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Abstract: At 2 um wavelengths (149.9 THz), hollow-core photonics band gap fibers have higher
light power damage thresholds, stable polarization states, and lower losses of 0.1 dB/km. Addi-
tionally, a thulium-doped fiber amplifier can provide a gain of >35 dB. Specifically, an indium-rich
InGaAs photodetector shows a naturally higher photoresponsivity at 2 pm wavelengths than the
C-band. Therefore, using tunable photo-generated microwave technology at 2 um wavelengths
could achieve higher photo-to-electric power conversion efficiencies for higher RF output power
applications using the same method at the same frequency. Here, a double sideband with the carrier
suppression modulation method was experimentally applied on 2 um wavelengths to generate
tunable and stable microwave carriers. Comparison experiments were also applied on the 1.55 um
(193.4 THz)/1.31 pm wavelengths (228.8 THz) based on the same indium-rich InGaAs photodetector.
Through normalization on the wavelength-corresponded squared external quantum efficiency to
visualize the photo-to-electric power conversion efficiency at different wavelengths under the same
input optical signal power, the ratio between the results at 2 um wavelengths and C/O-band is
abstracted as 1.31/1.98, approaching theoretical estimations. This corresponds to a power conversion
efficiency increasement of ~1.16 dB/~2.98 dB. To our knowledge, this is the first study on 2 micron
wavelengths that proves the corresponding high efficiency power conversion property.

Keywords: 2 um wavelengths; photo-generated microwave carriers; double sideband with carrier
suppression modulation

1. Introduction

To satisfy the increasing bandwidth demands of 5G/6G wireless networks and RIDAR
systems, gigahertz-level high frequency microwave carriers with flexible tuning abilities are
required since the generation of high-frequency tunable microwave carriers by traditional
electronic methods is limited by the complexity of the system and the large loss of coaxial
cables in high RF frequency regions [1-3]. Benefitting from terahertz-level bandwidth
and low loss of the fiber, photo-generated microwave carrier technologies can produce
high-frequency carriers with tunable properties using simple system settings, which has
attracted lots of interests in recent work [4]. Additionally, due to the larger transmission
loss of the higher frequency microwave carrier within the air environment, higher output
RF power is a focus for satisfying the applications of radar and wireless communications,
which requires a higher optical-to-electrical power conversion efficiency for photonics
microwave generation systems [5].

Compared with O-band wavelengths, most microwave generation experiments are
carried out on C-band wavelengths owing to the advantages of lower fiber loss and more
mature devices at the C-band [6]. In this band, photonics microwave generation methods
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involve the optical heterodyne method [7], optical injection locking [8], optical phase-
lock loop [9], dual-wavelength laser source [10], external modulation method [11], and
optoelectronic oscillator (OEO) [12]. Among the abovementioned methods, due to the
simple system setup and lower cost, optical microwave carrier generation using the external
modulation method has gained more attention in generating tunable, low phase noise,
and high-quality microwave carriers despite physical bottlenecks existing in the standard
single-mode fibers (SSMFs), involving random polarization state property, damage, and
nonlinear effects from the high input power [13,14]. Moreover, the erbium-doped fiber
amplifier (EDFA) working around 1.55 pm wavelengths struggles to provide a >30 dB
optical gain for generating high-power microwave carriers [15]. Those challenges limit
improvements in photo-generated microwave systems. Therefore, it is necessary to explore
new and essential settlements that depend on novel optical fiber technologies.

Around 2 um wavelengths, benefitting from the special micro-structure of optical fiber,
hollow-core photonics band gap fibers (HC-PBGFs) not only have near-vacuum delays [16]
and lower nonlinearities [17] but also have higher light power damage thresholds [18],
stable polarization states [19], and lower losses of 0.1 dB/km [20]. Additionally, high-power
photo-generated microwave carriers can be obtained due to the gain of >35 dB offered by
the thulium-doped fiber amplifier (TDFA) working at 2 um wavelengths [21]. Specifically,
assuming the same external quantum efficiency, a naturally higher photoresponsivity at
2 um wavelengths than that of the 1.55 um wavelengths was experimentally observed
from the same indium-rich InGaAs photodiode with cut-off wavelengths of 2 pm [22].
Therefore, using photonics microwave generation technology at 2 um wavelengths can
take advantage of the higher opto-electric energy conversion efficiency for higher output
RF power applications based on the same method and at the same RF frequency.

In this paper, 7-12 GHz, stable, frequency-doubling, and tunable microwave carriers
were experimentally obtained at 2 pm using the double sideband carrier suppression (DSB-
CS) modulation method for a comparison with the results at 1.55 um/1.31 um wavelengths
tested using the same method at the same frequency. In the experiment, the light side band
power (~—7.7 dBm) output from the Mach-Zehnder Modulators (MZMs) was realized at
those three different regions. Upon using the same indium-rich InGaAs PIN photodetector
(cut-off wavelength covering 1.31 um to 2 pm wavelengths), a higher microwave carrier
power per squared external quantum efficiency can be obtained at the 2 um wavelengths
than at the 1.55 um/1.31 um wavelengths, which approaches the theoretical estimations.
This confirms the large opto-electric energy conversion efficiency obtained at the 2 um
wavelengths, which may also be the first time it is proven, according to our knowledge.
Compared with our previously published conference proceeding [22], here, a formulaic
derivation of the power generation efficiency for different wavelengths using the same
method and the newest experimental results obtained at the O-band are added.

2. Basic Theory
2.1. The Double Sideband with Carrier Suppression (DSB-CS) Modulation Method

Microwave carriers can be generated by means of DSB-CS modulation method with
the advantages of input wavelength independence and microwave frequency tunabil-
ity /doubling. In addition, the optical signal power generated at different wavelength
regions after the MZMs can be calibrated by adjusting the input light power and the DC
bias of the modulators. This provides convenience in comparing the photonics-generated
microwave power at different wavelengths based on the same photodiode. Here, it is
assumed that a single drive Mach—Zehnder Modulator (MZM) was used to generate the
microwave carriers. Then, the input optical carrier electric field of the MZM is expressed as
Equation (1).

E; () = Egexp(jw.t) 1)

where Ej;, (t) is the input optical carrier electric field, Eg represents the amplitude of the opti-
cal carrier electric field, and w, represents the angular frequency of the input optical carrier.
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Being loaded on the single-driving MZM, the RF modulation signal is expressed in
Equation (2).
Vre(t) = Ve sin(wget + ¢) @)

where Vir(t) represents the RF modulation signal, Vrr represents the voltage of the RF
modulation signal, wrr represents the angular frequency of the RF modulation signal, and ¢
is the phase of the sinusoidal modulated electrical signals generated by the signal generator.

When the optical separation ratio of the Y-branches of the MZM is set as 0.5/0.5, after
outputting the combined Y-branch of the MZM, the optical signal Ep1zprout (t) is expressed
by Equation (3), which is expanded based on the first kind of Bessel function.

In(nVRF)Exp(jwct+janFt+jn4>) {EXPQ ‘{/C) + (_1)nexp(_jn2“//?rc)” ®)

—f{zm Jexpljaet + orrt + jng) [exp(j@oc) + (~1)"exp(~jpc)]

where V;; represents the half-wave voltage of the MZM. Vp is the DC bias voltage of the
MZM. m = (ntVrg)/(2Vy) is the modulation index of the MZM. ®pc = (tVpc)/(2Vy) is
the optical phase changes caused by the DC bias voltage of the MZM, and
A®pc = (Vpc)/ Vr is the optical phase difference between the upper and lower channels
of the Y-branch caused by the DC bias voltage of the MZM.

When the DSB-CS modulation method is applied, the value of A®p is maintained
as 7t by adjusting the DC bias voltage of the MZM to V. At this moment, the power
of the optical carrier is kept at a minimum as zero. The electric field of the high-order
optical sidebands can be ignored because of the properties of the Bessel function. Then,
Equation (3) is simplified to Equation (4) based on Euler’s Formula.

Emzmout (t) = { ¥ Jn(m)exp(jwet + jnwgret + jng) - [j — (‘U”f]}
= EoJ1(m)exp (jwet +]prt +jo+j%) + EoJ_1(m)exp(jwet — jwrpt — jo + jF)

(4)

As shown in Equation (4), the DSB-CS modulation is realized with the suppressed
optical carrier power (n = 0) demonstrating an optical carrier wavelength independent
property. Additionally, the first-order optical sidebands (n = +1) with the paired angular
frequency of (w. + wrr) and (w, — wgrr) are maintained.

Then, the optical signal power Pyzaou: () illuminated on photodetector can be ex-
pressed in Equation (5).

Prizmout (£) & limy oo [T 3o | Entzasout (¢ )EXAZMM t)|dt

~ Eg]lz(m) + E%]El(m) + 2E0]1( )J—1(m) cos(j2wrrt + j2¢)+ )
2E3]1 (m)]_1(m) cos(j2wct + jm)

where the first two items, E3J?(m) and E3J%(m), are the spectral response terms that
represent the DC components. The last two terms are the time-varying response terms of
optical power, which are related to the frequency response of the photodetector.

After collection and beating at the receiver side, the microwave carrier with the angu-
lar frequency of (2wgr) is generated. Obviously, by changing the frequency (wrp) of the
RF signal, which can be achieved when driving the MZM at the transmitting side, a tunable
microwave carrier with doubling-frequency (2wgr) can be successfully achieved at the
receiver side. Specifically, through the adjustment of the driving voltage (Vrr) correspond-
ing to J1(m)]_1(m) or the input light power corresponding to E3, the same Przptout (t) can
be realized regardless of the differences between MZMs working in different wavelength
regions, indicating the wavelength-transparent property.

Therefore, if the wavelength dependance of the detector is not considered, the mi-
crowave carrier generated by the DSB-CS modulation method would demonstrate prop-
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erties involving independence from the optical carrier wavelength, frequency doubling,
and tunability.

2.2. RF Power Generation Efficiency Based on the Indium-Rich PIN Photodiode Using the DSB-CS
Modulation Method

Due to the optical carrier wavelength-independent property when applying the DSB-
CS modulation method, microwave carrier power generation with the optical signal illumi-
nated on one single PIN photodiode would only be related to the detector photoresponsivity,
which is proportional to the input light wavelength.

When the light is illuminated on the PIN photodiode for photo-electric energy con-
version, the value of the photo-generated current (I,;,) generated from the photodiode is
expressed as Equation (6).

Lyin = RPmzMout (6)

where R represents the photoresponsivity of the photodiode.
The photoresponsivity (R) of the photodiode is expressed in Equation (7).

neA
R = e (7)
where 7 is the external quantum efficiency of the photodiode. A denotes the wavelength
of the optical carrier. e = 1.6 X 107 C, h = 6.625 x 10734 J-s,and ¢ = 3 x 108 m/s. It
can be seen that the photoresponsivity is proportional to the wavelength of the input light,
demonstrating a higher photoresponsivity at longer wavelengths.
Ignoring the DC components and the AC component that exceed the cut-off response
frequency of the photodetector, Equation (6) can be expressed as Equation (8) based on
Equations (5) and (7).

A
Lpip o <17hec> - 2E§]1 (m)] -1 (m) cos(j2wrFt + j2¢) ®)

Therefore, the microwave carrier power (Pg,) converted from the input light signal
through the detector and measured by the electric spectrum analyzer can be expressed as
Equation (9).

2
Pgp o (IPi”)z L R*. PI%/IZMout 2L & (%) : P]%/IZMout Zr 9)
where Z; is the input impedance of the electric spectrum analyzer, which is generally
a constant.
Referring to different input wavelengths such as A and Ay, Equation (10) shows the
ratio between the power of the microwave carriers generated after the photodetector at
wavelengths A1 and A, based on Equation (9).

2 2 2 2
PE?\1 _ R/\1 ) P/\1MZMout 2L _ (77A1)\1) ) P/\lMZMout (10)

— 2 2 ) 2 2
PE, R/\z P/\zMZMout ZL (12,A2) 'PAzMZMout

Here, the values of Py, pmzmour and Py, mzmout are set as the same for comparing
the electrical power generation efficiencies at different wavelengths based on the same
photodiode to demonstrate the relationship between the photo-generated microwave carrier
power and the incident light wavelength of the photodiode. Then, Equation (10) can be
expressed as Equation (11).

2
Per (1A, A1) 'PilMZMout _ (’7A1/\1)2 1)

2 2
Pex, (1,A2)" - P%QMZMout (12,72)
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Under the ideal circumstance, the external quantum efficiency (7,,) and (7,,) are the
same. Therefore, the ratio is shown as Equation (12).

2
PE/\l — h (12)
Per, A2

It is shown in Equation (12) that, if A; is longer than the Ay, Pg,, is larger than P,
demonstrating a higher microwave carrier power obtained at the longer wavelengths.

Actually, for a real detector, 17), # 77,,. To exclude the affection of such a case for
obtaining the opto-electric power conversion efficiency, the microwave carrier power is
normalized to the square of the referring external quantum efficiency. Therefore, we have
the function in Equation (13).

Pgy, / Pgy, A2
= —= = 13
( 77/2\1 ) 773\2 )\% Trn(A /A7) (13)

2 . .
where (Pgy, , ,)/ (17 N or 2) represents the microwave carrier power per squared external

quantum efficiency referring to the opto-electric power conversion efficiency under the
same input optical signal power. r,(,,/,,) represents the ratio between the normalized
microwave carrier power at the wavelengths of A and A, indicating the variation of the
opto-electric power conversion efficiency due to the difference of the input wavelengths.

It is obviously shown from Equation (13) that r,,(y, /1,) > 1 when A1 > A,. This indi-
cates a higher microwave carrier power per squared external quantum efficiency correspond-
ing to a larger opto-electric power conversion efficiency obtained at the longer wavelengths.

Based on the deduction of the abovementioned equations, it is theoretically demon-
strated that a higher photo-to-electric power conversion efficiency can be achieved at longer
wavelengths under the same optical signal power benefitting from the higher photorespon-
sivity of the detector at longer wavelengths.

3. Experimental Setup

At the transmitter side, the optical sources were provided by single mode laser diodes
(LDs, EP2000-DM-B at 2 um wavelengths by Eblana Photonics at Dublin, Ireland /NBD1550-
001S8 at C-band by Netopto at Shenzhen, China/TSL-550 at O-band by Santec Corporation
at Aichi-ken, Japan). The working temperature and the current of the LD were maintained
as constants by employing a Laser Diode Controller (LDC, Newport LDC-3744C by New-
port Corporation at Montana, America). Because of the starting power threshold of the
optical amplifiers and the large loss in MZMs, the optical carrier outputted from the LD
was amplified by a commercial optical amplifier (TDFA, CTFA-PB-SM-33-BW3 at 2 um
wavelengths by Keopsys at Lannion, France/EDFA, LTRAN LOA3000 at C-band by Luster
at Beijing, China/SOA, AEONO006 at O-band by Aeon Laser at Florida, America) before
entering the MZMs. The optical amplifier was protected by the isolator (OP-112110333
at 2 um wavelengths by Idealphotonics at Shenzhen, China/HOPECOM 150128001 at
C-band by Hopecom Optic Communications at Shanghai, China/HOPECOM 160706004
at O-band by Hopecom Optic Communications at Shanghai, China) from the reflection
power. The best modulation efficiency of the polarization-sensitive MZMs was achieved by
adopting a polarization controller (PC) to adjust the polarization state. The RF modulation
signals (sinusoidal type) were applied by a signal generator (1465F-V by Ceyear at Qingdao,
China) to drive the Mach-Zehnder Modulators (MX2000-LN-10 at 2 um wavelengths by
iXBlue Photonics at Besancon, France/FTM7938EZ at C-band by Fujitsu Optical Compo-
nents Limited at Kanagawa-ken, Japan/MX1300-LN at O-band by iXBlue Photonics at
Besancon, France), and the phase noise was as low as—120 dBc/Hz at 100 kHz offset
(3 GHz < f < 20 GHz). At the receiving end, the photo-to-electric power conversion
was achieved by employing an indium-rich InGaAs diode (ET-5000F by Electro-Optics
Technology at Michigan, America) with the cut-off wavelength covering 1.31 pm to 2 pm
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wavelengths. Optical spectrums of the optical signals after the MZMs and electric spec-
trums of the microwave carriers generated were observed by applying an optical spectrum
analyzer (OSA, AQ6375 by Yokogawa Electric Corporation at Tokyo, Japan) and electric
spectrum analyzer (ESA, N9030A by Keysight Technologies at California, America). In the
experiment, the C-band single mode fibers were used to connect the optical devices that
were also able to work at the 2 um/1.31 um wavelengths, and the experimental setups at
the 2 um/1.55 um/1.31 pm wavelengths were similar. Figure 1 shows the experimental
setup for microwave carrier generation at the 2 pm/1.55 pm/1.31 pm wavelengths using
the DSB-CS modulation method.

Optical Amplifier

PIN

Photodetector
>
i (S SEEy
s e
RF V

LD Controller

----- > light propagation direction
QO _ optical single mode fiber
electric cable

Figure 1. Experimental setup of the photonics-generated microwave carrier system at
2 um/1.55 um/1.31 um wavelengths using the DSB-CS modulation method.

4. Results and Discussions

Adopting the experimental setup shown in Figure 1, the experimental results at
the 2 um/1.55 um/1.31 um wavelengths were acquired based on the same indium-rich
InGaAs photodetector (cut-off wavelength covering 1.31 um to 2 um wavelengths), similar
experimental setups consisting of the same 18 dBm sinusoidal-type RF signal of the MZMs,
and similar optical spectrums output from the MZMs with ~—7.7 dBm optical peak power.

At the spectral resolution (~0.05 nm), the optical spectrums output by the
2 um/1.55 pm/1.31 pm wavelength MZMs working in the DSB-CS modulation method
were obtained in order to generate the 12 GHz microwave carriers, as shown in Figure 2a,b.
Obviously, the optical spectrums demonstrated similar optical signals using the same
DSB-CS modulation method and practically the same optical peak power (~—7.7 dBm)
at those three different wavelengths. An Optical Side Mode Suppression Ratio (OSMSR)
up to 49 dB (46.3 dB at 1.55 um; 49.3 dB at 2 um) and suppression of the higher mode
components in the Bessel expansion (J2(0.29) = 0.01, J3(0.29) = 0.0005 when the MZM
modulation index m = (wVrp)/(2Vx) = 0.29) suppresses the effect of the higher-order
sidebands away from the target bands and kinks on the shoulders of the modulated peaks.

Figure 3a—c have shown the electric spectrums of the 12 GHz frequency-doubling
photo-generated microwave carriers using the MZMs at the DSB-CS modulation method
at the 2 um/1.55 pm/1.31 um wavelengths. It is shown that the high-quality microwave
carriers with low phase noise were generated and that the Side Mode Suppression Ratios
(SMSRs) were 23.2 dB at 2 um wavelengths, 23.6 dB at 1.55 um wavelengths, and 22.1 dB at
1.31 um wavelengths. Therefore, only the peak power generated from the first-order side
band was considered during the following measurements or discussion due to the high
SMBSR value.
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Figure 2. The optical spectrums after the DSB-CS modulation using the (a) 2 um MZM (at
2000.86 nm)/1.55 um MZM (at 1549.96 nm); (b) 2 um MZM (at 2000.86 nm)/1.31 um MZM (at
1310.82 nm).
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Figure 3. The electric spectrums for the 12 GHz microwave carriers based on photonics generation
using the DSB-CS modulation method at (a) 2 um, (b) 1.55 pm, and (c) 1.31 pum.

Figure 4a—c give the tunable frequency-doubling microwave carriers obtained at the
same setting parameters as the 12 GHz high-quality microwave carriers generated and
shown in Figure 3a—c. The 7-12 GHz, stable, frequency-doubling, and tunable microwave
carriers were generated at those three different wavelengths because of the 12 GHz band-
width limitation for the MZMs and the diode, as shown in Figure 4a—c. As shown in Table 1,
the phase noise of about —100 dBc/Hz at 10 MHz and linear dynamic range up to 20 dB
were obtained at the tested frequency of 7-12 GHz for the 2 pm wavelengths.

In addition, the phase noise of our setup obtained at 2 um wavelengths is still much
higher than the performance of the available commercial electronic microwave synthesizers
at the same frequency of 10 GHz (see Table 1), which suffers from noise issues such as
ASE noise.

To highlight the influence of the wavelength A on the photo-to-electric power conversion
efficiency, the generated microwave carrier power is normalized to the square of the corre-
sponding external quantum efficiency (#) under the same optical signal power used as the
input. Then, based on Equation (13), the theoretical ideal power conversion efficiency variation

between 2 ym and 1.55 pm wavelengths is 7,2 im/1.55 um) = (/\% um> / (/\%55 um) = 1.66.
Experimentally, the generated microwave carrier power of Pgy ;m and P55 um can be

obtained at the 2 um and 1.55 um wavelengths using the abovementioned setup un-
der the same optical signal peak power of —7.7 dBm. Therefore, the measured power

. . . . . _ 2 2
conversion efficiency variation r,m (2 um/1.55 um) = (PE2 um /773 um) / (PE155 um /15 55 um)
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can be sorted out as in Figure 5a considering the external quantum efficiency ratio of
(772 um/"]l.55 },Lm) = 1.227.
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Figure 4. The generated 7-12 GHz tunable frequency-doubling microwave carriers after the DSB-CS

modulation using the optical carrier at (a) 2 um, (b) 1.55 um, and (c) 1.31 um.

Table 1. The phase noise and linear dynamic range of the 7-12 GHz microwave carriers at

2 um wavelengths.

Phase Noise

Phase Noise Phase Noise (dBc/Hz at 10 MHz, Phase Noise Linear Dynamic
Frequency . (dBc/Hz at 10 MHz, Range at 2 um
(GHz) at2 um (dBc/Hz at 10 MHz, Micro Lambda AnaPico (dB, RF Power:
(dBc/Hz at 10 MHz) KRATOS-SF6219) Wireless APSYN140) - 4’5~ 18 dBm)
MLVS-0520) )
7 —112 22.5
8 —109 21.9
—108 214
10 —107 —110 —138 —136 21.7
11 —107 21.4
12 —105 20.1
2.0 1.5

1.5

variation (’nm(zﬂm/I.sspm))

The measured power conversion efficiency

7 8 9 10 11 12
Frequency (GHz)

(a)

the theoretical
ratio is 1.66

The opto-electric power conversion efficiency

increasement (2 pm/1.55 pum) (dB)

7 8 9 10 1 12
Frequency (GHz)

(b)

Figure 5. (a) The theoretical/measured power conversion efficiency variation 7,2 yim/1.55 um) =

(Pe2 ym /113 p.m) /(PE155 um/ 17%_55 um) ; (b) the opto-electric power conversion efficiency increasement

(2 um/1.55 pm).
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As shown, the 7,2 ;;m /155 um) Values measured are close to the theoretical estimation
(see Figure 5a). Correspondingly, an opto-electric power conversion efficiency increasement
of 10log1o |:(PE2 um/ 15 um)/ (PE155 um/ 13 = um)] can be obtained, as seen in Figure 5b,
with the average value of ~1.16 dB.

Similarly, based on Equation (13), the ideal power conversion efficiency variation
between 2 pm and 1.31 um wavelengths is 7,2 \um/1.31um) = ()\% um) / ()\%31 um> =233
Experimentally, the generated microwave carrier power of Pgy ;m and Pg131 um can be
obtained at 2 um and 1.31 um wavelengths by using the setup mentioned above under the
same optical signal peak power of —7.7 dBm. So that, the measured power conversion effi-
ciency variation ;2 um/131um) = (PE2 ym/ 3 um)/ (PE131 pm/ ) um) can be sorted out
as Figure 6a considering the external quantum efficiency ratio of (172 um /#7131 um) = 1.146.

2.5
> - z
E the theoretical g
g 2.05 201 2.01 io i 25
é:'.g 204 193 N f 1.95 1.98 ratio is 2.33 % %
e = = =
g 5 S E
g = Z 3
8 I 15 EE
S 3 = 3
5 = EEES
TR 23
= = £ E
n 7 > B
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Figure 6. (a) The theoretical/measured power conversion efficiency variation 7,2 im/131 um) =
(Pe2 ym /113 um) /(PE131 um/ 17%_31 um) ; (b) the opto-electric power conversion efficiency increasement
(2 um/1.31 pm).

It is shown that all of the measured values are close to the theoretical estimation
(see Figure 6a) and that the opto-electric power conversion efficiency increasement of
10log19 [(PEZ um/ 73 um) /(P131 ym /13 5 um)} can be correspondingly obtained (see
Figure 6b) with the average value of ~2.98 dB.

From Figures 5 and 6, it can be seen that a higher opto-electrical power conversion
efficiency was obtained at the 2 pym wavelengths compared with at the 1.55 ym and
1.31 um wavelengths under the same optical signal power. This aligns with the theoretical
analysis of the larger photoresponsivity that can be obtained at longer input wavelengths

(R = (17eA)/ (he)).

5. Conclusions

In summary, 7-12 GHz, stable, frequency-doubling, and tunable microwave carriers
have been theoretically and experimentally demonstrated at 2 pm wavelengths by applying
the DSB-CS modulation method. A similar experimental setup has also been built for
the 1.55 um/1.31 um wavelengths region consisting of the RF modulation signal power
(18 dBm), light side band power (~—7.7 dBm), and spectral resolution (0.05 nm). The same
indium-rich InGaAs photodetector covering the working band until 2 pm wavelengths
was used. The microwave carrier power was normalized to the wavelength-corresponded
squared external quantum efficiency, and the ratio of generated microwave carrier power
between the results at 2 um and the C/O-band is obtained as 1.31/1.98, demonstrating a
power conversion efficiency increasement of ~1.16 dB/~2.98 dB due to the higher detector
photoresponsivity at longer wavelengths, which aligns with the theory. That proves the
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higher power conversion efficiency at 2 micron wavelengths based on the same method
at the same frequency. Additionally, we will put even more attention on expanding the
working RF frequency to the 5G/6G region or even the terahertz level, developing more RF-
generation techniques for comparisons and noise issues at 2 micron wavelengths involving
the use of the available mode lock lasers to obtain lower phase noise, applying an optical
filter to further suppress the ASE noise induced by the optical amplifier.

Author Contributions: Conceptualization, D.J. and N.Y.; methodology, D.]. and N.Y.; software, D.J.
and Z.H.; validation, D.J. and Z.H.; formal analysis, D.J. and Z.H.; investigation, D.J. and Z.H.;
resources, D.J. and Z.H.; data curation, D.]. and Z.H.; writing—original draft preparation, D.]. and
Z.H.; writing—review and editing, D.J. and N.Y.; visualization, D.J] and Z.H.; supervision, N.Y.;
project administration, EP. and Y.S.; funding acquisition, EP, Y.S. and N.Y. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported in part by the National Key Research and Development Program
of China (2021YFB2900800, 2019YFB1802901), by the Natural Science Foundation of China (NSFC)
(61420106011, 61601277, 61601279), by the Science and Technology Commission of Shanghai Munic-
ipality (20511102400, 20ZR1420900), by 111 project (D20031), by STCSM (SKLSFO2019-02), by the
Shanghai Pujiang Program (20PJ1404100), and by the National Natural Science Foundation of China
(Grant No. 62175143).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We also thank Hairun Guo for providing the optical amplifier at 2 micron
wavelengths and the technical support of Yongyuan Chu.

Conflicts of Interest: The authors declare no conflict of interest. The funders agree to publishing
the results.

References

1.  Zhang, F; Pan, S. Microwave photonic signal generation for radar applications. In Proceedings of the 2016 IEEE International
Workshop on Electromagnetics: Applications and Student Innovation Competition (iWEM), Nanjing, China, 16-18 May 2016.

2. Serafino, G.; Maresca, S.; Porzi, C.; Scotti, F.; Ghelfi, P.; Bogoni, A. Microwave Photonics for Remote Sensing: From Basic Concepts
to High-Level Functionalities. J. Lightwave Technol. 2020, 38, 5339-5355. [CrossRef]

3. Liu, J.Q.; Lucas, E.; Raja, A.S.; He, ].J.; Riemensberger, J.; Wang, R.N.; Karpov, M.; Guo, H.R.; Bouchand, R.; Kippenberg, T.J.
Photonic microwave generation in the X- and K-band using integrated soliton microcombs. Nat. Photonics 2020, 14, 486—-491.
[CrossRef]

4. Yao, ]. Microwave Photonics. J. Lightwave Technol. 2009, 27, 314-335. [CrossRef]

5. Xie, X,; Li, K;; Shen, Y,; Li, Q.; Zang, J.; Beling, A.; Campbell, ].C. Photonic Generation of High-Power Pulsed Microwave Signals.
J. Lightwave Technol. 2015, 33, 3808-3814. [CrossRef]

6. Li, F; Zou, D.D,; Sui, Q.; Li, ].P; Yi, X.W.,; Li, L.C.; Li, Z.H. Optical Amplifier-Free 100 Gbit/s/Lamda PAM-W Transmission
and Reception in O-Band Over 40-km SMF with 10-G Class DML. In Proceedings of the 2019 Optical Fiber Communications
Conference and Exhibition (OFC), San Diego, CA, USA, 3-7 March 2019.

7. Meena, D.; Harshitha, B.S.; Kavyashree, B.K. Direct Generation of RF Signals using Photonic Heterodyne method For Radar
Applications. In Proceedings of the 2019 URSI Asia-Pacific Radio Science Conference (AP-RASC), New Delhi, India, 9-15
March 2019.

8. Xue, C;Ji, S; Hong, Y,; Jiang, N.; Li, H.; Qiu, K. Numerical investigation of photonic microwave generation in an optically
injected semiconductor laser subject to filtered optical feedback. Opt. Express 2019, 27, 5065-5082. [CrossRef] [PubMed]

9. Balakier, K,; Fice, M.].; Ponnampalam, L.; Graham, C.S.; Wonfor, A.; Seeds, A.J.; Renaud, C.C. Foundry fabricated photonic
integrated circuit optical phase lock loop. Opt. Express 2017, 25, 16888-16897. [CrossRef] [PubMed]

10. Jia, Q.; Zhang, P.; Wang, T.; Li, X; Bo, B. 40 GHz narrow linewidth frequency-switched microwave signal generation based on a
single-longitudinal-mode double-Brillouin-frequency spaced Brillouin fiber laser. Appl. Opt. 2017, 56, 5323-5328. [CrossRef]
[PubMed]

11. Chen, H; Ning, T,; Li, J.; Pei, L.; Yuan, J.; Zheng, J.; Liu, L. Optical millimeter-wave generation with tunable multiplication factors
and reduced power fluctuation by using cascaded modulators. Opt. Laser Technol. 2018, 103, 206-211. [CrossRef]

12. Zhang, W.; Yao, J. Silicon Photonic Integrated Optoelectronic Oscillator for Frequency-Tunable Microwave Generation. J. Lightwave

Technol. 2018, 36, 4655-4663. [CrossRef]


http://doi.org/10.1109/JLT.2020.2989618
http://doi.org/10.1038/s41566-020-0617-x
http://doi.org/10.1109/JLT.2008.2009551
http://doi.org/10.1109/JLT.2015.2448595
http://doi.org/10.1364/OE.27.005065
http://www.ncbi.nlm.nih.gov/pubmed/30876111
http://doi.org/10.1364/OE.25.016888
http://www.ncbi.nlm.nih.gov/pubmed/28789188
http://doi.org/10.1364/AO.56.005323
http://www.ncbi.nlm.nih.gov/pubmed/29047491
http://doi.org/10.1016/j.optlastec.2018.01.031
http://doi.org/10.1109/JLT.2018.2829823

Appl. Sci. 2022,12, 3172 11 of 11

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Rocha, A.M.; Incerti, G.; Forin, D.; Bellefi, G.; Facao, M.; Pinto, J.L.; Teixeira, A.L.J.; Nogueira, RN.; Lima, M.].; Andre, P.S. High
power effect in bend SMF fiber. In Proceedings of the 7th Conference on Telecommunications (Conftele), Santa Maria da Feira,
Portugal, 3-5 May 2009.

Shakya, S.; Supe, A.; Lavrinovica, I; Spolitis, S.; Porins, ]. Different optical fiber nonlinear coefficient experimental measurements.
In Proceedings of the 2016 International Workshop on Fiber Optics in Access Network (FOAN), Lisbon, Portugal, 18-20
October 2016.

Abedin, K.S.; Taunay, T.E; Fishteyn, M.; DiGiovanni, D.].; Supradeepa, V.R.; Fini, ] M.; Yan, M.F;; Zhu, B.; Monberg, EM,;
Dimarcello, F.V. Cladding-pumped erbium-doped multicore fiber amplifier. Opt. Express 2012, 20, 20191-20200. [CrossRef]
[PubMed]

Poletti, F.; Wheeler, N.V.; Petrovich, M.N.; Baddela, N.E.; Fokoua, N.; Hayes, ].R.; Gray, D.R,; Li, Z.; Slavik, R.; Richardson, D.J.
Towards high-capacity fibre-optic communications at the speed of light in vacuum. Nat. Photonics 2013, 7, 279-284. [CrossRef]
Hensley, C.J.; Ouzounov, D.G.; Gaeta, A.L.; Venkataraman, N.; Gallagher, M.T.; Koch, K.W. Silica-glass contribution to the effective
nonlinearity of hollow-core photonic band-gap fibers. Opt. Express 2007, 15, 3507-3512. [CrossRef] [PubMed]

Poletti, E.; Petrovich, M.N.; Richardson, D.]. Hollow-core photonic bandgap fibers: Technology and applications. Nanophotonics
2013, 2, 315-340. [CrossRef]

Green, O.; Zhang, X.; Fokoua, E.R.N.; Ding, M.; Feng, Z.; Chen, Y.; Taranta, A.; Poletti, F; Richardson, D.J.; Slavik, R. In-line
polarization controller for hollow core photonic bandgap fiber. Opt. Commun. 2021, 481, 126552. [CrossRef]

Roberts, PJ.; Couny, E; Sabert, H.; Mangan, B.J.; Williams, D.P.; Farr, L.; Mason, M.W.; Tomlinson, A.; Birks, T.A.; Knight,
J.C.; et al. Ultimate low loss of hollow-core photonic crystal fibres. Opt. Express 2005, 13, 236-244. [CrossRef] [PubMed]

Li, Z.; Heidt, AM.; Daniel, ] M.O,; Jung, Y.; Alam, S.U.; Richardson, D.J. Thulium-doped fiber amplifier for optical communications
at 2 um. Opt. Express 2013, 21, 9289-9297. [CrossRef] [PubMed]

Ji, D.; Hu, Z,; Sun, L.; Ye, N.; Pang, F.; Song, Y. Generation of tunable Frequency-doubling Microwave Signals at 2 um wavelength
band. In Proceedings of the Asia Communications and Photonics Conference 2021 (ACP), Shanghai, China, 24-27 October 2021.


http://doi.org/10.1364/OE.20.020191
http://www.ncbi.nlm.nih.gov/pubmed/23037071
http://doi.org/10.1038/nphoton.2013.45
http://doi.org/10.1364/OE.15.003507
http://www.ncbi.nlm.nih.gov/pubmed/19532593
http://doi.org/10.1515/nanoph-2013-0042
http://doi.org/10.1016/j.optcom.2020.126552
http://doi.org/10.1364/OPEX.13.000236
http://www.ncbi.nlm.nih.gov/pubmed/19488348
http://doi.org/10.1364/OE.21.009289
http://www.ncbi.nlm.nih.gov/pubmed/23609639

	Introduction 
	Basic Theory 
	The Double Sideband with Carrier Suppression (DSB-CS) Modulation Method 
	RF Power Generation Efficiency Based on the Indium-Rich PIN Photodiode Using the DSB-CS Modulation Method 

	Experimental Setup 
	Results and Discussions 
	Conclusions 
	References

