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Low-noise and accessible millimeter-wave sources are critical for emergent telecommunications,
radar and sensing applications. Current limitations to realizing low-noise, deployable millimeter-
wave systems include size, weight, and power (SWaP) requirements, along with complex operating
principles. In this paper we provide a compact photonic implementation for generating low phase
noise millimeter-waves, which significantly simplifies the architecture and reduces the volume com-
pared to alternative approaches. Two commercial diode lasers are self-injection-locked to a micro-
Fabry-Perot cavity, and their heterodyne provides low phase noise millimeter waves reaching -148
dBc/Hz at 1 MHz offset on a 111.45 GHz carrier. Phase noise characterization at such levels and
frequencies poses unique challenges, and we further highlight the capabilities of optically-based mea-
surement techniques. Our approach to millimter-wave generation can leverage advances in photonic
integration for further miniaturization and packaging, thus providing a unique source of accessible,

compact, and low-noise millimeter waves.

INTRODUCTION

Millimeter-wave and terahertz wave technologies have
important applications in next generation telecommu-
nications [1-4], radar and 3D imaging [5-7], and bio-
sensing [8-10]. In communications systems, the higher
frequency and associated modulation bandwidths, allow
millimeter-waves to carry more data. Shorter wave-
lengths also allow for radar with sub-millimeter spa-
tial resolution [6]. Important for both cases is de-
creased phase noise, which facilitates low bit-error rates,
higher quadrature modulation capability, and higher
radar and imaging fidelity [4]. Addtionally, millimeter-
waves provide unique opportunities in near-field imaging
and human sensing (i.e. vital signs and human recog-
nition/classification) [9, 10]. Throughout this develop-
ing application landscape, cost effective and simple-to-
implement millimeter-wave sources will enable impactful
advances for a wider research community, and the general
population.

Recent progress in photonically-generated millimeter-
wave sources offer viable solutions to these requirements,
with systems evolving from table-top volumes [11, 12]
to hybrid and integrated platforms [13-16] in the past
decade. Indeed, systems employing integrated lasers, mi-
croresonators, compact Fabry-Perot (FP) cavities, and
microcombs, have achieved microwave and millimeter-
wave signals with phase noise performance beyond com-
mercial solutions, and comparable to bulk optic system
performance [15, 16]. Still, many aspects of these sys-
tems require complex schemes based on high-bandwidth
active servo control (e.g. Pound-Drever-Hall, PDH) and
phase-lock loops.

Alternatively, self-injection locking (SIL) [17] with
chip-scale lasers and integrated optical cavities is a po-

tential path around many of the complexities of active
laser control. As advantages, SIL can employ inexpensive
and noisy diode lasers and yields superior noise perfor-
mance far from carrier, when compared to active servo
control. When implemented with recent advances in
vacuum-sealed and integrable Fabry-Perot (FP) cavities
[18, 19], spiral microresonators [20, 21], and fiber cavities
[14], SIL lasers yield a compelling platform for integrated
compact millimeter-wave generators.

In this work, we demonstrate passive self-injection-
locking of two diode lasers to a high finesse
(F = 400,000), wafer-fabricated micro-FP cavity for
low-noise millimeter-wave generation. By self-injection-
locking two lasers to the same micro-FP cavity, we lever-
age common mode rejection to suppress the noise of the
resultant mm-wave beyond the noise of the individual
lasers (i.e. the thermal noise limit of the cavity and
fiber noise). The heterodyne of the two lasers that are
self-injection-locked to two resonant modes of the same
micro-FP cavity generates a 111.45 GHz millimeter-wave
with phase noise as low as -148 dBc/Hz at 1 MHz off-
set frequency. This achievement represents a low-noise,
compact and manufacturable, millimeter-wave reference
system, which competes with state-of-the-art mm-wave
generators and avoids the increase in phase noise inher-
ent in active phase locking.

CONCEPT & EXPERIMENT

The micro-FP cavity used in this work is shown in
Fig. la. Cavity fabrication starts with an array of mir-
rors lithographically patterned and etched on a 2 mm
thick, 50.4 mm diameter ULE wafer, as described in [18].
A 4 mm thick, 50.4 mm diameter ULE wafer with an
array of bore holes matching the mirror array locations
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Figure 1. a.) Photo of the micro-FP cavity in green box
(left). Pictorial representation of the micro-FP cavity (right).
b.) Simplified schematic of dual-SIL system. Phase controls
are indicated with purple boxes. c.) Schematic of dither-
locking system.

is optically contact bonded to the mirror array. On the
opposite end of the 4 mm thick wafer, a 2 mm thick flat
mirror with matching diameter is also optically contact
bonded. Importantly, the wafers are bonded together in
a vacuum environment [19], creating an array of vacuum-
sealed FP cavities. Individual cavities are then diced out
of the array. For the cavity used here, two fiber colli-
mators are aligned and glued to the ends of the cavity,
allowing light coupling without the need for free-space
alignment. Two distributed feedback (DFB) diode lasers
(linewidth < 500 kHz) are then frequency-tuned, via cur-
rent, to two unique longitudinal modes of the micro-FP
cavity that are separated by three free spectral ranges
(FSR ~ 37.15 GHz). The lasers are self-injection-locked
(SIL) to the micro-FP cavity by feeding the resonant,
cavity-transmitted light back to the individual lasers, as
pictured in Fig. 1b. To enable the self-injection locking
of the lasers to the micro-FP, the phase of each laser light
is tuned using a piezo-controlled fiber stretcher (purple
boxes in Fig. 1b.). Self-injection-locking allows the com-
mercial diode lasers to inherit the stability of the micro-
FP, applying a flat gain up to the cavity linewidth, by
seeding the lasers with cavity-transmitted (i.e. filtered)

light. The light from each laser is split before the individ-
ual phase controllers, combined onto one fiber and het-
erodyned on a millimeter-wave photodetector, producing
0.1 mW at the 111.45 GHz millimeter-wave carrier signal.

Long-term self-injection-locking is limited by fluctua-
tions in fiber and cavity path lengths. To overcome this
we implemented low-bandwidth feedback to each laser,
based on a cavity transmission dither-locking scheme,
pictured in Fig. 1c.). We dither the two phase controllers
at unique frequencies (2 kHz and 3 kHz), photodetect the
cavity-transmitted light and demodulate, providing an
error signal that is filtered and conditioned before being
applied to the voltage of each phase tuner. This allows us
to keep the lasers self-injection-locked for up to an hour
(5-10 times longer than without active feedback) while
also reducing low offset frequency phase noise incurred
by fiber/acoustic noise. Improved robustnes of SIL is
expected with full integration of the optical circuit and
cavity [22].

The phase noise of the resulting millimeter-wave was
measured using cross-correlation techniques [23]. Cross-
correlation involves comparing the signal of interest
against two phase-independent synthesizers; this method
allows one to reject the noise of the two synthesizers, leav-
ing only the noise of the signal under test, by averaging
repeated measurements. The amount of noise rejection
provided by cross-correlation scales with 1/y/m, where
m is the number of correlations, or measurements.

The cross-correlation measurement system is shown in
Fig. 2a. First, we split the photo-detected millimeter-
wave signal and mix with the outputs of independent
microwave references (9.3 GHz and 6.2 GHz) in two
harmonic mixers. The mixers produce harmonic side-
bands (N = 12, N = 18) that are approximately 5 MHz
away from the optically derived millimeter-wave signal.
The two 5 MHz down-converted signals are then cross-
correlated by a phase noise analyzer that is referenced
with a 5 MHz signal from a crystal oscillator. The re-
sulting phase noise is shown in blue in Fig. 2c. In the
black dashed line, we plot the measurement limit of the
cross-correlation measurement system after 40 minutes of
averaging. We infer from this that the millimeter-wave
phase noise is measurement-limited at offset frequencies
above 30 kHz.

To overcome this measurement limitation, we imple-
mented a dual-tone delayed-self-heterodyne (DSH) mea-
surement system based on [24] and shown in Fig. 2b.
First, both optical tones are combined in one fiber, am-
plified, and split along two paths: one path introduces a
delay and the second path introduces a frequency shift
of 100 MHz with an acousto-optic modulator. The now
four tones are recombined in one fiber and split based
on wavelength using a fiber Bragg grating (FBG). This
allows us to split the light coming from each laser and
photo-detect the 100 MHz heterodyned signals, similar
to single-tone DSH. The electronic 100 MHz beats are
low-pass filtered, amplified, then mixed together. The
mixing stage allows noise that is correlated between the
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Figure 2. a.) Schematic of cross-correlation system using two harmonic mixers (N = 12, N = 18) fed into a phase noise analyser

(labelled XCORR) and referenced to an external crystal oscillator
measurement system. c.) Plot of cross-correlation measurement
tone delayed-self-heterodyne measurement of dual-SIL millimeter
micro-FP) phase noise (red) is measured using heterodyne with

(OCXO). b.) Schematic of dual-tone delayed self-heterodyne
of dual-SIL millimeter-wave heterodyne (blue) versus dual-
-wave heterodyne (teal). Single laser (self-injection-locked to
a stable laser and delayed-self-heterodyne with 55 m up to

6000 m fiber delays. In black dashed line, cross-correlation measurement noise floor is plotted; in grey the dual-tone DSH

measurement noise floor is plotted.

optical tones (i.e. from DSH and self-injection-locking to
the same micro-FP) to cancel out. Lastly, the DC volt-
age noise power spectral density (PSD) from the output
of the mixer is measured.

A Hilbert transform is applied to the voltage noise
PSD, based on the transfer function of DSH and the
voltage-to-phase calibration of the measurement device.
The transfer function of dual-tone DSH is similar to the
transfer function of single-tone DSH, because both opti-
cal tones commonly sample the delay line, and acousto-
optic modulator [24]:

B Lpc(f)

Lour(f) = szp .4 - gin? (mfr)

(1)

where Lpyr(f) is the phase noise PSD of the carrier

signal, Lpc(f) is the measured, DC voltage noise PSD,
Vpp is the peak-to-peak voltage of the two 100 MHz tones
heterodyned with one another, f is the offset-frequency,
and 7 is the delay time of the optical DSH.

With the DSH approach, the measured phase noise of
the 111 GHz tone (shown in teal in Fig. 2c.) reaches -
148 dBc/Hz at 1 MHz offset frequency, about 20 dB lower
than the measurement floor of the cross-correlation mea-
surement at 1 MHz offset frequency. To reach the same
improvement in the cross-correlation measurement we
would have had to continuously average for =~ 280 days.
It should be noted that the measurement floor of the
dual-tone DSH system was measured (plotted in grey in
Fig. 3c.) and is still the limiting factor in the millimeter-
wave phase noise trace above 30 kHz, indicating a need
for even lower noise measurement systems. This mea-
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Figure 3. Comparison phase noise plot of PDH-locking (blue)
versus self-injection-locking (red) to the micro-FP. In yellow
is the PDH-locking residual phase noise. In black dashed, the
cavity limit predicted by fluctuation dissipation theorem.

surement floor comes from the uncorrelated noise along
the electronic paths (i.e. noise from the photodetectors,
amplifiers, and mixer).

RESULTS

As verified by the cross-correlation and DSH measure-
ments (blue and teal curves of Fig. 2¢), the millimeter-
wave (111.45 GHz) resulting from the heterodyning of
the dual-self-injection-locked lasers reaches phase noise
of -110 dBc/Hz at 10 kHz offset and decreases as approx-
imately 1/f2 to a value of -148 dBc/Hz at 1 MHz offset
frequency. Comparing this to the out-of-loop phase noise
of a single SIL laser (red, Fig. 2c.), common mode rejec-
tion is responsible for at least 15 dB of correlated noise
suppression in the heterodyned millimeter-wave signal
across the entire spectrum. This common mode rejec-
tion is due to the fact that both lasers largely sample
the same cavity noise [25]. Here the out-of-loop phase
noise of the self-injection-locked laser was measured by a
combination of direct heterodyne with a cavity-stabilized
laser and single-tone DSH.

Figure 3 illustrates the phase noise properties of a sin-
gle laser relative to the cavity limit. The dashed black
line of Fig. 3 is the cavity limit defined by the fluctuation
dissipation theorem [26], which exhibits 1/f3 [27] phase
noise slope at offset frequencies less than 10 kHz, of the
micro-FP cavity. In this same plot, we see that the phase
noise of the SIL laser (red curve) approaches the cavity
limit across a range of 1-100 kHz. However, it is notable
that the phase noise of the mm-waves of Fig. 2c fall below
this level, demonstrating that dual-self-injection-locking
method enables millimeter-wave generation with phase
noise beyond the cavity limit. Still, the correlated noise

suppression is significantly less than what is predicted
by theory (= 64 dB, [28]). Possible limitations could be
the non-common fiber paths experienced by each laser
in their independent self-injection-locking loops and the
limited noise suppression of the free-running lasers with
self-injection locking. Omne important note is that self-
injection-locking does not provide an in-loop error sig-
nal to provide insight into the underlying locking limits
whereas PDH-locking does.

Previous results with a similar micro-FP that was free-
space coupled predict a cavity thermal limit that is lower
by about 15 dB [19]. This implies that the gluing of
the two fiber collimators directly to the micro-FP cav-
ity increased the mechanical damping, thereby increas-
ing the cavity noise limit. This is accompanied by the
appearance of a mechanical resonance near ~ 88 kHz off-
set frequency which can be seen on the phase noise of
the SIL laser (red curve of Fig. 3). Both the 1/f3 phase
noise dependence and the mechanical resonance are well-
described by a simple model of the thermal noise [26].

We also PDH-locked a narrow-linewidth fiber laser to
the cavity to determine if the self-injection-locked laser
was truly reaching the thermal noise limit of the cavity
and self-injection loop. Here the phase noise of the PDH-
locked laser was measured by direct heterodyne with a
low-noise, cavity-stabilized laser. As shown by the blue
curve of Fig. 3, in the 1-10 kHz range the noise of the
PDH-locked laser overlaps both the SIL and cavity noise
model. The residual laser noise, plotted in yellow, is
well below the predicted cavity noise limit, suggesting
the out-of-loop phase noise of the PDH-locked laser is
not limited by locking electronics or the feedback loop.
At frequencies below 1 kHz, the SIL and PDH-locked
lasers diverge away from the 1/f3 slope characteristic of
a cavity thermal limit. Likely, this excess noise is due
to temperature, air pressure and vibrational fluctuations
in the fiber and cavity. By comparing the red and blue
curves of Fig. 3, we observe that at frequencies above
10 kHz, the SIL laser avoids the servo-bump drawback
characteristic of PDH-lock-based systems, exhibiting as
much as 40 dB lower phase noise than the PDH-locked
laser. It should be noted that the diode lasers used here
were not amenable to PDH-locking due to their larger
linewidths. This demonstrates that passive self-injection
locking enables the stabilization of noisier lasers than ac-
tive PDH.

Lastly, we compare the results of our dual-SIL to
micro-FP millimeter-wave generation to other state-of-
the-art millimeter-wave generation techniques in Fig. 4.
Here, it can be seen that integrable photonic architec-
tures [15, 29] for mm-wave generation are approaching
bulk optic mm-wave phase noise performance at offset
frequencies at and above 10 kHz. This remains an im-
portant offset frequency region of phase noise perfor-
mance for radar and sensing applications. At higher off-
set frequencies, it is clear that this work, as well as work
done with common-fiber spool cavities [14] and photonic
crystal oscillators [30, 31|, are performing as well as, if
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Figure 4. Landscape of mm-wave generation techniques
and phase noise, with lab scale architectures in red [11, 12]
(OFD = Optical frequency division, FP-LD = Fabry-Perot
laser diode), small (< 1 m?®) architectures in yellow [14, 30]
(NTD HRS = Neutron-irradiated high-resistivity silicon), and
integrable architectures in green [15, 29] (WGMR = Whisper-
ing gallery mode resonator).

not better than bulk-optics [11, 12]. At lower offset-
frequencies, and hence longer time scales, more work
must be done to stabilize these integrated systems to cre-
ate long-millimeter-waves with long-term stability.

CONCLUSION AND OUTLOOK

In conclusion, our work presents a simple and compact
photonic millimeter-wave source with phase noise com-

parable to state-of-the-art mm-wave sources, reaching -
148 dBc¢/Hz at 1 MHz offset. Fabricating the micro-FP
mirrors at wafer scale and using commercially available
diode lasers provides a path to a unique manufacturable
millimeter-wave source. On that point, an important vi-
able use of these mm-wave sources is in mm-wave metrol-
ogy. Having two of these dual-SIL synthesizers as refer-
ences would allow one to cross-correlate faster at higher
offset frequencies, by using direct mixing with the carrier
signal.

Furthermore, the lack of common-mode rejection in the
dual-SIL system suggests an opportunity for still further
phase noise gains. One immediate improvement is to re-
move as much excess fiber in the system as possible. We
expect this to lead to a suppression in the out-of-loop SIL
phase noise at offset frequencies less than 1 kHz, and con-
sequently a reduction in the millimeter-wave phase noise.
Other experiments involving dual-SIL with alternative
cavities (i.e. microresonators, fiber cavities, whispering
gallery mode resonators) as well as alternative coupling
methods could also provide insight into the underlying
mechanism of common-mode rejection in dual-SIL sys-
tems.

Lastly, coupling resonant light using glued fiber col-
limators is convenient, but it degrades the mechani-
cal quality factor of the micro-FP cavity and increases
its thermal noise. A future improvement to this sys-
tem could involve hermetically-sealing the micro-FP with
fiber collimators locked in place, close to the cavity
mirrors. We expect such a configuration could pro-
vide and immediate improvement of the out-of-loop and
millimeter-wave phase noise by 10-15 dB.
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