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Generation of phase-locked and tunable
continuous-wave radiation in the terahertz regime
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Broadly tunable phase-stable single-frequency terahertz radiation is generated with an optical heterodyne
photomixer. The photomixer is excited by two near-infrared CW diode lasers that are phase locked to the
stabilized optical frequency comb of a femtosecond titanium:sapphire laser. The terahertz radiation emitted
by the photomixer is downconverted into RF frequencies with a waveguide harmonic mixer and
measurement-limited linewidths at the Hertz level are demonstrated. © 2005 Optical Society of America
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Sources in the terahertz (THz) region have generated
significant interest for their use in submillimeter
wave THz applications, such as remote sensing, spec-
troscopy, and three-dimensional imaging. Much work
has been done with THz pulses, including obtaining
three-dimensional tomographic images by use of THz
time-domain spectroscopy.1,2 To facilitate high-
resolution molecular spectroscopy, single-frequency
THz generation has been achieved with molecular
gas lasers.3 Additionally, advances in THz receivers
have generated a need for broadly tunable single-
frequency local oscillators (LOs). Solid-state single-
frequency THz generation has been demonstrated
with optical heterodyne photomixers as well as with
quantum cascade lasers (QCLs).4,5 However, a source
for broadly tunable, narrow linewidth, single-
frequency THz radiation has thus far not been dem-
onstrated. Here, we present the phase stabilization of
two CW diode lasers to the stabilized frequency comb
of a femtosecond titanium:sapphire (Ti:S) laser and
generate, through optical heterodyne conversion in a
photomixer, phase-stable CW THz radiation at the
diode lasers’ difference frequency. Using this stabili-
zation scheme, we demonstrate the ability to obtain
broadly tunable CW radiation in the THz regime and
show that the frequency of this radiation is phase-
stable with Hertz-level measurement-limited line-
widths.

In recent years, developments in femtosecond la-
sers and the technologies for their stabilization have
led to significant advances in the tools for spectros-
copy, coherent control, and optical frequency
synthesis.6 The femtosecond Ti:S laser emits a dis-
crete set of optical frequency lines spaced by the rep-
etition rate frep of the laser. This frequency comb can
be engineered to have excellent frequency stability
resulting in a fixed, discretely spaced optical fre-
quency ruler to which other lasers may be compared
and stabilized.7,8 In our work, we combine the power-
ful ideas behind stabilized optical frequency combs
with the THz domain.

We phase-lock two external cavity diode lasers
(DLs) to the stabilized frequency comb of the Ti:S la-
sers as shown in Fig. 1(a). The DLs are both centered
near 850 nm and have optical powers of 100 mW
(DL1) and 40 mW (DL2) (they are detuned from each

other by the THz frequency, fTHz). We use a Ti:S laser
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with frep of 92.8 MHz, centered at 850 nm, with a
FWHM bandwidth of approximately 65 nm and an
output power of 400 mW. One optical beam splitter
spatially overlaps the DL beams to generate the pho-
tomixer input, and a second beam splitter spatially
overlaps the Ti:S laser beam with the DL beams [Fig.
1(a)]. The optical interference between each of the
DLs and the frequency comb of the Ti:S laser is mea-
sured on a photodiode as heterodyne radio-frequency
(RF) beat signals [Fig. 1(b)]. By locking the DLs to
the comb of the Ti:S laser, we can dial in any fre-
quency difference between the two DLs within the
available bandwidth and tune this frequency by tun-
ing the grating in the cavity of one DL.

Each DL is stabilized by locking the RF beat be-
tween the DL and the Ti:S laser using a phase-locked
loop (PLL). We use a digital frequency-phase detector

Fig. 1. (a) Configuration for phase locking of two CW diode
lasers to the stabilized frequency comb of a femtosecond
Ti:S laser. DL, diode laser; W, half waveplate; BS, 50/50
beam splitter; L, 50 cm lens; Si, silicon lens; WHM, wave-
guide harmonic mixer; G, grating; P, polarizer; S, slit; PD,
photodiode. Inset, photo of the THz photomixer fabricated
on LT-GaAs. (b) Schematic of the spectral output of two CW
diode lasers and the Ti:S frequency comb. (c) Phase-locked
beats (DL2 offset for clarity) between the diode lasers and

the Ti:S laser.
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to produce an error signal between the RF beat signal
and a synthesized frequency that is used as a refer-
ence. The generated error signal is used in a feedback
loop that adjusts the current of the diodes to control
the optical frequency excursion. The locked beat note
between each DL and the Ti:S laser displays a coher-
ence spike indicating a phase lock [Fig. 1(c)]. The
PLL performance is limited by the frequency re-
sponse of the DLs to the error current inputs used to
stabilize them (the bandwidth of the PLL is indicated
by the servo bump in the noise pedestal at
�500 kHz).

To generate CW THz radiation at the difference
frequency between the DLs, we optically heterodyne
them on a photomixer.9–12 The photomixer is a spiral,
one and a half turn, gold antenna fabricated on low-
temperature grown GaAs (LT-GaAs), with three in-
terdigitated electrodes covering an area of 7 �m
�7 �m and biased with 40 V [Fig. 1(a)]. The typical
combined power on the photomixer is �22 mW, and
the spot size of the two beams covers the electrodes.
The emitted THz radiation �fTHz� propagates through
the LT-GaAs substrate, is coupled out of the sub-
strate, and is then partially collimated by a hyper-
hemispherical Si lens mounted in contact with the
back of the LT-GaAs chip [Fig. 1(a)].4

We demonstrate broad tunablity, limited only by
the available bandwidth of the photomixer, by tuning
one of the DLs across the Ti:S frequency comb. For
three settings of the optical separation between the
DLs we use a waveguide harmonic mixer (WHM) to
downconvert fTHz into RF frequencies. The WHM
mixer allows for THz detection with response times
that are orders of magnitude faster than the com-
monly used liquid helium cooled bolometers.12 The
THz radiation is coupled into the waveguide (RF
port) of the harmonic mixer, which terminates at a
Schottky diode. The Schottky diode generates har-
monics when driven by a sythesized signal (LO port)
and these mix the RF input to produce, at the inter-
mediate frequency port, the difference frequency
��2 GHz� between fTHz and an LO harmonic.

The downconverted signal is subsequently ampli-
fied, mixed down into the sub-GHz regime �fc� with a
synthesized frequency and, finally, sent into a fast
Fourier transform spectrum analyzer [Fig. 2(a)]. For
the 0.303 THz (90, 40 GHz) signal we use for detec-
tion the WHM by Virginia Diodes WR-3.4HM (Agi-
lent 11970W, Agilent 11970A [This information is
given for technical purposes and does not represent
an endorsement on the part of NIST.]). We have gen-
erated THz radiation up to the frequency cutoff
��1 THz� of the photomixer, using a bolometer for de-
tection [Fig. 2(b)]. However, with the LO frequency
range available to us, the conversion loss of the har-
monic mixer did not allow for WHM detection at
these fTHz frequencies. For both the 90 GHz and the
0.303 THz data shown in Fig. 2(a), bringing the sig-
nal above the noise floor required amplifiers. The RF
signal levels give lower bound estimates on the
power, coupled into the waveguide, of fTHz emitted
from the photomixer from the known conversion loss

of each of the WHMs. We estimate for the 0.303 THz
(90, 40 GHz) signal with a conversion loss of 35 dB
(46, 26 dB) to have coupled 1 nW (10, 6 nW) of power.
No efforts were made to focus the radiation into the
waveguide, and thus the total power emitted from
the photomixer may be larger than the power coupled
into the WHM. For the downconverted and amplified
40 GHz signal, there was a sufficient signal-to-noise
ratio in a 10 kHz resolution bandwidth (RBW), as
shown in Fig. 2(c), to record linewidth characteristics
similar to those observed in Fig. 1(c).

To obtain phase-stable fTHz radiation, we stabilize
the difference frequency between the two DLs by
phase locking the 14th harmonic of frep to a synthe-
sized frequency. One cavity mirror in the Ti:S laser is
mounted on an actuator and is used for frep stabiliza-
tion. By scanning frep, as shown in Fig. 2(d), we can
readily obtain continuous fTHz tuning of tens of MHz,
which would be useful for rapidly scanning a molecu-
lar absorption line. The center value about which frep
was scanned was 1.29851 GHz, corresponding to
3266 (972) Ti:S comb lines between the two DLs and
yielding a frequency of fTHz of approximately
0.30297 THz�90.17 GHz� (a wavemeter measurement
confirmed the frequency difference between the DLs).
Indeed, a very useful feature of phase locking to a fre-
quency comb is the possibility of achieving broad
continuous tunability of the DLs’ difference frequency
over many THz by tuning one (or both) of the DLs
across the frequency comb [Fig. 1(b)].7

Another advantage of phase locking the DLs to the
comb of the femtosecond laser for THz generation
with a photomixer is the ability to obtain very narrow
linewidth THz radiation. The linewidths of the

Fig. 2. (a) fTHz from the photomixer at 0.303 THz (90,
40 GHz), downconverted with the 18th (16th, 8th) har-
monic of a synthesized signal at 16.72 GHz (5.6, 5 GHz) in
a waveguide harmonic mixer then mixed down into the
kHz regime (shifted for clarity). [The typical SNR in a
100 kHz RBW is 7 dB (8, 15 dB) at 0.303 THz (90,
40 GHz).] (b) Bolometer-detected fTHz signal, showing THz
generation up to 1.1 THz. (c) Phase-locked 40 GHz signal
downconverted, displaying linewidth characteristics simi-
lar to those observed in Fig. 1(c). (d) Frequency scan of fTHz
obtained by incrementing the frequency of the synthesized
signal phase locking the 14th harmonic of the Ti:S frep (off-
set for clarity).
0.303 THz and 90 GHz signals, for an acquisition
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time of 1 s, reveal measurement-limited linewidths
at and below the Hertz level, respectively [Fig. 3(a)].
The detection scheme does not add appreciable noise,
and so the mixed-down signal contains the noise
properties of fTHz. The sidebands at harmonics of
85 Hz for the 0.303 THz signal are larger than those
for both the 90 GHz [Fig. 3(a), inset] and the 40 GHz
(not shown) signal, and may be attributed to noise on
fTHz arising from mechanical resonances associated
with the actuator used to stabilize frep. In compari-
son, the free-running linewidth of a QCL operating at
4.7 THz was reported to be 31 kHz at a 3 ms sweep
time.13

The relative noise on fTHz is expected to increase as
the number of frequency comb lines between the DLs
is increased.14 This occurs because with larger sepa-
rations between the DLs, the dominant contribution
to the noise arises from the phase noise of the quartz
crystal oscillator used as a microwave reference �fm�
to lock frep. Indeed, the noise on the signal scales as
expected �20 log fTHz/ fm� with the THz frequency [Fig.
3(b)]. The data presented here [Fig. 3(b)] lead us to
expect significant coherence to be evident for the data
presented in Fig. 2(b).

In conclusion, we have demonstrated an all-solid-
state system generating phase-stable and tunable
CW THz radiation at the difference frequency of two
diode lasers individually phase locked to the stabi-
lized optical frequency comb of a Ti:S laser. We down-
converted the radiation into RF frequencies and dem-
onstrated measurement-limited linewidths at the
Hertz level. This stabilization scheme has the poten-
tial to be made physically compact and to provide ac-
cess to any frequency difference between the DLs,
from DC to hundreds of THz, that is both phase-

Fig. 3. (a) fTHz radiation at 0.303 THz at a 1 Hz RBW
demonstrating a measurement-limited linewidth at the
Hertz level, where fc=14 kHz. Inset, linewidth below the
measurement 1 Hz RBW for the 90 GHz signal, where fc
=12 kHz. (b) Relative phase and amplitude noise of the CW
radiation at 0.303 THz, 90 GHz, and 40 GHz. The traces
scale with the phase noise of the quartz crystal oscillator
locking frep. These noise traces were obtained by downcon-
verting the phase-locked fTHz radiation with a WHM, then
mixing down to fc, where fc is set at approximately 10 kHz

for each fTHz.
locked and broadly tunable. In addition, the fre-
quency comb can readily be referenced to an atomic
standard, yielding an accuracy of 1 part in 1012, for
absolute THz frequency measurements. These re-
sults are also significant for advancing techniques in
precision molecular spectroscopy.
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Note added in proof: Recently, a 3 THz QCL was
locked to a far-infrared gas laser with a linewidth of
65 kHz in a 1 kHz RBW.15
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