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Abstract. Stable operation is one of the most important requirements for a laser source for high-precision
applications. Many efforts have been made to improve the stability of lasers by employing various techniques,
e.g., electrical and/or optical injection and phase locking. However, these techniques normally involve complex
experimental facilities. Therefore, an easy implementation of the stability evaluation of a laser is still chal-
lenging, especially for lasers emitting in the terahertz (THz) frequency range because the broadband pho-
todetectors and mature locking techniques are limited. In this work, we propose a simple method, i.e., relative
phase locking, to quickly evaluate the stability of THz lasers without a need of a THz local oscillator. The THz
laser system consists of a THz quantum cascade laser (QCL) frequency comb and a single-mode QCL. Using
the single-mode laser as a fast detector, heterodyne signals resulting from the beating between the single-
mode laser and the comb laser are obtained. One of the heterodyne beating signals is selected and sent to a
phase-locked loop (PLL) for implementing the relative phase locking. Two kinds of locks are performed by
feeding the output error signal of the PLL, either to the comb laser or to the single-mode laser. By analyzing the
current change and the corresponding frequency change of the PLL-controlled QCL in each phase-locking
condition, we, in principle, are able to experimentally compare the stability of the emission frequency of the
single-mode QCL (fs) and the carrier envelope offset frequency (fcgo) of the QCL comb. The experimental
results reveal that the QCL comb with the repetition frequency injection locked demonstrates much higher
stability than the single-mode laser. The work provides a simple heterodyne scheme for understanding the
stability of THz lasers, which paves the way for the further locking of the lasers and their high-precision
applications in the THz frequency range.
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microwave injection locking, optical injection locking, and
phase locking,*"* have been widely implemented.

In the entire electromagnetic spectrum, the terahertz (THz)
region (roughly defined between 0.1 and 10 THz)'™" shows

1 Introduction

Highly stabilized lasers, especially frequency combs,'™ are
always much in demand for high-precision applications, e.g.,

spectroscopy, ranging, and communications.”” To improve
the laser stability, different approaches, e.g., optical feedback,

*Address all correspondence to Hua Li, hua.li@mail.sim.ac.cn
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great advantages in spectroscopy, imaging, metrology, and com-
munications, on account of its unique characteristics, e.g., cov-
ering vibrational and rotational absorption lines (fingerprints) of
plentiful molecules, transparency to some packaging materials,
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and broader potential communication bandwidth compared to
microwave."*"® Highly stabilized THz radiation sources are of
great importance for the various applications mentioned above.
Among different THz radiation sources, the electrically pumped
THz quantum cascade laser (QCL), showing high output
power,"” wide emission frequency range,”*' high operation
temperature,”>* high-quality far-field beam,”® and narrow in-
trinsic linewidth,” is an ideal candidate for high-precision fre-
quency comb operation.®®* Although the intrinsic linewidth of
THz QCLs is narrow, the practical devices normally show broad
linewidths due to the disturbances such as temperature drift, cur-
rent variation, optical feedback and other environmental noises.
So far, many efforts have been devoted to improving the stability
of THz QCLs. Danylov et al. employed an analog circuit to lock
the beatnote signal between a 2.308-THz QCL and a local CO,
optically pumped molecular THz laser to a microwave local os-
cillator (LO), increasing the long-term stability of the THz
QCL.” Freeman et al. injection locked a QCL emitting around
2 THz to a difference frequency generated by a pair of comb
lines of a fiber-based near-infrared comb, and the intermode beat-
note of the comb is referenced to a microwave source. Thus, the
linewidth of the locked QCL is reduced to the linewidth of the
microwave reference, which is <100 Hz.*' Similarly, many ef-
forts have been put on locking a single-mode QCL to a reference
standard.”*** In addition, a large amount of work has been done
to stabilize THz QCL frequency combs by locking the repetition
frequency f, and/or carrier envelope offset frequency f o "
All the above-mentioned techniques require complex experimen-
tal facilities with a highly stable THz LO. Furthermore, the evalu-
ation of the frequency stability of THz QCLs is still challenging.
For instance, even though the frequency noise power spectral
density (FNPSD) can provide precise evaluation of the laser sta-
bility,””*' the setup to achieve FNPSD is relatively complex and
in need of a proper discriminator.

In this work, we propose a simple method, i.e., a relative
phase-locking scheme, to evaluate the stability of THz QCLs
without a need for a THz LO. The laser system is configured
with a THz QCL frequency comb and a single-mode QCL.
The emission of the comb laser is injected directly onto the front
facet of the single-mode laser, and the single-mode laser is used
as a photodetector (or mixer) to obtain the current signal result-
ing from multiheterodyne beatings of the two lasers. To imple-
ment the relative phase locking, the heterodyne signal is sent to
a phase-locked loop (PLL) module to generate the error signal
for phase locking. Two kinds of phase locks, by either control-
ling the drive currents of the single-mode QCL or the QCL
comb, are implemented. By analyzing the current (or frequency)
change of the locked QCL in each case, we are able to compare
the stability of the two lasers.

2 Relative Phase-Locking Scheme

The relative phase-locking scheme is shown in Fig. 1. Two THz
QCLs, i.e., comb QCLI1 (red solid lines) and single-mode QCL2
(blue dashed line), are employed in this scheme. The leftmost
gray line in Fig. 1(a) refers to fcgo of the comb QCL1 with a
repetition frequency of f.,. Each frequency of the comb lines
can be fully defined as f; = fcpo + M frep, Where M is the line
order of a comb line. f represents the emission frequency of the
single-mode QCL2. When f, beats with different comb lines,
the corresponding heterodyne beating signals, fi, f5,..., fn,
are generated, as shown in Fig. 1(a). It is worth noting that
heterodyne signal f, is the frequency difference between f
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and f),, and it is located in the microwave frequency range.
Therefore, the traditional PLL can be employed to lock f, to
a microwave LO. As shown in Fig. 1(b), one of the heterodyne
signals, f», is selected for the phase locking. To satisfy the band-
width requirement of the PLL module, f, is further downcon-
verted to f}. The error signal generated from the PLL is either
sent to QCL1 (loop ®©) or QCL2 (loop @) for different locks. It is
worth noting that the proposed scheme consists of locking one
laser with respect to the other laser; no reference standard is
used. Therefore, the locking is actually a relative phase locking
rather than a complete locking of each laser. Although the rel-
ative phase locking is not able to firmly lock the THz lines of the
two lasers, it is much easier to be implemented because a THz
reference standard is not needed. Moreover, by employing the
relative phase-locking scheme, one can retrieve and compare the
instability of the two lasers.

It is worth noting that the experimental scheme shown in
Fig. 1 is upgraded based on the laser beating scheme proposed
in Ref. 52 for detecting the frequency tuning coefficient of a
single-mode THz QCL. However, the two schemes are different
in working principles and experimental implementations. First,
in Ref. 52, both lasers are 6-mm long, while in this work, the
cavity length of the single-mode laser is reduced to 2 mm for a
better single-mode performance. Second, in this work, two
QCLs are placed face to face on two arms of a Y-shape sample
holder and the distance between the two laser facets is 20 mm,
while in Ref. 52, the two lasers are fully separated and located in
two different cryostats. Furthermore, the most important differ-
ence is that in the current work, we implement the relative phase
locking onto the laser system, which allows the evaluation of the
laser stability without the need for complex facilities and a sta-
ble THz LO.

By comparing the stability of f, or f}, in two locking con-
ditions, we are able to compare the stability of the two lasers. To
make the comparison easier, the repetition frequency of the
comb laser (QCL1), frp, is injection-locked. Therefore, we
can directly evaluate the relative stability of the comb carrier
frequency (fcgo) and f of the single-mode laser. The detailed
process can be described as follows.

Following the representative scheme shown in Fig. 1(a), f,
and f7, can be written as

fn:fM_f.v:fCEO+Mfrep_fs7 (1)

fo=Tn— frer. 2

where frp is the frequency of the LO used for the frequency
downconversion RF1 in Fig. 2(a). Then, we introduce the fre-
quency instability, which can be defined by Af = df/dt. Af
shows the time-dependent frequency fluctuation and all fre-
quency components shown in Egs. (1) and (2) will contribute
to the total frequency instability. Hence, the instability of f,
and f7, can be expressed as

Afn :AfCEO+MAfrep+Afs’ (3)

Af:1:AfCEO_‘_MAfrep_FAfs_|'AfRFl- “4)
It is worth noting that in this work the comb repetition fre-

quency (frp) is injection locked and RF1 is the LO frequency.
Both frequencies are highly stable, and their instabilities can be
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Fig. 1 Scheme of the proposed relative phase locking. (a) Frequency components in the THz (left
panel) and microwave (right panel) frequency ranges. The red solid lines and blue dashed line
represent the comb lines of QCL1 and the single emission line of QCL2 (f), respectively. fcgo and
frep denote the carrier envelope offset frequency and repetition frequency of QCL1. f4, f5, f3, and
f4 are the four lowest beating frequencies between fs and its neighboring comb lines of QCL1. In
the right panel, the heterodyne signals and f ., are shown by green lines. The formulas show the
relations of these frequencies. (b) PLL scheme by selecting one of the heterodyne signals, f5. f5 is
downconverted to f} to satisfy the bandwidth requirement of the PLL module. RF generator is used
to output an LO signal to mix with f;, and generate the error signal for phase locking. In the circuit
loops labeled ® and @, the PLL error signal is fed back to QCL1 and QCL2, respectively.

neglected in the ideal case. Therefore, Egs. (3) and (4) can be
rewritten as

Af, = Af, = Afcro + Af. )

It can be seen that the total instability results from two causes,
i.e, comb carrier instability and single-mode laser instability.
Then, when the relative phase locking is implemented on f7,,
in an ideal phase-locking condition, no matter the PLL error
signal is sent to QCL1 or QCL2, f, will be firmly locked to
the LO signal of PLL [fgrg,, see RF2 in Fig. 2(a)]. Because
frm 1s generated from a highly stable RF source, for both phase
locking of QCL1 and QCL2, we would not be able to see the
difference in f7,. Although f7, in both PLL conditions are iden-
tical and demonstrate high stability as the LO signal (fgg,), the
inner locking behaviors are different. For instance, when the er-
ror signal is fed back to QCLI1 (loop @), the working PLL forces
the comb laser (QCL1) to follow the behavior of the single-
mode laser (QCL2). In this case, Eq. (5) can be written as

Afy = Afcgo + Afs = Afres (6)

where fgo refers to the frequency change of QCLI resulting
from the feedback current control because of the PLL
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implementation. frp, is stable and its instability can be ne-
glected, i.e., Afrp = 0. Therefore, from Eq. (6), we can con-
clude that when the PLL is implemented on QCLI, the
instability of the single-mode laser (Af,) is equal to the mea-
sured frequency change of the comb laser (Af¢gq)- And Aferg
can be experimentally obtained by measuring the current change
Al and tuning coefficient (r;) of QCL1 during the phase-lock-
ing process. Finally, we can evaluate the single-mode laser in-
stability by performing PLL on the comb laser (QCL1) and Af
can be estimated as

Afy = Aftpo = AL - 1. @)
Similarly, when loop ® is activated (the PLL is implemented

on QCL2), the instability of the comb laser (QCL1) with the
repetition frequency being injection locked can be written as

Afcpo ® Af = Al -1y, ®)
where Af? is the frequency change of QCL2 resulting from the
feedback current control because of the PLL implementation,

Al, and r, are the current change and frequency tuning coef-
ficient, respectively, of QCL2 during the phase-locking process.
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Fig. 2 (a) Experimental setup. QCL1 with a dimension of 150 zm x 6 mm is operated in the comb
state and QCL2 with a dimension of 150 um x 2 mm is operated in the single-mode state. The light
of QCL1 (orange) and QCL2 (blue) is coupled to the facets of each other to enable the heterodyne
beating between the two lasers. Herein the heterodyne beating signals in the microwave fre-
quency range are detected by QCL2 utilizing the self-detection method. The detected signals
are extracted using a bias-T and then amplified and split into two: one is sent to the spectrum
analyzer for observation and analysis; the other is downconverted by mixing with RF1, filtered,
amplified for phase locking. Simultaneously, the signal is sent to a frequency counter for the fre-
quency stability evaluation. RF2 serves as the LO signal of the PLL module to generate the error
signal. Loop @ and @ represent locks with the error feedback to QCL1 and QCL2, respectively.
RF3 is employed for the injection locking of QCL1 to stabilize its repetition frequency. (b) and
(c) are L-I-V curves of QCL1 and QCL2 measured in continuous-wave (CW) mode when the
heat sink temperature is stabilized at 25 K. (d) Emission spectra of QCL1 and QCL2 measured
using a Fourier transform infrared spectrometer. For the spectral measurements, QCL1 and QCL2
are, respectively, operated at drive currents of 1000 and 250 mA at 25 K.

Based on the above analysis, we can compare the instability
of the single-mode laser and the comb laser by implementing
relative phase-locking experiments.

3 Experimental Setup and Laser
Performance

The experimental setup of the relative phase locking presented
in Fig. 1 is shown in Fig. 2(a). The comb laser (QCL1) and the
single-mode laser (QCL2) employed in this experiment are both
based on a hybrid active region design that exploits the bound-
to-continuum transition for THz photon emission and resonant
phonon scattering for achieving the population inversion. The
entire active region of the QCL based on Alj,5Gag75As/GaAs
multiquantum-well ~ structures™* was grown on a semi-
insulating GaAs substrate using the molecular beam epitaxy
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technique. Then the grown wafer was processed into a single
plasmon waveguide configuration. Finally, the annealed laser
bars with different cavity lengths were cleaved and mounted
on copper heat sinks for characterizations. It is worth noting that
for QCL1, an optimal ridge width of 150 ym and a cavity length
of 6 mm are adopted because the two dimensions have been
proved to be more favorable for frequency comb operation. "4
For QCL2, to obtain a stable single-mode operation, a cavity
length of 2 mm is used. This is because a shorter cavity results
in a larger free spectral range (FSR) or a larger mode spacing.
Given an identical gain bandwidth, it is much easier for short
cavity lasers to obtain single-mode operation around the laser
threshold. According to the mode analysis of single-plasmon
waveguide QCLs with a same active region structure,” the fun-
damental transverse mode can be maintained for a laser ridge
width of 150 ym. Note that the lasing bandwidth of the QCL

Mar/Apr 2023 e Vol. 2(2)
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active region was measured to be larger than 300 GHz centered
at 4.2 THz.*

For the heterodyne measurements, the two QCLs were
screwed onto a Y-shape cold finger."® Even though the coupling
between two lasers would affect the emission of the two lasers,
the effect is quite limited because the coupling is weak and only
hundreds of nW power from one laser are finally injected into
the other one. There are several advantages for this geometry.
First of all, no optics and alignment are needed. Second, when
the two lasers sit on the same cold finger, they actually share
the same temperature and vibration noises, and these common
noises can be canceled in the heterodyne measurements.
Furthermore, when we compare the stability of two lasers, it
would be fair to put them in the same physical environment,
which is the case in our experiment. Due to the fast carrier re-
laxation time (picosecond-level) of QCLs, in this work QCL2 is
used as a fast THz detector (or mixer) to obtain the current signal
resulting from the beatings between QCL1 and QCL2. Finally,
the current spectrum is registered on a spectrum analyzer for
real-time visualization.'®** As shown in Fig. 2(a), the microwave
signal is first transmitted through a microstrip line mounted
close to QCL2 and then extracted by a bias-T. After the bias-
T, the signal is amplified and split into two: one is used for spec-
tral measurements; the other is downconverted, filtered, and
amplified for the relative phase locking. The error signal of
the PLL is transferred to current, which is added to the direct
current (DC) of the QCL, and the added up current is then ap-
plied to the QCL. All these are implemented using a power
module of the PLL (ppgSense S.r.1, QubeCL). As we elaborated
in Fig. 1, two kinds of locking are proposed to compare the
stability of the two lasers. Loop © and loop @ represent the
feedback controls to QCL1 and QCL2, respectively. Note that
in the experiment, the comb laser (QCL1) is injection-locked to
stabilize its repetition frequency.

Figures 2(b) and 2(c) show the measured light-current-
voltage (L—I—V) characteristics of QCL1 and QCL2, respec-
tively, recorded in CW mode at a stabilized temperature of
25 K. The current oscillations around 6 V observed in the
I-V curves correspond to the negative differential resistance
of the lasers, which can be clearly seen when the power supply
is operated in a constant voltage mode. The CW power is mea-
sured using a THz power meter (Ophir, 3A-p THz) from one
single facet without any corrections for water absorption,

N
~

-30 "/ /a S/

window transmission, mirror reflections, etc. Although the
two lasers have different dimensions, they both can output a
maximum power of 1.5 mW. The typical emission spectra of
the two lasers are shown in Fig. 2(d). To operate QCL1 as a
comb and QCL2 as a single-mode emission, the drive currents
of the lasers are set 1000 and 250 mA, respectively (see Fig. S1
in the Supplementary Material for the intermode beatnote map-
ping of QCL1). As expected, the single-frequency line of QCL2
is located in the comb spectral range of QCL1, which is essential
for the heterodyne measurements proposed in this experiment.

4 Results and Discussion

To verify the heterodyne beating scheme shown in Fig. 1,
we show the measured beatnote signals in Fig. 3. The intermode
beatnote frequency of the comb laser is measured to be
6.064963 GHz, with a power of —48 dBm, as shown by the
black spectrum in Fig. 3. Multiple beatnote signals, i.e., f| to
[, resulting from the beats between QCL1 and QCL2 can be
clearly observed. The frequencies of the recorded beatnote sig-
nals can basically satisfy the mathematical relationships men-
tioned in Fig. 1(a), which proves that the signals are indeed
generated from the multiheterodyne beatings between the differ-
ent comb lines of QCL1 and the single-frequency line of QCL2.
The results shown in Fig. 3 directly indicate that the detection
bandwidth of the single-mode laser (QCL2) can reach ~23 GHz
(~f3). Compared to the experimental results shown in Ref. 52,
where a 6-mm long QCL operated in single mode demonstrates a
detection bandwidth of 15.3 GHz, the 2-mm long QCL in this
work shows a far broader bandwidth. It can be explained as fol-
lows. As the laser cavity length is shortened, the response time of
the laser as a detector becomes faster, and therefore, it demon-
strates a much wider bandwidth than that of long cavity device.

In Fig. 3, the multiheterodyne beating scheme between
QCL1 and QCL2 is experimentally proved. To implement
the relative phase locking, one of the heterodyne beating signals,
i.e., f,, is selected. To make the stability comparison simpler,
in this work the repetition frequency of the comb laser (QCL1)
is injection-locked by a stabilized microwave signal at
6.06365 GHz with a power of —25 dBm. A relatively low RF
power is applied to maximally suppress the noise of the RF syn-
thesizer, which normally presents large phase noise at a high
RF power.”” In Fig. 4(a), we show the “maxhold” traces of the
intermode beatnote of QCL1 when the RF injection is on and

Vyi Vi

N
N

75 7/ 7/ 77 llll
—-40 Inter-mode beatnote lacL1=950 mA
6.064963 GHz lqc12=275 MA
__-50 1 @ 265K
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Fig. 3 Measured intermode beatnote of QCL1 and heterodyne signals resulting from the beating
between QCL1 and QCL2. A resolution bandwidth (RBW) of 1 kHz and a video bandwidth (VBW)
of 200 Hz are used for the beatnote measurements. QCL1 and QCL2 are operated at 950 and
275 mA, respectively, at a heat sink temperature of 26.5 K.
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off. Here, the maxhold function of the spectrum analyzer can
store the spectra maxima for a given measurement duration,
which can directly evaluate the long-term frequency stability
of a signal. It can be seen that for a 10-s measurement time,
the free-running intermode beatnote (without RF injection)
shows a maxhold linewidth of 19 kHz, while, as the RF injection
is applied, the linewidth is significantly reduced and locked to
be identical as the RF synthesizer. It verifies that the term
MAf e, can be neglected when the intermode beatnote is RF
injection-locked, as demonstrated in Sec. 2. It is worth noting
that the signal that we measured with RF injection shown in
Fig. 4(a) consists of two contributions: one is the intermode
beatnote and the other is the signal directed from the RF source.
However, this is not a problem in this experiment. If the inter-
mode beatnote of the comb laser is not locked to the RF source,
the superposition of the two signals will result in a broad ped-
estal at a power level of —53 dBm [see the dashed curve in
Fig. 4(a)]. However, as shown in Fig. 4(a), the broad pedestal
is not observed, which indicates that the intermode beatnote is
injection-locked to the RF source. In Figs. 4(b) and 4(c), we

further show maxhold traces of the heterodyne beatnote f,
without RF injection and with RF injection, respectively, for
a time duration of 30 s. From RF off to RF on, we can observe
a maxhold linewidth reduction of f, from 4.4 to 3.6 MHz.
From Fig. 4, we can see the RF injection can improve the
stability of f,. However, the locking effect on f, is not as strong
as that on the intermode beatnote signal. This shows that
although the repetition frequency of QCL1 is locked, fcgo
and f are still moving and therefore we observe a relative large
maxhold linewidth of f,, even as the RF injection locking is
implemented.

In Fig. 5, we show the results of the proposed relative phase
locking of f), which is downconverted from f, to ~100 MHz to
satisfy the PLL requirement. In the phase-locking experiment,
the RF injection locking is always applied onto the comb laser.
Figure 5(a) shows the maxhold trace of f% for 30 s without PLL.
The measured maxhold linewidth of 3 MHz shows a good
agreement with the result measured for f, [see Fig. 4(c)]. It
is worth noting that the 600 kHz difference between the two
measurements is relatively small when the PLL is off. This is

—40 +
inter-mode beatnote
maxhold 10 s
RBW: 500 Hz

=60 - vBW: 50 Hz

- = = w/o RF injection B
—— w/ RF injection

)"

> linewidth:19 kHz

6.0634 6.0635 6.0636 6.0637 6.0638 6.0639
Frequency (GHz)
(b) T T T T T T (C) T T T T T T
-70 + £ i 60+ £~ .
maxhold 30 s maxhold 30 s
I w/o RF injection I w/ RF injection
RBW: 10 kHz RBW: 10 kHz
£ =72 yaw: 500 Hz £ ~65 vBw: 500 Hz
o m
2 )
5 —74 g -70
E g
—76 _75
_78 L i
-80

L L
4.735 4.740

1
4.730
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L L L
4.525 4.530 4.535
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Fig. 4 (a) Maxhold traces of unlocked (black dashed line) and locked (blue solid line) intermode
beatnote of QCL1. The RBW and VBW of the spectrum analyzer are set as 500 and 50 Hz, re-
spectively. QCL1 and QCL2 are driven at 960 and 275 mA, respectively, at 25 K. (b) Maxhold trace
of heterodyne beatnote f, measured using an RBW of 10 kHz and a VBW of 500 Hz when the RF
injection is off. (c) Maxhold trace of heterodyne beatnote f, measured using an RBW of 10 kHz
and a VBW of 500 Hz when the RF injection is on. In (b) and (c), QCL1 and QCL2 are operated at

960 and 275 mA, respectively, at 24.2 K.
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Fig. 5 Maxhold traces of f, mesured in a time duration of 30 s under three laser operation
conditions recorded using an RBW of 2 kHz and a VBW of 500 Hz. (a) RF injection is switched
on and PLL is switched off. (b) Both RF injection and PLL are switched on, and the error signal of
PLL is fed back to QCL1. (c) Both RF injection and PLL are switched on, and the error signal of PLL
is fed back to QCL2. For the measurements, QCL1 and QCL2 are driven at 960 and 275 mA,

respectively, at 25 K.

because the results of Figs. 4(c) and 5(a) are not recorded at the
same time, the operation temperatures for the two measurements
are not same, and the environmental noises are not identical for
both measurements. Figures 5(b) and 5(c) show the phase-
locked spectra obtained by sending the error signal either to
QCL1 or to QCL2, respectively. The LO signal of the PLL mod-
ule is set as 98 MHz. We can clearly see that for a time duration
of 30 s, the locked signal, f5, at 98 MHz for both cases dem-
onstrates ultrahigh stability. The observed servo bumps next to
the narrow peak at 98 MHz in each case can prove that the phase
locking works well. Note that in Figs. 5(b) and 5(c), we can
observe some side peaks. The side peaks are not equally spaced,
and they randomly appear and disappear during measurements
(see Videos 1 and 2 in the Supplementary Material). Therefore,
we assume that the side peaks may result from mechanical vi-
brations or other environmental noises. Figure 6 shows the
screenshots of Videos 1 and 2.

As we elaborated in Sec. 2, once the phase-locking circuit
works ideally, no matter what PLL feedback is sent to QCLI
or QCL2, the locked signal, f%, will be firmly locked to the
LO signal and the LO’s linewidth is then transferred to f%
[see Eq. (6)]. In Fig. 7, we show the phase noise spectra and

high-resolution beatnote spectra of f} for the two different
phase-locking configurations. It can be seen from Fig. 7(a) that
the phase noise is almost identical for both PLL measurements.
The two curves both begin at 10-Hz offset from the carrier with
the phase noise around —50 dBc/Hz and show the same ten-
dency during the entire offset frequency range up to 10 MHz.
The phase noise spectra are measured by employing the phase
noise module (K40) of the spectrum analyzer. In this measure-
ment, if the signal is stabler, the measurable starting offset
frequency is lower. The low measurable starting frequency of
10 Hz refers to a high stability of the signals. Figure 7(a)
experimentally shows that the locked f% possesses the same
stability, no matter whether the error signal is fed back to
QCL1 or QCL2. Furthermore, in Figs 7(b) and 7(c) we show
the high-resolution beatnote spectra of f for the PLL feedback
to QCL1 and QCL2, respectively, using a resolution bandwidth
(RBW) of 1 Hz. One can clearly see that the measured signal-to-
noise ratio (SNR) for both signals is 35 dB, which further
indicates that the both locks work well, and locked signals
demonstrate identical frequency stability.

Based on the analysis in Sec. 2 and experimental results
shown in Fig. 7, it is impossible to compare the stability of

(W )| [ NP = ST B
error signal back to QCL2 (single mode)4

Fig. 6 Screenshots of Videos 1 and 2, which show phase-locking processes of f, when the error
signal of PLL is, respectively, fed back to (a) QCL1 and (b) QCL2. (Video 1, MP4, 4.87 MB [URL:
https://doi.org/10.1117/1.APN.2.2.026006.s1]; Video 2, MP4, 4.67 MB [URL: https://doi.org/

10.1117/1.APN.2.2.026006.52]).

Advanced Photonics Nexus

026006-7

Mar/Apr 2023 o Vol. 2(2)


https://doi.org/10.1117/1.APN.2.2.026006.s1
https://doi.org/10.1117/1.APN.2.2.026006.s2
https://doi.org/10.1117/1.APN.2.2.026006.s01
https://doi.org/10.1117/1.APN.2.2.026006.s1
https://doi.org/10.1117/1.APN.2.2.026006.s2
https://doi.org/10.1117/1.APN.2.2.026006.s1
https://doi.org/10.1117/1.APN.2.2.026006.s2
https://doi.org/10.1117/1.APN.2.2.026006.s1
https://doi.org/10.1117/1.APN.2.2.026006.s1
https://doi.org/10.1117/1.APN.2.2.026006.s1
https://doi.org/10.1117/1.APN.2.2.026006.s1
https://doi.org/10.1117/1.APN.2.2.026006.s1
https://doi.org/10.1117/1.APN.2.2.026006.s1
https://doi.org/10.1117/1.APN.2.2.026006.s1
https://doi.org/10.1117/1.APN.2.2.026006.s1
https://doi.org/10.1117/1.APN.2.2.026006.s1
https://doi.org/10.1117/1.APN.2.2.026006.s2
https://doi.org/10.1117/1.APN.2.2.026006.s2
https://doi.org/10.1117/1.APN.2.2.026006.s2

Guan.etal.: Relative phase locking of a terahertz laser system configured with a frequency comb and a single-medeilase

error signal to QCL1

— —— error signal to QCL1 X

~ — I RBW: 1 H.
T —+— error signal to QCL2 20 VBW: 50 }-Zqz
5 —

8 &

~ S _40 I

2 g

‘5 [

o 2

S o

9 o

®©

=

o

-80 \ —60
-100 —80r

\ -100

error signal to QCL2

—20} RBW: 1Hz
VBW: 50 Hz

-120 . :
10" 102 10® 10* 105 10° 107 -40 =20

Frequency (Hz)

Frequency (Hz)

40 20 0 20 40
Frequency (Hz)

0 20 40

Fig. 7 (a) Phase noise spectra of f, measured when the error signal is fed back to QCL1 (red
curve) and QCL2 (black curve). (b) and (c) are high resolution phase locked spectra of f/, obtained
by sending the error signal to QCL1 or QCL2 recorded using an RBW of 1 Hz.

the two QCLs by evaluating the locked f%. Although the two
locked f%, demonstrate identical stabilities, the efforts taken
to ideally lock the two signals are different. It can also be seen
in Fig. S2 in the Supplementary Material that the fluctuations of
the phase error in two conditions are different. Therefore, we
can estimate the frequency instability of QCL1 and QCL2 by
analyzing the dynamical locking processes of the two different
phase locks. This can be explained in detail as follows. When
the feedback control is applied onto QCL1, we actually change
the current of QCL1 to change its frequency to follow the fre-
quency shift of QCL2. In the dynamic process, the heterodyne
beating signal between QCL1 and QCL2, i.e., f», is unchanged
(locked). Therefore, the measured current change of QCL1 can
be transferred to the frequency change of QCL1, which actually
characterizes the frequency instability of QCL2; see Eq. (7). On
the other hand, when the PLL feedback works on QCL2, the
frequency change of QCL2 that we measured during the locking
process gives the frequency instability of QCL1; see Eq. (8).

To retrieve the frequency instability, i.e., Af.., and Af, for
QCL1 and QCL2, respectively, we first measure the current tun-
ing coefficients of the two lasers and the current changes during
the two different phase-locking processes. Taking advantage of
the method proposed in Ref. 52, we can measure the current
tuning coefficient of QCL1 and QCL2 precisely. Figure 8(a)
shows that f, decreases when the drive current of QCL1 in-
creases from 960 to 961 mA with a step of 0.2 mA. We can
then obtain the current tuning coefficient of QCL1 which is
~4.9 MHz/mA. In Fig. 8(b), we show the drive current change
of QCL1 (green dots) in a time duration of 40 s under the phase-
locked condition. It can be seen that during the locking process,
the current change of QCL1 can vary from —1.6 to 1.6 mA with
a span of 3.2 mA, which is far larger than the current change of
1 mA shown in Fig. 8(a). Considering the mismatch between the
current changes shown in Figs. 8(a) and 8(b), we plot the fre-
quency change of QCL1 (red dots) within the current change
of 1 mA for the right y axis in Fig. 8(b). From the frequency
tuning measurement in Fig. 8(a), we cannot obtain the tuning
coefficient, as the current change is larger than 1 mA. However,
the results shown in Fig. 8(b) can ensure that the frequency
change is larger than 4.9 MHz. Therefore, we can conclude that
the frequency instability of QCL2 is larger than 4.9 MHz, i.e.,
Af, > 4.9 MHz, for a time duration of 40 s.

In Figs. 8(c) and 8(d), we show the measured frequency tun-
ing and the current change of QCL2, respectively, when the
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error signal is fed back to QCL2. As the drive current of
QCL2 is increased from 275 to 276 mA with a step of 0.2 mA,
f> increases with a frequency change of 16.2 MHz. It can be
seen from Fig. 8(c) that an opposite direction of frequency shift
is observed compared to the result shown in Fig. 8(a). Actually,
this can be clearly explained by analyzing the scheme shown in
Fig. 1(a). When the current of QCLI1 increases, the THz modes
of the comb will shift to higher frequencies (blueshift), which
then results in a decrease of f,. On the other hand, as the current
of QCL2 increases, f, shifts to higher frequencies (blueshift)
and then an increase of f is observed. From Fig. 8(c), a current
tuning coefficient of QCL2, i.e., 16.2 MHz/mA, can be ob-
tained. It is worth noting that the tuning coefficient of QCL2
is far larger (~3 times larger) than that of QCL1, which is due
to the difference in device dimensions. The single-mode laser
(QCL2) with a cavity length of 2 mm is 3 times smaller than the
comb laser (QCL1) with a cavity length of 6 mm. Therefore, the
current in QCL2 is scaled down by 3 times, which makes QCL2
more sensitive to the current change. Figure 8(d) shows the re-
corded current change of QCL2 in a time duration of 40 s under
the phase-locked condition. During the process, one can see the
current change varies from —0.07 to 0.07 mA with largest span
of 0.14 mA. Because the current change of 0.14 mA is within
the range of current change of 1 mA employed for the tuning
characterization [Fig. 8(c)], we can safely conclude that the fre-
quency change of QCLI1 is ~2.3 MHz under the phase-locked
condition. The measurement also indicates that the frequency
instability of the comb laser (QCL1) with the repetition fre-
quency locked is ~2.3 MHz, i.e., Af ., = 2.3 MHz, for a time
duration of 40 s. From the measured results shown in Fig. 8, one
can clearly see that the comb laser (QCL1) with the repetition
frequency locked is stabler than the single-mode laser (QCL2),
and the frequency instability of the lasers for a time duration
of 40 s is directly measured, i.e., Af.,~2.3 MHz and
Af, > 4.9 MHz. We have to emphasize that the optical LO
working in the THz frequency range is rare, and in this work,
no THz frequency standard is used. Although we perform the
relative phase locking and the THz lines are not firmly locked,
the presented locking scheme with two different configurations
allows us to quantitatively evaluate the long-term stability of the
injection-locked comb laser and single-mode laser by analyzing
the current (or frequency) changes of two QCLs under different
phase-locked conditions. Note that we, in principle, can also do
the phase locking without the RF injection locking. As shown in
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Fig. 8 (a) Frequency tuning of QCL1 when the drive current is changed from 960 to 961 mA with a
step of 0.2 mA. The arrow shows the current increase direction. The tuning coefficient is derived to
be 4.9 MHz/mA. (b) Current change of QCL1 (green dots, left y axis) when the error signal of PLL
is fed back to it and the corresponding frequency change (red dots, right y axis) within 1 mA.
(c) Frequency tuning of QCL2 when the drive current is changed from 275 to 276 mA with a step
of 0.2 mA. The arrow shows the current increase direction. The tuning coefficientis 16.2 MHz/mA.
(d) Current change of QCL2 (left y axis) when the error signal of PLL is fed back to it and the
corresponding frequency change (right y axis). It is worth noting that in (b) and (d) the current
values of the left y axes are offset by the mean value of the recorded maximum and minimum

currents.

Egs. (3) and (4), if the repetition frequency of the comb laser is
not injection-locked, all three frequencies, i.e., fcgo, frep, and
fs» will contribute to the instability of f, or f}. Therefore, f%
will be much noisier, which makes the implementation of the
PLL more difficult or even results in a failure of the phase
locking.

It is worth noting that from our experimental results, the
comb laser with the repetition frequency-locked shows much
higher stability than the single-mode laser. This can be under-
stood as follows. First of all, for semiconductor lasers, the cavity
FSR noise is the main noise source. In the current experiment,
the FSR of the comb is locked using microwave injection lock-
ing. Therefore, the main noise of the comb laser is suppressed.
However, for the single-mode laser, the cavity perturbation still
exists. Therefore, we observed that the comb laser with fi,
locked is stabler than the single-mode laser. On the other hand,
the device geometry difference between the two lasers is the
cavity length, i.e., 6 and 2 mm for QCL1 and QCL2, respec-
tively. Generally speaking, for the longer cavity laser, the
refractive index is more insensitive to environmental noises.
Moreover, in this work, when the PLL is performed with feed-
back to the single-mode laser, the comb laser, in principle, can
be regarded as an optical reference. Since the comb laser is sta-
bler, the single-mode laser is forced to follow the comb laser and
the frequency stability of the single mode is improved. Therefore,
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the relative locking technique is an effective method to stabilize a
single-mode laser, which can be further used in some applications
where a long-term frequency stability is required, e.g., low pres-
sure gas sensing, linewidth measurements, etc.

5 Conclusion

In summary, we have experimentally demonstrated a simple
method, i.e., a relative phase-locking scheme, to evaluate and
compare the stability of a single-mode QCL and a comb QCL
(with the repetition frequency-locked) emitting in the THz fre-
quency range. The beatnote signals resulting from the multi-
heterodyne beatings between the single-mode QCL and comb
laser were successfully obtained using the laser self-detection
technique. The stability of the locked heterodyne beating signals
with PLL feedback to the single-mode laser or the comb laser
was investigated. The experimental results demonstrated that in
terms of maxhold linewidth, phase noise, and SNR, the locked
signal with feedback to either single-mode laser or comb
laser showed the same stability. By analyzing the current (or
frequency) changes under the two phase-locked conditions,
the proposed relative phase-locking technique can quantitatively
retrieve the long-term instability of the two lasers, i.e., Af ., &
2.3 MHz and Af > 4.9 MHz. The relative phase locking pro-
vides an easy and effective method to improve the stability of
single-mode THz QCLs under the present circumstance, where
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the THz frequency reference (LO) is rare, which can be further
implemented for spectroscopic applications.
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