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oscillation

Xin Zhang (3K 2&)", Tao Pu (3 i%)", Yunshan Zhang (3= LLi)%, Hua Zhou (J& #£)", Lin Lu (/5 B)', Jin Li (&),
Xiangfei Chen (B&1@ %), and Jilin Zheng (¥R #%)"

1College of Communications Engineering, Army Engineering University of PLA, Nanjing 210007, China

2School of Optoelectronic Engineering, Nanjing University of Posts and Telecommunications, Nanjing 210023, China

8 Microwave-Phatonics Technology Laboratory, National Laboratory of Microstructures & College of Engineering and Applied Sciences, Nanjing University,
Nanjing 210093, China

“Corresponding author: nj_putao@163.com

“*Corresponding author: zhengjilinjs@126.com
Received May b, 2022 | Accepted May 31, 2022 | Posted Online June 25, 2022

Weak RF signal detection with high resolution and no blind zone based on directly modulated multi-mode optoelectronic
oscillation has been proposed. The high-sensitivity optical modulators and optical filters are avoided because multi-mode
oscillation is obtained based on directly modulating the semiconductor laser at the relaxation oscillation frequency. For the
directly modulated optoelectronic oscillator, the detection characteristics such as gain for the RF signal, resolution, noise
floor, and sensitivity are firstly analyzed. The experimental results are consistent with the simulated results. For the RF
signal of unknown frequency, it can be detected out and amplified by tuning the bias current and delay time of the loop.
There is no blind zone within 1-4.5 GHz. The system provides a maximum gain of 17.88 dB for the low-power RF signal. The
sensitivity of the system can reach as high as —95 dBm. The properties such as gain dynamic range and power stability are
also investigated. The system has potential for weak RF signal detection, especially for the RF signal with unknown

frequency.
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1. Introduction

Low-power radio frequency (RF) signal detection plays an
important role in many applications!' ., In the traditional elec-
trical domain, many methods have been proposed and applied
to detect the weak RF signal[ﬁ]. However, in these systems, the
sensitivity is not high enough. The multi-mode optoelectronic
oscillator (OEO) is demonstrated to be applied in detecting weak
RF signal with high sensitivity!” '°). In Ref. [7], the RF signal
from 1 to 6 GHz with the sensitivity as low as —83 dBm can be
detected based on the multi-mode OEO. However, the gain for
the signal reduces from 3 GHz, and the mode spacing is
5.2 MHz. Based on a phase-shifted fiber Bragg grating,
Shao et al. realized RF signal detection with the gain of about
10 dB from 1.5 to 5 GHz'®!. However, the mode spacing of the
system is 4.7 MHz. The mode spacing is improved to 450 kHz
based on the highly nonlinear fiber'. However, the above sys-
tems based on the external modulator need a high-sensitivity
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modulator to make sure the weak RF signal can be injected to
the system. The ultra-simple detection system based on direct
modulation OEO is realized in Ref. [10]. However, owing to
the inherent characteristics of multi-mode oscillation, the RF
signal that mismatches the oscillation modes cannot be detected.
The ability to search and determine the unknown signal’s fre-
quency is significant.

In this paper, an ultra-simple method of weak RF signal detec-
tion with high resolution and no blind zone is proposed based on
the multi-mode OEO. The OEO is realized utilizing the high
modulation efficiency at the relaxation oscillation peak of the
distributed feedback (DFB) semiconductor laser, which avoids
using the optical modulator with high sensitivity. The character-
istics such as gain for RF signal, resolution, noise floor, and sen-
sitivity of the system based on the directly modulated multi-
mode OEO are firstly analyzed. The resolution of the system
is as high as 180 kHz. The unknown weak RF signal can be deter-
mined by adjusting the bias current and the optical tunable delay
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line (OTDL) to make the oscillation modes match with the RF
signal. So, there is no blind zone within 1-4.5 GHz. The maxi-
mum gain provided for the signal is 17.88 dB, the sensitivity
reaches up to —95dBm, and the gain dynamic range is
84.5 dB. The system is stable, which indicates that the simple
system can be applied to satellite phones.

2. Principle and Experimental Setup

The RF detection system is set up according to the structure
shown in Fig. 1. The optical signal is generated from a DFB semi-
conductor laser. It is amplified by the erbium-doped fiber ampli-
fier (EDFA), which provides gain to compensate the loop loss.
After transmitting through the 1.1 km single mode fiber (SMF),
the optical carrier is sent to the OTDL (KG-ODL-15-PMF-10)
with the max delay time of 400 ps, which is used to adjust the
optical path length. The optical signal converts to electrical sig-
nal on the photodetector (PD, responsivity: 0.85 A/W). Then,
the electrical signal will be sent to the RF port of the laser
through the 5:5 electrical splitter (ES) and 5:5 electrical coupler
(EC) to directly modulate the DFB laser. Thus, the optoelec-
tronic oscillation loop is formed. The RF signal generated by
the microwave signal generator is injected to the system through
the ES. The output RF signal is monitored by the electrical signal
analyzer (ESA).

Thanks to the directly modulated OEO, the RF signal located
at relaxation oscillation frequency f,, will achieve the highest
modulation efficiency when a semiconductor laser is directly
modulated""). It can be clearly seen from the frequency
response of the semiconductor laser in Fig. 2(a). The current
of the RF signal can be expressed as

Ippin () = Ixg cos 2xf ,t, (1)

where g is the amplitude of the RF current. The directly modu-
lated optical signal generated from the DFB laser has three
frequency components: f,, f. + f,,» and f.—f,,, as shown in
Fig. 2(b). For direct modulation, the output optical power can
be expressed as

Fig. 1. Schematic diagram of the proposed RF signal detection (EDFA, erbium-
doped fiber amplifier; SMF, single mode fiber; OTDL, optical tunable delay line;
PD, photodetector; EC, electrical coupler; ES, electrical splitter; ESA, electrical
spectrum analyzer).
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Fig. 2. lllustration of the RF signal detection. (a) Modulation response of the
laser with a relaxation oscillation at £, (b) Optical signal from the DFB laser
after modulation. (c) Multi-mode oscillation state around f;, after closing the
loop when there is no input RF signal. (d) The RF signal f,,, is amplified when it
matches with the oscillation mode. (¢) The RF signal f,, has loss when it mis-
matches with the oscillation made. (f) The RF signal f,, is amplified after tun-
ing the delay time of the OTDL.

P(t) = Sy (Ipias — Iin + Irpin)
= Pyjps + Spplgp cos 2xf ,t, )

where S is the slope efficiency of the DFB laser with 0.3 W/A,
;s 1s the DC bias current, I, is the threshold current of the
laser, and Py, is the optical power at the DC bias current.
The output signal is amplified by the EDFA and transmitted
through the SMF, which can be written as

P'(t) = S.paGeppa Ibias — Ith + IrEin)

= aGgppaPoias + Stp@Gepralrr €0s 2xf ,t, (3)

where a (0.3 dB) is the loss of the SMF and OTDL, and Ggpg, is
the gain of the EDFA. Through photoelectric conversion, the
photogenerated current can be expressed as

Ipp(t) = rppP’(t)

= rppQ@GEprA Poias + 7p0S1L0AGEDEAIRE COS 27f , t, 4)

where rpp is the photoelectric conversion efficiency of the PD
with 0.85 A/W. The latter term in Eq. (4) is the output RF signal
current. So, the output RF power at the PD can be expressed as

Popre = (TPDSLDGGEDFA)ZP RFin* (5)

The open loop gain is obtained in Eq. (6), which is propor-
tional to pD> SLD’ and GEDFA:

Gopen = (rppSLp@GEpra)®. (6)

The single mode RF signal can be obtained by directly modu-
lating the DFB laser based on OEO as long as the open loop gain
is high enough!""). For the RF signal detection, the open loop
gain is just below the threshold gain of single mode oscillation.
By adjusting the pump current of the EDFA to decrease the open
loop gain, multiple modes will oscillate in the loop, as shown in
Fig. 2(c). The mode spacing Af is determined by the loop
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length!"?). So, the number of the oscillation mode at f,, is
n=f,/Af. Accordingly, the RF signal with f, will acquire
the maximum gain in Fig. 2(d). However, the RF signal located
at f,,, which mismatches with the oscillation modes, will show
loss, as in Fig. 2(e). Here, the resolution of the system is defined
as the minimum frequency difference when the RF signal can
obtain maximum gain, which is equal to mode spacing.
Hence, the resolution can be improved by increasing the loop
length. Then, adjusting the delay time Az of OTDL to change
the loop length, the mode spacing will be changed to Af;,
and the frequency of the nth oscillation mode will be tuned to
f..=nXxAf, . The RF signal will rematch with the nth mode
and get amplified correspondingly, as shown in Fig. 2(f). The
relationship between the delay time Az and mode spacing can
be expressed as Af, =Af, /(1 + Az Af,). When the cover
range of the mth mode reaches the resolution, ie.,
n(Af,, — Af,,) = Af,,, the required Az can be expressed as

Ar=1/(f,, — Af,,). 7)

So, the system can realize the RF signal detection without a
blind zone within the detection bandwidth.

2.1. Gain property of the detection system

In the OEO loop, the total field is the summation of all circulat-
. [12,13] . . .

ing fields . For the input RF signal Ipp, (@), @ is angular
frequency, and the current of the signal injected to the DFB laser
can be expressed as

Low(0,) = In(@)G(Iy) Y G(Iy) explior(t — n7)]
n=0

_ Lin(@)G(I) exp(iwt)
"1 -G, exp(—iwr)’

(8)

where G(Iy) = /Gopen is a parameter related to the number of
cycles n, and the value is equal to the open loop current gain of
OEO under the condition of small signal approximation. 7 is the
time delay of the OEO loop. The power of output RF signal is
written as

Iin(@)? G(I)* RH(w)
1-2G(Iy) + G(Iy)? ’

Pout(w) = |Iout(w’t)|2 RH(CO) = 9

where R is resistance, H(®) is the relative frequency response of
the DFB laser"* and set as H(2zf,,) = 1. The gain of the detec-
tion system for the RF signal can be expressed as

H(0)Gypep
Geys = () Gope . (10)
1+ Gopen -2 Gopen

When the RF signal is located at the relaxation oscillation fre-
quency, it will obtain the max GSYS. So, the tunability of the detec-
tion system can be realized by tuning f,,, which changes with the

bias current of the laser. A simulation for the maximum Gy
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Fig. 3. Simulation for the max Ggys With Gopen.

with Gy is carried out based on Eq. (10) in Fig. 3. With
Gopen increasing, the gain for signal at f,, increases.

2.2. Noise performance and detection sensitivity

The detection sensitivity is defined as the minimum detectable
input RF power, which is determined by the oscillation modes of
the OEO. The power of the oscillation modes is determined by
the noise power and gain. In the conventional OEO loop, the
total noise is composed of shot noise, thermal noise, and the
laser’s relative intensity noise (RIN). In this system, the EDFA
will introduce amplifier spontaneous emission (ASE) noise.
So, the beat noise between the signal and ASE (S-ASE) as well
as the beat noise between ASE and ASE (ASE-ASE) should be
taken into account.
The power of the thermal noise can be expressed as

Py, = 4K3TB,, (11)

where Kj is the Boltzmann constant, T is the ambient temper-
ature in Kelvin of 300 K, and B, is the bandwidth of the electric
receiver of 1 kHz. The shot noise is proportional to the detected
photocurrent I;, which can be written as

Pshot = ZquRLBe’ (12)

where q is the electron charge, and R; is the load resistance of
50 Q. The noise power of the laser’s RIN is expressed as

12
Prix = Ed 10 R, B,, (13)

where the RIN of the laser in the experiment is —160 dB/Hz. The
output of the EDFA includes the amplified optical signal and the
ASE noise. So, the beat noise between S-ASE and the beat noise
between ASE-ASE are induced on the PD, which can be
expressed as

P pse = 4(rpp Gepra Psin) TppSAse BeR ),
=4(I; — rppSaseBo) TppSasE BeR L (14)
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1 B,
PASE—ASE'B_RL /;B If\SE(l - ?) df
= r%’DSZASE (ZBD - Be)BeRb (15)

where P;, is the input optical signal power before the EDFA,
B, is the optical bandwidth of the ASE with 40 nm at
1550 nm, Sy is the power spectral density of the ASE noise with
—134.7dBm/Hz, and I g is the photogenerated current of the
ASE noise. According to Egs. (11)-(15), the total system noise
can be expressed as

Proise = Ps.ase + Pasg-ase + P + Pohot + Prin
=4(I; — rppSaseB,)repSaseBeRy 4 r5pSisp (2B, — Be) B Ry,

RIN

IZ
+4KzTB, + 2qI4R, B, + 5‘{ 1010 R, B,. (16)

A simulation for the noise power of the open loop system with
different output current I; based on Eqgs. (11)-(16) is carried out
and plotted in Fig. 4. In the simulation, the gain of the EDFA is
fixed, and I; changes with the power of the optical signal. When
I,; is less than 0.1 mA, the beat noise between ASE-ASE is the
main noise. With I; increasing, the beat noise between S-ASE
increases and becomes the main noise. The ASE noise of the
EDFA plays a major role in the total noise. The use of a narrow-
band optical filter to filter out the optical signal can effectively
reduce the total noise of the detection system.

According to the loop oscillation theory!*), the power of the
oscillation mode can be expressed as

P noiseH (Cl))
1+ Gopen -2 Gopen '

(17)

mode =

Set P;, at 4 dBm and f,, at 3 GHz, a simulation of the mode
power at different frequencies is carried out according to
Egs. (6), (16), and (17). The results are plotted in Fig. 5. For
the determined Gy, the power of the oscillation mode is not
equal, which changes with H(w). It reaches the maximum at the
relaxation oscillation frequency. At the same time, with the open
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Fig. &4 Noise power with different photocurrents.

Chinese Optics Letters

loop gain increasing, the power will increase correspondingly.
The detection sensitivity is the minimum detectable power of
the RF signal, which can be expressed as

P =Pmode=Pnoise (18)
m GSYS GOPEH

From Egs. (10) and (18), it can be seen that, with the open
loop gain increasing, the system gain for the RF signal will
increase, and the detection sensitivity will be improved.

3. Results and Discussion

3.1. Gain property based on OEO

The RF detection system is set up based on the structure shown
in Fig. 1. Once the bias current of the laser is fixed, only the signal
aligned with the oscillation frequency can get the maximum
gain. We set the bias current at 10 mA (threshold current is
8 mA) and adjust the open loop gain to make the system
work at the multi-mode oscillation state, as shown in Fig. 6.
In Fig. 6(a), the span is 2 GHz. The inset is the spectrum when
no RF signal is injected into the system. The power of the oscil-
lation modes is not equal, and the trend is basically the same as
the modulation response of the DFB laser at a certain bias cur-
rent, as shown in Fig. 5. The experimental results are consistent
with the simulation results. Set the power of input RF signals
(f, =2.618255GHz and f, =2.61834 GHz) at —75dBm. The
RF signal f, is detected, while f, cannot be distinguished
from the oscillation modes. When the span is set at 500 kHz
in Fig. 6(b), the power of f, which matches the oscillation mode,
is —59.3 dBm, and it is amplified by 15.7 dB. However, the power
of f,, which mismatches with the oscillation mode, is —80 dBm,
and it gets the largest loss of 5 dB. The spacing of the oscillation
modes is 180 kHz, which is determined by the loop length,
including the 1.1 km SMF, the pigtails of the optoelectronic devi-
ces, and the erbium-doped fiber in the EDFA. The noise floor of
the system is the peak power of the oscillation modes, which is
—80.5 dBm. If the power of the output RF signal is below the

-80
—— Gopen=0.8

—— Gopen=0.75
——Gopen=0.7

-82

Mode power (dBm)

0 1 2 3 4 5
Frequency (GHz)

Fig. 5. Sidemode power at different frequencies.
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Fig. 6. Electrical spectra of the output RF signal: (a) span is 2 GHz, (b) span is
500 kHz.

noise floor, it cannot be distinguished from the oscilla-
tion modes.

For the RF signal at different frequencies, the amplification
property is also investigated. At first, the delay time of the
OTDL is set at 0 ps. According to the principle, the RF signal,
which matches the oscillation mode located at the relaxation
oscillation frequency, will get the largest gain. By adjusting
the bias current of the laser, the relaxation oscillation frequency
will change accordingly. Thus, amplifying the RF signal at differ-
ent frequencies is realized. When the bias current changes from
8 mA to 12 mA, the RF signal acquires amplification within
1-4.5 GHz, as shown in Fig. 7. During the detection range, the
power of the output RF signal is above —75 dBm, which exceeds
the power of the RF source. The max gain reaches 17.88 dB at
2 GHz, which is 7.38 dB more than the system in Ref. [14].
However, the gain rolls down to 3.9 dB as the RF signal fre-
quency increases to 4.5 GHz because the 3 dB bandwidth of
the transmission response of the laser increases. The detection
frequency is limited by the low-frequency response caused by
the inherent characteristics of the DFB laser, which has been
researched in our previous work!'"’,
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3.2. No blind zone during the detection range

When the loop length is fixed, the interval between the oscilla-
tion modes is determined, and the system cannot provide gain
for the RF signals, which mismatches with the oscillation modes.
The problem can be solved by adjusting the delay time of the
OTDL, which changes the loop length slightly. At first, the
RF signal at 2.61825 GHz with —75 dBm is injected into the sys-
tem. By increasing the delay time by the step of 50 ps, the mode
spacing will decrease, and the oscillation modes will all shift to
the direction of low frequency, as shown in Fig. 8(a). Figure 8(b)
is the power of the detected RF signal. Within the 350 ps delay
time, the RF power decreases at first and then increases to
60.8 dBm because the matched oscillation mode moves gradu-
ally away from the RF signal, while the next mode is closer to the
RF signal and provides gain for it. That is to say, within 350 ps
delay time, the next oscillation mode will be closer to the front
one and coincide with it. Then, the RF signal at the frequency
from 2.61825 GHz to 2.61843 GHz with the step of 30 kHz is
injected to the system. By tuning the delay time to move the
oscillation mode until it aligns with the RF signal at different
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Fig. 8. Electrical spectra at 2.61825 GHz when the delay time is different.
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Fig. 9. Electrical spectra of the detected RF signal at different frequencies
with corresponding delay time when acquiring the max gain.

frequencies, all RF signals can get amplified like the results
shown in Fig. 9. According to Eq. (7), for the 4.5 GHz RF signal,
the required delay time is just 220 ps. However, it increases to
1000 ps for the 1 GHz RF signal. All in all, by adjusting the bias
current of the DFB laser and the delay time, no matter what fre-
quency the RF signal is within 1-4.5 GHz, the system will detect
it and provide gain for it.

3.3. Sensitivity, gain dynamic range, and stability

The sensitivity is defined as the detectable input RF power,
which is an important parameter for the system. The RF signal
with the frequency of 2.618255 GHz is injected to the system.
The input RF power is decreased from —75 dBm until it cannot
be distinguished from the oscillation modes. The electrical spec-
tra are shown in Fig. 10. The noise floor is —80.5 dBm. When the
input RF power is decreased to —95 dBm, it is a bit higher than
the noise floor. So, the sensitivity is —95dBm, which is 8 dB
higher compared with that in Ref. [14].

On the other hand, the gain dynamic range property is
also investigated, which is defined as the difference between
the sensitivity and the highest input power when it equals the
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Fig.10. Electrical spectra of the detected signals at 2.618255 GHz with differ-
ent input power.
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output power. Increasing the input power from —95dBm to
—10 dBm, the detected RF power is measured and plotted in the
inset of Fig. 10. When the input power is lower than —35 dBm,
the gain of the system is constant (15 dB), while the gain
decreases to zero when the input power rises to —10.5dBm.
Accordingly, for the RF at 2.618255 GHz, the gain dynamic
range is 84.5 dB.

Next, we research the stability of the system for the RF signal
with different power. The frequency of the RF signal is set at
4.499963 GHz. In Fig. 11(a), using the “max hold” function of
the ESA to mark the maximum power and “min hold” function
to mark the minimum power of the signal, they are represented
by solid lines and dotted lines, respectively. With the RF power
increasing from —95dBm to —75dBm, the fluctuation of the
detected signal power decreases from 2.9 dB to 0.63 dB, as shown
in the inset of Fig. 11(a). The power fluctuation of the signal will
be consistent with the oscillation mode fluctuating gradually as
the signal power decreases. Then, fixing the power at —75 dBm,
the stability at different frequencies is measured and plotted in
Fig. 11(b). The results show that the detection system has the
same stability performance for different frequency signals.

Finally, the detection performance for the modulated RF sig-
nal is investigated. The 2.618255 GHz RF signal with 2.4, 4.8, 10,
and 20 ksps quadrature phase-shift keying (QPSK) data is
applied to the system. The RF power is fixed at —75 dBm. The
detected signal is measured by the vector signal analyser (VSA)
module in the ESA, and the corresponding results are plotted in
Fig. 12. As we can see, the constellation of the signal is clear. The
error vector magnitudes (EVMs) are 5.59%, 7.97%, 11.49%, and
21.28%, and the corresponding signal-to-noise ratios (SNRs) are
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Fig. 11. Stability of the detected signal. (a) 4499963 GHz signal with different
power. (b) Power fluctuation of the signal with —75 dBm at different
frequencies.
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Fig. 12. QPSK constellation with different modulation rates at the power of
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25.05,21.97, 18.77, and 13.44 dB, respectively. The bandwidth is
limited by the 3 dB bandwidth of the oscillation mode (35 kHz in
this system), which is generally used for the synchronized voice
and asynchronous data signal transmission in the low-speed
wireless communications, such as satellite phones, digital radio
station, and other potential communications'®!.

4. Conclusion

To conclude, in this paper, a simple method to realize weak RF
signal detection with high sensitivity and no blind zone within
the detection range is proposed and experimentally demon-
strated. The system is based on the multi-mode OEO, which
is realized by directly modulating the DFB semiconductor laser
at the relaxation oscillation. The highly sensitive optical modu-
lator and narrow band optical filter are avoided to make the
system with low cost. The gain provided by the EDFA not only
compensates the loss in the loop, but also makes the system work
at the multi-mode oscillation state. The characteristics of the
directly modulated detection system are analyzed for the first
time, to the best of our knowledge. The experimental results
are consistent with the simulation results. The RF signal aligning
with the original oscillation modes can be amplified. By simply
tuning the bias current of the laser, the system can detect RF sig-
nals from 1 to 4.5 GHz. Furthermore, by adjusting the delay time
of the OTDL, the oscillation modes can move to search for and
match with the unknown RF signal that mismatches with the
original modes. So, there is no blind zone within 1-4.5 GHz.
It provides the maximum gain of 17.88 dB for RF signals, and
the sensitivity is as high as —95dBm. The dynamic range is
84.5 dB at 2.618255 GHz. The power fluctuation of the output
RF signal is below 0.8 dB, which shows that the power stability
of the system is great. The system has potential for weak RF sig-
nal detection, especially for high accuracy and full coverage
measurement.

Vol. 20, No. 11 | November 2022

Acknowledgement

This work was supported in part by the National Natural Science
Foundation of China (Nos. 62071487 and 61974165), National
Key R&D Program of China (No. 2020YFB2205804), and
Chinese National Key Basic Research Special Fund
(No. 2017YFA0206401).

References

1. P. Ghelfi, F. Laghezza, F. Scotti, G. Serafino, A. Capria, S. Pinna, D. Onori,
C. Porzi, M. Scaffardi, A. Alacarne, V. Vercesi, E. Lazzeri, F. Berizzi, and
A. Bogoni, “A fully photonics-based coherent radar system,” Nature 507,
341 (2014).

2.7J. Raza, A.-]. Boonstra, and A. J. van der Veen, “Spatial filtering of RF inter-
ference in radio astronomy,” IEEE Signal Process. Lett. 9, 64 (2002).

3. C. Wang, F. Haider, X. Gao, X. You, Y. Yang, D. Yuan, H. M. Aggoune,
H. Haas, S. Fletcher, and E. Hepsaydir, “Cellular architecture and key tech-
nologies for 5G wireless communication networks,” IEEE Commun. Mag.
52, 122 (2014).

4. G. W. Anderson, D. C. Webb, A. E. Spezio, and J. N. Lee, “Advanced chan-
nelization for RF, microwave, and millimeter wave applications,” Proc. IEEE
79, 355 (1991).

5. T.S. Rappaport, S. Sun, R. Mayzus, H. Zhao, Y. Azar, K. Wang, G. N. Wong,
J. K. Schulz, M. Samimi, and F. Gutierrez, “Millimeter wave mobile commu-
nications for 5G cellular: it will work!” IEEE Access 1, 335 (2013).

6. D. Cabric, S. M. Mishra, and R. W. Brodersen, “Implementation issues in
spectrum sensing for cognitive radios,” in Conference on Signals, Systems
and Computers, IEEE Pacific Grove (2004), p. 772.

7. P.S. Devgan, M. W. Pruessner, V. J. Urick, and K. J. Williams, “Detecting
low-power RF signals using a multimode optoelectronic oscillator and inte-
grated optical filter,” IEEE Photon. Tech. Lett. 22, 152 (2010).

8. Y. Shao, X. Han, M. Li, and M. Zhao, “RF signal detection by a tunable opto-
electronic oscillator based on a PS-FBG,” Opt. Lett. 43, 1199 (2018).

9. G. Wang, T. Hao, W. Li, N. Zhu, and M. Li, “Detection of wideband low-
power RF signals using a stimulated Brillouin scattering-based optoelec-
tronic oscillator,” Opt. Commun. 439, 133 (2019).

10. X. Zhang, T. Pu, Y. Zhang, H. Zhou, J. Li, H. Zhu, X. Chen, and J. Zheng,
“Ultra simple low-power RF signal detection based on an optoelectronic
feedback DFB laser,” Opt. Express 29, 29641 (2021).

11. J. Xiong, R. Wang, T. Fang, T. Pu, D. Chen, L. Lu, P. Xiang, J. Zheng, and
J. Zhao, “Low-cost and wideband frequency tunable optoelectronic oscillator
based on a directly modulated distributed feedback semiconductor laser,”
Opt. Lett. 38, 4128 (2013).

12. X. S. Yao and L. Maleki, “Optoelectronic microwave oscillator,” J. Opt. Soc.
Am. B. 13, 1725 (1996).

13. B. Qi, H. Wang, B. Zhang, L. Xie, and P. Gong, “Improvement of the phase
noise model based on an optoelectronic oscillator using a directly modulated
distributed feedback laser,” Opt. Commun. 488, 126848 (2021).

14. Y. Shao, X. Han, Q. Ye, B. Zhu, Y. Dai, C. Wang, and M. Zhao, “Low-power
RF signal detection using a high-gain tunable OEO based on equivalent phase
modulation,” J. Lightwave. Technol. 37, 5370 (2019).

1139017


https://doi.org/10.1038/nature13078
https://doi.org/10.1109/97.991140
https://doi.org/10.1109/MCOM.2014.6736752
https://doi.org/10.1109/5.75091
https://doi.org/10.1109/ACCESS.2013.2260813
https://doi.org/10.1109/LPT.2009.2037154
https://doi.org/10.1364/OL.43.001199
https://doi.org/10.1016/j.optcom.2019.01.014
https://doi.org/10.1364/OE.434493
https://doi.org/10.1364/OL.38.004128
https://doi.org/10.1364/JOSAB.13.001725
https://doi.org/10.1364/JOSAB.13.001725
https://doi.org/10.1016/j.optcom.2021.126848
https://doi.org/10.1109/JLT.2019.2939666

	Weak RF signal detection with high resolution and no blind zone based on ultra-simple multi-mode optoelectronic oscillation
	1. Introduction
	2. Principle and Experimental Setup
	2.1. Gain property of the detection system
	2.2. Noise performance and detection sensitivity

	3. Results and Discussion
	3.1. Gain property based on OEO
	3.2. No blind zone during the detection range
	3.3. Sensitivity, gain dynamic range, and stability

	4. Conclusion
	Acknowledgement
	References


