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In standing-wave lasers, spatial hole burning induces a static
grating of the population inversion, enabling multimode
operation with several independent lasing modes. In the pres-
ence of a mode-locking mechanism, these modes may become
correlated, giving origin to a frequency comb. Quantum cas-
cade lasers, owing to their ultrafast gain dynamics, are ideally
suited to achieve comb operation. Here we experimentally
demonstrate that the modes of a quantum cascade laser
frequency comb coherently beat to produce time-dependent
population inversion gratings, which spatially modulate the
current in the device at frequencies equal to the mode sepa-
ration and its higher harmonics. This phenomenon allows the
laser to serve as a phased collection of microwave local oscil-
lators and is utilized to demonstrate quadrature amplitude
modulation, a staple of modern communications. These
findings may provide for a new class of integrated transmit-
ters, potentially extending from the microwave to the low
terahertz band. © 2018 Optical Society of America under the terms

of the OSA Open Access Publishing Agreement
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In a homogeneously broadened standing-wave laser, the first
lasing mode arising in the laser will induce, assuming negligible
carrier diffusion, a static grating of population inversion with
minima corresponding to the antinodes of the mode intensity
[Figs. 1(a) and 1(b)] and a period of a half optical wavelength
in a process known as spatial hole burning (SHB) [1]. SHB
enables mode coupling and multimode operation. Adjacent cavity
modes present crests in areas where the population inversion is
high [Fig. 1(a)]; these modes are then able to locally extract gain
from the medium and begin lasing. The temporal beating among
the modes in turn induces a dynamic component in the popu-
lation grating, oscillating at the beat frequency with a spatially

varying amplitude and phase determined by the profiles of the
optical standing waves [Fig. 1(c)].

Various studies have focused on the effects of static SHB
in semiconductor lasers—mostly distributed feedback (DFB)
structures—to investigate the origin of single-mode instabilities,
making use of optical techniques that relate the profile of sponta-
neous emission across the laser to the carrier distribution via the
bimolecular recombination rate [2–4]. Dynamic population gra-
tings have been studied in different systems: in DFB lasers,
dynamic SHB was created by modulating the drive current of
the device with a microwave signal [5], while in bare gain media
it was shown that intersecting two tunable laser beams produced a
moving population grating oscillating at the frequency difference
of the two beams [6,7]. However, despite more than 50 years
of studies [8], no direct experimental evidence of the intrinsic
dynamic grating originating from the beating of modes in stand-
ing-wave lasers has ever been reported. Here we present a concep-
tually simple microwave measurement capable of probing
time-dependent population inversion gratings in quantum cas-
cade laser (QCL) frequency combs. These gratings arise from
the coherent beating of longitudinal modes of the laser. The
QCL platform is ideal for the observation of such a phenomenon
because of its fast gain recovery dynamics associated with the short
relaxation times of intersubband transitions [9] (≈ps long), which
simultaneously allows high-frequency oscillations of the popula-
tion inversion (up to a few terahertz) and limits the diffusion of
excited carriers to subwavelength distances (typically a few hun-
dred nanometers), preventing the washout of SHB effects [1].
The spatial nature of the dynamic gratings allows the laser to serve
as a phased collection of local oscillators at the intermodal beat
note frequency. This enables the use of a mid-infrared QCL, not
only as a microwave source, but also as a microwave mixer for
quadrature amplitude modulation (QAM), a scheme widely used
in modern communications.

All the studied devices are continuous wave, buried hetero-
structure, uncoated Fabry–Perot (FP) QCLs operating in a
frequency comb regime in the mid-infrared spectral range (see
Section 1 in Supplement 1 for details). Our findings show that
the intracavity intermode beat profiles exhibit a universal
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signature of the dynamic gratings, which is not affected by the
emission wavelength or cavity length of the specific device.
We will concentrate our focus in the following on a representative
device (QCL1), for which a full set of studies is presented.

The spectrum of QCL1 exhibits a large number of modes sep-
arated by a beat frequency f B � 5.6 GHz [Fig. 1(d)]. The beat
note spectra measured with a spectrum analyzer at f B and 2f B—
produced by the intermodal beating of the nearest and second-
nearest neighbors, respectively—exhibit a narrow (kilohertz) line-
width [Fig. 1(f )], a typical signature of comb operation [10] (see
Section 2 in Supplement 1 for more details). Previous studies have
shown that the intermode beat note can be extracted directly off
the chip from the QCL as a modulation of the current driving the
laser [11,12]; however, no attempts were made to access the spa-
tial dependence of the beat signal across the laser cavity. The mea-
surement of time-dependent population inversion gratings
presented here relies on the detection of the amplitude and phase
of microwave signals at different positions along the laser cavity.
These microwave signals are produced by current modulation
inside the laser directly linked to the dynamics of the optical field.
A schematic of the experimental setup is shown in Fig. 1(e). Two
microwave probes are brought in electrical contact with the
top electrode of the operating laser: one is scanned along the

longitudinal axis of the cavity using a micrometer positioning
stage, while the other is kept at a fixed position to extract a
phase-reference signal. The detected signals can be examined us-
ing a microwave spectrum analyzer, to study the power spectra of
the intermodal beat notes generated inside the cavity, or recorded
with a digital sampling oscilloscope, to retrieve the phase of the
beat notes (see Section 1 in Supplement 1 for further details).
Scanning across the laser cavity, we record beat note power pat-
terns [Fig. 1(g)], whose universal character is supported by their
observation in different devices [Fig. 1(h)]. The patterns exhibit
antinodes at the edges of the cavity and a number of nodes equal
to the order of the intermodal beat note. The corresponding phase
profiles show a smooth phase transition between 0 and π at the
positions of the power nodes, indicating that adjacent lobes of the
power profiles oscillate in antiphase. A series of control experi-
ments based on the injection of external microwave signals ex-
cludes the possibility of artifacts in the observed beat profiles
due to transmission line effects (Section 4 in Supplement 1).

A simple analytical model accounts for the measured profiles.
Its derivation is outlined in Section 6 of Supplement 1. Here we
present the underlying reasoning alongside the fundamental re-
sult. In a symmetric FP laser with cavity length L, facet reflectivity
R, and unsaturated net gain coefficient g � 1∕L log�1∕R�, the
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Fig. 1. Mapping time-dependent population inversion gratings in QCL combs. (a)–(c) Emergence of inversion grating effects, known as SHB, in a
standing-wave laser: an optical mode m starts lasing inside the cavity (a), inducing a static grating ΔNS (b). This in turn allows another mode m� 1 to
oscillate and beat with the first mode, inducing a dynamic grating ΔNB that oscillates periodically (c) in the direction indicated by the arrows
(two snapshots of such oscillatory grating taken at times differing by half of the oscillation cycle are shown in two shades of green). (d) Measured optical
spectrum ofQCL1 operating in a comb regime. (e) Schematic of the setup used for the measurement of intracavity beat profiles in a QCL. Two microwave
probes are positioned on the top electrode of the laser with cavity length L. As one probe is scanned across the longitudinal axis of the cavity, the detected
signals can be recorded with a digital sampling oscilloscope (OSC) or a microwave spectrum analyzer (SA). (f ) Spectra measured on the SA (resolution
bandwidth: 1 kHz) of the fundamental (f 0 � 5.6 GHz) and second order (f 0 � 11.2 GHz) beat notes ofQCL1. (g) Power and phase of the intracavity
beat profiles measured on QCL1 (circles) at f B (top) and 2f B (bottom). Also shown are the predictions of the analytical model presented in the text
(continuous lines, parameters: L � 8 mm, R � 0.28) and of numerical simulations (crosses). (h) Intracavity beat profiles measured at f B (top) and
2f B (bottom) on four different devices with emission wavelength and cavity length specified in the table.
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cavity mode m is in general a partial standing wave characterized
by an amplitude Am, a spectral phase ϕm, a wave vector
km � πm∕L, and an angular frequency ωm � ckm∕nw, where
nw is the effective refractive index of the waveguide. The total
intracavity field intensity obtained by summing the contributions
of all N lasing modes will contain components oscillating at the
intermodal beat frequency, inducing a dynamic grating [Fig. 1(c)]
in addition to the static SHB component. By expanding the total
intracavity intensity in a Fourier series and keeping only slowly
varying spatial oscillations (Section 6 in Supplement 1), we obtain
that the spatiotemporal dependence of the component oscillating
at the nth harmonic of f B is

IB,n �
XN−n

m�1

AmAm�n�cos�nkBx � nωBt � Δϕm�n,m�e−gx

� cos�nkBx − nωBt − Δϕm�n,m�e−g�L−x��, (1)

where kB and ωB are determined by the difference of wave vectors
and angular frequencies, respectively, of any pair of adjacent
modes. By means of stimulated emission and absorption, the spa-
tiotemporal variations of the field intensity described by Eq. (1)
directly translate into variations of the population inversion,
ultimately modulating the vertical current flowing in the device.
It is illuminating to consider the case of a perfect standing-wave
cavity (R � 1, g � 0), in which case Eq. (1) becomes simply

IB,n �
XN−n

m�1

2AmAm�n cos�nkBx� cos�nωBt � Δϕm�n,m�, (2)

where the standing-wave character of the intensity oscillations is
clear. The predictions of the analytical model presented here are
shown in Fig. 1(g) and are confirmed by space- and time-domain
simulations of transport and recombination in the QCL active re-
gion based on coupled density matrix and Maxwell equations [13]
(Section 7 in Supplement 1). The similarity with the experimental
measurements is evident (Discussion 6E in Supplement 1).
The agreement is particularly remarkable in that a macroscopic
measurement is capable of probing local oscillations of the popu-
lation inversion occurring inside a buried waveguide with a lateral
dimension of only a fewmicrons.We have also carried out a similar
measurement using an FP diode laser (L � 2.5 mm) emitting tens
of longitudinal modes in the near-infrared range (1.45 μm) with
high optical output power (2.5 W), but no beat note could be
electrically extracted from the laser. We cannot exclude the
possibility that current oscillations are damped in the diode
laser chip, but consider it unlikely, given that the chip is similar
to that of QCLs. It is more likely that coherent population pulsa-
tions mediated by four-wave mixing interactions in the gain
medium are much stronger in the QCL as compared to the diode
laser.

This view of the beat note—as a spatially varying quantity—
provides for novel laser applications in which the laser is not used
as a source of optical radiation but rather as a microwave source
that essentially amounts to an array of phase-coherent oscillators.
In particular, we show that this allows the laser to act as a
quadrature mixer, imbuing it with a new, unconventional func-
tionality. QAM is a technique used extensively in modern tele-
communication systems. Due to the fact that both amplitude
and phase of the carrier are modulated, it allows for doubling
the spectral efficiency of the transmitted signal. This is achieved
by combining two amplitude-modulated carriers in a single

physical channel exploiting the orthogonality of trigonometric
functions [14]. A block diagram of a quadrature mixer is shown
in Fig. 2(a). Two baseband signals I�t� and Q�t� are mixed,
respectively, with the carrier wave and its copy delayed by 90°,
producing the in-phase and quadrature modulated carriers, that,
after subsequent summation, yield a QAM waveform. A proof-
of-principle demonstration of a QCL operating as a microwave
quadrature mixer is illustrated in Figs. 2(b)–2(d) (see Methods
for further details). We pick the fundamental beat note at
5.6 GHz as a carrier for QAM. This choice is, by all means,
arbitrary and QAM could be done with beat notes of any order,
the only restriction being the bandwidth of the experimental
setup. In our setting the signal-to-noise ratio of the tone at
2f B is on average 20 dB lower than at f B [cf. Fig. 1(f )] due
to the bandwidth limitations of the electronics in use, which mo-
tivates the choice of the fundamental beat note for QAM. With
the same microwave probes used for the mapping experiment, we
apply two tones, I � 35 MHz andQ � 89 MHz, as modulating
signals at positions where the intermodal beat note of the QCL
is dephased by 90° [Fig. 2(b)]. The beat note is mixed with the
applied microwave tones inside the laser thanks to the diode-like

(b)

SA

OSC

35 MHz 89 MHz

(c) (d)

fB,0° fB,90°

(a)

QI

Fig. 2. QCL as a microwave quadrature mixer. (a) Block diagram of a
generic quadrature mixer. I�t� and Q�t� are two input baseband signals,
f c is the carrier frequency, sQAM is the QAM waveform. (b) Schematic of
the setup used to demonstrate microwave QAM with a QCL comb gen-
erator. The rectangular bar is the top view of the laser contact. Two sinus-
oidal signals are injected and electrically mixed inside the laser with
intermodal beat notes f B,0° and f B,90° offset by 90°, producing in-phase
(I ) and quadrature (Q) signals. The modulation products are extracted by
two additional microwave probes, recombined using a power splitter and
recorded on the OSC or SA. (c) Microwave spectrum of the signal ex-
tracted from QCL1 and acquired with the SA. The inset shows the cur-
rent-voltage curve of the device and the operating point for QAM
(square). (d) Demodulated microwave spectra of the I and Q channels
retrieved after digital processing of the time-domain QAM waveform.
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current-voltage characteristic of the QCL [inset of Fig. 2(c)]. Two
additional microwave probes allow extracting the modulated
beat notes from the respective positions. A 3-dB coupler is used
to superimpose these two signals to produce the QAM waveform
that, after an amplifier stage, is recorded with a microwave
spectrum analyzer and a digital sampling oscilloscope. The micro-
wave spectrum of the signal shows two pairs of sidebands detuned
by 35 and 89 MHz from the central beat note peak [Fig. 2(c)].
We then perform software-based signal demodulation (see
Section 8 in Supplement 1) that yields the original I andQ signals
[Fig. 2(d)], proving that the applied I and Q tones are indeed
summed in quadrature due to the phase difference of the beat
note at the two positions inside the laser. This simple experiment
demonstrates that a laser, a source of optical radiation, can
have such unconventional functionality as to act as a micro-
wave quadrature mixer thanks to its internal time-dependent
population inversion grating. We foresee that in the future,
actual digital data may be transmitted with the proposed
scheme, utilizing conventional modulation schemes with complex
constellations [14].

While all-electrical counterparts of the proposed device have
long been commercially available and widely employed as back-
bones of existing communication protocols operating in the lower
gigahertz range (such as Wi-Fi or 4G LTE), sources and modu-
lators in the subterahertz and terahertz range, where future wire-
less communication networks are expected to operate, are an
ongoing quest [15]. We emphasize that the demonstrated func-
tionality is an inherent general feature of any QCL frequency
comb and can be extended to terahertz carrier frequencies by
reducing the cavity length, i.e., increasing the comb repetition
rate and hence the beat note frequency. Alternatively, recent
observations of self-starting harmonic frequency comb operation
of QCLs where the intermodal spacing lies in the terahertz fre-
quency band [16,17] provide a new way to generate submillim-
eter carriers. In the case of a harmonic frequency comb, the nature
of the spatiotemporal oscillations induced by the dynamic grating
of the laser remains the same as that of a fundamental frequency
comb, simply corresponding to the excitation of a spatial and tem-
poral high-order harmonic grating determined by the number of
skipped modes (or free spectral ranges) in the harmonic state
(Section 6F in Supplement 1). Moreover, the integration of an-
tennas in the laser could enable wireless signal outcoupling into
free space, making a QCL a unibody modulator and transmitter.
The dynamic gratings of QCLs reported here thus opens up a
potential route to the appearance of a new class of quadrature
mixers that could be integrated into future high-speed wireless
communication architectures [15].
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