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Simulation of 60-GHz microwave photonic filters based on
serially coupled silicon microring resonators
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The microwave photonic filters (MPFs) based on serially coupled silicon microring resonators (MRRs) are
theoretically analyzed for the application of 60-GHz millimeter wave wireless personal area networks. This
is achieved by calculating the improvement of bit error ratio (BER). According to the simulation results,
the requirement of signal-to-noise ratio (SNR) of the received data can be reduced by 14 dB for the same
BER with and without MPFs. The performance of the MPF with five serially coupled microring structures
is better than that of the MPF with a single microring, owing to the improvement of the shape factor.
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In recent years, 60-GHz millimeter wave wireless per-
sonal area network (WPAN) has stimulated wide inter-
est since it can be operated in unutilized spectrum. For
this reason, WPAN is considered as the next generation
network of short range wireless communication. The 60-
GHz millimeter wave WPAN can be easily adopted to
achieve multi-gigabit wireless network due to the huge
and readily available spectrum allocation, as well as high
frequency reuse ratio[1−3]. Due to high absorption of
oxygen, 60-GHz millimeter wave signal would be seri-
ously attenuated before reaching the receiver. Thus,
it is critical to improve the signal-to-noise ratio (SNR)
and bit error ratio (BER) for WPAN application. The
most direct way to improve the SNR is to apply suitable
millimeter wave filters. Since the traditional electrical
microwave filters cannot operate well in high frequencies
such as 60 GHz, microwave photonic filters (MPFs) pro-
vide a new approach in solving this obstacle.

MPFs can be used to process microwave (or even mil-
limeter wave) signal in optical domain with beneficial
characteristics such as low loss, wide bandwidth (BW),
immunity to electromagnetic interference, and high speed
operating frequency[4]. MPFs can be applied in nu-
merous fields, including radar communications, satellite
communications, and wireless communications. In the
last decade, the megahertz (MHz) to gigahertz (GHz) op-
erating frequency of MPFs has been achieved[5,6]. Sev-
eral research groups have reported that the operating
frequency can reach 10 GHz or higher[7,8]. However,
this is still not high enough for 60-GHz millimeter wave
filters. Aside from the operating frequency, MPFs are
traditionally implemented with discrete photonic de-
vices, such as fibers, LiNbO3 modulators, wavelength
division multiplexing (WDM) couplers, fiber gratings,
and so on. Thus, MPF is not only a device but also a
complicated subsystem. Recently, microring resonator
(MRR) based MPFs fabricated on silicon-on-insulator
(SOI) has attracted significant attention because of the
simplicity with which they can be integrated with other
optoelectronic integrated circuit (IC) components[9] and

the facility with which they can reach a higher operat-
ing frequency[10]. Pile et al. investigated the operation
principle of MRR-MPF in theory, and the noise and dis-
tortion performance were analyzed as well[11]. Rasras
et al. demonstrated a notch MRR-MPF with 10-GHz
operating frequency[12], and Palaćl et al. realized 10–80
GHz band-pass MPFs based on signal MRR[10]. How-
ever, there are no reported studies on the performance
of MRR-MPFs as applied in wireless communication.

In this letter, MPFs based on silicon MRRs are de-
signed for the application in 60-GHz millimeter wave
WPAN. Improvement on the behavior of BER with seri-
ally coupled rings is analyzed. After clarifying the gen-
eral operation of MPFs based on serially coupled MRRs
with various ring numbers in detail, two MRR-MPFs are
designed and demonstrated with single and five serially
coupled MRRs. Furthermore, the simulated BER results
for the transmission in 60-GHz millimeter wave WPAN
are presented and discussed.

Figure 1(a) depicts the scheme of a typical MPF
with intensity modulation and direct detection. The
continuous-wave (CW) laser source ec(t) is modulated
by the microwave input signal vi(t) via the dual-drive
Mach-Zehnder modulator (MZM). The modulated light
em(t) passes through the optical filter and is received

Fig. 1. (a) Schematic of MPF and (b) optical filter of NR2B.
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Fig. 2. (a) Basic 1R2B filter and (b) model of analysis for
NR2B using iterative method.

by a photodetector (PD), and finally transformed into
electrical signal ip(t). The optical filter in Fig. 1(a) is
considered as serially coupled MRRs as shown in Fig.
1(b).

Firstly, the optical filter response of serially coupled
MRRs, which contain N rings and two buses (NR2B), is
obtained based on the response of single MRR according
to the procedure composed of the following three steps:

(1) The basic optical filter response of single MRR
is analyzed with Fabry-Perot (FP) resonator model as
shown in Fig. 2(a). The optical transfer function
H1

O I→T(ω) of “Input” port to “Through” port for 1R2B-
MRR can be deduced as

H1
O I→T(ω) =

SThrough

SInput
=

t1 − t2a · e−j(ωneffL/c)

1− t1t2a · e−j(ωneffL/c)
, (1a)

and the response H1
O I→D(ω) of “Input” port to “Drop”

port is

H1
O I→D(ω) =

SDrop

SInput
= −κ1κ2

√
a · e−j(ωneffL/c)/2

1− t1t2a · e−j(ωneffL/c)
,

(1b)

where ω is optical frequency, c is the speed of light in
vacuum, L is ring circumference, a is the single-pass
amplitude transmission, neff is the effective refractive
index of the waveguide, and tn and κn represent self-
and cross-amplitude coupling coefficients between the
nth bus and the ring, respectively, which should satisfy
t2n + κ2

n = 1. When the light is injected from the “Add”
port, the corresponding transfer functions H1

O A→D(ω)
and H1

O A→T(ω) can be deduced similarly.
(2) The coupling of serially coupled MRRs can be

solved using the iteration method. As shown in Fig.
2(b), the transmission and reflection coefficients of the
first MRR can be seen as the cross- and self-coupling
coefficients at input port of the second MRR. Thus, the
response of 2R2B-MRR can be obtained by the same
method in step (1). The same procedure can be iterated
until all of the MRRs are calculated. Subsequently, the
optical responses Hn

O I→T(ω) and Hn
O I→D(ω) for n rings

(n > 2) can be expressed as

Hn
O I→T(ω) = Hn−1

O I→T(ω)

+
Hn−1

O I→D(ω)Hn−1
O A→T(ω)tn+1a · e−j(ωneffL/c)

1−Hn−1
O A→D(ω)tn+1a · e−j(ωneffL/c)

,

(2a)

Hn
O I→D(ω) =

jHn−1
O I→D(ω)κn+1

√
a · e−j(ωneffL/c)/2

1−Hn−1
O A→D(ω)tn+1a · e−j(ωneffL/c)

.

(2b)

In this letter, the focus is on the “Drop” port output.
The response of Hn

O I→D(ω) is adopted in MRR-MPF
simulation since a band-pass filter is required for noise
filtering.

(3) The rational function responses of serially cou-
pled MRRs are synthesized with the traditional inser-
tion loss method. For NR2B MRRs, the spectrum
is determined by the vector of coupling coefficients
CN = [κ1, · · · , κN+1] of filters. Maximally flat responses
can be obtained as shown by Little et al.[13]. Based
on this, the calculated results of the coefficient vector
are summarized in Table 1 for 1R2B, 3R2B, and 5R2B
MRRs.

With the procedure described above, the maximally
flat optical response of NR2B-MRR can be obtained
and consequently, the general performance of MRR-
MPFs can be derived.

Table 1. Relationships of Coupling Coeff icients

Type CN Maximally Flat Used in Simulation

1R2B C1 κ1 = κ2 κ1 = κ2 = 0.276

3R2B C3 κ1 = κ4

κ2
2 = κ2

3 = 0.125κ4
1

5R2B C5

κ1 = κ6

κ2
2 = κ2

5 = 0.0955κ4
1

κ2
3 = κ2

4 = 0.0295κ4
1

κ1 = κ6 = 0.784

κ2 = κ5 = 0.190

κ3 = κ4 = 0.106

Fig. 3. (a) Typical optical spectra of 1R2B, 3R2B, and
5R2B MRRs and (b) corresponding microwave spectra of
MPFs based on 1R2B, 3R2B, and 5R2B MRRs. The insets
show the corresponding spectra in rectangular boxes, in deci-
bels.
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Fig. 4. Schematic of simulation procedure.

In order to ensure the linear response of MPF, the mod-
ulation depth m = πvm/Vπ should satisfy m ¿ 1, where
vm is the amplitude of microwave signal and Vπ is the
half-wave voltage of electro-optic modulator. According
to the result in Ref. [11], when the MPF operates with
symmetry carrier placement, a microwave transfer func-
tion HM(ωm) for double-sideband plus carrier (DSB+C)
modulation can be given as

HM(ωm) ≈ j2<Pc

vm
J0(m)J1(m)Ho(ωc)Ho(ωc + ωm), (3)

where ωc and ωm are the optical carrier and microwave
signal frequency, respectively, < is the responsivity of an
ideal photodetector, Pc is the input laser power, Jn(·) is
the nth-order Bessel function of the first kind, and Ho(·)
is the transfer function of optical filter, which is the
“Input” port to “Drop” port response of serially coupled
MRRs as shown in Eq. (2b).

Using Eqs. (1)–(3), the typical optical spectra of 1R2B,
3R2B, and 5R2B MRRs and corresponding microwave
spectra of MPFs are calculated. Results are shown in
Fig. 3.

Based on Eq. (3) and the results shown in Fig. 3, the
free spectral range (FSR) and BW of microwave spec-
tra are equal to those of optical spectra. Thus, when
the wavelength of optical carrier lies in one of resonat-
ing wavelengths of MRRs, the center frequency of the
first passband of MPFs should be equal to that of the
FSR shown in Fig. 3(a). The insets of Fig. 3 show
the corresponding spectra in rectangular boxes, in deci-
bels. Shape factor (SF) of MPF spectrum, defined as
BW−3 dB/BW−20 dB, increased with the increase in the
number of rings. In other words, more noise could be
filtered with the MPFs based on 5R2B MRRs. For this
kind of MPFs, the BW is related to the intrinsic losses
of MRRs and coupling coefficients. Thus, the BW has
a lower limit because of the intrinsic losses of MRRs.
However, larger BW can be achieved by increasing the
coupling coefficients.

To investigate the improvement of SNR and BER for
60-GHz millimeter wave WPAN application, two MPFs
based on 1R2B and 5R2B MRRs are adopted and com-
pared. As shown in Fig. 4, the calculated wireless com-
munication system is considered as a 2.5-Gbps baseband

signal carried by 60-GHz millimeter wave. Unipolar
nonreturn-to-zero (NRZ) data signal is modulated to
OOK signal and pulse shaping is realized by square-root
raised cosine filter (SRRCF) with roll-off factor of 0.5.
This leads to the extension of BW to 3.75 GHz. In the
simulation, the noise in the transmission channel is intro-
duced by the complex environment of wireless commu-
nications, and is considered as additive white Gaussian
noise (AWGN). Shot and thermal noises generated in the
receiver are not considered since the considered MPFs
are not capable of dealing with these noises. In the re-
ceiver, the signal is demodulated to baseband data with
a 50-GHz low pass filter (LPF) and sent to error code
tester for BER testing. In our simulation, pseudorandom
bit sequence with a length of 50 is tested 50 times. For
comparison, both cases of with and without MPFs at
the front of receiver are calculated as well as the case of
using matched filter (MF).

In our simulation, MRRs are assumed to be fabricated
on SOI, where the cross-section of silicon waveguide is
220 × 500 (nm) and the propagation loss of waveguide
is 2 dB/cm. The circumference of microring is designed
as 1.385 mm to achieve FSR of 60 GHz. The carrier
wavelength of 1 550.33 nm is one of the resonating wave-
lengths of MRRs and the coefficient vector of 1R2B and
that of 5R2B for BW of 3.75 GHz can be found in the
fourth column of Table 1. To maintain the center fre-
quency of the spectra, high stability of carrier wavelength
is required. The other parameters of our designed MPFs
for simulation are Pc = 10 mW, < = 0.5 A/W, Vπ = 1 V,
and vm = 0.05 V.

Figure 5 shows the spectra of the two designed MPFs
with center frequency of 60 GHz and BW of 3.75 GHz.
The calculated SFs are also shown in the inset. The
SFs for 1R2B, 5R2B MRR-MPF, and MF are 0.09, 0.51,
and 0.69, respectively. The SF of 5R2B MRR-MPF is
closer to that of MF. The results of the BER test with
the application of the two MPFs on the 60-GHz millime-
ter wave WPAN system are shown in Fig. 6. Several
representative eye diagrams of BER test are also shown
in the insets. Apparently, the BERs can be reduced
dramatically by applying MPFs. For the case without
MPFs, the BER is approximately 10−9 with SNR of
15 dB. The bit-error-free communication can be achieved
with SNR higher than 17 dB for this case. When the

Fig. 5. Microwave spectra of two designed MPFs based on
1R2B and 5R2B. Inset shows the SFs of the two MPFs. The
gray inset presents the spectrum of the MF.
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Fig. 6. Behavior of BER versus SNR of received data using
MPFs based on 1R2B and 5R2B MRRs, no MPFs, and MF.
Insets show four representative eye diagrams of BER test.

SNR is reduced to 0 dB, BER can be reduced from 10−1

to lower than 10−9 with MRR-MPFs base on 1R2B and
5R2B structures. This indicates that the required SNR
of the received data can be reduced by 14 dB or higher
to achieve the same BER in comparison with those with-
out MPFs. 5R2B MRR-MPF can achieve better BER
compared with 1R2B because SF of 5R2B MRR is con-
siderably closer to that of MF as mentioned above. Thus,
the SNR is improved remarkably.

In conclusion, the MPFs based on the serially coupled
MRRs are theoretically analyzed toward application in
60-GHz millimeter wave WPAN. The SNR and BER are
improved dramatically when using these MPFs. Two
MRR-MPFs based on 1R2B and 5R2B are designed and
adopted on the wireless communication with 2.5-Gbps
baseband signal carried by 60-GHz millimeter wave. The
requirement for SNR of the received data can be reduced
by 14 dB for the same BER, and the performance of the
5R2B MRR-MPF is better than that of 1R2B because
better SF could be achieved. However, this improvement
is not remarkable because most noise is located outside
of BW. Nevertheless, higher SF leads to smaller signal
distortion. As the optoelectronic integration technology
matures, MPFs based on the serially coupled MRRs are
expected to be recognized and applied to wireless com-
munication systems. In this connection, related work is

ongoing.
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Lecoche, J. Marti, R. Sambaraju, A. Steffan, A. Umbach,
and M. Weiß, J. Opt. Netw. 8, 471 (2009).

2. Z. Cao, J. Yu, Q. Tang, G. Zeng, and L. Chen, Chin.
Opt. Lett. 8, 1024 (2010).

3. Q. Tang, L. Chen, J. Xiao, and Z. Cao, Chin. Opt. Lett.
9, 050601 (2011).

4. J. Capmany, B. Ortega, and D. Pastor, J. Lightwave
Technol. 24, 201 (2006).

5. D. B. Hunter and R. A. Minasian, IEEE Photon. Tech-
nol. Lett. 11, 874 (2002).
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