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We demonstrate a wireless transmission link at 3.9 THz over a distance of 0.5 m by employing a terahertz (Hz)  
 quantum-cascade laser (QCL) and a THz quantum-well photodetector (QWP). We make direct  voltage 
modulation of the THz QCL and use a spectral-matched THz QWP to detect the modulated THz light 
from the laser. The small signal model and a direct voltage modulation scheme of the laser are presented. A 
square wave up to 30 MHz is added to the laser and detected by the THz detector. The bandwidth limit of 
the  wireless link is also discussed.
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Terahertz (THz) technology has attracted more and 
more attention in the past two decades because of its 
various kinds of potential applications, such as real-
time imaging, information, and short range wireless 
communication among others[1–4]. For these applications, 
THz emitter and receiver are two key components. 
There are several different THz emitters, including 
 uni-traveling carrier photodiode[5], resonant tunneling 
diode[6], and microwave multiplication[7], which mostly 
operate in the sub-THz region from 100 to 300 GHz. 
However, there are not any devices mature enough to 
build a high-speed THz communication system in the 
range of 2.0–5.0 THz yet. Owing to the obvious advan-
tages such as high emitting power, fast response, THz 
 quantum-cascade laser (QCL) is a very promising emit-
ter of THz wave especially above 1 THz frequency[8,9]. 
The study of high-speed modulation of the THz QCL 
is important for the application of the device. Since the 
lifetime of the internal transport carrier in the THz 
QCL is very short, the direct modulation of device 
can reach the frequency of tens of gigahertzs[10,11]. On 
the other hand, the THz quantum-well photodetec-
tor (QWP)[12,13] is a good choice as a receiver. THz 
QWP has some specific characteristics, including high 
response speed, high sensitivity, and narrow band 
response, which is potentially suitable for detecting 
THz light. A wireless communication demonstration 
with a THz QCL and THz QWP was first reported 
by Grant et al. at 3.8 THz in 2009[14], which shows the 
basic components needed for a wireless communication 
can be performed by using a THz QCL as a source and 
a THz QWP as a receiver. Till date, there are a few 
reports about THz wireless communication based on 
THz QCL and THz QWP[15,16].

In this letter, firstly, we present a direct voltage mod-
ulation scheme of the THz QCL by employing a square 

wave signal. A spectral-matched THz QWP is used to 
detect the output THz light from the source. Secondly, 
the direct modulation and the small signal model of the 
THz QCL as well as the bandwidth limit of the wireless 
link are analyzed.

The THz QCL is based on a GaAs/AlGaAs material 
system with a four-well resonant phonon structure of 
the active region, as well as a metal-metal waveguide, 
emitting at 3.9 THz. The active region of the device 
has a size of 15 mm×25 µm and a height of 10 µm.  
The output power of the laser is around 2 mW in the 
continuous-wave mode. In order to achieve the best 
performance of the devices, the THz QCL is placed 
on a copper heat sink and mounted on the cold finger 
of a closed cycle helium cryostat, operating at 10 K, 
and the THz QWP is cooled down to 4 K by using a 
 continuous-flow liquid-helium cryostat.

A schematic experimental setup is shown in Fig. 1. 
The THz QCL is driven by a modulator. The modulator 
module mainly includes a high-speed amplifier, which 
has a magnification of A = Vo /VIN = (RG + RF)/RG.  
By using a bias-T, the direct current (DC) bias is 
added to the alternate current (AC) component. In this 
experiment, the DC bias added to the laser is 12.55 V  
and the AC bias is 0.45 V. The high voltage is in the 
linear operation range of the laser and at the same 
time, the low voltage is below the threshold voltage of 
the laser. The modulation depth of the signal is 100%, 
and the modulation is on-off keying.

 Two off-axis parabolic mirrors are used between the 
laser and the detector to establish a 0.5 m optical path 
in the room air. The emitting THz light is collected by 
the two off-axis parabolic mirrors with a focal length of 
101.6 mm, and then focused onto the detector through 
the polyethylene window of the closed cycle cryostat 
where the detector is placed. The transmission of the 



 120401-2 

COL 12(12), 120401(2014)  CHINESE OPTICS LETTERS December 10, 2014

polyethylene window is 75% at 3.9 THz with 1.8 mm 
thickness. At 3.21 THz the peak responsivity is 0.5 
A/W and the detectivity is about 1011 cmHz1/2/W[17].
The responsivity and detectivity fall to 55% of the peak 
at the frequency of 3.9 THz. The bias voltage added to 
the THz QWP is −50 mV, provided by a transimped-
ance amplifier (TIA) circuit. The photocurrent from the 
detector is converted to voltage by the TIA and ampli-
fied by a variable gain amplifier, and is then shown in 
the oscilloscope. 

The power–voltage–current (P-V-I) curve of the THz 
QCL is shown in Fig. 2. It is clear that the thresh-
old current is about 0.15 A. The linearity of the P-V-I 
curve of the device is relatively better in the range of 
0.16 to 0.19 A and within this range the voltage is 
from 12.7 to 13.5 V. We can take advantage of this 
feature to make direct voltage modulation of the laser. 
A spectral-matched THz QWP is used to detect the 
THz light from the laser. By using a spectroscope, we 
can get the normalized spectra of the laser emission 
and the detector response (Fig. 3). It is clear that the 

Fig. 1. Scheme of the transmission setup.
Fig. 3. Normalized spectra of the THz laser emission and the 
detector response. The inset is the illustration of a wider fre-
quency range.

Fig. 2. P-V-I curve of the THz QCL. Fig. 4. Electrical model of small signal of the THz QCL.

THz QCL emission spectrum is very narrow and the 
frequency range corresponds to the relatively flat pho-
tocurrent spectra of the THz QWP. Therefore, using 
the THz QWP to detect the 3.9 THz light is reasonable 
and practical. 

For small signals, the lumped electrical model of the 
THz QCL can be simplified as a device-differential resis-
tance Rd in parallel with a small capacitor (Fig. 4). The 
resistance Rd can be calculated from derivation of the 
P-V-I curve in Fig. 2 at the bias voltage in operation 
range, that is Rd = ΔV/ΔI, which is about 20 Ω. Ignor-
ing the influence of the top and the bottom contacts, the 
parallel capacitance C can be calculated by C = ԑ0ԑrA/h, 
where ԑ0 is the vacuum permittivity, ԑr is the relative 
permittivity of the material of the active region (GaAs/
AlGaAs), A is the active region area, and h is the thick-
ness of the active region. We can get the value of the 
capacitance by measurement, which is about 10 pF. 

When the device is connected to a coaxial cable, the 
impedance R of the coaxial cable must be taken into 
consideration, and the inductance L is caused by the 
wire bond. Ignoring the parasitic inductance L and 
the bandwidth limit of the modulation circuit, we can 
get the theoretically calculated −3 dB bandwidth as  
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f−3 dB = (R + Rd)/2πRRdC. In our experiment, we obtain 
the f−3 dB as 1.11 GHz. The −3 dB bandwidth of the THz 
QCL is primarily affected by the differential resistance  
Rd and the capacitance of the parallel capacitor C.

A 10 MHz square wave signal from the digital signal 
generator is added to the THz QCL. The time traces of 
the modulation signal and the demodulation signal are 
shown in Fig. 5(a). The upper trace shows the modula-
tion signal and the lower trace shows the demodulation 
signal. We then gradually increase the frequency of the 
input square wave signal to 30 MHz. The time traces of 
the modulation and demodulation signals are shown in 
Fig. 5(b).We can get received signal from the demodu-
lation circuit, meaning that there is THz light in the 
optical path and the source is modulated correctly. 
The received signal can be correctly judged. Thus, the 
wireless link can be used in the transmission of digital 
 signal.

Owing to the delay of the circuit and the response time 
of the device, the demodulation signal shows a delay of 
about 75 ns in Fig. 5(a) and a delay of about 25 ns  
in Fig. 5(b). A slight overshoot and undershoot can 
be found in Fig. 5(a), which can be suppressed by the 
adjustable capacitor CF. Some nonlinear distortion of 
the modulation signal can be found in Fig. 5(b). It has 
been discussed that the f−3 dB of the small signal is 1.11 
GHz, which is much higher than the frequency modula-
tion. We attribute the distortion to the  nonlinear and 
the bandwidth limit of the modulation circuit. Square 
wave signal is mathematically equivalent to the sum 

Fig. 5. Time trace of (a) 10 and (b) 30 MHz signal  applied to 
emitter (upper trace) and received signal (lower trace).

of a sine wave at the same frequency, plus an infinite 
series of odd-multiple frequency sine waves at diminish-
ing amplitude and the higher odd-multiple harmonics 
are filtered out by the modulation circuit. The wave-
length of 30 MHz signal is 10 m and the length of the 
coaxial cable connected to the laser is 1.5 m, which is 
comparable to the wavelength of the modulation sig-
nal. There is impedance mismatch between the coaxial 
cable and the laser, which leads to the reflection of the 
power. The superposition of the reflection signal and 
the original signal causes  attenuation and distortion. 

For the received signal, besides the distortion caused 
by modulation signal, the bandwidth limit and noise of 
the home-made receiving circuit is another key factor. 
The receiving circuit module mainly includes a TIA 
and a variable gain amplifier. The bandwidth limit of 
the TIA is the main bandwidth limit of the demodula-
tion circuit as well as the transmission link. We take 
advantage of a voltage feedback amplifier as a TIA to 
supply the bias voltage needed by the QWP and con-
vert the photocurrent to a voltage signal[15]. The −3 dB  
bandwidth of the TIA is theoretically calculated as 

p− =3dB T FGBP/(2 ),f C R  where GBP is the gain band-
width product of the operational amplifier, which is 
1.6 GHz. CT is the total capacitance of the operational 
amplifier including the THz QWP capacitance and the 
parasitic input capacitance of the operational amplifier. 
In our experiment, we choose a transimpedance RF of 
1 kΩ, CT is 380 pF, thus the f−3 dB is 25.9 MHz. When 
the frequency of the modulation signal is 30 MHz, it 
is higher than the f−3 dB of the TIA. The higher odd-
multiple harmonics of the signal are attenuated greatly 
by the TIA circuit and only the baseband signal is 
retained, which makes the demodulation signal look like 
a sine signal. By reducing the capacitance of the detec-
tor and the transimpedance RF, the −3 dB  bandwidth 
of the TIA can be improved.

In conclusion, we present a direct voltage modulation 
scheme of THz QCL, as well as a wireless link over a 
distance of 0.5 m by employing a THz QWP to detect 
the THz light from the laser. The maximum transmis-
sion bandwidth is 30 MHz. The result shows that the 
THz light is modulated and detected correctly in the 
wireless link. We discuss the direct voltage modulation 
and the small signal model of the THz QCL as well as 
the bandwidth limit of the transmission link. In our 
experimental setup, constrained by the performance of 
the devices and digital circuits in the system, the band-
width of the link cannot reach gigahertz. Nevertheless, 
the system shows the potential of wireless communi-
cation with THz QCL and THz QWP. By optimiz-
ing the devices and the circuits, the bandwidth of the 
 transmission link is expected to improve  significantly. 
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