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A novel scheme for photonic generation of broadly tunable radio frequency signal using a reflective
semiconductor optical amplifier (RSOA) is demonstrated. A continuous wave emitted from the la-
ser diode is modulated by a Mach—Zehnder modulator, then the modulated optical carrier is injected
into the RSOA. Due to the four-wave mixing effect in the RSOA, the limited frequency components
of the modulated signal are expanded, which directly lead to the generation of a wide frequency
comb. Two optical tunable bandpass filters are parallelly connected to select the desired sidebands,
which are launched into a photodetector or photomixer to generate radio frequency signal by beat-
ing. Using the proposed method, the bandwidth of generated radio frequency signal can range from
20 to 300 GHz.
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1. Introduction

As the demand for wireless broadband speed, the higher radio frequency (RF) signals
become more and more important. Higher RF frequencies can increase the available
frequency bandwidth and increase the capacity of a single channel [1]. With the increase
of RF signal frequency, the antenna can be small, thus reducing the power consumption
of mobile devices. Nowadays, how to generate and transmit high-frequency signals is
a problem that needs to be solved urgently [2]. The radio-over-fiber (RoF) technology,
combining the advantages of wireless and fiber optics, is a promising one [3, 4]. Com-
pared with electrical methods, optical methods can be immunity to electromagnetic
interference, high flexibility, can generate multiples of a reference frequency [3, 5].
Particularly, it can generate signals having a frequency higher than 100 GHz compared
to the conventional technique in electrical domain. Optical heterodyning method is
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a common method for photonic generation of RF signals. In general, there are two ways
based on optical heterodyning to generate RF signals. One is using two lasers cascaded
with optical devices for enhancing their phase correlation to generate RF signals. For
example, RF signals generation can be achieved by using a monolithic ridge waveguide
laser with two digital distributed feedback (DFB) lasers [6] or using a monolithic optical
RF generator consisting of two DFB lasers and a semiconductor ring laser (SRL) [3].
And the other is using one laser with external optical modulation to generate RF signals.
For example, RF signals can be generated using a Mach—Zehnder modulator (MZM)
and a high nonlinear optical fiber HNLF [7], or using a MZM and a semiconductor
optical amplifier (SOA) [5] to achieve frequency doubling and generate high frequency
RF signal.

In this paper, a novel scheme for photonic generation of broadly tunable RF signals,
based on four-wave mixing (FWM) effect in a reflective semiconductor optical ampli-
fier (RSOA), is proposed and demonstrated. In the proposed scheme, the optical carrier
modulated by a MZM is injected into a RSOA. Due to the FWM effect in the RSOA,
the limited frequency components of the modulated signal are expanded, which lead
to the generation of a wide frequency comb. FWM is a phase sensitive process that
could lead to power exchange among different sidebands. So, the generated frequency
components have phase correlation [3]. Then the two sidebands are filtered out by two
parallel optical tunable bandpass filters (OTBFs) with different central wavelengths,
and are launched into a photodetector (PD) or photomixer (PX) directly to generate
a RF signal by beating. Due to the FWM effect and broad gain band of the RSOA, a wide
optical frequency combs (OFC) are generated. The generated RF signals by two dif-
ferent sidebands beating can cover microwave/millimeter-wave, even THz-wave band.
We also discussed the influence of the input optical power and the bias voltage of the
RSOA on the system performance. Compared with the other methods, this scheme has
many unique advantages, such as simple structure, easy tuning and easy integration,
and so on.

2. Experimental scheme and principle

The schematic diagram of the presented photonic generation scheme for broadly tun-
able RF signals is shown in Fig. 1. A continuous wave (CW) emitted from the laser
diode (LD) is modulated by a MZM driven by a 20-GHz successive sinusoidal electrical
signal, whose wavelength locates at 1552.52 nm. Then the modulated optical carrier
is injected into the RSOA. The limited frequency components of the modulated signal
are expanded because of the FWM effect and broad gain band in the RSOA, and a wide
OFC is generated. Using two 50:50 optical couplers (OC), the OFC from the RSOA
is divided into two parts, and then is injected into two parallel OTBFs (OTBF1 and
OTBF2) with different central frequency, respectively. Two different frequency com-
ponents are filtered out via the two OTBFs and are launched into a PD or PX. By using
the optical heterodyning, the RF signal with the frequency corresponding to the wave-
length spacing of two filtered frequency components can be generated.
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Fig. 1. Schematic of the proposed photonic generation of RF signal; LD — laser diode, EDFA — erbium
-doped fiber amplifier, ATT — attenuator, MZM — Mach—Zehnder modulator, CIR — circulator, RSOA — re-
flective semiconductor optical amplifier, OC — optical coupler, OTBF — optical tunable bandpass filter,
PD — photodetector, PX — photomixer, and ESA — electrical spectrum analyzer.

The SOA is known for having variety of optical nonlinear effects, such as the FWM
effect. Compared to traveling wave SOA, RSOA has stronger nonlinear effects due to
the optical field twice passing through the active region of RSOA [8, 9]. When the mod-
ulated signal is launched into RSOA, on the one hand, all the frequency components of
the modulated signal are amplified; on the other hand, because of FWM of the RSOA,
the limited frequency components of the modulated signal are expanded. The relation-
ship between the newly generated frequency components of FWM and the frequency
components of other participating FWM effects can be expressed as follows: when
light w,,, @, and @, are injected into the RSOA the new frequency component at
the output of the RSOA is the combination of the incident light wave frequencies

Widler ~ wpl + wp2 - wprobe

where g, is the generated optical angular frequency, which is commonly known as
“idler”, w,;, w,, denote angular frequencies of two pump signals, and w is angular
frequency of probe signal.

Because FWM effect is a phase sensitive process that could lead to power exchange
among different sidebands, the newly generated frequency component satisfies the spe-
cific phase matching condition with the original frequency component [10]. Therefore,
there is a strong phase correlation between the frequency components in OFC.

probe

3. Results and discussion

As it is depicted in Fig. 1, CW is emitted by the LD (Yenista Optical, YO14130239),
whose wavelength locates at 1552.52 nm, then is modulated in the MZM (Photline
MXAN-LN-20) driven by a 20-GHz electrical signal, and the electrical signal is loaded
onto the optical carrier. Figure 2 reports the optical spectrum of the modulated optical
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Fig. 2. The optical spectrum of the modulated optical signal before RSOA (a), and the frequency comb
output from RSOA (b).

signal before RSOA and the frequency comb output from RSOA, which is detected by
an optical spectrum analyzer (OSA, Anritsu MS9740A). As shown in Fig. 2a, the op-
tical spectrum of the modulated optical signal before RSOA only has several orders
sidebands. And each sideband has a 20-GHz wavelength interval. As can be seen from
Fig. 2b, when the modulated signal is injected into the RSOA, the frequency compo-
nents of the modulated optical carrier are expanded, and intensity is enhanced. Mean-
while, within a certain wavelength range from 1550 to 1555 nm, the intensity of the
sidebands is nearly equivalent. The range of intensity change is less than 16-dB. Using
the proposed method, the available bandwidth of generated RF signals has been greatly
expanded.

Since the frequency combs with 20-GHz wavelength spacing have been obtained,
two narrow band OTBFs are used to filter out the corresponding frequency components.

Optical power [dBm]

15515 1552.0 1552.5 1553.0 1553.5
Wavelength [nm]

Fig. 3. The optical spectrum of output field after filtering, the wavelength spacing is an integer multiple
of 40 GHz.
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Fig. 4. The electrical spectrum of the RF signal generated by beating in PD/PX, with a span of 20 GHz.

The OTBFs used (OTBF1 and OTBF2) have the same 3-dB bandwidth (10 GHz) and
the same filter function (first-order Gaussian shape). The two optical fields through
OTBFs were coupled together via OC2, then are launched into a PD or PX to generate
a RF signal. Figure 3 shows the output field after filtering, wavelength spacing is an in-
teger multiple of 40 GHz. Figure 4 shows the electrical spectrum of the RF signal gen-
erated by beating in PD/PX, which has a span of 20 GHz. Using the proposed scheme,
by altering the filter center frequency of two OTBFs, RF signal from 20 to 300 GHz
with a span of 20 GHz can be generated. The PD with the bandwidth of up to 120 GHz
is commercially available. When the frequency spacing between the two incident waves
is larger than 100 GHz, the PD will not respond efficiently to the beating signal, and the
power of the generated RF signal may be extremely low. However, this problem can be
overcome by using a PX with a bandwidth of up to 3 THz, which is commercially avail-
able [5, 11]. In addition, in the proposed scheme, since the generated frequency comb
is divided into two branches and two OBPFs are parallelly inserted to select an optical
line, respectively, the two optical lines selected by the two optical filters propagate
along different optical paths. The optical phase difference between the two lines can
be variable, which contributes to phase noise of the generated microwave signal. Con-
cerning this point, which had been investigated using the similar structure in [12], the
results showed the high phase stability still can be achieved.

In this scheme, to obtain stable broadly tunable RF signals, the flatness of the OFC is
a key factor [13]. A wider, flatter OFC can make it easier to obtain RF signals with good
tunable effects [14, 15]. So, next we will discuss the effects of various factors on OFC,
such as the input optical power and the bias voltage of the RSOA.

Figure 5 shows the OFC output from RSOA utilizing different input optical power.
Figure 5a uses a —2 dBm optical source. The input optical powers of RSOA in the
Figs. 5Sb—5fare 0,2, 4, 6, and 8 dBm, respectively. And all the bias voltage of the RSOA
is 0.8 V. From the diagram we can know that, at less than 6 dBm of the input power
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Fig. 5. The frequency comb output from RSOA utilizing different input optical power. The input powers
of RSOA are -2 dBm (a), 0 dBm (b), 2 dBm (¢), 4 dBm (d), 6 dBm (e), and 8 dBm (f).

of RSOA, the OFC gradually becomes flat with the increase of optical power. When
the optical power is higher than 6 dBm, the flatness of the OFC begins to decline. It can
be seen from Fig. 5 that when the optical power is around 6 dBm, the flatness of the OFC
is the best. The spectrum is shown in Fig. 5a. The output spectrum of the OFC with power
deviation is 29-dB. In Fig. Se, when we tune the output power of LD to 6 dBm, the
power deviation is changed to 16-dB. Furtherly, when we tune the optical power higher
than 6 dBm, the flatness of the OFC decreases. From this set of diagrams, we can see
that the OFC is flatter when the output optical power of LD is around 6 dBm.
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Not only the input optical power of RSOA can influence the lines of the OFC, the
bias voltage also has an influence on OFC. We found that the bias voltage can change
the carrier and the effective gain in the RSOA. Ultimately, the gain and nonlinear ef-
fects of RSOA are affected. Figure 6 shows the OFC output from RSOA utilizing dif-
ferent bias voltage. The input powers of RSOA in the Figs. 6a—6f are 0.2, 0.4, 0.6, 0.8,
1.0, and 1.2 V, respectively. And all the optical power of the LD is 6 dBm. From Fig. 6
we can know that, when the bias voltage is lower than 0.8 V, the OFC gradually be-
comes flat with the increase of bias voltage. Such as Fig. 6a, the power fluctuation of

20
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Fig. 6. The frequency comb output from RSOA utilizing different bias voltage. The bias voltages of RSOA
are 0.2V (a),0.4 V (b),0.6 V(c),0.8V(d), 1.0V (e),and 1.2V ().
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Fig. 7. The OFC for 20-GHz modulated signal. The line number of the OFC vs. the input optical power of
the RSOA (the bias voltage is 0.8 V) (a); and the line number of the OFC vs. the bias voltage of the RSOA
(the injection optical power is 6 dBm) (b).

OFC output from RSOA is up to 61-dB. When the bias voltage is higher than 0.8 V,
the flatness of the OFC begins to decline. It can be learned from this figure that when
the bias voltage is around 0.8 V, the flatness of the OFC is the best. In this condition,
the output spectrum of the OFC with power deviation is 16-dB.

The flatness of OFC also can be characterized by the line number of effective fre-
quency components within a certain power range. We use a 20-GHz modulated signal,
the power variation of frequency components is set within 15 dB. Figure 7a shows the
line number of the OFC vs. the input optical power of the RSOA, when input optical pow-
er of the RSOA is changed from —2 to 8 dBm, and bias voltage is 0.8 V. As shown in
the figure, when the input optical power is around 6 dBm, the number of the lines is
the largest. Figure 7b shows the number of the lines of the OFC vs. RSOA’s bias voltage
range from 0.2 to 1.6 V, and input optical power of RSOA is 6 dBm. As can be seen,
the number of the lines of OFC is the largest when the bias voltage is around 0.8 V.
Compared with the input optical power, the bias voltage of the RSOA has a greater
influence on the flatness of the OFC.

4. Conclusions

In this paper, a novel scheme for broadly tunable photonic generation of RF signals based
on optical heterodyning using MZM and RSOA is proposed and demonstrated. Due
to FWM effect and broad gain band of the RSOA, the limited frequency components of
the modulated signal are expanded, a broad frequency comb is generated. By adjusting
the central frequency of two OTBFs to filter out corresponding frequency components,
and then launching the two filtered lasing wavelengths into a PD/PX, microwave/mil-
limeter-wave or THz-wave can be conveniently obtained. In addition, we also inves-
tigated the input optical power and bias voltage of RSOA influence on OFC. When the
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input optical power and the bias voltage of RSOA are respectively around 6 dBm and
0.8 V, the generated OFC has a flatness spectrum, which makes for broadly RF signals
generation.
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