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Abstract

Microwave signals that have high spectral purity, and high frequency & frequency tunability, along with microwave
generators that are lightweight, compact in size, energy-efficient, and inexpensive, are becoming increasingly in demand
as a result of the swift enhancement of modern world communication applications, radar, and wireless systems. To
address these expectations, integrated microwave photonics (IMWP) is being considered as a potential solution. The
way this is done is by combining the chip’s photonics and microwave circuitry. In this work, we both describe and
demonstrate an experimental implementation of an integrated optoelectronic oscillator (IOEO). All of the components
that are required for the oscillation loop circuit are integrated on a chip monolithically that falls within the dimensions
of 5x7 cm? in size. When the actual injection current is tuned to 45 milliamperes, the output frequency of the
prospective IOEO is found to be 7.40 gigahertz, and the noise value of the phase is 92 decibels per hertz at one
megahertz. The produced frequency can be altered to 8.9 GHz with a noise value of phase of 90 dBc/Hz@1MHz when
the overall injection current is escalated to 65 mA. This is possible when the injection current is increased. Through the
use of the injection current, it is possible to make modest adjustments to both of the oscillation frequencies within a
range of 22 MHz around the centre oscillation frequency. An in-depth discussion of the approach that can be taken to
enhance the performance of IOEO can be found in this article.
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1. Introduction

To carry out the changeover between wired signals and wireless, applications that rely on the interfacing between
optical fiber and RF signals network segments require devices that are flexible, agile, and compact [1]. Including but not
limited to global wireless communications of the fifth generation (5G), radar-based civil surveillance. In addition, there
is a pressing need for radio frequency (RF) systems that have a greater degree of complexity, and a wide frequency
range which is tunable in the fields of signal creation and processing. Microwave Photonics (MWP) is an area of study
that strives to improve the design and execution of optoelectronic systems (hybrid) that are capable of meeting the
aforementioned targets [2]. To be more specific, communication networks of pure, are currently undergoing the 5G
revolution that intends to service approximately billions of people in the medium-term perspective. Because there is a
limited amount of spectrum available at microwave frequencies, basically 5G networks will need to set off at and cover
many sorts of regions of the millimeter wave spectrum within the RF bandwidth [3]. Moreover, the characteristics that
are anticipated to be present in 5G networks will necessitate the use of millimeter wave sources that possess a high
degree of spectral purity, and the ability to tune frequencies. Reduced power usage, a proper design, and a very tiny
footprint are all needs that will need to be met to fulfil these objectives. It is proposed that integrated microwave
photonics (IMWP) be developed by merging integrated photonics technology [4]. This would allow it to fulfil the
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requirements that have been outlined above [5]. Because of its capacity to produce high-frequency signals with
extremely low phase noise, the optoelectronic oscillator (OEO) is regarded as the best choice among the several
approaches that have been reported for the generation of millimeter waves [6]. The first OEO scheme was introduced
in 1996, and since then, several different ideas have been developed to realize and improve upon the original OEO
scheme. Traditional OEOs often make use of a lengthy fiber delay to achieve a large Q-factor. In an integrated OEO
architecture, it is difficult to imagine this capability being implemented in principle [7]. Nevertheless, other illustration
initiatives can be utilized to accomplish a large time delay that is accordant with the smaller footprint. A scenario of this
would be the high -Q, which was utilized in a miniaturized optical emission oscillator that was published earlier. In this
particular design, the 3 optical components of the suggested OEO—the laser, and the detector—inside of a metal box
that measured 4x5.6x1.3 cm3 in volume [8]. The oscillation frequency of this miniaturised OEO could be adjusted, and
it had exceptional phase noise values that were lower than 122 dBc/Hz at 100 kHz when the frequency was set to 9.9
GHz. In the most recent years, there have been reports of optical chip-based OEOs that contain optical components that
are partially integrated. A high -Q factor for OEO was achieved, for instance, through the utilization of an on-chip-
induced Brillouin scattering effect, as described in the reference. It was able to achieve tunability of wideband
microwave frequencies while maintaining low-phase noise [9]. We report an integrated optical optical emission
spectrometer (I0EO) with an extremely small size in this letter. There is a monolithic integration of all of the photonics
components [10]. Additionally, the optical and electrical components are both packaged on a PCB that has a size of 5x7
cm2. Our prototype makes use of a spiral-shaped optical waveguide as a delay line to reduce the amount of phase noise.
According to the injection current, the frequency of the IOEO is determined by the current [11]. Tuning the injected
current to 45 milliamperes results in an RF frequency of 7.25 gigahertz (1 megahertz) with a noise value (phase) of 89
decibels per hertz at 1 megahertz. When the actual injected current is adjusted to 66 milliamperes, the frequency of the
RF that is output is 8.78 gigahertz, and the phase noise value is 92 decibels.
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Figure 1 Diagram and picture of the IOEO. (a). Diagram of the suggested I0EO; (b) picture of the completed IOEO; and
(c) the photonic component of the IOEO. A photo detector is called a PD; an electrical amplifier is called an EA; an
attenuator is called an ATT; and a directly modulated laser is an ODL

This is measured at one megahertz. It is possible to achieve a slight tuning of both oscillation frequencies within a
bandwidth of 19 MHz by tightly tuning the injection current [12]. By fully integrating the photonic section and the
electrical section on the same board, to the best of our knowledge. We think that this outcome establishes a first and
significant milestone on the path toward fully OEO devices [13].

2. [llustration and fabrication

A representation of the proposed IOEO is shown in Fig. 1(a). Figure 1(b) depicts a photograph of the item that was
manufactured on the computer. The PD can identify the light wave that originates from the DML after it has passed [14].
Since the phase noise reduces in a manner that is quadratic with the loop time, the ODL is intentionally constructed with
a spiral topology to achieve the highest delay duration. The overall ODL is 8.97 millimeters, which is restricted due to
the significant loss, which is 2 decibels per centimeter, as well as the size of the chip. After that, the signal that has been
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detected is put via a microwave filter and an amplifier that can be adjusted. An attenuator that can be adjusted is put
into the OEO loop to achieve gain and reduce the amount of gain noise occurring to modulate the DML, one segment is
used for feedback [7], which has a power level of ninety percent. In addition, the PCB is equipped with two bias tees to
ensure that the DML and PD are driven suitably. In general, the IOEO is made up of an optical component as well as an
electrical component. This component is depicted in the right-hand portion of Fig. 1(b), and it is zoomed in during the
manufacturing process in Fig. 1(c). On a single printed circuit board (PCB), as depicted in Fig. 1(b), all of the electrical
components are assembled. The InP fab at the Fraunhofer Heinrich Hertz Institute (HHI) in Berlin is responsible for the
production of the optical chip. We went with a Fe-doped InP wafer, and the cell size is 64 mm2. This is the material that
we selected. To create passive components, rib waveguides are utilized. These waveguides are composed of a bulk
InGaAsP quaternary core layer, with a bandgap of 1.11 pm [15]. Additionally, there is no additional cladding layer put
on the top, making them air-confined. It is a Multi Quantum Well ridge-waveguide structure that serves as the
foundation for the DFB laser.

3. Experiments and results

In Fig. 2, the first row represents the findings for an injected current of 51 mA, while the second row portrays the results
for an injection current of 59 mA. Both rows are presented in the same order. This may be seen by observing the data
shown in these figures. As soon as the injection current reaches a particular threshold, mode competition ensures that
only the resonance of the primary mode is preserved. The severe band-pass criteria for the RF filter are reduced when
the FSR value is of such a great magnitude [16]. Here, the radio frequency (RF) filter is centered at 11 GHz and has a
bandwidth of 9 GHz, which is three decibels, and it can select a maximum of three oscillation modes [17].

The integrated OEO that has been presented can oscillate at numerous frequencies with a variety of injection currents,
as demonstrated in Figs. 2(b) and 2(e) [12]. In addition to having an injection current of 45.2 milliamperes, the first
stable resonance is 7.30 gigahertz, and it has an amplitude of 0.4 decibel maximum. When the current is tuned to 65
milliamperes, the second one has an amplitude of 0.5 decibels and operates at 8.87 gigahertz. To explain the mechanism
of frequency tuning, it is possible to consider the fact that the center laser wavelength grows dramatically with the rising
injection current. Consequently, the resonance frequency is raised from 7.28 GHz to 8.78 GHz as a result of the increase
in the injection current. When attempting to symbolize the stability of the frequency, the max hold function of the FSA
(Tektronix, RSA5126B) is utilized. It is possible to trace this rapid frequency change to the two explanations that are
listed below. A further explanation for the significant power discrepancy that can be seen in Fig. 2(b), Fig. 2(e) Fig. 2(c),
and Fig. 2(f) is that the oscillation frequency fluctuates at a rapid pace. There is a possibility that the passband of the
ESA filter does not contain the point at which the maxi value of the frequency occurs [18]. If this is the case, the power
value that was measured and displayed in Fig. 2(c), and Fig. 2(f) is 4.5 decibels less than the result that was measured
while the resolution bandwidth was set to 10 megahertz (Fig. 2(b) and Fig. 2(e). It is possible to reduce the fluctuation
of the frequency by exchanging the DML for a single-mode laser that is equipped.
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Figure 2 The IOEO's frequency response. The oscillation spectrum for injection currents of 38 mA and 56 mA,
respectively, is represented by (a) and (d). The fundamental resonance (second harmonic) is represented by the solid
(empty) triangle. (b) The stable output radio frequency spectrum at 33.9 milliamperes of injection current. (c) The
principal oscillation frequency fluctuation throughout one minute, as depicted in (b). (e) The frequency spectrum of
the steady radio frequency signal is produced at a 65-mA injection current. (f) Variations in the principal oscillation
frequency during one minute, as indicated by (e). The resolution bandwidth used to measure the spectrum in (a), (b),
(d), and (e) was 11 MHz, whereas (c) and (f) used a resolution bandwidth of 2 KHz. The RF filter's response is shown
in (a), (b), (d), and (e) by the cyan dashed line

(a) o- (b) (c) .
.10- _7.320| —e— Expanmental Data 5 90
= ) N — Fitting Une % 60
£ .20 I o
:rE! 301 57.315 % 70
3 40 g7 310 & -80-
£ 50 B e & 90
E 50° 273051 %100
«704 7.300- &-‘10
80 v v v ; T —— | S———
728 730 731 732 733 440 444 448 452 456 100 1k__10k_ 100x 1M 10M 100M
(d) Frequency (GHz) (e) Injection Current (mA) A Offset Frequency (Hz)
. F 9 4(:'7
8 8,885 —e— Experimental Oats o -
;g 1 ' ‘ | f | = Fitting Line /' ? 552 \}
© .20! “ J ©3.880 é 70-
a | | | -~
2 40 gams %
£ | -
g €.100
1 23870,
fe F8870 170!
-80 ' 8.865{ . & -120-
885 386 687 888 889 B8.90 648 650 652 654 656 658 100 1k__ 10k 100k 1M = 10M 100M
Frequency (GHz) Injection Current {mA) Offset Fraquency (Hz)

Figure 3 Phase noise response and oscillation frequency tunability of the IOEO. (a), (d), There is tunability for
oscillation frequencies between 7.4 GHz and 8.7 GHz. (b) The oscillation frequency is dependent on the injection
current at a rate of about 7.4 GHz. (e) The dependence of the oscillation frequency at 8.9 GHz on the injection current
is comparable to (b). (c), (), oscillation frequency phase noise was measured at 7.25 GHz and 8.77 GHz, respectively.
While (d) was measured with a resolution bandwidth of 100 KHz, (a) was measured with a bandwidth of 1 KHz
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As a potential approach for further stabilizing the oscillation frequency, it is anticipated that controlling the optical chip

temp. and the PCB independently will be an effective method. This double frequency is a result of those two factors. The
resonance frequency is increased to 9.09 GHz, which results in an improvement to this scenario [19]. In this particular
instance, the amplitude of the oscillation is 0.45 dBm, as demonstrated in Fig. 2(e), and the dual component is situated
at 18.47 GHz, with an amplitude of 42.2 dBm to be precise. The higher rejection of the RF filter around 17.74 GHz, which
can be observed in the RF filter response shown in Fig. 2(e), is the primary source of this phenomenon. This is
accomplished by determining the injection current and adjusting it accordingly. It has been determined that the phase
noise of the output radio frequency signal is approximately 89 dBc/Hz at 1MHz. Furthermore, when the frequency is
adjusted within the continuous frequency tuning range, very slight phase noise variations are seen. This is illustrated in
Fig. 3(c). This is demonstrated in Figs. 3(d)-3(f), which displays the same information. The phase noise that was
recorded is around 89 dBc/Hz at 1MHz. Ideally, this method for tuning the frequency should be identical to the
mechanism for changing the frequency that was described earlier. At the same time that the oscillation frequency is
being tuned, mode hopping is prohibited as a result of the huge FSR of the OEO cavity [20]. It can be deduced from the
durability of the oscillation that feedback control is an appropriate configuration for the chip.

The instability of high phase noise and oscillation frequency is caused by several constraints that have been recognized
in this initial version. These limitations can be summarized into the following points:

3.1. A factor of the oscillation loop that is of low quality

According to the findings of earlier studies, the quality factor Q can be stated as follows:

Q= fo _ Qpthy (1)

AfFwHM GipN

The oscillation frequency is denoted by f;, the full-width half-maximum of the oscillation is represented by Afgy yy, the
group delay is denoted by 7, the oscillation power before the RF amplifier is described by P,G?,, and the equivalent input
noise density is specified as pN. There, the quality factor of the loop delay is denoted by the equation Qp = 2rf;t.
Consequently, the quality factor experiences a quadratic in crease in conjunction with the delay of the loop group. On
the other hand, the phase noise of the oscillator, denoted by L¢(f), the phase noise of the oscillator components,
denoted by Ly (f).

Ly =[1+(2) ] (2

where f represents the offset frequency and f; represents the Leeson frequency, expressed as f; = v,/2Q to be written
down. Over here, the oscillation frequency is denoted by vo. When Eq. (1) is taken into consideration, it becomes clear
that the extensive group delay has the potential to reduce phase noise by boosting the Q factor. Despite this, the group
delay is restricted due to the narrow footprint of the delay line, which increases phase noise.

3.2. Defects that are inherent to the DML The first aspect that has an effect is the RIN that the DML has.

Given that it is difficult to implement temperature control on a chip, the RIN of the laser ought to be high. This will result
in a significant increase in the amount of phase noise that is produced. After that, the chromatic dispersion of the InP
waveguide that was caused by the enormous frequency noise of the laser that was caused by DML caused a time
fluctuation to be induced [21]. The variability in the delay time causes a rapid shift in the frequency of the oscillation,
which is ultimately converted into phase noise. This, in turn, leads to a fall in the Q factor, which in turn leads to an
increase in phase noise immediately.

3.3. The impact of temperature on the IOEO system

It will be quite difficult to dissipate heat while placing all of the active components, such as the photonics chip, on the
printed circuit board (PCB) since it is a thermal material. The condition of each device is impacted by the accumulation
of heat that is inherent to the system, in addition to the influence of the environment, which further contributes to the
instability of the system [22]. Based on the studies presented above, we can conclude that the four strategies that are
listed below should be the primary focus of efforts to enhance the performance of the OEO. To begin with, an increase
in the Q factor can be accomplished through the utilization of a whispering gallery mode resonator [23]. Second, to
address the shortcomings of the direct modulation mechanism (DML), an external modulation mechanism should be
substituted for the direct modulation mechanism [24]. In the third place, thermal control is essential for integrated chips
of this kind since it helps to reduce thermal crosstalk and thermal noise. Without the use of a fiber delay line, the phase
noise of the OEO was measured to be 122 dBc/Hz at 100 kHz with an oscillation frequency of 8.9 GHz. The proposed
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OEO was able to minimize the phase noise by 9 dB. This was accomplished by reducing the laser RIN by 10 to 45 dB
over a bandwidth of 9 MHz using the proposed OEO. A phase-locked loop, which is capable of achieving long-term
frequency stability, is another method that can be used to realize feedback control [25]. Consequently, we anticipate
that the phase noise of the IOEO will be able to reach a level of 115 dBc/Hz at 1 MHz following the upgrade.

4., Conclusion

In conclusion, we present a novel integrated OEO that is formed of two portions on a chip, and we give an experimental
demonstration of this integrated OEO. An integrated photonic platform that is based on InP is responsible for the
manufacturing of the optical component. It is possible to integrate all of the necessary photonic components into the
chip in a monolithic fashion. These components include the ODL, the DML, and the PD. On a single printed circuit board
(PCB), the electrical component houses all of the electrical components that are required for the OEO loop. Through the
process of tweaking the injection current, we were able to demonstrate that the IOEO is capable of being operated at 2
distinct oscillations with distinct injection currents (7.3 and 8.87 GHz RF, respectively). This is possible in both
circumstances. At 7.25 GHz, the phase noise values were measured to be 91 dBc/Hz @1MHz, and at 8.77 GHz, the values
were measured to be 92 dBc/Hz @1MHz. Because of the low values of the cavity Q factor and the flaws of the DML, the
phase noise value of the signal that is produced by IOEO is larger than the values that are obtained by OEOs that have
longer cavities that are implemented by fibers. The strategies that have been discussed and proposed for adoption into
future IOEO designs include those that aim to improve the cavity Q factor and increase the oscillation frequency stability.
To fulfill the requirements of growing communication, wireless services, and radar application scenarios, integrated
technology offers many distinct advantages, including a compact design, a small footprint, a large frequency range
needed, and the flexibility to tune the frequency of oscillation.
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