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Abstract The aim of this paper is to present a framework to analysis the performance of wavelength-division
demultiplexers incorporating cascaded stages. Each stage is used as a single-channel drop filter. The analysis is based on the
coupled-mode theory (CMT) and takes into account the interaction between successive stages. The CMT is first applied to
characterise a single-channel demultiplexer and the results are used to drive expressions for its scattering parameters. Then
the analysis is extended to a multi-channel demultiplexer using matrix formulation in order to calculate the scattering
parameters related to various ports. Simulation results are presented for two 3-channel demultiplexers, namely (1550, 1300,
850 nm) and (1650, 1550, 1450 nm) demultiplexers. The results reveal that the interaction between successive stages should
be taken into account to extract the demultiplexer performance accurately.
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1. Introduction

Wavelength-division multiplexing (WDM) is one of the
commonly used technologies to increase the capacity of
optical communication systems [1-3]. In WDM system,
multiple wavelength carriers, each modulated by relatively
low bit rate, are grouped (multiplexed) at the transmitter
side before launching into the fiber link. At the receiver side,
the WDM signal is separated (demultiplexed) to individual
wavelengths. Generally, the capacity of WDM system is
scaled by the number of used channels (wavelengths).
Optical demultiplexers are key components in WDM
systems and should be designed carefully to extract the
single channel at the base rate where electronics can be used.
In the past few years, there has been a tremendous interest
in the design of WDM demultiplexers using plasmonic
technology [4, 5], photonic crystal technology [6, 7], and
silicon photonic platform [8, 9].

One of the simplest methods to design multiple-channel
demultiplexers is based on cascade configuration [10-12].
Here the demultiplexer consists of multiple units connected
in series; each one is tuned to drop one wavelength (see Fig.
1). Each unit behaves as a narrow bnndpass filter and can be
implemented using different techniques.

The design of cascade demultiplexer usually relies
heavily on the design of one unit and then projects the
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results on other units after taking wavelength scaling into
account. In this design scenario, each unit is assumed to be
not interfered with the neighbouring units. This assumption
is justified when the channel spacing is much larger than the
bandwidth of the filtering action of each unit. If this
assumption is not valid, then more accurate analysis is
required to investigate the performance of the cascade
demultiplexer. This issue is addressed in this paper where
analytical framework based on coupled-mode theory (CMT)
is presented to characterise the WDM cascade
demultiplexer. The CMT is used to track the incident and
reflected forward and backward waves associated with each
unit.
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Figure 1. Concept of a cascade demultiplexer. DeMuxi represents the ith
unit used to drop the ith wavelength A

Without loss of generality, the analytical framework is
illustrated for a cascade demultiplexer whose units are
designed as channel-drop filter with wavelength selective
reflection cavity. This filter structure has been proposed by
Ren et al. [13] using photonic crystal platform to enhance
the drop efficiency. The concept has recently been used by
Lu et al. [14] to design a plasmonic demultiplexer for
optical communication systems. The demultiplexer unit
consists of a bus waveguide coupled laterally to two
cavities as shown in Fig. 2. One cavity is used to realize a
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resonant tunnelling-based channel drop filtering and the
other is used to realize wavelength-selective reflection

feedback.
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Figure 2. Schematic diagram of a single-channel demultiplexer consisting
of a drop nanocavity coupled with a feedback nanocavity

2. Background

This section presents CMT formulation for an optical
configuration containing a cavity coupled laterally to a
waveguide. The analysis stands heavily on the formulation
reported in [15] which has been used widely by other
workers [13, 14, 16-20].

2.1. Analysis of Channel Drop Filter Cavity

Figure 3 shows the basic structure of a cavity which is
side coupled to a bus waveguide and axially coupled to a
drop waveguide. The cavity is used for a resonant
tunnelling-based drop operation. The structure is treated as
a three-port system with a reference plane passing through
the centre of the cavity. It is assumed that the cavity, bus
waveguide, and drop waveguide support single mode in the
frequency range of interest with negligible nonlinear optics
effect. The cavity possesses mirror reflection symmetry
with respect to the reference plane. The amplitude of the
incoming waves are denoted by s,q, S;, and s,3. The
amplitudes of the outgoing waves are denoted by s_1, s_j,

and s_3.
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Figure 3. Channel drop filter with cavity 1 used for a resonant

tunnelling-based channel drop operation

The time evaluation of the amplitude of the mode in
cavity 1 can be expressed as [15, 17, 18]

da . Wo1  Wo1 Wo1 1) Wo1
— = (jw, — =2 ——2L _Z2hyg 4 ¢/On1 Siq +
ar = U1 =5 20p1 ZQd) 20y, 11
0 Wo1 0 Wo1
e/on /ﬁsu +el7d /Qd S4+3 (1
where

a = Cavity field amplitude.

w,1= Resonance frequency of the cavity.

Q,1= Quality factor due to intrinsic loss.

Q1= Quality factor of the cavity which is connected with
rate of decay into the bus waveguide.

Q4= Quality factor of the cavity which is related to the
rate of decay into the drop waveguide.

0,1= Phase of the coupling coefficient between the cavity
and the bus waveguide.

6,= Phase of the coupling coefficient between the cavity
and the drop waveguide.

The incoming and outgoing waves can be described as

—i w
S =S, —ed1 |Z2lg (2a)
2Qp1
= — e JOp1 | Lob
S,=S,—¢€ a (2b)
20p1
— w
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d

Let port 1 is the input port and set s,, =s,;3 =0.
Assume that s, has a (/") time dependence. Due to the
linearity of the system under observation, each wave can be
expressed as x(t) = Xe/®' | where X is the complex
amplitude.

Using a = Ae/®t and s,; = S,,€/** in Eqn. (1), with

Syp =843 = 0, ylelds
jOp1 [Lol
¢ \/Zle

D R Y
with
1 -1 1
Qe =0Qp1  +0Qu (3b)

Using Eqn. (3a) into Eqns. (2a-c), with s,, =s,, =0,
yields the following expressions describing the reflection
v, at the input port, the transmission t, through the bus,
and the transmission t; through the drop port

1
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2.2. Analysis of Wavelength-Selective Reflection Cavity

Figure 4 shows the basic structure of a feedback cavity
side coupled to a bus waveguide. It is assumed that both the
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cavity and bus waveguide support single mode in the
frequency range of interest with negligible nonlinear optics
effect. The cavity possesses mirror reflection symmetry
with respect to the reference plane. The amplitudes of the
incoming waves are denoted by s,; and s,,. The
amplitudes of outgoing waves are denoted by s_; and s_,.
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Figure 4. Basic structure of a waveguide side-coupled to cavity 2 which is
used to realize the wavelength-selective reflection function

The equation of the resonant mode in the cavity in time is
given by [15, 19, 20]

db . wo2 Wo2 io we2
—=(jw,., — b el b2 S
dt (] 02 Q02 szZ) + 20 +1t

jOp2 |Lo2
e 207 Si2 (5)

where

b = Cavity field amplitude.

w,= Resonance frequency of the cavity.

Q,>= Quality factor due to intrinsic loss.

Qp,= Quality factor due to the rate of decay into the bus
waveguide.

6),,= Phase of the coupling coefficient between the cavity
and the bus waveguide.

The outgoing waves are given by

S .=S8 —_ e_j9b2 Mb 6a

1= 54 - (62)

S_p =5, —e 02 [ZoZ (6b)
2Qp2

Let the input signal has (e/“!) time dependence. Using
Sy =S41€/°t, b = Be/*" and assuming the input signal
is applied at port 1 (i.e., sy = 0) then Eqn. (5) gives

/@2 [Lo2
20
‘Uagz @02 S+1 (7)
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Substituting Eqn. (7) into Eqns. (6a) and (6b) yields the
reflection and transmission coefficients, respectively
1
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When the excitation frequency equals the cavity
resonance frequency (i.e., w = w,;), then Eqns. (8a) and
(8b) reduce to Eqns. (9a) and (9b), respectively

1

1, = — 9a
o 1+2(gk2) (%)
Qp2
2(579)
Qo2
t, = —%— 9b
° 1+2(—gﬁ§) (9b)

When Q,, > Qp,, then tr, and ¢,
respectively.

The full-width at half-maximum (FWHM) of the
reflection spectrum can be obtained after finding the half
power cut-off frequencies

tend to 1 and O,

1
()2 =2 1r, 2 (10)
Using Eqns. (8a) and (9a) yields
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The plus (minus) sign in Eqn. (11) is associated with the
upper (lower) cut-off frequency
1

Wp = Wy + [sz 20, 2]woz (12a)

1 1
W = W ~ 5~ 7o—1wo2 (12b)

The FWHM is given by 0 = w;, — w;

1 1
T = 2002 [sz - ZQuz] (132)
o= 2’02 when  Q,; > Q) (13b)
b2

3. Analysis of Single-Channel
Demultiplexer

The single-channel demultiplexer can be represented as
two cavities coupled to a waveguide with one drop port. As
seen in Figure 5. The cavities 1 and 2 are used to realize
resonant tunnelling-based channel drop filterer and
wavelength-selective reflection feedback, respectively. The
structure can be considered as a three-port network where
ports 1, 2, and 3 represent, respectively, the input port, the
output port, and the drop port.

The coupled-mode theory can be used to describe the
time evaluation of the resonant modes as follows [13-16,

19]
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where a and b are the resonant mode in cavities 1 and 2,
respectively. Further

w,1= Resonance frequency of cavity 1.

w,,= Resonance frequency of cavity 2.

Q,1= Quality factor due to intrinsic loss of cavity 1.

Q,>= Quality factor due to intrinsic loss of cavity 2.

Qp1= Quality factor of cavity 1 that is connected with
rate of decay into the bus waveguide.

Q= Quality factor of cavity 2 that is connected with
rate of decay into the bus waveguide.

Q4= Quality factor of cavity 1 that is related to the rate of
decay into the drop waveguide.

6,1= Phase of the coupling coefficient between cavity 1
and the bus waveguide.

0,,= Phase of the coupling coefficient between cavity 2
and the bus waveguide.

6,= Phase of the coupling coefficient between the cavity
1 and the drop waveguide.

The incoming and outgoing waves can be described as
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Figure 5. Schematic diagram of demultiplexer filter based on the resonant
tunneling effect of the cavity (i.e., Cavity 1) near a bus waveguide with a
side-coupled reflection cavity (i.e., Cavity 2)

If the optical signal is applied at port 1 only (i.e., is
S4y = s43 = 0), then the optical scattering coefficient can
be expressed as (see Appendix for details)

T = |2 :
S

—V(cos @ —jsin®) —
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_1
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Gz Va2,
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@ = 28D (17b)
Further,

@= Phase between the two reference planes.
= Propagation constant of the bus waveguide.
D= Distance between the two reference planes.

It is worthing to introduce the amplitude and power
scattering parameters from port j to port i

— S
ty = 5 (18a)
The corresponding power scattering parameters is
S—L
Ty = |t 1P = |5 |2 (18b)

According to this notation system, T, =|tyl*, T, =
|t21]%, and Ty = [t51]*.

The analysis is carried further to investigate the
demultiplexer characteristics when the incoming optical
signal is applied at port 2. This is useful to characterise the
behaviour of a multi-channel demultiplexer implemented by
cascading multi single-channel units. Inserting S, = S;3 =
0 in Eqgns. (14) and (15) yields (see Appendix for more
details)

T, = |22 2
2 = =
Si
2
W(l V)2(cos @—j sin @) |
-V - (19a)
S w LV 1 1. |
1<w01 1.2lesm¢) 01 sz ZQb (1-V cos @)
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4. Analysis of Multi-Channel
Demultiplexer

The aim of this section is to compute the scattering
parameters of a multi-channel demultiplexer constructed by
cascading single-channel demultiplexers (see Fig. 6(a)). In
this figure, the forward and backward fields are presented by
A; (solid lines) and B; (dashed lines), respectively. The ith
stage of this configuration corresponds to the ith channel
demultiplexer DeMux;.

A A, A, Ay Ay
— 1¥-stage _,_ 28 _gtage - —b N _stage mmp
4 = (DeMux) o ) (DeMuX;) guue 4 = (DeMux,) ¢ =
B, B, B; By Bya

(@

Ay =51 —p| 1t stage 4 By =S,

B,=5 14 = (DeMuxy) __ »4,=5,

(b)

Figure 6. (a) Block diagram of an N-channel cascade demultiplexer
showing the forward fields (4) and backward fields (B). The drop ports are
not shown for purpose of clarity. (b) The first channel demultiplexer

Figure 6(b) illustrates the relation between the notations of
fields adopted here (4 and B) and the scattering field
notations for DeMux; . Here A4, =S,,, 4, =S, ,
B; = S_1, and B, = S,,. This stage can be described using
the concept of scattering matrix

_ [tin b2
T, = [t21 tzz] (20a)
S_1=t11841 2S5 (20b)
Sz = 1541 T 122542 (20¢)

Setting S,, = 0 yields
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S_
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From Eqn. (20b)
t
Si2 = t111 Si1+ S 1 (222)
Substituting Eqn. (22a) into Eqn. (20b) yields
Sop = (2 =) Sia + 25 (22b)

Equations (22a) and (22b) describe the relation between
the fields at port 1 with those at port 2. These two equations
can be combined in a matrix representation

Al _ 5 [Ar
PR @)
where
411 412
Q= [QZ1 Q22] (23b)

Note that the matrix Q4 relates the fields at port 2 to those
at port 1. The elements of the matrix Q4 are

t22t11

qu = to1 ==~ (24a)

G =2 (24b)

G =—% (24c)

G2 = (24d)
Similarly, for the ith demultiplexer

5] = @z @

For N-channel demultiplexer, the field at the (N+1)th
port is related to the fields at port 1 by

Ay _ Ay

BN+1] T 31] (262)

where
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_[Qu1 Q2] _ w
Qr = Q21 sz] == 0
When the optical signal is applied at port 1 (i.e., Byyq =
0), then the reflection and transmission coefficients can be
expressed as

(26b)

— B Q21
tp=-t=_ 27a
T A Q22 (272)
f, =2t = @y — 2 (27b)

It is clear from the above analysis that when the optical
signal is applied at port 1 of the N-channel demultiplexer,
then the fields at the output port ((N+1)th port) will be
known (Ay,1 from Eqn. (27b) and By, = 0). Then one
can go in opposite direction from port (N+1) to port 1 to
determine the field components A; and B; for each
demultiplexer unit. For example, for the Nth channel

demultiplexer
AN] -1 AN+1]
= 28a
Byl = By (282)
For the ith channel demultiplexer
Al _ i -1 [AN+1]
[Bi] N [szN Q | By (28b)

Note that By,; = 0 for the case under observation.

The above analysis can be extended further to calculate
the signal waves at the drop ports. Let the drop port of the ith
demultiplexer is denoted by d; (see Fig. 7). Note that
St1 =4, So1 = By, Siq+1) = Biyr,and S_g41y = Ay

A
S+ai | S-ai
|
A S+
—_— <
(DeMux;)
< - - - — >
S-i S_(i+1)

Figure 7. Basic description of the single-channel demultiplexer including
the drop port

Under the assumption that no signal is coming to port d;
(i.e., Syq, = 0), then

S_a,;=A1;S+i + d2i S+ (29a)
or
S_g,;=d1;4; + d3:B(i11) (29b)
Then
_S-q
=g |5+(i+1)=0
JOp1-6)___1 [1—-V (cos @—j sin B)]
_ /20510
_ i (29¢)

(L9 1y V)l f Lo
j(mul 1.Zlesm Q/'QolledIZsz\l V cos @)

e/ 0p1=09)__1
V205104
(o Vo, 111
’(wol AT TR ) AT PERE T RET P

[1-V (cos @/2—j sin B/2)]

(29d)

1-V cos @)

5. Simulation Results
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Figure 8. Power spectra associated with the (1550, 1300, 850 nm)
demultiplexer. (a) Drop efficiency at each of the three ports. (b) Power
transmission coefficient at the output port. (c) Power reflection coefficient at
the input port
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demultiplexer. (a) Drop efficiency at each of the three ports. (b) Power
transmission coefficient at the output port. (c) Power reflection coefficient at
the input port
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Simulation results are presented for two three-channel
demultiplexers, (1550, 1300, 850 nm) and (1650, 1550, 1450
nm). The parameters values used in the simulation are
Q,1 =2200, Q, =2200, Q,1 =80, Q,, =80, and Q4 =40.
Further, SD = nm.
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The spectral characteristics of the two demultiplexers are
displayed in Figs. 8 and 9, respectively. Each figure contains
three parts with part “a” displays the drop efficiency at each
of the three ports. Parts “b” and “c” show, respectively, the
power transmission coefficient at the demultiplexer output
port and the power reflection coefficient at the demultiplexer
input port. Comparing the result in Fig. 8(a) and Fig. 9(a)
reveals the effect of the channel spacing on the drop
efficiency.

6. Conclusions

This paper has presented a methodology for the analysis of
a multi-channel WDM demultiplexer incorporating cascaded
stages. The scattering parameters of each stage have been
derived using CMT and the results have been used to
characterise the performance of the multi-channel
demultiplexer using signal flow transformation. The analysis
can be used as a guideline to address the effect of
interference between adjacent channels in WDM
demultiplexers.

Appendix

Derivation of Transmission Coefficients of the
Single-Cannel Demultiplexer

The single-channel demultiplexer under investigation
consists of two cavities laterally coupled to a bus waveguide.
The demultiplexer is treated as a three-port network as
illustrated in section 3 and its characteristics is governed by
Eqns. (14) and (15). The aim of this appendix is to derive the
transmission coefficient of the demultiplexer when the signal
is incident only at port 1 (forward-incident signal) or port 2
(backward-incident signal).

a. Forward-Incident Signal

Set s, =543 =0, and let s,;, @, and b have a (e/**)
time dependence. then from Eqns. (14a) and (14b) one gets

‘a)A=('a) —M_wol_w)z‘l+eﬂ’b1 ol g+
J J®o1 = 0,0 T 20 204 2051 Ot1

]'g Wo1 ~
el [Z2Ls (A1)
. — . _ W2 _ M ]*9 W2 N
JwB (]woz Qo2 Zsz) B+ el 2Qp2 S (A2)
Simplifying Eqn. (A2), one gets
0 b2 /%
T i (w— 1202 ®o2 S+2 (A3)
J(w=we2) Qo2 2Qp
Substituting Eqn. (15¢) into Eqn. (15c) yields
$ 1= (84, —e 02 /MB)e—jﬁD (A4)
2Qp2
Substituting Eqn. (A3) into Eqn. (A4) yields
S41=-Ve IS, (AS)
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where
_1
_ 20Qp2
A —— (16a)
J wo2 Qo2 2Qp3

Substituting Eqn. (15b) into Eqn. (15f) yields

Sy = (5S4 —eSon /ﬂA)e—jﬁD (A6)
20Qp1
Substituting Eqn. (A6) into Eqn. (AS) yields

= — — e i9n /fiﬂL‘4 -jo
S V(Si1—e 200 Je

Substituting Eqn. (A7) into Eqn. (A1) and using e /% =
cos @ — j sin @, one gets
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Substituting Eqns. (A7) and (A8) into Eqn. (15a) yields
5. —V(cos® — j sin @)

S+1

(A7)

A= Sy (A8)

ﬁ(l—V(cos @—j sin (D))2

T e .V 11 1 (A9)
J(m_al_l T sin (2)/ Yoo 20, .Zle\l—V cos @)

Taking absolute and square to Eqn. (A9), one gets Eqn.
(16a).

Substituting Eqn. (A3) into Eqn. (15d) yields

S.p-(1=1)S', (A10)
Substituting Eqns. (A6) and (A8) into Eqn. (A10) yields

§f=(1—V)(1—

ﬁ@—wcos 9—j sin 8))

—j0/2
{w .V N 1 1 1 e (AL1)
]<m_1'20b15‘“ ®)'Qo1 204" 20p1

Taking absolute and square to Eqn. (A11), one gets Eqn.
(16b).

Substituting Eqn. (A8) into Eqn. (15g) yields

e/ 0p1=09)__1

(1-V cos @)

(1-V(cos @—j sin @)

=3 - LLTYLE (A12)
5+1_j(“’ g —sin 8 )+ —+z0—+5a—(1V cos 0)
Wo1 2Qp1 Qo1 204 2Qp1°

Taking the square of the absolute value of Eqn. (A12)
gives Eqn. (16c).

b. Backward-Incident Signal

Set s,y =s,3=0, and let s,, has a (e/®) time
dependence, then from Eqns. (14a) and (14b) one gets

JwA =

, wy1 Wo1 wal) i0
Wy — L — L — =2} 4 4 elfn
(J oL 7 00 201 204

el0p2 | Lo2
{20
= w_nzbz oz O+2 T
J(@=wo2)tg 30,5
Substituting Eqn. (A14) into Eqn. (A4) yields
S =(A =Sy, —VS,)e PP

Substituting Eqn. (A6) into Eqn. (A15) yields

Wo1 S\
2Qp1 +1
effp2 |Lo2
20p2 N
Wg2 , Wo2 S +2 (Al4)

j@=wo2)t Gl

(A13)

(A15)

S=0-V)e LS, , + Ve % I /2“22—"1,4 (A16)
b1
Substituting Eqn. (A16) into Eqn. (A13) and using
e = cos @ — j sin@ one gets

—j0 1 [@ol ;4 o
. e /b1 Zle(1 V(cos (@/2)—j sin (8/2)))

Si2 (A7)

i 0, V) P01, Wol, Wol q_
on1(w01 1.2Qb151n QJ'Qolled'Zle\l V cos @)

Substituting Eqn. (A14) into Eqn. (15d) yields
S,=010-V)S, —VS,, (A18)
Substituting Eqns. (A6) and (A17) into Eqn. (A18) yields

S-2 _

S+2

1 N2 e
v Zle(1 V)“(cos @—j sin @)

(A19)

1 1 1 1 1 1
"Qo1 2Qq '2Qp1

j(w“;l—1 : ZQVM sin @) (1-V cos @)
Taking absolute and square to Eqn. (A19), one gets Eqn.
(19a).

Substituting Eqns. (A16) and (A17) into Eqn. (15a) yields
Soa-va-
St2

1
1 o 1
Zle(V(cos(Z) j sin ©)) )e_j®/2

(A20)

W v N, 1 1 1
](wo1 T A PERET PR T

(1-V cos ©)

Taking absolute and square to Eqn. (A20), one gets Eqn.
(19b).
Substituting Eqn. (A17) into Eqn. (15g) yields

J©p1-00) _L__(1-v 2)—j sin (9/2
s _° Oy
St2 j(—w —14 4 sin (D)I L } L } 1 (1-V cos @)

@o1l 2Qp1 Qo1 2Qqg 2Qb1\

Taking the square of the absolute value of Eqn. (A21)
gives Eqn. (19¢).
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