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The inherent narrow bandwidth and wavelength-transparent nature of the stimulated Brillouin scattering
(SBS) process make it a potential candidate for high-resolution wideband microwave photonic notch filters
(MPNFs). The simplest way to realize a SBS-based MPNF is to use the narrowband Brillouin loss res-
onance with single-sideband modulation, where the modulation sideband is at the anti-Stokes frequency.
However, using Brillouin loss with single-sideband modulation is highly inefficient because a large notch
extinction requires large Brillouin loss, and thus, a large pump power. Here, we exploit an analogue of
electromagnetically induced absorption (EIA) in the microwave domain to enhance MPNF rejection, at a
fixed Brillouin pump power, by more than 6 orders of magnitude. We use this analogue of EIA to realize
a MPNF with > 75-dB rejection up to 40 GHz, using a Brillouin loss of about 15 dB. We harness a coher-
ent Brillouin interaction between the orthogonally polarized components of a probe, which is comprised
of a laser carrier and a single-modulation sideband. Stimulated Brillouin scattering and other compo-
nents used in our demonstration have recently been demonstrated on integrated platforms. The proposed
scheme, therefore, has the potential for realizing efficient integrated microwave photonic notch filters with

ultrahigh rejection.

DOI: 10.1103/PhysRevApplied.16.024053

I. INTRODUCTION

Microwave photonic notch filters (MPNFs), which are
an indispensable component of a microwave photonic
signal processor [1-6], provide an attractive way to selec-
tively filter out the unwanted radio-frequency interferers in
applications such as radio-over-fiber communication and
radar ranging [7—12]. Wide tunability, large extinction,
bandwidth reconfigurability, immunity from electromag-
netic interference, and ease of integration with existing
optical communication systems make them desirable over
electronic filters. Over the past decade, there have been
several demonstrations of microwave photonic notch fil-
ters using optical delay lines [13—17], microresonators
[1826], a Sagnac loop [27,28], a phase-modulator-
incorporated Lyot filter [29], fiber Bragg gratings [30],
and Kerr microcombs [31]. While wide tunability has been
achieved using these techniques, realizing high resolution
with a large extinction is challenging.

Stimulated Brillouin scattering is an inelastic scatter-
ing process, which occurs due to an interaction between
a strong optical pump wave (@wpump), @ Weak optical probe
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wave (probe), and an acoustic wave of frequency Qp
in a nonlinear optical medium [32—36]. When the probe
signal has a lower frequency than the pump (wprobe =
wpump — £28), the process is termed as Stokes scattering.
For Stokes scattering, the pump is annihilated to create
an acoustic phonon and a photon at the probe frequency,
which results in the appearance of a gain resonance at the
probe’s (Stokes’) signal frequency. If the probe frequency
is higher than the pump frequency by the Brillouin fre-
quency (@probe = Wpump + $2p), the process is then called
anti-Stokes scattering. For anti-Stokes scattering, the probe
photon creates a photon at the pump frequency and gener-
ates an acoustic phonon, which results in a loss of the probe
photon and the appearance of a Brillouin loss resonance at
the anti-Stokes frequency. In Stokes and anti-Stokes scat-
tering, energy and momentum remain conserved [32,33].
For a given medium, the linewidth (I'g = 1/Tacoustic) Of
the Brillouin gain and loss resonance associated with the
Stokes and anti-Stokes signals depends on the acoustic
phonon lifetime, T,.ousiic- For a single-mode silica optical
fiber, Tacoustic ~ 10.6 ns, which results in a full width at half
maximum (FWHM) linewidth of I's/m ~ 30 MHz. The
narrow bandwidth of the stimulated Brillouin scattering
(SBS) gain and loss resonance makes it a promising can-
didate for high-resolution microwave photonic bandpass
[37-45] or band-reject filters [41,46-53].
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SBS-based notch filters either use single-sideband mod-
ulation (SSB) in combination with Brillouin loss [46]
or combine rf interference with double-sideband (DSB)
modulation, where one of the modulation sidebands is pro-
cessed with Brillouin gain and/or loss resonance [43,47,48,
50,53-55]. A MPNF based on SSB modulation and SBS
loss resonance is highly inefficient, as the rejection depth
is in the order of the Brillouin loss. So, a MPNF with 60-dB
rejection requires a Brillouin loss of 60 dB, and there-
fore, a large Brillouin pump power [46]. Furthermore, a
higher Brillouin loss results in a larger 3-dB bandwidth,
and thus, in reduced resolution. The rf-interference-based
SBS MPNF, on the other hand, is highly efficient, as it
exploits destructive interference between two rf signals,
which results from the beating of a carrier with upper
and lower modulation sidebands generated using DSB
modulation. An interference-based MPNF uses unequal-
amplitude-modulation sidebands with 7 phase difference
between them. Processing of the modulation sidebands
with SBS gain and/or loss equalizes the amplitudes of the
interfering rf signals at the desired notch frequency. The
presence of the w phase difference between the two rf
signals then results in the appearance of a large rejection
band at a frequency where their amplitudes are equal-
ized through SBS processing. However, the presence of
dispersion causes the phase difference between the inter-
fering rf signals to deviate from 7 [56], which results in a
large reduction in the rejection depth. A larger rejection-
depth penalty is expected for higher radio frequencies, as
the two modulation sidebands are separated by twice the
modulation frequency.

Here, we propose a microwave photonic notch fil-
ter based on an analogue of electromagnetically induced
absorption (EIA) in the microwave domain [57]. Elec-
tromagnetically induced absorption, which results due
to interference between different excitation pathways,
enhances the absorption of an already existing absorption
resonance [58—61]. We harness destructive interference
between the Brillouin loss resonances in the microwave
domain, which are created by beating of the carrier in
orthogonal polarizations with the anti-Stokes sideband in
the respective polarization, to enhance the loss at a desired
microwave frequency by more than 6 orders of magni-
tude at a fixed pump power. Combining single-sideband
modulation with polarization-dependent Brillouin loss and
bias-voltage-induced phase allows us to achieve a MPNF
with an ultrahigh rejection of > 75 dB and a narrow 3-dB
bandwidth of (77 &= 7) MHz using about 15 dB of SBS
loss. The proposed notch filter is tunable over 40 GHz
with minimum rf loss of 17.5 dB at 10 GHz. Over the
entire tuning range up to 40 GHz, the MPNF exhibits rf
loss of (—22.9 £ 5.4) dB. To study the effectiveness of our
scheme, we selectively suppress an interferer, which is 25
dB stronger than the desired rf signal, by 51 dB without
affecting the rf signal.

II. THEORY

We exploit the polarization dependence of SBS loss
seen by the orthogonally polarized components of the
anti-Stokes sideband and combine it with the polarization
dependence of the bias-voltage-induced phase to enhance
loss at a desired microwave frequency. Figure 1 shows a
schematic representation of the concept of an EIA-based
MPNF. An optical carrier of frequency w, (Fig. 1, node a)
is modulated with a radio-frequency (€2,¢) signal, using a
z-cut intensity modulator (IM), to generate the upper and
lower modulation sidebands at w. £ Q¢ (see Fig. 1, node
b). The z-cut IM is based on a lithium niobate waveguide,
where the phase shift of the upper and lower modula-
tion sidebands with respect to the carrier depends on the
IM bias voltage, V, through a parameter «. The param-
eter o shifts the phases of the sidebands by +tan~'«
[53]. A z-cut intensity modulator also shows a polar-
ization dependence of the bias-induced phase shift due
to different electro-optic coefficients of the extraordinary
(r. = 30.8 pm/V) and ordinary (r, = 8.6 pm/V) polariza-
tion components perpendicular to the light-propagation
direction in the modulator. Considering small signal modu-
lation, the resulting electric field at the output of a z-cut IM
for probe components along two orthogonal polarizations
is then given as [57]

Eoy . . .
E(f) = TOelwcf 52 cos Aoy

n m, Vo sin A¢y,

5 (1 +iax)(eiQrft+e—iQrft)]

Ey, . )
+ %e"”“’sine"p‘)}’ [2 cos Agy,

my, Vy s;n Ay (1 + i) (@ 4 =@my] (1)
where Agoy0, = Go1x,01y — Po2v,02y/2 and ¢ox 0y = Po1x01y
+ Po2c,020/2, With o101, and oz 02, being the bias-
dependent phase shifts in the two arms of a z-cut intensity
modulator for the x and y polarizations. The parameter
My, = M2y — Mix,1, depends on the modulation param-
eters miy1, and my.p, in the two arms of the intensity
modulator. Vj is the rf voltage of the modulation signal.
Eoy 0, are electric fields along the orthogonal polarization
components of the signal. For a z-cut intensity modulator,
the parameter o, can be defined as

Mix,1y + Moy 2y
Oy = ——————— Cot(Adoy gy). (2)
mlx,ly - mlr,Zy

Here, Ao, o, can be controlled by tuning the bias volt-
age, V5, which allows electrical control of the phase shift
[62,63]. After modulation, one of the sidebands (w. + €2;f)
is filtered out using a narrowband optical filter to create
a probe with a single-modulation sideband (w. — €2,r) and
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FIG. 1.

Schematic representation of the concept of EIA-based MPNF. Node a, modulation of laser carrier of frequency w. by Qy;

node b, upper and lower sidebands generated at intensity modulator of w. — ;¢ and w,. + 2,4, respectively; node c, optical filtering of
upper sideband to create a probe consisting of a lower sideband and carrier with different power distributions in orthogonal polarization
components; node d, optical pump centered at frequency w, — Q2+ — Q2 with different power distributions in orthogonal polarization
components; node e, back-scattered probe on interaction with pump; amplitude of orthogonal polarization components of probe signal
are equal at desired rf frequency (€2;r); node f, photodetection of different losses witnessed by orthogonal polarization components of

lower sideband.

a carrier. By tuning probe polarization, the power in one
of the orthogonal polarization (x-pol) components can be
made smaller than that in the other polarization component
(y-pol), as shown in Fig. 1, node c. After filtering the mod-
ulation sideband at w. + €2y, the optical probe in Eq. (1)
can be written as

Eoe .
E(t) = %e""”t 0 [2 cos Aoy

my Vo sin A / ; -
+ x V0 : ¢0x 1—|—Ol)% e—z(Qrft+tan lax)]

Ey, 7
N % et %0 [2 cos Aoy

m, Vysin A i -
ISR [ g ) )

We use a backward SBS in an optical fiber to realize EIA.
Light from an another laser centered at a frequency of
wp = 0, — Qf — Qp is used as the Brillouin pump (Fig. 1,
node d). When the probe is counterpropagated to a Bril-
louin pump in a SBS medium, different polarization com-
ponents of the probe sideband will see different Brillouin
losses, depending on the pump power along the orthogo-
nal polarizations [57] (see Fig. 1, node e). By tuning the
pump polarization, the pump power distribution along two
orthogonal polarization components is altered to impart

different SBS losses on the corresponding anti-Stokes com-
ponents. The resulting electric field of the probe signal can
then be written as [57]

Eoe . .
E(t) = %ew 0 [2 cos Aoy

n nmy VO Si21’l A¢0x

Ey, . 1
" % gioct gidoy [2 cos A¢Oy

. —1
1 4 a)%|Gx|e—l(Qrft+tan Dtx+¢x)]

m V() sin A 0 _; -1
y—¢y 1+05y2|Gy|€ i(Qpt+-tan Oty+¢y)]’

2
“)
where
Exy
|Gxy(@e — Sup)| = exp | — . 2
’ wp*(wc*Qrf)+QBx,
| a [ Re ]
(%)
and
[wp*(wc*Qrf)‘FQBx,y ]
Xy I'p
¢xy(a)c - S.er) = - (6)
b wp*(wc*gzrf)‘FQBx,
| a [P

Here, G., and ¢,, are the Brillouin loss and SBS-
induced phase, respectively, as experienced by orthogonal
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polarization components of the probe sideband at a radio
frequency of Q. ' is the Brillouin linewidth and Qp,,
are the Brillouin resonance frequencies for x and y polar-
izations. The gain exponent, g, ,, for the x and y polar-
izations of the probe sideband is related to the effective
length, Lg; pump mode area, A.; and Brillouin gain coef-
ficient, gg, by gv, = ggP%y Let/Aerr, where P, is the pump
power coupled along the x and y polarizations of the pump.
The rf power, S(€2,¢), at the photodetector is then obtained
according to [57]

S(Qrf) = Ax|Gx|2 +Ay|Gy|2 + 2\/ (AxAy)

|G |Gy cos(tan™! o, — tan~! o, — ¢+ 9,),
(7)

. 2 .
where 4, , = 102x,0y sin” A(ﬁx’ym.iy(l + af,y)KZRL/64, Kk is
the detector responsivity, Ry is the load resistance, and
Tox0p = |Eox oy |2. Destructive interference between the two
Brillouin loss resonances in the rf domain occurs at a radio

frequency of Q¢ (see Fig. 1, node f), for which P = PyQ &
and @fﬁfy = (tan ' oy — tan"' @, — ¢y + ¢,) = 7, where
P&t and Pf ™ are the rf powers of the x- and y-polarized
probe components [see Fig. 2(a)], and @fﬁfy is the phase
difference between them. We achieve a m phase shift
between the interfering rf signals at the radio frequency
for which their amplitudes are equal by tuning the bias-
controlled rf phase. Outside the Brillouin loss bandwidth,
even though the phase difference between the interfering
rf signals is close to m, a large difference between the rf
powers does not cause any destructive interference (see
Fig. 2).

Figure 2 shows the simulation results for the EIA-based
MPNF using the model developed above. Figure 2(a) plots
the rf powers (Py) for the x- (red dashed-dotted line) and
y-polarized (black solid line) probe components, where
both powers are normalized with respect to y polarization.
Outside the Brillouin loss bandwidth, the rf power of the y-
polarized probe is about 10 dB higher than the x-polarized
probe component. Within the Brillouin loss bandwidth, the
rf powers of the x- and y-polarized probe components are
equalized at the desired frequency by tuning the pump
polarization to create a large loss for the y polarization
and a small loss at the x-polarized modulation sideband
[see Fig. 2(a)]. The Brillouin-induced optical phases, ¢y,
for the interfering rf signals depend on the pump power
along the respective polarization. The pump power along
each polarization component is determined by the Bril-
louin loss required to equalize their rf powers at the desired
frequency, which limits tuning of the optical phases, ¢x,.
However, the electrically controlled phases, tan~! &, and
tan~! o, for the x and y polarization, respectively, can be
tuned by varying the bias voltage to the intensity mod-
ulator. The simulated rf phase response for the x- and
y-polarized probe components is plotted in Fig. 2(b). By
tuning the bias voltage, one can tune the values of a,, to
create a m phase shift between the interfering signals at
the frequency for which their amplitudes are equalized, as
shown in Fig. 2(b). Furthermore, we see from Fig. 2(b) that
the optically induced phase is smaller for the probe compo-
nent that sees lower Brillouin loss, as expected according
to Eq. (4). Equal amplitude and a 7 phase difference then
enhance the loss through destructive interference between
the interfering signals [see Fig. 2(c)], which results in a
large rejection band via an analogue of EIA. Figure 2(d)
shows the simulated phase response of the MPNF, which

0 0 FIG. 2. Simulation results for concept of
—20 Tr MPNF. (a) Normalized rf response (Pir)
=~ _z :)}:Sg: —_ of x- (red dashed-dotted line) and y-
% % —40 polarized (black solid line) probe compo-
‘; "t —60 nents. Both plots are normalized with respect
Q. i S U )] to y-polarization power. (b) The rf-phase
—80 responses of individual polarization com-
-15(a) —100 (c) ponents. (c¢) Normalized rf response (S;f)
10.0 10.5 11.0 115 10.0 10.5 11.0 11.5 of the MPNF, demonstrating Brillouin loss
enhancement due to the analogue of EIA. (d)
1.0 07 Simulated rf-phase response of the MPNF.
(tan™a + ¢ )m
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FIG. 3. Experimental setup for the
demonstration of EIA-based MPNF.
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single-mode fiber; PC, polarization
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spectrum analyzer; OSA, optical spec-
trum analyzer; C1 and C2 are circula-
tors 1 and 2, respectively.
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is obtained from the phase difference between x- and y-
polarized probe components. From Figs. 2(a) and 2(c), we
infer that the large amplitude difference between the inter-
fering components outside the loss bandwidth prevents
destructive interference, even though they have a 7 phase
difference, and thus, does not introduce any rf loss.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 3 shows the experimental setup for the EIA-
based MPNF. Nodes labeled (a)(f) in Fig. 3 correspond to
the respective nodes in Fig. 1. Light from a NLL (~5 kHz)
centered at 1550 nm is amplified using an EDFA, which
acts as the optical carrier. The amplified signal is then mod-
ulated with the desired radio frequency (£2,¢) from a VNA
using a z-cut IM. The bias port of the IM is connected
to a tunable dc source. PC1 is used before the intensity
modulator to feed the modulator with both polarization
components to control their phase using V. The upper

modulation sideband of the modulated signal (w¢ + 2f)
is filtered out using a fiber Bragg grating (FBG) based
narrowband optical filter to create a probe consisting of a
single-modulation sideband (w¢ — €2;r) and a laser carrier
(w¢). Light from a TNL (~1 kHz) is optically amplified
using a high-power EDFA to create the Brillouin pump at
a frequency of w, — Qi — Qp. Pump and probe powers
along the orthogonal polarization components are con-
trolled using PC3 and PC2 in the respective arms. The
probe signal and the Brillouin pump are allowed to interact
in a 500-m-long SMF using C1 and C2. The Brillouin loss
seen by each polarization component of the probe’s modu-
lation sideband depends on the pump power coupled along
that polarization. The probe signal is collected at the third
port of Cl and amplified using a low-noise EDFA. The
output signal of the EDFA is allowed to beat on an ultra-
fast PD (Finisar) to down convert the modulated signal. A
VNA and a RFSA are used after the PD to measure the rf
response and to perform the resolution study. To measure

FIG. 4. Measured concept of
EIA-based MPNF. (a) Normal-
ized rf responses of x (red) and
y (black) polarizations. (b) The
rf phase responses of individual
polarizations. Inset plots a mag-
nified version of the rf phase for
the two polarizations, showing
that a 7 shift is achieved at the

10.4 10.6 10.8 11.0 11.2

MPNF frequency. (¢) Normal-
ized rf response of the MPNF.
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the rf response for the individual polarization components
in Figs. 4(a) and 4(b), a polarization beam splitter is used
before the PD.

Figure 4(a) shows the rf response for the x- (red solid
line) and y-polarized (black solid line) probe components
normalized with respect to the measured y-polarization
component. By tuning PC2 in the probe arm, we control the
rf power distribution in the individual polarization com-
ponents of the probe to create an amplitude imbalance of
about 10 dB between beat signals. The rf response for each
polarization is measured using a polarization beam split-
ter before the photodetector. The rf powers of the probe
polarization components are equalized at the desired radio
frequency [see Fig. 4(a)] by tuning the pump polariza-
tion (PC3) to control the Brillouin loss seen by them. The
rf phase measurements for the x- and y-polarized probe
components are shown in Fig. 4(b). The bias voltage of
the IM is tuned in such a way that the phase difference
between the polarization components become 7 at the
radio frequency where their amplitudes are equalized. Inset
in Fig. 4(b) shows that a phase difference of & occurs at the
desired frequency. These conditions then result in destruc-
tive interference between the two rf absorption features, as

shown in Fig. 4(a), which drastically enhances signal rejec-
tion and results in the EIA-based MPNF response shown
in Fig. 4(c). The measured phase response of the MPNF
is shown in Fig. 4(d), which is obtained by calculating the
difference between the rf phases of the x and y polariza-
tions shown in Fig. 4(b). The notch filter is realized at a
frequency of 10.823 GHz within the Brillouin loss reso-
nance, where the phase difference is equal to 180.71°. From
Figs. 4(a) and 4(c), we note that we realize a rf loss reso-
nance of about 70 dB using a total Brillouin loss of only
about 19 dB. In a conventional SBS MPNF based on SSB
modulation, a notch depth of 70 dB would require a Bril-
louin loss of 70 dB. We, therefore, present a highly efficient
MPNF using the SSB modulation scheme.

Figures 5(a)-5(i) show the Sp; measurements for the
EIA-based MPNF over a wide frequency range of 440
GHz. The modulation frequency (€2;f) of the probe’s inten-
sity modulator is tuned from 4 to 40 GHz and, accordingly,
the Brillouin pump frequency is tuned to generate the SBS
loss resonance. For the entire tuning range, we achieve an
ultrahigh rejection of > 75 dB using a SBS loss of about 15
dB, which corresponds to a loss enhancement of > 60 dB.
Such a large notch response using a low SBS loss with

-20| -20 -20!
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T 60! —60! —60
—
w -80 -80 -80
~1001 ~1001 ~1001
(a) (b) (c)
352 384 416 66 69 72 96 99 102
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FIG. 5.

Wideband study of MPNF. (a)i) Measured MPNF responses (S2;) up to 40 GHz. Throughout the tuning range, the MPNF

achieves a record notch depth of >75 dB, while keeping the rf loss at (22.9 + 5.4) dB.
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FIG. 6. Measured rf loss (red) and rejection depth (blue) for
different notch frequencies.

the SSB modulation scheme creates an efficient MPNF.
Furthermore, the use of single-sideband modulation in our
technique makes it less prone to dispersion-induced phase
shifts, which reduce the notch depth [56]. In our scheme,
fine control over the polarization components allows effec-
tive equalization of rf powers at the desired frequency. The
bias control over the rf phases of the two polarizations
allows fine-tuning of the phase to achieve the condition for
destructive interference. By fitting Lorentzian profiles to
the measured MPNF response in Figs. 5(a)-5(i), we obtain
a narrow 3-dB bandwidth of (77 £ 7) MHz over the entire
tuning range.

Figure 6 plots the notch size and rf loss for each notch
frequency in Fig. 5. Over the entire tuning range, we
achieve a rejection depth of > 75 dB, while maintaining
a rf insertion loss of (—22.9 + 5.4) dB. Here, the rf loss
shows the total loss experienced by the signal when it

-20

passes through the experimental setup due to the insertion
losses of the individual components. The z-cut intensity
modulator shows an insertion loss of about 10 to 29 dB,
when the modulation frequency changes from 1 to 40 GHz,
which causes a similar frequency dependence of the inser-
tion loss in our MPNF. At low frequencies, the modulation
sidebands are close to the carrier, so a portion of the carrier
is suppressed by the optical filter that is used for filtering
the upper modulation sideband. The reduction in carrier
power due to the optical filter results in a lower rf power at
the photodetector, and thus, higher insertion loss at small
frequencies. These losses can be reduced using a high-
bandwidth modulator, using photonic components with
low-loss and high-power handling, and replacing the opti-
cal filter with one having a narrower bandwidth [18,64].
We realize a minimum tf loss of about 17.5 dB at 10 GHz.
For the entire frequency range, we use a Brillouin loss of
about 15 dB.

To demonstrate the effectiveness of the EIA-based
MPNF, we perform a resolution study, where we suppress
an unwanted interferer in the presence of a rf signal. We
create an interferer and signal using two rf tones with 70-
MHz frequency difference. Figures 7(a) and 7(b) show the
system with both an interferer and the desired rf signal
measured after the photodetector when the Brillouin pump
is off and Brillouin pump is on, respectively. Since both
measurements are performed after the photodetector, the
insertion loss is already incorporated. The power of the
interferer is kept 25 dB higher than the signal, as shown in
Fig. 7(a), which shows only the passband response of the
system because the Brillouin pump is off. In the presence of
the Brillouin pump, the orthogonally polarized probe com-
ponents experience different SBS losses and equalize the
powers at the interferer frequency, which results in a notch-
filter response that leads to the suppression of the unwanted
interferer. Here, the interferer experiences 51-dB suppres-
sion, while the signal in the passband remains unaffected

FIG. 7. Filtering of a

-20
(a) Pump-off Unwanted (b)

__Interference

25.4 dB —40+

—100

Pump-on strong unwanted interferer
placed 70 MHz apart
from desired signal. (a)
System when the pump
is off, showing that the
unwanted interferer s
254 dB stronger than
the desired rf signal. (b)
System when the pump is
on, where the unwanted
interferer is suppressed by
50.8 dB, while the signal
remains unaffected.

25.4dB Unwanted

Interference
70MHz v .

10.716 10.754 10.792 10.830

f . (GHz)

10.716

10.754 10.792 10.830
f . (GHz)
rf
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TABLE L.

Comparison of different MPNF techniques. In the rf gain column, negative and positive signs represent loss and gain,

respectively. MZM, Mach-Zehnder modulator; PM, phase modulator; MRR, microring resonator; SOI, silicon on insulator.

Technique Rejection (dB)  Tunability (GHz) Bandwidth (MHz) rf gain (dB) Modulation format
This work > 75 4-40 77+7 —229+54 SSB
Photonic crystal [16] > 50 1050 1000 —45 DSB
Silicon nitride chip [18] 50 0-12 150 +8 DSB
MRRs on a single SOI [20] 40 2.5-17.5 6000-9500 DSB
Silicon MRR [22] > 60 12.4-30.6 . . DSB
PM-incorporated Lyot filter [29] > 60 1.8-10 820-1800 (10 dB) <=30 SSB
SBS + MZM[54] 40 2-20 82 .. DSB
SBS loss [46] 20 2-8 126 >—10 SSB
DSB + SBS gain or loss [47] > 60 1-30 10 e DSB
SBS + polarization conversion [41] 67 3-5 64 . SSB
Two SSB signals [65] 040 (tunable) 1.5-6.5 180 <—-30 SSB
DSB + SBS loss and gain [53] > 65 1-25 50 —14 DSB

[see Fig. 7(b)]. The technique, therefore, provides a high-
resolution large-extinction MPNF using SSB modulation
and low Brillouin loss.

IV. CONCLUSION

We exploit destructive interference between Brillouin
loss resonances, created by orthogonally polarized probe
components in the rf domain, to enhance Brillouin loss by
more than 6 orders of magnitude. We harness this analogue
of EIA within Brillouin loss to demonstrate an efficient
MPNF with an ultrahigh rejection of > 75 dB using a Bril-
louin loss of about 15 dB. Over the entire tuning range of
440 GHz, we achieve a rf gain of (—22.9+54) dB. A
maximum notch depth of 84 dB is observed at 10 GHz. The
proposed MPNF exhibits a narrow 3-dB linewidth of (77 +
7) MHz over the entire 40-GHz frequency range. Further-
more, the use of single-sideband modulation reduces the
effect of dispersion-induced phase detuning from 7 at the
destructive-interference frequency.

While MPNFs with > 60-dB rejection are demonstrated
over a wide-frequency range using a combination of rf
interference and DSB modulation (see Table I), the notch
depth in single-sideband-modulation-based MPNFs is lim-
ited due to the requirement of large Brillouin loss or
passive resonators with a large extinction. Our demonstra-
tion, which uses a total Brillouin loss of about 15 dB to
realize a MPNF with > 75-dB rejection, presents a highly
efficient MPNF using SSB modulation. Brillouin scattering
and other photonic components, such as FBG or intensity
modulator, as used in our demonstration, are realized on a
photonic chip [66—71]. The EIA-based MPNF, therefore,
has the potential to realize a highly efficient MPNF with
ultrahigh rejection.
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