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Design of Optical Full Encoders/Decoders for
Code-Based Photonic Routers
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Abstract—This paper demonstrates that standard multiplexers
as generalized Mach–Zehnder interferometers or waveguide
grating routers can be designed to generate/process a set of
orthogonal optical codes (OCs) with very high-correlation per-
formances. The same device can be used at the ingress node of
a generalized multiprotocol label switching network to generate
the photonic labels and at each routing node to perform all the
correlations simultaneously. To enhance the code cardinality,
without increasing the code length, this paper shows that it is
possible to use the proposed encoder/decoder architectures to
generate/process multidimensional OCs.

Index Terms—Codecs, coding, communication system routing,
decoding, optical correlators.

THE MOST promising trend of future optical networking
envisages a two-layer architecture with an upper data layer

devoted to service integration on Internet protocol (IP) and a
lower physical layer devoted to flexible optical transport. It is
widely recognized that a single control plane that governs both
layers is the solution to supporting the exponential growth of
internet traffic as well as to satisfying emerging requests for
new dynamic services, like bandwidth on demand or optical vir-
tual private networks. This is the concept upon which general-
ized multiprotocol label switching (GMPLS) and automatically
switched optical networks (ASONs) are based. ASONs pro-
vide new functionalities to optical networks, such as a dynamic
setup of optical connections, fast and efficient restoration mech-
anisms, and solutions for automatic topology discovery [1]–[4].
GMPLS introduces distributed intelligence in multilayer net-
works, and overlays an optical packet/burst switched network
to facilitate traffic engineering and reserve bandwidth for traffic
flows with different quality of service (QoS) [5]–[13]. There-
fore, GMPLS combines the flexibility of IP with the benefits
of connection-oriented protocols [14], providing virtual links
in the optical network: at each label edge routing (LER) node,
standard IP routing is suspended, and a label is inserted in front
of each data packet. At each label switch routing (LSR) node,
the data packets are routed according to the label value and for-
warded to the next hop with a new label value, as illustrated in
Fig. 1.

The generation and recognition of GMPLS labels in the
optical domain resolves the electronic router’s bottleneck. Ac-
cording to GMPLS resource reservation protocol (RSVP) and
constraint-based-routed label distribution protocol (CR-LDP),
a generalized label is a time slot, a wavelength, or a fiber of
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a bundle; data packets are switched in time, frequency, and
space domains, with a combined use of synchronous optical
network/synchronous digital hierarchy (SONET/SDH) time-di-
vision multiplexing (TDM), wavelength-division multiplexing
(WDM) techniques, and optical cross connects (OXCs). Ac-
cording to the natural hierarchy of label switch paths (LSPs),
nodes with fiber switch-capable (FSC) interfaces are followed
by nodes with lambda switch-capable (LSC) interfaces, fol-
lowed by nodes with TDM-capable interfaces, followed by
nodes with packet switch-capable (PSC) interfaces, which
route electronic data packets as shown in Fig. 2 [5]. In current
GMPLS network architectures, the LSP hierarchy is mandatory
as the number of required labels is much larger (about one
million per port) than the lambdas and TDM time slots (tens
to hundreds) and parallel links between pairs of nodes (rarely
more than ten) [5].

In standard GMPLS networks, WDM/TDM bandwidth allo-
cation is from a small discrete set of values, whereas the LSP
link bandwidth is not discrete: this shortcoming is often referred
as the granularity issue of GMPLS [5], [15]. In addition, as-
signing a label at each fiber, lambda, and TDM channel is a
serious concern, as well as the identification of the virtual path
connections and the fault detection/isolation, because of the net-
work management complexity. Finally, the open shortest path
first/intermediate system to intermediate system (OSPF/IS-IS)
routing protocol has to advertise the availability of optical re-
sources in the network, such as physical connections or band-
width on TDM/WDM links.

All of these shortcomings can be addressed, introducing a
new dimension in ASON/GMPLS switching capability by pho-
tonic codes. Photonic routers that switch data streams according
to optical codes (OCs) would enhance the flexibility of current
ASON/GMPLS, solve the label deficiency problem, simplify
the label distribution protocol, and enable a more efficient re-
source allocation and a faster bandwidth provisioning. Further-
more, the control planes of the data packet traffic and the optical
network could act as peers, and this more complete integration
between data and optical layers would greatly enhance the ef-
ficiency of network resources utilization. Management of op-
tical networks can be performed more cost effectively by fully
transparent OXCs, independent of wavelength and bit rate; fur-
thermore, labels can be much more easily distributed according
to standard protocols RSVP and CR-LDP, because they are not
related to network resources, avoiding any conflict during the
LSP setup. Finally, code-based photonic routers could also re-
place LSC routers, avoiding the use of tuneable laser sources,
optical add/drop multiplexers (OADMs), and wavelength con-
verters. In this case, WDM could be much more efficiently used
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Fig. 1. Scheme of a GMPLS network. At each LER node, a label is inserted in front of the optical data packet, and at each LSR node the packet is routed according
to the label value.

Fig. 2. LSP hierarchy in a GMPLS network. Nodes with FSC interfaces are followed by nodes with LSC interfaces, followed by nodes with TDM-capable
interfaces, followed by nodes with PSC interfaces.

to transport (and not route) aggregated data streams in core net-
works.

A photonic IP router that processes labels in the optical do-
main can process about packets per second, whereas the
processing speed of electrical IP routers is only packets per
second [17].

Kitayama and Wada developed very innovative architectures
for code-based photonic routers, where each LSR node con-
sists of an optical gate switch and a label processor [15]–[21].
The optical label processing is accomplished by splitting the in-
coming optical frame into as many copies as the entries in the
address bank; different all-optical correlators are employed
to perform the correlations in parallel, and the detection of the
autocorrelation peak reveals an exact match.

In a recent paper [22], a novel scheme for full encoders/de-
coders (E/D)s [23] has been presented that generate/process a
set of OCs simultaneously and can be advantageously used in
GMPLS networks, as well as in optical-code-division multiple-
access (OCDMA) networks [24], [25]. A tree of Mach–Zehnder
interferometers (MZIs) with input and output symmetrical 3-dB
couplers generates orthogonal OCs and that the same device
can be used to correlate code sequences directly in the op-
tical domain. It was remarked that the number of the OCs
coincides with the number of the code chips and that the E/D
can generate/process only a certain set of all the possible com-
binations; however, all of the OCs are orthogonal. In addition,
the analogy between the construction of the OC’s sequences and

a subband filtering process was evidenced, where a signal is an-
alyzed by a bank of optical filters [26].

A full E/D has a single input and outputs: at an ingress
LER node of the GMPLS of Fig. 1, a short light pulse (that
coincides with the label chip) is driven into the device input
and orthogonal labels are simultaneously generated. A single
label is selected by an optical switch and is multiplexed at the
head of a data packet, after an optical guard band that facilitates
the label removal or swapping, as illustrated in Fig. 3(a). At
every LSR node, the entire packet (label + data) is forwarded
to the device input, and correlation functions, with all the

entries of the table lookup, are obtained at its outputs: the
autocorrelation peak (ACP) detected at one output reveals an
exact match of the incoming label and the corresponding code,
as depicted in Fig. 3(b). Therefore, the same device can be used
at the each LER node to generate the OCs in the optical domain
as well as at each LSR node to process the photonic labels.

To reduce the error sensitivity, it is necessary that the max-
imum cross-correlation peak (CCP) is much lower than the ACP,
and we designed different E/D architectures to generate/process
different signature sets [22]. For instance, we generated the full
Hadamard code set that is characterized by ACP and max-
imum CCP ; for , the error sensitivity is
CCP/ACP . We also designed an optimal OC with a very
high error rejection: these labels have ACP , but a much
lower value of the CCP; for instance, for , the error sen-
sitivity is CCP/ACP so that the error rejection is en-
hanced 86% with respect to the Hadamard codes.
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Fig. 3. (a) Label generation at LER nodes: A single optical pulse is driven into the E/D input andN orthogonal optical labels are generated, which are multiplexed
at the head of the data packet. (b) Label recognition at LSR nodes: The entire packet (label + data) is forwarded to the device input, and N correlation functions
are obtained at the N outputs: The ACP detected at one output reveals an exact match of the incoming label and the corresponding code in the lookup table.

Fig. 4. GMZI configuration. The E/D is composed of two uniform MMI couplers with N inputs/outputs and a set of N delay lines with different lengths. i are
the input ports, k the output ports, j the array arms, and � the phase shifters values. In the right-hand side of the figure, the phase values of the OCs are reported.

The present paper demonstrates that the optimal codes from
a tree of MZIs can be generated by a generalized MZI (GMZI)
composed of two multimode interference (MMI) couplers, an
array of waveguides, and optical phase shifters, as illus-
trated in Fig. 4, or with a waveguide grating router (WGR),
which is shown in Fig. 5. Both devices are multiplexers that de-
compose the input signal into frequency channels, but they
can be designed also as full E/Ds: if a short chip pulse is driven
into their inputs, as a set of orthogonal OCs are obtained at their
outputs.

The design rules of an E/D with GMZI or WGR configura-
tions are different from those of a frequency multiplexer: for
instance, a multiplexer is usually designed to operate over
equally spaced wavelength channels, whereas it is necessary that
the OC chips are equally spaced. The aim of this present paper
is to furnish guidelines to design a full E/D using the architec-
tures of Figs. 4 and 5.

Fig. 5. WGR configuration. The E/D is composed of two slab couplers with
N inputs/outputs and a set of N delay lines with different lengths. i are the
input ports, k the output ports, and j the array arms. d is the pitch of the
arrayed-waveguide grating (AWG), and d and d are the pitches of the input
and output waveguide arrays, respectively. � and � are the diffraction angles
in the input and output slabs, respectively, and R is the slab focal length.

The devices of Figs. 4 and 5 generate orthogonal OCs,
each of which is composed of chips. Therefore, an increase
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Fig. 6. (a) Label generation at LER nodes with a multidimensional E/D: n optical pulse are driven into the E/D inputs, and N orthogonal optical labels are
generated, which are multiplexed at the head of the data packet. (b) Label recognition at LSR nodes with a multidimensional E/D: The entire packet (label + data)
is forwarded to one of the device inputs, and N correlation functions are obtained at the N outputs. The n ACPs detected at the n outputs reveal an exact match
of the incoming label and the corresponding code in the lookup table.

in the number of the orthogonal labels, often termed as code
cardinality, results in an increase of the label length and pro-
cessing time. This paper shows that it is possible to increase the
number of the labels without modifying their lengths, using mul-
tidimensional E/Ds, i.e., considering more than one input in the
devices of Figs. 4 and 5. We call these devices as multidimen-
sional E/Ds, in analogy to the time-spreading/wavelength-hop-
ping optical E/Ds that generate two-dimensional (2-D) OCs in
the time–frequency plane [27], [28]. However, in the present
paper, a single frequency is considered, even though the ex-
tension to the case of multifrequency multidimensional OCs is
quite immediate.

In Section III, it is shown that by driving optical pulses
into the E/D inputs, orthogonal OCs at their outputs are ob-
tained, as depicted in Fig. 6(a). The code cardinality of multidi-
mensional OCs depends on the number of the different combi-

nations of the inputs and is , whereas the code length re-

mains . For instance, for and with 4 input pulses,
70 different orghogonal labels can be generated, whereas for

and , 12 870 different labels can be built, solving
the GMPLS label deficiency problem. In addition, the same de-
vice can be used to correlate all the multidimensional labels; in
fact, if a label is driven into a device input, at the device out-
puts we measure ACPs and cross-correlation signals
[see Fig. 6(b)]. Therefore, an exact label matching is detected by
measuring ACPs, instead of a single ACP of a standard OC
set.

I. GMZI CONFIGURATION

In literature, the multiplexer of Fig. 4 is referred to as GMZI or
GMZI phasar [29] and has inputs and outputs. A standard
E/D has only a single input so that the first MMI coupler can be
either a uniform power splitter or a 1 nonuniform

splitter [30]. In the present paper, we consider only the first case,
as the layout of a GMZI with a nonuniform MMI splitter can be
easily designed according to the following guidelines.

We use the same numbering direction for the input ports ( ),
the output ports ( ), and the array arms ( ). The E/D of Fig. 4
is symmetrical in the sense that input and output ports can be
used interchangeably; in addition, owing to the reciprocity of
the device, the impulse response from the input to the
output coincides with the impulse response from the
input to the output , if and .

A uniform MMI coupler is a waveguide designed to support
a large number of modes on the transverse direction and to be
monomode along the vertical axis, which is connected to in-
coming and outgoing single-mode waveguides (see Fig. 7).
Due to the self-imaging property of multimode waveguides, a
field distribution at any of the inputs is reproduced at the output
plane in images, which have equal amplitudes and different
phases. To generate images, it is necessary that the MMI cou-
pler has a length [31], where and are any
positive integers without a common divisor and

(1)

Here, and are the propagation constants of the zeroth-
and first-order modes, respectively, the (effective) refractive
index, and the free-space wavelength [31]. is the effec-
tive width of the fundamental transverse mode, which is slightly
larger than the actual slab width , to take the lateral penetra-
tion depth of each mode field into account; for high-contrast
waveguides, one can assume . In the most number
of practical applications, integrated optical devices should be
as short as possible, and MMI couplers are usually designed
with . Fig. 7 shows the schematic of an MMI
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Fig. 7. Schematic of a uniformN�N MMI coupler. i and j are the input and
output ports, respectively. L and W are the length and the effective width of
the MMI coupler.

coupler; the incoming and outgoing waveguides are placed at
equally spaced positions and , respectively [32]

(2)

The phases associated with imaging input to output are
[30], [32]

(3)

with

(4)

From an inspection of (3), it is easy to verify that ,
owing to the symmetry of the device. An optical pulse at any
of MMI coupler inputs is reproduced at the coupler outputs in
the form of self-images and distributed to the array waveg-
uides, which have different lengths. The pulses travel different
paths in the array arms and delayed copies of the pulse are then
combined together by the following MMI coupler (see Fig. 4).
Therefore, the impulse response of a GMZI from the input to
the output is

(5)

where , is the Dirac delta, is a constant phase
shift introduced by the th phase shifter, and is the speed of
light in vacuum; moreover, is the length of the th array arm
and is the corresponding (effective) refractive index. Since
we are interested in OCs composed of equally spaced chips, it
is necessary that the lengths ( ) satisfy the
condition

with

integer and (6)

is the length of a reference waveguide, which is assumed to
be the shortest ( ), and is the minimum difference be-
tween two waveguides. Although in a general case, the lengths
of the array do not increase linearly with , it is necessary that

the array arm factors are all different and cover completely
the interval . We remark that this condition is not
included in the design rules of a GMZI phasar, because in that
case arbitrary values of the array arm factors can be chosen,
with the only requirement being that they all are different [30],
[33]

The impulse response from the input to the reference output
is

(7)

The OC at the output is a sequence of phase-shifted-
keyed (PSK) chips with equal amplitude and different phases:
the values have to be chosen so that the reference OC is con-
stituted of chips with equal phases, i.e.,

(8)

where are integers. For a fixed input and reference output
, the values of the phase shifters are computed from (8). We

observe that in general no phase shifters are required for a GMZI
multiplexer [30], [33].

If the OCs at the outputs and are orthogonal, the cross-
correlation function of the corresponding impulse responses is
about zero

and
(9)

The transfer function from the input to the output
can be evaluated by Fourier transforming (5), as follows:

(10)

and, in the frequency domain, (9) becomes

and
(11)

This condition is always satisfied if the transfer functions
are translated copies of the reference function

(12)
Here, is an integer that satisfies the condition that the values
corresponding to two different outputs are different, i.e.,

(13)

It is very important to note that (12) converts the requirement of
the OC’s orthogonality into a subband filtering condition, and
following this approach, in [22] we designed an optimal full E/D
as a tree of MZIs. This approach underlies the OC generation
method presented in this paper and allows us to transform a
multiplexer into a full E/D.

The label recognition capability depends on the ratio be-
tween the ACP and the maximum CCP [34]. An optimal code set
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is constituted of OCs with identical autocorrelation and cross-
correlation functions [22], and it can be generated by translating
the Fourier transform of a reference code in the frequency do-
main. The transfer function between the input and the refer-
ence output is

(14)
where use has been made of (8), and substituting it into (12), we
obtain as a result

(15)

By comparing (10) and (15), it is immediately verifiable that the
OCs are orthogonal if the following condition is satisfied:

(16)
where is an integer. Substituting (6) and (8) into the
left-hand side (LHS) and right-hand side (RHS) of (16),
respectively, we have

(17)

and by putting into the previous expression, we obtain

(18)

Finally, substituting (18) into (17), we get as result

(19)

with . We observe that . The
phase difference can be computed from (3) as follows:

(20)

with

(21)

is an integer, whereas is an integer multiple of four.
Therefore, the condition of (19) can be rewritten as (22) shown
at the bottom of the page, where indicates the modulo arith-
metic operation, which has been introduced to satisfy the con-
dition . These equations constitute one
of the main results of the present paper and give the design rules
for a full E/D realized as a GMZI. The second equation of (22)
allows us to evaluate the array factors and then the lengths of
the array arms . The first equation of (22) gives the relative
phase shifts between the OC at the reference output and the
OC at the output . Substituting (6) into (15), we can rewrite the
transfer function from the input to the output as

(23)

For the sake of simplicity, we can choose the reference length
so that (23) becomes

(24)

and the phases of the OCs at the output are multiples of ;
in this case, (18) reads

(25)

and the OCs generated by the GMZI configuration coincide with
those from the tree of MZIs of [22]. However, the condition

is not strictly necessary and does not affect the
OCs’ orthogonality. We remark that both the array arm factors

and the distribution of the OCs at the output do not depend
on the input , which influences only the values of the phase
shifters in (8).

To give a design example, we consider a GMZI with
inputs outputs, assuming that the reference output is

and that the input port is . From (22), we obtain
the array arm factors ;
assuming a chip interval equal to 5 ps, the array arms
lengths are mm. In addi-
tion, the values of the phase shifters, evaluated from (8), are

.
The reference code at the output has all phases equal to

(22)
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zero, whereas the labels at the other outputs are those reported
in Fig. 4: the full E/D generates -ary PSK labels, with
ACP , maximum CCP , and . The OCs

of Fig. 4 coincide with those from the optimal E/D of [22].
We observe the array arm factors given by (22) do not increase

monotonically with , and to avoid crossing of the guides, it
is necessary either to insert multiple bends or to use an
configuration [33]. To avoid this drawback, we can design a
GMZI with the additional requirement that , with
integer. In this case, it is , and the second equation of
(22) becomes

(26)

which is always satisfied for an even value of and .
Therefore, we can design an E/D considering only even inputs,
outputs, and array arms; in this case, the array arm lengths in-
crease monotonically.

Finally, we remark that it is difficult to fabricate MMI cou-
plers with a large number of inputs/outputs , and therefore,
the configuration of Fig. 4 allows us to generate/process only
a small number of codes. However, it is easy to demonstrate
that it is possible to generate OC sequences with a larger code
cardinality using a tree of GMZIs with appropriate delays ,
following a scheme analogous to that one of [22].

II. WGR CONFIGURATION

A standard WGR multiplexer consists of input waveg-
uides, output waveguides, two focusing slab waveguides, and
an AWG, as depicted in Fig. 5 [35], [36]. The location of the
input and output waveguides on each slab is based on the Row-
land circle construction, and the length between adjacent waveg-
uides in the grating varies by a constant [37], [38]. To design
a WGR as a full E/D, we consider the transfer function between
the input and the output

(27)

where and are the effective refractive indexes of the slab
and the array waveguide, respectively, is the pitch of the AWG,
and and are the diffraction angles in the input and output
slabs, respectively

(28)

The pitches of the input and output waveguide arrays are desig-
nated by and , respectively, and is the slab focal length.
Substituting (28) into (27), with the assumption , and
choosing the layout parameters such that

(29)

(27) becomes

(30)

For each input , we define a reference output waveguide
if and if ; the corresponding transfer

function is

(31)
and the relative impulse response is

(32)

where is the chip period of the OCs, which co-
incides with the inverse of the free spectral range of a WGR
multiplexer. The device of Fig. 5 builds the same OCs from a
GMZI or a tree of MZIs; in fact, from an inspection of (30), it
is easy to verify that the transfer function from the input to the
output is a translated version of the reference function

(33)

We also remark that it is

(34)

In this way, we demonstrated that a standard WGR can be de-
signed as a full E/D that generates/processes OCs, in an anal-
ogous way of the device described in the previous section.

Using the WGR configuration, the code cardinality can be
increased up to 256 or more, since the number of the outputs of
a standard WGR is not a limitation. However, the OCs generated
have lengths equal to , and therefore an increase of would
increase the label processing time at each routing node.

To avoid this drawback, we observe that the code cardinality
can be increased without changing the code length if we encode
labels on different wavelengths using tuneable lasers as sources
of the input chips. This approach is quite similar to the wave-
length-hopping time-spreading OCDMA [27], [28].

III. MULTIDIMENSIONAL OCs

Another way to increase the code cardinality without
increasing the code length is to generated multidimensional
codes. In fact, if we drive two or more pulses at the same
wavelength into the device inputs, we obtain orthogonal
OCs; since we can choose the inputs distribution in an arbitrary
way, we can build a larger set of orthogonal photonic labels. For

inputs, the code cardinality is increased up to ,

whereas the code length remains . The maximum number of
OCs of length that can be generated using a multidimensional

configuration is , obtained for inputs. For
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instance, with , the code cardinality of four-dimensional
OCs is 70.

We provide a simple example, considering a 2-D E/D. To gen-
erate the OCs, we send two identical pulses at the same wave-
length into the device inputs and . The transfer function to
the output is

(35)

where (or if ) is the reference output
corresponding to the input . The impulse response is

(36)

so that in general the OCs have unequal amplitudes and phases.
In particular, if , we generate OCs of length
composed only of even chip pulses with the same amplitudes.

In the present paper, we evidenced more times that the gener-
ation process of an optimal code sequence coincides with the fil-
tering process of a multiplexer. In the case of a multidimensional
E/D, each label is generated with filters (see (35)). When a
label is driven into any input ports, we measure ACPs at the
device outputs. For instance, if the label obtained at the output
is driven into the input port , we observe two autocorrela-
tion signals at the outputs and , due to the device reciprocity.
For a multidimensional OC set, we can reveal an exact match
measuring the simultaneous presence of two or more ACPs.

For a 2-D code set with , we have ACP , and
maximum CCP so that it is , slightly greater
than monodimensional OCs.

IV. CONCLUSION

A recent paper [22] introduced an innovative scheme for a
full E/D that generates/processes a set of optical labels si-
multaneously. It was shown that it is possible to build an optimal
code set, where all the labels have the same autocorrelation and
cross-correlation functions, with high ACP and low maximum
CCP.

The present paper shows that the code generation process is
analogous to a subband filtering and that standard multiplexers
like GMZIs or WGRs can be designed as full E/Ds. Design
guidelines were furnished for both architectures, evidencing the
analogies and the differences from standard phasars. The OCs

generated by the proposed devices have cardinality that coin-
cides with the code lengths. To increase the number of orthog-
onal labels, without changing their lengths, a new concept of
multidimensional E/D was introduced. If two or more identical
pulses were driven at full E/D inputs, a larger set of OCs were
obtained, whose cardinality depends on the number of different
input distributions. The exact matching of a code label is re-
vealed, detecting two or more ACPs. A multidimensional OC
has quite the same label recognition capability of a standard OC.
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