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Abstract: A novel method for receiving weak microwave photonics signals based on a
micro-ring resonator is proposed. This approach uses the nonlinear interaction of a mi-
crowave and an optical pump to generate an up-conversion signal to achieve the signal
reception. The minimum detectable power of this method reaches —89.79 dBm, which is
suitable for the detection of weak signals. The power conversion efficiency and bandwidth
have a 10 times promotion compared to similar conversion methods at room temperature.
The result also demonstrates that the detection sensitivity can be improved by five orders of
magnitude compared to the traditional modulators, and the output signal-to-noise ratio can
be improved by more than 17 dB using a micro-ring resonator.

Index Terms: Microwave Photonics, micro-ring resonator, microwave receiver, microwave
modulator.

1. Introduction

Microwave photonics processing has attracted much attention in recent years. Loading of mi-
crowave signals into fiber optic links has always been an important research topic [1]. However,
the sensitivity of conventional electro-optic modulators has not been able to meet the requirements
for a microwave photonics receiver (MPR).

The detection sensitivity of traditional modulators is limited, especially in a microwave photonics
radar system. The echo signal received by radar antenna requires a series of adaptive amplification
and filtering to meet the sensitivity requirements of existing electro-optic modulators. Current
MPRs utilize Mach-Zehnder Interferometers (MZIs), with a sinusoidal transfer function as the
electro-optical modulator, which results in a high driving power and a large receiver size. The
modulators with low power, low drive voltage have been explored [2]-[5]. The driving voltage of
the traditional modulator is at several volts [6], which brings high power consumption and other
problems that cannot meet the needs of weak radar signal processing, which is a challenge for
microwave photonics signal processing [7].

The efficient up-conversion of microwave signal to optical signal has become a popular research
topic. Several studies based on cold atom, superconducting circuit [8], and high-quality mechanical
films [9] have been conducted. Piezoelectric photonic crystals [10] have been used to connect
electronic LC circuits and lasers to achieve up-conversion [11], [12]. However, the conversion
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Fig. 1. (@) Schematic of the MPR using a micro-ring resonator. The red line is the laser beam, the blue
line is the electronic circuit, and the light blue line is the optical fiber. (b) The spectra of the optical input
signal S;j,, the microwave signal Sy and the output optical signal Sy, with multiple sidebands wp — wy
and wp + wy generated by the modulator. (¢) The micro-ring resonator for signals receiving with outer
radius R, width r and thickness h.

efficiency of these methods is too low for room temperature applications. Whispering gallery mode
(WGM) resonators have been introduced to realize the conversion of microwaves to an optical
frequency and to achieve reception of weak microwave signal at room temperature [13]-[16].
The electro-optical conversion efficiency was improved by 3 orders of magnitude, and the power
conversion efficiency reached 23.68 + 0.46. But the conversion bandwidth of 1 MHz is limited in
microwave photonics signal reception [17]. Compared with WGMSs, the micro-ring resonator has
similar photoelectric characteristics, which can provide higher conversion efficiency and solve the
problem of bandwidth limitation in the receiving process.

We propose a novel microwave photonics signals receiving method for weak signal detection
based on a high quality micro-ring resonator that supports the intensive nonlinear interaction
between microwave and optical fields. The up-conversion efficiency of microwave signals to optical
signals is improved through constraint of the overlapping region of the fields and the resultant
enhancement of field interaction. Since no additional bias is required, the method has high detec-
tion sensitivity and signal-to-noise ratio (SNR), making it suitable for weak signals detection. The
system described in this method can directly use the microwave signals received by the antenna
and complete the process of electro-optic conversion and adaptive filtering. The system addresses
the dilemma of high driving power of the electro-optic modulator and provides a method for the
direct detection of weak microwave signals without complex post-processing.

2. Theoretical Analysis

A schematic of the weak microwave signals receiving setup is shown in Fig. 1(a). The optical
pump from the distributed feedback laser feeds into the electro-optical up-conversion resonator
by a coupling prism. In the resonator, the microwave signals and the optical carriers generate the
up-conversion optical signals that contains the microwave information. The up-converted optical
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signals output from the coupling prism and feed into the optical fiber link to be received by the
detector after amplification and filtering. The amplification and transmission of the up-conversion
signals are analyzed to evaluate the weak microwave reception performance of the MPR.

The laser pump with angular frequency wp interacts with the microwave signals with angular
frequency wy in the resonator, as shown in Fig. 1(b). The energy of the generated higher-order
sidebands is extremely weak and only the generation of Stokes and anti-Stokes sidebands, with
frequencies of wp — wy and wp + wy, respectively, is considered. The adjacent cavity modes of the
resonator are assumed to resonate with the frequency of the sidebands. The electric field intensity
of the nonlinear process in the resonator can be expressed with the Hamiltonian A [18], [19]:

A =ng(abl¢' + &b _¢) + g (bl ¢+ &'b,.¢") (1)

Where 4, &', and ¢, ¢, are the creation and annihilation operators of the optical pump and
microwave signals, respectively. b_, b, and b,, b\, are the generation and annihilation operators
of the difference frequency and sum frequency signals, respectively. g denotes the strength of the
nonlinear interaction in the resonator.

The mode of the electro-optical up-conversion was chosen to avoid unnecessary noise and
interference due to the existence of weak and spontaneous optical down-conversion in the res-
onator [17]. The motion equations of particle interaction in the resonator, without considering the
noise, are expressed as [19]

da .
E = —ypad— ng (b—c + CTb+) + EP (2)
db_
o —igct
= y_b_ —igc'a 3)
db .
d_t+ = —y,b, —igca (4)
dc - .
e igh' a+ ig*a'b, + Ey (5)

Where yp and yy are the optical and microwave decay coefficients, y, and y_ are the sum
frequency and difference frequency decay coefficients, respectively. Assuming that the system is
in a state of steady output, the values of Egs. (2)—(5) will be zero. The electric field intensity of the
sum frequency signals will then be

_ —igyyv-EpEnm
vev—velyml® + 191 1Enl® (vs + v-)

b, (6)

Where Ep and Ey are the intensity of the input electric field of the optical wave and microwave in
the resonator, respectively.

The relationship between the power of the output optical signal and the input optical pump can
be obtained by applying the transfer matrix method. Considering the nonlinear interaction in the
cavity, the transfer matrix method is used to solve Eq. (6) and the relationship of the up-conversion
optical power Ry, the input microwave power Py, and the optical pump power P» can be expressed
as:

2
80Q. 2
- usp ) Py (7)

R = hQ
o (ﬁwﬁ,wg + 322 QuQ2Py
Where Q = wp/(2yp) and Qu = wu/(2yy) are the quality factors of the optical and microwave
resonators, respectively.
Considering that the input microwave power Py, as a small signal approximately, Eq. (7) can be
simplified as Ry = nPy, where n is the power conversion efficiency in up-conversion and can be
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expressed as:

1= (29) S, ®

wp ha),‘z/,

The power will be modified by the optical fiber during transmission. A, ¢ and n are the cross-
sectional area, dielectric constant and permeability of the optical fiber respectively. The output

optical power is modified to be
1
Afe\?/89Q\? Qu
B==(— — ) —= PP 9
=3(0) (5) e g

The photocurrent received by the photodetector is /(t) = y9Py, where y, denotes the optical
power conversion coefficientl. The output power of photodetector is Pyt = yZRoP5, in which Ro
denotes the resistance of the photodetector and

3 2
yosz‘(f) (@> Gu p, (10)

2\ wp hwﬁ,

Where % denotes the responsivity of photodetector.

3. Simulation and Analysis

A micro-ring resonator with high quality factor is used to construct the electro-optic up-conversion
resonator. The electro-optic up-conversion resonator structure is shown in Fig. 1(c). The optical
pump feeds into the left port and the up-converted optical signal outputs from the right port of
the coupling prism. The input optical pump and microwave signal interact in the resonator. The
resonator is based on a lithium niobate crystal and it can be placed in a three-dimensional metal
box to constrain the electromagnetic field. The input optical field is fed into the resonator by prism
coupling or fiber coupling. The outer radius and width of the micro-ring are R and r, respectively, and
the thickness of the micro-ring resonator is h. A microstrip ring is laid on the surface of the lithium
niobate crystal, and a microwave signal is transmitted to the microstrip ring through microstrip lines,
which interact with the optical field inside the resonator cavity to achieve microwave reception. The
structure is designed to match the optical and microwave modes in the lithium niobate crystal.
The strength of the interaction g in the electro-optic up-conversion resonator can be expressed

as [17]
— wpy @ e [T Nou 1/de*\y v 11
g a)PX nc 2V V v a b¥c ( )

Where ¥,, ¥,, and W, are the normalized electric field distributions of optical pump, sum
frequency signal and microwave signal in the optical cavity. n,, n,, and n, are the effective refractive
indices of the signals with the corresponding frequencies in the resonant cavity and x® is the
second-order nonlinear strength of the nonlinear crystal. The normalized mode volume V is defined
as the integral of the square of the absolute value of the eigenfunction and the interaction strength
is related to the distribution of the microwave and optical fields.

The interaction strength between the microwave and optical fields determines the conversion
efficiency. The optical field distribution is constrained in the edge region of the disk in WGM mode
and the conversion efficiency is limited by the overlap of microwave and optical fields. Therefore,
the optical field can be constrained within the cavity by controlling the radius and thickness of the
micro-ring resonator. The energy density of microwave and optical wave are higher in the micro-ring
resonator, which greatly increases the overlap factor and achieves higher conversion efficiency
compared to the WGM. The resonance wavelength and free spectral range (FSR) of the micro-ring
resonator can be determined by the structure of the micro-ring as:
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Fig. 2. Normalized power versus frequency with the optical pump and the up-conversion optical signal
indicated by dotted lines.

2w Rng = mi (12)
c

FSR =
2m Rny

(13)

Where R is the outer radius of the micro-ring, n, is the effective refractive index of optical
propagation in the cavity, ¢ is the velocity of light in vacuum, 2 is the wavelength of optical carrier
in the cavity, and m=1, 2, 3, ... is the number of resonance stages.

«/—ha)Ma)p n 2g\/ QMQ )
29\/ QMQ \/ﬁa)Ma)p

From Eq.(7), the up-conversion signal power Ry can be expressed as Eq.(14), due to the
existence of down-conversion, the up-conversion signal power will less than the half of pump
light power. The wavelength of the adopted input optical pump is 1550 nm and the microwave
frequency is 10 GHz. As shown in Fig. 2, the system is in the steady state hypothetically. The
up-converted optical signal meets the saturation state that limited by the interaction strength g, and
the up-conversion optical signal power will be half of the pump light power.

In the band of 1550 nm, the dispersion of lithium niobate is weak and the resonant mode of
the optical cavity satisfies the isometric condition. The system operates in the critical coupling
state, and the upconversion signal 3-dB bandwidth is 19.34 MHz.The microwave frequency needs
satisfy wy = F SR to achieve the highest conversion efficiency. In lithium niobate crystals [20], the
refractive indexes of optical pump and sum frequency signals are n, = 2.21, n, = 2.21, we ignore
the dispersion since the up-conversion signal is close to the pump light signal frequency [21]. The
resonator radius is then calculated to be R = 2.39 mm, according to Egs. (12)-(13).

With the determined resonant cavity material and signal frequency, g is mainly affected by
the normalized mode volume V, the interaction inside the cavity is changed with V. COMSOL
commercial software is used to simulate the electric field distribution of the micro-ring resonator.
Anisotropic medium tensor material model is used in the simulation of lithium niobate [22], [23].

The width of the microstrip ring is w = 0.1 um as shown in Fig. 3(a). The cavity operates in
a critical coupling state and the resonant frequency is wy = myc/aRny, where « is the microstrip
angular length, ny the effective refractive index in the microwave range whose value is affected
by the material and size [23]. The phase matching condition requires that ny(wo — w;) = nuawy. The

-2
Po = 8PPPM( 8PM) < PP/2 (14)
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Fig. 3. (a) The distribution of microwave electric field in the cavity with « = = and the microwave modes
my = 1. The vertical to the inside is in the z-axis. (b) The distribution of microwave field intensity
along the z-axis in the cavity, the zero point is located at the interface between the resonator and the
microstrip ring.
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Fig. 4. (a) The curve of normalized mode volume V versus width of the micro-ring resonator, the inset
is the electric field distribution of the circular section of the micro-ring resonator. (b) The curve of
normalized mode volume V versus the thickness of the micro-ring resonator, the inset is the electric
field distribution of the cross section of the micro-ring resonator.

effective refractive index for a single mode can be geometrically engineered, such as the proportion
of electric field energy in the air. Turning the thickness of dielectric is an effective way to engineer
ny. The tolerances are discussed below. The distribution of microwave electric field in the cavity
with wy = 10 GHz is shown in Fig. 3(a), where « = 7 and the number of microwave modes my is 1.
The distribution of microwave field intensity along the z-axis is shown in Fig. 3(b). The intensity of
microwave electric field gradually decreases with the increase of thickness of the dielectric cavity.
A thicker dielectric cavity will weaken the constraint of the optical field and reduce the coupling
intensity of the microwave field and the optical field.

The overlap of the optical and microwave fields in the resonator is also affected by the width
of the micro-ring resonator r as shown in Fig. 1(c). The optical field inside the resonator cavity is
constrained laterally in the direction of the parallel resonator cavity. A larger r will generate a higher
order mode in the resonator, that reducing the normalized mode volume V. A small r will lead to
mode leakage, resulting in a sharp reduction in V. The interaction of the microwave field in the
overlapping area will reach the maximum at r = 1.35 um, the normalized mode volume V will be
the largest, with an acceptable tolerance ér about 0.07 um, and the change in V is less than § =
5%, as shown in Fig. 4(a). Similarly, the overlap integral of the field affected by the thickness of
the resonator cavity is shown in Fig. 4(b). The optical field inside the resonator is constrained in
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Fig. 5. Plot of output laser power versus input microwave power. The blue curve represents the
relationship between the simulated input microwave power and the up-conversion optical signal power.
The red curve is a linear reference line.

the direction of the vertical resonator. The interaction between the optical field and the microwave
field in the overlapped area decreases with decreasing thickness h. The optical field will not be
confined inside the crystal as the thickness decreases, which results in a gradually weakening
interaction between the optical field and the microwave field. When the thickness h = 0.66 um, the
normalized mode volume V reaches its largest value. At h = 0.66 um, a tolerance §h about 0.18
um is acceptable, and the change in V is less than § = 2%.

It is worth pointing out that fabrication does not need to achieve accurate phase compensation,
because the phase matching can be fine-tuned by changing the microwave dispersion of the sys-
tem. The conceivable fabrication error is tolerable and solvable by a flexible aluminium drumhead
embedded in a microwave circuit. An adjustment of microwave frequency above 0.5 GHz without
significantly reducing the quality factor has been achieved [24].

4. Detection Sensitivity and SNR

The up-conversion efficiency in the resonator can be calculated by using the simulation results.
Since recent publications demonstrate a nearly critically coupled lithium niobate microring res-
onator with an intrinsic Q &~ 107 [25], and the increasing of the waveguide width leads to a Q
improvement, we assume that the quality factors are Q = 107 and Qy = 100 in the calculation.
As Q = w/éw, with w to be the optical resonance frequency and sw to be the optical bandwidth, the
optical bandwidth should be 19.34 MHz.

From simulations above, Eq. (11) is calculated to prove the interaction strength g = 494.39 in
the electro-optic up-conversion resonator, which is about 10 times compared to a traditional micro-
disk resonator [17]. According to Eq. (7), this g value results in a significant improvement of the
conversion efficiency and enhances the output up-conversion optical power R,. It can be obtained
from Eq. (8) that power conversion efficiency is n = 2.54 x 10? with pump power P> = 1 mW. The
detection sensitivity and SNR of the MPR is related to the up-conversion optical power.

The relationship between the up-conversion optical power and the input microwave power is
shown in Fig. 5. The blue curve in Fig. 5 represents the relationship between the input microwave
power and the optical signal power. The red line in Fig. 5 is a linear reference line. The output
power of the optical signal is a function varying with A, in Eq. (7). With the gradual increase of Py to
ho2w3/32¢° Qu@?, the up-converted signal becomes saturated. The power conversion efficiency is
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Fig. 6. (a) SNR versus input microwave power wherein the red and blue lines indicate the output and
input SNR, respectively, of the MPR. (b) ASNR versus input microwave power wherein the red line
indicates the difference between the input and output SNR.

limited by the quality factor of resonator. The output optical signal is compressed by 1 dB relative to
the linear response of the system at Py = —27.25 dBm. A large dynamic range of 62.54 dB signal
reception is achieved below an input power of By = —27.25 dBm in this weak MPR scheme.

Next, the microwave thermal noise within the microwave signal, the shot noise, and the relative
intensity noise in the fiber and detector, are considered [26]. The input SNR is SNRy, = Py/KTG(f),
where G(f) is the filter function of the electro-optical up-conversion cavity. We assume the band-
width is 19.34 MHz. After electro-optical up-conversion and optical link transmission, shot noise N,
and relative intensity noise Ngy of pump light are introduced, which affect the output SNR of the
setup. The corresponding noise can be expressed as,

Ns = 2qyoPuRoG(f) (15)
1 RIN 2
Naw = 510 10 (yoPu)RoG(f) (16)

Where K is Boltzmann constant, T is the environment temperature, and R, is the resistance
of photodetector. RIN is the relative intensity noise of the pump light. The output signal can be
obtained by Eq.(9), and the output SNR can be expressed as,

v§ RoFji
2470PuoG(1) + 3107 (v0Pu)*RoG(f) + voKT G(1)

The setup is at room temperature environment with T being 300 K. The photodetector has a
responsivity of 0.75 A/W and a resistance of Ry = 50 Q. The typical value of relative intensity noise
of laser is RIN = —155 dBm/Hz [27].

The relationship between the output SNR and the input SNR of the system is found by solving
Eqg. (9) and is shown in Fig. 6. It can be seen that the output SNR of the MPR is improved by more
than 17 dB compared to the input SNR. This improvement increases with the increase of the input
power. When the input microwave power is —27.25 dBm, the increment ASNR of the output signal
will be 79 dB.

In the receiver setup, the detection sensitivity S of the microwave signal is related to the SNR
and is given by

SNRyyt = (17)

_ 2yoPyRo + 5107 (yoPu)?Ro + 1oKT

S
véRo

(18)

When the output SNR reaches the minimum detectable value where SNR,; = 1, as shown in
Fig. 6(a), the minimum detectable power is —89.79 dBm (1.05 x 10~° mW). This result shows large
improvement in detection sensitivity of the microwave photonics receiver compared to a traditional
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electro-optic modulator where the minimum driving power is about 1 x 10~ mW. With the micro-
ring method, the detection sensitivity has been improved by five orders of magnitude [28], [29]. The
power conversion efficiency is around n = 2.54 x 10% and the bandwidth is 19.34 MHz, which are
10 times better compared to state-of-art power conversion efficiency [17]. It is worth noting that
amplification and filtering of the optical fiber link will further improve the output SNR of the system,
the sensitivity can be improved by increasing the gain under the background of the weak microwave
signal.

5. Conclusion

A new setup for weak microwave signal reception, which is suitable for processing weak microwave
signals under strong background noise, is proposed. The MPR detection sensitivity has been
significantly increased in comparison to the traditional microwave photonics receiver method.
A microwave driving power of one microwatt, which is required by the traditional electro-optic
modulator, is reduced to a picowatt by the proposed method; a five orders of magnitude increase in
detection sensitivity is achieved. The power conversion efficiency is 10 times higher compared
to state-of-art microwave receivers. The proposed method significantly improves the detection
sensitivity and SNR of the microwave photonics receiver and provides the possibility of direct
detection of weak microwave signals while meeting the requirements for device integration.
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