)-A,x,; ,if iisaburden code
0 1 ,otherwise

®)
The total cross-correlation of margin 0

receiver can be derived as:

FNI
,if no burden code appears
JN, +(k-1)-A,x,

,if one burden code appears
Ny +(k-1)-A,x, +(k-1)-A,.x,.

,if two burden codes appear

C=

&)

B. The Receiver using Simple Sampler
Here we analyze a receiver using
simple sampler to reduce the jitter
impact when the maximum jitter is less
than one half of the chip duration. The
receiver structure is shown in Fig. 4.

The sampling point is at the center of

the chip and the sampling rate is equal

to the chip rate. In this receiver
structure, the output is correct as long as
the sampling instant falls within the
corresponding chip duration. When the
tracking loop is used in the receiver, the
autocorrelation 4 will always be correct
and A=k.
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For the margin_1 receiver, we may
follow the previous procedure and
obtain the last chip 1 receiver
correlation value. The results of the

first chip_1 receiver and the special

density function is
f(f,‘t ,gb) =f(€r)'f(5b)

£

(12)

and f is binomial distributed with

code receiver can be derived in the
same way. The cross-correlation of the

margin_1 receiver is given by:

B =

equal probability
1 ,if nextbitisO
0 ,if nextbitisl

1

,if ihas first_chip 0
1- aiﬂ i

,if 7 has first_chip1
1+(k-1-5,)a,

,if iis a burden code with first_chip1
1+(k-1)e,

,if iis a burden code with first_chip 0

(10) €=

where «, is the probability that the
burden code has time error exceeding
0.5 chip and is binomial distributed

with probability given by:
pla, =1)= [;":‘fmb f(¢, ,&,)dede,
(11
where ¢, is the jitter of tracking loop
and g, is the jitter of the burden code. c
0

Assuming £, and &, are statistically

independent, then their joint probability

(13)

The total cross-correlation is given as:

Nl —n+i(1_aiﬂi)

,if no burden code appears

N, —n+(i(l—aiﬂi)J+(k—l—,Bb)ab

i=1

,if only one burden code with first_chip lappears

N, —n+[i(l—a,ﬂi))+(k—l)ab

,if only one burden code with first_chip 0 appears
N, —n+(2(1—a,ﬂi)J+(k—l—ﬂb. )a, +(k-Da,
i=1

,if two burden codes appear

(14)

The cross-correlation of the margin 0

receiver is given by:

1+ (k-Da,
if jitter >0.5T, and iis burden code

1
, otherwise

(15)
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The total cross-correlation of the

margin_0 receiver is

¢

N,

,if no burdne code appears
4N1 +k-1)-q,

,1f one burden code appears
N, +(k-D-a, +(k-1)-a,

| ,if two burden codes appear

(16)

C. The Receiver using Joint Jitter
Estimator and Canceller

We have defined two burden codes,
which are right shifted and left shifted
version of the desired code. Burden
codes will cause additional
multiple-user interference (MUI) as (2),
(8) in the receiver with correlator and as
(10), (15) in the receiver using simple
sampler. Note that a left shifted burden
code has additional MUI effect when it
has early time error but no effect when
late time error occurs. The case is
similar for the right shift burden code.
In order to improve the system
performance, such additional MUI due

to burden code jitter must be cancelled.

We propose a joint jitter estimator and

canceller (JJEC) as shown in Fig. 5. The
upper part is the data detection circuit
with MUI canceller and the lower part

is noncoherent delay-locked tracking

* loops. Two DLLs are employed in the

lower part of the receiver, which act as
two burden code jitter estimators. Let

DLL1 track the time information of one

of the burden codes T,, which is the

right shift version of the receiver

signature pattern. DLL2 tracks the time

information of the other one Tb . In the

correlator receiver, JJEC estimates the
time error and calculates the amount of
jitter. Assuming that the burden code

jitter is &, =T, -T,, (£=b,b") and

A, =

correlation error is £ A

decision circuit with zero threshold
value is used to detect whether the
burden code has the early or late time
error, which may cause additional MUL
When additional MUI is induced, then
canceller is

the output of JJEC

@ =A_l-¢’,where
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GTCM
k

E=
(k-2)
G4

a7)
where G is the APD gain. In the simple
sampling  receiver, the average
cross-correlation of a burden code to the

desired receiver is k for the margin _0
receiver or (k- % ) for the margin 1

receiver when the jitter exceeds

+0.57.. In order to detect and cancel

the large cross-correlation of the burden

code, the decision threshold of s;. is

set to -0.57, and s;n is set to 0.57.

<05 T, or ¢,

If ¢

b

>0.5 T, ,

additional MUI will be induced. The

amount of cancellation is  set

(k-1)

¢ =GT, —k——l, for the margin _0

(k=D

receiver and ¢ =GT, ——2———1, for
k

the margin _1 receiver.
The BER of the receiver using
correlator under various signal power

and maximum peak jitter A . when

,1f margin_0receiver

,1f margin_1receiver

the system is full-loaded and code
weight k=12 is shown in Fig.8. We
observe that BER degrades with
increasing A, and elevates as signal
power increases. Figs. 9-10 compare the
BER performance of the receiver using
correlator and the receiver using simple

sampler for various received signal

power assuming &, =057,, 0.4 7T,
and o] =0.0025 T, , respectively.

Numerical results show that the
performance of the correlator receiver is
power limited when no JJEC is used.
This is because the MUI of burden

codes dominates the

performance
degradation. If we increase the signal
power, it also enhances MUI The
receiver with JJEC can significantly
improve the BER and the performance
depends on the accuracy of NC/DLL.
The smaller the tracking error of
NC/DLL is, the better performance
JJEC can be achieved. These figures

also show that the receiver using simple

sampler has better BER performance
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than the correlator receiver. The use of
JJEC in the simple sampling receiver
has good BER performance closed to
the ideal case (no jitter) under the
condition of small time error &£ and
NC/DLL performing well. This is
because the sampling point falls within
the chip boundary and the effect of MUI
caused by burden code can be
accurately detected and cancelled. Figs.
11-12 show the BER performance as
functions of number of simultaneous
users. The BER degrades when the
number of simultaneous users increases.
In addition, the receiver without JJEC
has poor BER performance even in low

user population. JJEC can indeed make

the system robust against jitter.

Fig. 8. Bit error rate (BER) of correlator
receiver with various signal power and
maximum peak-to-peak jitter &,
when k=12.

oot <=9 - corelalor without JJEC }-

bkt error rate (BER)
R A
RO SO DV T I |

Fig. 9. Bit error rate (BER) with various
signal power of correlator receiver and
peak sampling receiver when k=12,
Emx 0.5 T, and tracking error

max

=0.0025T. .
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Fig. 10. Bit error rate (BER) with
various signal power of correlator
receiver and peak sampling receiver
when k=12, ¢,,=0.4T, and tracking
error =0.00257., .
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Fig. 11. Bit error rate (BER) with
various simultaneous user of correlator
receiver and peak sampling receiver
when k=12, ¢, =0.5T,, signal power
=10 4W and tracking error =0.00257, .

bit error rete (BER)

Fig. 12. Bit error rate (BER) with
various simultaneous user of correlator
receiver and peak sampling receiver
when k=12, ¢,,,=04T,, signal power
=10 uW and tracking error =0.00257.



class code sequence

010000000001010000110
000000001010000110010
000000010100001100100
000000101000011001000
Margin_0 codeword 000001010000110010000
000010100001100100000
000101000011001000000
001010000110010000000
010100001100100000000
000110010000000001010
001100100000000010100

011001000000000101000

Margin_1 codeword First 110010000000001010000
chip_ 1  100000000010100001100
code 101000011001000000000

100001100100000000010

Last  001000000000101000011
chip_1  000000000101000011001
code  010000110010000000001

000011001000000000101

Special code

100100000000010100001
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Wavelength monitoring with low cost laser
diodes for DWDM applications

San-Liang Lec, Ching-1ang Picn and Yu-Yi Hsu

A simple wavclength monitoring  technique based on the
transparency detection of low-cost laser diodes and very simple
circuitry is demonstrated. The wavelength sensor can be operuted
at cither {ixed bias or in a sweeping mode, Wavelengih
monitoring using (he proposed appronch has heen demonstrated
10 have sub-angstrom sesolution and good stability.

Introduction: Owing 10 the very tight wavelength spacing used in
dense wavelength division mulliplexing (DWDM) networks, an
elfective approach for wavclength monitoring is required. Signifi-
cant efforts have led to the realisation of scveral useful approaches
for wavelength stabilisation and monitoring [1 — 4]. We have pro-
poscd a novel technique that is bascd on the deiection of the
transparent point of a semiconductor optical amplifier (SOA) for
wavelength measurement and wavelength tracking [5]. Tn principle,
the transparcnt condition of a semiconduclor gain material js
insensitive to facet reflection. Thus, a diode laser biascd below
threshold or an SOA with greatly rclaxed requirements on the
antircflcction coatings can also be used for this purpose. A dis-
crele component can be very uacful for applications in cxternal
wavelength sensing or the wavelength stabilisation of dinde lascrs.

Operasion principle: The transparency of a diode faser corresponds
ta the condition that the injected carrier densily is Jarge cnough to
muke the induced scparation between the quasi-Fermi levels of
clectrons and holes equal the incident photon cnergy [5}. This
transparent current for incident light decreases as the wavelength
increases. Thus, the wavelength of light incident on the diode laser
can be resolved by characterising the variation of transparent cur-
rent with wavekngth for the diode. The applicable wavelength
range falls between the bandgap wavelength and the lower bound
determinced by the corxlition that its corresponding (ransparent
currenl must be helow that for the threshold condition.

i
[labadateied 1 rreeehesonn
sweoping ot fixed | voltage L. i zero-crossing i
current source ! limiter E { dotaction !
lrmempres M camecnca-
v i

eleciric filtor N
ond | — darrgit::twn - control signal
amplifier

P()
temperature . light to be
diode laser (——— modulator K== nitored

controf

¥ig, | Schematic diagram of wavelength seasing or stabilisation where
laser diode acts as wavelength discriminator

Dashed blocks are for sweeping mode

Fig. 1 shows & schematic dingram of wavclength monitoring
using a diode Jaser as a wavelength discriminator. Since & diode
luser and simple defection circuitry are used, they can be inte-
prated into o low-cost and compact moduke. The detection circuit
can he operated in two modes: sweeping or fixed bias current. For
the former case, the injection current, f{1), to the laser diode is
swept around the Iransparent current of the monitored wave-
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length. The input light is usually modulated with a pilot-(one sig-
nal with a frequency that is much larger than the sweeping
frequency of the dinde cutrent. Since (he induced vollage is
approximately proportional to (X#) - 1,)P(), where /, is the
transparemt current and /(1) is the Jight power, the wavelength can
be monitored by detecling the transparent current from the zero-
crossing point of (he demodulated signal of the induced voltage.
For the latter case, the bias current is fixed at the transparent cin-
rent for the incident wavclength. When the incident laser wave-
length drifts, an induced voltage appears across the clectrodes.
The detected Lransparent current lor the former case or the
demodulaled voltage for the latler case serves as the moniloring
signal for the nctwork control unit. IFor wavclength stabilisation
of a WDM source, Lhe signat can be fed back to adjust the source
wavelength.
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Fig. 2 Detected voltage (after demodulaied circuit) aguinst swept cur-
rent for three wavelengihs spaced by 0.1 nm

(i) 15501 nm
(i) 1550.2mn
(iii) 1550.3nm

Experiments and results: A high-precision wavelength meter and a
tunable laser source were used in the cxperiments as the wave-
length reference and light source, respectively. Since the transpar-
ent condition js sensitive o temperature fluctuations, the laser
diode that was used as the sensor was attached 10 a copper plate,
the temperature of which was stabilised at 25°C. The lusor diode
emits light at wavelengths around 1550nm if it is biased ahove its
threshold current, 22.5mA. The transparent current docreascs
monoatonically from 20.6mA at 1520nm to 10.1mA at 1580nm.

For sweeping mode operation, a triangular signal was used 10
vary the bias current of the laser diode. The sweeping current
nmust be below the threshold curront. The induced vellage across
the diode clectrode was amplified, filtered, and demodulated. A
voltage limiter was uscd for manifesting the transparent point. The
dips in the induced vollage and the demodulated signal indicate
the transparent condition. The demodulated signals for three
wavelengths that differ by 0.1nm are shown in Fig, 2 and their
transparent currents can be clearly distinguished. Therefore, a sub-
angstrom wavelength  variation can bhe resolved  with  (his
approach.

The resolution of the wavelength discrimination is subject to the
crror in measuring the transparent current. A Jarger variation in
transparent current for a given wavelength change will give rise to
a higher resolution in wavelength sensing; and a small temperature
variation rate for transparent current will relax the requirement on
temperature control. The measurcd curve of transparent current
againgl wavelength shows a slope of -0.2mA/mm at a wavelength
of 1550nm. For this (ransparent characicristic, the error in meas-
uring (he transparent current must be kept within 2pA 1o achieve
0.0) nm wavelength accuracy. The slope is higher for shorter
wavelength and higher temperature [5). Furthermore, the slope
depends on the geometric sizo und matecinl composition of the
active layers and can be oplimised for wavelength sensing applica-
tions.

For fixed-bias operation, the bius current was fivst adjusted Lo
the transparent current for the incident wavelength, Tn this case,
the sensitivity of the induced voltage with respect to a wavelength
drift is of concern. Fig. 3 shows the induced voltage (before
amplification) for theee different bius cwrrents when the wave-
fength varies. The slope is > S0pV/m for all the curves. The
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induced voltage will increase by 0.5uV for 0.01nm of wavelength
change. This voltage change can be detected with the amplifying
and filtering circuits shown in Fig. 1. For this measurement the
light power coupled into the laser dinde was estimaled to be
0.3mW. Higher input powers will result in a larger slope and
higher sensitivity to a given wavelength drift.
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Fig. 3 Variation of mduced volage with wavelength change for different
bias cnrrenty
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Another critical issue for wavelength monitoring is the stability
of the wavelength scnsor. Since the transparency is a unique prop-
erty for direct-bandgap optoclectronic devices, it sheuld remain
the same if the device temperature can be fixed. Furthermore,
because of its low binsing current, compared with a diode Iaser
operated above threshold, the degradation problem should be of
less concern. Thus wavelength monitoring using transparency
detection can be very stable and reliable. Fig. 4 shows that the
induced voltage varics by < 0.25uV over 33h of conlinuons meas-
urement when the input wavelength is fixed. Referring to Figs. 2
and 3, this variation indicates ~0.005 nm change in the input
wavclength or 1.OpA shift in the transparent current. This degree
of variation is acceptable for most DWDM applications. Also
shown in Fig. 4 is the input wavelength fluctuation measured with
a commercial wavelength moeter, Noting that the wavelength vavies
by at most 0.0035nm during thc measurcment, this is close to the
value implied by the voliage variation,

Summary: We have demonstraled a novel approach for wave-
length monitoring using a low-cost laser diode as a wavelength
discriminator. The experimental results show (hat sub-angstrom
wavelength resolution can be casily uchieved, For applications in
wavclength stabilisation, this approach can have very good sensi-
tivity to wavelength drifts, We also demonstrated that the trans-
parent property of 4 diode laser is stable and reliable.
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Decoding algorithm for DEC RS codes
Erl-Huei Lu, Chiou-Yng Lee and Ron-Lon Tsai

A slep-by-=sicp decading algorithm is proposod for double-crror-
correcting Rocd-Solomon codes of kength » = 2* 1. Since the
decoding algorithm cun dircetly find tho error value ot the
highest-order position in a received voctor without detormining
the error location polynominl, the decoding procedure is very
simple and regular; therefore, it is suitable for hardwarc
implementation.

Introduction: A well-known decoding method, the step-hy-step
decoding algarithm [I - 3], can decode a cyclic code in a serial
manncr with a low hardware complexity, particularly when the
method is used for decoding binary cyclic cocles. To decode binary
cyclic codes, the basic principle of the method is to change onc
received bit temporarily and then check whether or not (he
number of crror bits in the received vector is reduced by one, I( it
is, then the decoder corrects the corresponding bit. Tt then cychi-
cally shifts the reccived vector onc position so as to correct the
next bit. Recently, a modified step-by-step algorithin was pro-
poscd [4] for decoding double-error-correcting (DEC) binary Bose-
Chuudhuri-Hocquenghem (BCH) codes. The deeoding algorithn
dircctly detormines whether or nol the reccived bit at the highest-
order posilion is correct, without requiring knowledge of the
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Operation Principles of Wavelength Sensing
Using Transparent Properties of Semiconductor
Optical Diodes

San-Liang Lee, Member, IEEE, Ching-Tang Pien, and Yu-Yi Hsu

Abstract—The wavelength-sensitive transparent properties
of direct-bandgap semiconductor optical diedes (DBSODs) can
be utilized for wavelength sensing. A simplified theory is used
to describe the operation principles of such wavelength sensing
schemes. The principles can be applied to realize different
measures, including sensing with or without pilot tone for single
wavelength or multiple wavelengths. The simplified theory can
also provide an easy way for estimating the wavelength resolution
and accuracy. The wavelength resolution is demonstrated to be
better than 0.01 nm by detecting the induced junction voltage for a
fixed bias. The resolution is limited by the current resolution of the
bias source to 0.03 nm when the wavelength is to be discriminated
by transparent current detection. The feasibility and limitation
of multiwavelength sensing using a single semiconductor optical
amplifier are addressed both theoretically and experimentally. The
limiting factors, including the power dependency and temperature
stability, of the sensing schemes are also investigated.

Index Terms—Laser diodes, semiconductor optical amplifiers,
transparent current, wavelength monitoring, wavelength sensing.

1. INTRODUCTION

AVELENGTH sensing is indispensable for many appli-
Wcations, such as wavelength display for photonic instru-
ments, wavelength calibration for optical characterization, op-
tical monitoring in multiwavelength networks, wavelength con-
trol of single-wavelength lasers, and so on. The demand for ac-
curate wavelength sensing increases dramatically due to the ex-
plosive applications of dense wavelength-division-multiplexing
(DWDM) techniques in high-speed networks [1]-[3]. Since the
channel spacing of DWDM systems is 1.6 nm or less, a wave-
length sensor in the transmitter can help to control the laser
wavelength [4]. Likewise, the sensor can also be placed inside
an optical network to serve as a wavelength monitor or even a
wavelength comparator for managing the optical channels [3],
[5].

The most frequently used approaches for wavelength sensing
utilize interferometer-based configurations [6}~[8]. Approaches
using optical filters or double-detectors have also been demon-
strated [9], [10]. A novel sensing scheme that utilizes the vari-
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ation of transparent current with the incident wavelength in a
semiconductor optical amplifier (SOA) or a low-cost laser diode
(LD) has been demonstrated [11], [12]. The unique advantages
of wavelength sensing using a SOA or LD are their compact
size and ease of monolithic integration with semiconductor op-
tical components. The key of wavelength sensing using an LD
or SOA is the detection of the transparent condition from the in-
duced junction voltage across its electrodes. The voltage char-
acteristics in response to an incident light have been addressed
in the literature for exploiting an SOA as an amplified detector
or optical gain monitor [13]-[16]. Transparency detection was
also used for determining the internal loss of a laser diode [17],
[18]. The wavelength dependency of the transparent properties
is seldom addressed in the literature. This paper will address
in detail the operation principles and limitation of this scheme
and compare the variety of detection techniques. The principles
can be applied to various direct-bandgap semiconductor opto-
electronic diodes (DBSODs), which can provide either gain or
absorption onto the input optical signals.

This paper is organized as follows. In Section 11, the oper-
ation principles of wavelength sensing using a DBSOD will
be described in terms of a simplified theory for the transparent
condition and the induced junction voltage. Different detection
schemes for various cases of input light signals will be ad-
dressed. In Section 111, we will demonstrate experimentally the
performance of the proposed schemes. This is followed by dis-
cussion of the feasibility by addressing the sensing resolution
and accuracy in Section IV. The required temperature stability
and the effect of strong input power on the transparency are
described in Section V. The conclusion is drawn in Section VL.

I1. OPERATION PRINCIPLES

Wavelength sensing using a DBSOD is based on its wave-
length-sensitive transparent characteristics, including the trans-
parent current and the induced junction voltage near the trans-
parency. Since the transparent current is also temperature depen-
dent, similar principles may be applied for measuring the local
temperature inside photonic integrated circuits. This paper fo-
cuses only on the applications for wavelength sensing. In order
to clarify the sensing principles and discuss the feasibility of dif-
ferent approaches, we will derive simplified expressions for de-
scribing the transparent characteristics. The simplified approx-
imations can consistently explain the experimental results. The
theory that can rigorously describe the transparent properties
will be addressed elsewhere [19].

0733-8724/01810.00 © 2001 IEEE
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Fig. 1. Measured transparent currents versus wavelength for semiconductor

optical amplifiers operating at (a) 1.55 gm and (b) 1.3 um. The exponential
function given by (2) was used for fitting the data in (a).

A transparent condition is defined as the situation that a
DBSOD is biased with an injection current at which the net gain
is zero. This corresponds to the condition that the separation of
the quasi-Fermi energies is equal to the energy of the incident
photon [20], so the transparent condition is a function of the
incident wavelength A. Fig. 1 shows the measured transparent
characteristics for two examples of SOAs, operating at 1.3 and
1.55 pm, respectively. Such wavelength-dependent transparent
characteristics are unique for a given DBSOD, so the incident
wavelength can be determined once its corresponding trans-
parent current is measured.

It can be shown that the transparent carrier density MV, ‘is
related to the incident light wavelength A by

ﬁ/\—c-Eg =2len<JX;:) 4))
where

Nt \4 NvNc;

N.and N, effective density of states at the conduction
and valence band edges, respectively, for bulk
materials;

h Planck’s constant;

¢ speed of light in vacuum;
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E, energy gap of the active material;
k Boltzmann’s constant;
T absolute temperature.

For quantum-well structures, £, has to be regarded as the en-
ergy separation between the lowest quantized states of the con-
duction band and valence band. Besides, V. and NV, must be
replaced with N, = kT'm, /wthz, and N, = kTm,, /7rh2Lz,
where m, and mn;, are the effective mass of electrons and holes,
respectively; and L, is the thickness of quantum wells [21].

To make the following analysis tractable and to gain clear in-
sight of the sensing principles, (1) was obtained with the fol-
lowing assumptions. First, Boltzmann’s approximation is used
to describe the relation between the carrier density and Fermi
energy. Secondly, the active layer is undoped such that the elec-
tron density is the same as the hole density. Lastly, the posi-
tion variation of carrier density and photon density inside the
DBSOD is neglected. With further approximation of the trans-
parent carrier density with a linear function of the transparent
current as Ny, = ;14,7 /qV,, the variation of transparent cur-
rent with wavelength can be described as

Iy = 1, exp <§2—kTEl) , E>E, (2)
where
E = hc/X  photon energy;
I, NigVa/miT;
Va volume of the active material;
T differential carrier lifetime;
i internal quantum efficiency.

Equation (2) indicates that the transparent current increases ex-
ponentially with the photon energy. The sensor requires a larger
injection current to achieve transparency for an incident light
with shorter wavelength. In spite of the simplification in de-
riving (1) and (2), the equation can describe the functional de-
pendency of the measured data very well. This can be observed
from Fig. 1(a) by comparing the measured data with the curve
fittings in the functional form of (2).

The transparent condition can easily be detected from the
induced voltage across the diode junction, which is related to
the separation between the quasi Fermi energies. The Fermi
levels vary with the carrier density, which in turn varies with the
photon density. When the diode is biased below transparency,
the diode acts as an absorber and the carrier density increases
with the light power due to the increasing generation of elec-
tron-hole pairs. On the other hand, when it is biased above trans-
parency, the carrier density decreases with the light power from
the increasing stimulated emission. Only at transparency are the
carrier density and the induced voltage independent of the light
power.

When the series resistance R, of the diode is considered, the
voltage between the diode electrodes can be written as

~ IR, + ﬂ +2VrIn <£>
q

-Efc —Efu
Vewt—le+’—(— Nt

(3)
where Ey. and Ey, are, respectively, the quasi-Fermi energies
for electrons and holes; Vr = kT°/q is the thermal voltage. The
second equality of (3) was obtained using the same assumptions
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as those for (1). With a time-varying light traveling inside the ac-
tive material, the carrier density can be determined from the rate
equation [13]. By assuming the variation rate of carrier density
to be much smaller than N/7, the carrier density can be written
implicitly as

N(t) = No — [N(t) - Nu(A, D)IP(2) (4)

where
p(t) = P(t)/ P, normalized version of the input power
P(t);
P, EA/Tar,

s
No =n1(t)7/qV. injected carrier density.
We have assumed a linear gain coefficient ¢ = a(N — Ny;). I
and A are the confinement factor and cross-sectional area of the
active region, respectively. It is clear from (4) that the incident
light depletes carrier density when the bias is above the trans-
parency, while it adds carriers when it is below transparency.

The transparent characteristics of a DBSOD can be applied
to the situation that the input light contains a single wavelength
or multiple wavelengths. Furthermore, a pilot tone may or may
not be used to modulate the input light, depending on the appli-
cations. Different cases of wavelength sensing will be discussed
in the following.

Case  1—Single-Wavelength  Signal  Without  Pilot
Tone: Without pilot tone in the incident light; the trans-
parent condition can be discriminated by subtracting the “dark”
junction voltage, the voltage without light, from the induced
junction voltage with light incidence. This voltage difference
for a given injection level /Vy can be obtained from (3) and (4)
as

N tr
R
1+5p

AV = Vigy = Vewro = 2V In 0)

where V,z40 is the dark junction voltage that can be measured
in advance for a given DBSOD. The voltage difference vanishes
when Ny = Ny, so the transparent current for a given input
wavelength can be determined.

Wavelength sensing without using a pilot tone can be per-
formed either by sweeping the bias current to locate the trans-
parent condition or by measuring the junction voltage for a fixed
bias current. For the former approach, the corresponding wave-
length for an incident light can be determined from the current
value that gives rise to a zero-crossing in the voltage difference,
in response to the sweeping bias. Since it is relatively difficult
to track precisely the dark voltage for a sweeping bias, the latter
approach is usually favored for sensing without a pilot tone. For
a fixed bias, the voltage difference given by (5) itself varies with
the input wavelength, so wavelength discrimination can be per-
formed from measuring the voltage difference. This approach
requires fixing the input power at a designated value due to the
power dependence of the voltage difference.

Case 2—Single-Wavelength Signal with Pilot Tone: When
the incident light is modulated with a pilot tone of single fre-
quency w, the normalized optical power P in (5) is written as
D(t) = Jp(1 + mcos(wt)), where mn is the modulation index
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and P, is the normalized average power. The transparent point
can directly be detected from the induced ac voltage without the
necessity of referring to the dark junction voltage. Two detection
approaches can be used to extract the junction voltage: coherent
detection and envelope detection [22]. For coherent detection, a
local oscillator with angular frequency w is used to demodulate
the ac response. The resultant signal amplitude is proportional
to

vy =Ty (Nn. - N) mPg (6)
where the carrier density is expressed as the sum of a steady-
state value NV with a small-signal response n(t); and

o = 19(Bge—Epy)  2Vr
WELT BN TNy

The second equality in (7) exists for low-level injection. Noting
that IV approaches Ny when the bias is close to the transparent
condition, (6) shows that the induced voltage vanishes at trans-
parency, so the transparent point can be detected from the zero-
crossing point of the induced ac voltage. For envelope detec-
tion, a bandpass filter centered at w is utilized to remove the dc
and higher order harmonic components of the induced junction
voltage. An envelope detector then detects the output signal. The
resultant signal amplitude is similar to the expression in (6), but
Ny — N is replaced with | Ny, — N|. Thus, the transparent con-
dition corresponds to the bias current where the output voltage
is minimal.

Similar to Case 1, wavelength sensing for an input light can be
performed either by using a sweeping signal to locate the trans-
parent current or by detecting the amplitude of the ac voltage for
a fixed bias. For the latter approach, the ratio of the voltage am-
plitudes at two different biases can also be used for eliminating
the power dependency. The logarithmic voltage ratio can easily
be obtained from (6) as

p=ln (:’—;) zlﬂ(%)

where the subscripts A and B refer to two bias levels of V4 and
N, respectively. When the wavelength of the input light results
in a transparent carrier density that is close to /V4, the voltage
ratio approaches to —00. On the other hand, the voltage ratio
reaches infinity if the corresponding transparent carrier density
is equal to Np. As the corresponding Ny, for the measured range
of wavelengths falls between N4 and Ng, one of v4 and ug
increases while the other decreases as the wavelength becomes
longer. Thus, there exists a monotonic change of the voltage
ratio with the wavelength.

In practical applications, the voltage ratio can be obtained
with one or two sensors. For the one-sensor case, a switching
current source has to be used to bias the sensor at two current
levels. When two sensors are used, the input power is coupled
to the two sensors such that the voltage across each sensor can
be measured.

Case 3—Multiple-Wavelength Signal with Same Modula-
tion: The transparent detection principle can be applied to
the cases that the input light contains multiple wavelengths,
which may come from multiple single-wavelength lasers

™

@®)
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or a Fabry—Perot (FP) laser. If the input light as a whole is
modulated by the same single-tone signal, and the induced
voltage across the diode junction is coherently detected, the
output voltage will be proportional to

vo = 7y Z (Nir,i — N) m;p;.

%

)

It can be shown that the output voltage is zero as the injection
level reaches the mean transparent carrier density for the input
wavelengths, weighed by the optical power, i.e.,

Z"niPiNtr,i
Z'rn,;Pi

where the subscript « refers to the ith wavelength. Envelope de-
tection can also be applied, and the resultant signal amplitude is
similar to the expression in (9), but 3 (N, ; — N) is replaced
with | 3 (N, — N)|. Thus, the bias current where the output
voltage is minimal again indicates the mean transparent carrier
density. If all the input wavelengths have the same modulation
index and fall within a small wavelength range such that the
transparent carrier density can be approximated as a linear func-
tion of the wavelength, the detected average transparent current
corresponds to the mean wavelength of the input signals [23].

Case 4—Multiple-Wavelength Signal with Separate Tone
Modulation: For applications like wavelength tracking [3],
[11], wavelength comparison, and wavelength monitoring of
wavelength-division-multiplexing (WDM) signals [5], multiple
light waves might simultaneously incident upon a sensor. Each
light carries an individual wavelength and is modulated with a
separate pilot frequency. In such a case, the transparent current
for each wavelength can be recognized by using a separate
bandpass filter centered at each pilot-tone frequency to extract
the harmonic signals. The induced ac signal across the diode
junction can be written as v(t) = 3. v; cos(wit), where v; is
the signal amplitude at the 4th pilot-tone frequency. This can
be regarded as a general case of Case 2, so (6) can be used to
represent the amplitude at each filter output, while subscript ¢
has to be added to the symbols for identifying the wavelength.
The steady-state carrier density can be written as

- No+ Y _Nu,jm;B;

= 1+ Z‘m jﬁj

The bias level to zero the output voltage at the th filter can be
shown to be

No = Nui+ D _(Nu,s — N 5)m;5;.
J

No = 10

an

(12)

The bias level for zero voltage indicates the transparent con-
dition for the zth wavelength when all the input light signals
are small enough that N is approximately equal to the injection
level Np. In this condition, the transparent current for the #th
wavelength can be located by sweeping the bias current density
such that the voltage output at the ith filter vanishes. Equation
(12) reveals also that the detected transparency may be affected
by the presence of other signals. This effect will be investigated
in the next section.
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IIl. EXPERIMENTAL DEMONSTRATION

To demonstrate the performance and limitation of the above
wavelength-sensing schemes, we present here the empirical
results out of the SOA that has the characteristics shown in
Fig. 1(a). We have performed the wavelength-sensing experi-
ments using different types of sensors, including SOA, FP-LD,
and distributed feedback (DFB)-LD, and the results show very
similar behavior.

A. Sensing without Pilot Tone

To obviate the need to use an external optical modulator is
a major advantage of the sensing without pilot tone. The light
is directly incident upon the sensor and the measured junction
voltage is compared with the dark voltage, which has to be mea-
sured in advance. Fig. 2 shows the schematic of the sensor, at
which differential detection is exploited to manifest the voltage
difference. The measured data shown in Fig. 3 indicate that
the voltage difference decreases monotonically with the wave-
length. The curves have larger absolute value of slope at the long
wavelength side, where better resolution in wavelength sensing
can be achieved. Different bias current to the SOA can be used
to adjust the curve in order to cover different ranges of wave-
lengths.

In spite of potential larger sensing error arising from the 1/f
noise and thermal fluctuation, sensing without pilot tone can
still be useful for low-cost wavelength sensing and stabilization.
For wavelength stabilization, the reference voltage is set as the
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Fig. 4. Block diagram of wavelength sensing with pilot tones. (a) General
diagram for multiple single-wavelength lights. Single wavelength input is a
special case. (b) Detection circuit for sensing the ac voltage at a fixed bias
current. (c) Detection circuit for locating the transparent point from a sweeping
bias current.

junction voltage for a given wavelength such that the voltage
at the differential output vanishes. As the wavelength drifts, a
voltage will appear at the output that can be used for wavelength
adjustment.

B. Single-Wavelength Light with Pilot Tone

The block diagram for wavelength sensing with pilot tone is
depicted in Fig. 4(a). Again, the incident wavelength can be re-
solved from detecting either the transparent current or the junc-
tion voltage. The detection circuits for both approaches are illus-
trated in Fig. 4(b) and (c), respectively. For the former case, the
injection current to the DBSOD sensor is swept over a range that
covers the transparent current of the interested wavelengths. The
input light is modulated with a pilot-tone signal of which the fre-
quency is usually much larger than the sweeping frequency. The
transparent current can be detected from the zero-crossing point
of the demodulated signal of the induced voltage. The sensor can
also be applied for wavelength stabilization, of which the bias
is fixed at the transparent current for the incident wavelength.
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We have demonstrated subangstrom resolution of wavelength
sensing using an LD as the sensor [12]. In order to investigate
the resolution limit, the detected voltage across the SOA is mea-
sured for a set of wavelengths spaced by 0.01 nm. Fig. 5(a)
shows that the current for minimal voltage can not be distin-
guished for certain adjacent wavelengths due to the resolution
limitation of the current source (0.01 mA). The data shown in
Fig. 1(a) indicate a slope of 0.33 mA/nm around 1550 nm for the
I, versus X curve at 25 °C. Therefore, this sensor can only re-
solve wavelengths in spacing larger than 0.03 nm for 0.01-mA
current resolution, which is consistent with the data shown in
Fig. 5(a). A current source with better resolution is required to
improve the wavelength resolution.

When the wavelength is to be resolved from the induced junc-
tion voltage, the fixed current can be bias away from the trans-
parent point for obtaining good signal-to-noise ratio. Fig. 5(b)
demonstrates the voltage change, measured with a lock-in am-
plifier, for a fine scale of wavelength shift. The induced voltage
changes by 0.35 pV in average for 0.01 nm of wavelength drift.
The fluctuation in the measured voltage is less than 0.1 uV, soa
wavelength resolution better than 0.01 nm can be achieved with
this detection approach. Further measurement reveals that the
fluctuation comes partly from the detection noise (around 0.03
4V in rms) and the fluctuation in the input power and polar-
ization. Since the detected voltage is proportional to the input
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Fig. 6. The variation of the measured voltage ratio with the incident
wavelength for different input power levels. The voltage ratio was obtained as
the ratio of the induced voltage at 18.06-mA bias current to that at 39.25 mA.

power, this approach requires accurate monitoring of the input
power.

In order to minimize the power dependency in the above ap-
proach, the ratio of the demodulated voltages at two different
biases can be exploited for wavelength discrimination. The cur-
rent source for biasing the sensor has to be replaced with a
two-switching-level bias current; and the wavelength is deter-
mined from the quotient of the induced voltages for the two
bias levels. Fig. 6 shows the curves of voltage ratio for two
bias levels: 18.06 and 39.25 mA. The curves for different input
powers are nearly identical at the short-wavelength side but de-
viate slightly at the long-wavelength side due to gain satura-
tion. The denominator of the voltage ratio is the induced voltage
for the bias of 39.25 mA, where the corresponding transparent
wavelength is about 1519 nm. When the wavelength becomes
larger than 1519 nm, the bias current of 39.25 mA results in am-
plification to the input signal. The amplification increases with
the wavelength. As the input power is strong enough to cause
gain saturation, the induced voltage for longer wavelength suf-
fers from stronger gain suppression and gives rise to a larger
voltage ratio. This tendency is consistent with the measured
data. If the wavelength sensing requires the voltage ratio to be
power independent, the input wavelength must fall within a lim-
ited range or the input power must be weak enough.

C. Mean Wavelength of Multiple Spectral Lines

The measurement was first performed using one tunable laser
and a DFB laser of which the wavelength is 1550.1 nm. The two
lasers were combined with an optical coupler, modulated by an
optical modulator at 1-kHz frequency, and coupled into the SOA
sensor. The input power to the SOA is about —7 dBm from both
lasers. For the lone laser light, the transparent current is 26.7
mA for the DFB laser wavelength and 25.0 mA for the tun-
able laser, of which the wavelength was set to 1555 nm. When
both lasers are present, the bias current to have minimal induced
voltage lies between the transparent currents for the two lone
lasers. The averaging effect is illustrated in Fig. 7(a). The curve
for two lasers together has a slope twice that for a lone laser;
and the voltage minimum occurs at the current where the volt-
ages for the two lone lasers have equal amplitude. This can be
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that are modulated together at a pilot-tone frequency. (b) Resultant transparent
currents and average wavelengths versus tunable laser wavelength.

clearly seen from (9). Upon varying the wavelength of the tun-
able laser, Fig. 7(b) summarizes the measured bias current that
gives rise to minimum junction voltage and the corresponding
mean wavelength. Also shown in the figure is the ideal average
wavelength for the two lasers. It can be found that the measured
average wavelengths are very close to the ideal values.

Next, this method was applied to measure the mean wave-
length of the multiwavelength light from an FP laser. A useful
application of this measurement is to use the wavelength sensor
inside an optical power meter for wavelength calibration. With
this built-in sensor, the wavelength-dependent responsivity of
the photodiode can be automatically calibrated, no matter what
type of incident light. In the experiment, the output of the FP
laser was externally modulated with a pilot tone and coupled
into the SOA. The corresponding wavelength was extracted
from Fig. 1(a) once the transparent current is obtained. To in-
vestigate the sensing accuracy, a commercial wavelength meter
was used to measure the mean wavelength simultaneously.
Fig. 8 shows the measured mean wavelengths when the driving
current of the diode source varies. It is well known that the
lasing spectrum of an FP laser changes as its injection current
varies. The mean wavelength measured with an SOA sensor is
very close to the result obtained by the wavelength meter. The
error bars are included in the figure to indicate the fluctuation
in the measured transparent points. This fluctuation is believed



LEE er al.: WAVELENGTH SENSING USING TRANSPARENT PROPERTIES OF SODs

1562 11 LA AN B B AL LA
— . :
E 161 é .
£ - ;
£ 1560 3
=)} E ]
S ]
-§ 1659 7
& ]
< 1588 [ 7
(] b —o— Wavelength meter ]
& 1557 F s + SOAsensor 3
e 8
Q p
21556’.+A PP B R SR BN S

20 25 30 35 40 45 50 55
Laser Current (mA)
Fig. 8. Comparison of the mean wavelength for an FP laser, measured with an

SOA sensor and a commercial wavelength meter.

to be caused by the mode competition associated with FP lasers
and was also observed in the measurement with the commercial
wavelength meter.

D. Multiwavelength Inputs with Separate Modulation Tone

When the light for each wavelength is modulated with a sep-
arate pilot tone, the wavelength-sensing approach can be ap-
plied for measuring multiple wavelengths at the same time. We
demonstrated this using again a DFB laser and a tunable laser,
which were modulated at 1.0 and 13.3 kHz, respectively. The
induced ac voltage for each wavelength was detected using an
individual bandpass filter centered at the corresponding pilot
frequency. The transparent current for each wavelength was lo-
cated where the junction voltage is minimal for a sweeping bias.
The signals shown in Fig. 9(a) include the induced voltages for
the lone lasers as well as for the two lasers together. This figure
indicates the possibility of resolving the wavelengths of mul-
tiple lasers using a single SOA.

A critical concern for multiwavelength sensing is that the de-
tected transparent current may be affected by the presence of
the other signal, as pointed out in (12). When the bias of the
sensor is set at the transparency of one wavelength, the light at
the other wavelength is subject to amplification or absorption,
depending on its wavelength. For example, if the other wave-
length is longer than the transparent wavelength, this light will
be amplified and hence depletes the carrier density. This de-
creases the steady-state carrier density such that the wavelength
at transparency requires a larger bias current to reach trans-
parency. Thus, crosstalk appears in the measured wavelength.
This crosstalk is proportional to both the optical power and the
wavelength difference between the signals. Fig. 9(b) shows the
shift in the transparent current for the 1550.1-nm signal with
the power and wavelength of the other incident light. The accu-
racy of using an SOA to measure multiple wavelengths is rather
limited due to the crosstalk. The upper power limit of the input
signals for achieving a given wavelength accuracy will be dis-
cussed next. ‘

IV. WAVELENGTH ACCURACY AND RESOLUTION

We have demonstrated subangstrom resolution and good sta-
bility of wavelength sensing using the proposed technique [11],
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Fig. 9. (a) The response of the demodulated voltage to a sweeping current

source for two lone lasers and for two lasers together and (b) crosstalk effects
on the measured transparent current for the DFB laser versus input power and
wavelength of the tunable laser. The DFB laser and tunable laser were modulated
at 1 and 13.3 kHz, respectively.

[12]. Here, we would like to investigate the ultimate limitation of
the sensing performance. Only the performance of sensing with
pilot tone is discussed here due to the potential larger noise and
fluctuation for sensing without a pilot tone.

A. Single Wavelength Sensing with Transparency
Discrimination

For wavelength sensing by means of locating the transparency
point, its resolution is limited by the resolution of the injection
current and the slope of the Iy, versus A curve. This can simply
be- described by

0A

AX (13)
where Al is the resolution of the sweeping current. A larger
slope of the I, versus A curve will give rise to a better resolution
in wavelength sensing for a given Al. The slope can be found

from (2) to be proportional to I, i.e.,

oo B Iy

o) 2%kT N (a4)
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Designing the DBSOD to have a larger transparent current will
be beneficial to the resolution of wavelength sensing if the res-
olution is limited by the setting resolution of the current source.
Equation (14) reveals also that wavelength sensing in shorter
wavelength can have better resolution. For wavelength sensing
around 1550 nm, the wavelength resolution can be estimated
from AA ~ 100 nin X Al/I;,. That is, to obtain a resolution
of 0.0] nm would require the current source to have a current
resolution of 100 ppm. For most commercial current sources,
the current resolution is limited at 0.01 mA. Thus, a transparent
current as high as 100 mA is needed to achieve 0.0} nm of res-
olution. However, it should be mentioned that a current source
operating at higher current values is usually subject to poor res-
olution.

Since 4, the error in wavelength sensing, is proportional to
the error in measuring the transparent current 61;,, the worst
case wavelength error can be described in a similar form as (13),
with Al being replaced by 61,;, which can be described as

8’0 6]“-
&l = i
w=0r+ (az ar o7

-1
dv + (15)

I,

where 67, 6v, and 6T are the fluctuations associated with the
driving current, detected voltage, and temperature, respectively.
Again, a larger slope in the Iy, versus A curve results in a
smaller wavelength error for a given error in measuring the
transparent current. High-precision wavelength measurement
can be achieved by using low-noise driving source and detec-
tion circuit, as well as using stable temperature control.

As the sensor is operated around its transparency, the noise
comes mainly from the shot noise in the detection process
and the thermal noise from the series and load resistance. For
sensing with a pilot tone, a sufficiently narrow bandpass filter
can be used to reject most of the noise associated with the
induced voltage.

B. Single-Wavelength Sensing with Voltage Discrimination

When the incident wavelength is resolved from the detected
ac voltage across a DBSOD instead of sensing the transparent
current, the resolution and accuracy is determined by how pre-
cise the voltage measurement can be. That is

a’Uo

-1
AN = [ﬁ] Avp. (16)

Deriving from (6), the resolution in voltage measurement can
be estimated from

Avo - _]ﬂ A mo
Vome  Io A FO

a7

where W,ias is the bias voltage across the sensor for a bias cur-
rent Io. It is clear that the sensing resolution is enhanced for
a stronger light input. Fig. 10 shows the required resolution or
accuracy on voltage measurement for achieving a given wave-
length resolution. For a wavelength resolution of 0.01 nm, the
voltage resolution must be better than 0.6 £V when mpy, = 0.1.
This voltage resolution is achievable using a lock-in amplifier.
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Fig. 10. Required voltage resolution versus input light power to achieve a
given wavelength resolution (I, = Io).

Following the description in Section 11, the worst case error
in the measured voltage dvp can in general be written as

Ovg o1,

Svg = 60 + —— (51 + == 517) Ovo

ol aT (a8

where 6P is the fluctuation in the incident power and dv is
purely the noise-induced voltage fluctuation. One of the merits
of resolving the wavelength from the induced voltage rather than
from the transparent current is that the measurement is under-
taken at better signal-to-noise ratio if the bias current is away
from the transparency. However, at this operation condition, the
voltage is sensitive to power fluctuation because of the linear
proportionality between dv/8P and N — Ny;. It can be shown
that the wavelength error due to the power fluctuation can be
estimated from

(19)

BN L (1 )P
A E \UI, P

To keep the wavelength error below 0.01 nm requires the power
stability of the input light to be better than 0.004 dB when the
bias level is shifted 10% away from the transparency. Such re-
quirement in power stability is tough for a typical light source.
It can be relaxed by biasing closer to the transparency or by dif-
ferential detection using two sensors.

C. Multiwavelength Sensing

The principle of measuring multiwavelength signals with sep-
arate dithering on each wavelength is similar to the detection of
single-wavelength signal, so (13) and (14) can be used to de-
scribe the resolution of multiwavelength sensing. However, the
multiwavelength sensing is subjected to an additional degrada-
tion on the wavelength accuracy from the crosstalk effects. The
wavelength deviation of the ith channel due to the presence of
other channels can be estimated from

Nu- ,) )
1- =)D,
( Ntr, 1 Jpj

The worst cases happen when all the crosstalk channels con-
tribute the same sign of wavelength deviation.

§A _ 2kT

X" E (20)
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Equation (20) indicates that the multiwavelength sensing is
only feasible for a few closed-spaced channels with low input
power. For example, the worst case power limitation of each
channel is about —14 dBm for measuring eight 0.8-nm spaced
channels around 1550 nm with a wavelength accuracy of 0.01
nm, assuming 10% of modulation index and 10 mW of satura-
tion power. If the wavelength accuracy can be relaxed to 0.1 nm,
the crosstalk from a higher input power (=4 dBm) can be tol-
erated. This level of wavelength accuracy may find applications
as channel monitors for recognizing the channel appearance or
failure in managing DWDM networks. It is also applicable in
wavelength comparison or wavelength tracking where only the
relative difference in wavelength is relevant and a larger amount
of crosstalk can be tolerated.

V. DISCUSSIONS

As stated in previous sections, the transparent current is sen-
sitive to temperature variation. How stable the temperature has
to be controlled for achieving a certain degree of wavelength
accuracy depends on the change rate of the transparent current
with the temperature. For instance, the thermal change rate of
the transparent current shown in Fig. 1(a) is about 0.5 mA/°C
at 1550 nm and 25 °C. Wavelength sensing around this condi-
tion requires better than 0.006 °C temperature stability to keep
the wavelength fluctuation smaller than 0.01 nm. Such tempera-
ture stability can be obtained with commercial temperature con-
troller.

Due to the thermal effect, the sensing scheme can have better
accuracy in the environment where the temperature is well con-
ditioned. Otherwise, the temperature gradient between the SOA
active region and the heat sink may cause fluctuation in the
measured wavelength. If the sensor is to be operated over a
wide range of ambient temperature, the sensor must be pack-
aged with separate temperature control on the SOA chip and
the case. This can be done by attaching the SOA, which is her-
metically packaged with internal thermoelectric coolers, on an-
other temperature-controlled plate, as illustrated in Fig. 11(a).
Thermal isolation and forced convention of heat may have to
be pursued as well. A double layer of temperature control and
thermal isolation can keep the SOA chip from the variation of
ambient temperature. The data shown in Fig. 11(b) indicate that
the transparent current varies 0.012 mA/°C if the case temper-
ature is allowed to change with the ambient temperature. When
the case is temperature controlled and isolated from the outside
temperature, the transparent current remains nearly fixed (with
less than 0.01-mA fluctuation) over the temperature range from
2510 70 °C.

Another critical concern of the sensing approach is the effect
of the incident power on the transparent current. In principle, at
transparent condition, the active material is balanced between
stimulated amplification and absorption and is thus insensitive
to the incident power. However, the light may be absorbed due
to the free-carrier absorption as well as the nonuniformity in the
material composition and carrier distribution. The absorption
of light will raise the temperature around the active region and
increase the transparent current. This effect will set a upper limit
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Fig. 11. (a) Schematic of double-layer temperature control for stabilizing
the sensor temperature and (b) transparent current stability when the case
temperature is controlled or allowed to vary with the ambient temperature. The
input wavelength is 1550 nm.
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Fig. 12. Variation of measured transparent current and the corresponding

wavelength shift with the input light power. The input wavelength is 1550 nm.

on the allowable incident power when the input power is not
fixed.

Fig. 12 depicts the variation of the transparent current with the
incident light power. The transparency remains unchanged for a
power level below — 12 dBm and deviates about 0.03 mA, which
corresponds to about 0.1 nm wavelength shift, forup to —3 dBm
input power. The minimum detectable power is about —20 dBm
for the SOA sensor due to the detection noise and the fluctuation
of the incident light. The wavelength sensing technique can still
be applied for the case of high input power if the input light
power is monitored or even stabilized.
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V1. CONCLUSION

We reported the operation principles of several different
modes of wavelength sensing using DBSODs as the sensors.
By the help of a simplified theory describing the wavelength
dependent transparency in a DBSOD, the performance and
limitations for each mode of wavelength sensing can be real-
ized; and the measures for improving the sensing resolution
and accuracy can be implemented accordingly.

For single-wavelength input, we demonstrated empirically a
resolution as good as 0.03 nm using an SOA biased with a com-
mercial current source. To achieve better than 0.01-nm wave-
length resolution requires optimization of the sensor structure
and utilization of higher resolution current source. The wave-
length resolution can also be improved to be better than 0.01 nm
by detecting the induced junction voltage for a fixed bias. The
ratio of induced voltages at two different currents can further be
used to remove the power dependency such that the wavelength
sensing can be immune to the power fluctuation.

For multiple wavelength input, a DBSOD can measure the av-
erage wavelength if the inputs are modulated together. We used
two single-wavelength lasers to demonstrate accurate measure-
ment of the average wavelength. This approach was also applied
to measure the mean wavelength of an FP laser. The results show
the feasibility of this scheme for applications in optical power
meters as wavelength calibrators. When each wavelength of the
input light comes from a single-wavelength light source and is
modulated at a separate frequency, then a DBSOD may be ap-
plicable for resolving all the wavelengths. However, the exper-
iments and analysis indicate that the accuracy of this scheme is
limited by the crosstalk from the presence of other wavelengths.

The wavelength-sensing schemes are simple and versatile for
many applications. The required stability in temperature con-
trol may limit their accuracy and applicability. A double layer of
temperature control can help to stabilize the sensor over a wide
range of ambient temperature. The transparent current could
also be shifted by strong incident power. Thus, the approach is
only insensitive to the input power over a limited range.
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Analytical Formula of Wavelength-Dependent
Transparent Current and Its Implications
for Designing Wavelength Sensors
and WDM Lasers

San-Liang Lee, Member, IEEE

Abstract—The wavelength dependency of transparent cur-
rent is investigated theoretically and empirically for bulk and
quantum-well (QW) materials. A new analytical formula is
presented for obtaining accurate Fermi levels of QW structures
under current injection. The transparent current can be described
with an exponential function of the wavelength using two fitting
parameters. The simple expression can clearly indicate the fun-
damental limit of the wavelength resolution when the wavelength
dependency is applied for wavelength sensing. The formula
was also exploited to obtain the condition of achieving uniform
threshold current for wavelength division multiplexing (WDM)
lasers that may cover a wide range of wavelength.

Index Terms—Differential gain, laser diodes, quantum wells
(QWs), semiconductor optical amplifiers (SOAs), transparent
current, wavelength sensing.

1. INTRODUCTION

HE TRANSPARENT condition is a unique property that
determines if an active material is under amplifying or
absorptive condition. This property is thus strongly correlated
with the characteristics of semiconductor lasers and amplifiers,
such as the threshold current, thermal effects, and gain. The
theory for the transparent property was developed concurrently
with the laser theory [1]. In most of the previous literature,
the transparent properties of semiconductor lasers and ampli-
fiers were addressed as the bias condition for zero peak gain
[2}-{7]). This type of transparent condition is not appropriate
for describing the characteristics of single-wavelength lasers,
like distributed-feedback (DFB) lasers, or semiconductor op-
tical amplifiers (SOAs). For these devices, the transparency for
a specific wavelength is of major concern. Moreover, the inves-
tigation on the transparency aimed at achieving low threshold
current or reducing the thermal effects of laser diodes (LDs).
In this paper, we will focus on the wavelength dependency
of the transparent condition. Investigating such a wavelength
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dependency is important for designing the material structure
of wavelength-division-multiplexing (WDM) lasers in order to
cover a wide range of wavelength [8]. It is also important for in-
vestigating the wavelength resolution when the wavelength-de-
pendent transparency in an SOA or LD is used for wavelength
sensing [9], [10]. Fast evolution in fiber optic networks has
resulted in strong demand for laser sources that can provide
dozens to hundreds of densely spaced wavelength channels, ei-
ther simultaneously or in a tunable way [11]. There is also in-
creasing interest in using a few coarse WDM (CWDM) channels
to expand the information capacity for access networks [12],
[13]. The preferred channel spacing for such type of applications
is 20 nm or more. If these WDM lasers are to be fabricated out
of a single wafer, the wavelength dependency of the transparent
condition must be optimized in order to minimize the variation
of the threshold current for different wavelength channels. On
the other hand, for applications as wavelength sensors, the trans-
parent current is favored to be as sensitive to wavelength change
as possible.

In order to investigate and optimize the wavelength dependent
characteristics for different applications, analytical expressions
for the transparent current will be derived in this paper. Simple
formulas will help to delineate the relations between the device
performance and the design parameters. We will show that the
variation of transparent current with wavelength can be roughly
described with an exponential function. This analytical formula
will be applied to discuss the wavelength resolution of the sen-
sors and the differential gain of WDM laser sources.

The remaining part of this paper will be organized as follows.
The transparent condition and the ideality factor for indicating
the wavelength dependency will be addressed in Section II. In
Section IlI, an approximate expression was derived to describe
the quasi-Fermi levels for quantum-well (QW) structures. The
analytical formula for calculating the corresponding wave-
length for a specified transparent current will be addressed
for both bulk and QWs. Numerical calculation to show the
accuracy of the approximation will be presented in Section 1V,
Experimental transparent characteristics for commercial SOAs
will also be presented for comparison. The implications for
designing DWDM sources and wavelength sensors will be
addressed in Section V. A brief conclusion will be drawn in
Section VI.

1077-260X/01$10.00 © 2001 IEEE
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1. WAVELENGTH-DEPENDENT TRANSPARENCY

For a direct-bandgap semiconductor material, it can provide
either gain or loss onto the input optical signals, depending on its
bias condition. The material is operated at its transparent condi-
tion when its net gain is zero. This corresponds to the condition
that the occupation probability for the conduction band is equal
to that for the valence band. Following the Bernard-Duraffourg
inversion condition [1], the transparent carrier density V,, can
be obtained from

pn(Nee) + Au'p(]Vtr) =E€—& ¢y

where
4r and 1, normalized quasi-Fermi levels for electrons and
holes, measured from the band edge and positive
into the bands, respectively;

5 normalized photon energy;

Eg normalized energy gap between the lowest and
highest subbands for electrons and holes, respec-
tively.

Throughput this paper, all the energy parameters are normalized
with respect to the thermal energy, k7. The transparent current
corresponds to the injection current that makes the induced sep-
aration between the quasi-Fermi levels of electrons and holes
equal the incident photon energy. Thus, to reach transparency
the required injection current is higher for an incident light with
a shorter wavelength.

The variation of transparent current with wavelength can be
characterized by

8Ju _ gd OR(WN)| BNy _
X ~ m ON |y, oA

aNtr

gd € OR(N)

A BN |y, O
2

In this equation, the transparent current density is related to
the transparent carrier density by J;; = gdR(N)/n;, where
q is the electron charge; d is the thickness of the active layer;
n; is the internal quantum efficiency; and R(/V) is the carrier
recombination rate. R(NV) is frequently written as: R(N) =
AN + BN? + CN3, where A, B, and C are the carrier recom-
bination coefficients [7], [8]. Both /V,, and ON,,/Je depends
on the material structures.

In order to provide a unified measure for comparing different
material structures, we define an ideality factor £ for the wave-
length dependency as

O _ 1 [8Ju/0E]T
8Jy T KT | Ju '

£= 3
£ is constant if the transparent current is an exponential function
of the photon energy. The transparent current density can thus
be expressed with the {-parameter as:

E 4z

E-F,.
-, §<z>kT> ~seo(Sgr) ®

where E,. is a reference energy and J, stands for the transparent
current density at the reference energy. The second equality ex-
ists when £ remains almost constant within an interested wave-
length range. For this case, (3) indicates that the variation rate

Jtr = Jg exp(

of the transparent current density is linearly proportional to the
transparent current density. That is, a device that has a larger
transparent current density will give rise to a more sensitive
transparency. A smaller value of ¢ further indicates a stronger
dependency. The role of the £-parameter in (4) is like the ide-
ality factor in describing the current—voltage characteristics of
a diode.

III. TRANSPARENT CARRIER DENSITY AND FERM] ENERGY

We will derive in the following the explicit formulas for
the wavelength-dependent transparency. Only the bulk and
unstrained QW structures are discussed here but the formula-
tion can be extended to other material structures. It is assumed
throughout this paper that all subbands are parabolic with
effective mass approximation. Usually, the transparent carrier
density does not vary significantly over the interested wave-
length range, so the carrier recombination rate will be simply
expressed as R(N) = bNZ. The exponent T ranges between
2 and 3 for long-wavelength lasers. In addition, the bandgap
shrinkage effect is approximated as Ae;, = —cN¥, where ¢
and k are parameters depending on the material structure [14].

The wavelength dependency is related to how the Fermi levels
vary with the carrier density. For bulk materials, the carrier den-
sity and Fermi level are governed by the Fermi-Dirac integral
that can be approximated by the Joyce-Dixon expansion {8].
The simplest approximation would be the Boltzmann’s approx-
imation, but it is oversimplified in describing the transparency
where at least one of the electron and hole concentrations is
under the degenerate condition.

For QW structures, the expression for obtaining the Fermi
level with respect to a given carrier density is often written as

(3]:
o, p = In[exp(ry, p) — 1) (5)

where 7, = N/Ne, r, = P/Ny with N and P being the elec-
tron and hole concentration in the active region, respectively. N,
and N,, are defined as

_ kTm,
T hd
Equation (5) was frequently used to explain the gain as a loga-
rithmic function of carrier concentration [3}-[6], but it is exact
only if a single subband is occupied. A better formula for ob-
taining the Fermi levels of electrons is derived in Appendix A
as:

N, y=c¢, h. (6)

1

- 2 ) —
s = In Dy, + /D3, + 4D,,, [exp(rn) — 1] )
2D2n

where:

Dy, = Z exp(€co — €ci) (8a)

Dy =3 {Dfn - Z exp [2(€c0 — Ea‘)]}- (8b)

The quantized energy levels, €.;, can be obtained once the QW
structure is given. The Fermi level for holes can be written in a
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similar way as (7) by substituting the subscript n with p; and (8)
can be used for holes by changing the subscript ¢ to v.

Equation (7) is exact for conduction and valence bands with
two quantized subbands. For QWs with more than two quan-
tized levels, e.g., for thick QWs, this expression can usually
provide excellent accuracy. In fact, for single subband, (7) ap-
proaches (5) after taking the limit of D2, = 0 and Dy, = 1.
It will be shown later that, as the QW supports more than one
bound states, calculating the transparent carrier density with (5)
may result in considerable error.

The closed-form expressions for the wavelength-dependent
transparency can then be written as

0

_ 2 ni*]'.r 'qutr =
E—€y = - IH<T)+4: A,( T , forbulk (9)

e —¢ey = (D, Dyy), for QWs (10)
where A;s are the Joyce—Dixon coefficients; and
~Dy,, +/D?, + 4Dy, (e — 1)
D,, = in 11
2Dy, (11a)
—Dyp, + /D2, +4Dgp(ct ~ 1)
D,, = (11b)
2D2p
for two or more bound states or
D,, =¢¥ -1 (l1lc)
Dy, =e% —1 (11d)

for single bound states. The associated parameters are defined
as

U =7n|n=ng = Nu/Ne = (midu/Jno)/®,  (122)
Yp =1pIn=n, = Nu/Np = (nthr/JPU)l/I (12b)
Juo = gbd(N.N,)*/? (12¢)
Jui = abd [NENZ/NE/(NE+ N2 (124)
Jno = gBdNZ (12€)
Jpo = gBdN}. (12f)

The analytical expressions, (9) to (11a)-(11d), can be used
to obtain the corresponding wavelength for a given transparent
current with good accuracy. For the extreme case of low-level
injection the transparent current density can simply be written
as
(13)

z
Ju = Jy exp[~2— (e - eg)}, €2 €.

Jy stands for Jyo/7; and \/JnoJpo/ s for bulk and QW, respec-
tively. This suggests that the relation between the transparent
current and wavelength may be written as an exponential func-
tion, as given by (4).
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Fig. 1. Calculated variation of transparent current density with wavelength for
bulk InGaAsP at different temperature. The exact results were calculated from
searching the current density for zero gain using standard gain calculation. The
approximate results refer to the calculation using (9) without including lineshape
broadening.

The analytical formulas for the ideality factor can also be de-
rived from (3), (9), and (10) as

2 i\ (e T kAe,
=+ a(p) (B) 52

for bulk materials (14)
and
k Ae
E=&+ 6+ - 2. for QWs (15)
where
sy,
oy = | JE
o= (F252),
Yn,
-1 Yn 7 (16a)
* Dr”yl’\/Df’nyl) + 4D2"v1’(cy"' F= 1)
for the cases of more than one bound states, and
Y. p
§n’p - l Yn,p 7 (16b)

T e¥nr —1

for the cases of single bound state.

For bulk materials, the terms inside the summation of (14) are
larger for higher transparent current density (or shorter wave-
length). The wavelength dependency of £ for QWs can easily
be delineated for the single-subband case. It can be proven from
(16b) that &, is larger than 1/z, so is &,. Furthermore, both §,,
and &, increase monotonically with Ji., so £ is again larger for
shorter wavelength. The bandgap shrinkage effect decreases £
slightly and is also wavelength dependent since |Ag, | increases
with carrier density.

IV. NUMERICAL AND EXPERIMENTAL RESULTS

Fig. 1 shows the calculated transparent current density for the
InGaAsP bulk material. The material parameters are listed in
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Fig.2. Calculated separation in Fermi levels (4 + g5 ) versus carrier density
for InGaAs-InGaAsP QWs of different well widths. Approxs. 1 and 2 refer to
the calculation using (5) with modified N, and (7), respectively.

Appendix B [15]. The “exact” solution was obtained from lo-
cating the carrier density for zero gain following the standard
gain calculation procedures. The effects of bandgap shrinkage
and lineshape broadening as well as the temperature depen-
dency of the recombination coefficients were included in the
calculation. It is clear that the transparent current density is
larger for shorter wavelengths and increases with the tempera-
ture. This figure also indicates that the approximate results cal-
culated using (9) without considering lineshape broadening can
lead to reasonably close results with the exact calculation.

For QW structures, the numerical results for lattice-matched
InGaAs-InGaAsP wells are shown as examples. The material
parameters for the calculation are also listed in Appendix B [16].
Fig. 2 depicts the calculated separation in quasi-Fermi levels for
different well widths. In Fig. 2, Approx. 1 refers to the calcula-
tion using (5) with modified /V., (Makino’s approximation [6]).
This approximation is equivalent to (5) for wells with a single
bound state, which is the case for the conduction band of this
specific example. In Fig. 2, Approx. 2 refers to the calculation
with (7). For well width of 120 A and 180 A, (7) can provide ex-
cellent accuracy, but the error from Approx. 1 is significant. The
error comes mainly from the calculation of the electron Fermi
level, since for these two well widths the conduction band has
two subbands. This reveals that the accuracy of Approx. 1 is
questionable for the cases of multiple subbands. It can also be
observed from this figure the influence of well width on the
transparent current density. When the incident light energy is
close to the bandedge transition, € — €4, the transparent carrier
density decreases with the well width, d. This can be easily pre-
dicted from (10) in the limit of low-level injection and single
bound state.

Fig. 3 shows the calculated variation of the transparent
current density with the incident wavelength for QWs of 80-
and 120-A well width. The exact solution again includes
the bandgap shrinkage and lineshape broadening effects.
Moreover, the Fermi energies are obtained from (A.1) and
N, was obtained from searching the zero-gain condition. For
the approximation, Ny, was calculated directly from (1) and

800 ¢ T ————— -
700 | 3
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600 | X: no lineshape broadening 3
500 12 nm :

400 F
300
200 |

100 |

" e Il 1

0
1.4 1.45 1.5

1.55

Transparent current density (A/cm?)

Wavelength (um)

Fig. 3. Calculated wavelength-variation of the transparent current density for
QWs of 80- and 120-A well width. The approximation refers to the calculation
using (1) and (7) with the inclusion of bandgap shrinkage. Marker “ X ™ indicates
a similar calculation as the exact one except for the lineshape broadening.

(7) with the inclusion of bandgap shrinkage. Equation (5) was
used in obtaining s, for the 80-A well, because it contains
only one bound state. For this specific example, the transparent
current of the 80-A well is smaller than that of the 120-A well.
Fig. 3 clearly indicates that the analytical approximations can
provide really good accuracy; and the error is mainly caused
by the neglect of the lineshape broadening. To prove this, the
results obtained from locating the zero-gain condition without
considering the lineshape broadening is also shown in the
figure for comparison. They are almost identical to the results
of analytical approximation.

It has to be pointed out that the Bernard-Duraffourg condi-
tion, (1), does not account for the lineshape broadening effect.
The exact calculation of the gain coefficient involves the integra-
tion of the product of the reduced density of states, Fermi func-
tions, and the lineshape functions [8]. Zero gain does not nec-
essarily occur at the Bernard—Duraffourg condition. The gain
coefficient can be written as (C.1) in case that the lineshape
function is narrow enough that the Fermi functions are approx-
imately constant over the range of energies for which the line-
shape function is significant. In such case, transparency occurs
at the Bernard-Duraffourg condition.

Fig. 4 shows the calculated &-parameter for the bulk mate-
rial. The parameter varies slightly versus the wavelength and its
value ranges from 1.3 to 1.6 for most of the wavelength range.
The material tends to have a slightly smaller {-parameter at
higher temperature. For comparison, the results from the ana-
lytical approximation are also shown in Fig. 4. It indicates that
the rising of £ at the long wavelength side (near the bandedge)
is due to the linewidth broadening effect. Thought the analytical
approximation can provide acceptable accuracy in calculating
the transparent current, the error in calculating £ is noticeable.

The {-parameter for QW structures of two different well
widths is depicted in Fig. 5. In contrast to the bulk case, the
analytical expression (15) can be really accurate in calculating
£ for QWs. Lineshape broadening is again the main cause of
the difference between the exact and approximate results.
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In order for comparison with the theory, we measured
the {-parameter for two commercial SOAs operating around
1.55 um (Alcatel 1901) and 1.3 pum (Phillips CQF882/E).
Figs. 6 and 7 show the results that were obtained by calculating
the derivative numerically from the measured transparent
current versus wavelength. The transparent current was deter-
mined from minimizing the induced junction voltage across
the diode [9]. In measuring these data, the light from a tunable
laser was modulated with an external modulator and coupled
into the SOA. The wavelength was monitored with a high-pre-
cision wavelength meter and the induced junction voltage was
detected with a lockin amplifier. The SOA was biased with
a low-noise current source and a temperature controller was
used to stabilize its temperature. The tunable laser used for
measuring the 1.55-um SOA has a resolution of 1 pm and very
good wavelength stability, while the 1.3-um tunable laser has
a relatively poor resolution and stability.

It is shown that the measured -parameters for both SOAs fall
within the reasonable range predicted by the theory. Matching
the experimental data with numerical results is not of major con-
cern here because the detailed device parameters of the SOAs
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Fig. 6. (a) Measured transparent current and (b) ideality factor for the 1.3-um

SOA. The transparent current is curve-fitted using (4). Choosing the reference
energy as 0.95 eV, the curve-fitted ideality factor is (1.49, 1.43, 1.37) and the
reference transparent current is (28.8, 33.6, 38.0) mA for the temperature of (20,
26, 32) °C, respectively.

are not known exactly. However, the variation of the £-param-
eter with the wavelength shows very consistent tendency with
the theoretical analysis. The measured transparent current can
be well represented using the exponential form of (4) with a
constant £. Let the reference energy be 0.8 eV for the trans-
parent current of the 1.55-um SOA, the curve-fitted {-param-
eteris 1.505, 1.504, 1.504, and the reference transparent current
1s 24.37, 26.70, 29.49 mA, for the temperature of 20, 25, and
30 degree C, respectively. The curve fitting achieves less than
1% error from the measured data for the wavelength range be-
tween 1530 and 1580 nm. Though the £-parameter shows larger
fluctuation for the 1.3-um SOA due to poor performance of the
measurement apparatus, the curve fitting using a constant £-pa-
rameter can still provide really good accuracy.

V. IMPLICATIONS FOR WAVELENGTH SENSORS AND WDM
LASERS

It has been shown that the wavelength dependency of trans-
parent current can be represented in an exponential form with
two fitting parameters, J,; and £. This analytical expression can
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Fig. 7. (a) Measured transparent current and (b) ideality factor for the 1.55-um
SOA. The transparent current is curve-fitted using (4). Choosing the reference
energy as 0.8 eV, the curve-fitted ideality factor is (1.505, 1.504, 1.504) and the
reference transparent current is (24.37, 26.70, 29.49) mA for the temperature of
(20, 25, 30) °C, respectively.

help to discuss and optimize the material structures of wave-
length sensors and WDM lasers. For applications of wavelength
sensing, a stronger wavelength dependency for the transparent
current is desired to achieve better wavelength resolution and ac-
curacy. Due to the roughly exponential dependency, 8J.; /A is
larger at a shorter wavelength whereat higher wavelength reso-
lution can be achieved for a given current resolution. Increasing
the active volume of the SOA can also improve the slope of I;;
vs. A. However, for high-precision measurements, the current
resolution is usually limited by a specified Al/J. From (4), the
wavelength resolution A\ for a given current resolution Al is
given by

ar_gar

N T I an

This equation indicates that a smaller £ gives a better reso-
lution in terms of AA/A for a given AI/I. For the 1.55-um
SOA, Fig. 7 indicates that the resolution around 1550 nm can
be roughly estimated from AX = (75nm) Al/I,;. That is, to
achieve 0.01-nm wavelength resolution requires a A /1 of
1.3 x 107%. A/ is larger (worse) at shorter wavelengths.

It is clear that exploiting the {-parameter is very helpful in
evaluating the inherent wavelength resolution when an SOA or

LD is used as a wavelength sensor. From the theoretical and
experimental results, the typical value of this parameter ranges
between 1 and 2 within the interested wavelength range. There-
fore, the ultimate resolution is bounded by (17) with £ = 1.
Modifying the material structure might change £ but not in a
significant way. To better the resolution will require improving
the current resolution of the bias source.

For realizing WDM laser sources out of an active material,
the gain may have to cover a wide range of wavelength. A small
{-parameter gives rise to strong wavelength variation of the
transparent characteristics. Therefore, the value of the {-param-
eter can affect the threshold characteristics significantly. The
gain coefficient is frequently written as a logarithmic function
of the current density [18], [19]

J
g= /3Ju1n(J—H)

where [ is the differential gain at transparency. The wave-
length-dependent transparent current itself tends to raise the
threshold current at shorter wavelength. Equation (18) indicates
that the differential gain can be larger for shorter wavelength.
To achieve a less wavelength-dependent threshold current
requires optimization of the material structure and bias current
to have the wavelength dependency of transparent current and
differential gain compensate each other.

The logarithmic functional form of gain coefficient as given
in (18) has been claimed to well describe the gain of QW lasers,
but it usually refers to the peak gain. In order to simplify the dis-
cussion, we will assume here that (18) can be used for describing
the wavelength-dependent gain coefficient. It can be shown that
(see Appendix C) the differential gain at transparency can be

(18)

written as
- -1
xKo m,
A= DeJ. [l + cosh (TT—LC (€—¢€g)— ,u”>}
1 1 1 {€—Eg
. S+t L
Z—: [2 + x o ( be/2 ):’ (19)
where € = hc/AkT, and €; is the transition energy between

the ith subbands of the conduction and valence bands. The pa-
rameter x has very similar wavelength dependency as £ does,
and is defined as

O(e —€g4)

_kAg
aJ z

=¢ (20)

J=Jtr

x=J

For a strained QW that has equal effective mass for electrons
and holes, the term inside the hyper-cosine of (19) is zero, so
it has a larger 3 than unstrained QWs, provided that the other
factors are the same.

Equation (19) reveals the factors relating to the wavelength
variation of differential gain. Roughly speaking, the last two
terms have relatively weak dependency except for the lineshape
broadening effect at the band edge. Furthermore, both x and
€ increases as the wavelength decreases. Let g9 = f3J,;, then
go increases slightly as the wavelength moves to shorter wave-
length. Due to the exponential dependence of Ji; on the wave-
length, (19) indicates that /3 becomes smaller for shorter wave-
length.



LEE: ANALYTICAL FORMULA OF WAVELENGTH-DEPENDENT TRANSPARENT CURRENT 207

1 -j T T T 'Vv'ﬂ-. T T
- 3
= | [==em PO
m’. 0.9 —0—12 nm & %
= ~~B-~18 nm
S 08
| [
€ 07
o [
£
S 06
2
T o0s
e
0 4 i | " ' 1 | 1 ‘.l
"1.48 1.5 152 154 156 1.58 1.6 1.62
Wavelength (um)
Fig. 8. Calculated differential gain at transparency for QWs of different

widths. The parameters are the same as Fig. 2. B, is the maximal differential
gain for the 80-A" well.

Fig. 8 depicts the differential gain at transparency versus
wavelength for QWs of different well thickness. For the 80-A
well that has a single quantized level in the conduction band, the
value of /3 drops at the short-wavelength side as the wavelength
is shortened. On the other hand, 3 also decreases with the
wavelength at the long-wavelength side due to the lineshape
broadening effect. The wavelength variation is similar for the
120 and 180-A wells except that the second peak appears at
the wavelength corresponding to the transition of the second
subbands. For comparison, Fig. 9 shows the measured gain and
the differential gain at transparency for the 1.55-um SOA. The
gain was measured by comparing the input and output power
of the SOA. Narrow-band optical filters were placed before and
after the SOA to minimize the effects of spontaneous emission.
Thus accurate gain coefficient can easily be obtained with
the known transparent current. The results show very similar
tendency as the calculated data of the 180-A well. This can also
reveal the transition energies of the quantized subbands for the
SOA.

The differential gain at a fixed bias J is AJi;/J = go/J,
which becomes larger at shorter wavelength in spite of the
decreasing /. Thus, as the bias increases from the transparent
point, the difference in the gain coefficient among different
wavelengths can decrease and there is a chance that the gain
coefficients for different wavelengths become very close at
some bias. This can be observed from the measured gain curves
at the bias of around 65 mA, as shown in Fig. 9(a). It is thus
viable to achieve a uniform threshold current for WDM lasers
by optimizing the number of QWs and the mirror loss.

From (18), the wavelength variation of the required threshold
current density, Jy,, can be written as

aJth _ _EJtr 1— gth
B

N X
where g5 is the threshold gain coefficient. Therefore, the op-
timal choice of the threshold gain coefficient to minimize the
wavelength variation is

(2D

gth = /3‘]”- (22)
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Fig. 9. (a) Measured gain coefficient and (b) differential gain at transparency
for the 1.55-1¢m SOA.

This is again verified from the measured gain curves for the
SOA, as shown in Fig. 9(a). Noting that the length of a laser
source is typically shorter than that of the SOA (about 1 mm), so
the optimal current can be much smaller than 65 mA if the same
material is used. Furthermore, 3J,; needs to be almost constant
over the wavelength range in order to satisfy the condition of
(22) for a wide range of wavelengths.

V1. CONCLUSION

This paper addresses the wavelength dependency of the trans-
parent current in bulk and QW materials, aiming at designing
material structures for applications in wavelength sensing and
WDM lasers. An analytical formula was first derived for QWs
to obtain the Fermi levels from a given carrier density. This for-
mula was shown to provide much improved accuracy in calcu-
lating the Fermi levels when the QW contains multiple bound
states. We then described the wavelength dependency with an
exponential function of the photon energy. The ideality factor
for indicating how sensitive the transparent current varies with
the wavelength was defined and calculated with a simple expres-
sion. The calculated and measured ideality factor varies slowly
with wavelength and ranges between 1 and 2 for the wavelength
range of typical applications. This suggests that, over a lim-
ited wavelength range, the variation of transparent current with
wavelength can be described in an exponential form using a
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constant ideality factor. We applied such a functional form to
curve-fit the experimental data and obtain really good consis-
tency. _

The fundamental limitation on the resolution of wavelength
sensing using the wavelength dependency can easily be de-
scribed with the help of the analytical formula. It is shown that
the ultimate resolution (about 0.01 nm around 1.55 xm) of this
sensing technique may be satisfactory for DWDM applications.
However, it requires improvement on the resolution of the
current source if higher wavelength resolution is desired. The
exponential function form can also help to provide a simple
formula for describe the differential gain and to find the
condition for achieving uniform threshold current over a wide
range of wavelength. The measured gain curves showed the
feasibility of designing WDM lasers with uniform threshold
for different wavelengths.

APPENDIX A
For QW structures, the relation between the carrier densities
and the Fermi energies can be described by [8]

Tnp = Z In [1 + exp(pni, pi)] (A1)

where p,; and pp; are the normalized Fermi levels measured
from the band edge of the ith quantized subband for electrons
and holes, respectively. The summation is over all the subbands.
We will derive the equations for electrons here, and those for
holes can be obtained similarly. Equation (A.1) can be rewritten
as

(€™ = 1) = DY + Do Y2 + D3 Y3 4o (A2)
where
Y = exp(pino) = expler — €c0) (A3)
Din =) exp(eco — €es) (A4)
Dy, = % Z Z exp(€co — €ci) €xp(€co — Ec;), i#J
P (A5)
Dy =33 Y expleco — eci) expleco — ec;)
i 5k
: exp(5c0 - eck)a ( 7é J 7& k. (A.6)

After some derivations, (A.5) can be expressed as (8b) and (A.6)
can be written as

Ds, = é D3} - 3D? Z exp (2(eq0 — €ci))
i

+ 22 exp (3(eco — em-))J . (A7)

Under small or moderate injection condition and when the
QW has sparsely spaced quantum states, the terms after Y2 can
be neglected in (A.2). Thus, the closed-form solution given by

(7) can be used to obtain the quasi-Fermi levels for a given
bias condition. This solution is exact if the QW has two bound
states. For higher injection condition or wide wells, the third-
order term must be included. Such an equation can still have
closed-form solutions. The solution is exact when the QW has
three bound states.

APPENDIX B
MATERIAL PARAMETERS

A. Bulk Structures: InGaAsP (Bandgap Wavelength =
1.551 pm at 300 K) [8], [15]

7 = 0.9,d = 0.2 um, b = 0.2776 cm?/A.

Lineshape broadening: 6 = 0.0131 eV.

Bandgap shrinkage: £ = 0.3841, ¢ =

10° eV/(cm3)0-3841

B =4.49 x 1071 exp(—=T/77) m%/s.

C =4.17 x 10™2° exp(—1123.9/T) m%/s.

£4(T) = €4(300 K) — ap (T — 300), with ar = 0.0141 K.
The other material parameters and transition matrix are

adopted from [8]

2.7884 x

B. QW Structures: Unstrained InGaAs-InGaAsP (1.25 Q)
owle], [16]
B=7x10"""m%s, C = 6 x 10~* mS/s.
The QW parameters are the same as [6]. The lineshape broad-
ening and bandgap shrinkage are modeled with the same param-
eters as bulk cases.

APPENDIX C

The gain coefficient can be written in the following form to
clarify the wavelength dependency [6], [8]:

g="2(f.- 2D B + 2 tan™! (%)J €

where
Ky gain scaling factor that includes the transition ma-
trix element and other material parameters;

fc and f, Fermi functions for electrons and holes, respec-

tively;
Dr reduced density of state;
be full-width at half-maximum (FWHM) of the

Lorentzian lineshape.
To clarify the wavelength dependency, (19) was derived with the
following assumptions: 1) all the quantized subbands have the
same effective mass; 2) the transition matrix element is wave-
length insensitive [8]; and 3) d¢ is assumed to be small enough
that the Fermi functions are approximately constant over the
range of energies for which the lineshape function is significant.
The differential gain at transparency can be written as

az B _ Kodu—f)
~ dN|yoy, € ANy,

1 —1{ € —€gi

'ZB*L

%
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From the fact that df./du, = —df,/du, at transparency, we
can obtain
d(fc - fu)

(C.3)

_ [ﬁ d(pn + /”'I))

| dun dN

dN } N=N,,

7
A'l.r

1t can easily be shown that

df. m, -
I = {2 + 2005h<;C (e —gg) — un)] (C4)
d()u’n + lu‘D) = d(E - 6!)) — _%i d(e —_ EQ) — ﬂ (C 5)
dN dN N dJ N’ '

Therefore, the differential gain at transparency becomes

[2 + 2cosh(:" (e —€,) - “)J -

1 1 -1 €E—Eg
-zi:{i-f-;tan (_62/—2'” (C.6)

The differential gain at transparency can also be obtained from
(18) as

Ko zx
a= —
€ tr

zJu
Nt.r ’

a=p .7

Comparing (C.6) and (C.7), j is given by (19).
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epitaxy (MBE). The cavity design had two focal points, one on the
gain structure and the other one on the SESAM. The beam diam-
eter on the gain structure was ~200 um while it was significantly
smaller (~18 um) on the SESAM. The output coupler had a trans-
mission of 1.5%.

Results: A slowly scanning autocorrelator with lock-in amplifica-
tion was used to measure the pulse shape (Fig. 2). The autocorre-
lation was recorded for a maximum output power of 213mW,
showing that the pulses have a Gaussian shape and are free of any
pedestals down to ~30dBc. The optical bandwidth (inset of
Fig. 2) was ~0.5nm, close to the transform limit for Gaussian
pulses. The peak power was 30W. The pulse duration as well as
the stability of the modelocking was strongly dependent on the
cavity setup. We observed that the pulses became shorter when the
mode size on the SESAM was reduced, while the mode sizc on the
gain structure was kept constant [12).

With photoluminescence microscopy we detected dark line
defects in the gain structure. This might explain the low efficiency
of ~10% for continuous wave operation, and its observed degrada-
tion: the output power significantly degrades within a few hours.
With refined designs (e.g. including strain compensation for the
quantum wells) we expect further substantial improvements.

Conclusion. We have demonstrated what is to our knowledge the
highest power directly from a passively modelocked semiconduc-
tor laser oscillator. It is based on a vertical-external-cavity surface-
emitting laser passively modelocked with an SESAM. We obtained
213mW with 3.2ps pulses at a repetition rate of 2.06 GHz. The
basis for this performance is the gain structure design, which
allows for low thermal impedance and a smooth gain spectrum.
We believe that such lasers will soon deliver multi-watt average
powers at several GHz repetition rates.

Acknowledgments: We thank S. Nau, Philipps University Mar-
burg, for help with the etching process, and A.C. Tropper, Univer-
sity of Southampton, for helpful discussions.

© IEE 2001 18 April 2001

Electronics Letters Online No: 20010546
DOI: 10.1049/el:20010546

R. Hiring, R. Paschotta, E. Gini, F. Morier-Genoud, H. Mclchior
and U. Keller (Institute of Quantum Electronics, Swiss Federal Institute
of Technology, ETH Hénggerberg-HPT, CH-8093 Ziirich, Switzerland)

E-mail: haring@iqe.phys.ethz.ch

D. Martin (Instirut de Micro- et Optoelectronique, Swiss Federal
Institute of Technology, CH-1015 Lausanne, Switzerland)

References

1 HO,P.T.. GLASSER, LA, IPPEN, EP, and HAUS, 1LA.: ‘Picosecond pulsc
generation with a cw GaAlAs laser diode’, Appl. Phys. Leut.. 1978,
33, p. 241

2 GEE S, ALPHONSE. G., CONNOLLY,J, BARTY,C, and DELFYETT.P.
‘Ultrashort pulse generation by intracavity spectral shaping and
phase compensation of external-cavity modelocked semiconductor
lasers’, IEEE J. Quantum Electron., 2000, 36, p. 1035

3 ARAHIRA,S., MATSUL Y., and OGAWA,Y. ‘Mode-locking at very
high repetition rates more than terahertz in passively mode-locked
distributed-Bragg-reflector laser diodes’, JEEE J. Quantum
Electron., 1996, 32, p. 1211

4 KUZNETSOV.F, HAKIMLF, SPRAGUE.R, and MOORADIAN, A
‘Design and characteristics of high-power (> 0.5-W CW) diode-
pumped vertical-external-cavity surface-emitting semiconductor
lasers with circular TEMy, becams’. IEEE J. Sel. Top. Quantum
Electron., 1999, 5, p. 561

5 XIANG, W.H, FRIBERG,S.R., WATANABE. K, MACHIDA,S, SAKAL Y,
IWAMURA. H,, and YAMAMOTO.Y.. ‘Sub-100 femtosecond pulses
from an external-cavity surface-emitting InGaAs/InP multipie
quantum well laser with soliton effect-compression’, Appl. Phys.
Leut., 1991, 89, p. 2076

6 JIANG, w. and BOWERS, J.: ‘Ultrafast vertical cavity semiconductor
lasers’ in DULING. LN., i1 (Ed.): ‘Compact sources of ultrashort
pulses’ (Cambridge University Press, New York, 1995), pp. 208-
273

ELECTRONICS LETTERS  7th June 2001

7 HOLM.MA, CUSUMANO,P, BURNS.D, FERGUSON.A.l, and
DAWSON. M.D.: ‘Mode-locked operation of a diode-pumped,
external-cavity GaAs/AlGaAs surface emitting laser’. Conf. Lasers
and Electro-Optics. CLEO'99, 1999 OSA Technical Digest Series
(Optical Society of America, Washington DC, 1999), 1999, Paper
CTuKé63

8 HOOGLAND, s, DHANIJAL. S., TROPPER, A.C., ROBERTS, S.J.,, HARING, R,
PASCHOTTA R, and KELLER, U. ‘Passively mode-locked diode-
pumped surface-emitting semiconductor laser’, JEEE Photonics
Technol. Let., 2000, 12, p. 1135

9 KELLER. U., WEINGARTEN. KJ, KARTNER, FX., KOPF.D., BRAUN. B.,
JUNG, 1.D., FLUCK, R., HONNINGER, C., MATUSCHEK, N., and AUS DER
AU, J.: ‘Semiconductor saturable absorber mirrors (SESAMs) for
femtosecond to nanosecond pulse generation in solid-state lasers’,
IEEE J. Sel. Top. Quantum Electron., 1996, 2, p. 435

10 KELLER, U.: ‘Semiconductor nonlinearities for solid-state laser
modelocking and Q-switching’ in GARMIRE, E. and KOsT. A. (Eds.):
‘Nonlincar optics in semiconductors’ (Academic Press, Inc.,
Boston, 1999), pp. 211-286

Il so.ww, and LEE. c.c.: ‘Fluxless process of fabricating In-Au joints
on copper substrates’, JEEE Trans. Comp. Packag. Technol., 2000,

23,p. 377
12 HARING. R, PASCHOTTA,R., MORIER-GENOUD.F.,  KELLER. U,
GARNACHE, A,  OESTERLE,U.,  ROBERTS JS.  HOOGLAND.S.,

DHANJAL. S, and TROPPER. A.C.. ‘Passively mode-locked diode-
pumped surface-emitting semiconductor laser’. Conf. Lasers and
Electro-Optics (Optical Society of America, Washington DC,
2000), 2000

Study of effect of aging on transparent
current stability of semiconductor lasers

San-Liang Lee and Yu-Yi Hsu

Wavelength sensing using the wavelength-dependent transparency
of laser diodes requires long-term stability of the transparent
current. An accelerated aging test has been performed that
demonstrates that the transparent currcnt becomes stable over a
wide range of wavelengths after 300h of aging.

Introduction: A direct-bandgap semiconductor optoelectronic
device is operated at its transparent condition when its material
gain is zero. This unique property is strongly correlated with the
characteristics of semiconductor lasers and amplifiers, such as the
threshold current, thermal effects, and gain. Many research groups
have made great efforts towards investigating the transparent
properties for achieving low threshold current or reducing the
thermal effects of laser diodes [1, 2]. The transparent condition is
also important for operating a semiconductor optical amplifier as
a low-crosstalk gate switch [3] or for achieving fast response and
high saturation power with optical speed-up at transparency [4].
Besides, the wavelength dependency of the transparency can be
exploited for wavelength sensing or monitoring {5, 6].

One critical concern of the transparent property for the above
applications is the long-term stability. The most problematic situa-
tion relates to wavelength-sensing applications. To obtain a wave-
length accuracy of 0.0l nm around the 1.55pum fibre window,
wavelength discrimination by detecting the transparent current
would need a current accuracy of 100 ppm [6]. Such current accu-
racy imposes a critical requirement on the reliability of the trans-
parent current. In this Letter, we report the results of accelerated
aging tests on commercial laser diodes and investigate how the
transparent current changes as a result of aging.

Experiment: To investigate the wavelength dependency of the
transparency stability, the transparent current was measured with
detection of the induced voltage across the diode junction, in
response to input-modulated light signals [S, 6]. This technique
requires stable optical coupling, so the measurements were carried
out with pigtailed lasers to eliminate time-consuming optical cou-
pling. Four Fabry-Perot (FP) lasers from the same vendor were
tested at 85°C with an injection current of 150 mA, which is about
one order higher than the transparent current. The transparent
current was measured at 25°C after each aging period. For the
experiment, a high-performance tunable laser with optical modula-
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tion was used as the probe signal, and the induced voltage across
the diode junction was measured with a lockin amplifier. The
modulation frequency was 1 kHz. Owing to the fact that the trans-
parent current depends on the input polarisation, a polansation
controller was placed between the tunable Jaser and the diode laser
under test. The transparent current corresponds to the bias current
where the induced voltage vanishes, and it can be measured to a
resolution of 0.01 mA with a low-noise current source.
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Fig. 2 Transparent current variation during aging for laser 3

Results: Fig. 1 shows the transparent current before aging test for
the four lasers over a wavelength range from 1520 to 1580 nm.
The transparent characteristics are similar except that the trans-
parent current of laser 4 is considerably lower. After accelerated
aging, all lasers show apparent drift in the transparent current
over the first 300h. The transparent current remains almost fixed
after 300h. Fig. 2 depicts the evolution of transparent current
against aging time observed at different wavelengths for laser 3.
All the wavelength channels show a very similar tendency in terms
of transparent current vanation. To compare the difference
between the lasers, the drift in the transparent current of a laser is
represented by averaging the drift over all the wavelengths. The
average wavelength drift is summarised in Fig. 3. Lasers 1 and 2
show relatively small wavelength drift and their transparent condi-
tions also become stable after ~300h of aging. This aging charac-
tenistic is simular to the results observed in the aging analysis of
DBR lasers [7]. Since the transparent current is much smaller than
the aging current, these data indicate that sufficient stability for
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wavelength sensing can be generated by resolving the transparent
current if the sensors first pass several hundred hours of burn-in
test.
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Fig. 3 Comparison of average transparent current drift among lasers

The aging of laser 4 results in a significant increase in the trans-
parent current for all wavelengths, in spite of the relatively low
transparency before aging. The increase in transparent current is
accompanied by an obvious rise in the threshold current and
decrease in the output power. This result suggests that the per-
formance degradation of this laser is most likely due to the
increase in the non-radiative recombination or leakage current.
Facet degradation alone will not change the transparent current.

All the wavelengths show the same stability against aging time
but a slightly different amount of transparency drift after 750h of
accelerated aging. Further analysis of the aging test data, as
shown in Fig. 4, reveals that the transparent current drift shows
resonance-like variation with wavelength. This can be attributed
to the effect of the FP resonance of the laser diode on the meas-
urement of the transparent current. Such an effect arises from the
slight dependence of the transparent current on the input light
power due to free-carrier absorption and nonuniform carrier dis-
tribution [6). The drift in the transparent condition during aging
leads to a shift in the resonant wavelength of the FP cavity
because of the change in the refractive index for a fixed bias cur-
rent. This changes the light intensity inside the cavity for a given
wavelength. Thus, the amount of transparency drift depends on
the relative position of the incident wavelength with respect to the
resonant peak. Such resonance-like variation can be eliminated
when the facets are coated with antireflection film.
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Conclusion: The results of reliability tests indicate that the trans-
parent current of laser diodes becomes stable after 300h of burn.
in test. Although the transparent current drift is slightly different
for different wavelengths, good transparency stability can b
observed for a wide range of wavelengths. This result is important
for applying wavelength-dependent transparent current in wave
length sensing and monitoring.
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Efficiency improvement of broadband
microwave amplifiers using current sharing
concept

A.S. Virdee and B.S. Virdee

The authors present experimental results of a 2 to 18 GHz high-
gain dual-stage feedback amplifier employing a novel concept of
current sharing that drastically reduces the current consumption
by 50% without compromising the amplifier performance and
hence produces a more than two-fold improvement in the power-
added efTiciency.

Introduction: The relentless drive to increase the packaging density
of microwave sub-systems and hence the reduction in the sub-sys-
tem size inevitably puts great demand on the miniaturisation of
components and devices that are employed in the sub-system real-
isation. This demand also, however, puts severe constraint on the
current consumption requirements in order to minimise the power
dissipation of the components and devices. Amplifier devices
employed in microwave sub-systems are the major source of cur-
rent consumption and, hence, power dissipation. Reduction in the
power dissipation of such devices is essential to minimise adverse
thermal affects and hence provide significant improvement in sys-
tem reliability.

In this Letter, the concept of current sharing is introduced and
applied to a dual-stage feedback amplifier that is employed in the
realisation of high-gain broadband feedback amplifiers operating
across the 2 to 18 GHz frequency range. This device is employed
in highly demanding systems such as electronic warfare systems.
The DC bias arrangement conventionally employed in broadband
amplifier designs results in poor efficiency performance due to
excessive current consumption. In this Letter, it is demonstrated

ELECTRONICS LETTERS 7th June 2001

that a novel current sharing concept can be successfully imple-
mented onto a dual-stage broadband feedback amplifier to realise
a substantial reduction in current consumption and an improve-
ment in the efficiency performance. For comparative purposes, an
identical specification broadband amplifier was designed and fab-
ricated using a conventional biasing technique.

(vgs=0-va)
(Vgs=Vi-Vvad)

6mm

Vs

7mm
/]
# V.
Vs b [e51]9

Fig. 1 2-18 GHz two-stage feedback amplifier in current sharing mode

a Schematic diagram
b Layout

Current sharing concep!: In conventional feedback amplifiers, the
DC bias (1] is applied using the technique of ‘self-bias’. The
advantage of this biasing technique is that the devices can be oper-
ated from a single positive supply without the need to have a
sequencing circuit [2] that provides separate gate and drain bias.
However, the major problem associated with amplifier designs
using this type of biasing mode is that each active device requires
a separate biasing network, hence an increased current require-
ment.

In this Letter, an alternative technique is introduced that
employs the concept of current sharing, as illustrated in Fig. la,
where the same current drawn by one active device is aiso used to
bias another active device. The total current (/ = 1;) drawn by the
dual-stage feedback amplifier is set by the source resistor R of the
first device T1, which is biased in the self-bias mode. Biasing of
the second device T2 (voltage V1) is set by the potential divider
R1 connected to the gate of device T2. The drain voltage of T2
(voltage V,) is connected to the source decoupling capacitors C3
and C4, that enables the correct gate-source voltage (Fgs = V1 -
V,) to forward bias the device T2. The current flows from VS
through T2, T1 and R;s to ground. The supply voltage is used to
bias T2, T1 and the potential divider R1. Inductor LX provides
RF isolation between the source of device T2 and the drain of
device T1. The selection of components C3, C4, CX1, CX2, and
the isolating inductor LX are critical in ensuring stable DC opera-
tion of the amplifier across the entire (2-18 GHz) multi-octave
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High-Resolution Wavelength Monitoring Using
Differential/Ratio Detection of Junction
Voltage Across a Diode Laser

San-Liang Lee, Member, IEEE, Yu-Yi Hsu, and Ching-Tang Pien

Abstract—High-resolution, compact, and power-insensitive
wavelength monitoring can be realized by using a low-cost diode
laser as the wavelength sensor. The wavelength resolution can be
improved by more than an order with the help of the Fabry-Perot
resonance inside the cavity of a diode laser, as well as by differ-
ential or ratio detection. Wavelength resolution of 0.01 nm can
be obtained with much relaxed requirement on the detection
circuitry. The wavelength monitoring with such resolution can
tolerate up to 15 dB of power variation on the incident light power.

Index Terms—Differential detection, semiconductor lasers,
transparent current, wavelength monitoring, wavelength sensing.

1. INTRODUCTION

ENSE  wavelength-division-multiplexing  (DWDM)

networks require effective schemes for wavelength mon-
itoring in order to control the source wavelength or manage
the wavelength channels. Most existing monitoring techniques
use interferometer-type apparatus [l1]-[7]. Interferometers
made of Fabry-Perot (FP) etalons are especially popular for
wavelength control of DWDM lasers [5]-[7]. The detection of
the transparent condition of a semiconductor optical amplifier
(SOA) or laser diode was proposed for wavelength measure-
ment or monitoring [8], [9]. This approach has the advantages
of compactness and possibility for integration with other
optoelectronic devices. However, the wavelength resolution is
limited by the resolution of the sweeping current for locating
the transparent condition.

In this letter, we demonstrate simple schemes of high-resolu-
tion wavelength monitoring using the transparent properties of
a diode laser. Significant improvement on the monitoring res-
olution is achieved by utilizing a combination of cavity effects
and differential detection, so wavelength resolution of 0.0] nm
can easily be obtained. Using ratio detection can further relax
the requirement on stabilizing the input power. This technique
can be tuned to monitor multiple wavelength channels by simply
changing the bias condition.

Manuscript received January 23, 2001; revised April 26, 2001. This work was
supported in part by the National Science Council under Contract NSC89-2215-
E011-014 and by the Ministry of Education, Taiwan, R.O.C., under Contract
89-E-FA06-2-4.

The authors are with the Department of Electronic Engineering, National
Taiwan University of Science and Technology, Taipei 106, Taiwan, R.O.C.
(e-mail: sanlee@et.ntust.edu.tw).
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II. OPERATION PRINCIPLE

The transparent current of a diode laser is roughly inversely
proportional to the incident light wavelength, similar to the char-
acteristic of an SOA [10]. However, it was found in experiments
that the resonant cavity of a diode laser causes an oscillating
characteristic in the wavelength variation of transparent current.
Such characteristic can improve the resolution of wavelength
monitoring for fixed channels, because the resonant effect can
enhance the variation rate of the transparency with the wave-
length.

For using as a wavelength monitor, the diode laser is usually
biased around the transparent condition for the monitored wave-
length. The induced junction voltage in response to a dithered
input light can simply be demodulated with envelope detec-
tion [11], which does not require phase-sensitive detection. The
output signal can then be written as v = 7|J — 1. (A)|.P, where
I and I, are the bias current and transparent current, respec-
tively. P is the input power and 7 is a scaling constant. The
output voltage appears as a V-shape around the transparency in
varying the bias current, as shown in Fig. 1(a). As the wave-
length changes, the V-curve will shift to the right or left side,
depending on the sign of wavelength change. The wavelength
change can be monitored from differential detection of the junc-
tion voltages for a two-level switching bias. The output voltage
after the differential amplifier vanishes for a monitored wave-
length. When the input wavelength shifts toward the long-wave-
length side, the V-curve moves to the left, and the differential
voltage becomes positive. On the other hand, a negative voltage
at the differential output indicates a blue shift in the wavelength.
Therefore, the output voltage can clearly indicate the sign of
wavelength drift and can serve as a control signal for managing
the incident wavelength.

Fig. 1(b) shows the schematic of such differential wavelength
monitoring technique. The output differential voltage for A\ of
wavelength drift can be written as

Av = A(ny +n-)PANOI,, /8A (1)
where A is a scaling factor. The subscript associated with the
1j-parameter is used to designate the difference in the material
gain for the two bias levels. Equation (1) indicates that the dif-
ferential detection roughly doubles the variation of the output
voltage with the wavelength drift, comparing to the wavelength
discrimination without differential detection. This doubles the
wavelength resolution for the same voltage resolution.

1041-1135/01810.00 © 2001 IEEE
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Fig. 1. (a) Ilustration of the concept. (b) Block diagram of wavelength

monitoring using differential detection of the induced junction volitage across a
diode laser.

An alternative scheme is to utilize the voltage ratio of the
two bias levels for wavelength discrimination. The differential
voltage depends on the incident power, so its accuracy is
affected by any input power fluctuation. Besides, the induced
voltage may be polarization sensitive due to different coupling
and confinement between the TE and TM polarizations. Detec-
tion with voltage ratio can achieve better wavelength stability
without the necessity of power monitoring. It can also eliminate
the polarization sensitivity since the transparent points of the
polarizations are the same. In addition, for applications in
wavelength stabilization, ratio detection can generate power-in-
dependent control signal for adjusting the source wavelength.
This idea can be realized by simply changing the differential
amplifier at the output stage of Fig. 1(b) into a voltage divider.
The change in voltage ratio (in decibels) for A of wavelength
drift can be written as

Ap=4.34(1 + g /n_) (AN AIZ)OI. /8N (2)

where Al_ is the difference between the lower bias level and
the transparent point. Monitoring with ratio detection can also
take advantage of resolution enhancement, as indicated by the
1+ n4 /7 factor.

III. EXPERIMENTS AND RESULTS

Fig. 2 shows that the transparent current of the tested laser
diode has a resonant behavior for a fine scale of wavelength
change. The period of the resonance was found to be identical
to the cavity mode spacing of the diode laser. Such resonant ef-
fect can give rise to improvement on the wavelength resolution
by about an order, due to the enhancement of the differential
slope from 0.21 to 2.0 mA/nm. Since changing the diode tem-
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Fig.2. Variation of transparent current and output differential voltage with the
wavelength. The differential voltages for three different biases were measured
in a wavelength step of 0.0l nm.
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Fig.3. Demonstration of tunable wavelength monitoring using the transparent
characteristic of an FP laser. When the wavelength is tuned by 0.8 nm, the bias
current is changed accordingly such that the induced voltage remains at the
minimum. As the wavelength drifts slightly, the induced voltage increases to
indicate the drift.

perature can shift the I, — A curve, the monitored wavelength can
always be aligned to where the slope is maximal. If the cavity
mode spacing is designed to be roughly equal to the channel
spacing for a DWDM system, one diode laser can be tuned to
monitor multiple channels by simply changing the bias current.
Such multiwavelength monitoring capability is shown in Fig. 2,
where the differential voltages for wavelength variation around
three wavelength channels spaced by 0.8 nm are depicted.

The tunable monitoring was demonstrated using an external-
cavity tunable laser to simulate the channel switching and wave-
length drift. Fig. 3 shows that as the wavelength is switched
to another channel, the bias current can be tuned to the corre-
sponding transparent current for the new wavelength such that
the induced voltage remains minimal. When the wavelength
drifts due to the change in ambient condition or aging, the rise
of the induced voltage indicates this drift, and an appropriate
countermeasure can be applied to bring the wavelength back to
the correct value. Such tunable monitoring is especially advan-
tageous when it is applied to monitor fast tunable lasers.

The voltage difference shown in Fig. 4(a) increases with the
input power, so raising the input power can improve the moni-
toring resolution. The required resolution in voltage measure-
ment is 1.2 uV for 0.01 nm of wavelength resolution if the
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Fig. 4. Output variation versus wavelength drift for (a) differential detection

and (b) ratio detection. The two bias levels are 13.99 and 14.48 mA, respectively;
and the transparent current for the monitored wavelength is 14.31 mA. The inlet
shows the variation of voltage ratio with input power.

input power is —0.9 dBm. This resolution is more achievable
with simple circuitry than that of wavelength monitoring using
the induced voltage of an SOA [8]. Fig. 4(b) depicts the mea-
sured voltage ratio for the two bias levels in response to different
input power. The slope of the curves, 0.9 dB/0.01 nm, is consis-
tent with the calculation using (2) for A/_ = 0.17 mA, and
81 /0X = 2.0 mA/nm. This slope is almost independent of the
power level. The data shown in the inlet of Fig. 4(b) indicate that
the change in the voltage ratio for 15 dB of power change is less
than that for 0.01-nm wavelength drift. Therefore, wavelength
monitoring with ratio detection can achieve better than 0.01-nm
resolution with high tolerance on power variation. Further mea-
surements indicate that the voltage fluctuation during half an
hour of continuous operation is much less than the voltage dif-
ference for 0.01 nm of wavelength drift.

Temperature sensitivity and long-term reliability for the
transparent current are the critical concerns in practical applica-
tions. To achieve wavelength stability of 0.01 nm would require
a temperature stability of about 0.01 °C, which is achievable
but tough for existing temperature control techniques. Opti-

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 13, NO. 8, AUGUST 2001

mization of diode parameters may relax the requirements on
the stability and reliability of temperature controllers. The
transparent point has been shown to be stable over 33 h of
continuous operation [9]. It was also shown that the transparent
current becomes stable after 300 h of accelerated aging [12].
Therefore, reliable and accurate wavelength monitoring with
transparency detection is achievable.

IV. CONCLUSIONS

We have demonstrated high-resolution wavelength moni-
toring schemes using a low-cost diode laser as the sensor. The
FP resonance inside the cavity of a diode laser was shown to
significantly enhance the slope of the I;;—A curve. Differential
or ratio detection can further improve the monitoring perfor-
mance. The wavelength monitoring technique is tunable, such
that a diode laser can monitor many wavelength channels.
The demonstrated 0.01-nm wavelength resolution with much
relaxed requirement on the detection circuitry indicates that
such schemes can be very attractive for application in DWDM
systems.
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Performance Enhancement on SOA-Based
Four-Wave-Mixing Wavelength Conversion
Using an Assisted Beam

San-Liang Lee, Member, IEEE, Pei-Miin Gong, and Chin-Tien Yang

Abstract—We propose to use an additional injection beam
of short wavelength to enhance the wavelength conversion that
utilizes the four-wave-mixing effect in a semiconductor optical
amplifier (SOA). The experiments demonstrated larger than 5-dB
improvement on conversion efficiency, as the SOA is biased at
the corresponding transparent condition for the assisted beam.
At such a condition, an assisted beam can increase the saturation
intensity without sacrificing the gain of an SOA, and this leads
to an increase in conversion efficiency. The assisted beam also
improves the signal-to-background-noise ratio in wavelength
conversion. The effects of different assisted wavelengths and the
measures for further improvement are discussed.

Index Terms—Assisted beam, four-wave mixing, optical net-
works, semiconductor optical amplifiers, wavelength conversion.

1. INTRODUCTION

LL-OPTICAL wavelength converters can be used in

optical networks to solve the wavelength-blocking prob-
lems and provide wavelength routing and switching. There exist
several wavelength conversion techniques using semiconductor
optical amplifiers (SOAs), including cross-gain modulation,
cross-phase modulation, and four-wave mixing (FWM) [1],
[2]. The conversion using the FWM effect has the merits
of transparency to data rate and format and providing chirp
compensation to the input signals. Though high conversion
efficiency has been demonstrated with SOAs of very high gain
[3], [4], the FWM conversion using typical SOAs generally
suffers from poor efficiency and noise figure. Significant
improvement on the conversion efficiency and noise figure is
required for practical applications.

The FWM conversion efficiency increases approximately
with the unsaturated gain and the square of the saturation power
of an SOA [5]. Therefore, increasing the gain and/or saturation
power of an SOA is essential to improve the conversion
efficiency. The saturation intensity is inversely proportional to
the carrier lifetime, so speeding up the carrier recovery rate
of an SOA can enhance the conversion efficiency. Several
research groups have proposed the schemes to change carrier
dynamics and gain characteristics of an SOA by injecting an
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additional light, accompanying the signal light [6]-[10]. The
additional light is referred as an assisted light hereafter. In
principle, there are three scenarios between the SOA bias and
the role of the assisted light. For the first scenario, the SOA is
operated at the gain regime for the assisted light [6]-[8]. The
presence of the assisted light raises the saturation intensity but
decreases the amplifier gain. The second scenario is that the
SOA is operated at a bias close to the transparent condition
for the assisted beam [9], [10]. This technique can increase
the saturation intensity without sacrificing the gain, and it was
recently proposed to speed up the gain recovery of an SOA
[10], [11]. The third one is to use an assisted light for which
the SOA is biased at the absorptive regime. The assisted light
can increase both the gain and saturation power of an SOA, so
significant improvement on the conversion efficiency should be
achievable by using an assisted light. However, the SOA current
for this scenario is usually too small to provide enough gain for
wavelength conversion. In this letter, we will demonstrate the
improvement on the conversion efficiency and signal-to-noise
ratio for FWM-based SOA wavelength converters by injecting
an assisted beam.

II. GAIN CHARACTERISTICS

The transparent condition of an SOA corresponds to the con-
dition that the material gain of the SOA is zero for the incident
wavelength. The transparent current for an assisted beam can be
determined from comparing the gain-versus-current curves at a
given wavelength between the presence and absence of the as-
sisted beam. The transparency locates at the intersection of the
two curves, since the gain is not changed for the presence of the
assisted beam. Fig. 1(a) depicts the gain curves at 1550 nm for
the cases with and without a 1480-nm assisted beam for a com-
mercial 1.55-um SOA used in our experiments. The two curves
intersect at 105 mA of bias current, which corresponds to the
transparent current for the 1480-nm light. The transparent cur-
rent is larger for a shorter wavelength.

The gain of an SOA can simply be increased by raising the
bias current to the SOA, but the ultimate gain is limited by the
thermal effect and amplified spontaneous emission (ASE) at
high-injection level. On the other hand, adding an assisted beam
can further increase the gain and/or the saturation output power.
Fig. 1(b) shows that the assisted beam does not affect the unsat-
urated gain at the transparent condition and raises the saturation
power by 4.4 dB. Also shown in Fig. I(b) are the gain satura-
tion characteristics when the SOA is biased at 200 mA. At such

1041-1135/02$17.00 © 2002 IEEE
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a high-injection bias, the amplified assisted beam causes about
2.8 dB of reduction in the gain but 2.9 dB of increase in the
output saturation power.

II1. WAVELENGTH CONVERSION

To investigate the improvement on wavelength conversion
efficiency with an assisted beam, the measurement was carried
out using a 1480- or 1430-nm assisted beam. From both sim-
ulated and empirical results, the assisted beam can have best
effects when it is incident contradirectionally with the probe and
pump signals. The pump and probe beams out of two commer-
cial tunable lasers with built-in isolators were combined using a
50/50 coupler and inputted to the SOA. A 1.48/1.55-um multi-
plexer was used at the output end to separate the input assisted
beam from the output conjugated signal. The multiplexer has
a broad passband that provides low insertion loss to both the
1480- and 1430-nm assisted beams. The conjugated output and
noise level were measured with an optical spectrum analyzer.

The measurement was first performed with a 1480-nm as-
sisted beam of 23.3-dBm power. The probe power was fixed
at —10 dBm, and the pump wavelength was fixed at 1553 nm.

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 14, NO. 12, DECEMBER 2002
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Wavelength conversion was performed at two different bias cur-
rents, one at transparency (105 mA) and the other at high in-
jection (200 mA). The comparison of the conversion efficiency
with and without the assisted beam is shown in Fig. 2. Biasing
at the transparent current for the assisted beam, the conversion
efficiency can be enhanced by 5.2 dB when the detuning (f2)
between the pump and probe beams is 100 GHz. The enhance-
ment increases slightly as the detuning becomes larger. When
the SOA is biased at high-injection level to obtain higher gain
and higher conversion efficiency, the enhancement is smaller.
This is due to the fact that the assisted beam increases the sat-
uration power but decreases the available gain. Around 3 dB of
improvement on the conversion efficiency can still be obtained
at 200 mA of bias current. The assisted beam provides a similar
amount of improvement for both the up and down conversions,
as shown in Fig. 2, though the efficiency for the up conversion
is lower.

In addition to the improvement on conversion efficiency, the
assisted beam can increase the signal-to-background-noise ratio
(SBR) by about 3 and 1.5 dB at the bias levels of 105 and
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200 mA, respectively. With biasing at the transparent condition,
the measured spectra after conversion reveals that the assisted
beam raises the conjugated signal and noise level by around 6
and 3 dB, respectively [12]. The pump and probe beams expe-
rience a larger gain due to an increase in the saturation power
by the assisted beam. This helps to increase the conversion ef-
ficiency. The rise of amplified spontaneous emission with an
assisted beam results from the induced carriers by the assisted
beam.

For wavelength conversion, both the SOA gain and saturation
power need to be as high as possible. When a shorter-wave-
length assisted beam is used, the SOA can be operated at a
higher bias level and still provide transparency to the assisted
beam. Therefore, it is possible to obtain both high conversion
efficiency and large improvement from using a shorter-wave-
length assisted beam. Fig. 3 shows the improvement on conver-
sion efficiency from using a 1430- or 1480-nm assisted beam.
The efficiency improvement is determined from the difference
in the conversion efficiency between the cases with and without
an assisted beam. The improvement for using a 1430-nm beam
with 19.1-dBm power is 2.3 dB at 200-mA bias where it is
close to the transparent current for the assisted beam. Though
the difference is not significant, the 1430-nm assisted beam pro-
vides larger improvement than the 1480-nm assisted beam for
the same power (18 dBm). The difference is more pronounced
at a higher SOA bias, where the 1480-nm beam depletes more
carriers than the 1430-nm beam does.

IV. DISCUSSION AND SUMMARY

The improvement on the conversion efficiency and SBR by
using an assisted beam is also verified in the theoretical analysis
that accounts for the wavelength-dependent transparency, car-
rier-dependent internal loss, and the spatial distribution of the
signals and ASE. The analysis will be addressed elsewhere.
The analysis indicates that the intrinsic loss inside the SOA
has a strong effect on this approach. For an SOA operating
at the 1.55-um wavelength region, the intrinsic loss arises
mainly from the free carrier absorption and intervalence-band
absorption. Both absorption mechanisms increase with the
carrier density. As the SOA is biased at the transparent current

for the assisted beam, the beam experiences the intrinsic loss as
it propagates along the SOA. Thus, the loss at transparency is
larger for a shorter-wavelength assisted beam. This loss limits
the improvement on the saturation power and the conversion
efficiency. Experimental results reveal that the fiber-to-fiber
loss at transparency increases by about 10 dB as the wavelength
of the assisted beam changes from 1480 nm to 1430 nm. This
corresponds to an increase in the intrinsic absorption coeffi-
cient by about 23 cm™!. In order to increase the conversion
efficiency by using an assisted beam, efforts must be made to
reduce the effects of intrinsic loss. One of the alternatives is
to inject the assisted beam laterally or transversally instead of
longitudinally such that the beam intensity is not reduced by
the intrinsic loss.

In summary, we demonstrated that the saturation intensity
and wavelength conversion efficiency of an SOA could be in-
creased with an assisted beam. The conversion efficiency can
be improved by larger than 5 dB when the SOA is biased at the
transparent current for 23 dBm of 1480-nm assisted beam. The
assisted beam can also improve the SBR by about 3 dB. Using
a shorter-wavelength assisted beam can provide the improve-
ment at higher gain if the effects of carrier-induced loss can be
reduced.
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Abstract:
High-resolution, compact, and power-insensitive
wavelength monitoring using a low-cost FP laser
can achieve better than 0.0lnm wavelength
resolution. The resolution is significantly
improved with the help of the FP resonance and
ratio detection.

Mbst exiting wavelength monitoring techniques
use interferometric apparatus [1,2]. We proposed to
use the detection of the transparent condition of a
semiconductor optical amplifier (SOA) or laser
diode for wavelength sensing or monitoring {3).
This approach has the advantages of compactness
and integratibility with other optoelectronic devices.
However, the sweeping bias current for locating the
transparent condition must have a resolution of 100
ppm in order for obtaining a wavelength resolution
of 0.01 nm. In this paper. we demonstrate simple
schemes of high-resolution wavelength monitoring
using a FP laser diode as the sensor. Significant
improvement on the monitoring resolution is
achieved by use of the cavity effects and ratio
detection, so wavelength resolution of 0.01 nm can
easily be obtained.

For using as a wavelength monitor, the diode
laser is usually biased around the transparent
condition for the monitored wavelcngth. When the
induced diode voltage in response to a modulated
input light is demodulated with envelope detection,
the output can be written as v=r]|1-1,,(2.]:°,

where / and /, are the bias current and transparent
current, respectively. P is the input power and 7 is
a constant depending on the diode parameters. The
output voltage appears as a V-shape around the
transparency in varying the bias current, as shown
in Fig. 1. As the wavelength changes, the V-curve
will shift to the right or left side, depending on the
sign of wavelength change. The wavelength change
can be monitored from ratio of the junction
voltages for a two-level switching bias. The output
after the ratio detector vanishes for the monitored
wavelength. When the wavelength shifts toward the
long-wavelength side, the V-curve moves to the Icft,
and the output becomes positive. On the other hand,

a negative signal at the ratio detcctor output
indicates a blue shift in the wavelength. Therefore,
the output voltage can clearly indicate the sign of
wavelength drift and can scrve as a control signal
for managing the incident wavelength. Since the
voltage ratio is independent of the input power
level, it can be immune 10 power fluctuation
without the necessity of power monitor-ing. For
applications in wavelength stabilization, ratio
detection can generate power-independent control
signal for adjusting the source wavelength.
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Fig.| Concept of wa gth ing using ratio d ion of
the induced voltage across a FP lascr.
The change in voltage ratio (in dB) for 41 of
wavelength drift can be written as

Ap =434 +n, /n_YaA/AI_ )31, [0 (1)

where Al_is the difference between the lower bias
level and the transparent point. The subscript
associated with the n-parameter is used to
designate the difference in the material gain for the
two bias levels. Eq. (1) indicates that the ratio
detection can enhance wavelength resolution via
the 1+7, /n.. factor.

It was found in experiments that the resonant
cavity of a FP laser causes oscillating characteristic
in the wavelength variation of transparent current.
This is due to the variation of transparent current
with the input power. Such transparent property can
improve the wavelength resolution of wavelength
monitoring at fixed channels for its enhancement

on d/,, [dA.

Fig. 2 shows the transparent characteristic of the
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FP laser used as the sensor. The laser was
temperature controlled at 25 °C. The transparent
current shows resonant characteristic for a fine
scale of A change. The period of the resonance was
found to be identical to the cavity mode spacing of
the diode lascr. Such resonant effect can give rise to
improvement on the resolution of wavelength
monitoring by about an order, due to the
enhancement of differential slope from 0.21
mA/nm to 2.0 mA/am. Since changing the diode
temperature can shift the /,-A curve, the monitored
wavelength can always be aligned to the middle of
a slope. If the cavity mode spacing is designed to
be equal to the channel spacing for a DWDM
system, one diode laser can be used to monitor
multiple channels by simply changing the bias
current.
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Fig. 2 Variation of transparent current with wavelength.

Fig. 3 depicts the measured voltage ratio for the
two bias levels in response to different input power.
The slope of the curves, 0.9 dB/0.0l nm, is
consistent with the value caiculated from Eq. (1).
This slope is almost independent of the power leve!.
The data shown in the inlet of Fig. 3(b) indicate
that the change in the voltage ratio for 15 dB of
power change is less than that for 0.01-nm
wavelength drift. Therefore, wavelength monitoring
with ratio detection can achieve better than 0.01 nm
resolution with high tolerance on power variation.
The results shown in Fig. 4 indicates that the ratio
fluctuation during half an hour of measurements is
much less than the ratio change for 0.0/ nm of
wavelength drift. The monitoring technique can
have really good long-term stability.

In summary, we have demonstrated simple and
high-resolution wavelength monitoring schemes
using a low-cost diode laser as the sensor. The FP
resonance inside the cavity of a diode laser was
shown to significantly enhance the siope of the /,-A
curve. Ratio detection can further improve the
monitoring  performance.  The  wavelength

monitoring technique is tunable such that single
diode laser can monitor many wavelength channels.
The demonstrated 0.01-nm wavelength resolution
with much relaxed requirement on the detection
circuitry indicates that such schemes can be very
attractive for application in DWDM systems.
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Fig. 3 Qutput variation versus wavelength deift for mtio
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voltage ratio with input power.
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Wavelength conversion using a semiconductor

optical amplifier with an assisted beam
Chin-Tien Yang, Pei-Miin Gong, San-Liang Lee

Abstract—We demonstrated experimentally the
improvement on the wavelength conversion efficiency by
using an assisted beam to enhance the saturation power of
an SOA. The effects of intrinsic loss and the
countermeasures for further improvement are also
discussed.

Index Terms—Assisted beam, SOA, saturation power,
conversion efficiency, FWM, wavelength conversion.

I. INTRODUCTION

All-optical wavelength converters will play
important roles in the future optical networks.
It can solve the wavelength blocking problems and
provide wavelength routing and switching to enable
optical internets. There exist several frequency
conversion techniques using semiconductor optical
amplifiers (SOAs), including cross gain modulation
(XGM), cross phase modulation (XPM), and four-wave
mixing (FWM). The wavelength conversion using the
FWM effect is transparent to data rate and format and
can provide chirp compensation, but it suffers from poor
conversion efficiency. All-optical conversion can be
applied in practical systems only if the conversion
efficiency and noise figure can be significantly
improved.

It is well known that, as the saturation power of the
SOA increases, the FWM conversion efficiency
increases [1]. Ref. [1] demonstrated experimentally
that the saturation power can be enhanced by using an
assisted beam, which also enhances the carrier recovery
rate [2]. The gain recovery of a SOA is limited by the
long carrier-recovery time, but it can be improved by
increasing the applied current or the device length.
However both approaches will decrease the optical
bandwidth, increase amplified spontaneous emission
(ASE), and increase the electrical consumption. When
the wavelength of the assisted beam is chosen such that
the bias current of the SOA corresponds to the
transparent current for the assisted beam, the carrier
recovery rate and saturation power can be improved
without sacrificing the gain. Thus, using an assisted
beam at transparency may improve the wavelength
conversion efficiency.

II. PRINCILPE

The effects of using an assisted beam can be observed
from the rate equation [3]:

dN_I N IZ,P Ig,P o
dt qV t AE, AE

where the subscripts “a” and “s” denote the assisted

beam and the signal, respectively; E is the photon energy;
N is the carrier density; / i1s the injection current; 7 is
the carrier lifetime; q is the electric charge; V is active
volume; T'is the confinement factor; gy, is the material
gain. P is the incident power; and A4 is cross-sectional
area of the active region. From (1), we can get [3]

11 N P, 2)
Ty T {7
Psml = AE; (3)
Farz,

where P,**is the saturation power for the assisted beam
and 7, is the effective carrier lifetime. Eq.(2)

indicates that the effective carrier lifetime decrease as
the assist beam power increases. Thus, the signal
saturation power in (3) can be enhanced with the reduced
effective carrier lifetime.

Fig. 1 depicts the operation principle using an
assisted beam in a SOA. If the SOA is operated at the
current small than the transparency for the assisted beam,
the assisted beam will be absorbed and offer the excess
carriers to increase the signal gain. On the other hand, if
the SOA is operated above the transparency for the
assisted beam, the assisted beam will deplete the carriers
and decrease the signal gain. Only when the SOA is
operated at the transparency current for the assisted
beam, the assisted beam can increase the saturation
power while keep the gain unchanged.

>
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Figure 1 Gain curves for the signal and assisted beam
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The maximum conversion efficiency using the FWM
mechanism can be given by [5]
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Tmax < Gy @

where Gy is the unsaturation gain and Py is internal
saturation power of the SOA. Thus, the conversion
efficiency can be increased by using an assisted beam to
raise the saturation power..

Il. EXPERIMENT RESULTS

Fig. 2 depicts the measured transparent currents
against the light wavelength for a commercial SOA. The
transparent current is higher for shorter wavelength.
Thus, it may be beneficial to use an assisted beam of
shorter wavelength such that the SOA can be biased at
higher current to provide higher signal gain.

350 r v — —r—

Transparent current(mA)

o] o . s .
1350 1400 1450 1500 1550
Wavelength(nm)

Fig. 2 Measured transparent currents against the light wavelength

In our experiments, we use assisted beams of
1480nm and 1430nm. Fig. 3 shows the gain saturation
characteristics of the SOA when the assisted beam is
used. The assisted power is 16dBm for both wavelengths;
and the 1550-nm signal power is -25dBm. The
transparent currents are 114mA and 125mA for the
1480-nm and 1430-nm assisted beam, respectively. The
saturation power is enhanced by 2.5dB when the
1480-nm assisted beam is wused, while 1.5dB
enhancement is observed for the 1430-nm assist beam.
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Fig. 3 Gain saturation for the 1550-nm signal when the wavelength of
the assisted beam is (a) 1480-nm (b) 1430-nm

To prove the improvement on wavelength conversion
efficiency with an assisted beam, the measurement setup
shown in Fig. 4 is used. Since the SOA is long, the
assisted beam is incident contradirectional with the
signal and pump signals to have best effects.

Tunlbl; Lase
Probe

ﬁ
amemen O

Holanzaton
Cantrolier

emperature
Current
Cantroller

emperature
Current
Controller

isolator

I

Assisted Heam
m

1430/1480n

OﬂISpewum Tunable Lase
Analyzer {Pump}

Fig. 4 Measurement setup

The measurement is performed at 25°C with 4dBm of
1550-nm pump power and 0dBm of probe power. The
comparison of the conversion efficiency with and
without the assisted beam are shown in Fig. 5, and
summarized in Table I and I . Biasing at its
corresponding transparent current for the assisted beam,
the conversion efficiency can be enhanced by 4 and 3 dB
when the assisted wavelength is 1430-nm and 1480-nm,
respectively. The improvement reduces to 1.5dB for both
assisted wavelengths when the SOA is biased at 200mA,
well above the transparent current, to have larger signal
gain and conversion efficiency. If the efficiency is
required to be above —20dB, the wavelength conversion
range(2/\ A ) is improved from 14nm to 18nm by using
the assisted beam. The signal-to- background noise ratio
(SBR) is also enhanced slightly due to the improvement
on the conversion efficiency.
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Table I Conversion efficiency and SBR for using 1480-nm assisted

beam
Biased | Conversion efficiency (dB) SBR (dB)
current (mA)| No assisted | With assisted| No assisted | With asststed
| beam beam. beam beam.
70. 32 2. 12. 15.
114(transpare 21 -18. 20.5. 22
ney).
200- -12.5 -1 26.5. 275.
Table II Conversion efficiency and SBR for using 1430-nm assisted
beam
Bissed | Conversion efficiency (dB). SBR (dB)}
current (mA){ No assisted | With assisted | No assisted | With assisted
beam. beam. beam. beam.
70. -31.5. -28. 12. 13.5.
125(transpare 21 -17. 21.5: 225:
ney)
200 -12 -10.5. 26.5- 27

IV.DISCUSSION AND SUMMARY

The improvement on the conversion efficiency was
expected to be greater than the experimental results as
the assisted beam is used. Especially, using a 1430-nm
assisted beam was expected to offer better performance
than using the 1480-nm one. It was found that the
intrinsic loss inside the SOA has strong effect on this

approach. Fig. 6 shows the measured intrinsic loss (loss
at transparent condition) for wvarious assisted
wavelengths. The loss increases to a significant value as
the wavelength moves to a shorter wavelength. This
reduces the improvement by the assisted beam. This can
be clearly seen in the simulation, as shown in Fig. 7.
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Fig. 6 Insertion loss at the transparent condition for different
wavelengths
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Fig. 7 Gain curves for different loss

In order to take advantages of using assisted beams,
two countermeasures can be performed to reduced the
effects of intrinsic loss. One is to reduce the intrinsic loss
by employing strain into the active material to suppress
the intervalence band absorption. The other is to use a
shorter and high-gain SOA for the wavelength
conversion. Our simulation has proved that the assisted
beam can provide greater improvement when the SOA
length is reduced to 500um from 1000um.
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High-Resolution Wavelength
Monitoring Technology for Tunable
Laser Sources

Chun-Liang Yang and San-Liang Lee

Abstract — High-resolution and tunable monitoring
technology can be realized using a FP etalon to detect the
wavelength drift and a FP diode laser for channel
discrimination. It can achieve 0.01nm wavelength
resolution and require a temperature stability of about
+0.2C.

Index Terms — FP Etalon, DWDM,
current, wavelength monitoring, FSR.

transparent

I. Introduction

DWDM networks require effective schemes for
wavelength monitoring in order to control the source
wavelength or manage the wavelength channels. Many
research institutes and companies are developing
tunable lasers for applications as spare sources or fast
wavelength switching components for DWDM
networks. Wavelength control for tunable lasers is
essential and it requires fast tuning speed.
Interferometers made of Fabry-Perot (FP) etalons are
the popular choices for wavelength control of DWDM
lasers [1]-[3]. However, a FP etalon filter can not
distinguish among different channels since it has
periodic wavelength characteristic [3]. The detection of
the transparent condition of a semiconductor optical
amplifier (SOA) or laser diode was proposed for
wavelength measurement or monitoring [4]-[5]. This
approach has the advantages of compactness and
possibility for integration with the lasers. However, the
wavelength resolution is limited by the required
stability (about 0.01°C) in temperature control.

In this paper, we propose a high-resolution
tunable wavelength monitoring which combines
advantages of stable temperature properties of a FP
etalon filter and the fast tenability of the transparent
properties of a FP diode laser. Significant relief to the
required temperature stability (about 0.2 °C ) is
achieved by utilizing the FP etalon filter, so wavelength
resolution of 0.0lnm can easily be obtained. The
ambiguity among different channels for the etalon can
be overcome with the transparent detection. Our
solution can be applied for high-resolution wavelength
discrimination and tunable channel recognition.

I1. Operation Principle

Fig. 1 shows the measured transmission and
reflection characteristics of the FP etalon filter used
in the experiments. The characteristics are periodic in
wavelength with a free-spectral range (FSR) of 0.4nm.
This value of FSR is ideal for DWDM channels of
0.4 or 0.8-nm spacing. The channel wavelength to be
monitored is usually located at the crossover of the
reflection and transmission spectra, as shown in Fig.
2. The crossover can be aligned to any DWDM
channel by adjusting the substrate temperature. On
the other hand, Fig. 2 indicates that the spectra is
shifted by about 0.011nm per degree of temperature
change, so the temperature control stability of about
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g
2
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8
2
o
s
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Fig.1. FP etalon filter with the periodic wavelength

characteristic of 0.4nm spacing
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0.1°C would produce only 0.00lnm of wavelength
change. Therefore, the etalon can serve as the
reference standard of a fixed channel. As the
wavelength drifts, the transmitted and reflected
power would be different. The ratio of transmitted
and reflected power can indicate the amount of
wavelength drift. Fig. 3 shows that eight fixed

Temperature Effect : 0.011nm/°C
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channels have the same characteristic so these
channels can be monitored on the same way. If the
FSR of the etalon is identical to the DWDM channel
spacing, one etalon can be used to monitor many
channels. In order to recognize the channels, every
channel must be aligned to the center of the slope at
the I,-A curve of the FP diode laser, as shown in Fig.
4 The action is achievable by controlling the diode
temperature.
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Fig.3. The ratio of transmitted and reflected power versus a

channel wavelength drift

Fig. 5 shows the schematic of the complete
wavelength monitoring system, and its operation
flowchart is shown in Fig. 6. For using as a
wavelength stabilizer for tunabie lasers, the output

wavelength is first monitored by FP etalon to a
wavelength accuracy with #0.02nm. Due to the
periodicity, the etalon can not tell which channel the
laser is operating. Thus, the channel wavelength has
to be determined by the transparent detection
circuitry. Owing to the stabilization with the etalon,
the wavelength will fit in the transparent current
window for a specific channel. The channel can be

146 - - -

' X Curve

Current (mA)

136 - - -

1350 1550.5 1551.8 1552

Wavelewgsgh (rm)
Fig. 4. The transparent current window has the margin of about
+0.084mA

recognized with a reference to the wavelength drift
data supplied by the etalon. The transparent current
window has a margin of about +0.084mA, as shown
in Fig.4, which is equal to the product of the coarse
slope of the I,-A curve ( —-0.21mA/nm ) and the 0.8nm
channel spacing. The corresponding temperature
margin is about +0.218°C for the window since the
transparent current of the FP diode laser varies with

Channel Recognition

Transparent
———{ Current
Detection
I']
y rdet)
Determine lmdm
& Contro! FP TEC
Ratio(dB) |
|A4)<0.02nm  [Transmitted

Power

[ <[

|a4]= 0.027m 20log(Ratio) Wavelength Discrimination

Fiz.5. The schematic of wavelength monitoring system

the temperature at a rate of about 0.385mA/C.
Therefore, the wavelength for a tunable laser source
can be recognized as long as its wavelength does not
deviate from the correct channel by more than



10.02om. This pumber is limited by the 0.4-nm
spaced FP etalon filter of which the slope is linear
within +0.02nm. From Fig. 2, the transmitted or
reflected spectral characteristic is monotonic over a
wavelength rang larger than 0.1nm. Therefore, the
locking range of our approach is larger than 0.1nm.

Using the etalon filter to detect the
wavelength shift (|A4] < 0.02nm)

!

Using AA to calculate the chamncl"sN
shifted I, from the FP 1, - A, table
and the slope: -2mA/nm

(L= ey - 2MA/Im x AL ) )

'

Scan the detected channel's I ., and
distinguish the channel No ( %, , I )
0.084mA <1, 40s < Ly, # 0.084iMA ; J

( anﬂf

Remarks:

FP Laser
|aT]<0.2°C

Determine Determine to

= Ay + AR

A control AT FPTEC

chidet)

Fig.6. The operation principle flowchart

II1. Conclusions

We have proposed a high-resolution and
tunable wavelength monitoring schemes using a
combination of a FP etalon filter and a diode laser as
the sensors. The system uses the FP etalon filter as a
accurate wavelength reference since it can have a
large tolerance of £0.2°C on the temperature control
unit. The exact channel wavelength is then
recognized by the fast tunable transparent
characteristics of a FP diode laser. The circuitry and
control flowchart are proposed. 0.0lnm of
wavelength resolution can easily be achieved with
much relaxed requirement on the stability of
temperature control.
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asymmetrical structure does not affect the aging
performances in particular.

5. Conclusion

The new ridge waveguide LD consisted of layers
to support asymmetrically expanded optical field
normal to the active Jayer has been proposed in
order to satisfy the increase of kink free output
power and the reduction of aspect ratio. More
than 650 mW kink free output power and less
than 2.5 aspect ratio have been achieved by the
proposed LD. Good aging performances are also
expressed in the proposed LD. It is believed that
the LDs are suitable for realizing 980 nm modules
with high coupling efficiency and high power
EDFAs.
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gain and P, is the saturation intensity of the SOA.'
Therefore, increasing the gain and/or saturation
power of a SOA is the key to improve conversion
efficiency. The saturation intensity is inversely
proportional to the carrier lifetime. The carricr
recovery rate can be enhanced by injecting a
holding light of which the wavelength is in the
gain region of the SOA.? This method raises the
saturation intensity but decreases the amplifier
gain. Dupertuis et al. proposed to use an assisted
beam at transparency 1o speed up a SOA.* This
technique can increase the saturation intensity
without sacrificing the gain. In this paper, we will
demonstrate that using an assisted beam can im-
prove the efficiency and signal-to-noise ratio of
FWM wavelength conversion.

2. Gain characteristics

The transparent condition of a SOA corresponds
to the condition that the material gain of the SOA
is zero for the incident wavelength. Fig. 1{a) com-
pares the gain curves at 1550 nm for the 1.55-pm
SOA used in our experiments with and without a
1480-nm assisted beam. The two curves intersect
at the current that corresponds to the transparent
condition for the assisted beam since the gain is
not changed for the p e of the assisted

Efficiency enhancement of SOA-based
four-wave-mixing wavelength converters by
using an assisted beam

San-Liang Lee, Pei-Miin Gong, and

Chin-Tien Yang, Dept. of Electronic Engineering,
National Taiwan University of Science and
Technology, 43, Keelung Rd,. Sec. 4, Taipes, Taiwan
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1. Introduction

The wavelength conversion using the four-wave
mixing (FWM) effect in a semiconductor optical
amplifier (SOA) can provide the needed func-
tions for optical networks,' but it suffers from
poor conversion efficiency. Significant improve-
ment on the conversion efficiency and noise fig-
ure is required for practical applications. The
FWM conversion efficiency increases approxi-
mately with GyP%, where G, is the unsaturated
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ThGG7?5 Fig. 1. Effects of assisted beam on
the 1550-nm signal gain. The assisted power is 23
dBm.

beam. An alternative for detecting the transpar-
ent condition is 1o locate the bias current where
the junction voltage across the SOA junction van-
ishes. However, the background power of the
strong assisted beam will induce background
junction voltage and then affect the accuracy in
determining the transparency. Therefore, we use
Fig. 1(a) to determine the transparent current,
which is 105 mA for the 1480-nm assisted beam.
Fig. 1(b) shows that the assisted beam does not
affect the unsaturated gain at this bias and raises
the saturation power by 4.4 dB. Also shown in
this figure are the gain saturation characteristics
when the SOA is biased at 200 mA. At such 2
high-injection bias, the amplified assisted beam
depletes the carriers in the SOA. Thus, the mea-
sured data show that the assisted beam causes
about 2.8 dB reduction in the gain but 2.9dB in-
crease in the output saturation power.

3. Wavelength conversion

To prove the improvement on wavelength con-
version efficiency with an assisted beam, the
measurement was carried out using 2 1480 or
1430-nm assisted bearn. From both simulated
and empirical results, the assisted beam can have
best effects when it is incident contra-direction-
ally with the signal and pump signals. The pump
and probe beams out of two commercial tunabl:
lasers with built-in isolators were combined using
a 50/50 coupler and inputted to the SOA. A
1.48/1.55-um multiplexer was used at the output
end to combine the input assisted beam and out-
put conjugated signal. The multiplexer has a
broad passband that provides low insertion loss
to both the 1480- and 1430-nm assisted beams.
The conjugated output was measured with an op-
tical spectrum analyzer.

The measurement was first performed with a
1480-nm assisted beam of 23.3-dBm power. The
probe power was fixed at —10 dBm and the pump:
wavelength was fixed at 1553 nm. Wavelengih
conversion was performed at two different bias
currents, one at transparency (105 mA) and the
other at high injection (200 mA). The compari-
son of the canversion efficiency with and without
the assisted beam is shown in Fig. 2. Biasing at the
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transparent current for the assisted beam, the
conversion efficiency can be enhanced by 5.2 dB
when the detuning (2) between the pump and
probe beams is 100 GHz. The enhancement in-
creases slightly as the detuning becomes larger.
When the SOA is biased at high injection level to
obtain higher gain and higher conversion effi-
ciency, the enhancement is smaller. This is due to
the fact that the assisted beam increases the satu-
ration power but decreases the available gain.
Around 3 dB of improvement on the conversion
efficiency can still be obtained at 200 mA of bias
current.

In addition to the improvement on conversion
efficiency, the assisted beam can increase the sig-
nal-to-background-noise ratio (SBR) by about
3 dB and 1.5 dB at the bias levels of 105 and 200
mA, respectively. The spectra shown in Fig. 3 in-
dicate the improvement on SBR when the bias
current is 105 mA. It also indicates that the strong
pump and probe beams experience larger gain
due to the increase in the saturation power by the
assisted beam. This helps to increase the conver-
sion efficiency. The rise of amplified spontaneous
emission with an assisted beam might attribute to
the broad spectrum of the assisted beam. Since
both the efficiency and SBR are improved, the
wavelength conversion range (22) can be in-
creased by using an assisted beam.

For an assisted beam of shorter wavelength, its
corresponding transparent current is higher.
Therefore, it is possible to obtain both high con-
version efficiency and large improvement from
using a shorter-wavelength assisted beam. Fig. 4
compares the improvement from 1430-nm and
1480-nm assisted beams. The improvement for
using a 1430-nm beam with 19.1-dBm power is
2.3 dB at 200-mA bias, which is close to the trans-
parent current for the assisted beam. Though the
difference is not significant, the 1430-nm assisted
beam provides larger improvement than the
1480-nm assisted beam for the same power (18
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ThGG75 Fig.3. Optical spectra showing 3 dB
improvement on SBR.
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ment on conversion efficiency.

dBm). The difference is more pronounced at
higher SOA bias, where the 1480-nm beam de-
pletes more carriers than the 1430-nm beam
does. It is expected that the 1430-nm assisted
beam can achieve the same improvement as the
1480-nm beam with less power.

The improvement on the performance of
wavelength conversion by using an assisted beam
can be clearly seen from the eye-diagram, as
shown in Fig. 5, when the probe beam was mod-
ulated at 2.5 Gbps data rate. The 1480-nm as-
sisted beam increases the signal amplitude by >5
dB and enhances the eye opening. After wave-
length conversion, the conjugated signal was se-
lected with an optical filter, amplified by an
EDFA, and received with a high-speed detector,
followed by an electronic amplifier and OC-48
filter.

4. Discussion and summary

From numerical simulation, the improvement on
the conversion efficiency was expected to be
greater than the experimental results as the as-
sisted beam is used, Especially, using a 1430-nm

assisted beam at high bias was expected to offer
much better performance than using the 1480-
nm one. The simulation indicates that the intrin-
sic loss inside the SOA has strong effect on this
approach. For a SOA operating at 1.55-pm wave-
length region, the intrinsic loss arises mainly
from the free carrier absorption and interva-
lence-band absorption. Both absorption mecha-
nisms increase with the carrier density. As the
SOA is biased at the transparent current for the
assisted beam, the beam experiences the intrinsic
loss as it propagates along the SOA. Thus, the loss
at transparency is larger for a shorter-wavelength
assisted beam. This loss limits the improvement
on the saturation power and the conversion effi-
ciency. Experimental results reveal that the fiber-
to-fiber loss at transparency increases by about 10
dB as the wavelength of the assisted beam changes
from 1480 nm to 1430 nm. This corresponds to
an increase in the intrinsic absorption coefficient
by about 23 cm™. In order to increase the conver-
sion efficiency by using an assisted beam, efforts
must be made 1o reduce the effects of intrinsic
loss. For example, the improvement can be larger
when a shorter and higher-gain SOA is used as
the wavelength converter. Another approach is to
inject the assisted beam laterally instead of longi-
tudinally such that the beam intensity is not re-
duced by the intrinsic loss. This approach has
been used to realize a linear optical amplifier by
integrating a SOA with a vertical-cavity surface-
emitting laser.

In summary, we demonstrated that the satura-
tion intensity and wavelength conversion effi-
ciency of a SOA could be increased with an as-
sisted beam. The conversion efficiency can be
improved by larger than 5 dB when the SOA is bi-
ased at the transparent current for 23-dBm of
1480-nm assisted beam. The assisted beam can
also improve the SBR by about 3 dB.
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1. Introduction

Direct 40 Gb/s electrical modulation as in electri-
cal time division multiplex (ETDM) has advan-
tages over optical time division multiplex
(OTDM) with respect to the mechanical size, cost
and volume production for 40 Gb/s transmission
system. The progress of 40 Gb/s component tech-
nologies, especially in the electrical multi-
plexer/demultiplexer and the electro-optic mod-
ulator (EOM), has made the development to
deployment of 40 Gb/s ETDM transmission sys-
tem within reach. In the choice of EOM, elec-

5:30 pm

troabsorption modulator (EAM) has the advan-
tage over LiNbO; modulator (LNM), on its small
size, compatibility to integrate with DFB lasers,
low driving voltage, and bias-drift insensitivity.
To our knowledge, whereas there are a number of
publications on EAM design,'™ there are few
publications on EAM modeling and the applica-
tion of such a model on the design optimization.
In this paper, a large signal model for EAM is pre-
sented on the insertion Joss (IL) and extinction
ratio (ER) prediction with respect to different
bias and RF driving signal levels. A figure of merit
{FOM) for EAM is proposed to compare EAM
performances. Furthermore, two system perfor-
mance parameters are introduced to evaluate
EAM IL and ER on end-to-end system perfor-
mance.

2. Large Signal Model

In EAM, the most important characteristics are
its electro-optic responses. Fig. 1(a) shows a typi-
cal curve (bottom one, measured DC loss curve)
of an EAM insertion Joss versus the bias voltage in
the absence of a modulation signal. It is apparent
from Fig. 1(a) that the EAM absorption is non-
linear. Furthermore, the 1L and ER of EAM under
a large signal modulation are quite different from
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ThGG76 Fig. 1.

(a) Typical EAM DC insertion loss curve (bottom curve) and Comparison between

simulated and measured EAM insertion loss; (b) Measured s21 for an EAM under two different biases.

the DC condition. Predicting the IL and ER undcer
AC condition 1s an important task for the tran:-
mitter design and system performance analysis.

Fig. 1{b) shows the two curves of measured
s21 for an EAM under two different biases. Since
EAM absorption is nonlinear, theoretically, only a
small signal can be used to characterize its dy-
namic electro-optic response. In other words, the
measured 521 cannot be directly used to simulate
EAM output. Fortunately, it can be seen from Fig.
1(b) that the electro-optic response is a2lmost un-
affected with EAM bias within most of IL range.
This strongly indicates that under first order ap-
proximation an EAM could be modeled as an
E-E filtering block followed by an E-O transform
block, and the filtering functionality is indepen-
dent on modulstion signal.

In the model, the RF signal is filtered by a fil-
ter basing on s21 characteristics first, and then
transformed by the measured insertion loss vs.
bias curve. The optical output of the modulator is
then calculated. The physics behind this model is
that the electroabsorption effect is almost instan-
taneous and the EAM bandwidth comes from the
parasite capacitances, which are almost static for
the kind of EAM in question.

3. Modeling and Experimental
Result Comparison

Based on the proposed model, EAM insertion
losses in presence of various driving signal levels
and at different bias voltages have been simu-
lated. It has been found that they agree with the
measurement data very well. In Fig. 1(a), the sim-
ulated and measurement results with a 2.2 Vohs
swing range are plotted together for comparison.
Within our simulation range (0.5 ~ -3 Volts on
bias, and 1.0 ~ 3.0 Volts on swing range), a may:-
imum AC insertion loss prediction error of
smaller than 0.3 dB, has been obtained.

In order to examine the model on the signal
waveform and extinction ratio, the PRBS (2A7-1)
signal waveform after EAM using digita) commu-
nication analyzer (DCA) has been recorded. The
EAM model based 40 Gb/s NRZ simulation
waveform matches well the measured waveform.
It is realized that the high frequency signal differ-
ence observed on level ones and zeros are attrit-
utable 10 measurement deviations. The difference
of extinction ratio between the calculations from
the experimental measurement and our simula-
tion is only about 0.5 dB. The optical eye dia-
grams from the model based simulation and
from the experimental measurement at EAM
output have been plotted and recorded, respec-
tively, which are shown in Fig. 2(a). In Fig. 2(b),
based on the modeled EAM characteristics the
calculated extinction ratios vs. bias with two dif-
ferent swing ranges are plotted.

4. Evaluation of EAM Parameters and
Optimization of EAM Settings in 40
Gb/s Transmitter Design

In order to evaluate the EAM parameters and of-

timize the EAM settings for the transmitter mod-

ule development, a figure of merit (FOM) and
two EAM system performance evaluation param-
eters are proposed in this section. The EAM FOM

is proposed in equation (1):

ERpam

Meaw
where ILg,y is EAM AC insertion loss (in dB},
and ERg,, is the corresponding extinction ratio

FOMgyp = ()
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and found that, even in a temperature-controlied
chamber, the unit required a ~2 h warmup be-
fore it stabilized. Some newer OSA units contain
an internal wavelength reference such as an acety-
lene absorption cell.

Wavelength meters that measure a signal’s
wavelength relative 1o a built-in fundamental ref-
erence (often a helium-neon laser operating at
the 632.991 nm vacuum wavelength) usually
don’t require frequent calibration. The most con-
venient way to check a wavelength meter is to
measure a laser that has a known wavelength,
such as the 1523.488 nm helium-neon laser (~1
partin 10 absolute stability) or a laser that is sta-
bilized to a fundamental reference. Alternatively,
a tunable Jaser can be tuned over an absorption
line while measuring the wavelength with a wave-
length meter; the measured line center can then
be compared with the true line center.

In all of these cases, it is important to use the
wavelength of light in vacuum, rather than the
wavelength in air, when calibrating equipment.
The wavelength of light in air can vary substan-
tially due to its dependence on the atmospheric
pressure, temperature, and humidity.

5. Concluslons

There are a variety of convenient wavelength cal-
ibration standards in the 1500 nm region, and
other standards are under development for the
WDM L-band. Fundamental references based on
atomic and molecular absorption or emission
lines provide the highest accuracy, but they are
not available in all wavelength regions. Wave-
length division multiplexing will likely expand
into the 1300 and 1400 nm regions, and it will be
very difficult to find absolute references for this
wide wavelength range. Artifacts such as etalons
or fiber Bragg gratings can provide references at
arbitrary wavelengths, but they can suffer from
large sensitivity to temperature, strain, and pres-
sure. Passive or active thermal stabilization can
substantially reduce this variability, but the arti-
fact references need to be checked periodically
against a fundamental reference. Further in the
future, stabilized frequency combs may become
commercially available to provide frequency
(wavelength) markers throughout the WDM re-
gions.
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1. Introduction

Tunable laser sources are critical components for
DWDM networks as spare sources or fast wave-
length-switching devices. The wavelength moni-
tor for controlling a tunable laser diode must
cope with multiple output wavelengths and the
required tuning speed. Fabry-Perot (FP) etalons
have been commercially used for wavelength con-

trol of DWDM lasers. However, a FP etalon can-
not distinguish among different channels since it
has periodic wavelength characteristic. This
makes it difficult to monitor the mode-hopping
problem that might happen in tuning a tunable
laser.’ Etalons with special tuning mechanism or
array waveguide gratings were also proposed to
monitor tunable lasers,*? but they may have lim-
ited response speed or require expensive compo-
nents. On the other hand, wavelength monitoring
by detecting the transparent current or the in-
duced junction voltage across a FP laser diode
(FPLD) was demonstrated to provide 0.01-nm
wavelength resolution. This approach is very at-
tractive since the wavelength sensor can be
monolithically integrated with the tunable laser.
Moreover, a FPLD can easily be tuned to monitor
multiple channels by adjusting its bias current.
However, to achieve 0.01-nm resolution with this
approach requires tough stability on temperature
control.

We propose here a high-resalution tunable
wavelength monitoring technique that combines
the advantages of stable temperature properties
of a FP etalon filter as well as fast tunability of the
transparent properties of a FPLD. Significant re-
licf to the required temperature stability, about
+0.2°C, is achieved, so waveiength resolution of
0.01 nm can easily be obtained for many chan-
nels. The ambiguity among different channels for
the etalon can be resolved from the induced volt-
age across the LD. This technique can also be ap-
plied in optical networking units to monitor the
wavelength paths in a scanning mode.

2. Operation principles

Fig. 1 shows the schematic of the proposed wave-
length monitoring technique for tunable laser
module. The laser output is first coliimated and
dithered at a specific frequency with an optical
modulator. Then, the signal is divided into two
paths, one to an FP etalon, and the other to a
FPLD. Both the transmitted and reflected signals
of the etalon are measured and the resultant dif-
ferential voltage or voltage ratio for these two sig-
nals are used for detecting the wavelength drift
from the wavelength grid. The FPLD can resolve
the wavelength channel from either the corre-
sponding transparent current or the junction
voltage.

The tunable laser light is dithered in order to
improve the detected signal quality for both
monitoring paths. For easy packaging with the
tunable laser in a compact module, a surface-nor-
mal type of modulator is favored to simplify light
coupling. Since the required dithering frequency
is between kHz and MHz, modulators made of
liquid crystal or micromechanical silicon modu-
lator® are among the good choices for such appli-
cations.

Etalon
N Beam i Transmitied &
Collimator Modulator " HBE
Tunable Laser roery  Soliter | ity | heecel b
iRy i Creny
F 1 | KPP Diode Laser
- i !._._.J> Suscticn Voluge
S =
ThC2 Fig.1. Schematic of wavelength monitoring for a tunable laser.
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3. Experimental demonstration

The proposed method exploits the FP etalon as
both a wavelength locker and a stable wavelength
reference because of its stable response to ambi-
ent temperature variation. Fig. 2(a) depicts the
reflected and transmitted characteristics of an
etalon of which the cavity length is specially de-
signed to give rise 1o a free-spectral range (FSR)
of 50 GHz. The intersection point of the trans-
mitted and reflected curves is frequency used as
the monitoring point. Fig. 2 shows that the point
varies at a rate of 0.011 nm/°C as the temeprature
changes. If the tolerance on wavelength deviation
is 0.01 nm, this etalon can tolerate up to 0.9°C of
temperature change. The etalon was tempera-
ture-controlled to align one of the ITU wave-
lengths to a specific crossing point of the two
curves. Fig. 2 shows the response for the etalon to
eight wavelengths of 100-GHz channel spacing at
the same temperature, 26°C. Since the chanel
spacing matches twice the FSR, the responses to
wavelength drift are aimost identical among the
channels. Therefore, the monitoring circuit needs
to memorize only one of these curves. The maxi-
mal deviation among the curves results in 0.005
nm of wavelength deviation, which is much
smaller than the channel spacing.

As the tunable laser is tuned to output a given
DWDM wavelength, the etalon must monitor the
wavelength deviation from the wavelength grid
and feedback the deviation to the laser control
unit to adjust the wavelength to the closest wave-
length grid. Then, the FPLD will recognize the
channel and detect if mode hopping occurs. Two
modes of opertion for the FPLD can be per-
formed for channel recognition. One is to sweep
the bias current and locate the transparent cur-
rent (1,,) for the incident wavelength (A), and the
other is to detecte the induced junction voltage
across the diode for a fixed bias current. Fig. 3
shows the wavelengih-dependent characteristics
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ThC2 Fig.2. Characteristics of the FP etalon:
(a) at different temperature and (b) around eight
ITU wavelengths.
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for a 1.55-pum FPLD. For a SOA, the transp
current decreases as the wavelength moves to the
long-wavelength side. On the other hand, due to
the facet reflection, resonant effects appear in the
wavelength variation of transparent current and
induced voltage. The wavelength spacing between
the resonant peaks is equal to the cavity mode
spacing of the LD. Here, we chose a FPLD of
which the cavity mode spacing is very close 1o 100
GHz (0.8 nm).

Although it is desired to have a montonic /, -
vs-A curve, which can be obtained from a SOA,
the resonant effects can enhance the length

cha ! Is. The induced voltage was amplified by 2
x10°.

Tiny signal appears at the output of the etalon
circuit since the wavelengths are allocated at the
wavelength grid. The etalon signal indicates a
maximal wavelength deviation of 0.008 nm,
which is acceptable for DWDM channels of 100-
GHz spacing.

4. Discusslon

resolution. It was also found in the cxperiments
that the induced junction voltage across a FPLD
is larger than that across a SOA. For monitoring a
DWDM tunable laser, the resonant characteris-
tics can be used if the cavity mode spacing is iden-
tical to the channel spacing. After the wavelenth is
aligned to the wavelength grid, only the discrete
points spaced by the channel spacing will be used
for channel recognition. The curve can easily be
adjusted by changing the diode temperature to
align the wavelength grid to the middle of the
slope, as indicated in Fig. 3. The transparent cur-
rent differs by 0.16 mA between the adjacent
channels. The tolerance on temperature control
of the FPLD is relaxed to +0.2°C because the
transparent current varies by 0.385 mA/°C with
the temperature. This benefits again from the use
of the FP etalon as a wavelength reference. More-
over, the deviation of the transparent current
from the value for a wavelength grid can indicate
the temperature shift and serve as the contro] sig-
nal for stabilizing the temperature.

Detecting the junction voltage may be favored
for monitoring fast tunable lasers since it has a
faster response than locating the transparent cur-
rent. Fig. 4 demonstrates a tunable wavelength
monitoring with a combination of a FP etalon
and a FPLD. A commercial tunable laser was
tuned to eight DWDM channels in a step of 0.8
nm. The junction voltage of the FPLD changes in
a stair way in response to the wavelength tuning.

For itoring a widely tunable laser that can
output more than 30 channels, a FPLD might suf-
fer from the resonant characteristics if the cavity
mode spacing is not exactly equal to the channe]
spacing. In such cases, a SOA with monotonic
wavelength variation of transparent current and
junction voltage is needed. Fig. 5 shows the out-
put signal as the tunable laser is tuned over 35 -
channels. The channel wavelengths can be clearly
resolved from the junction voltage. In the experi-
ments, the SOA is biased at the transparent cur-
rent for the 1548.134-nm channel. Phase-sensi-
tive detection is employed to obtain the voltage
such that the channels reside in the gain region of
the SOA can be distinguished from those in loss
region. A SOA for this application can be low-cost
since it does not require tough anti-refiection
coating as required for conventional applications.
Noting that, as a SOA is used, the mode hopping
or wavelength channels can be determined from
the junction voltage without waiting for the
ctalon to bring the wavelength to the closest
wavelength grid.
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L1 introduction

Interleavers enable the practical implementation
of dense wavelength division multiplexing
(DWDM) systems by transforming the task of
separating or combining a single set of very
closely spaced channels into separating or com-
bining multiple sets of widely spaced channels.
Regardless of the approach, be it thin-film filter,
fiber-Bragg grating, arrayed waveguide grating,
Echelle grating, or bulk diffraction grating,
mux/demux modules can be less expensive and
easier to make if the channel spacing is wide rela-
tive to the required passband width. Interleavers
allow the application of these wide channel spac-
ing solutions to the harder problem of more
closely spaced channeis. Most interleaver designs
are based on cascaded Mach-Zehnder (M-Z) in-
terferometers. Researchers have constructed these
cascaded M-Z interleavers out of fused fibers and
planar lightwave circuits for example.l'z Other,
nun-}M-Z and hybrid-M-Z approaches exist as
well.

We propose a Birefringent Gires-Tournois In-
terferometer (BGTI) that combines the benefits
of the nonlinear phase response of Gires-
Tournois (G-T) cavities, free space propagation,
and low sensitivity to physical layout. This new
structure is assembled in a Michelson configura-

-tion except that the beam splitter is replaced by a
polarization beam splitter (PBS) and the mirrors
are replaced by Gires-Tournois (G-T) cavities.
Furthermore, 1/8 waveplates are placed between
the polarization beam splitter and the G-T cavi-
ties in each arm of the interferometer and 1/4
waveplates are placed within the G-T cavitics (see
figure 1).

The BGTT interleaver possesses four desirable
features: low stage count, temperature insensitiv-
ity, frequency based periodicity, and fabrication
simplicity. The highly nonlinear phase response
of G-T cavities enables the BGTT interleaver to ac-
complish with a single stage what other M-Z de-
signs require two or even three stages to
achieve.”™ The temperature stability and fre-
quency, as opposed to wavelength, periodicity are
derived from the predominantly free-space de-
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ThC3 PFig.1. Birefringent Gires-Tournois In-
terferometer (BGT1) intericaver.

sign. Most of the propagation through the inter-
leaver is through air whose index of refraction de-
pendence on temperature and wavelength is
weak. Designs dependent on wavelength perio-
dicity suffer from channel center walk-off at the
extreme channels in a DWDM system since the
channel grid is defined by frequency. The fabrica-
tion simplicity stems from the use of thin, bire-
fringent plates to create the path length differen-
tial between the two beams that interfere to
produce the interleaver response.

2. Operation of device

Fundamentally, the two outputs of the BGT1 in-
terleaver are the sum and difference of the equally
weighted outputs of two otherwise identical all-
pass filters whose frequency responses are shifted
by 1/2 period. A phase delay is added in one arm
to provide phase offset adjustment (see figure 2).
Madsen provides a description of arbitrary filters
based on this type of basic building block.!

In the BGTI, the s and p polarizations defined
by the PBS are rotated 45° with respect to the or-
dinary (o) and extraordinary (e) axes of the wave-
plates. The function of the PBS is two-fold. The
PBS segregates the incoming s and p polarizations
for scparate treatment in the two arms of the
BGTI. In conjunction with the waveplates, it also
functions as a 50/50 splitter.

Considering only the p polarized light, half the
power travels along the e axes of the two wave-
plates and the other half travels along the o axes
due to the 45° rotation of the p light with respect
to those axes. Upon return to the PBS, the eand o
beams from the waveplates are combined as sum
and difference beams and are output in either the
s or p plane defined by the PBS. The operation is
similar for the s polarized light traveling through
the other arm.

The two arms of the interferometer operate
independently so that there is no interference be-
tween light of the same wavelength from the two
arms. The light of a given wavelength traveling
back to the PBS from arm a is always orthogonal
in polarization to the light of the same wave-

Out 2 .

50/50

t R 1 100%

InfOut 1

ThC3 Fig.2. All-pass filter decomposition of
a single arm in the BGT1 interleaver.

length from arm b (see figure t). For this reason,
the lengths of arms 2 and b are inconsequential to
the operation of the device and therefore temper-
ature or vibration induced deviation is harmiess.
In fact, the only reason two arms are included is
to accommodate arbitrary input polarization.
This does mean that inequality between the
lengths of the two arms will produce polarization
mode dispersion. However, this effect is small and
easy to control.

3. Theory

As stated previously, each arm of the BGTI inter-
leaver operates independently of the other and is
mathematically identical to the filter shown in
figure 2. The phase responsc of cach arm in the
filter shown in figure 2 is:

_ Jf1+ VR
@, =2kt +2tan [ NV tnn(k,J)]
where the subscript i denotes either the extraor-
dinary or ordinary arm of the filter, k; is the po-
larization dependent wavevector, t is the thick-
ness of the waveplate outside the cavity, R is the
power reflectivity of the cavity, and ! is the cavity
length including the waveplate inside the cavity.

Within the cavity, the round trip phase differ-
ence between the ¢ and o arms due to the 174
plateis x. This e a symmetric response
in the two output ports. The selection of R deter-
mines the depth of phase modulation. Large R
will produce rapid change in the phase response
causing a sharp transition from the passband to
the stopband. Large R will also produce ripple in
the passband and chromatic dispersion. Outside
the cavity, the round trip phase difference be-
tween the ¢ and oar ms due to the 1/8 waveplate
provides a phase difference bias to produce full
range in the response of the two arms.

By manipulating the values of R, 1, and L, dif-
ferent filtering functions can be achieved. The
BGT1 is a basic building block that can be used to
build genera! IIR optical filters as described by
Madsen.* By adding mirrors and waveplates,
higher order all-pass filters can be constructed.

4. Results

The two devices discussed in this paper were built
out of discrete, micro-optic components. The G-
T cavities were air gap cavities constructed with
low thermal expansion spacers. The first device
uses R = 18.5% mirrors. As shown in figure 3, the
calculated and measured responses of the two
ports match very well over the passband. How-
ever, the two outputs have different isofation. The
isolation of port 1 is worse than that of port 2.
Moreover, the isolation is worse than calculated
in both cases. These features are caused by the
imperfect and asymmetric segregation of the s
and p polarizations by the PBS cube. Since the ex-
tinction ratios of the transmission and reflection
operations of the PBS are unequal, different
amounts of crosstalk will leak into each port since
the path to each port involves different numbers
of transmission and reflection interactions with
the PBS. Practically, PBS isolation is typically lim-
ited to 30 dB at best. Therefore, the isolation floor
of the BGT1 is similarly restricted. The | dB pass-
band of the device shown in figure 3 is 77 GHz
and the insertion loss is less than 1 dB.

In order to improve the cross-port isolation,
additional BGTI stages can be added. In figure 4,
the output spectra of a two stage BG T interleaver
with R = 22.0% for all cavities is shown. Since the
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Abstract

We demonstrated experimentally >5dB improvement on wavelength conversion efficiency and >4dB
improvement on saturation power of a semiconductor optical amplifier by using an assisted beam at
transparency. The effects of intrinsic loss and the measures for further improvement are discussed.

1.Introduction

All-optical wavelength converters will play important roles in the future optical networks. It can solve the
wavelength blocking problems and provide wavelength routing and switching to enable optical internet. The
wavelength conversion using the four-wave mixing (FWM) effect in a semiconductor optical amplifier (SOA)
can provide the needed functions for optical networks [1], but it suffers from poor conversion efficiency.
Significant improvement on the conversion efficiency and noise figure is required for practical applications. Ref.
{2]) demonstrated experimentally that the saturation power can be enhanced by using an assisted beam, which
also enhances the carrier recovery rate [3]. So the conversion efficiency of four- wave mixing (FWM) can be
improved as the saturation power is increased [1]. Another way to improve the conversion efficiency is to
increase gain by increasing applied current. It will increase amplified spontaneous emission (ASE) and increase
the electrical consumption. However, the assisted beam will also deplete the signal gain by injecting an assisted
beam of which the wavelength is in the gain region of the SOA. Dupertuis ez al. proposed to use an assisted
beam at transparency to speed up a SOA [4]. This technique can increase the saturation intensity without
sacrificing the gain and improve the conversion efficiency of FWM. In this paper, we will demonstrate that
using an assisted beam can improve the efficiency and signal-to-noise ratio of FWM wavelength.

2.Principle

From rate equation the effects of using an assisted beam can be observed in the following relationship:
_1_=l L () P = ﬁ ........................................ )
Ty T la,z,

where P, is the assisted beam power; E; is the signal photon energy; I'is the confinement factor; A is
cross-sectional area of the active region; P, is the saturation power for the assisted beam and 7 . is the
effective carrier lifetime. Eq.(2) indicates that the effective carrier lifetime decrease as the assist beam power
increases. Thus, the signal saturation power in (3) can be enhanced with the reduced effective carrier lifetime. If
the SOA is operated at the current small than the transparency for the assisted beam, the assisted beam will be
absorbed and offer the excess carriers to increase the signal gain. On the other hand, if the SOA is operated
above the transparency for the assisted beam, the assisted beam will deplete the carriers and decrease the signal
gain. Only when the SOA is operated at the transparency current for the assisted beam, the assisted beam can
increase the saturation power while keep the gain unchanged

The FWM conversion efficiency increases approximately with GOPS2 , where Gy is the unsaturated gain and

P is the saturation intensity of the SOA [1]). Thus, the conversion efficiency can be increased by using an
assisted beam to raise the saturation power..

3.Experiment

To prove the improvement on wavelength conversion efficiency with an assisted beam, the measurement
setup for SOA gain characteristics and conversion efficiency shown in Fig. 1 was used. Since the SOA is long,
the assisted beam is incident contra-directionally with the signal and pump signals to have the best effects. The
pump and probe beams out of two commercial tunable lasers with built-in isolators were combined using a
50/50 coupler and inputted to the SOA. A 1.48/1.55-um multiplexer was used at the output end to combine the
input assisted beam and output conjugated signal. The multiplexer has a broad passband that provides low
insertion loss to both the 1480- and 1430-nm assisted beams. The signal output and conjugated output was
measured with an optical spectrum analyzer.
3.1 Gain characteristics:

The transparent condition of a SOA corresponds to the condition that the material gain of the SOA is zero for



the incident wavelength. Fig. 2 compares the gain curves at 1550 nm for the 1.55-um SOA used in our
experiments with and without a 1480-nm assisted beam. The two curves intersect at the current that corresponds
to the transparent condition for the assisted beam since the gain is not changed for the presence of the assisted
beam. An alternative for detecting the transparent condition is to locate the bias current where the junction
voltage across the SOA junction vanishes. However, the background power of the strong assisted beam will
induce background junction voltage and then affect the accuracy in determining the transparency. Therefore, we
use Fig. 2 to determine the transparent current, which is 105 mA for the 1480-nm assisted beam. Here the
assisted beam power in Fig.2 is 23.3dBm.
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for 1480 assisted beam

Fig. 3 shows that the assisted beam does not affect the unsaturated gain at 105mA and raises the saturation
power by 4.4 dB. Also shown in this figure are the gain saturation characteristics when the SOA is biased at 200
mA. At such a high-injection bias, the amplified assisted beam depletes the carriers in the SOA. Thus, the
measured data show that the assisted beam causes about 2.8 dB of reduction in the gain but 2.9 dB increase in
the output saturation power. Fig. 4 shows the measured intrinsic loss (loss at transparent condition) for various
assisted wavelengths. The loss increases to a significant value as the wavelength moves to a shorter wavelength.
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beam is 1480-nm and the assisted power is 23.3dBm different wavelength

3.2 The conversion efficiency of FWM:

The conditions in Fig. 5(a) are 1480-nm assisted beam of 23.3 dBm power, -10dBm probe power, 1553nm
pump wavelength and performed at two different bias current, one at transparency (105 mA) and the other at
high injection (200mA). The conversion efficiency can be enhanced by 5.2dB at the transparent current of
1480nm assisted beam when the detuning((2) between the pump wavelength and probe wavelength is 100Gbps.
The enhancement increases slightly as the detuning becomes larger. This situation can also be observed at a
high injection level (200mA). There is only 2.9dB enhancement of conversion efficiency at 200mA. This is due
to the fact that the assisted beam increases the saturation power but decreases the available gain. Around 3.1 dB
of improvement on the conversion efficiency can still be obtained at 200 mA of bias current. And as the
detuning increases, the conversion efficiency decreases primarily Fig.5 (b). That enhancement increases slightly
as the detuning becomes larger can also be seen in Fig. 5(b). For an assisted beam of shorter wavelength, its
corresponding transparent current is higher. Therefore, it is possible to obtain both high conversion efficiency
and large improvement from using a shorter-wavelength assisted beam. The 1430-nm assisted beam provides
larger improvement than the 1480-nm assisted beam for the same power (18dBm). The difference is more
pronounced at higher SOA bias, where the 1480-nm beam depletes more carriers than the 1430-nm beam does.
Here the transparency current of 1430nm assisted beam is close to 200mA.



Down conversion Down conversion

=100 GHz s : Pump power = 0 dBm
10 - Probe power = -10 dBm -

w/ assisted beam

-15 - LB
- ":.—---..__._12_20 mA

Ks2 a6 -20 -

Qornversion efficency (dB)
a 3
alay 1

Conversion effidency (dB)

badaaaadasaatlacaialaas,

E

F ety : ¥e.
£ 25 - TR S <
-20 - 5.8 dB . :
E _____ Sl LT SRR 30 - . Z
25 F— ‘ ) Bias current = 105 mA l a5 Bias current = 105 mA
-0 I 3 2 2 o 2 % 2 a P 8 10

Pump power (dBm) Detuning (nm)

(@ (b)
Fig. 5: The influence of using 1480nm assisted beam on wavelength conversion efficiency. The
assisted power is 23 dBm.

T

detuning =100 GHz
pump power = 1dBm
probe power = -10 dBm +

1480nm, 23.3dBm 1
< 1430nm, 19.1dBm

T 1430nm, 18dBm
- . i
50

Efficiency improvement (dB)

100 150 200 250
SOA current (mA)

Fig. 6:The improvement of conversion efficiency for different assisted wavelength

4.Discussion and summary

In addition to the improvement on conversion efficiency, the assisted beam can increase the
signal-to-background-noise ratio (SBR) by about 3 dB and 1.5 dB at the bias levels of 105 and 200 mA,
respectively. The spectrum of FWM indicates that the strong pump and probe beams experience larger gain due
to the increase in the saturation power by the assisted beam. Thus, it is helpful to increase the conversion
efficiency. But in our simulation using an assisted beam at the contra-direction to raise carrier density can result
in a slight increase in the amplified spontaneous emission (ASE). The SBR can be improved by injecting the
assisted beam laterally instead of longitudinally such that the beam intensity is not reduced by the intrinsic loss.
This approach has been used to realize a linear optical amplifier by integrating a SOA with a vertical-cavity
surface-emitting laser [5].

Fig. 4 indicates that the internal loss of 1430nm wavelength in SOA is higher than 1480nm wavelength. If a
shorter-wavelength assisted beam is used and the SOA is biased at the transparency corresponding to the
assisted beam, efforts must be made to reduce the effects of intrinsic loss. One method is to reduce the intrinsic
loss by employing strain into the active material to suppress the intervalence band absorption. The other one is
to use a shorter and high-gain SOA for the wavelength conversion.

In summary, we demonstrated that the saturation power and wavelength conversion efficiency of a SOA
could be increased with an assisted beam. The saturation power can be improved by 4.4dB when the SOA is
biased at the transparent current for 23-dBm of 1480-nm assisted beam. The conversion efficiency can be
improved by larger than 5 dB
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Abstract: High-speed wavelength-tunable transmitters are demonstrated by using DBR lasers and
high-speed electronics. The DBR lasers are designed to have 100-GHz cavity mode spacing for
easy tuning. We obtained <100 ns switching time and > SmW output power.
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1. Introduction
Nowadays optical networks utilize optical cross-connect (OXC) to enable dynamic provisioning and flexible

services. ~As the network traffic keeps increasing rapidly, optical burst switching (OBS) or optical packet switching
(OPS) is the key technology to improve network utilization. Most of the optical switches, like MEMS switches, can
not cope with the required switching of OBS and OPS that require a switching time of less than 1 ps. A combination
of fast wavelength-tunable transmitter and a passive wavelength router is a good choice as fast optical switch. The
switching speed of such optical switch is limited by the switching speed of the tunable lasers. For instance, the
HORNET project at Stanford University was aimed at improving the inefficiencies of SONET networks to meet the
needs of future optical packets networks [1]. HORNET used a high-speed wavelength-tunable transmitter to enable
optical packet switching. Packets with different destination are packed into corresponding wavelength channel
directly. Though many manufacturers are developing tunable semiconductor lasers [2], no lasers with <1 ps tuning
speed are available in the market. Moreover, the output wavelengths must meet the DWDM wavelength grid. We
first focus on the DBR lasers that can be fast tuned with simple control mechanism. The approach can be applied for
other types of tunable lasers. The switching time of the module, including the settling time of DAC and the access
time of SRAM-based wavelength map, is less than 100ns. The switching time is currently limited by the electronics
and can be tmproved as faster electronics are available.

2. Wavelength-tunable transmitter module

. current opt_A —greung,, DBRglaser —

Fig. 1 The schematic diagram of tunable laser module.

The schematic diagram of a wavelength-tunable transmitter module is shown in Fig.1. We use a SRAM as a
wavelength map to store the tuning parameters of 4 wavelength channels. It is easy to increase the wavelength
channels. If the wavelength numbers of a DBR laser increases to 16 or even 256 channels, the hardware of the
module need no modification. The microprocessor-based control unit and user interface are used to download the
wavelength map to the SRAM, to set and monitor operation temperature and laser current, and to communicate with
other control units. The module also provides a simple self-testing procedure to test the tuning of a DBR laser.



The DBR laser is a conventional 3-section component that consists of the gain, phase and grating electrodes.
The gain section mainly provides the gain for the laser. By careful design of the device length, wavelength tuning to
channels of a given spacing can be achieved by injecting current into the graring section. The phase section can be
used for fine tuning that allows for accurately setting the initial wavelength. After fabricating into ridge-type lasers,
the lasers are cleaved into bars, tested, and packaged into the dual-in-line (DIL) modules with thermoelectric cooler
and thermister. The threshold current is 20mA at room temperature and the fiber output power can be larger than
5mW (Fig.2a). By tuning only the grating section, the tuning map of a DBR laser is shown in Fig.2b. The output
wavelengths of a DBR laser are stair-like with channel spacing close to 100GHz. This can assure that the output
wavelength can be tuned to the DWDM wavelength grid at a very fast speed [2]. The side mode suppression ratio
(SMSR) is large than 30dB around the channel positions (Fig.2c). The power variation among the channels is only
1.5dB for 4 wavelength channels (Fig. 2d), so no additional power compensation is needed. In Fig. 2e, there is a
little red shift at short-wavelength channels due to the imperfect heat sink of the packaged laser module. Fig. 2f
shows a 14-pin dual-in-line (DIL) packaged laser with SC/PC connector.
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The circuit board consists of two parts: driver unit and control unit. In the driver unit, we use a high-speed
current-output Digital-to-Analog-Converter (DAC) of 12bit resolution for grating current tuning, [3]. The full scale
output current can be set to 20mA to satisfy the tuning map of a DBR laser (Fig.2). An ultra-stable current source
was used and it can be operated in the constant power mode or constant current mode. It stabilizes the output power
of the DBR laser module. The temperature controller can stably control the heat-sink temperature from 15°C to 35°C.
We also use the temperature controller for fine-tuning of wavelength. All parts in the driver unit can be controlled
internally or by the control unit. In the control unit, we use an EEPROM to store the tuning current of wavelength
channels of the DBR laser and other initial parameters of the module. The access time of the SRAM is less than
10ns.



The DBR laser may be subject to the aging-induced wavelength drift or the drift in the operation temperature and
other environment conditions. The tuning map of a DBR laser may drift due to the above problems. A wavelength
monitoring unit can be included in the control unit to automatically detect the characteristics of DBR laser, like the
tuning map and output power, and update the data onto the SRAM in real time though a RS232 serial port.

3. Switching experiments

The setup for measuring the wavelength switching speed is shown in Fig. 3. An optical tunable filter is used as a
wavelength discriminator. The rising or falling slope of the tunable filter is tuned to the proximity of the laser output
wavelengths. The discriminator gives each wavelength channel a different attenuation and a photo-detector converts
the attenuation into different voltage levels. Therefore, the switching characteristics can be clearly displayed on an

oscilloscope.

—

I T\

———= '] Opticalfilter

!
i

Fig. 3 A simple measurement setup for high-speed wavelength tunable transmitter.

In the experiments, the bias current of the DBR laser is set to 30mA and the output optical power is 1.5SmW.
The slope of the optical filter is about -10dB per nm of wavelength change. The insertion loss of the filter at center
wavelength is about -2.5dB. The measured results are shown in Fig. 4. The DAC outputs a 4-level tuning current
where each level corresponds to the required tuning current of a given wavelength. The period of the tuning current
is 1us. The trace for the output wavelength clearly indicates that the switching time is less than 0.1 pus. Since the
tuning speed of the tunable laser is typically faster than 10ns, the speed limitation is due to the tuning electronics.
The tilt in the output signal for every wavelength channel results from the low-frequency cutoff of the AC-coupled
photo-receiver of 1GHz bandwidth. In spite of the signal distortion, we can still observe the rise and fall time for the
wavelength switching.
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Fig. 4 The tuning characteristic of the high-speed wavelength tunable transmitter.

4. Conclusion
We have demonstrated a low-cost fast A-tunable transmitter that can be used in OBS or OPS networks. The

wavelength can be switched among DWDM channels in <100 ns.
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Abstract
[ 1st year])

We have selected the maximal simultaneous users code set by the genetic
algorithm which can be used in optical CDMA network practically. We have also
studied the multi-code system in optical CDMA which can provide multimedia and
multi-rate services. Some multiplexing techniques of the optical multimedia
CDMA system have proposed by using the prime codes with different code lengths.
Moreover, we have designed a protocol for the network that can assign the code to
users according the users’ request. We also try to use the simulation tool to verify
the correlation among the codes which are selected by genetic algorithm. Finally,
we accomplished a structure using Different Code System Division Multiple
Access (CSDMA) techniques with different prime codes to increase the capacity
of decoder dramatically. We have used the add-drop multiplexer (ADM) in the
WDM system with the arrayed waveguide grating (AWG). Many problems are
testing for using the ORR (optical ring resonator) in the WDM system. For
example: the relationship between the resonator length, coupling coefficients, and
the system transmission rate. Besides, we will propose a new architecture to

combine the ORR together with the optical delay line encoder/decoder.

Keywords : multi-code, optical CDMA, multiplexer, prime, waveguide grating,
optical ring resonator, wavelength division multiplex, optical delay encoder

decoder.

[2nd year]

The congestion due to the limitation of optical delay line queue and link
capacity is the low switching efficiency problem in the photonic ATM switch.
Therefore, the smart photonic ATM switch for high-speed optical backbone

network should has some fast switching strategies so that the congestion can be

three kinds of MCWC decoders are proposed for the fixed channel networks,



avoided or reduced with the smart photonic architecture. In this paper we propose
a novel smart photonic ATM switching architecture with compression strategy.
This smart architecture includes the frame processor and the optical data
compressor to improve the switching efficiency. In the smart architecture, while
more than two frames, which consisting of cells with the same destination, content
with the same output port, the losers will be queued and compressed right away to
reduce the degree of congestion. Therefore the total switching time can be reduced,
meanwhile, the scarce buffer is able to store more incoming cells. In this paper, a
simple and efficient compression decision algorithm is proposed. The timing of
employing compression strategy and the saturated performance of proposed
strategy are analyzed. Simulation results show that compared to the photonic ATM
switch without compression strategy, the proposed strategy offers a much better

performance in terms of queuing delay.

Keywords: Asynchronous Transfer Mode (ATM) switch, compression, smart

photonic.

[3rd year])

The Optical code-division multiple access (OCDMA) is one of the techniques
to effectively use the large bandwidth of optic fiber. In such systems, the data is
encoded by a specific code in the transmitter, and the received signal is decoded by
the same code in the receiver. The OCDMA systems allow multiple users to
transmit data simultaneously. However, as the number of simultaneous users
increased, the bit error rate is increased due to the increased multi-user interference
(MUI). In this proposal, a new spreading code called the Manchester coded Walsh
code (MCWC) is proposed. In the OCDMA systems using MCWC, the
interference contributed by any other user is always a constant and thus the MUI
can be easily estimated and cancelled in the receiver. The MCWC encoder and
three kinds of MCWC decoders are proposed for the fixed channel networks,

scheduled networks, and non-scheduled networks, respectively. The performance



analysis including the APD noise and thermal noise shows that the proposed
systems can afford large number of simultaneous users with low bit error rate,

especially in the fixed channel networks and scheduled networks.

Keywords: fiber-optic communication, optical CDMA.
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BHMRIBSEREF - B CDA REZTRBITRAERE » R TR (LAY
MAEREEEAE -

[$£=%]

ORI ELEARR BRTEFRFFTREERINEE - AT F]
RGBSR R T R B T S e R — KE B - BRTR T RS T
(Wavelength-division multiplexing, WDM)H:fli 24} » Y5352 T EEH(Optical
code-division multiple access, OCDMA) % {ii 78 & W ¥€ & iR 0y — {8 f8 5
[36-44][48] - OCDMA RA A A3 FR[EH EEIEE R R4 - HFET R
HEAR TR R RS EIS Bl - (R TR A AR AR L R B
H(38] > HLE BT EEA— 8 £/ - BRSO BB SRR L R AR
MU - (BFEMRE LIPE N INYERIERHEF - BRIt RFEERE
H#HY Walsh code &k & % #H# #9 Manchester coded Walsh
code(MCWC) LU FTH U EaB I HRH H H FERZ9HE  HIEERBE T A
HERE B H A AR -
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=~ ERER®R
[5E—4]

ATt EHSH A ERBRNENENF G E R REHS
T3 WHREARC RN - I Bt ERUHREIR SR - SFETHA
BR 2l B e -

# AR TR R & SRS A RE E R T SRR - LUEIE
NERERARY > EHEHBR P RARKEMNER Pre H DT BERR
EFTEENIE TR RN - QIR /ARG RRES

Pmax PZ
K=P

B A% B E SIS AR PR RS 2R B A B - RILARIA
BiFrEE SR AR AR ERI - THEK - EREEZE (Genetic
algorithm : GA) BB IZHI#EE F M R S £ /LY RIRE » 20 multiprocessor
scheduling , topology design and bandwidth allocation F0 channel allocation %
fEIRE - S BIRIFHIFER - RIEIMHRAERE SRR R RS TR R AR
B AR -

[ 1 B2 —MEREEEREE  EE—AER - KR R ZeBnyEe
BMgetk B r g - BRIIRFIFIA 0 70 1 ATy s 2R ARy R RH
5 B R Ze SRR AN 2 A 3 Fror o B 4 BRMTERATSHIESRA
HAnER R R LS - T B RIS R AN E R AR - AL
HEEMFTEERSEBES -

IR IR A T — T AR B 2 E RIS — R E BB R R E
P ERIEM R ERE TE—RIEFESEE (U8 5 Ao - TR
SILRMH - B M ESURREERIF S TS T8 - B L
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HI B B RS [ ED IR IN-fE 2 T 25(ADM) 208 6 Fow - 2 RBINEE
YemtaE - BRI ERAIRE RS SERN-EL T W 7 For
FENCRGEFRMPRITIEE - T HERE RS - ERFRRIZEME - LB
IR ST R T AESRERE T EENRY - HERSNRL S £ EE
iR > FURBLARBER 5 T > ARSI L AR g ER AR SR B 357 A= i ]
WIEAE A BREH)—HE R - DUTHRIERS - KEROLRAMIRE S+
MRS RE - HRERES R TREE - TiHFAZBCHZE PR
AT - TR TRV R A REERIRS -

[FE=4]
1. RAFEHEE

TR AN BRAERFOLE ATM R4 - RIE 8 An - (FRTUIERRI
a0 - E AR AR ZR - M AGAHEE B 45 (frame processor, FP)ZR (=]
L HIREY B Rt - BARE B eyt — e G R — R —VE -
9 Fii~ © FP A RELANRIEE (Fs)FIAR tnlRik (Fe) - 23 FUBE RS BALAHHFIAX 1
BT @BERHS SRR/ - S REARRATCTHERR AN THER R - BBRE
% (compression ratio, CA) EZERBRBHIFIENREHEFFHERECILE - 1R
FRETREROLENRIACHL - S BRHEFIARTE - — AR (TH IRHERY IERE(TS
FEE R HiB % E8 (contention controller, CCPZRMRE R —EFHERF SR
#aZE YA A gk (optical switch, OS) - [FIF CC T E—SHMEIIR T ERHA
HOGFHEARNIEE - 750 - RIRHE S HOC R FHEE g (optical data compressor,
ODC) » SCRRHE R TS FELAEE 775 | (optical delay queue, ODQ) = FHI > A
HEMRF I % BR EH A #i e (routing switch, RS) < —{EFANEER OS » RS KSR
FNESIERER R - THERGEE S8 (cell processor, CP)RFFFHEE R R FEANR
it H RS ERESE/ AR ImAR I - 2008 10 R -
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2. BREPUREREE
Compression Decision Algorithm (CDA)

9] Letj=D,.";
2)If (LAT;< Af) {

3) (S5, +NE)<4H)

4) St=At; /
5) 0f =0;

6) LAT;=S!+0};

7 } Else {

8) Sf=Sk +Nt;

9 Of =S;-4;

10) LAT;=S/+N};

11) }

12)  } Else {

13) If((SE,+ N}, <LAT) {
14) Sf=LAT;

15) Of= S§f-4f;
16) LAT;=S'+ N},
17) } Else {

18) Sf=8t +NL;
19) Qf=SF-A;
20) LAT;=S}+N};
21) }

22) }
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3. BEHER

11 ZREAERTIRIERVERIR T, 7RI EHALL SR AIHERE B TR, B AR 30
K/NN=2) - FRAEHTA/INL=50)BFHy 35 {751 E 3 (average queueing delay,
AQD) - CR=1.0 S{EHAYAIR T EMRZAERE) » HILEH AQD HYA/NY
A CR YA/ - T BEREBAEER T - REEEARES 055 AQD #ii
THEBEA - MRFTAREA BRI EMHEILERETE 60%  RHNEESEHE
BYSAHE

12 FREAE R RIS HEER A/ NN R R HERE & 15 (A) T > AQD FICR
HURRGR - ERR > BANZBRBEASREREWENHES -

13 588 CR=0.8 TEARAIRHER A/ - TR &R - FIREHIEAR
fEAR/IML=10, 50, 100 HHiE) THY AQD - {RIFREH » AR AHIFFIERATTIE -
SRR EERFRERMITY] - FIt ADQ BABRRYIZNN - R8RS & el
BF - HPTAT LSRR —EHY AQD - :ER BB T & FATERFHESR
WATHIE - MAERE L RITUE - RMAEBIA/NFIE - FEEMEBRERTT
AQD BREEIE X TAHE] - /NIFHEEH /N AQD -

[E=£]
1. MCWC %%

HAH) Manchester Coded Walsh Code (MCWC)J5E# Walsh code L1
Manchester code #5235 FRENLLU 01U HAR B Walsh code 4 chip 0’ [L’10°
HURUE Walsh code B chip ‘17 « FHHEEEAR) MCWC Hify4HE chip B4 2" %K »
HEAJSEHTEY MCWC » HhRER 2K 8 MCWC £HCK-DE - ©fks
PEAE -
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(1) ES{ETEHIREE (weight)fS K o
(2) HEEIBHIANEFR K RAFBRIARBEZENRO -
(3) NEITSHIATEFR K12 -

(4) HIR MCWC $RE #zUHRES - 71BN bit <0° F0 bit “1°{5F AR RAEES » Ll
N (BRI FHERIREEE NK - SEEREZTHABW- DEFERSE
WRTHEER K(V-1) /2 RREAESHBKERFHEAHTESR -

RS

2.1 MCWC #REi5E238

MCWC RS ZABAIE 14 FT57 » R HZVRAS + % data bit b=1 B -
B T &R MCWC % » ‘& data bit b=0 i > EE_tﬂﬁﬁ&}i*ﬁ MCWC #% - KJit,
TrRFTAERIINTTTR 0 5 1 SIS EIR R EE - 1 FARE
(3) » EBFHETEETE BRI EE - BRATAEE 2R B
SEATEY - AIATEEFRE 15 Fmegml iz MCWC SR8 » [re K (EERIR
ZBHES ¢ 5 MCWC S K [B@HOTH RS (chip) - 5—ROT S — a5
B B 10 AEBIBI S R - 0 BIRBAR S AT - I -
MCWC=01011010 % » F1 LT g 4 A BIBEREHT 4T « 547 KR -

2.2 MCWC f#538

AETEHH T ERHEREIER » 21 T TFI=1E MCWC fER525 204 -
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F—8 EESTH

B % TARIRMAE 16 Frn~ » FBEREREE @ m A ESRHEKE
HEEE  HEE&BERZINTEENRBEE - BRI IS
17 Fror » R#E o o8 B 8l B a9 B 2 2oL AR B 8% ROE IR & &5
[39-40][42][44-45] » T B Hx %< B R RE R (threshold circuit) 1R S EIR ]
FEIEE @ &= MCWC #5358 i By — 584 -

HR : HhraERg R

S—TEfERE AR 18 Fn » ER—EE RIS HEE - BB EERE-ER
#l(broadcast-and-select) HIHEES - EEREMEY - AR AXZERFF
FiR[46] - TEERHMEGRRT » P T — R EX(time-slot) 5 R L5 Y & 52 AR
S I METTHRER R A EE RS TR ERT
EE - SRR S 2R AR 19 Fs . HRNERRHERRICHEEF
RS AT R R E AR N - FTDAEYARRS 28 BOLIRBISS LUK
FYRERR AR AR » 1B OEET AR B AT I H 255
i - ElREY ] AU AERRERA0E 20 Ao - ERATRAZOLIREIZS - NIRRT
SRAERE » BMIRET T —EANE 21 FrRH R B T RREOEIR G5 » B
B RTERE 15 FEREFE - HRr R RE 22 4 -

B FEHR AR

FEBEFPHERE T AR S A LNE] 23 Fn @ FIARISHER - BRI+
EE - USRS LABTHAIEREAE N KILEEE s s
85T —FRRRMEHERER & N HAEETRE TR MCWC BrU%FiE
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(4) - PEHIBARBAETER - FHRABOURFISLIREFRRER -

3. HfTRER

e ity MCWC 5t CDMA Rifths » BAMER 75 MCWC iy MUI
Z5t &k APD FEEARBEA—HIIAERE[47-18 ] > HTAGR AN T

3.1 F{—/1ZRIBHES

FERFZ MR 24 Frow - B EE TR ERHSIEEAER
f(Modified prime code)R#ft - #LIRHBRAVEIEAN BRI RH[40] - LIKSER
Z=BER5(Perfect difference code, PDC)RAR[43|FIMERELASES LB « AIRIFOEAth
(9% CDMA F##ft R E N AR - MCWC RRVSER R MEE >
EREFEREISRAMA I REWENGE © B =0 RN TEE & =15
BTEEINLERE  KEUREISE - BWHrIThRER - § b=0 IR 0
E b=1 B THEEN LETE - FTLIE NBUKES » b=0 f1 b=1 KRR
K ERSEREFEZ K - BB BUETES - & N SRR MCWC Rift
AR B RAREE TR BN HERRHIHERE -

3.2 PRI

FEIRM MERELIE 25 Frow - Bl FP{hEE e IR EZ I EXE B R
[41] ~ LUK PDC RAFMELE: - & N BN - $ERFIREE N KM TR
BANEE—/ BB - (BRE N AR - RS =R BRIE A ST RN &
N AT ERRVERZE - B R SEaRERRER N KM L7t - 570 PDC Rttt
HESRIFLARYSE =21 MCWC RftIEAERSZ21Y PDC R4 (B TER 23 HUiZHlER
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I A—EfE EE BRI 85(moving average) » HEE W (LTTFTtHIGHY
N BT - QUL HR AT B R (AR NV ERISERR T 2= - MR ESERE -
HE 25 \IEE - RAF/MA w=2 (IEBAF1548 - MCWC RrytERERITE

18 PDC F4f
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The beam-propagation method (BPM) is employed to analyze our unique coupling
scheme carried out last year, which combines a lensed fiber and a long-period fiber
grating (LPFG). The influences of a core within the fiber lens are investigated. As for the
fiber dependence of our coupling scheme, two typical types of fibers are studied, namely
dispersion-shifted and step-index fibers. With the BPM, the optimal coupling efficiencies
for various source waists with corresponding lens radii and working distances are
determined. We also compare the results obtained by ABCD method, and find that BPM
has better agreement with experimental results. We also propose a theoretical model of
nonlinear switching in binary long period fiber gratings (LPFG’s). In contrast to the
previous model of nonlinear switching in sinusoidal LPFG’s based on nonlinear
coupled-mode theory, this model illustrates how nonlinear phase modulations change the
phase-matching condition, and also exhibits the influences of the number of periods on
transmission. Based on this binary model, we investigate the dependence of pulse shapes
on nonlinear switching performance, and then demonstrate that the complete switching
can be achieved by use of an ideal square pulse with a given intensity. We further find
out the general conditions for either linear or nonlinear complete switching in LPFG’s.
Moreover, by applying the binary model to studying the nonlinear switching
performances in quasi-periodic LPFG’s, we predict the existence of nonlinear switching
in these LPFG’s as well as the achievement of their complete switching when an ideal
square pulse is used.
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The BPM has been applied to the analysis of beam evolution through the fiber lens
in the coupling scheme reported previously (see Fig. 1) [1-3]. Since the effects of lens
boundary and core cannot be properly accounted for in the ABCD method, the BPM is
considered a better approach for the analysis. We consider two kinds of waist sizes 1um
for the small-waist source and 3.25um for the large-waist source (see Fig. 2). From the
BPM simulation, because of the large divergence angle, the incident beam from a
small-waist source is truncated by the lens boundary, and partial energy is reflected from
the interface. The reflected field then causes the oscillation of the coupling efficiency
over the working distance. However, for the large-waist source, this effect is not
significant. In addition, the existence of a fiber core has no significant effect on the
coupling efficiency for the large- and the small-waist sources. Note for the large-waist
source, efficiencies can reach as much as ~83% and 84% for the cored and coreless
lenses, respectively. Also by our comparing the results from the BPM, the ABCD method
is found quite applicable to such analysis if the source has a large waist. The calculated
coupling efficiencies versus working distances are compared with the experiment results,
and an overall agreement is obtained. Fig. 3 shows the coupling efficiencies versus the
working distance for fiber-to-fiber coupling and LD-to-fiber coupling scheme. Fig. 4
shows the fiber dependence of our coupling scheme, the coupling constant kc-ci of a DSF
is larger than that of an SI-SMF, which explains why the transmission loss of the first
cladding mode of an SI-SMF, is small. By studying the coupling behavior of two kinds of
fibers, it was found that the longitudinal tolerance for a DSF is also larger. In Fig. 5, it
shows the dependence of optimal coupling efficiencies on source beam waists. We can
find that BPM is more consistent with the measured efficiencies and that the larger beam
waist would lead to a better optimal coupling efficiency. Finally, Fig. 6 shows the
optimal conditions versus the beam waist. Shown in Fig. 7(a) is the input-output
relationship for two LPFG’s, each with a total cell number of 120 (Lg = 69.5 mm). At
this length the transmission curves of the two gratings are barely distinguishable in the
linear limit and in higher-intensity regions where the pulse detuned from the resonance.
Little deviation is found the power ~1 Pc at which nonlinear phase modulations bring the
pulse into resonance. This deviation can be attributed to the difference in interplay
between linear couplings and nonlinear phase modulations of the two gratings.

For a sinusoidal LPFG, both processes distributed along the grating, whereas, for a
binary LPFG, couplings take place only at heterointerfaces between regions 0 and 1.
However, when fewer number of cells are compared, as for the case shown in Fig. 7(b),
where N = 15 (Lg = 8.7 mm), a larger deviation at the critical power is observed, while
two gratings remain similar in the linear limit and higher-intensity regions. This result
implies that, as the number of periods decreases, the nonlinear coupling behaviors that
are due to these two different mechanisms near the critical power are more distinct.
However, at the intensity region where the pulse is detuned, these two gratings are almost
the same.

Fig. 8 depicts the relative transmission curve for an almost ideal square pulse (FWHM,
75 ps), where the relative transmission is defined as the ratio of the integrated output
power to the initial power, and the input peak power is normalized to P.. The input
pulse’s profile is shown schematically in the inset. The resonance cladding mode is
chosen to be LPys, as the same as used for the simulation in Fig. 7. The central



wavelength of the pulse is set to 1 55 pm, which corresponds to off-resonance operation.
Grating strength Anyy = 2.51 x 10™ and the length of the LPFG are chosen to produce
complete linear coupling at Nes = 1.541 pm. It can be seen that the best switching ratio for
the square pulse is more than 95% at the input peak power of ~1.52 Pc.

Fig. 9 shows the evolution of normalized transmitted power along a uniform LPFG
with respect to the almost complete switching input peak power 1.52 Pc for the square
pulse. For a 50-ps square input pulse after propagating through a Fibonacci LPFG, the
relative transmission curve is as shown in Fig. 10. Except for a little degraded linear
transmission that is due to coupling to several weak cladding modes at this wavelength,
the existence of intensity-dependent switching is clearly seen for the Fibonacci LPFG,
just as for a uniform LPFG. And complete switching is almost achieved at the input peak
power of Pj, = 1.15 P.. To understand the local coupling behavior in the Fibonacci LPFG,
we choose the input peak power Py, = 1.15 P, as an example because it has the best
switching ratio. Fig. 11 shows the evolution of the normalized transmitted power. It can
be found that, except for a little fluctuation along the length of the Fibonacci LPFG, the
evolution curve is similar to that shown in Fig. 9.

mHELREF

We have completed 3/4 of the year’s project and published some results in the
renowned journals. The uncompleted item has moved to the recently approved project
and been pursued accordingly. Thanks to NSC’s continual supports, we feel confident
that our research group could establish her reputation in the world in the near future.
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Abstract

Broadband  fiber  network
attracts lot of attentions recently.
Especially using WDMA > CDMA -
SCMA techniques can increase capacity.
Nowadays highly reliable optical fiber
networks are strongly required because
optical fiber cables have been widely
introduced and high capacity signals are
transmittered through one fiber. This
means that serious problems will happen
when fiber fail. This project will develop
monitoring  techniques for smart
broadband optical fiber networks.

In the 1% year, we demonstrate a
novel high-resolution neural temperature
sensor using two fiber Bragg gratings
(FBG’s) and a modular artificial neural
network in this report. Because of the
fast computational ability of the modular
artificial neural network and sensitivity
of FBG’s, the sensor can make
high-resolution temperature and
frequency measurements in real time.
Further, a new silicon-on-insulator (SOI)
waveguide Michelson interferometer
sensor is also designed and analyzed in
this report. The authors compare an
optical SOI waveguide Michelson
interferometer Sensor, a
silicon-on-insulator Bragg waveguide
grating sensor, and a fiber Bragg grating
sensor for temperature sensing. The
sensing accuracy of SOI waveguide
Michelson interferometer sensor is
higher than the fiber Bragg grating
sensor. Moreover, the full width of half

maximum (FWHM) of the frequency
responses of pass-band of our proposed
SOI Michelson interferometers can be
designed much narrower than fiber and
SOI Bragg waveguide grating sensors
for sensing resolution enhancement.
Three popular WDM sensor networks
are studied with using the SOI
waveguide Michelson interferometer
sensor. Therefore, the environmental
information can be monitored by our
designed high-capacity and accuracy
enhanced WDM networks with SOI
waveguide Michelson interferometer
Sensors.

In the 2™ year, we focus on the
development of smart SCMA
communication network with CDMA
monitoring technique. Applying our

designed fiber lasers in smart
CDMA/SCMA network, the
simultaneous transmission

characteristics and noise are analyzed.
We developed five two-port fiber lasers
for the CDMA/SCMA fiber-optic
monitoring networks. The flexibility of
SCMA/CDMA transmission system has
been demonstrated from simulation
results.

In the 3™ year, we focus on the new
technology of router. Here, we design an
integrated device, which could select the
filtering wavelengths and increase the
reliability of optical network. The
tunable optical add-drop multiplexer
which combines Bragg-grating structure
and multimode interference structure.
We dope the Boron and Phosphorous
ions beside Bragg-grating structure and
add voltages to change the carrier
concentration distribution. By changing
carrier concentration distribution, the
index will change. We can drop the
specific wavelength from waveguide.
We could apply such a device into
optical network to save the finite
channel wavelength numbers.

Keywords : temperature sensor,
neural network, Michelson
interferometer, wavelength-division



multiplexing (WDM),
silicon-on-insulator(SOI),  waveguide,
optical networks, optical fiber network,
optical sensor, fiber laser, code division
multiplexing access (CDMA),
sub-carrier multiplexing access (SCMA)
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