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Gigahertz modulation of tunable terahertz radiation from photomixers

driven at telecom wavelengths
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Here, we report the gigahertz-rate modulation of a tunable terahertz carrier. Terahertz radiation,
tunable from 300 GHz to 1.2 THz, is generated by mixing two telecom lasers with an offset
frequency in an ultrafast In, 53Gag 47As photoconductive device coupled to a broadband antenna.
The microwave modulation applied to the telecom lasers is directly transferred to the terahertz
carrier. A maximum modulation rate of 20 GHz has been achieved, and the bandwidth is
independent of the carrier frequency. © 2008 American Institute of Physics.

[DOTI: 10.1063/1.2993352]

Wireless data transmission systems are enjoying a rapid
diffusion and development, in order to support the commu-
nication needs of our society. Bluetooth, Wi-Fi and Wi-Max
are some well-known examples, all operating at gigahertz
carrier frequencies. The increase in data rate transmission,
with the objective of attaining the capabilities of fiber-linked
optical communication systems, is a particularly important
research area. For instance, a subterahertz wireless link has
recently been developed by Hirata et al." for data transmis-
sion at 10 Gbit/s, the data rate per channel of current high-
speed optical networks. However, optical networks band-
widths of 40, 80, and even 160 GHz will possibly be needed
in the near future. To support these high data rates, carrier
frequencies for wireless communication networks in the tera-
hertz frequency range will be an almost forced choice.” This
is a major challenge since terahertz photonics is still in its
infancy, with several scientific and engineering problems to
be solved. For instance, the technology of choice to encode
high- frequency data signals onto a terahertz carrier is still an
open issue.”™ In this letter, we demonstrate that the high-
speed modulation of two telecom lasers can be directly trans-
ferred onto a cw terahertz carrier frequency generated by the
lasers themselves, via a photomixing process in an ultrafast
Ing 53Gag 47As photomixer. The maximum modulation rate of
20 GHz achieved is only limited by the bandwidth of the
optical modulator used. In addition, the terahertz carrier fre-
quency can be easily tuned by changing the wavelength of
one telecom laser. This is a crucial feature for free space
communications. It allows one to match one of the atmo-
spheric transparency frequency windows located between
300 GHz and 1 THz.

The experimental system uses two cw laser diodes oper-
ating at Nju,=1.55 wum, and one of the lasers is frequency
tunable in 12.5 MHz steps. The two telecom lasers are then
amplitude modulated at gigahertz rates with a lithium nio-
bate Mach—Zehnder modulator. After amplification in an
erbium-doped amplifier, the fiber output is focused onto an
interdigitated photomixer made from an ion-irradiated
Ing 53Gag 47As photoconductive layer, operating at room
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temperature.6 The ac current generated by the photomixer
feeds the dipole-spiral antenna of the device, which is
coupled to free space via a hemispherical Si lens. Two time
constants characterize the device, the electron lifetime (0.86
ps) (Ref. 6) and the R,C time constant, evaluated to 0.124 ps
from antenna geometry. The photomixer, when it is pumped
with 40 mW total optical power and biased at 1.5V, typically
delivers 45 and 10 nW of power at 0.5 and 1 THz, respec-
tively. The cw terahertz emission generated by the photo-
mixer is then collimated by a parabolic mirror and fed into a
Fourier transform infrared (FTIR) spectrometer. A poly-tetra-
fluoro-ethylene plate is placed in front of the FTIR to block
out the A=1.55 wm laser light and also to allow one to op-
erate the system under vacuum to eliminate air or water ab-
sorption. The detector used is a liquid-He-cooled 3 mm di-
ameter Si bolometer.

Continuous tunability of the terahertz carrier, within the
spectral response of the photomixing module, can be
achieved by tuning the wavelength of one of the two lasers.
Figure 1 shows the normalized spectra of the photomixer
terahertz output under illumination by the two cw telecom
lasers. Several frequency offsets have been used. The maxi-
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FIG. 1. Normalized FTIR spectra of terahertz waves emitted by the
Ing 53Gag 47As based photomixer illuminated by two cw telecom lasers. The
gap observed between 0.9 and 1.2 THz is due to the low transparency in this
spectral region of the 100-um-thick Mylar beamsplitter used in the FTIR
spectrometer (transmission in inset). The FTIR was operated in rapid scan
mode.
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FIG. 2. Normalized FTIR spectra of the photomixer output when the device
is illuminated by the two telecom lasers modulated in amplitude. Several
frequency offsets corresponding to wry,=0.35, 0.64, 0.8, and 1.25 THz are
presented. Both the emissions with the high-frequency modulation on (plain
curves) and off (dotted lines) are shown.

mum wry, detected is 1.22 THz. The optical modulator is not
present for this set of experiments. The spectral position of
the terahertz emission is in agreement with the frequency
difference of the telecom lasers, which is fixed for each mea-
surement and determined with an optical spectrum analyzer.
When an amplitude modulation is applied to the two driving
telecom lasers, the photomixer emission spectrum is modi-
fied. The corresponding terahertz spectra are shown in Fig. 2
(plain lines), for wyy,=0.35 THz to wry,=1.25 THz. The
two telecom lasers illuminating the device are modulated at a
microwave frequency, (1=12.2 GHz. The extinction ratio,
defined as the ratio between the maximum and the minimum
intensities of the modulating lasers, is X=6. The signature of
transfer of the microwave modulation of the driving lasers
onto the terahertz carrier is the appearance of microwave
shifts (or sidebands) at w=wry,+) and w=wry,—Q (plain
curves in Fig. 1). In Fig. 2, dotted lines illustrate the spectra
exhibiting only the carrier frequency wry, when no modula-
tion is applied. The relative heights of the lower and upper
sidebands are 0.19 (within 7% variation) and 0.16 (within
15% variation), respectively, for all the tested carrier fre-
quencies wry,. These measurements demonstrate the transfer
of >10 GHz modulation from an optical telecom carrier to a
free space terahertz carrier, with a transfer efficiency that
remains essentially constant in the 0.35-1.25 THz range.
Note that the origin of the slight height difference between
the two sidebands is unclear yet. It could be partially attrib-
uted to the limited spectral resolution of our FTIR. Indeed,
the instrument resolution of 0.12 cm™!, which corresponds
to a frequency resolution of 3.6 GHz, is significantly lower
than the few megahertz widths of the lines.

Figure 3 shows spectra of the amplitude modulated tera-
hertz radiation emitted by the photomixer for several values
of the extinction ratio. The carrier frequency is set at wryy,
=0.66 THz, and X ranges from 2 to 10. An increase in the
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FIG. 3. FTIR spectra at several extinction ratios X for frequency offsets
between the two modulated telecom lasers of 0.66 THz. Insert: Sideband
power Pgp, normalized to the carrier power P,, plotted as a function of the
extinction ratio X. The filled and open diamonds represent the peak ampli-
tudes at frequency wry,+{) and wpy,—(), respectively. The dashed line
indicates the theoretical law.

sideband power is clearly observable with increasing X,
while the central line at frequency wry,=0.66 THz remains
unchanged as expected. In order to better understand the
spectral shape of the generated terahertz radiation, we de-
rived a simple analytical model of the amplitude modulated
terahertz electric field using the photomixing theory7 and un-
der the hypothesis that the optical modulator is operating in a
linear regime. In this case, the amplitude modulated terahertz
electric field can be expressed as follows:

E 1
ETHZ = ?0 COS(wTHZt) + Em[COS(O)THZt - Qt)

+ cos(wpy,t + Q)] (.

where m is the modulation coefficient defined by m=X
—1/X+1. E, is the peak amplitude of the terahertz electric
field generated by the photomixer in the absence of modula-
tion. A Fourier transform is used to calculate the sideband
power Pgg relative to the carrier power P.:Pgg/ Pczi(X
—1/X+1)2. The experimental (diamond symbols) and calcu-
lated (dashed line) values of Pgg normalized to P, are plotted
as a function of X in inset of Fig. 3. Note that no adjustable
parameter has been used in the calculation. The model ex-
plains very well the amplitude of the w+() peak, but predicts
a w—{) peak smaller than the observed one. The comparison
between experimental data and theoretical prediction sug-
gests that our simple model contains the main physical phe-
nomena involved in the photomixer operation. The observed
discrepancy between the lower sideband levels and the
model may originate from a measurement problem, such as
for instance the limited spectral resolution of the FTIR spec-
trometer. With this proviso, the physics of the modulation
is well understood and it can be applied to engineering ap-
plications such as high-bit-rate wireless telecommunication
systems.

The Fig. 4 shows microwave sidebands at several modu-
lation frequencies from 8.1 to 20 GHz. The spectra are
shown as frequency shifts relative to the 0.66 THz carrier. To
take into account the decrease in the amplitude modulation
of the two telecom lasers as the modulation frequency in-
creases, the spectra plotted in Fig. 4 are normalized by the
factor m?. This allows the relative heights of the sidebands to
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FIG. 4. Microwave sidebands at several modulation frequencies from 8.1 to
20 GHz. The -3 dB electro-optic bandwidth of the Mach—Zehnder modu-
lator is 20 GHz. Spectra are shown as frequency shift relative to the 0.66
THz carrier and the amplitude are normalized by the factor m?.

be compared directly. One obvious feature of the data is that
the sidebands do not decrease as the modulation frequency
increases, and the transfer efficiency is preserved up to 20
GHz.

However, error-free data transmission over few hundreds
of meters requires reasonably high output powers (of the
order of ten microwattsz) for the terahertz carrier, with low
noise characteristics of the transmitted signal. Currently pho-
tomixing devices driven at A=1.55 um are based on ion-
irradiated Ings53Gag47As photoconductive material, as well
as on low temperature-Inov53GaO'47As,8 ErAs:Ing 53Gag 47As
(Ref. 9) photoconductive  materials,  Ings53Gag 47As
n-i-p-n-i-p superlattices,10 and unitraveling photodiode.1 All
these technologies allow one to reach output powers in the
tens of nanowatts range at 1 THz, except for the last one
which can deliver 12.6 uW at a frequency 1.04 THz.? It is
expected that the output power delivered by terahertz photo-
mixers driven at A=1.55 um will increase in the near future,
thanks to a combination of basic research and technological
developments. Strategies currently pursued include design of
antennas that ensure a better extraction of the terahertz
wave:s,11 traveling-wave scheme,12 or ballistic transport10 to
overcome the transit time versus RC time trade-off, the use
of Fabry—Pérot cavity or three-dimensional photonic
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crystal13 to enhance the carrier generation and collection, and
substrate report to improved passive thermal sinking.

In conclusion, we have demonstrated the efficient trans-
fer of a gigahertz modulation from an optical carrier at tele-
com wavelengths to a free space terahertz beam. The prin-
ciple we have demonstrated is general and it can be applied
to any photomixing process, regardless of its device imple-
mentation. Moreover, by illuminating the photomixing mod-
ule by multimode laser, several terahertz single-frequency
modes can be simultaneously emitted in applications includ-
ing wavelength-division multiplexing.
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