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a b s t r a c t

An analysis has been carried out to estimate the spectral characteristics of an integrated photomixer/

antenna in a homodyne photomixing system. The analysis adopts the impedance mismatch factor and

Friis power transmission formula used in communication links based on the conventional analysis

theory of a terahertz photomixer. The analysis and experimental results have proved that an impedance

matching condition between the impedance of a photomixer and the input impedance of an antenna is

directly related with photomixing terahertz wave generation. The Friis formula is introduced to

calculate the propagation loss of the wave from a transmitter to a receiver in a homodyne photomixing

system. A log-periodic antenna was used to ensure a high dynamic range in a broad frequency region.

The dynamic range of the homodyne terahertz photomixing system was about 60 dB near 100 GHz and

decreased with an increasing frequency from 10 GHz to 1000 GHz. The measured results agree well

with the theoretically analyzed results and prove that the terahertz photomixing power is closely

related to impedance mismatch factor and it could be estimated in the homodyne terahertz

photomixing system without a terahertz power detector.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Homodyne terahertz systems have received a considerable
amount of attention as an important candidate for terahertz
spectroscopy, sensing and imaging systems [1–3]. A continuous-
wave (CW) terahertz photomixing system is superior to a pulsed
terahertz system for industrialization because of the low cost and
the small size. It offers the advantages of frequency selectivity
and a much higher frequency resolution that enables real-time
measurements in the frequency domain [4,5]. A photoconductive
photomixer was used to generate the CW in the terahertz
frequency region by using two CW laser beams possessing
different frequencies. The most important duty of a CW terahertz
photomixing system is to increase the output power of an
integrated photomixer/antenna. Improvements to a terahertz
output power have been achieved through many efforts to
optimize a photomixer and antenna geometry and in the devel-
opment of the photomixer substrate material [6–8]. The achieved
power is still insufficient for real applications; the desired power
improvement now needs to be conducted by optimizing the
photomixer and antenna design. In order to achieve the optimiza-
tion of the design, the theoretical analysis model of an integrated
ll rights reserved.
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photomixer/antenna is very important. Most of the studies on the
theoretical analysis have been devoted to the concept of the
photomixer acting as a discrete current source connected to an
antenna without consideration of impedance matching between
photomixer and antenna [9,10]. However, improvement of the
impedance matching by using a resonant antenna can increase
the output power of an integrated photomxier/antenna [11,12].
Impedance matching needs to be added to the theoretical analysis
in order to estimate the power more accurately. A homodyne
terahertz photomixing system is appropriate for the verification
of the analysis used to characterize an antenna because the
frequency characteristics of an antenna in a CW system are not
affected by an optical excitation, whereas the characteristics of an
antenna in a pulsed system are significantly influenced by an
optical pulse shape [13]. When a terahertz wave propagates from
a transmitter to a receiver in a homodyne system, a propagation
loss varies according to the frequency. Therefore the spectral
analysis of an antenna by using a homodyne system should
consider a propagation loss as a function of the frequency.

In this paper, the theoretical analysis of an integrated photo-
mixer/antenna in a homodyne terahertz system in the frequency
domain is presented. The analysis method combines the effects of
an impedance matching between photomixer and antenna based
on the conventional analysis theory of a terahertz photomixer for
the calculation of the generated terahertz power in a transmitter.
Furthermore, the analysis includes the Friss power transmission
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formula used in a communication link in order to estimate the
received terahertz power in a receiver after wave propagation
from a transmitter. There are four necessary factors needed to
analyze an integrated photomixer/antenna; the input resistance
of an antenna, the capacitance of a photomixer, the reflection
coefficient between photomxier and antenna, and the photocarrier
lifetime of a substrate material. In order to achieve a high dynamic
range in a broad frequency region, a log-periodic antenna having a
self-complementary property was used [14,15]. The input resistance
of a log-periodic antenna and the capacitance of an interdigitated
photomixer were calculated by using an electromagnetic (EM)
simulator. The reflection coefficient (G) between photomixer and
antenna was also calculated by using the EM simulator; the port
impedance of an antenna was renormalized to 100 kO because the
measured resistance of a photomixer was about 100 kO when the
photomixer was excited by a light. The photocarrier lifetime was
measured using time-resolved reflectance measurements. In order
to verify the accuracy of the proposed analysis, the calculated results
were compared to the measured ones in the homodyne terahertz
photomixing system composed of an all-fiber path for a laser beam.
2. Photomixing theory and data analysis

Fig. 1 shows an equivalent circuit diagram of an integrated
photomixer/antenna. A photomixing process occurs by illuminat-
ing a photomixer fabricated on the photoconductor with two CW
laser beams. These lasers have slightly different frequencies, n1

and n2, and powers, P1 and P2, and are collinear in space and
linearly polarized. The photocurrent i(o,t) is modulated only at
the difference frequency of the lasers because the time period of
two lasers is much shorter than the photocarrier life-time of the
photoconductor. The capacitance C(o) represents charge accu-
mulating effects in the interdigitated photomixer. The bias
voltage VB can be modulated at several kHz for the THz signal
detection by using lock-in detection techniques. The time-
dependent conductance, G(o,t) is obtained from the carrier
density generated in the photoconductive gap.

The instantaneous power incident on a photomixer is taken
from [16]:

Pðo,tÞ ¼ P1þP2þ2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mP1P2

p
cosðo,tÞ ð1Þ

where o¼2p(n1�n2), and m is the mixing efficiency that varies
between 0 and 1 depending on the spatial overlap of two
lasers [3]. The photocarrier density in the photoconductive gap
of a photomixer is the solution of the Eq. (2).

dn

dt
¼

Z
hvAd

Pðo,tÞ�
n

t
ð2Þ
VB

( , )G tω

( )C ω
( , )i tω

( )RA ω

Fig. 1. Equivalent circuit diagram of an integrated photomixer/antenna.
where n is the instantaneous photocarrier pair density, Z is the
quantum efficiency (the number of photocarrier pairs per incident
photon), A is the active area, d is the absorption depth, and hn is
the mean photon energy. The second term in Eq. (2) indicates the
exponential decay of carriers with a 1/e decay lifetime characterized
by t. Using the equivalent circuit from Fig. 1, the instantaneous
power dissipated in an antenna resistance can be written as:

PAðo,tÞ ¼ RAðoÞ
VB

RAðoÞþ½Gðo,tÞþ joCðoÞ��1

� �2

ð3Þ

The terahertz power in an antenna is determined finally in
(4) by disregarding the constant offset and averaging the powers
varying with time, and adding the impedance matching condition
between the output impedance of a photomixer and the input
impedance of an antenna.

PA_THzðoÞ ¼ Zcð1�9G9
2
Þ

RA oð Þt2

1þðotÞ2
� �

1þ oRA oð ÞC oð Þð Þ
2

� � ð4Þ

where Zc is defined as the total optical-to-electrical conversion
efficiency related with the incident power, the quantum and
mixing efficiency, the bias voltage, the mobility of the photo-
conductor, and the geometry of a photomixer. ! is the reflection
coefficient between photomixer and antenna, that is defined as
(Zant-Zmixer)/(ZantþZmixer), where Zant is the input impedance of an
antenna and Zmixer is the output impedance of a photomixer. The
impedance mismatch factor (1-9G92) represents the fraction of
power delivered to an antenna from a photomixer based on the
ratio of the impedance of a photomixer and an antenna. Eq. (4)
shows that the radiated terahertz output power is closely related
to the photocarrier lifetime and the capacitance of a photomixer,
and especially related to an antenna impedance.

For data analysis, a homodyne terahertz photomixing system
is considered to be a simple communication link having same
transmitting and receiving antennas in order to calculate power
transfer. The power transmission formula in the communication
link is:

Pr ¼ Pt
GtGrl

2

ð4pRÞ2
ð5Þ

In our system, Pr and Pt are interpreted as the received power
at a receiving antenna and the transmitted power by a transmit-
ting antenna, respectively. The gains of transmitting and receiving
antennas, Gt and Gr are set to be constant in the frequency domain
because the absolute value of the power is outside the scope of
this study. The received power in our system can be expressed as:

Pr_THzðoÞpð1�9G9
2
Þ

RA oð Þt2

o2 1þðotÞ2
� �

1þ oRA oð ÞC oð Þð Þ
2
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The photocurrent Iph(o) obtained by using the lock-in ampli-
fier in our system and the received power Pr_THz(o) are related by
Pr_THz(o) p Iph

2 (o), that is, the square of the measured photo-
current is proportional to the received terahertz power.
3. Experimental setup

A homodyne system setup is shown schematically in Fig. 2.
Our system is composed of an all-fiber path for laser beams in
order to increase the flexibility and power stability. Two
distributed-feedback tunable diode lasers, operating at around
853 and 855 nm, respectively, are coupled into a 2�4 fiber array
made of single mode, polarization-maintaining fiber. Approxi-
mately 1% of each guided laser’s power is extracted from the 2�4
fiber combiner/splitter to provide feedback control for the lasers.
This feedback control system can eliminate frequency fluctuations



Fig. 2. Homodyne terahertz photomixing system setup.

Fig. 3. Time-resolved reflectance measurements of LTG-GaAs.
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due to thermal drift or electronic noise. The frequency of the laser
can be controlled on the MHz level by the feedback system.
Additionally, the laser current is regulated based on the feedback
laser power to maintain a constant average laser output power.
One of superimposed laser beams from the combiner/splitter is
fed into a tapered semiconductor amplifier, the other one is used
for checking the frequency and power of two lasers. The amplifier
amplifies two laser beams while maintaining spectral properties,
such as the linewidth and the tunability. The output power of the
amplifier is coupled to a fiber-optical 50:50 splitter and divided
into two fiber outputs having the beat signal with the same
power. The two outputs are connected to two integrated photo-
mixer/antennas to play the role of terahertz transmitter and
receiver, respectively, in a homodyne terahertz photomixing
system.

A photoconductive 1.5 mm GaAs layer was grown on 350 mm
semi-insulating (SI)-GaAs using a molecular-beam epitaxy (MBE)
system at a temperature of 275 1C for a photomixer/antenna.
After growing, it was annealed in situ at a temperature of 600 1C
for 10 min in ambient As4. The photocarrier lifetime of the low-
temperature-grown (LTG)-GaAs was measured using time-
resolved reflectance measurements employing a femtosecond
self-mode-locked Ti:sapphire laser tuned to l¼790 nm in order
to calculate a terahertz output power. The measured photocarrier
lifetime was 1 ps, as shown in Fig. 3.

For the THz emission and detection a log-periodic antenna and
an interdigitated photomixer were fabricated on the LTG-GaAs
using photolithography and electron-beam lithography, respec-
tively. The log-periodic broadband antenna was adopted in order
to extract the frequency characteristics of an antenna operating in
a homodyne terahertz photomixing system in a wide frequency
range. The shape of an interdigitated capacitor (IDC) was used for
a photomixer to increase the optical-to-electrical conversion
efficiency. The dimensions of the IDC are: the total number of
fingers¼2, the overlap length¼4.6 mm, the finger width¼0.3 mm,
and the gap¼1.7 mm. The photomxier is integrated into the feed
point of a log-periodic antenna as the source for an antenna. The
photocurrent in a transmitter chip is generated when the photo-
carriers excited by two DFB-LDs are accelerated by a bias voltage.
The generated photocurrent in a photomixer is coupled to an
antenna and radiated into free space via an attached silicon lens.
The transmitted terahertz wave from a transmitter chip is
collimated and focused onto a receiver chip through two off-
axis parabolic mirrors in a homodyne terahertz photomixing
system, as seen in Fig. 2. A receiver operates in a similar way to
a transmitter, but the terahertz wave incident on a receiver plays
the role of a bias voltage in a transmitter chip. A voltage
proportional to the received electric field induces the photocur-
rent by accelerating the photocarriers excited in a receiver chip.
4. Results and discussions

In order to verify the theoretical analysis, the input resistance
of a log-periodic antenna and the capacitance of an interdigitated
photomixer were calculated by using the CST microwave studio
(MWS) EM simulator. Fig. 4 shows the simulated input resistance
of the antenna and capacitance of a photomixer. As shown in
Fig. 4(a), there are several peaks under 300 GHz and one peak



Fig. 4. Simulated results: (a) the input resistance of a log-periodic antenna and

(b) the capacitance of an interdigitated photomixer.

Fig. 5. Simulated reflection coefficient and impedance mismatch factor.
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near 400 GHz because of the resonance characteristics of the
several teeth found in the log-periodic antenna. In Fig. 4(b), the
interdigitated photomixer shows an inductive behavior over
930 GHz. The inductive behavior of the photomixer is out of the
scope of this analysis, but the optimization of the inductive
behavior of the photomixer with the reactance of an antenna
could increase the radiation efficiency of an integrated photo-
mixer/antenna in the terahertz region.

The reflection coefficient (G) between photomixer and
antenna was calculated using the EM simulator; the port impe-
dance of an antenna was renormalized to 100 kO because the
measured resistance of a photomixer was about 100 kO when the
photomixer was excited by the lasers. The reflection coefficient
and the impedance mismatch factor (1�9G92) seen in Fig. 5 show
that the fraction of power delivered to an antenna from a
photomixer is between approximately 0.001 and 0.005.

Most of the generated power in a photomixer is reflected
because of the impedance mismatch between the output impe-
dance of a photomixer and the input impedance of an antenna.
This impedance mismatch factor could be ameliorated by using
resonant antennas having a high input impedance in the specific
frequency range.

The received power was calculated with the measured photo-
carrier lifetime and the calculated antenna impedance and photo-
mixer capacitance found in Figs.4 and 5 using (6). The theoretically
calculated results are compared in Fig. 6 to the measured results in
order to verify the proposed analysis. The inset shows the SNR in the
lower frequency region. For the comparison, the photocurrent of the
system was measured using lock-in detection techniques. The bias of
a transmitting photomixer/antenna was modulated at a frequency of
3 kHz and a maximum voltage of 15 V. The lock-in time constant was
set to 300 ms. Each photomixer/antenna was excited by an optical
power of 30 mW. The noise photocurrent was measured by blocking
the terahertz beam in order to determine the SNR of the system. The
difference frequency was varied from 10 GHz to 1000 GHz in steps of
100 MHz.

The amplitude of a detected photocurrent is proportional to
the amplitude of a terahertz electric field. The phase of a
photocurrent oscillates with the difference between an optical
path traveled by a laser beat to the receiver and an optical path of
a laser beat to a transmitter plus a terahertz path from a
transmitter to a receiver. There are two different kinds of
methods to control the phase difference. In the first method, the
phase difference can be controlled simply by changing an optical
or a terahertz path. In this case, for each frequency, the phase of
an optical path to a receiver and an optical path to a transmitter
plus a terahertz path needs to be equalized by changing an optical
or terahertz path to maximize the photocurrent at that frequency.
Alternatively, the phase difference also can be adjusted by
scanning an optical beat frequency. The maxima of the oscillating
photocurrent are equally spaced in frequency. In this study, the
difference frequency was scanned without using a delay line and
so the oscillating photocurrent according to a frequency was
measured. The values of the photocurrent at the equally spaced
maxima were used to determine the SNR of the measured
photocurrent. The SNR of the measured power was about 60 dB
near 100 GHz and the water vapor absorption line appeared at
558 and 753 GHz. The calculated powers were scaled to the
measured value at the peak of nearly 166 GHz in order to
compare the calculated results to the measured one. Fig. 6 clearly
shows the effects of the impedance mismatch factor and the Friss
power transmission formula. The red line shows the calculated
power considering both the impedance mismatch factor and the
power transmission formula. The blue line and the purple line
show the calculated power considering only the Friss formula and
only the impedance mismatch factor, respectively. The calculated
power without consideration of the impedance mismatch factor,
i.e. the blue line, shows discrepancies in the ripple size under
300 GHz and the amplitude levels over 500 GHz. The gap between
the measured power and the calculated power, not considering
the Friss formula, increases monotonically with an increasing
frequency. These results imply that the generated power in an
integrated photomixer/antenna can be roughly estimated from
the results measured in a homodyne terahertz system by remov-
ing a propagation loss as a function of the frequency. The peaks in



Fig. 6. Comparison of the signal to noise ratio (SNR) between the calculated and measured results. Inset shows the SNR in the lower frequency region.
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the calculated results between 900 and 1000 GHz are attributed
to the change of IDT photomixer characteristics from a capacitor
to an inductor. The calculated data over the frequency at which
the characteristics of an IDT photomixer are changed to inductor
is not correct because the effect of the inductor is not analyzed in
this paper. The SNR of the calculated results are higher than the
SNR of the measured one under 100 GHz because the terahertz
path is not sufficient to satisfy the Friss formula in that frequency
region and the gain of the silicon lens under 100 GHz is less than
that of silicon lens over 100 GHz. The small discrepancies over
300 GHz are due to the misalignment between the transmitter
and receiver and the attenuation that occurs during the propaga-
tion of the wave from the transmitter to the receiver through the
two parabolic mirrors and air. The measured results generally
agree well with the calculated results by the proposed analysis
including the impedance mismatch factor and the Friss power
transmission formula. The terahertz photomixing power is closely
related to impedance mismatch factor and it could be estimated
in a homodyne terahertz photomixing system without a terahertz
power detector. And the power could be improved by optimizing
the effects of the impedance mismatch factor.
5. Conclusions

This paper has presented a spectral analysis method for an
integrated photomixer/antenna in a homodyne terahertz photo-
mixing system. The analysis includes the impedance mismatch
factor and the Friis power transmission formula based on the
conventional analysis theory of a terahertz photomixer. A photo-
mixer/antenna has been characterized over the frequency region
of 10–1000 GHz. The SNR of the measured power was approxi-
mately 60 dB near 100 GHz and decreased monotonically with an
increasing frequency. The calculated results using the analysis
method agree well with the measured one. The measured results
prove that the terahertz photomixing power is closely related to
impedance mismatch factor and it could be estimated in the
homodyne terahertz photomixing system without a terahertz
power detector.
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