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Continuous wave sub-THz photonic generation
with ultra-narrow linewidth, ultra-high
resolution, full frequency range coverage and
high long-term frequency stability
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Abstract—We report on a photonic system for generation of
high quality Continuous Wave (CW) sub-THz signals. The system
consists on a Gain-Switching-based Optical Frequency Comb
Generator (GS-OFCG), a two-optical-modes selection mechanism
and a n-i-pn-i-p superlattice photomixer. As mode selection
mechanism, both selective tunable optical filtering using Fabry-
Perot Tunable Filters (FPTF) and Optical Injection Locking
(OIL) are evaluated. The performance of the reported system
surpasses in orders of magnitude the performance of any
commercially available optical mm-wave and sub-THz generation
system in a great number of parameters. It matches and even
overcomes those of the best commercially available electronic
THz generation systems. The performance parameters featured
by our system are: linewidth <10 Hz at 120 GHz, complete
frequency range coverage (60-140 GHz) with a resolution in the
order of 0.1 Hz at 120 GHz (10" of generated frequency), and
high long term frequency stability (5 Hz deviation over one hour).
Most of these values are limited by the measurement
instrumentation accuracy and resolution, thus the actual values of
the system could be better than the reported ones. The frequency
can be extended straightforwardly up to 1 THz extending the
OFCG frequency span. This system is compact, robust, reliable,
and offers a very high performance, especially suited for sub-THz
photonic Local Oscillators and high resolution spectroscopy.

Index Terms—Optical Frequency Comb, THz Local Oscillator,
narrow linewidth THz generation, THz photonic generation,
Optical Injection Locking
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I. INTRODUCTION

THE study of the sub-THz and THz frequency ranges has
experienced a great development in the last years [1].
There is a great number of emerging applications in this
frequency range, namely, imaging (for security [2] and
biomedical [3] purposes among others), short-range high data-
rate  communications [4] and spectroscopy [5], [6].
Nevertheless, spectroscopy applications have been the ones
that have driven the THz development since the 70°s due to
their importance in radioastronomy [7]. Even today, it remains
the main field of application within the THz range, widely
used in security [2], material identification and inspection [8],
biomedicine [9] and radioastronomy [10], [11].

Nowadays, the THz research focus is mainly oriented to
generation and detection systems that would allow full
exploitation of all these applications. This requires the
development of technologies providing compactness,
reasonable cost, stability, robustness and room temperature
operation. Specifically, if the application is related to
Continuous Wave (CW) spectroscopy, generation systems
must feature narrow linewidth and continuous tunability with a
tuning resolution below the linewidth of the species under test.
Moreover, a robust and reliable system with high long-term
stability and frequency accuracy is desirable to properly
accomplish frequency sweep operation and provide customer
satisfaction.

The existing THz generation technologies can be classified
in three groups: electronic upconversion, THz oscillators and
optical downconversion. The electronic upconversion aims to
push the frequency limits from the mm-wave region up to the
THz region, while the optical downconversion relies mainly on
Difference Frequency Generation (DFG) to generate signals
down to the THz range [7]. The THz oscillators make use of
several technologies and are able to directly generate THz
radiation.

Among the compact sources able to generate coherent THz
radiation with the different approaches mentioned above, the
following technologies should be highlighted: -electronic
upconversion using Schottky multipliers [12]; direct THz
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generation with Resonant Tunneling Diodes (RTD) [13] or
THz Quantum Cascade Lasers (THz-QCL) [14], and optical
downconversion based on DFG using photomixers.

Schottky multipliers are a commercial solution capable of
providing high performance THz signals up to 2.7 THz with a
narrow linewidth (Hz range), comparatively good power levels
(around 100 pW at 1 THz), and continuous tunability within a
limited frequency range determined by the employed
waveguides [12]. However, the generation relies on a
radiofrequency (RF) reference that is multiplied; this worsens
the linewidth and phase noise performance as the
multiplication order increases [15].

RTDs operating up to 1.1 THz have been demonstrated [13]
and they are a promising technology with high integration
potential. However, the generated CW signal shows a wider
linewidth (in the order of 10 MHz [16]) and the tunability is
very limited (about 4% of the central frequency [17]). THz-
QCLs provide a very high signal power (up to 140 mW in CW
operation [18]), but they hardly operate below 2 THz (the
minimum demonstrated frequency is 0.8 THz, achieved by
applying external magnetic fields [7]). They also need
cryogenic cooling to offer the mentioned high power in the
THz range [19]. Moreover, they can only provide narrow
linewidths (in the range of 100’s Hz) by making use of
complex Phase Locked Loop systems [20], and have a very
limited tunability, with a record value of 8.6% (330 GHz)
around the center frequency by mechanical means [21].

THz generation from DFG in photomixers, although it
offers a slightly lower power than other solutions (up to 24
OW at 0.914 THz) [22], is able to offer continuous tunability
over a large frequency range (up to 1.53 THz for photodiode-
based photomixers) in compact systems [23]. Additionally,
they offer the possibility of distributing the optical signal using
optical fiber with very low losses (0.2 dB/km) and
Electromagnetic Interference (EMI) immunity to one or
several remote photomixers where the THz generation is
accomplished. This means that the mixing process can be
carried out remotely. This is a really interesting feature for
remote spectroscopy, remote sensing and Local Oscillator
(LO) distribution in radioastronomy heterodyne receivers [11].
With respect to the integration potential, a great effort is
placed today and Photonic Integrated Circuits (PICs) for sub-
THz generation have been already implemented [24].

In this scenario, the electronic upconversion using Schottky
diodes and the optical downconversion using DFG with
photomixers are the most suitable approaches for a compact
and good performance source below 2 THz. There exist
commercial solutions for both technologies [12], [25] but
nowadays Schottky diodes are preferred because of their better
characteristics in terms of output power, linewidth, frequency
resolution, long term stability and frequency accuracy.

In this work we are going to discuss a DFG based system for
narrow linewidth, large frequency coverage for sub-THz and
THz generation. These optical architectures are based on
photomixing of two optical modes to produce a signal with a

frequency equal to the frequency spacing between those
modes. Hence, a simplified DFG scheme consists of an optical
source providing the two required optical frequencies and a
photomixer. There are several ways to obtain the two optical
modes. Two single-mode lasers can be used, offering
continuous tunability. However, in order to obtain a narrow-
linewidth THz signal, the lasers have to be very well stabilized
in frequency and they have to be locked between each other by
complex Optical Phase Locked Loops (OPLL) to attain
coherence between the optical lines. Even in those cases, the
linewidth and tunability resolution of the synthesized THz
signal is typically in the MHz range [25]. If a two-mode laser
is used, it can offer much better mode coherence, hence a
better linewidth performance without OPLLSs, but there is no
tunability or it is very limited [26]. More interesting are the
multimode sources (i.e. Optical Frequency Comb Generators
(OFCG)), such as Mode-Locked Laser Diodes (MLLD) [27]
or tunable OFCGs. An OFCG presents high coherence
between longitudinal modes, and the linewidth and phase noise
characteristics of the synthesized signals can be very good, but
an additional stage for the selection of the two modes is
required. MLLDs can be integrated as PICs but the frequency
tunability of the generated signal is discrete, in frequency steps
corresponding to the spacing between modes [28]. Tunable
benchtop OFCGs are able to provide tunability of the
frequency spacing between modes and then, continuous
tunability over the whole range, overcoming the issue
presented by MLLDs. Between the tunable OFCGs, some
schemes based on Gain Switching (GS) [29], [30] have been
recently reported, featuring a more compact and cost-effective
setup than other benchtop OFCGs, as fewer components are
employed to produce an equivalent optical span, all of them
reliable and commercially available.

When a multimode OFCG source is considered, a mode
selection stage is often included in the system to provide
coarse frequency tunability. For this block of the system, two
basic approaches can be followed. The first one is selective
optical filtering, using Arrayed Waveguide Gratings (AWG)
[31] or high-selective Fabry-Perot tunable filters (FPTF) [27],
[28], [30], [32]. An alternative mode selection mechanism is
the use of Optical Injection Locking (OIL) techniques [33].

Every DFG system is completed with the photomixing
device responsible for the photonic-to-RF frequency
conversion. Devices based on p-i-n structures are preferred to
photoconductors due to their higher available output power,
although they offer a lower bandwidth, around 1.53 THz [23].
Examples of these p-i-n devices are Uni-Travelling-Carrier
photodiodes (UTC-PD) [31], Travelling-Wave Uni-
Travelling-Carrier (TW-UTC-PD) [23] and n-i-pn-i-p
superlattice photomixers [30], [34], [35]. The latter take
advantage of a superlattice of p-i-n diodes allowing for
independent optimization of both transit and RC times, thus
overcoming the trade-off usually present in most high-
bandwidth photodiodes.

In this paper, we present a system that offers the advantages



of the optical downconversion (i.e. complete and continuous
frequency range coverage from 60 to 140 GHz with potential
extension to several hundreds of GHz and optical fiber
distribution) and is able to match and even surpass the
linewidth, tunability resolution and frequency stability of the
best available electronic THz sources (i.e. Schottky multiplier
chains). This is achieved with a compact and simple scheme
that is also able to provide a robust and reliable system.

The system is a DFG scheme consisting of a GS based
OFCG, a selective filtering stage and a n-i-pn-i-p superlattice
photomixer. Both optical filtering using FPTF [30] and OIL
are evaluated and compared to determine the most suitable
optical filtering method. The sub-THz output signal is
evaluated in terms of linewidth, power, tunability resolution
and range, and power and frequency stability. The resulting
system and its performance make it a potential candidate for
high resolution CW spectroscopy able to compete with the best
electronic THz commercially available systems.

Il. OPTICAL MULTIMODE SOURCE: GAIN-SWITCHING-BASED
OPTICAL FREQUENCY COMB GENERATOR

A. Principle of operation

One of the more compact and efficient schemes for the
generation of multimode sources (Optical Frequency Combs)
relies on the use of a laser under GS modulation as seed [29].
As it can be seen in Fig. 1, a basic version of a Gain Switching
based OFCG (GS-OFCG) consists of a Discrete Mode (DM)
laser that is modulated under GS regime and then phase
modulated with a driving signal synchronized in phase with the
GS modulating signal [30].

3dB-C PS —  Electrical signal

‘ -=-»  Optical signal
fREF

D @B - or<...

Fig. 1. Scheme of the GS-based OFCG. 3dB-C (3 dB electrical splitter), DM
(Discrete Mode laser), PS (Electrical Phase Shifter), PM (Optical Phase
Modulator).

B. Performance

In order to characterize the phase noise degradation of the
RF reference signal (frer) after passing through the GS-OFCG
and its non-linear mechanisms, in Fig. 2 is shown the Single
Side-Band (SSB) noise of both the reference signal (directly
measured at the output of the RF amplifier, A, in Fig. 1) and
the photodetected output of the GS-OFCG (OFCGgyr in Fig.
1). The parameters of the GS modulation are Ipy = 60 mA, frer
= 10 GHz and Pgrge = 27 dBm. The measurement floor is
shown (Displayed Average Noise Level, DANL). Both signals
are measured with the same dynamic range and amplification
chain. There is no significant degradation at low and high
frequency offsets (below 100 kHz and above 10 MHz).
However, two differences are observed. Firstly, a spurious
signal at about 9 kHz that is present in the reference does not
appear in the GS-OFCG output. Secondly, a 250 kHz spurious

signal is observed in the GS-OFCG output. Around this last
spurious signal, a certain degradation of the actual signal can
be observed. One possible explanation for this is the high
power applied to the optical phase modulator. Nevertheless, it
is not significant at all as can be concluded by the Root-Mean-
Square (RMS) integrated jitter values over the 20 kHz-80
MHz frequency region. The values are 70.97 fs for the
reference signal and 76.05 fs for the OFCG-GS output. The
DANL has a jitter of 25 fs. The Full Width at Half Maximum
(FWHM) of both signals have the same value of about 4 Hz
(measured with a RBW = 1 Hz) (Fig. 2, inset), which basically
corresponds to the Local Oscillator of the Electrical Spectrum
Analyzer (ESA) rather than to the employed reference signal.
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Fig. 2. SSB noise measurements for Fig.1. Inset: measured electrical spectra
for both signals. Black trace: reference signal at 10 GHz; grey trace:
photodetected OFCG output at 10 GHz. Four samples average for each trace
(see text for details).
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For the characterization of the GS-OFCG we investigated
the evolution of the optical spectra with respect to changes in
the modulation power (Pger), in the phase difference between
both GS and phase modulating signals (¢mop) and in the bias
current of the DM laser (Ipwm, see Fig.1).
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The optical spectra of the GS-OFCG, as a function of Pgg,
are shown in Fig. 3. As expected, higher values of Pger provide
a wider optical comb, and a flat comb with up to 23 lines (10
GHz apart) within a 10 dB bandwidth can be generated.
However, the maximum value of Pgrge is limited by the
maximum modulating power the DM and the PM can admit. In
our case, this value corresponds to approximately 32 dBm.
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Fig. 4. OFCG optical spectra (Z axis: optical power (dBm)). Evolution with
the relative phase difference between the DM modulation signal and the
optical phase modulator driving signal.
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Fig. 5. OFCG optical spectra (Z axis: optical power (dBm)). Evolution with
the bias modulation of the DM laser.

The evolution of the GS-OFCG with the change in ¢yop is
represented in Fig. 4, which demonstrates the importance of

this parameter in the optical span and flatness adjustments of
the GS-OFCG output. This is the reason why an electrical
phase trimmer or phase shifter (PS) is required in the scheme
of the GS-OFCG (see Fig.1).

Finally, Fig. 5 shows how the optical spectra change with
Iom. In this case, it is clearly shown how the spectra evolve
from GS modulation (lower Ipy) to linear modulation (higher
Iom), when the effect of the PM is dominant and the phase
modulation side bands appear. It is important to note that the
value Ipy has to be carefully selected to provide proper GS
regime and maximize the optical span [36].

C. GS-OFCG Continuous Tunability

The tunability of the GS-OFCG (frequency spacing between
modes) is basically limited by the bandwidth of its
components. The DM laser employed in this work has a usable
bandwidth of around 20 GHz, thus being able to theoretically
provide GS operation up to that frequency. In our case, the
limiting factor is the PM, with a bandwidth around 10 GHz
(the PS and power amplifier A (Fig. 1) have a bandwidth of 18
GHz).

For our GS-OFCG scheme, the frequency spacing between
modes (frer) can be tuned directly using the reference CW
generator. Nevertheless, due to the dependence on @wop,
significant frequency detuning values (above 10 MHz), require
a re-tuning of ¢ymop. In this work, manual re-tuning has been
used, although a control loop using a voltage-controlled
electrical phase shifter would provide automatic control of this
parameter.

D. Optical Comb Frequency Span

The basic GS-OFCG presented in this paper includes up to
23 modes within a 10 dB-bandwidth for a 220 GHz frequency
span. An increase in the number of modes can be
accomplished by increasing the modulation depth of the signal
inducing the GS regime in the DM laser and/or the phase
modulator RF input (see Fig. 3). However, these devices have
a maximum input power that determines the maximum optical
span that a basic GS-OFCG, like that on Fig. 1, is able to
provide.

Nevertheless, there exist many techniques to broaden the
optical span of an OFCG that can be added to the basic GS-
OFCG scheme of Fig. 1 in order to provide a GS-OFCG with
an optical span above 1 THz. Recent works on the expansion
of OFCG consider the use of cascaded phase modulators and
intensity modulator elements [37], resulting in a flat optical
spectra exceeding 3 THz [38]. Other techniques are based on
polarization modulation [39]. Another approach is the
exploitation of the nonlinear propagation of light travelling
along special highly nonlinear optical fibers [40].
Interferometric nonlinear propagation of light has also been
studied as shapers for pulsed optical sources. Results on the
capability of Sagnac interferometers to expand the optical
spectra have also been reported [41], showing a good potential
as a new OFCG expander technique. Hence, it is clear that the
broadening of the GS-OFCG detailed in this work can be



accomplished and this would expand the frequency synthesis
of the presented system to the THz domain straightforwardly.

I1l. SELECTION OF TWO OPTICAL MODES: HIGH-SELECTIVITY
FABRY-PEROT TUNABLE OPTICAL FIBER FILTERS

A. Principle of operation

One of the most widely used methods to select the two
required optical modes from a multimode source in DFG
schemes is to use selective filtering. This can be accomplished
with Arrayed Waveguided Gratings (AWGSs) [31], or high-
selective Fabry-Perot Tunable Filters (FPTF) [27], [28], [30],
[32]. In this section we are going to evaluate the use of the
second type of components (FPTF) for mode selection. It is
important to note that in the case of selective filtering optical
gain is usually needed to compensate the insertion losses of the
filters [27]. Fig. 6 shows the experimental scheme for the
generation of THz signals using FPTF.
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Fig. 6. THz photonic generation scheme using selective optical filtering.
OFCG: Gain-Switched Comb Generator; FP-TF: Fabry-Perot Tunable Filter;
EDFA: Erbium Doped Fiber Amplifier; OBPF: (optional) Optical Band-Pass
Filter.

M

b

£ 04

o

2

o

z 20

[« 8

8

R

1543
Wavelength (nm)

1542

Fig. 7. Measured optical spectrum at the photomixer input using selective
optical filtering (grey trace, see Fig. 6). OFCG spectrum (black trace).

A typical optical spectrum, after FPTF filtering and prior to
photomixing (see Fig. 6) is shown in Fig. 7. The optical
bandwidth (FWHM) of the used FPTF is about 6 GHz at 1550
nm, thus having a Side Mode Suppression Ratio (SMSR) of
about 13 dB for a frequency spacing of 10 GHz. It can be also
seen from Fig. 7 that there is an increase in the noise floor due
to the Amplified Spontaneous Emission (ASE) of the Erbium
Doped Fiber Amplifier (EDFA) required to compensate for
filters insertion losses.

B. Long Term Stability

Given the high selectivity of the employed FPTF (Q =
3000), a bias voltage value of around 8 mV applied to the
piezoelectric transducer (PZT) of the FPTF, detunes its center
frequency by 10 GHz. This requires highly stable voltage
sources, and is one of the drawbacks of using FPTFs.

The driving voltage of the FPTF is provided in this case by
a commercial voltage source (Agilent E3631A) with a
resolution of 1 mV. Alternatively, a custom made dual channel
DC voltage source has been designed and implemented,
featuring a resolution of 20 uV and theoretical output stability
in the range of a few ppm/°C [42].

The long term stability (60 min) of the FPTFs is tested using
both voltage sources. Fig. 8 shows both the wavelength drift
and the room temperature drift. The wavelength drift has been
measured at the output of the FPTF, using a white light source
as input. From Fig. 8, it can be seen that there is a significant
correlation between the room temperature drift and the voltage
drift (i.e. wavelength drift). The best results are obtained with
the custom made DC source, with a wavelength drift of around
0.2 nm (25 GHz) in one hour. The results conclude that a short
term operation is possible with free-running FPTF, but high
long term stability would require very accurate temperature
control or preferably control loops for the FPTFs. The latter
solution requires a very precise electronic design due to
voltage values below 1 mV. Control loops for this Q-factor
range have been demonstrated [43].

Finally, it must be noted that the drift of the center
frequency of the FPTFs is translated to the THz synthesized
signal as power drifts. However, the filters” drift have no
impact in the linewidth or phase noise of the THz signal [27].
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Fig. 8. Long term stability of the high selective FPTF. Wavelength drift (line
traces) and room temperature drift (line + symbol traces). Black traces
(commercial voltage source Agilent E3631A), grey traces (custom DC source,
channels 1 and 2).

IV. SELECTION OF TWO OPTICAL MODES: OPTICAL INJECTION
LOCKING

A. Principle of operation

Another mechanism of optical mode selection from a
multimode source is Optical Injection Locking (OIL) [33]. The
desired optical mode of the source is injected to a slave laser,
which acts both as filter and amplifier, in the sense that it is
able to filter the injected mode and to provide with optical gain
at the same time. As the optical gain is only applied to the
selected optical mode, better values of noise floor and SMSR
are achieved. When the process is performed over the two
required optical modes, a very useful scheme for DFG THz
generation can be obtained (Fig. 9).
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Fig. 9. THz photonic generation scheme using OIL. OFCG: Gain-Switched
Comb Generator; OIL: Optical Injection Locking.

A typical optical spectrum at the input of the photomixer
(Fig.11) is shown in Fig. 10. When comparing with Fig. 7, it
can be clearly seen that a higher SMSR (around 30 dB) and
much lower values of the noise floor are obtained for same
output power. This SMSR value has a negligible effect in the
phase noise of the sub-THz generated signal[44].
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Fig. 10. Measured optical spectrum of photomixer input using OIL (grey
trace) and OFCG spectrum (black trace).

B. Locking behavior

In the mode selection using optical filtering, the operation
consists on tuning the center frequency of the two filters on the
selected optical modes (e.g. using a voltage source to control
the filters). At a first glance, the OIL seems to be a much more
complex scheme. Nevertheless, we will show that the
operation requirements are not very complex compared to
optical filtering and performance is much better.

When the OFCG is injected into the slave laser (in this case
a DFB laser), both current and especially temperature control
of the DFB allow centering the slave on the selected mode
from the OFCG. If the optical signal after OIL is
photodetected in an ESA, the beat note between the adjacent
modes of the OFCG and the slave appears. Usually, the
baseband is monitored. In our case, due to the availability of
adjacent modes from the OFCG, it is more convenient to
monitor the region around frer. Fig. 11 shows how the beat
note around 10 GHz evolves as the slave laser wavelength is
centered on the selected optical mode from the master laser
(GS-OFCG). Proper OIL can be identified when the noise
floor drastically reduces and the peak frequency (frer)
increases, as it can be seen in Fig. 11.

Nevertheless, OIL is only possible for a certain amount of
injected power. In this work, we will use the injection maps to
evaluate the Injected Ratio per optical Mode (IRm) that is the
ratio of the slave power to the power of the selected optical
mode from the OFCG. The measured locking region map as a
function of the two control parameters (frequency detuning

and IRm) is shown in Fig. 12, where the expected V-shaped
map for OIL can be observed. It must be noted that, although a
wider tuning range of OIL is obtained with lower IRm, a high
amount of injected power eventually produces unstable
operation. Then, IRm values around 25-35 dB are preferred
for our application. The estimated frequency to temperature
tuning ratio for the employed DFBs is around 27.2 MHz/(,
referred to the standard 10 kQ thermistor included in the
butterfly packages of both DM and DFB lasers.
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Fig. 11. OIL beat note around 10 GHz (Span = 5 GHz). (Z axis: electrical
power (dBm)). Evolution of the electrical spectra with the frequency
detuning of the slave laser. The IRm used is 35 dB.
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Fig. 12. Locking region map. Locking state (locked/unlocked) as a function
of the frequency detuning between master and slave lasers and as a function
of the IRm parameter.

C. Long Term Stability

In order to characterize the long term stability of the mode
selection mechanism based on OIL, the beat note of the output
of the slave laser (see Fig. 11) is monitored with respect to the
time in the locked state. In Fig. 13 we monitored the OIL over
time. It remained locked over the measured period of 1 hr.
Much higher locking times are experimentally expected, as the
stability depends on the temperature and current control of the



lasers and the locking range (2 GHz at IRm = 25 dB). Regular
laboratory-grade laser diode controllers have stability
specifications of 40 ppm in current and 0.01 °C in temperature
control over 24 hours [45]. This can be translated for our setup
into a 24-hour stability of 0.005 mA and 5 Q (around 150
MHz), amply within the OIL locking range. So, the system
should remain stable for days as long as normal conditions in
the setup are kept.
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Fig. 13. OIL beat note under locked state. (Z axis: electrical power (dBm)).
Evolution of the electrical spectra with time (see text for details).

V. PHOTOMIXER: N-I-PN-I-P SUPERLATTICE PHOTOMIXER

The photomixer used in this THz photonic synthesis system
is a n-i-pn-i-p superlattice photomixer [34]. A packaged
version has been used, with a FC/APC optical input and a
BNC bias input. The fiber-coupled photomixer consists of a
three period n-i-pn-i-p superlattice photodiode that is coupled
to a logarithmic-periodic broadband antenna. It covers a
frequency range from below 100 GHz to about 1.4 THz (c.f.
Fig. 14 and ref [22]]). The chip (i.e. the photomixer antenna)
is attached to a hyperhemispherical lens to provide a free space
THz output.
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Fig. 14. Frequency response of the n-i-pn-i-p superlattice photomixer

(packaged version). Inset: whole frequency response of the photomixer (X-
axis is Frequency (Hz) and Y-Axis is Electrical power (a.u.). The generated
photocurrent is 0.5 mA.

The frequency response of the n-i-pn-i-p photomixer in the
operation frequency range is depicted in Fig. 14, which also
shows the whole operation bandwidth of the device in excess
of 1 THz (Fig. 14, inset).

With the optical power delivered in this work to the
photomixer (around 15 dBm), the generated photocurrent is

-235.5 PA, at a bias voltage of -1.6 V. Safe long-term
operation of this device is expected for a photocurrent up to -
2-3 mA where the thermal load within the device is still low.
Thus much higher optical power (and up to 100 times higher
THz output power) could be used for this work, but as the
objectives were not associated to high power generation, we
kept the working point far below the maximum power.

VI. CW suB-THZ GENERATION: EXPERIMENTAL RESULTS

A. Experimental setup

From the characterization of the two mode selection
mechanisms of sections Il and 1V, it can be concluded that
OIL provides higher performance since it offers better mode
selectivity, higher optical power associated to the selected
modes, less noisy optical spectra and a much better long term
stability. The CW sub-THz generated signals and their
characterization are presented in this section, where OIL has
been used as mode selection mechanism. The experimental
setup is depicted in Fig. 9. Due to the limitations in our
available electrical characterization measurement system
(ESA), the results are limited up to frequencies of 140 GHz.

B. Ultra-narrow linewidth performance

The CW sub-THz signal generated at 120 GHz is shown in
Fig. 15. The span and resolution bandwidth (RBW) are the
minimum allowed by the ESA at this frequency range (2.1 kHz
and 10 Hz, respectively). The measured FWHM of the
generated mm-wave signal is 10 Hz (Fig. 15), which
corresponds to the employed RBW, thus we can conclude that
the actual FWHM is <10 Hz.
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Fig. 15. Sub-THz generated signal at 120 GHz. Span = 2.1 kHz, RBW = 10
Hz, sweep time = 63 s.
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This result shows that the OIL mechanism does not degrade
the phase noise or FWHM of the sub-THz generated signal,
providing in this sense a mode selection scheme as good as
just optical filtering, where no degradation in the THz signal
is produced [30], [32].

It is worth saying that although there is no evident
degradation of the phase noise spectrum (Fig. 15) due to
optical fiber instabilities of the experimental setup (Fig. 6 and
9) as would be expected from other works [46], this is because
in our case (i.e. heterodyne) the phase difference between both
branches (i.e. interferometric term) does not translate to the



frequency spectrum[47]. Nevertheless, the temporal signal will
still have these phase fluctuations and additional phase
stabilization mechanisms must be considered for phase-
sensitive applications.

C. Ultra-high resolution tunability with complete frequency
range coverage

The THz frequency delivered by the system at the output of
the photomixer corresponds to fryz = n-frer Where n is the
number of modes between the two selected optical modes. The
complete and quasi-continuous frequency coverage of the 60-
140 GHz band of our THz photonic generation system is
achieved in two complementary ways. The coarse tunability
(in frer steps) is given by the selection of the different optical
modes from the GS-OFCG using one of the two previously
analyzed mode selection mechanisms. The fine tuning is
accomplished by detuning free. In this case, the detuning of the
THz signal corresponds to n times the frequency change of
frer.

In Fig. 16, the coarse tunability within the F band (90-140
GHz) is shown. It must be noted that the minimum selectable
frequency is frer, While the maximum selectable frequency is
limited by both the GS-OFCG optical span and the bandwidth
of the photomixer.
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Fig. 16. Coarse tunability of fru, (frer = 10 GHz). X axis: n (number of
optical modes spacing); Y axis: THz output frequency, fru,. Measured data
(average values: black dots; standard deviation: black caps); and linear fit
(grey trace). Electrical spectra measurement parameters: span = 2.1 kHz,
RBW = 30 Hz, sweep time =7 s.

In Fig. 17, the fine tunability with 1.2 GHz steps (of fry,) is
shown. This detuning has been chosen as it is the maximum
range of tunability within the fine tunability range, that is,
higher detuning would correspond to coarse tunability as the
needed fine tunability range for complete continuous tunability
is + 5 GHz of fry, detuning for a fzrer Of 10 GHz. This
maximum range of fine tunability (1.2 GHz fryz steps
corresponds to a fger detuning of 100 MHz for n = 12)
requires, as previously explained in section II, the PS to
maintain the GS-OFCG characteristics and also the mode
selection mechanism (see Fig. 10-13) has to be readjusted to
re-lock the slave lasers.
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Fig. 17. Fine tunability, 1.2 GHz steps of fry, (frer = 10 GHz). X axis:
detuning of frer; Y axis: THz output frequency, fru;. Measured data (average
values: black dots; standard deviation: black caps); and linear fit (grey trace).
Electrical spectra measurement parameters: span = 2.1 kHz, RBW = 30 Hz,
sweep time =7 s.

Fig. 18 shows a finer tunability characteristic of our system,
in this case for very low frequency detuning values (120 Hz
steps of fryz). For this lower tuning range, there is neither need
of PS adjustments nor OIL re-locking, as the frequency
detuning is within the locking range. Due to the limited
frequency accuracy readout of the ESA at this frequency range
[48], smaller values of frequency detuning cannot be properly
measured.
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Fig. 18. Fine tunability, 120 Hz steps of fruz (frer = 10 GHz). X axis:
detuning of frer; Y axis: THz output frequency, fri,. Measured data (average
values: black dots; standard deviation: black caps); and linear fit (grey trace).
Electrical spectra measurement parameters: span = 2.1 kHz, RBW = 30 Hz,
sweep time =7s.

The average values of the standard deviations of the set of
samples of Fig. 16 to 20 are summarized in Table I. The
coefficient of determination (R?) of the linear fit of the data is
also included. Almost a perfect linear behavior is achieved.
Standard deviations in the range of the RBW (30 Hz for the
tunability test) and below the frequency readout accuracy are
obtained. Thus, and due to the ESA limitations, we cannot
conclude whether these fluctuations in the values are due to the
system itself, or due to measurement instrumentation

uncertainty [48].
TABLE |
ULTRA-HIGH RESOLUTION CONTINUOUS TUNABILITY

Average standard

20 .
Range deviation (Hz) R linear fit

Coarse (10 GHz steps of fruz) 22.27 1

Fine (1.2 GHz steps of fryz) 21.53 1



Fine (120 Hz steps of fryz) 7.31 0.99985

Simultaneous control of the coarse and fine tunability allows
the synthesis of signals without dead regions and with full
coverage of the whole frequency range under study (60-140
GHz). Moreover, higher synthesized THz frequencies mean
less PS adjustments to maintain the GS-OFCG characteristics
as the detuning of fger required for a same THz frequency
change is smaller.

Finally, the tuning resolution of the synthesized signal is
friz res = N-Trer res, Where free gres is the resolution of the
reference frer. In our case, frer res COrresponds to 0.01 Hz,
which is translated to a tuning resolution of 0.12 Hz at 120
GHz (tuning resolution of 10™*? over the center frequency).

D. High long-term frequency stability

The frequency stability of the synthesized THz signal is
measured as a function of the time. As expected from the
stability analysis of the OIL mechanism (section 1V), the
synthesized THz signals feature an excellent long term
stability. The electrical spectra variation of the sub-THz signal
over one hour is measured. It has also been measured over the
minimum span (2.1 kHz), with a RBW of 30 Hz (in order to
acquire more data in one hour). The variation of both peak
frequency and peak power with respect to time is summarized
in Table 1l. The power stability and especially the frequency
stability are excellent. Their characterization has been again
limited by the ESA, particularly for the power variation
measurement, as the power accuracy in an ESA at high
frequencies is low and its uncertainty is several dB’s higher

than the reported standard deviation (1.5 dB) [49].
TABLE Il
LONG-TERM STABILITY (1 HOUR)

Parameter Mean value Standard deviation
Peak frequency 120000001684.26 Hz 5.2 Hz
Peak power -55.38 dBm 1.5dB
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Fig. 19. Overlapped Allan deviation of the fractional frequency of the signal
at 120 GHz. Black trace: overlapped Allan deviation; grey: error region.

Finally, the frequency stability is also studied through its
Allan deviation [50]. Overlapped Allan deviation has been
used and the results are shown in Fig. 19. The type of noise of
the fluctuations is between white FM and Flicker FM [50].
Nevertheless, as the measurement instrumentation is not
accurate enough for our system, we cannot confirm whether

the noise is due to the system itself or due to the measurement
system (as is the case of the tunability analysis).

VII. CONCLUSION

In this work, we have reported on a photonic system for
generation of high quality CW sub-THz signals. The system is
based on a Gain-Switching-based Optical Frequency Comb
Generator (GS-OFCG), an optical mode selection mechanism
and a n-i-pn-i-p superlattice photomixer. As mode selection
mechanism, both selective tunable optical filtering using
Fabry-Perot Tunable Filters (FPTF) and Optical Injection
Locking (OIL) are evaluated. It is demonstrated that the OIL
based method provides much better performance, especially
with respect to long term frequency and power stability. The
resulting system offers sub-THz signals with linewidth values
< 10 Hz at 120 GHz, complete frequency range (60-140 GHz)
coverage with a resolution in the order of 0.1 Hz at 120 GHz
(10™*? of the generated frequency), and excellent long term
frequency stability (5 Hz deviation over one hour). Most of
these reported values are limited by the instrumentation
accuracy and resolution, thus the actual values of the system
could be below the data given in this paper. The frequency can
be extended straightforwardly up to 1 THz. This scheme is
compact, robust, and reliable. The excellent performance is
particularly well suited for sub-THz photonic Local Oscillators
and high resolution spectroscopy.
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