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Photonic Frequency Conversion of OFDM Microwave
Signals in a Wavelength-Scale Optomechanical Cavity

Laura Mercadé, Maria Morant, Amadeu Griol, Roberto Llorente, and Alejandro Martinez*

Optomechanical (OM) cavities enable coupling of near-infrared light and
GHz-frequency acoustic waves in wavelength-scale volumes. When driven in
the phonon lasing regime, an OM cavity can perform simultaneously as a
nonlinear mixer and a local oscillator—at integer multiples of the mechanical
resonance frequency—in the optical domain. In this work, this property is
used to demonstrate all-optical frequency down- and up-conversion of
MHz-bandwidth orthogonal frequency division multiplexed signals compliant
with the IEEE 802.16e WiMAX wireless standard at microwave frequencies. To

photonics, electronics or mechanical
components.'>l The resulting OM
crystal cavities (OMCCs)!!?l allow for
the independent design of optical and
mechanical resonances,*l as well as
to maximize its interaction strength, 14
which is given by the OM coupling
rate, g,. Moreover, since the crystal
periodicity imposes the wavelengths
for which photons and phonons get

this end, a silicon OM crystal cavity (OMCC), supporting a breathing-like
mechanical resonance at f,, ~ 3.9 GHz and having a foot-print ~ 10 pm?,
which yields frequency conversion efficiencies better than —17 dB in both
down- and up-conversion processes at mW-scale driving power, is employed.
This work paves the way toward the application of OMCCs in low-power
all-photonic processing of digitally modulated microwave signals in

miniaturized silicon photonics chips.

1. Introduction

Cavity optomechanics studies how light and mechanical waves
interact with each other when confined in a cavity.'*! Such in-
teraction leads to a wide variety of physical phenomena, many of
them related to the possibility to either attenuate (cooling!*l) or
amplify (heatingl®!) the mechanical motion of the cavity. Indeed,
under blue-detuned laser driving of the cavity, the motion can
be amplified up to a point that mechanical losses are overcome
and the cavity reaches a state of self-sustained oscillations.[2¢]
This closely resembles the lasing process for optical waves,
so this phenomenon is usually called phonon lasing.”-! Op-
tomechanical cavities can be patterned in released high-index
films using standard micro- and nano-fabrication tools (such as
electron-beam lithography), thus coexisting on-chip with other
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coupled, telecom-band light can interact
with GHz-scale mechanical motion,
so OMCCs can play the role of ultra-
compact elements linking optical and
microwave signals.'>1¢] This feature is
particularly relevant in microwave pho-
tonics, the discipline that addresses
the processing of radio-frequency (RF)
signals at microwave frequencies in the
optical domain.['®] This approach has
multiple advantages compared to the
processing in the electric domain, including nearly-unlimited
bandwidth, immunity to electromagnetic interference and
frequency-independent losses, amongst others, while displaying
all the benefits of optical domain processing.!*”!

A prominent example of microwave signal processing is
the realization of frequency up- and down-conversion of data
streams extensively performed in wireless networks.["! In par-
ticular, such conversion processes are essential in multiple-input
multiple-output (MIMO) radio transmission systems, as depicted
in Figure 1a. Indeed, massive MIMO systems employ arrays with
several antenna elements (AEs) at the transmitter and/or receiver
(as depicted in the example shown in Figure 1a with N X M AEs).
Nowadays, massive MIMO systems have been proposed as a key
solution to meet the increasing demanding throughput of wire-
less and cellular networks.[?”) Thus, it is foreseen that future
wireless communications will rely on massive MIMO systems
equipped with hundreds or even thousands of AEs. Although the
fabrication of affordable large antenna arrays on a small foot-
print is already viable, the corresponding up/down-conversion
chains —which include power-consuming mixers and local oscil-
lators (LOs) as depicted in Figure 1c— are bulky and expensive.[?!
Therefore, solutions that comprehend extreme miniaturization,
easy scalability, massive on-chip integration into arrays and low-
power consumption are highly desirable.'®! Interestingly, mul-
tiple oscillators built on the same chip may be synchronized in
frequency by weak mechanical interaction whilst being coupled
to different optical fields.[?!]

The use of OMCCs seems to be appropriate to satisfy all
the previous requirements. In particular, no other approach
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Figure 1. a) Application scenario for up- and down-conversion of RF signals for wireless MIMO transmission with multiple AEs in a N X M arrangement.
b) Scanning Electron Microscopy (SEM) image image of an array of silicon OMCCs — as the one used in this work — which could be used for up/down-
conversion in each AE. c) Block diagram of the proposed all-optical up/down-converter and equivalent electrical implementation with an external mixer
and LO. d) Optical response of the OMCC providing several harmonics at integer multiples of the mechanical resonance frequency and photodetected

signal in the electrical domain.
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Figure 2. RF frequency conversion process description. a) Frequency down-conversion and b) up-conversion process carried out in the reception and
transmission ends of a wireless system, respectively. Insets include the electrical spectra at the output of the mixer. In the up-conversion process, the RF
signal is radiated, whilst in the down-conversion process the intermediate frequency (IF) signal —at a much lower frequency— is processed internally.
c) Scheme of the photonic-based down-conversion process enabled by an OMCC, which acts simultaneously as an LO and a nonlinear mixer. The up-
conversion process operates in the same way but interchanging the RF and IF signals. The LO frequency f, 5 is a harmonic of the mechanical frequency
m X f,,,. MZM: Mach-Zehnder modulator; OMCC: OM crystal cavity; PD: Photodetector; RSA: RF Spectrum Analyser.

enables photonics-based microwave processing in such reduced
foot-prints, as can be seen in the scanning electron microscopy
(SEM) image included in Figure 1b that shows an array of OM-
CCs built on a silicon chip. Recent experiments have unveiled
the potential of OMCCs as ultra-compact all-optical microwave
oscillators.[?2-2] Amongst other applications, microwave oscilla-
tors are widely used as LO to mix RF signal in wireless com-
munication systems—as depicted in Figure 2a,b. Interestingly,
the inherent nonlinear response of OMCCs enables the self-
sustained mixing of RF signals in the optical domain, being

Laser Photonics Rev. 2021, 2100175 2100175 (2 of 8)

the LO generated intrinsically—at integer multiples of the me-
chanical resonance frequency—as a result of the phonon las-
ing process in the cavity.!?’! This means that, unlike other pho-
tonic approaches approaches, OMCCs enable frequency mixing
without requiring an external LO (as depicted in detail in Fig-
ure 2c), which enormously simplifies the hardware requirements
(see Figure 1c).

Previously, OM-based frequency conversion was demon-
strated through the down-conversion of 25 MHz tones modulat-
ing an optical signal using a silica microtoroid as OM cavity.!’]

© 2021 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 3. Optical and mechanical properties of the silicon OM crystal cavity. a) SEM image of the tapered-fiber optical coupling to the OMCC under
study. b) Spectral optical response of the cavity in transmission. c) Detected mechanical mode as a function of the driving wavelength, showing the
transition from thermal noise transduction (darker colors) to the phonon lasing state (lighter colors) as well as the mechanical frequency tunability. d)
Detected frequency comb in the lasing state up to the third harmonic at a driving wavelength 2 = 1562.51 nm.

Frequency mixing at MHz frequencies was also demonstrated in
a torsional OM resonator via dissipative coupling, which does not
requires self-sustained oscillations.[?8] However, frequency con-
version of real data streams modulated at GHz frequencies has
not been addressed so far in OMCs to the best of our knowl-
edge. In particular, frequency down- and up-conversion of digi-
tally modulated signals employing orthogonal frequency division
multiplexing (OFDM) modulation is of special interest. This is
because OFDM is the underlying modulation in the most rele-
vant communication systems, including 4G (e.g., LTE) and 5G
cellular networks, as well as WiFi and WiMAX wireless access
networks, and can be severely affected by the phase noise and
frequency offset introduced in the conversion process.?"!

In this work, we demonstrate the all-optical frequency conver-
sion of OFDM data streams in both down- and up-conversion
processes using a silicon OMCC supporting a breathing-like me-
chanical mode at f,, ~ 3.9 GHz that is coupled to an optical mode
at telecom wavelengths. Operating the cavity in the phonon las-
ing regime at room temperature, we demonstrate experimentally
that OFDM data signals following the IEEE 802.16e WiMAX stan-
dard can be down- and up-converted in frequency with a conver-
sion efficiency better than —17 dB in both processes and with-
out requiring an external LO. We also show that the strong non-
linearity of the OMCC generates multiple harmonics of the me-
chanical resonance,!**! which can be used to increase the up-
converted frequency above 10 GHz. This fact, added to the flexi-
bility to tune the fundamental mechanical frequency by an appro-
priate design of the cavity,['*! would enable to adopt this approach
in a wide variety of microwave systems and networks —including
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the MIMO systems displayed in Figure 1a— enabled by all-optical
processing in silicon chips.

2. Results
2.1. Silicon OMCC Cavity as A Microwave Oscillator

Figure 3a shows a scanning electron microscopy (SEM) image
of the OMCC used in our experiments. This cavity supports an
optical mode at 4, = 1541.2 + 0.3 nm and a mechanical mode at
[ = 3.9 GHz, both confined in the central region of the released
nanobeam to ensure large OM interaction (the measured OM
coupling rate was g, /2x ~ 660 kHz![**l). Noticeably, this OMCC is
fabricated on a silicon-on-insulator wafer using standard fabrica-
tion processes!®* and it has a foot-print &~ 10 pm?, much smaller
than other OM resonators such as silica microtoroids.?®! The op-
tical response of the cavity at low input power (P;, < 100 pW)
when a tapered fiber is coupled to it via evanescent fields is de-
picted in Figure 3b, showing a transmission dip that results in an
optical Q factor Q, = 4 X 10° (see details about the experimental
system in Supporting Information).

The mechanical motion of the cavity can be observed by photo-
detecting the signal scattered from the cavity in the reflection
path, as shown in Figure 3c for different laser wavelengths with
a driving power P,, > 2.8 mW. As reported before, ¥ scanning
the wavelength across the blue side of the resonance allows to
change the dynamics of the cavity going from the mere trans-
duction of the thermal noise—darker curves in Figure 3c- to the
phonon lasing regime—Ilighter curves in Figure 3c. Moreover, in
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Figure 4. OM microwave oscillator. a) Mean phase noise of the first har-
monic (dark blue) and its uncertainty (light blue shaded area). As a ref-
erence, the phase noise values of WiMAX commercial equipment oper-
ating at 3.5 GHz frequency band of —89 dBc/Hz at 100 kHz offset and
—112 dBc/Hz at 1 MHz offset are represented with red dots.3'l b) Short-
term Allan deviation calculated from the phase noise measurement. c)
Evolution of the first harmonic frequency versus time within a span of
400 kHz. d) Long-term Allan deviation calculated from the time evolution
of the mechanical mode (blue) and non-stabilized nanomechanical beam
at MHz frequencies (red dots).[3?!

this regime, a set of ultra-narrow tones at frequencies m X f,, is
obtained—as shown in Figure 3d—which confirms the genera-
tion of an OM frequency comb in the cavity.?*] The total comb
bandwidth is limited by the line width of the optical resonance.
Remarkably, the phonon lasing state is maintained in a certain
range of driving wavelengths—Figure 3c—although the observed
tones are slightly shifted in frequency due to the optical spring
effect.l?] This property could be eventually used to perform fine-
tuning of the generated microwave tone.

Once the cavity is in the phonon lasing state, different pa-
rameters can be measured to characterize its performance as
a photonics-based microwave oscillator. Figure 4a depicts the
mean phase noise of the first harmonic of the generated comb.
The measured phase noise reaches values around —100 dBc/Hz
at 100 kHz, which is better than the requirement of com-
mercial equipment employed to generate WiMAX signals (e.g.,
—89 dBc/Hz at 100 kHz,*!l marked as reference with red dots
in Figure 4a). From this measurement, we can estimate the
short-term Allan deviation ¢, (7)!’! (see Supporting Information),
which is presented in Figure 4b. Here, different source noises
can be identified such as the white phase noise (L(f) « f° or
0,(7) x 77?), the random walk of phase (L(f) « f or 6, (7) & z7")
and the flicker frequency noise (L(f) « f* or ()  7°), in good
agreement with observations in other OM oscillators operated in
this regime.[?20]

To estimate the long-term stability of the oscillator frequency—
an important parameter to evaluate the performance of the device
in real applications—we analyzed its time evolution, reported
in Figure 4c. This measurement also permits the calculation of
the Allan deviation for larger averaging times, as shown in Fig-
ure 4d. Here, we can observe that the flicker frequency noise
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contribution is at the same level as in the short-term Allan de-
viation in Figure 4b. Additionally, we can identify other noise
sources such as a very small contribution of the random walk of
frequency (o,(7)  7') and, finally, a linear frequency drift with
0,(r) « 7. Noticeably, these values are on par with the nanome-
chanical oscillator reported in ref. [32]—represented in red dots
in Figure 4d—though our device operates at much higher fre-
quencies. All these results lead us to conclude that our OM mi-
crowave oscillator could be used as an all-optical processing ele-
ment in real wireless systems.

2.2. OM Frequency Down-Conversion

In our next experiment, we used the first harmonic of the me-
chanical resonance of the OM cavity operated in the phonon las-
ing regime to demonstrate OM frequency down-conversion. This
process is commonly employed at the receiver side of a com-
munication systems to decrease the frequency of the received
data signal down to a band known as intermediate frequency
(IF) where information can be easily processed (Figure 2a). To
this end, the laser was modulated with an external microwave
signal (the employed electrical power was 1 mW) using an ex-
ternal Mach-Zehnder amplitude modulator. The external signal
consisted of a pseudo-random sequence of data modulating a mi-
crowave signal (having a carrier frequency of fzr = 3.9 GHz > f,))
using orthogonal frequency division multiplexing (OFDM) with
QPSK modulation per subcarrier considering bandwidths span-
ning from 3.5 to 28 MHz, being fully compliant with the IEEE
802.16e standard used in wireless WiMAX networks*! (see de-
tails of the signal generation in Supporting Information).

The optical power reaching the cavity was 3.44 mW at A, =
1562.51 nm, which was enough to drive the cavity into the
phonon lasing regime. The measured RF spectrum is shown
Figure 5a, where a down-converted signal at a frequency f;; =
frr —fn ® 50 MHz s clearly observed. The efficiency of the down-
conversion process is estimated to be around 3% (~ —15 dB) by
comparing the power of the detected RF signal when operating
out of the phonon lasing regime (~ 28 pW) and the power of
the down-converted signal when operating in the phonon lasing
regime (=~ 0.85 pW).

Figure 5b shows the evolution of the measured error vector
magnitude (EVM) for the RF and the down-converted (IF) sig-
nals as a function of the OFDM signal bandwidth (BW). As ex-
pected, the EVM worsens as the signal bandwidth gets broader.
However, a received EVM < —15 dB, which is the threshold rec-
ommended at the received end in the standard,**) is obtained
for signal bandwidths up to 7 MHz. In the inset panels, the re-
ceived constellations for 3.5 MHz bandwidth OFDM signals for
both the RF and the down-converted signals are presented. The
green points in the constellation correspond to detected data sym-
bols modulated in a certain subcarrier using QPSK modulation
whilst the black points correspond to pilot signals using BPSK
modulation. Remarkably, the recovery of QPSK data, as shown in
the EVM measurements and the detected constellations, demon-
strates that this technique is coherent since the phase is pre-
served in the frequency conversion process. In principle, improv-
ing the performance of the OM cavity would also allow satisfying
the EVM threshold at higher bandwidths and higher modulation
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Figure 5. OM frequency down-conversion. a) Detected electrical spectrum after down-conversion using the first harmonic of the mechanical resonance.
(Inset) Close view of the RF signal and the mechanical mode in the lasing state. The resolution bandwidths are 1 MHz and 100 kHz in the main and
inset panels, respectively. b) Measured EVM versus OFDM signal BW for the input RF signal (blue) and the down-converted IF signal (green). (Insets)
Received QPSK constellations for the down-converted OFDM signal measured at fir = fgr — f,, ® 50 MHz (top panel) and the original RF signal at

fre = 3.9 GHz (bottom panel).

orders for the same BW as no phase distortion is observed in the
received constellations. It should be noted that this OM oscilla-
tor does not have any feedback loop which could increase the sta-
bility and improve the signal to noise ratio. Additionally, a more
efficient coupling of light into the cavity could be achieved by op-
timizing the fiber-cavity interface, which would also contribute
to improving the signal to noise ratio and get better figures of
the EVM.

2.3. OM Frequency Up-Conversion

Since the OM cavity acts essentially as a nonlinear mixer with
an intrinsic LO, it can also operate in reversely to the previous
case and perform as an all-optical frequency up-converter. Fre-
quency up-conversion is usually employed in communication
systems and networks to increase the frequency of an incoming
data stream up to a frequency band (f;;) where it can be radiated
(Figure 2b). To test the up-conversion process, the previous ex-
periment is repeated employing actual OFDM data—again com-
pliant with the IEEE 802.16e WiMAX standard—modulated now
at alower frequency (f;; = 50 MHz). The detected electrical spec-
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trum in reflection is depicted in Figure 6a, where lateral side-
bands spaced f;; from the different harmonics of the mechani-
cal resonance can be observed as a result of the mixing process
taking place inside the cavity. The maximum observed frequency,
corresponding to up-conversion using the third harmonic, is lim-
ited by the photodetector bandwidth (12 GHz). This result sug-
gests that this approach, which may use also cavities supporting
mechanical resonances at other frequencies, may cover a wide
range of microwave frequencies and, as a result, be used in mul-
tiple wireless systems.

The measured EVM for the up-converted OFDM signals us-
ing QPSK subcarrier modulation is presented in Figure 6b for
the original IF signal as well as different harmonics. Even though
the —15 dB EVM recommendation at the receiver end is only met
for the first harmonic (in this case in f,, % 3.9 GHz), QPSK con-
stellations can also be recovered for the second and third har-
monics (see insets). As above, improving the signal to noise ra-
tio of the up-converted signal should enable accomplishing the
requirement. Still, being able to recover the phase of the sig-
nal is a signature of the coherence of the up-conversion pro-
cess, even for higher-order harmonics. We also studied experi-
mentally the tunability of the system. As shown in Figure 6¢, the

© 2021 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 6. OM frequency up-conversion. a) Measured electrical spectrum of the up-conversion process up to the third harmonic of the mechanical
signal (resolution bandwidth = 1 MHz). b) Measured EVM versus harmonic frequency used in the up-conversion process. (Insets) Received QPSK
constellations. c) Evolution of the detected spectrum around the first harmonic as a function of the frequency of the modulation signal. d) Measured
EVM versus OFDM signal bandwidth of the modulation signal (blue) and the 1st-harmonic up-converted signal (green). (Insets) Received constellations
for the up-converted OFDM signal at fgr = f,, + f;r and for the IF signal at f;r = 50 MHz.

up-conversion process works for different values of the input fre-
quency, although the nonlinearity of the cavity also results in the
formation of frequency terms at n X f;;. In principle, we should
be able to up-convert IF signals with frequencies up to f,, /2 with-
out overlapping with sidebands of higher-order harmonics.

We also analyzed how the up-converted signal evolves as a
function of the OFDM bandwidth (from 3.5 MHz up to 28 MHz
according to ref. [34]) for the first harmonic. As shown in Fig-
ure 6d, the results look similar to the case of the down-conversion

Laser Photonics Rev. 2021, 2100175 2100175 (6 of 8)

process: both 3.5 and 7 MHz bandwidths satisfy the IEEE 802.16e
standard EVM recommendation. This experimental result pro-
vides a proof-of-concept of the frequency conversion process for
both down- and up-conversion applications with OFDM signals.
In this case, the efficiency of the up-conversion process for the
first harmonic is estimated to be around 2% (~ —17 dB) by com-
paring again the power of the detected RF signal presented above
and the power of the up-converted signal when operating in the
phonon lasing regime (=~ 0.57 pW). Since in this case the up-
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converted power is distributed amongst different harmonics, it is
reasonable to think that higher efficiencies in the first harmonic
could be obtained by using cavities with larger Q factors so that
higher-order harmonics are not generated.

3. Conclusion

We have demonstrated experimentally that OMCCs can be
successfully used as nonlinear elements capable to perform
down- and up-conversion of digitally modulated signals employ-
ing OFDM modulation at frequencies around 4 GHz with MHz-
bandwidths. This functionality would enormously simplify the
optoelectronic hardware in wireless systems and networks since
the OMCC acts simultaneously as a mixing element and as an
LO. Remarkably, the whole process is coherent, which is demon-
strated through the successful recovery of OFDM signals follow-
ing the IEEE 802.16e WiMAX wireless standard after down- and
up-conversion. This is of special importance for massive MIMO
transmissions with a large number of AEs, which may be even-
tually addressed by using arrays of OMCCs built on a same chip.
With a measured phase noise of around —100 dBc/Hz at 100 kHz,
the proposed method meets the requirements of commercial
wireless equipment. A frequency conversion efficiency greater
than —17 dB was obtained in both down- and up-conversion pro-
cesses.

The device, which is built on a silicon chip using standard mi-
crofabrication tools, has a reduced foot-print (=~ 10 pm?) in com-
parison with other OM resonators. It can operate at the funda-
mental mechanical frequency as well as at integer multiples of it,
so wireless systems operating at different spectral bands through
the whole radio-frequency spectrum could be benefited from
this approach. For instance, using the first harmonic, the up-
conversion frequencies would span from f,, — f,,/2 to f,, + f,./2.
Therefore, our cavity would cover the regulated WiMAX bands
at 3.5-3.7 GHz and 5.8 GHz, and would also be suitable for
the 3.4-3.8 GHz and 5.2-5.8 GHz commercial 5G new-radio
(NR) bands.I*! Up-converted frequencies can be extended us-
ing higher-order harmonics: the second harmonic, measured at
7.8 GHz, would be suitable for 5G NR transmission in the mid-
bands, as recently demonstrated (sub-7)**! and the third har-
monic measured at 11.7 GHz reaches the technologically rele-
vant X-band. Besides this, other OM cavities could also be used
for frequency mixing at other frequencies. Indeed, OM crystals
exhibit a tremendous flexibility in the design of the mechanical
frequency, which can go from tens of MHz (using the flexural
motion of the released silicon beam as in ref. [8]) up to around 10
GHz using more complex 2D OM crystals.[*] Besides its use in
photonics-enabled MIMO-based wireless communications sys-
tems, our work shows that OM cavities integrated in silicon chips
hold the potential to produce a dramatic reduction in size, weight
and power consumption of microwave photonics devices, which
is absolutely crucial in aircraft and satellite communication sys-
tems.

Still, some issues need to be addressed in the way towards prac-
tical applications. The cavity-fiber interface needs to be improved
mainly in terms of robustness to avoid fluctuations and variability
arising from the current coupling technique. The use of a waveg-
uide with an inverted taper should ensure easy and efficient cou-
pling to an external lensed fiber that could be positioned in a
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V-groove to increase stability.’”] The need for a released silicon
beam makes the structure inherently more fragile that standard
silicon photonic devices in which the silicon core rests over a sil-
ica substrate. Interestingly, recent approaches suggest the feasi-
bility of building GHz-frequencies OM circuits in an unreleased
platform compatible with silicon technology.*®! Finally, low-cost
production, a main feature of silicon photonics, would require
fabrication in large volumes using CMOS technology. Interest-
ingly, recent experiments show that high-quality OMCCs can be
fabricated via optical lithography,!*! as in CMOS foundries, in
contrast to the electron-beam lithography process widely used to
fabricate small series of devices.
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