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Rapid-phase modulation of terahertz radiation for
high-speed terahertz imaging and spectroscopy
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Rapid voltage-controlled phase modulation of cw terahertz (THz) radiation is demonstrated. By transmitting
an infrared beam through a lithium niobate phase modulator the phase of the THz radiation, which is gen-
erated by the photomixing of two infrared beams, can be directly modulated through a 2� phase shift. The
100 kHz modulation rate that is demonstrated with this technique is approximately 3 orders of magnitude
faster than what can be achieved by mechanical scanning. © 2008 Optical Society of America

OCIS codes: 120.5060, 300.6495, 110.6795.
Terahertz (THz) radiation has shown potential in a
wide variety of applications, including detection of
concealed weapons and explosives [1,2], chemical de-
tection and spectroscopy [3], and imaging [4]. The
feasibility of various THz applications has been
greatly expanded owing to the development of spec-
troscopy and imaging methods such as THz time-
domain spectroscopy (THz TDS) and cw THz imag-
ing. One of the limitations in applying THz TDS to
imaging has been the requirement for a scanning
method that records the entire THz time-domain
waveform [4]. Most time-domain THz systems use
slow mechanical scanning delay lines, or mirror
shakers (15–300 Hz repetition rate) [4], to detect the
THz waveform on a point-by-point basis. Improve-
ments to the mechanical scanning method have in-
cluded piezoelectric delay lines, which are reasonably
fast (kilohertz) but are limited to a 10 ps scanning
range, as well as a rotating scanning stage [5].

For the cw photomixing configuration two laser
sources are typically multiplied or mixed in a device
such as a photoconductive antenna structure. THz
radiation is generated at the difference frequency of
the two laser sources. Some groups have used Golay
cells, bolometers [6], or other power detection de-
vices. Since the THz power, not the electric field, is
detected in these devices, the THz phase information
is lost. However, no scanning of the THz waveform is
required. For the coherent detection approach, the
THz waveform is scanned by varying the phase (or
arrival) of the THz waveform relative to the phase of
the mixed laser beams. Following the example of THz
TDS, a mechanically scanning delay rail [7–9] typi-
cally is used to vary the optical path of the two infra-
red laser beams after the beams have been combined.
These delay rails are typically slow, not because a
long waveform is recorded (as is the case of the THz
TDS systems), but rather because the delay induced
by the scanning rail must be comparable in distance

to the wavelength of the THz radiation (�300 �m for
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1 THz). The rate of the scanning, however, can be in-
creased by recognizing that the initial phase of the
THz wave in the photomixing process is determined
by the phase difference of the two lasers. We directly
modulate the phase of one of the infrared lasers us-
ing an optoelectronic lithium niobate phase modula-
tor. Since the speed of lithium niobate modulators
can be as high as the gigahertz range, we essentially
can eliminate the speed limitations due to mechani-
cal scanning in acquiring a THz waveform.

The experimental setup for rapid cw detection of
the THz phase and amplitude is presented in Fig. 1.
THz radiation is generated at the beating frequency
of two Littman external-cavity diode lasers (ECDLs,

Fig. 1. (Color online) Schematic diagram of fast phase
modulation configuration. The half-wave plates are used to
rotate the polarization of the laser beams parallel to the po-

larization axis of the optical fibers.
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Sacher Lion TEC520) operating near 0.78 �m. For
these experiments they are detuned by 0.6 nm, which
corresponds to 0.3 THz. The output of each laser is
evenly split using the first pair of beam splitters. The
MgO:LiNbO3 phase modulator (New Focus 4002) is
inserted into one of the beams from ECDL 1. After
splitting and passing one beam through the modula-
tor, the light from the two lasers is combined with an-
other pair of beam splitters. The combined laser light
is coupled into polarization maintaining optical fibers
and delivered to both the THz transmitter (TX) and
receiver (RX). The TX and RX are low-temperature-
grown GaAs bowtie-type photoconductive dipole an-
tennae (PDA). The total optical power on both chan-
nels is �12 mW. A bias of 20 V dc is applied to power
the THz TX. For the portion of the system that oper-
ates in free space ��47 cm�, beam walk of the lasers
does not appear to play a major role. As the wave-
length of either ECDL is piezotuned, we observe �3%
fluctuation in the polarized optical power that
emerges from the optical fibers.

THz radiation is generated by photomixing of the
two laser beams in the THz TX. The generated THz
wave can be presented as a product of electric fields,
ETHz�E1·E2�E1E2�cos���t+��0��, where ��=�1
−�2, ��0=�1−�2, E1 and E2 are the amplitudes of in-
frared EDCL electric fields at the frequencies �1 and
�2, and phases �1 and �2, respectively. The electro-
optic phase modulator, which is inserted into the op-
tical path of the ECDL 1 beam that will drive the
THz transmitter, is oriented so that the applied volt-
age induces a change in refractive index along the po-
larization axis of the infrared laser beam. By varying
the applied voltage to the phase modulator, the opti-
cal path length experienced by the propagating laser
beam varies proportionally. Adding the additional
phase shift �m�t� induced by the modulator gives
ETHz�t��E1E2�cos���t+��0+�m�t���, where the
time-dependent phase shift can be expressed as
�m�t�=CoV�t�, in which Co is a constant and V�t� is
the applied voltage. Since the phase shift is propor-
tional to the applied voltage, a linear phase shift re-
quires a linear increase in voltage. After passing
through free space to the THz detector, the THz beam
acquires a phase shift of �p. The detected THz signal
is determined by mixing (multiplying) the incoming
THz radiation with the two infrared ECDL signals
present at the THz detector: Edet�t��E1

2E2
2 cos��m�t�

+�p�.
The output of the THz receiver can be recorded

with a digital lock-in amplifier that locks to the ramp
modulation frequency. However, if the voltage swing
corresponds to a phase shift that was either smaller
than or larger than 2�, the output voltage from the
THz RX would not be perfectly sinusoidal. The need
for a complete 2� phase shift in the modulator is il-
lustrated in Fig. 2. For voltages below the equivalent
of a 2� phase shift, the output waveforms [Fig. 2(a)]
are not complete sinusoids. For voltages that are too
large [Fig. 2(b)], a waveform swing larger than one
cycle is observed. The infrared wavelength of ECDL 1

in Fig. 1 is kept fixed while the wavelength of ECDL
2 is tuned to vary the THz wavelength. In this case,
the required voltage for a 2� phase shift should re-
main fixed.

When an object is inserted between the THz TX
and RX, which modifies the phase shift of the propa-
gating THz beam �p, the measured phase of the RX
waveform shifts as well. To illustrate this effect we
insert a thin business card between the THz TX and
RX of Fig. 1. When the phase modulator voltage is set
correctly, the phase of the THz RX waveform shifts by
1.6 �s, corresponding to a 0.32� phase shift of the
THz wave [Fig. 2(c)]. If we neglect any birefringence
in the paper the measured phase shift for the
0.34 mm thick card corresponds to a 1.47 index of re-
fraction. The kinks in the waveforms at 0, 10, 20, 30,
and 40 ps correspond to the ramp voltage resetting
from a 2� to a 0� phase shift. With the card present
the kink occurs almost at the peak of the waveform,
while the kink occurs about halfway up the waveform
when the card is removed.

To demonstrate the utility of the method for fast
spectral scanning we utilize the piezotuning capabili-
ties on ECDL 2 to sweep the THz frequency. Figure 3

Fig. 2. (Color online) THz detector voltage output versus
time as a function of applied voltage to the modulator. (a)
The applied voltage is 20 and 160 V (middle and bottom
waveforms, respectively). The sawtooth waveform (top) il-
lustrates the timing of the modulator voltage. Waveforms
are vertically offset for clarity. (b) THz detector output for a
thin card inserted (solid curve) between the THz TX and
RX of Fig. 1 and removed (dashed curve).
illustrates the measured THz amplitude and phase
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as measured with a digital lock-in amplifier using a
time constant of 640 �s. For this measurement the
total tuning range of 1 V corresponds to a tuning of
the THz frequency by �3 GHz. Over this range of
tuning the laser does not exhibit any mode hops. The
THz is scanned at 3 MHz per data point, which cor-
responds roughly to the spectral width of the ECDL.
The acquisition time for the 1000 data point scan of
Fig. 3 is completed in only a few seconds.

The Fig. 3 inset shows the measured change in
phase during tuning. Ideally, if the optical path
lengths for ECDL 2 through the optical components
and fiber-optical cables to the TX and RX were iden-
tical, there would be no observed change in phase
with frequency. Based on the measured 2� phase
shift over 1.43 GHz, we estimate a path difference of
roughly 21 cm. This distance corresponds roughly to
the expected optical path length delay due to mis-
matched optical fiber lengths in our system.

In regard to cw THz systems with mechanical
scanning of the THz waveform, the 100 kHz repeti-
tion rate is roughly 3 orders of magnitude faster. The
maximum scanning speed of the current system is
limited by the electronic bandwidth (roughly
420 kHz) of the THz RX. In a classic THz imaging
configuration in which the object’s position is scanned
between a single THz TX and RX, the rapid-scanning
system operating at 100 kHz will enable an averag-
ing of 100 oscillations of the THz waveform with
roughly 1000 pixels imaged per second. If synthetic
aperture imaging methods [10] were utilized, video-

Fig. 3. Rapid frequency tuning curves for the measured
THz amplitude and phase in degrees (inset) over �3 GHz.
rate imaging would be attainable.
In applying THz spectroscopy to the gas phase
chemical detection, it has been recognized that the
spectral width of the absorption lines of low pressure
gases is about 1 MHz in the THz range. THz spec-
troscopy instrumentation for gas analysis includes a
fast-scanning cavity ringdown approach [3] that en-
ables the measurement of 6000 different THz fre-
quencies at a rate of �2000 data points per second.
The data shown in Fig. 3 were acquired at a rate of
�1000 data points per second with a time constant of
�640 �s per data point. The ECDL’s specification for
the maximum rate of piezoactuated frequency tuning
is 12 kHz. Consequently, the rapid phase modulation
system should enable a data rate of �12 k data
points per second with a time constant of �0.08 ms.
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