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Phase-locking of a 2.7-THz quantum cascade laser
to a microwave reference

A.M. Baryshev, P. Khosropanah, W. Zhang, W. Jellema, J.N. Hovenier, J.R. Gao, T.M. Klapwijk, D.G. Paveliev,
B.S. William, S. Kumar, Q. Hu, J.L. Reno, B. Klein, J.L. Hesler

Abstract—We demonstrate phase-locking of a 2.7-THz metal-
metal waveguide quantum cascade laser (QCL) to an external
microwave signal. The reference is the 15th harmonic, generated
by a semiconductor superlattice nonlinear device, of a signal
at 182 GHz, which itself is generated by a multiplier-chain
(x2x3x2) from a microwave synthesizer at 15 GHz. Both laser
and reference radiations are coupled into a hot electron bolometer
mixer, resulting in a beat signal, which is fed into a phase-lock
loop. Spectral analysis of the beat signal (see fig. 1) confirms
that the QCL is phase locked. This result opens the possibility to
extend heterodyne interferometers into the far-infrared range.

Index Terms—Quantum Cascade Laser, Schottky Diode Mul-
tiplier, Superlattice Electronics Device, phase locking

I. INTRODUCTION

TERAHERTZ quantum cascade lasers (QCLs) [1] are
promising sources for various applications such as high-

resolution heterodyne spectroscopy, sensing, and imaging. In
particular, QCLs hold great promise for local-oscillator (LO)
applications because of their demonstrated performances: a
broad frequency coverage of 1.2 - 5 THz, high output power
(1 mW), and compactness. Recently, their suitability as LOs
has been demonstrated [2], [3] in hot electron bolometer (HEB)
receivers with free-running QCLs, calibrated with a broadband
blackbody radiation. To proceed with the applications of THz
QCLs as LOs in a heterodyne spectrometer, stabilization of the
frequency or phase is required to either eliminate the frequency

Manuscript received 20 April 2009.
This effort is supported by the European Community Framework Pro-

gramme 7, Advanced Radio Astronomy in Europe, grant agreement no.:
227290.

A.M. Baryshev is supported by a personal NWO/STW VENI grant ”Ad-
vanced Heterodyne Mixers for THz Applications”.

The work at MIT is supported by AFOSR, NASA and the NSF. Sandia is a
multi-program laboratory operated by Sandia Corporation, a Lockheed Martin
Company, for the US Dept. of Energy under Contract DE-AC04-94AL85000.

A.M. Baryshev, P. Khosropanah, W. Zhang, W. Jellema, J.R. Gao are with
the SRON Netherlands Institute for Space Research, Postbus 800, 9700 AV
Groningen, The Netherlands.

J.N. Hovenier and J.R, Gao and T,M, Klapwijk are with Kavli Institute of
NanoScience, Faculty of Applied Sciences, Delft University of Technology,
Lorentzweg 1, 2628 CJ, Delft, The Netherlands

D.G. Paveliev is with Laboratory of Semiconductor Devices, Radiophysics
faculty. State University of Nizhny Novgorod, Russia

B.S. William, S. Kumar and Q. Hu are with Department of Electrical
Engineering and Computer Science and Research Laboratory of Electronics,
Massachusetts Institute of Technology, Cambridge MA 02139, U.S.A.

J.L. Reno is with Sandia National Laboratories, Albuquerque, NM 87185-
0601, U.S.A.

B. Klein is with Max-Planck-Institut für Radioastronomie (MPIfR), Auf
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jitter or to reduce the phase noise. For a heterodyne interfer-
ometer either on the Earth [4] or in space [5], phase locking
of multiple LOs to a common reference at low frequency is
essential.

Phase locking [6] a laser to a reference means to control
the phase of the laser radiation field precisely. This serves not
only to stabilize the frequency but also to transfer the line
profile of the reference to the laser. In the case of frequency-
locking, the laser’s average frequency is fixed, but its linewidth
remains equal to the laser’s intrinsic linewidth. Until now, only
two experiments [7], [8] to stabilize a THz QCL have been
published. One is the frequency locking of a 3.1 THz QCL
to a far-infrared (FIR) gas laser [7], the other is the phase-
locking of the beat signal of a two lateral modes of a THz
QCL to a microwave reference [8]. These experiments have
suggested the feasibility of phase-locking, but have not led
to a practical scheme for a LO. For a practical solution the
phase needs to be locked to an external reference that can
be generated conveniently and should preferably be far below
the LO frequency. Therefore, an important challenge is the
demonstration of phase-locking of a single-mode THz QCL
to a microwave reference signal (MRS), which is the scheme
commonly used in existing solid-state LOs. The MRS should
be multiplied to a THz frequency in the vicinity of the laser
frequency in order to obtain a beat note or an intermediate
frequency (IF). As demonstrated in the measurements of FIR
gas laser frequency, the harmonics of MRS at 3.8 THz [10]
and at 4.3 THz [11] can be generated by Josephson junction
harmonic mixers, resulting in a beat between the laser and the
up-converted frequencies. Another commonly used harmonic
generator is a Schottky diode [12]. Recently phase-locking has
also been demonstrated in a THz photomixer source operated
at 0.3 THz to an optical frequency comb of a femtosecond
laser [13]. In contrast to THz QCLs, such a source has so far
not demonstrated sufficient output power at frequencies above
1 THz.

In this contribution, we report the phase-locking of a
2.7 THz QCL to a harmonic generated from a MRS by a
semiconductor superlattice (SL) nonlinear device in combina-
tion with a multiplier chain [9]. In addition to its immediate
application in LOs, this work also demonstrates that the
frequency of a QCL, as a photonic source, can be controlled
precisely with an electronic source. This is a unique feature
of THz QCLs which is not available to other lasers (gas lasers
or solid-state lasers at higher frequencies).
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Fig. 1. Schematic diagram of the experimental setup to phase lock a THz QCL at 2.7 THz to a microwave reference. Not shown is that all the spectrum
analyzer and signal generators are phase locked to a common 10 MHz reference.

II. EXPERIMENTAL SETUP

The QCL used is based on the double-resonant-phonon
depopulation design with an active region containing
104 GaAs/Al0.15Ga0.85As quantum-well modules (labeled
FTP104, wafer EA1126) with a total thickness of 10 µm
[14]. The Fabry-Pérot cavity of the QCL is a double-sided
metal waveguide, which is 19 µm-wide and 800 µm-long.
The QCL is operated with a current of 53 mA and a voltage of
12 V, and is cooled in a liquid-Helium cryostat. The maximum
output power is 0.38 mW in CW mode. The emission spectrum
measured by a Fourier-transform spectrometer shows a single-
mode line at 2.735 THz. To realize a THz reference from a
MRS we apply two stages of frequency multiplication; first
with a multiplier chain consisting of a Schottky-doubler and -
tripler (×2×3), a power amplifier, and a varactor-doubler (×2),
and then with a harmonic generator based on a superlattice
(SL) nonlinear device [15], [16], operated at room temperature,
whose higher order harmonics are at THz frequencies. The
core of such a device is a MBE-grown superlattice structure
with 18 periods. Each period consists of 18 monolayers of
GaAs and 4 monolayers of AlAs. The superlattice is homoge-
neously doped with Si (2 1018 cm−3). The area of the mesa
device is 2-3 µm2. The SL device is mounted on a block
consisting of a diagonal horn to couple out the THz radiation
and of a waveguide for pumping. As demonstrated [16], such
a device can generate harmonics up to 3 THz. In comparison
with a Schottky diode, it has a broader bandwidth because
of a shorter response time and a smaller specific capacitance.
Thus, it is more suitable for generating harmonics at higher
frequencies.

To obtain the beat signal between the QCL and the THz
reference, we use a lens-antenna coupled superconducting
NbN HEB mixer [17]. It requires low LO power (< 300 nW).
This turns out to be crucial for our phase-locking experiment

because the QCL has a divergent far-field beam with strong
interference patterns [18], resulting in a limited amount of
usable power coupled into the mixer.

Fig. 1 shows a schematic diagram of the complete setup.
The reference starts with a microwave synthesizer (Agilent
83640B) operated at 15.196 GHz followed by the multiplier
chain that brings up the frequency to 182.352 GHz with a
power level of 20-30 mW. The latter is used to pump the SL
device to generate the 15th harmonic at 2.73528 THz, which
is in the vicinity of the QCL’s frequency, with a power level
of 1-2 pW. The QCL is biased by a DC current, supplied by
a phase-lock module (XL Microwave 800A-801, typically for
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Fig. 2. A typical power spectrum of the beat signal of the THz QCL that is
phase locked to a microwave reference recorded by the spectrum analyzer with
a low resolution bandwidth (RBW) of 100 KHz. For comparison, a spectrum
of the free-running QCL is also shown. The inset shows a relative frequency
shift of the free-running QCL emission line versus the biasing current at 5 K.
The starting frequency is 2.735 THz.
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Gunn diode and YIG oscillators). The reference signal and
output of the QCL are combined in the HEB mixer via a
beam-splitter. The beat signal is amplified by an IF chain [17]
consisting of an isolator, a cryogenic low noise amplifier, and
room temperature amplifiers.

III. MEASUREMENT RESULTS AND DISCUSSION

We first monitored the beat signal of the free-running
QCL by a spectrum analyzer (alternatively by a fast Fourier
transform spectrometer19), which is connected directly to the
output of the IF chain. From the spectrum we obtain the
frequency of the QCL to be 2.73673 THz. With this technique
we can determine the frequency with a very high precision.
By varying the current bias of the QCL, as shown in the
inset of Fig. 2, the lasing frequency shifts monotonically and
increases by 1.6 GHz from 30 to 46 mA (corresponding to
10.8 to 11.4 V), with the rate of 98 MHz/mA. This blue shift
is most likely due to the frequency pulling of a Stark-shifted
gain spectrum [20]. This observation indicates that the QCL
behaves as a voltage controlled oscillator for the bias range of
interest, which is required for phase-locking [7], [8]. To close
the phase-lock loop (PLL), the beat signal, as shown in Fig. 1,
is fed into a low-pass filter and then down-converted to about
100 MHz by a microwave mixer that has a microwave source
at 1.54 GHz as LO. This is technically necessary since our
phase-lock module is designed to lock an input signal close to
a 100 MHz reference. The phase error signal is fed back into
DC bias to the QCL. The PLL gain bandwidth is 1 MHz. All
the instruments (the spectrum analyzer and signal generators)
are phase locked to a common 10 MHz reference.

Fig. 2 shows a power spectrum of the beat under the phase-
locking condition, recorded using a low resolution bandwidth
(RBW) of 100 KHz. For comparison, a free-running spectrum
is also plotted in the same figure. It is clear that using the PLL
the beat signal is characterized by an additional, stable peak
in the center.

To further demonstrate phase-locking, we monitor the power
spectra of the beat by systematically reducing both RBWs and
spans of the spectrum analyzer. Fig. 3 shows a selected set of
power spectra of the beat for RBWs from 3 KHz down to 1 Hz.
As indicated, the 3 dB-linewidth appears to decrease as the
RBW is reduced. The linewidth of the beat can be as narrow
as 1 Hz, limited by the minimum RBW of the instrument,
while the S/N increases from 15 dB for a RBW of 3 kHz to
50 dB for 1 Hz. These spectra are reproducible and stable for
an indefinitely long time. Since the spectra of the beat only
reflect the relative phase noise spectral density between the
laser and the reference, the extremely narrow linewidth of the
beat implies that the line profile and stability of the reference
are now transferred to the QCL [6], [21]. Thus, the THz QCL
is phase locked. To quantify the phase-locking performance,
we estimate how much power is in phase with the reference
using the same method as in Ref [22]. Based on the peak power
of -47 dBm within 1 MHz and -56 dBm within 1 Hz RBW we
find about 13% of the QCL power to be concentrated in the
narrow band of the reference. This low value can be explained
by a narrow (� 1 MHz) effective regulation bandwidth of
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Fig. 3. Power spectra of the beat signal of the THz QCL that is phase locked
to a microwave reference recorded by the spectrum analyser with different
resolution bandwidths (RBW) and spans, but a fixed video bandwidth (VBW)
of 300 Hz. A 3-dB linewidth of the beat signal is also indicated. To avoid
confusion, we note that this linewidth is not the actual linewidth of the QCL
(see text).

PLL system, due to total length of the cables included in
the regulation loop, that caused additional delay. It is the
complexity of the set-up for this demonstration phase locking
experiment, which consists of two separate IR-labs cryostats,
frequency down converter, optical coupling scheme and several
synthesizers – all included in the feed back loop, that did not
allow for shorter total delay. The measured line shape outside
the regulation bandwidth of PLL is mainly determined by a
phase noise of a reference synthesizer, emphasized by a a total
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frequency multiplication of 180 times (S/N ∼ 180−2.
The total phase locked power can be improved significantly

in the future by integrating harmonic generator and frequency
down convertor in one cryostat or even integrating it with QCL
itself as it was suggested in [?].

IV. CONCLUSION

In summary, we have demonstrated true phase-locking of
a 2.7-THz QCL to a high-order harmonic from a microwave
synthesizer generated by a superlattice harmonic generator. By
extending harmonics of the superlattice device to the high end
of THz range (3-6 THz), our phase-locking scheme can be
potentially used in many applications of THz QCLs as local os-
cillators, in particular, for a space heterodyne interferometer5.
Additionally, the phase-locked QCLs, with at least an accuracy
of 1 part in 1012, determined by the microwave synthesizer,
have potentials for other applications such as THz frequency
standard and precision molecular spectroscopy.
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