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Abstract

In this paper, an overview of the optical ring resonators operation
principle, fabrication and applications is presented. Emphasis was
given for their add/drop functionality in Wavelength Division
Multiplexing (WDM) networks. Ring resonator based Optical
Add/Drop Multiplexer (OADMs) and filters are shown to be good
candidates to realize Planar Lightwave Circuits (PLCs). They have
a small ‘real estate’ requirement and are therefore potentially useful
for large scale integrated optical circuits. However, like any other
optical filters, ring resonator based OADM s are prone to crosstalk.
The crosstalk suppression ratio (which is defined as the difference
between the drop and through port responses at resonance) is shown
to be highly affected by coupling coefficients. Controlling the
coupling coefficients through careful design of the waveguide cross
section, separation gap, and the length of the coupling region allows
for increased crosstalk suppression ratio. Crosstalk in ring resonator
based OADMs is modelled in this paper and an overview of the
current state of knowledge about mitigating crosstalk is presented.

Keywords: Add/drop multiplexer, Bit error rate, Crosstalk, Ring
resonators, Silicon-On-Insulator, sidewall roughness.

1. Introduction

Wavelength-Division-Multiplexing (WDM) using Silicon-On-
Insulator (SOI) waveguides has become an attractive area of
research to enable high integration density of photonic components
as well as to ensure high speed data transmission [1]. In SOI
technology, the high index contrast between core and cladding
materials allows for light propagation in a small cross-section
silicon waveguide with very little optical leakage [2]. Therefore,
SOl is suitable for integrating photonic components at the
micrometer scale [3].

WDM communication networks require optical components which
can separate closely spaced channels effectively and allow for the
flexible addition and dropping of channels [4]. Add/drop
multiplexers (OADMSs) and filters that drop one channel of WDM
signal, without disturbing other channels, are essential elements in
all-optical networks [5, 6]. Ring resonator based OADMSs for WDM
networks are considered as one example of SOI technology [3].
Ring resonators are promising devices for different applications in
all-optical networks, such as filters, switches and optical delay lines
[7-9]. Their small size allows for high density integration in optical
photonic circuits by exploiting the availability of CMOS fabrication
facilities [10]. Coupling a closed loop resonator with a bus
waveguide leads to a new structure with a filter-like behaviour.
Careful choice of the coupling coefficients between ring and bus
waveguides has a great effect on the filter crosstalk performance.

This paper presents a review in the progress of optical ring
resonators with the aim of modelling the crosstalk in OADMs. Inter
and intra-band crosstalk in ring resonator OADMs is modelled, and

the current state of knowledge for crosstalk mitigation techniques in
WDM networks is presented.

2. Optical Ring Resonators

Ring resonators were first proposed by Marcatili [11] to support
travelling wave resonant modes. A re-entrant waveguide with a
perimeter of several um was used to construct an optical resonator.
The resonator was coupled to an external waveguide to get a
transfer of the optical energy. The resultant structure (shown in
Figure 1) supports a number of circulating wavelengths that satisfy
the resonance condition m - Ao = negr - [, Where, m is an integer
represents the mode number, [ is the average resonator perimeter,
and neg is the effective refractive index. The difference between
two consecutive resonances is called the Free Spectral Range
(FSR), which is of great interest in WDM systems.
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Figure 1. A schematic diagram of a ring resonator
based all-pass filter.

If a WDM signal is launched at the input port in Figure 1,
wavelengths that satisfy the resonant condition will be coupled to
the ring. The constructive interference after each round trip results
in an increase of the optical power in the resonator. The transfer of
optical power is realized by exploiting the coupling between the
evanescent modes in the ring and bus waveguide. This structure
represents a ring resonator based all-pass filter which is used for
dispersion compensation in WDM networks [12]. In the ring
resonator based OADM (Figure 2) there is another bus waveguide
coupled to the resonator. Therefore, the stored energy will coupled
to the output waveguide leading to a build-up of optical power at the
drop port and resulting in a notch in the through port response (due
to coupling) [13, 14]. The resonator length and refractive index
contrast determine the resonant wavelength, whereas, the coupling
and loss coefficients are responsible for deciding the spectral
response shape. Coupling coefficients are dependent on the
coupling region characteristics (separation gap and coupling length),
while losses are related to the type of materials used and the length
of resonator, as well [15].

The propagation of light in any bounded medium is based on the
refractive index contrast [16]. Low index contrast (LIC) materials
were used first for optical waveguide fabrication, where the
difference between core and cladding refractive indices is low. A
reduction of the propagation loss was achieved using conventional
LIC devices [17]. However, large radius resonators were required to
ensure high confinement of the light. This means large size



components with a small FSR (FSR is inversely related to the
radius).
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Figure 2. a. Ring resonator add/drop filter. b. Racetrack
resonator based OADM.

The FSR is required to be as high as possible to accommodate a
wide bandwidth in the C-window (1535-1565 nm). Therefore, a
number of rings (with different radii) were coupled in series to
increase the FSR using the Vernier effect [18-20]. The Vernier
effect extends the FSR by reducing all resonances which are not an
integer multiple of the FSR of each individual ring. The new FSR is
related to the FSR of each ring as [21]:

FSRextendea = M1 FSRy = n,FSR,
Where, n, and n, are integers.

Figure 3 shows how the Vernier effect is used to increase the FSR.
For example, to obtain a 4.8 THz Free Spectral Range (wider than
the C-window), a small ring with 2.23 um radius is required (dotted
red line in Figure 3). Using such small ring radius will increase
bending loss and complexity. Therefore, two rings of 9 um and
11.1 um can be coupled in series to obtain similar FSR (blue line in
Figure 3). This will reduce the complexity and losses.
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Figure 3. Analytically calculated drop port response of a
series double RR with different radii (blue line)
and identical radii (dotted red line).

The advancement in fabrication technologies has enabled the
construction of small radii resonators using high index contrast
material (HIC) [22]. High index contrast between core and cladding
refractive indices results in a strong confinement of light even with
a small bend radius. A large FSR (up to 32 nm) with a low level of
bending loss has been achieved [3]. Polycrystalline silicon (poly Si)
waveguides were proposed in [23] with radii of 3 ,4, and 5 pm and a
FSR about 20-30 nm. The disadvantage of this design was the
presence of a high insertion loss in the through port. Silicon nitride
SiN was also used in [24] and a ring of radius 8 um was fabricated
to achieve 20 nm FSR. Recently, Silicon-On-Insulator (SOI) has
been used which allows for the fabrication of small radius rings
(using CMOS technology) with low bending and scattering losses
[25].

Silicon-On-Insulator (SOI) waveguides are a promising
technology for integrated photonic devices in WDM networks [26].

In this technology the propagation loss is relatively low [27].
However, the back reflection effect due to sidewall roughness is of
great importance [28, 29]. Sidewall roughness is usually considered
as a random perturbation and back reflection is treated as a
stochastic variable [29].

The analytical calculations in [21] showed that the
performance of a resonator is strongly affected by the characteristics
of the surface roughness. The statistics of the sidewall roughness
induced back reflection were investigated experimentally, first, in
uncoupled optical waveguides [30]. It was shown that the intensity
of back reflection follows the distribution of a single scattering
system with a strong dependence upon waveguide length. Secondly,
the change in back reflection characteristics when a ring resonator is
coupled to an optical waveguide was examined in [31] and showed
that, after a multiple round trip in the ring resonator, back reflection
increases coherently and can affect the behaviour of the filter even
at moderate quality factors (high coupling coefficients). In rough-
walled ring resonators, back reflection is a well-known cause of
resonance splitting due to mutual coupling between forward and
counter-directional modes [21, 32-35]. This effect has been
exploited to improve the extinction ratio by increasing the depth of
the through port at resonance [32].

SOI ring resonators are receiving an increased level of
attention from many research groups. IMEC (Belgium) is one of the
centres that work on the use of SOI single mode optical waveguides
[34, 36]. They fabricated a ring resonator with a 5 pum radius
[37]with losses ranging from 2.5-3 dB/cm and FSR of 13.7 nm.
Other groups such as the Institute fur Halbeitertechni (Germany) [1,
38], California Institute of Technology [39], the University of
Wisconsin-Madison (USA) [40], and the Politecnico di Milano
(Italy) [31, 35, 41], have fabricated ring and race track SOI
resonators for different applications. Reducing the ring size leads to
an increase in the coupling coefficient sensitivity to fabrication
process (due to close proximity between ring and bus waveguides).
To reduce the coupling coefficient sensitivity, a straight waveguide
section was introduced to increase the coupling region. The
resulting shape is a racetrack-like resonator (Figure 2 b) [42].
However, this will increase the resonator perimeter and results in a
reduced FSR. Racetrack resonators with improved FSR were
designed using the Vernier effect [43, 44].

Ring resonators can be used to drop single or multiple channels
from WDM signal [45, 46]. A four channel dropping structure was
proposed based on a compact parent-sub micro-ring resonator [43].
Also, nine channel OADM was fabricated by using SOI resonators
[47]. Series and parallel coupled ring resonators have been proposed
and used to enhance the spectral characteristics of OADMs by
increasing the out of band rejection ratio and obtaining a sharp roll-
off from pass-band to stop-band [48-52].

3. Coupling in Ring Resonators

There are two main approaches in which the coupling of light
between the bent and bus waveguides is achieved: lateral and
vertical coupling. The waveguide cross section in each scheme is
different in order to support the required mode for each case. The
TE mode is the dominant mode for the lateral coupling. For
vertical coupling, the TM mode is dominant.

3.1. Lateral Coupling

If the bus and bent waveguides are placed in the same plane, as
shown in Figure 4, the coupling will take place horizontally. This is
the lateral coupling configuration. The coupling strength is
controlled by the gap width between waveguides. The small gap



size required to ensure strong coupling in a HIC material makes this

scheme of high sensitivity to the engraving and lithography

procedures [53].
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Figure 4. Laterally coupled ring resonator.

3.2. Vertical Coupling

In a vertical coupling configuration, bus and bent waveguides are
etched in different layers (as shown in Figure 5). From the design
point of view, this means increased flexibility because the ring and
bus waveguides can be optimized separately [54]. The separation
layer thickness (d) and the lateral deviation between bus
waveguides and the ring will affect the coupling strength in this
scheme [55]. Enhancing the crosstalk performance of a vertical
coupled OADM, by optimizing the ring parameters.

Input port

Figure 5. Vertical coupled ring resonator.

4. Cascaded Coupled Ring Resonators.
OADM improved spectral characteristics such as flat pass band
response, high out-of-band rejection ratio and sharp step function
can be obtained by using multiple (series or parallel) coupled ring
resonators.

4.1. Series Coupling

Figure 6 shows the schematic of series coupled double ring
resonators. Several rings can be placed between the input and the
output bus waveguides. The outer coupling coefficients (between
bus waveguides and outer rings) and the coupling between inter-
rings are modelled by directional couplers with coupling
coefficients, k,, and through coupling coefficient t,,. If a defined
WDM signal is injected as a source at the input port (port 1 in
Figure 6), the frequency response will be as follows:

1.0ff-resonance, the fraction of light, which has completed a
single round trip in the first ring, interferes destructively with
the light that has just coupled to the ring. There will be no build-
up of the power inside the resonator. Only a small amount of
light will couple to the second ring. The light remains mainly in
the bus waveguides and propagates to the through port.

2.At resonance, the fraction of light that has just completed one
round-trip in the first ring interferes constructively with the light
coupled to the ring resulting in a coherent build-up of the power
inside the ring resonator. After multiple coupling between inner-
rings, the light will be dropped at port 3 (Figure 6) if the number
of rings is odd, or it will be dropped at port 4 (opposite to port
3) if the number of rings is even.

Ring radii are either of the same size to support similar resonance
wavelengths or with different sizes arranged to support a specific
wavelength based on the Vernier effect [43, 44].
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Figure 6. The schematic of N-series coupled ring
resonator.

4.2. Parallel Coupling

In this configuration, rings are arranged in such a way that there is
no direct coupling between the nearest neighbouring rings (as
shown in Figure 7). Therefore, it offers more flexibility in the
fabrication process compared to the serial configuration (no inter-
ring coupling). The centre-to-centre separation between the
nearest neighbour rings (L,) will determine the filter response.
Therefore, this distance should be chosen carefully to obtain the
desired interference at the specified wavelength range. The useful
wavelength range is rather limited due to the phase change that
occurs due to the separation (L,-) between the rings. Outside this
range the output of the drop port will vary in an undesirable way
due to the interference of light coming from the individual
resonators.
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Figure 7. The schematic of N-parallel coupled ring
resonator.

5. Ring Resonator Based OADMs

In this configuration, two directional couplers are formed as
shown in Figure 8. Directional couplers are defined by coupling
coefficient (k), and through coefficient (t) [56]. The coupling
region length, gap width and refractive index profile determine the
values of k? and t2. For lossless coupling, k? + t? = 1. However,
the coupling losses are included in the loss coefficient a of the
ring which determines the total reduction of the wave after one
round trip.
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Figure 8. Schematic diagram of the ring resonator based
OADM.

The spectral responses of ring resonator based OADMs are highly
affected by the coupling region’s characteristics. Symmetrical
coupled OADMs are realized by similar directional couplers (i.e
k; = k,). OADMs are said to be asymmetrically coupled if



k, # k,, which is physically realized by a different separation gap
in each side of the ring [52, 57]. The drop and through port
transfer functions of a single ring resonator OADM are calculated
using the space domain Coupled Mode Theory (CMT) [10, 15,
58], as in (1) and (2), respectively:

—k;k, - x1/2
Gg=—12 "
1—tyt,x 1)
(t1 — t2%)
Gy, = —— 2
il praraee )

Where, x=e“2=JBD js the round trip propagation coefficient and
I is the ring perimeter. Coupling and loss coefficients affect all the
filter parameters, starting from the insertion loss to finesse as
shown in equations (3) to (10) below:

1. Through port response (Insertion loss):
t2e72% — 2t t,e " cospl + ;2
1 — 2t;t,e%cospl + t; 2t,%e20d
At resonance (through port notch):

(tre= —t;)* @)
(1 —tyteod)?

The ratio between the maximum and minimum values of the
through port response represents the extinction ratio, ERyy:

IR = |G, |? = (3)

IRpes =

Rpmax _ [(1—titze™) - (e +t;) 2

ERy, = =
"7 MRpes | (e —t) - (1 + tytpe=)

2. Drop port response:

k, 2k, %e~
DR = |Gg|? = 1 2, 2 1 5
1 — 2t t,ecosPl + t,2t,%e 2% ©)
At resonance:
k, 2k, e~
DRyes = la “alNz 6
(1 —tyteh) (6)

The ratio between the maximum and minimum values of the drop
port response represents the out-of-band rejection ratio, OBRR:

(1 + tytye™h)?

(1 —tyteo)?

3. Free spectral range (FSR): the frequency separation
between two consecutive resonances [34].

Ares”
ngl (7)
4.  Full width at half maximum FWHM:
a- tltze_al) ' xresz

mngl -/t te= 8

OBRR =

FSR = Arest1 — Ares

IR

FWHM =

5. Q-factor, measures the number of round trips of the
stored energy before it drops to 0.367 (=1/e) of its initial
value, mathematically it can be expressed as:

Ares gl - y/tyt, - e~
FWHM A - (1 — tyt, - e-9) ©)
6. Finesse: is a measure of the ratio between the

resonances’ sharpness to their spacing, mathematically, it
can be expressed as [34]:

Qfactor =

FSR _ T - 4/ t1t2 . e_al
FWHM  (1-—tyt, - e ) (10)

7.Crosstalk suppression: is defined as the difference between
the drop and through port intensities at the resonance. It
represents the level of suppression of the unwanted
channels; mathematically it can be expressed as the
difference between equations (9) and (6).

8. Losses: the losses can be caused due to different factors
such as coupling losses and round trip losses (propagation
losses, sidewall roughness and fabrication mismatch of
waveguide width). All the losses are included in the
attenuation term (o), and used in all equation as e "1,

The key factors to assess the OADM performance are the through
port notch depth, maximum power dropped and the crosstalk
suppression ratio at resonance. Equations (3) to (10) show that a
careful choice of the coupling coefficient will result in substantial
performance enhancement. A typical frequency response of a
single ring resonator OADM is presented in Figure 9. It was
calculated using CST [59]. The through and drop port responses
are shown in this figure. Free spectral range (FSR) also explained
and Out of Band Rejection Ratio (OBRR) are illustrated in this
diagram.
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Figure 9. CST simulated frequency response of a single
ring resonator based OADM.

6. Crosstalk Modelling in Ring Resonators
Based OADMs

Crosstalk in ring resonator based OADMSs results from the non-
ideal dropping of channels [49]. The dropped channel will be
corrupted by the residual of the new added channel (intra-band
crosstalk). Inter-band crosstalk also occurs due to the adjacent
channels in a WDM signal [60]. In this section, the optical system
that uses on/off keying transmission is studied for crosstalk
modelling, without loss of generality [61]. The optical field can
be considered as a continuous wave CW of the form:

Es(t) = fs, / PS (t) . e(j®5t+j®5(t)) (11)

Where (Ps) the optical power, T represents the state of
polarization, wg is the frequency of light, and @4(t) is the
instantaneous optical phase.

After the propagation of the optical signal in an all-optical
network, many crosstalk terms will disturb it. The corrupted
optical field at the receiver input will be a combination of the
desired signal and the intra-system noise, and can be expressed as:

Epn(8) = Ex(D) + ) Ei(®
k



N
= fs\/FS ’ bs (t)e(iwst+j®5(t)) + Z fk €xPs

k=2 (12)
by (£) eI0Kkt+2K ()

Where, ¢, = % is the power ratio of the ky, crosstalk component

to the dropped channel power. bg(t) and by(t) represent the
binary symbols forming the amplitude modulating signal €{0,1}.

The receiver in such systems consists of a photo-detector followed
by an electrical filter and a decision (threshold) circuit [62, 63].
The photo-detector output current is proportional to the square of
the incident optical field. The output of an electrical filter is, then
compared with a decision threshold level (Ip) to decide whether a
“1” or “0” state was sent. The power leakage from unwanted
channels may lead to a “1” state at the receiver side while the
transmitted signal is “0” or vice versa, this will reduce the system
performance and increase the bit error rate (BER).

The receiver photo-current can be written as:
2

iph(t) = plEph(t)|2 =P

B(0)+ ) Ei(®
k

(13)

Where p represent the photodiode responsitivity and it will be
considered equal to unity for simplicity. The general form of the
photo current will consists of four terms [62] as below:

1. The signal power [Psbg(t)].
2. The crosstalk power [Py XN_, by (t) €].
3. The channel-crosstalk beating term

N
(2P, D" - ey Di®bs(®
k=2

- cos[(ws — o)t + B (D) — B (D]]

4. The crosstalk-crosstalk beat noise, which is of less
importance in the study of the system performance in
terms of crosstalk impairment [64].

N-1 N

2P ) ) R Pfaa - bu©bi©

k=2 I=k+1

- cos[(wi — wDt + B () — B,(D]]

The total current can be written as in Equation (14) below:

N N
ipn (D) = Bybs(0) + ) be(® e +2+ ) Toficy/ex
k= k=2

=
- br()bs(t)
- cos[(wg — w)t + B (1) — B (D]
N-1 N 14
+2- ?k . fl (SRS
- b (Ob (D)
- cos[(wyg — wt + B (t)
- 0]

The most important crosstalk contribution is the signal-crosstalk
beating term which can be considered as a random variable in
term of the phase [65].

6.1. Inter-Band Crosstalk

Considering the case that OADM is used to drop a single channel
among N WDM channels at the input port. The dropped channel
will be corrupted by the residual of (N-1) adjacent channels. The
drop port photo-current will consist of two terms (as in (15)), isis
the receiver current due to the dropped channel, and i, is the
summation of crosstalk currents resulting from the leaked power
of (N-1) adjacent channels.

Based on equation (14):

N
i =ig+ iy = Py[bs(t) + Z by (0) ] (15)
k=2

The third and fourth terms of equation (14) are small and
neglected due to the frequency difference between the dropped
and unwanted channels.

The level of crosstalk current i,, depends on:

1. The bit pattern of the (N-1) channels by (t). i,, becomes
maximum when all channels are in “1” state
simultaneously, which represent the worst case.

2. The suppression ratio (eg) for each adjacent channel
(drop port response).

Figure 10 shows the suppression ratio (eyx) for three channels
separated by 50 GHz (as specified by the ITU-T G.694.1
telecommunication standards [60]), in a single and double ring
resonator based OADM. For a single ring OADM, based on the
drop port response (solid line in Figure 10), the suppression ratio
is:

1. For first adjacent channel (50 GHz from the resonance),

Ek:—5. dB.

2. For the second channel (100 GHz from the resonance),
ek=—10. dB.

3. For the third channel (150 GHz from the resonance),
€,=—12 dB.

However, the drop port response depends on the coupling
coefficients and also on the number of resonators used (cascaded
rings). Increasing the order of the filter (the number of rings) will
lead to a sharp transition in the spectral response as shown in
Figure 10 (dashed line). Hence, a reduction in the inter-band
crosstalk can be achieved. The suppression ratio for adjacent
channels in a double ring resonator OADM are: —14.5 dB, —26.5
dB and —32.7 dB for a 50 GHz, 100 GHz and 150 GHz spaced
channels, respectively. Reducing the effect of inter-band crosstalk
requires enhancing the drop port response shape by using multiple
rings (increasing the order of the filter [66, 67].
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Figure 10. Drop port response for single (solid) and
double (dashed) ring resonators.

6.2. Intra-Band Crosstalk

Intra-band crosstalk is the main source of system performance
degradation in all-optical networks [5]. It occurs due to the power
leakage from the new added channel E,(t) of a similar
wavelength to that of the dropped channel E4(t).



The photo current at the receiver can be expressed as:

ipn(®) = plEpn(D]” = plEa(O) + B4 OI? 16)

The photo-current in (14) can be re-written as in [68]:

i=[Pg® +Py* +2-/PaPa - cos(da(® = a)] 47y
Equation (17) consists of three terms:

1. The dropped channel photo-current.
2. The added channel photo-current, which is small due to
suppression.
3. Crosstalk current resulting from the beating between
E,(t) and Eq4(t). The worst case is studied where the
crosstalk term and the dropped signal are in phase [16].
Following the calculations of [69], BER at the receiver is:

1 . 1 i—1Ip 1 ‘ 1 Ip
BER=1 e”(ﬁ 5 )+3 e”(ﬁ 60) (18)
1. The first term of this equation represents the BER for
“1” state where the receiver's current is i, while the
second term is for a “0” state.
Ip is the threshold level.
erfc represents the complementary error function [70].
4. §, is the receiver noise which exists in the absence of
crosstalk (it is mainly due to thermal noise) for the “0”
state.
5. &, represents the sum of the beating term of crosstalk

and receiver noise (6; = / 80> +y-i2 ) forthe “1”

state [71].
6. y= % is the crosstalk suppression ratio as shown in
d

w

Figure 11.
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Figure 11. Power penalty as a function of crosstalk
suppression ratio.

Using the optimum threshold value of Ipgiven by [69]:

1

ID=
60+ 802 +Y'i2

BER is:
BER ! f(l Q)
=—erfc(—-
2o\
i
Where, Q_\/&)Z—W

To evaluate the effect of intra-band crosstalk, the power penalty
should be considered. Power penalty is defined as the amount of
power to be added to overcome the effect of crosstalk and
maintain same BER in the absence of crosstalk.

The power penalty (x) is [69]:

x = —10-log[1 —y- Q?] (19)

For BER=10"°, Q = 6 [72].

The power penalty required to counteract the intra-band crosstalk
effect depends on y (crosstalk suppression ratio) which is in ring
resonators based OADM represents the difference between the
drop and through port responses at resonance (Figure 11).
Equation (19) is plotted in Figure 12 to show the relation between
the crosstalk suppression ratio (o) and the required power penalty
to obtain BER=10"°.

In Figure 12, for a crosstalk suppression ratio being higher than
[20] dB, a high reduction in the imposed power penalty can be
achieved. Allowing for high values of crosstalk suppression ratios
(at resonance) will reduce the required power penalty. However,
for WDM networks, the crosstalk suppression should be kept high
over the whole frequency range of modulated channels in order to
ensure efficient dropping with low level of crosstalk.
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Figure 12. Power penalty as a function of crosstalk
suppression ratio.

7. Mitigation of Crosstalk in Ring

Resonators based OADMs

Crosstalk effect in ring resonators based OADMs was studied
numerically in [5, 73]. Intra-band crosstalk effects were estimated
by calculating the eye opening penalty at the receiver side. The
drop port rejection ratio at the wavelength of the adjacent channel
was used to estimate the inter-band crosstalk effect. A multi-stage
topology was suggested in [5]to reduce the effect of crosstalk for
different data rates. In this topology, the first stage is optimized
for low crosstalk in the drop port channel, while another stage is
used for the added channel crosstalk mitigation. However, this
required an increase in the filter size. The use of an active ring
was suggested in [73]to eliminate the intra-band crosstalk effect.
Analytical calculations were performed to estimate the crosstalk.
However, the amplified spontaneous emission (ASE) effect of the
semiconductor optical amplifier was not considered. A double—
stage topology was proposed. The effect of crosstalk in lossy ring
resonator based OADM was studied in [74]. The range of
coupling coefficients to reduce the intra-band crosstalk was
studied analytically. Vertical coupling, for greater control of
coupling coefficients, was proposed.

Series coupling between ring resonators was proposed to increase
the filter order [75, 76]. Increasing the filter order leads to an
improvement in the spectral response and allows high suppression
of the adjacent channel crosstalk (inter-band crosstalk). However,
the sub-micrometer gap between the rings (inter-rings coupling
coefficient) has a great effect on the overall response. The inter-
ring coupling effect was addressed either by selecting the
optimum coupling or by proper physical arrangement of the rings.
The optimum condition for coupling coefficients to improve the
crosstalk suppression ratio (only) was proposed in [75]. A formula
that calculates the optimum coupling coefficient of different order



filters was analytically derived. The optimum coupling
coefficients for a second order series coupled ring resonator in the
presence of losses was studied. The optimal arrangement for a
high order series coupled ring resonator was suggested in [76].
The dependence of the filter response of four series-coupled rings
with two different ring radii on the arrangement of ring radii was
investigated. An analytical study to calculate the effect of using
rings with different radii on the inter-band crosstalk and how these
arrangements work with high bit rate signals was presented [76].

Parallel coupling between ring resonators was also proposed to
mitigate the crosstalk [77, 78]. In this coupling configuration, the
spectral response depends on the phase relationship between rings
(the separation between rings). It was shown in [77] that a number
of ring resonators in parallel coupled configurations provide an
improvement in the filter performance and reduces the inter-band
crosstalk. Most attention was given to the out of band rejection
ratio and how to reduce the inter-band crosstalk by controlling the
separation between rings. In [78], the phase relationship between
rings that affects the spectral response of the filter was studied
experimentally. A box-like response was achieved, and high out
of band rejection ration was obtained. However, filter size was
increased. A cross-grid architecture (using a vertical coupled ring
resonator) was proposed to increase the scalability. Cross-grid
technology for crosstalk reduction was examined experimentally
by [79]. The drawback of this technology is the intersection
between optical waveguides that can lead to further crosstalk.

A “Racetrack” model of the resonator was used in [80] to increase
the through port notch and improve the drop port response by
using asymmetric coupling. In a racetrack resonator based
OADM, the coupling region length is longer than that of ring
resonator. This permits better control of the spectral response. An
increase in the crosstalk suppression ratio was obtained.
Increasing the filter order and also using a multi-stage structure
was proposed in [24], but at the expense of filter size.

Most of the work to mitigate the crosstalk in ring resonator based
OADMs was focused on either improving the filter response by
increasing the filter order, or increasing the notch depth of the
through port response (increasing the crosstalk suppression ratio).
Increasing the filter order (the number of rings) or connecting
different OADMSs, giving a multi-stage structure, results in a
reduction in the inter-band crosstalk. However, filter size will
increase, conflicting with the goal of greater device density.
Increasing the notch depth (by optimizing coupling coefficients)
will only increase the crosstalk suppression ratio in a narrow band
of frequencies at resonance. For modulated channels this implies
that the side-bands will get different levels of suppression from
that of the centre frequency. For example, for 10 Gbps non return-
to-zero (NRZ) transmission, the required bandwidth is 20 GHz
[6]. Therefore, having a high level of crosstalk suppression ratio
for a bandwidth less than 20 GHz will still result in crosstalk. For
a similar data rate with a return-to-zero (RZ) transmission, the
bandwidth is 40 GHz.

Improving signal integrity in ring resonator OADMs for WDM
applications was addressed by increasing the crosstalk
suppression bandwidth rather than increasing the crosstalk
suppression ratio. Crosstalk suppression bandwidth is defined as
the bandwidth over which the crosstalk suppression ratio is
maintained over an adequate level for a wide frequency range.
Maintaining a high level of crosstalk suppression over a 20 GHz
allows dropping 10 GBps NRZ signal with mitigated level of
crosstalk. Improving the crosstalk suppression was achieved by
controlling inter-ring coupling coefficient in series coupled ring

resonator [81], optimizing coupling coefficients in vertically
coupled ring resonator [55] and exploiting controllable reflectivity
in rough-walled ring resonators [82].

8. Conclusions

This paper has presented an overview of the progress in optical
ring resonators with more emphasis in their add/drop functionality
in WDM networks. Basic structures (lateral and vertical coupling)
of ring resonator OADM, as well as cascaded coupled ring
resonators OADM were discussed. General equations that
represent different port responses were presented. Inter and intra-
band crosstalk in OADMs were modelled and the different
approaches for crosstalk mitigation are reviewed. Optical ring
resonator based filters and multiplexers are ubiquitous
components in all optical networks. Therefore, mitigating the
crosstalk in OADMs will allow for optical integrated circuits with
high integration density and improved signal integrity.
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