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Abstract: A system of microring resonators (MRRs) connected to an optical modified add/
drop filter system known as a Panda ring resonator is presented. The optical soliton pulse
of 60 GHz frequency band can be generated and used for Wireless Personal Area Network
(WPAN) applications such as IEEE 802.15.3c. The system uses chaotic signals generated
by a Gaussian laser pulse propagating within a nonlinear MRRs system. The chaotic
signals can be generated via a series of microring resonators, where the filtering process is
performed via the Panda ring resonator system wherein ultrashort single and multiple
optical soliton pulses of 60 GHz are generated and seen at the through and drop ports,
respectively. The IEEE 802.15.3c standard operates at the 60 GHz frequency band, and it
is applicable for a short distance optical communication such as indoor systems, where the
higher transmission data rate can be performed using a high frequency band of the output
optical soliton pulses. The single and multi-soliton pulses could be generated and con-
verted to logic codes, where the bandwidths of these pulses are 5 and 20 MHz, respec-
tively. Thus, these types of signals can be used in optical indoor systems and transmission
link using appropriate components such as transmitter, fiber optics, amplifier, and receiver.

Index Terms: Optical soliton pulses, Wireless Personal Area Network, 60 GHz frequency
band.

1. Introduction
In 2001, the Federal Communications Commission (FCC) allocated the 57–64 GHz band for
unlicensed use [1], [2]. Unlicensed frequencies, such as 2.4 GHz band and, perhaps, 5 GHz band, in
near future, will becomemore and more crowded; therefore, the new networking wireless technology
has to move to other spectrum areas in which very high bit-rate connectivity can be provided [3]–[5].
The 60 GHz frequency band is very promising, since it offers a huge amount of unlicensed spectrum
that provides very high throughput [6]. Some standardization groups and industrial consortia have
been formed to specify 60 GHz transmission for Wireless Personal Area Network (WPAN)
applications, where the main initiatives are IEEE 802.15.3c [7]. The standard focuses on the indoor
over Gb/s data rate wireless communication and operates at the 60 GHz frequency band [8], [9]. This
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standard shows that the system supports both single carrier and OFDM transmission [10], [11]. A
WPAN system is considered to supply short-range and very-high-speed multimedia data services to
computer terminals and consumer appliances, which can be located in rooms, office spaces, Bhot
spots,[ and kiosks [12].

Compared to Wireless Local Area Networks (WLANs), such as the popular 802.11a/b/g BWiFi[
systems, WPANs can be used to provide higher data rates, but shorter range [13], [14].
Researchers have found many concerns on the high bandwidth available in the 60 GHz unlicensed
spectrum band [15], [16]. This is due to the potential to attain wireless communication speeds in
excess of 1 Gb/s, appropriate for the transmission of uncompressed, high-definition TV (HDTV),
music, and high resolution images [17], [18]. IEEE 802.I5.3c intends to standardize the physical
(PHY) and medium access control (MAC) operation of 60 GHz WPANs [19].

An optical ring resonator is a set of wavelengths in which at least one is a closed loop coupled
with some sort of light input and output. The ring resonators use light and obey the properties
behind constructive interference and total internal reflection. When the light of the resonant
wavelength is passed through the loop from the input port, it builds up in intensity over multiple
round-trips due to constructive interference and is output to the output port, which serves as a
detector waveguide. The optical ring resonator functions as a filter because only a select few
wavelengths will be at resonance within the loop. The ring resonator can be integrated with two or
more ring waveguides to form an add-drop filter system or a Panda ring resonator system [20], [21].
A microring resonator [22] can be used to generate a broad band of optical soliton applicable in
many areas of optical networks such as wireless-cable systems and indoor-outdoor communication
[23], [24]. The simulation and scanning electron micrograph of a microring resonator with a radius of
20 �m is shown in Fig. 1.

Amiri et al. have reported the optical output transfer function that is derived and used for a light
pulse propagating within a microring resonator at a resonant condition [25]. The broad spectrum of
light pulse can be transformed to the discrete pulses after filtering [26]. Using the optical soliton
pulses, the optical bandwidth can be enlarged or compressed within the nonlinear microring
resonator [27]. The superposition of self-phase and cross-phase soliton pulse modulation [28]
within a nanowaveguide can be observed, whereas large output signals can be obtained [29]. The
optimum energy of the soliton can be coupled into the waveguide by a larger effective core area of
the ring resonator [30].

Suitable coupling power is required in order to maintain the soliton pulse propagating within the
system [31]. Here, the interference signal is a minor effect compared to the loss associated with the
direct passing through [32]. The frequency band generation can be obtained via the system,
whereas enlargement of the capacity of communication channels is performed [33]. The long
distance communication can be performed by using high optical output of the soliton signals within
the ring resonator system. Powerful light can be obtained by using a high-power light source or a
ring resonator with a smaller radius [34], [35]. A soliton band can be generated by using a Gaussian
laser pulse propagating within a ring resonator system [36].

Fig. 1. (a) A nonlinear microring resonator. (b) Scanning electron micrograph of a microring resonator
with a radius of 20 �m,R: ring’s radius, �: coupling coefficient, Ein : input power, Eout : output power.
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We use a system of microring resonators connecting to a modified add/drop system known as a
Panda ring resonator system to generate a high frequency band of optical soliton pulses. Here, the
multifunction operations of the Panda ring resonator system are employed in order to control, tune,
and amplify the output signals, whereas the Gaussian laser pulse can be introduced into the
system.

2. Theoretical Background
The system known as a Panda ring resonator is connected to a series of ring resonatorsR1 andR2, as
shown in Fig. 2. The input signal can be inserted into the system via the input port. Here, a
mathematical equation of the propagating input pulse inside the nonlinear ring system has been
solved in order to show the nonlinear behavior of the output signals.

The Kerr effect is a change in the refractive index of a material in response to an applied electric
field. The optical Kerr effect or the AC Kerr effect is the case in which the electric field is due to the
light itself. This causes a variation in index of refraction, which is proportional to the local irradiance
of the light. This refractive index variation is responsible for the nonlinear optical effects of self-
focusing and self-phase modulation (SPM). This effect only becomes significant with very intense
beams such as those from lasers [37], [38]. Therefore, the Kerr effect causes the refractive index
ðnÞ of the medium to vary, where it is given by [39]

n ¼ n0 þ n2I ¼ n0 þ P � n2=Aeff (1)

with n0 and n2 as the linear and nonlinear refractive indexes, respectively [40]. I and P are the
optical intensity and the power, respectively [41]. The effective mode core area of the device is
given by Aeff. For a ring resonator design, Aeff ranges from 0.50 to 0.10 �m2, regarding to practical
material parameters (InGaAsP/InP). A pulse with a temporal intensity profile that has a Gaussian
shape is defined as a Gaussian laser pulse. The Gaussian laser pulse with a central wavelength of
50 GHz and power of 2.8 W is introduced into the first ring resonator R1, where it is expressed by
Ein. The input optical field of the Gaussian laser pulse is given by

EinðtÞ ¼ E0exp
z

2LD

� �
� i!0t

� �
(2)

E0 and z are the amplitude of the optical field and the propagation distance, respectively. LD is
the dispersion length of the soliton pulse [42], where the carrier frequency of the signal is !0.
The Gaussian laser pulse propagates as soliton pulses; thus, it keeps its temporal width inva-
riance while it propagates, and therefore, it is called a temporal soliton. A balance should be
achieved between the dispersion length ðLDÞ and the nonlinear length ðLNL ¼ 1=��NLÞ. Here,
� ¼ n2 � �0, is the length scale over which disperse or nonlinear effects make the beam become
wider or narrower; hence, LD ¼ LNL [43]. The normalized output of the light field, which is the

Fig. 2. Schematic diagram of a Panda ring resonator system connected to two ring resonators, where
R: ring’s radius, �: coupling coefficient, Ein: input power.
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ratio between the output and input fields Eout ðtÞ and EinðtÞ for two ring resonators, can be
expressed by

Eout1ðtÞ
EinðtÞ

����
����
2

¼ð1� �1Þ 1�
1� ð1� �1Þx2

1

� �
�1

ð1� x1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �1
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� �1
p

Þ2 þ 4x1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �1
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� �1
p

sin2 �1
2

� �
" #

(3)

Eout2ðtÞ
Eout1ðtÞ

����
����
2

¼ð1� �2Þ 1�
1� ð1� �2Þx2

2

� �
�2

ð1� x2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �2
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� �2
p

Þ2 þ 4x2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �2
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� �2
p

sin2 �2
2

� �
" #

: (4)

� and � are the coupling coefficient and the fractional coupler intensity loss, respectively;
x ¼ expð��L=2Þ represents a round-trip loss coefficient, where the waveguide length and the linear
absorption coefficient are given by L and �, respectively. Here, � ¼ �0 þ ’NL, where �0 ¼ knLn0 and
�NL ¼ knLn2jEinj2 are the linear and nonlinear phase shifts. The wave propagation number in a
vacuum is given by kn ¼ 2�=�, where � is the input wavelength light field. For the Panda ring
resonator system, the output signals inside the system are given as follows [44]:

E1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �3

p
ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �3

p
E4 þ j

ffiffiffiffiffi
�3
p

Eout2Þ (5)

E2 ¼ErE1e�
�
2
LP
2 �jknLP2 : (6)

Here, LP ¼ 2�RPanda, where RPanda is the radius of the Panda ring resonator system. The electric
field of the right ring of the Panda ring resonator system is given by [45], [46]

Er ¼ E1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� �r Þð1� �r Þ

p
� ð1� �r Þe�

�
2Lr�jknLr

1�
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �r
p ffiffiffiffiffiffiffiffiffiffiffiffiffi

1� �r
p

e�
�
2Lr�jknLr

: (7)

Inserting equation (7) into equation (6) results as

E2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �r

p ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �r

p
E1 þ j

ffiffiffiffiffi
�r
p

Er2


 �
(8)

where

Er2 ¼Er1e�
�
2Lr�jknLr (9)

Er1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �r

p ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �r

p
Er2 þ j

ffiffiffiffiffi
�r
p

E1


 �
: (10)

Er1 and Er2 are the round-trip light fields of the right ring and are given by

Er1 ¼
j
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �r
p ffiffiffiffiffi

�r
p

E1

1�
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �r
p ffiffiffiffiffiffiffiffiffiffiffiffiffi

1� �r
p

e�
�
2Lr�jknLr

(11)

Er2 ¼
j
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �r
p ffiffiffiffiffi

�r
p

E1e�
�
2Lr�jknLr

1�
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �r
p ffiffiffiffiffiffiffiffiffiffiffiffiffi

1� �r
p

e�
�
2Lr�jknLr

: (12)

Lr ¼ 2�Rr , where Rr is the radius of the right ring. Light fields on the left side of the Panda ring
resonator system can be expressed as

E3 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �4

p
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �4

p
E2 (13)

E4 ¼ElE3e�
�
2
LP
2 �jknLP2 (14)

where

El ¼ E3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� �lÞð1� �lÞ

p
� ð1� �lÞe�

�
2Ll�jknLl

1�
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �l
p ffiffiffiffiffiffiffiffiffiffiffiffiffi

1� �l
p

e�
�
2Ll�jknLl

: (15)
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Here, Ll ¼ 2�Rl , and Rl is the radius of the left ring. Therefore, the output signals from the
through and drop ports of the Panda ring resonator system can be expressed as

Eth ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �3

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �3

p
Eout2 þ j

ffiffiffiffiffi
�3
p

E4

j k
(16)

Ed ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �4

p
� j

ffiffiffiffiffi
�4
p

E2: (17)

In order to simplify these equations, the parameters of xa, xb, ya, and yb are defined as

xa¼ð1��3Þ
1
2; xb¼ð1��4Þ

1
2; ya¼ð1��3Þ

1
2; and yb¼ð1��4Þ

1
2:

Therefore

E1 ¼
jxa

ffiffiffiffiffi
�3
p

Eout2

1� xaxbyaybErEle�
�
2LP�jknLP

(18)

E2 ¼
Er � jxa

ffiffiffiffiffi
�3
p

Eout2 � e�
�
2
LP
2 �jknLP2

1� xaxbyaybErEle�
�
2LP�jknLP

(19)

E3 ¼ xbybErE1e�
�
2
LP
2 �jknLP2 (20)

E4 ¼ xbybErElE1e�
�
2LP�jknLP (21)

Eth ¼ xaðyaEout2 þ j
ffiffiffiffiffi
�3
p

E4Þ (22)

Ed ¼ xb � j
ffiffiffiffiffi
�4
p

E2: (23)

Results based on the nonlinear equations of the ring resonators can be obtained where the
parameters of the system affect the output signals significantly.

3. Results and Discussion
The millimeter wavelength input pulse of a Gaussian laser pulse with power of 2.8 W is inserted into
the system. The parameters of the system are presented in Table 1.

TABLE 1

Parameters of the microring resonator system
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The results of the chaotic signal generation are shown in Fig. 3. A large bandwidth within the
microring device can be generated by propagating a Gaussian laser pulse input into the nonlinear
MRRs, where the required signals perform the secure communication network.

The signal is chopped (sliced) into a smaller signal spreading over the spectrum, which shows
that the large bandwidth is formed within the first ring device. The compress bandwidth is obtained
within the ring R2. A frequency soliton pulse can be formed and trapped within the Panda ring
resonator system with suitable ring parameters. Interior soliton signals inside the Panda ring
resonator system can be seen in Fig. 4, where the filtering and trapping process occurs during the
propagation of the input Gaussian laser beam inside the centered ring of the Panda ring resonator
system. The chaotic pulses are used widely in secured optical communication as carrier signals in
which the information is input into the signals and, finally, can be retrieved by using suitable filtering

Fig. 3. Chaotic signal generation, where (a) input power, (b) output chaotic signals fromR1, and (c) output
chaotic signals from R2.

Fig. 4. Interior soliton signals, where (a) jE1j2 ðWÞ, (b) jE2j2 ðW=�m2Þ, (c) jE3j2 ðW=�m2Þ, and (d) jE4j2
ðW=�m2Þ.
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systems. Fig. 4(a) and (b) shows the interior generated signals on the right side of the Panda ring
resonator system, where Fig. 4(c) and (d) shows the power of the left side.

Filtering of the interior soliton signals can be performed when generated pulses pass through the
couplers, i.e., �3 and �4. The output signals from the throughput and drop ports of the system can
be seen in Fig. 5, where single and multi-soliton ranges from 57 to 61 GHz are generated and used
in many optical communication WPAN applications such as IEEE 802.15.3c.

The bit rate transmission of the IEEE 802.15.3c can be seen in Fig. 6. The millimeter-wave
WPAN permits very high data rate above 2 Gbit/s applications such as high speed Internet access,
streaming content download, real time streaming, and wireless data bus for cable replacement [47],
[48]. Therefore, optional data rates in excess of 3 Gbit/s will be provided [49].

Generated optical soliton pulses with an optical frequency range of 60 GHz can be propagated
via a network indoor system shown in Fig. 7, where the multi-soliton pulses can be used in order to
increase the capacity of the optical system.

The transmission of the single and multi-soliton pulses can be obtained by converting the
signals into the logic codes as shown in Fig. 8. The threshold intensity power has been selected

Fig. 5. Results of single and multifrequency soliton trapping, where (a) throughput output signal (single
soliton pulse with FWHM ¼ 5 MHz), (b) multi-soliton pulses, and (c) multi-soliton pulses ranges from 57
to 61 GHz with FWHM ¼ 20 MHz.

Fig. 6. Data rate versus the distance for WLAN and WPAN standards [50].
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Fig. 8. Generation of logic codes of B0[ and B1,[ where the generated logic code is
B00111111111111100111010000000110[.

Fig. 7. Schematic of optical signal transmission link for 60 GHz soliton pulses. PC: polarization
controller, EDFA: erbium doped fiber amplifier, PPG/ED: pulse-pattern generator/error detector, and
DSO: digital storage oscilloscope.

Fig. 9. Transmission of soliton logic codes along the fiber optics with length of 1 km, where (a) single soliton
pulses within ranges from 60.24 to 60.39 GHz, (b) multi-soliton within the range of 60.22–60.38 GHz.
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to 0.40–0.41 W=�m2. For the multi-soliton pulses, the frequency range has been selected to 60.22–
60.38 GHz, where the generated logic code is B00111111111111100111010000000110[.

Therefore, the multiple optical soliton can be converted to logic codes using a suitable analog to
digital converter. The transmission of the logic codes can be performed within a wired/wireless
network, where the high capacity of transmission can be implemented by using multi-soliton pulses.
In Fig. 7, the fiber optic has a length of 1 km, attenuation of 0.2 dB/km, dispersion of 5 ps/nm/km, the
differential group delay of 0.2 ps/km, the nonlinear refractive index of 2:6� 10�20 m2=W, the
effective area of 25 �m2, and the nonlinear phase shift of 3 mrad. The transmitted signals of single
and multi-soliton pulses in the form of logic codes along the fiber optics are shown in Fig. 9.

The advanced transmitter topologies are desirable for application in both mobile and fixed
wireless telecommunication inasmuch as they are able to provide power-efficient amplification of
signals with large peak-to-average power ratios (PAPRs) without compromising system linearity.
The optical wireless transmitter has an extinction ration of 10 dB; a line width of 10 THz, modulation
type of nonreturn-to-zero (NRZ); and a rise time of 1/(bit rate) � 0.05, where the optical receiver has
responsivity of 1 A/W; a dark current of 10 nA, a cutoff frequency of 0.75�bit rate Hz; and a thermal
noise of 10�22 W/Hz. The transmission of soliton signals (see Fig. 9), using the wireless transmitter,
is shown in Fig. 10, where the covering range is 10 m.

Fig. 11 shows the bit error rate (BER) performance of the used system under an indoor AWGN
channel. As it can be observed from this figure, the BER for received power of 5 �W is around 10�3,
which is not suitable for indoor communication applications. Therefore, for the received power

Fig. 10. Transmission of single and multi-soliton pulses using an optical wireless transmitter within a
10 m range, where (a) single soliton pulse at 60.31 GHz, (b) multi-soliton within the range of 60.22–
60.38 GHz, and (c) filtered and amplified multi-signal.
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above 5 �W, the BER decreases, which shows high performance of the optical indoor communication
systems.

The advantage of the ring resonator system is that controlling of the optical parameters, such as
the output power, signal bandwidth, frequency band range, free spectrum range, and FWHM, is
plausible. Therefore, transmission of signals can be performed via an indoor optical communication
link. For the outdoor applications, powerful output soliton pulses are required, where the capacity of
the system can be performed by using multiple optical soliton pulses.

4. Conclusion
A system of microring resonators for WPAN indoor optical communication has been demonstrated.
The optical soliton is generated by the Gaussian laser pulse propagating within a microring
resonator system connected to a Panda ring resonator system. A high-frequency band of optical
soliton pulses can be used in optical communication networks such as WPAN and IEEE 802.15.3c
indoor systems, in which very high bit-rate connectivity can be provided. The loss of the
transmission system can be compensated by using multiple optical soliton frequency band ranges
57–61 GHz, where the receiver is provided at the end of the transmission link. Here, a single soliton
pulse with an FWHM of 5 MHz is generated, where the multi-soliton pulses have an FWHM of
20 MHz. These pulses can be transmitted along the wired/wireless transmission link. Therefore, the
WPAN indoor system, which presents short distance optical communication, can be performed by
using the generated GHz band frequency optical soliton pulses.
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