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The accuracy of high-resolution spectroscopy depends critically on the stability, frequency control, and traceability
available from laser sources. In this work, we report exact tunable frequency synthesis and phase control of a terahertz
laser. The terahertz laser is locked by a terahertz injection phase lock loop for the first time, with the terahertz signal gen-
erated by heterodyning selected lines from an all-fiber infrared frequency comb generator in an ultrafast photodetector.
The comb line frequency separation is exactly determined by a Global Positioning System-locked microwave frequency
synthesizer, providing traceability of the terahertz laser frequency to primary standards. The locking technique reduced
the heterodyne linewidth of the terahertz laser to a measurement instrument-limited linewidth of<1 Hz, robust against
short- and long-term environmental fluctuations. The terahertz laser frequency can be tuned in increments determined
only by the microwave synthesizer resolution, and the phase of the laser, relative to the reference, is independently
and precisely controlled within a range ±0.3π . These findings are expected to enable applications in phase-resolved
high-precision terahertz gas spectroscopy and radiometry.
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1. INTRODUCTION

An ideal single-frequency laser produces an electromagnetic wave
that is defined by three values: its amplitude, frequency, and phase.
Since the invention of the laser [1] there has been a huge effort
devoted both to stabilize these parameters to ensure that they
remain constant over time and to control them with high precision.
The highly stable and precise laser sources that are now available
across the visible and near-infrared spectrum have enabled a diverse
range of applications, from sensing [2–4], imaging [5,6], and
LIDAR [7,8] to measurements of gravitational waves [9].

The terahertz region of the electromagnetic spectrum is com-
paratively underdeveloped, with a lack of stabilized laser sources.
There are a number of applications where a narrow linewidth and
stable terahertz source is essential. Remote sensing for atmospheric
and astronomical observations makes use of local oscillators (LOs)
[10–12] where the linewidth and stability of the LO source defines
the resolution and accuracy of the measurement. A compact, sta-
ble, and narrow linewidth terahertz source is also highly desirable
for satellite and airborne radiometry [13–15]. Furthermore, if tera-
hertz laser sources could be stabilized with metrological precision,
there are exciting applications in tests of physical constants [16–18]
and charge conjugation parity [19] in this frequency region, where
many gas molecules exhibit fundamental rotational and vibrational

modes. Recent advances in laser cooling have allowed molecules
to be cooled to ∼mK and even ∼uK regimes [20], reducing the
Doppler broadening of these molecular species to subkilohertz
linewidths.

The most versatile and promising laser source in this part of
the spectrum is the terahertz frequency quantum cascade laser
(QCL). The appeal of this source has led to intense research activity
in the field of terahertz QCLs since the first demonstration [21].
Major advances in the past decade include realization of emission
frequencies ranging from 1.2 THz [22] to 5 THz [23], up to 2.4 W
output power [24] and terahertz frequency comb emission [25].
The intrinsic linewidth of the terahertz QCL is of the order of a
few hundreds of Hz [26,27] but thermal, electric, and mechani-
cal instabilities typically result in free-running linewidths of a
few MHz [28]. This has led to the development of several tech-
niques to stabilize the frequency of QCLs, including locking to
a gas absorption line [29], a multiplied microwave source [30],
femtosecond laser frequency combs [31,32], and a femtosecond
frequency comb stabilized to a primary frequency reference [33].
All of these methods only make use of an electrical feedback to
stabilize the frequency of the QCL to a stable reference source. A
significant drawback of this technique is that the bandwidth over
which the frequency fluctuations can be compensated is limited

2334-2536/20/091143-07 Journal © 2020Optical Society of America

https://orcid.org/0000-0002-1114-8014
https://orcid.org/0000-0003-4998-7259
https://orcid.org/0000-0002-3950-4359
https://orcid.org/0000-0001-6912-0535
https://orcid.org/0000-0002-1987-4846
https://orcid.org/0000-0002-5493-6352
mailto:eenra@leeds.ac.uk
mailto:J.R.Freeman@leeds.ac.uk
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1364/OPTICA.395941
https://crossmark.crossref.org/dialog/?doi=10.1364/OPTICA.395941&amp;domain=pdf&amp;date_stamp=2020-09-03


Research Article Vol. 7, No. 9 / September 2020 / Optica 1144

by the effective bandwidth of the negative feedback loop, usually
around 1 MHz, limiting the proportion of the QCL signal that is
locked, for example to 70% in Ref. [31]. Also, the relative phase
between the QCL and the reference source is typically not well-
defined when using only a negative feedback loop. Finally, previous
work has not demonstrated phase-stable tunability of the locked
frequency, a key requirement for spectroscopy applications.

In this work, we stabilize the frequency and the phase of a tera-
hertz QCL by using terahertz injection locking (IL) combined
with an electronic phase lock loop feedback configuration. The
optical counterpart of this technique has already been demon-
strated on a near-infrared laser in Ref. [34]. Our technique allows
us to independently control the laser frequency and phase with
very high precision, the first demonstration with a locked QCL.
Furthermore, the combination of both locking schemes allows
us to maintain lower phase error at low frequencies via the elec-
tronic PLL, while the addition of terahertz injection provides a
wider locking range [34]. Hence, the combined implementa-
tion of the terahertz injection phase lock loop (IPLL) provides
improved tracking of environmental fluctuations and low phase
error variance compared to systems that use either IL [35] or only
the electronic PLL configuration [29–32].

IL occurs when a stable “master” source is injected into an
unstable “slave” source. The frequency of the locked slave source
becomes exactly that of the injected master signal. The range of
frequencies over which the slave laser is locked to the master is
known as the locking range and depends on the injected power
level [35]. While the output frequency of the slave source is exactly
equal to that of the injected signal within the locking range, the
phase difference between the slave and master varies by “π” across
the locking range. We have previously used this technique to injec-
tion lock a 2.0 THz QCL [36]. Here, the addition of the PLL offers
greatly improved locking characteristics as the frequency/phase
fluctuations are compensated for over a wider bandwidth by both
the terahertz IL and the electronic PLL paths. Furthermore, the
combined locking configuration allows us to lock the QCL across
the various phase points in the locking range, enabling precise con-
trol of the QCL emission phase independently without changing
the QCL emission frequency, as will be discussed in Section 2.

The stable master frequency is provided by a near infrared
(NIR) comb source with ∼2.5 THz span [37] operating in the
telecommunications “C” band (1530–1565 nm). The comb line
spacing is determined exactly by a microwave synthesizer source
referenced to a rubidium frequency standard, whose frequency is
locked by a Global Positioning System (GPS) receiver, enabling
traceability to primary cesium frequency standards. By selecting
two comb lines and heterodyning these on a photomixer, the
high-precision microwave signal is multiplied to terahertz frequen-
cies and used as the reference for the terahertz IPLL that, in turn,
locks the QCL (see Supplement 1). Because measurements of the
locked QCL linewidth typically rely on measuring the in-loop beat
between the reference source and the QCL, the true line-shape of
the locked QCL will only be revealed if the reference source stabil-
ity is well known. Our comb source has a linewidth of <101 Hz
at 2 THz, several times less than Refs. [31–33] and comparable to
the stability of a state-of-the-art femtosecond comb stabilized to
atomic frequency standards [38] (see Supplement 1).

The experimental system is shown in Fig. 1. The comb source
is driven by an RF synthesizer at a frequency fRF that controls the
spacing between the comb lines. This NIR comb is then filtered

Fig. 1. Schematic diagram of the experimental arrangement. EDFA,
erbium doped fibre amplifier; Tx, photomixer emitter; Rx1 and Rx2, pho-
tomixer receivers; PLL, phase lock loop;1ϕ, variable delay line. Electrical
connections are shown in black, optical fiber and IR connections in red,
and terahertz connections in green.

and amplified to retain a pair of comb lines that have a frequency
difference equal to fref = N × fRF, where N is the chosen number
of comb line separations between the selected comb lines. In this
case, N = 101, fRF = 19.7734 GHz, and fref = 1997.1134 GHz.
This NIR frequency difference is converted to the terahertz ref-
erence frequency by using a terahertz photomixer. The terahertz
radiation from Tx is coupled into the terahertz QCL to injection
lock the laser. Terahertz radiation from the QCL is then split and
detected on the two photomixer receivers, Rx1 and Rx2. The sig-
nals are downconverted to low frequency by mixing with the same
pair of NIR comb lines so that the terahertz electric field, EQCL,
is detected coherently and is proportional to the current detected
from the photomixer [39]:

IRx1,2 ∝ EQCL sin
[(

fref − fQCL
)
t +

(
ϕref − ϕQCL

)]
, (1)

where fQCL is the QCL frequency, ϕref is the phase of the terahertz
reference frequency, and ϕQCL is the phase of the terahertz QCL
radiation. The terahertz signal from Rx1 is amplified and is used
as the input signal for the phase lock loop (PLL). Rx2 is used to
monitor the QCL output and has a variable delay path for the
NIR reference so that the reference phase, ϕref can be varied inde-
pendently. Further details of the experimental arrangement can be
found in the Supplement 1 and in Refs. [36,37].

2. RESULTS

The QCL was aligned for optimal coupling of the incoming
terahertz radiation from the emitter at 2 THz. At an input
IR power of 30 mW and a DC bias of −0.8 V, the CW tera-
hertz power from the emitter at 1997 GHz was estimated to be
∼100 nW. The QCL current was set to approximately 750 mA
such that ( fref − fQCL)≈ 0 so that the QCL becomes injection
locked to the terahertz reference frequency [36]. With the PLL
switched off, the delay line is then scanned to record the terahertz
field from the locked QCL on the lock-in amplifier, Fig. 2(a)
(see Supplement 1). By changing the delay (1ϕ) between the
locked QCL and the reference frequency, we can control the detec-
tion phase. We can use this control to obtain different responses
to frequency instability or modulation of the QCL. The expected
signal at Rx2 for a locked QCL is [35,40],

IRx2 ∝
∣∣E L

QCL

∣∣sin[1ϕ + sin−1

(
fref − f U

QCL

f lock

)]
, (2)
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Fig. 2. (a) Terahertz electric field of the locked QCL at ∼2 THz for
| fref − fQCL| ≈ 0, as a function of delay. The node (red) and antinode
(blue) positions are marked (b) calculated waveform shapes at the Rx2
for the node and antinode positions of the receiver and (c) terahertz
amplitude from the Rx2 by modulating the QCL DC source at the node
(red curve) and antinode (blue curve) positions of the Rx2 delay line.
Frequency scale is the difference between the QCL frequency (tuned by
the current modulation) and the terahertz reference frequency (constant).

where |E L
QCL| is the magnitude of the locked QCL signal, constant

through the locking range, 1ϕ is the phase difference added by
the variable delay line, f U

QCL is the underlying QCL frequency, and
f lock is the locking range. Outside the locking range the second
term inside the sin function is +π or −π depending on sign of
( fref − f U

QCL). To demonstrate this, and with the PLL switched
off, the QCL was modulated using a triangular wave at 2.5 kHz
frequency. The QCL used for this experiment had a tuning sen-
sitivity of −6.5 MHz/mA resulting in a modulation of the QCL
emission frequency by 65 MHz for a modulation of 10 mA pk-pk.
The signal detected at Rx2 is amplified with a transimpedance gain
of 107� and measured using an oscilloscope. First, the detection
phase is set to an antinode when ( fref − fQCL)= 0 [blue dot in
Fig. 2(a)], corresponding to 1ϕ = π/2. As the underlying QCL
frequency, f U

QCL, is swept the blue curve in Fig. 2(c) is measured.
As expected there is a peak in the signal when ( fref − fQCL)≈ 0,
and toward the edges of the locking range the signal drops to zero
because the phase between the QCL and the reference has changed
byπ/2, as expected [Eq. (2)].

Outside the locking range, the QCL and reference frequency
beat at a frequency f > f lock, which lies outside the detection
bandwidth and therefore the signal drops to zero. An alter-
native approach is to set the detection phase to a node when
( fref − fQCL)≈ 0, indicated by the red dot in Fig. 2(a), corre-
sponding to1ϕ = 0. When the QCL frequency is now swept, the
red curve in Fig. 2(c) is measured, showing the linear relationship
between the frequency difference, ( fref − f U

QCL), and the signal

on the receiver when within the locking range. Again, this is a
consequence of the phase relationship predicted by Adler [35],
shown in Eq. (2). This signal can be used as the input for the PLL
to stabilize the phase of the QCL relative to the reference phase and
also to ensure that the underlying QCL frequency remains within
the locking range to ensure stability over longer time scales.

A. Terahertz IPLL

To achieve full stabilization, we make use of a PLL controller that
provides feedback to the QCL bias current to control the underly-
ing frequency, and hence the phase of the terahertz injection locked
QCL, to form a terahertz IPLL as shown in Fig. 1 (further details in
Supplement 1). Without any external modulation applied to the
QCL, the QCL DC current is tuned to achieve a 0 V amplitude
at Rx1 when the position of Rx1 is adjusted by changing the delay
line to lie at the node for the center of the locking range (1ϕ = 0).
To form the terahertz IPLL, the output from Rx1 is connected to
the input of the PLL electronics, and the PLL output is connected
to the modulation control of the QCL current source. The QCL
current is then controlled to compensate for drifts in the underly-
ing QCL frequency, causing cause a phase shift, detected by Rx1.
Since the terahertz reference frequency, fref, is stable, the major
contributing factors to the drift in the QCL phase are the thermal
fluctuations and mechanical vibrations. The slow thermal drift can
be of the order of seconds and an integrating PLL filter is desirable;
the PLL filter produces a feedback voltage proportional to the
input voltage integrated over time.

To observe the effect of the terahertz IPLL, we monitor the
terahertz spectrum of the locked QCL. Locking the QCL to the
comb reduces the QCL linewidth to that of the injected terahertz
reference signal. The locked QCL linewidth was measured for
the terahertz-IL and terahertz-IPLL states by heterodyning the
QCL terahertz signal with a replica of the terahertz reference
frequency, fref, that has been shifted by 80.98 MHz using an
acousto-optic modulator (AOM) (see Supplement 1 for details).
The transimpedance amplifier gain and bandwidth for the Rx2
were adjusted to be 104 � and 80 MHz, respectively, and the QCL
spectrum measured by a low-noise spectrum analyzer. The accu-
racy of the measurement was improved by referencing the comb
microwave synthesizer to a GPS-disciplined rubidium clock.

Figure 3 shows the measured linewidth spectra with spans of
10 kHz and 250 Hz for the terahertz IL (black curves) and terahertz
IPLL (red curves). The beat note is centered at f s = 80.98 MHz
with the 3 dB linewidth measured to be<1 Hz, which is the limit
of our electrical spectrum analyzer. No change in linewidth was
observed between the terahertz-IL and terahertz-IPLL states,
confirming the narrow linewidth of the injected terahertz reference
signal. However, additional sideband peaks are observed for the
terahertz-IL state, with offset by <±50 Hz from 80.98 MHz,
attributed to the mechanical and thermal noises from the QCL.
The terahertz-IPLL spectrum shows reduced low-frequency noise
with only a small peak at 80.98 MHz± 50 Hz due to reduced
phase error variance at low frequencies provided by the PLL [34].
When the terahertz radiation entering the detector is blocked, the
peak signal measured on the spectrum analyzer drops by over 30 dB
while the background noise level remains the same. By integrating
the AOM data in Fig. 3, we calculate that at least 94% of the QCL
power is phase locked for the terahertz-IPLL and at least 87% for
the terahertz-IL [41]. These estimates are limited by the noise level
for this measurement; however, when calculated from the noise
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Fig. 3. Measured linewidth spectra for the terahertz-IL (black) and
terahertz-IPLL (red) states. The resolution bandwidth (RBW) for each
spectrum is indicated and the frequency is offset by 80.98 MHz for clarity.
Spectra were acquired after 30 trace averages.

spectrum measured at low frequencies, we find 99% of the power is
locked for the terahertz IPLL (see Supplement 1).

The stability of the terahertz-IPLL state can also be character-
ized over longer time scales by scanning the detection phase (delay)
and extracting both the amplitude and phase of the terahertz elec-
tric field. This was done over a period of 10 min and is shown in
Fig. 4 for both the terahertz-IL and terahertz-IPLL configurations.
Care was taken to match the reference arm (to Rx2) length to the
QCL arm and ensure that fibers were in close proximity to avoid
temperature variations that could lead to phase instabilities. In
the terahertz IPLL, the terahertz amplitude varies by <3%. The
terahertz QCL phase also remains stable, with deviation of <5%
of the possible ‘π ’ range. Because the QCL remains locked to the
reference frequency, the QCL frequency is stable throughout the
measurement. For comparison, the stability of injection locked
state, with the PLL switched off was also measured, shown as open
symbols and dashed lines in Fig. 4. The amplitude drifts by more
than 50% during the duration of the measurement. Correlated
with the amplitude drift, the phase of the terahertz radiation also
drifted, by a total of 0.5π . By the end of the measurement, the
QCL in the terahertz-IL state was close to the edge of the locking
range and only partially locked. The advantages of the terahertz-
IPLL scheme over the simple terahertz-IL scheme are clear for
applications where stability is required over long periods of time.

B. Frequency Tuning

Besides providing enhanced locking stability, the PLL can also be
used to control both the phase and frequency of the QCL, as we
demonstrate below. The frequency of the locked QCL is controlled
by the injected reference frequency in both the terahertz-IL and
terahertz-IPLL states. The frequency of the QCL can therefore

Fig. 4. Terahertz amplitude and phase at Rx2 measured as a func-
tion of time for the terahertz IL (hollow symbols with dotted lines) and
terahertz IPLL (solid symbols with solid line). The delay line of the Rx2
was scanned for each data point for the same scan length, position, and
resolution.

be adjusted by tuning the reference frequency, provided that the
reference frequency remains in the locking range of the QCL. In
practice, this means that for all but the smallest tunings (≤5 MHz),
the underlying QCL frequency must also be tuned by controlling
its drive current. The PLL used in the terahertz-IPLL scheme
ensures that the QCL is tuned automatically so that the reference
frequency always lies in the center of the locking range. The tuning
range of the locked QCL is then limited only by the tuning range
of the (unlocked) QCL cavity, 0.4 GHz for this device, but much
larger electrical tunings are possible [42].

The terahertz reference frequency can be tuned by changing the
RF synthesizer frequency, fRF, which controls the comb spacing;
fref = fRF × 101. While fref can be tuned across the full QCL
tuning range of 400 MHz, the automated tuning range is limited
to around 2 MHz by the need to manually adjust the optical delay
line (loop length of the comb source) and the frequency of the
digital supermode distributed Bragg reflector (DSDBR) lasers
(see Supplement 1 for more detail). Figure 5 shows the change in
QCL current and corresponding calculated change in QCL fre-
quency, fQCL, as the terahertz reference frequency, fref, is adjusted
in discrete steps. The QCL current is monitored through the QCL
power supply, which is under the control of the PLL. Tuning fRF

between 19.773515 GHz and 19.773525 GHz, a 10 kHz increase,
changes fref from 1997.125015 GHz to 1997.126025 GHz, a
1.010 MHz increase in fref. This produces a reduction in QCL
current of 0.16 mA, corresponding to an increase in the QCL
frequency of 1.04 MHz, indicating that the QCL tracks the
1.01 MHz increase fref. The QCL remained in the locked state
throughout the measurement, showing that the locked QCL can
be tuned quickly and efficiently, with a resolution and precision
limited only by fRF.

C. Phase Control

While the locked QCL frequency is controlled by the injected
reference frequency, the phase of the locked QCL (relative to the
reference phase) can be controlled by adjusting the voltage at which
we choose to stabilize the terahertz signal on Rx1; we are free to
choose any point on the linear section of the red curve in Fig. 2(b).

https://doi.org/10.6084/m9.figshare.12685853
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Fig. 5. QCL current, IQCL, and QCL frequency, fQCL, as a function of terahertz reference frequency, fref. The reference frequency is switched by
1010 kHz. The QCL frequency axis is calculated from the QCL current using measured tuning of−6.5 MHz/mA.

Up to this point, the offset voltage has been set to zero so that the
QCL is stabilized to the center of the locking range and the QCL
phase is identical to the reference phase. Now, we can set the offset
voltage, or locking point for the PLL, to control the QCL phase
while the frequency is controlled by the optical injection. In this
way, it should be possible to access the full range of π phase values.
Figure 6 shows the effect of adding a DC offset voltage to the PLL
input (x axis). For each DC offset point, the electric field from the
QCL is measured by scanning the delay line (shown as an inset to
Fig. 6), and the amplitude and phase are extracted. The amplitude
of the QCL electric field remains constant within<3% as the DC
voltage offset was varied. This is expected because the change in
QCL bias produced by the change in locking point is too small
to have a significant change in the QCL power. The phase of the
locked signal, however, changes from +0.15π to −0.15π as the
DC voltage offset is changed from −0.3 V to +0.3 V. This indi-
cates that it is possible to control the phase in a range of ∼ 0.3π
by adjusting the DC voltage, while the amplitude and frequency

Fig. 6. Terahertz signal amplitude (black symbols and line) and phase
(red symbols and line) plotted as a function of the DC voltage offset. The
inset shows the phase change in the sinusoidal signal obtained by scanning
the Rx2 for+0.3 V (blue) and−0.3 V (brown) values of the DC voltage
offset. The delay line of Rx2 was scanned for each data point for the same
scan length, position, and resolution.

of the laser remain fixed. Beyond the ±0.3 V DC offset voltage
the lock becomes unstable and the PLL filter amplifier became
saturated.

3. CONCLUSIONS

The frequency and phase of a high-power terahertz frequency
quantum cascade laser have been simultaneously locked to an IR
frequency comb using a terahertz-IPLL scheme for the first time.
The comb source is referenced to a microwave synthesizer locked
to a rubidium standard locked by a GPS receiver, thereby linking
the QCL frequency to primary frequency standards. The terahertz-
IPLL scheme improved the locked QCL heterodyne linewidth
to less than 1 Hz and improved the stability of the frequency and
phase of the terahertz laser over extended timescales. Using this
scheme, we also demonstrated independent, high-resolution,
frequency and phase tuning of the terahertz laser. The frequency
resolution is limited by the minimum frequency step size of the
microwave source.

Such a tunable terahertz source that can be referenced to the
primary frequency standards available in the microwave region is
desirable for many applications, including high-precision terahertz
gas spectroscopy and radiometry. Extended frequency coverage,
limited only by the QCL tuning range, can be achieved by adjust-
ing the delay within the comb loop [37]. The precise phase control
of the terahertz source could find applications in terahertz phase
modulation in phased array antennas in future terahertz commu-
nications [43]. Finally, we note that many of the components (IR
comb, photomixers, QCL, and PLL) used in this work could be
monolithically integrated into a single chip, making a compact
and portable high-resolution terahertz system. The data associated
with this paper is openly available from the University of Leeds data
repository [44].
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