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Abstract— We experimentally demonstrate a low-phase-noise
tenfold frequency multiplier based on a compact integrated
optical frequency comb (OFC) generator. The Indium Phos-
phide (InP) monolithically integrated OFC is based on a flex-
ible scheme using cascaded optical modulators. The extremely
compact frequency multiplier is broadly tunable in wavelength
and in OFC repetition frequency, making it interesting for high-
spectral-purity mm-waves applications. OFC generation with a
2.6 GHz spacing and 19 tones within a 10 dB power range and
an optical signal-to-noise ratio (OSNR) higher than 40 dB is
reported. Using a 74 GHz-bandwidth photodetector, we achieve
a set of 2.6 GHz phase-stabilized electrical tones, reaching
carriers up to 39 GHz with a high signal-to-noise ratio (SNR).
In particular, the OFC-based tenfold-multiplied signal (26 GHz)
provides a remarkable low-phase-noise feature, equivalent to the
commercially available radiofrequency (RF) generator used as
a source at the same electrical power. At 26 GHz, phase-noise
of —50 dBc/Hz and —80 dBc/Hz are reported for 10 Hz and
1 kHz offsets, respectively. The proposed system enables fre-
quency multiplication up to 12-times without phase impairments,
i.e., phase noise performance equivalent to a commercial RF
generator, validating its potential to low-phase-noise and high-
spectral-purity mm-wave applications.

Index Terms—5G, mm-waves, optical frequency comb (OFC),
photonic integrated circuits (PIC).

I. INTRODUCTION
SE cases of the fifth-generation (5G) of mobile networks
encompass enhanced mobile broadband (eMBB), ultra-
reliable low-latency communication (uURLLC), and massive
machine-type communication (mMTC) [1]. To this aim 5G
new radio (5G NR) radio access network (RAN) has been
standardized and the commercial deployment already started
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worldwide, initially on a non-standalone (NSA) operation
mode based on the 4G control plane, and later on a stand-
alone (SA) implementation, enabling all 5G features. Two
distinct frequency ranges have been standardized, namely
frequency range 1 (FR1) from 410 MHz to 7.125 GHz, and
frequency range 2 (FR2) between 24.25 and 52.6 GHz [2].
In particular, the large spectrum of FR2, belonging to the mil-
limeter waves (mm-waves) [3], enables Gbit/s communication
employing bandwidths up to 400 MHz [4].

Millimeter-wave signals with high spectral purity and low
phase noise are mandatory in several applications, such as
wireless communications, radar, and spectroscopic sensing [5].
Typically, electronic synthesized radio frequency (RF) gener-
ators are used, which can be bulky and expensive, especially
in the mm-waves range. Consequently, several techniques to
generate low-phase-noise and frequency-tunable mm-waves
in the optical domain have been reported, such as external
modulation [6], optical injection locking (OIL) [7], and optical
phase-locked loop (OPLL) [8]. In particular, external modu-
lation based on phase modulators (PMs) and Mach—Zehnder
modulators (MZMs) has demonstrated potential to provide
generation and frequency multiplication with low phase noise
and high tunability [9]. For instance, optical frequency dou-
bling and quadrupling can be achieved using one modula-
tor [10], while frequency quadrupling, sextupling, or octupling
based on MZMs are also reported [9].

The mechanism behind the photonics-based mm-wave gen-
eration is the heterodyne detection, which demands high-phase
correlation between the optical carriers. In this way, opti-
cal frequency combs (OFCs) based on external modulators
provide phase-stabilized optical carriers, enabling low-noise
RF signals generation with high-frequency tunability [11].
With respect to alternative optical frequency comb generation
schemes, such as mode-locked lasers, micro ring modulators,
or injection-locked lasers, the use of cascaded modulators
schemes offer higher flexibility in terms of selection of both
wavelength and frequency repetition rate [12].

In this context, our photonic integrated optical frequency
comb generator based on cascaded modulators exploiting a
monolithic integration in an Indium phosphide (InP) plat-
form has been recently reported [12]. Photonic integration
provides extremely compact and flexible optical frequency
combs, enabling the central wavelength, frequency spacing and
optical output power adjustment by controlling the photonic
integrated circuit (PIC): a wavelength-tunable laser can be
used for controlling the comb wavelength, a semiconductor
optical amplifier (SOA) adjusts the output power, while the
frequency spacing can be broadly tuned by an external RF
generator at a relatively low frequency. An ad-hoc combination
of the modulating signals can also be exploited in order to
perform frequency line multiplication when required [13].
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Fig. 1. Photonic integrated circuit. (a) Schematic; (b) and (c) photographs.

In this letter, we experimentally demonstrate a low-phase-
noise mm-waves generator based on an integrated optical
frequency comb. The OFC-based tenfold-multiplied signal at
26 GHz shows a remarkable low-phase-noise feature, equiv-
alent to the commercially available RF generator used as the
comb source, suited for 5G NR wireless transmissions.

II. INTEGRATED OPTICAL FREQUENCY COMB

Fig. 1(a) shows a schematic of the photonic integrated
circuit based on cascaded modulators [11], [14] to generate
an OFC, which was previously characterized by our research
group and reported in [12] and [13]. The device has been
realized in an Indium Phosphide multi-project wafer run at
Oclaro Technology plc, UK [15] exploiting a generic inte-
gration platform. An on-chip distributed Bragg reflector laser
diode (DBR-LD) is used as a continuous-wave (CW) light
source, however, an external laser source coupled to the PIC
input waveguide through a spot-size converter (SSC) can
also be employed. The CW signal from either source enters
a 2 x 2 multi-mode interference (MMI) splitter that sends
it toward a dual-drive Mach-Zehnder modulator (DD-MZM),
inducing an amplitude modulation on the signal. In detail, the
MZM is composed of a 1 x 2 MMI splitter, two 1-mm-long
PMs, and a 2 x 1 MMI coupler. Phase modulators, exploiting
the quantum-confined Stark effect, have a 3-dB bandwidth of
about 7 GHz and a V; of about 5 V. The signal then crosses
two further 1-mm-long PMs, adding a phase modulation to the
signal. Finally, the processed signal is amplified by a 500-um-
long multi-quantum-well SOA and coupled to the output fiber
through another SSC. A high-numerical-aperture fiber-array is
aligned at the chip edge by means of a micro-positioner.

The realized device has been placed on a metal chuck and
connected via wire-bonds to a custom-designed printed circuit
board (PCB): four RF ports drive the PMs, while five DC ports
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Fig. 2. Experimental setup block diagram for the low-phase-noise ten-
fold frequency multiplication based on integrated OFC. PS - phase shifter;
OSA - optical spectrum analyzer; ESA - electrical spectrum analyzer;
PD - photodetector.

feed the DBR sections and the SOA. The chip on the metal
chuck surrounded by the PCB is depicted in Figs. 1(b) and (c).
The footprint is around 4.5 x 2.5 mm?, limited by design
constraints concerning the orthogonal placement of PMs and
gain sections. The PCB with SMA RF interfaces and GPIO
DC interfaces is shown in Fig. 2.

III. EXPERIMENTAL SETUP AND RESULTS

Fig. 2(a) reports the block diagram of our proposed low-
phase-noise tenfold frequency multiplication based on an
integrated OFC. Our approach focuses on applying the pho-
tonic integrated circuit in a centralized radio access network
(C-RAN) architecture, aiming to distribute the OFC and to
optically generate mm-waves at the remote radio units (RRUs).
A 43-GHz RF generator (E8267D PSG from Keysight) pro-
vides a 24.7 dBm electrical carrier centered at 2.6 GHz, which
is equally divided in four by means of an electrical splitter.
The phase of each branch is controlled by a mechanical phase
shifter (PS), enabling a proper adjustment on the temporal
phase alignment among the PMs, which directly impacts the
OFC spectral flatness [14]. Afterward, bias tees have been
used for combining the electrical carriers with the required DC
bias voltages, feeding the PMs through the SMA connectors.
In order to achieve a large number of comb lines and enhanced
flatness, the PMs have been driven with Vz multiples, whereas
the MZM has been polarized around Vz [16]. The integrated
DBR laser and the SOA currents have been set to 70 mA and
55 mA, respectively.

At the PIC output, the power of the optical frequency comb
was about —6 dBm. The signal has been then split in two
ways: 1% optical power was monitored by an optical spectrum
analyzer (OSA), whereas the remaining optical power (99%)
reached an Erbium-doped fiber amplifier (EDFA) and then
a high-speed photodetector. The EDFA has been used to
monitor and control the optical power, ensuring 2 dBm optical
power at the photodetector input. Since the OSA even at
the narrowest resolution (0.07 nm) cannot resolve the comb
spectrum, we have used a heterodyne detection technique
to image the OFC, enabling an accurate OFC visualization
based on the measured electrical signal, optical spectrum, and
photodetector response. Therefore, the 2.6-GHz-spaced optical
frequency comb centered at 193.5 THz is presented in Fig. 3.
The optical tones extend from 193.4 THz up to 193.6 THz.
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Fig. 3. 2.6 GHz optical frequency comb at the PIC output.
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Fig. 4. 2.6-GHz electrical comb at the photodetector output; in the inset the
filtered tone at 26 GHz.

One can note 19 tones within a 10 dB intensity range from
the maximum optical power, with an optical signal-to-noise
ratio (OSNR) higher than 40 dB. Considering the entire comb
and the noise floor around —60 dBm, 49 tones provide an
OSNR higher than 20 dB, whereas 36 tones present an OSNR
higher than 30 dB, which is a typical value from optical
transceivers. This achievement demonstrates the applicability
of our approach for generating mm-wave signals on a wide
spectral range.

The phase-stabilized optical frequency comb lines have been
converted into a set of electrical tones by means of a 74-GHz
bandwidth photodetector and measured by a 43-GHz electrical
spectrum analyzer (ESA), as reported in Fig. 4. A stable
electrical comb with a 2.6-GHz repetition rate can be appre-
ciated over the entire frequency range. Furthermore, a high
signal-to-noise ratio (SNR) can be observed for all generated
harmonics. Therefore, after the photodetection process, the
electrical carriers can be properly separated and employed
in specific applications, depending on the desired frequency
range. Considering a tenfold frequency multiplication, we note
a high-spectral-purity mm-wave electrical carrier at 26 GHz.
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Fig. 5. 2.6 GHz and 26-GHz phase noise comparison between OFC-based

signals and the commercial RF generator.

We have used a 1-dB insertion loss band-pass filter (BPF)
with 1-GHz bandwidth centered at 26 GHz for isolating the
single harmonic as presented in the inset from Fig. 4, since
this frequency range has been standardized for 5G mm-wave
applications. Indeed, BPFs could improve the system spectral
purity, however, they are not mandatory, depending on the
application and the required spectral purity, since in a practical
scenario the amplifiers, mixers and antennas are developed for
a specific frequency range, avoiding undesired frequencies. As
expected, the electrical filter selected only the 26 GHz signal,
demonstrating a high spectral purity and a significant electrical
power of —34 dBm.

In order to validate the low-phase-noise tenfold frequency
multiplication based on an integrated OFC, we have measured
the OFC-based signal phase noise and have properly compared
it with the RF generator used to generate the optical frequency
comb. Phase noise measurements are essential in communica-
tions systems, enabling to precisely characterize the frequency
stability of systems and of oscillators. Fig. 5 presents the
phase noise measurements at 2.6 GHz and 26 GHz for both
RF generator and our proposed approach. The monolithi-
cally integrated OFC source provides phase-stabilized optical
lines, as a consequence, frequency multiplication with low
phase noise is obtained. Considering the measurements at
26 GHz, we have observed phase noise of around —50 dBc/Hz
and —80 dBc/Hz for 10 Hz and 1 kHz offsets, respectively. The
OFC-based tenfold multiplication signal (26 GHz) presents a
remarkably low phase noise, comparable to that of the com-
mercial RF generator used as its source. The phase noise of
the multiplied signal is approximately equal to the RF-driven
source phase noise added by 20logio(m), where m is the
frequency multiplication factor [9]. Regarding the fundamental
frequency (2.6 GHz), we can appreciate a similar phase-noise
response, with —70 dBc/Hz and —90 dBc/Hz for 10 Hz and
1 kHz offset, respectively. Therefore, the proposed integrated
OFC application enables RF frequency multiplication up to
mm-waves, providing a phase noise equivalent to that of the
RF source, without adding phase distortions.

The last characterization step consisted in measuring the
phase noise for 2-, 4-, 6-, 8-, 10- and 12-times OFC-based
frequency multiplication and in comparing with that of the
RF generator, demonstrating the system feasibility to generate
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Fig. 6. Phase noise measurements for 2-, 4-, 6-, 8-, 10- and 12-times

frequency multiplication compared with the RF generator.

low-phase noise electrical carriers over the entire frequency
range. Fig. 6 displays the phase noise measurements at
2.6, 5.2, 10.4, 15.6, 20.8, 26, and 31.2 GHz for both the
OFC-based frequency multiplication and the commercial RF
generator. Although the phase noise curves present a stochastic
response for offsets lower than 1 kHz, no apparent phase
distortions occur on the signals obtained by the OFC-based
frequency multiplication. Additionally, a zoom-in view for
offsets between 10 kHz and 100 kHz allows an accurate
comparison. One more time, the OFC-based frequency multi-
plication provided a suitable phase noise, equivalent to the RF
generator measurements at the same RF power. Therefore, the
integrated OFC demonstrated frequency multiplication up to
12-times without phase impairments, providing a phase noise
equivalent to that of the generator used as the RF source.
It is worth mentioning that even higher multiplication factors
can be achieved, since we used only 16.5 dBm at each PM
modulator input, not requiring electrical amplifiers.

IV. CONCLUSION

We have successfully proposed and experimentally imple-
mented a low-phase-noise tenfold frequency multiplier based
on an integrated optical frequency comb generator. The
extremely compact integrated OFC generator was fabricated
in Indium Phosphide and is flexible in terms of central
wavelength and OFC repetition frequency. OFC generation
at 2.6 GHz has been reported, in which 36 tones showed
an OSNR higher than 30 dB, demonstrating the potential to
generate mm-wave signals based on the heterodyne technique.
A 74-GHz photodetector enabled a set of 2.6 GHz phase-
stabilized electrical tones, reaching up to 39 GHz with a
considerable SNR. Phase noise measurements enabled to pre-
cisely characterize the OFC-based mm-wave signal frequency
stability and compare it with that of the RF generator source.
Considering a tenfold frequency multiplication (26 GHz),
we have achieved phase noise of -50 dBc/Hz and -80 dBc/Hz
for 10 Hz and 1 kHz offsets, respectively. The OFC-based
tenfold multiplied signal presented a remarkably low phase
noise, equivalent to the commercially available RF generator

used as the source at the same RF power. In addition, the pro-
posed system also demonstrated frequency multiplication up
to 12-times without phase impairments and with high spectral
purity, validating its use for mm-wave applications over a wide
frequency range. Further size, cost and power-consumption
reductions are expected by assembling the PIC on an PCB
comprising all the needed integrated electronics. Future works
regard the PIC use in a real 5G network based C-RAN
architecture to distribute and to optically generate mm-waves
at the RRU, enabling an OFC-based 5G NR mm-waves access
point in accordance to the 3GPP specifications.
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