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DESIGN

Improvements in photonic and electronic
technologies are enabling the implementation
of transmitters and receivers operating at

terahertz frequencies.

andwidth demands are driving operating fre-

quencies constantly higher, with submillimeter-

wave and terahertz frequency bands offering

tremendous potential for applications in indoor

wireless communications, spectroscopy, and imaging systems.

Frequencies between 275 and 3000 GHz, which have not yet

been officially allocated, offer tremendous growth potential

for near-field communications at data rates of 10 Gb/s and

higher in the near future.1-4 The challenge facing design engi-

neers is the development of affordable hardware to support
applications operating at such high frequencies.

Terahertz imaging and spectroscopy,

for example, are among the more interest-

ing applications for medical and indus-

of data to multiple users within buildings.

During the 2008 Olympic Games, Fuji Television Center
used a terahertz system to transmit video signals of a live high-
definition (HD) program from a recording studio to the inter-
national broadcast center, about 1 km distant. This organization
achieved a data rate of 10 Gb/s in recent terahertz transmis-
sions.® The use of terahertz frequencies has increased in recent
years as the output power of transmitters and the sensitivity of
receivers at those frequencies has increased.

Terahertz communications devices are based on both pho-
tonic and electronic technologies, and different design equa-

TABLE 1: COMPARING INP HBT AND HEMT TECHNOLOGIES.

trial applications of terahertz frequencies.
Terahertz imaging can be extremely useful
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1. This block diagram shows a photonics-based approach for a

terahertz transmitter.
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2. This block diagram shows an electronics-based approach for a

terahertz transmitter.
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tions apply to each technology area. Classical
equations govern the submillimeter-wave spec-

10°

trum while quantum equations are generally
used for frequencies above the terahertz region.
To better understand how they fit for higher-
frequency applications, both technologies will
be examined and then compared.

Using photonic technology, basic transmit 101 -
and receive operations are performed in the
optical regime with the appropriate devices. The

transmitter has the required components for sig-
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nal generation, modulation, amplification, and 10 |~
optical-to-electrical conversion (Fig. I).
Solid-state and vacuum-tube devices have

been used for signal generation at lower fre-
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quencies within the terahertz region, while 0.1
beam-wave tubes and optically pumped lasers
(OPLs) have been used for higher-frequency
terahertz applications. Beam-wave tubes include
gyrotrons and free-electron lasers (FELs). These
sources provide high output-power levels and are often used for
plasma heating, high-power radar systems, and remote-sensing
systems. Vacuum electronic devices—such as FELs and electron
cyclotron lasers—produce output signals to 1 THz, with cyclo-
tron tubes capable of terahertz signals at power levels to 1 kW.
In FELs, the electron beams oscillate at high speeds to release
photons via a strong magnetic field. These photons are then
directed, by means of a reflector, through the electron beam for
added gain. Solid-state lasers provide sources of high-frequency
energy,® as do OPLs.’

Optical modulators include devices that
work by modulating signals provided by
optical sources, such as absorptive and F out
refractive modulators. In an absorptive
modulator, modulation is based on the vari-
ation of the absorption coefficient due to
the Fermi level or free-carrier concentration
changes. In a refractive modulator, opera-
tion is based on refractive index variations.”  LNA matching network
Decreasing the frequency of an optical sig- and DC-bias creuits
nal following generation from an optical
source and prior to modulation is another
method for producing terahertz and mil-
limeter-wave modulation?; this approach
can be implemented in a number of differ-
ent ways.'%!2 In one approach, millimeter-
wave and terahertz signals are generated by
means of a subharmonic mode-locked laser
diode and an arrayed waveguide grating
(AWG) filter (see Fig. 2).!° AWGs are often
used as optical demultipliexers in wave-
length-division-multiplex (WDM) systems.

0.3 0.5
Frequency—THz

3. This plot compares the high-frequency performance of three O/E converter
technologies: UTC-PD, PIN-PD and low-temperature (LT) GaAs photomixers.
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4. This simple block diagram shows an electronic terrhertz

transceiver.
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5. These are the essential components of a single pixel HEB.
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Optical amplifiers are also key components used for process-
ing optical and terahertz signals. Amplifiers are realized with a
number of different technologies, including as laser, semicon-
ductor optical, Raman, and optical parametric amplifiers. Two
major categories of optical amplifiers include fiber-based and

planar optical waveguide amplifiers.'>

For photonic based transmitters, optical-electric (O/E) con-

verters are key devices. Unitraveling-
carrier photodiodes (UTC-PDs) and
photodiode devices based on positive-
intrinsic-negative (PIN) photodiodes
(PIN PDs) serve as efficient O/E con-
verters. A combination of these two
approaches can provide conversion with
reasonable output power through 380
GHz, with photocurrent of 10 mA and
bias voltage of 1.1 V yielding output
power of 110 uW. This output power can
be increased to 400 yW using photocur-
rent of 20 mA. Figure 3 depicts output
powers for three O/E converter tech-
nologies: UTC-PD, PIN-PD, and low-
temperature (LT) GaAs photomixers.?

The performance of terahertz systems
can be steadily improved, including noise
and phase performance. Figure 4 shows
the conceptual design of a transceiver for
terahertz applications, to demonstrate
how different electronic devices, can be
applied to improve the performance of
terahertz transceiver systems.

A variety of electronic sources for tera-
hertz applications have been developed
in recent years. Some of the signal sourc-
es are integrated-circuit (IC) oscillators
based on transistors, resonant tunable
diodes, ' Bloch oscillators,!> or plasmat-
ic oscillators.'® Hot-electron-bolometer
(HEB) superconductor mixers have also
been developed, providing some of the
highest sensitivity levels for heterodyne
receivers at frequencies above 1 THz.
Low-noise amplifiers (LNAs) based on
indium-phosphide (InP) high-electron-
mobility-transistor (HEMT) devices can
also operate at these frequencies.!”

At the conjunction of these two tech-
nologies, fourth or quad pixel technol-
ogy limits noise levels for high-speed
spectroscopy and imaging applications.
The operation and processing speed of
these pixel-based systems can be sig-

nificantly improved by means of integrated HEB circuits and
intermediate-frequency (IF) amplifiers integrated in multipixel
focal plane arrays (FPAs).'® The low power consumption of
LO sources and the low operational noise of HEB mixers make
them suitable for this kind of integration, especially in mono-
lithic-microwave-integrated-circuit (MMIC) IF amplifiers.
Proper use of input matching networks provides the necessary
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frequency tuning and opportunities for using MMIC devices
with different sources and at different operating frequencies.
Chip devices based on single-pixel HEB array technology have
been fabricated with close to 30-dB gain across bandwidths as
wide as 10 GHz at terahertz frequencies.

Figure 5 shows the base structure of a single-pixel HEB
array.!” The active elements consist of a photon-cooled HEB,
constructed from NDbN films deposited

microwaves:rf

mum current gain of 30. The measured S-parameters for this
transistor indicate a maximum frequency of operation of more
than 650 GHz.

Some InP HEMT and metamorphic HEMT (mHEMT)
transistors with operating frequencies between 300 and 350
GHz have also been introduced.?? Based on these researches
and technologies, an amplifier with gain of more than 11 dB

on asilicon substrate. The three compos-
ite focal plane elements, which consist
of HEB and MMIC IF amplifiers, have
demonstrated operation at frequencies
to 1.6 THz. In theory, the integrated
quasioptical pixels can be operated at
even higher frequencies. Research has
indicated the possibility for developing
FPAs with potentially hundreds of pixels.
High-frequency HEB FPAs can be useful
in applications such as astronomy and
medical diagnostic systems.

While these exotic devices offer great
promise at higher frequencies, one of
the most important devices for terahertz
systems is still the common transistor,
which is used throughout high-frequen-
cy systems. A number of researchers
have focused on extending the frequency
range of commonly used devices, such
as InP HEMTs and HBTs.!® InP HEMTs
with maximum frequencies between 0.5
and 0.65 THz and HBTs with frequen-
cies from 0.3 to 0.4 THz have already
been reported.?’ Considering the results
of these reports, and the research being
conducted by DARPA, the upper fre-
quency limits of these devices should
only increase. Table I provides a summa-
ry of various research being performed
on these two types of high-frequency
transistors.?!

To develop higher-frequency transis-
tors for possible terahertz use, a num-
ber of studies have explored the use
of 100-kV electron beam lithography
(EBL) to fabricate devices with the fine
dimensions needed for higher-frequen-
cy operation.?! In one report, research-
ers have fabricated an HBT device with
emitter width of 0.15 um. In addition,
an advanced InP HEMT was fabricated
with emitter area of 0.25 x 4 pm? and
breakdown voltage of 4 V with maxi-
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6. The gain of a 300-GHz amplifier is plotted across an approximate
50-GHz bandwidth.

and frequency of 480 GHz was proposed. Figure 6 shows the
gain versus frequency for a 300-GHz amplifier. For a three-stage
amplifier based on this amplifier, maximum gain of 15 dB at 15
THz was achieved. However, the three-stage amplifier suffers
non ideal noise characteristics at its input amplifier stage.?!
Figure 7 summarizes recent activity on oscillator ICs operat-
ing at 100 to 600 GHz. All of these devices offer output power
of more than 10 pW, considered a minimum power level for
practical operation. The core research in this area focuses on
transistors and MMICs, with HBT transistors having cutoff
frequencies to 0.8 THz and HEMT transistors with frequencies
to 1 THz already having been reported.?* The characteristics of
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7. These plots compare the output levels of IC oscillators based on

different semiconductor technologies.

InP-based devices indicates that they are more suitable for tera-
hertz applications than silicon-based devices, although devices
based on silicon-germanium (SiGe) substrates are showing
great promise at higher frequencies.

The challenges for producing terahertz transistors include
decreasing device dimensions while also overcoming the effects
of parasitic circuit/device elements at higher frequencies. For
HBTs, small emitter dimensions are needed with low contact
resistance between the base and emitter as well as reduced
capacitance between the base and collector. Experimental HBTs
have been developed to 500 GHz, compared to silicon cir-
cuits which reached a maximum of 96 GHz. In addition, an
InP HEMT with breakdown voltage of 2.5 V and current of
0.25 mA/mm for an operating frequency of 1.2 THz has been
proposed. A number of studies have focused on exploring the
performance capabilities of InP HBT devices.?*

One of the main challenges is balancing the current increase
that occurs when the InP HBT’s dimensions are reduced, and
the need to dissipate the heat generated by additional current
flow. One possible solution involves changing the connection
width and reversing power, thus increasing heat resistance
capability. Practical terahertz bandwidths can only be achieved

Mobile carriers
Depletion
Intrinsic GaAs

8. These plots show the amplitude (top) and phase (middle) performance
of a terahertz electronic modulator (bottom).
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with these devices when ohmic contact resistance is very low.

A proposed terahertz-frequency modulator is based on a
HEMT device in which a two-dimensional electron gas (2DEG)
is used as the interface layer for the GaAs/AlGaAs substrate
material. The electron density of the 2DEG can be tuned and
controlled by the external gate voltage. Experiments performed
on this structure used an applied voltage between 0 and 10
V. The cutoff frequency based on the

By introducing this technology for use in the terahertz region, it
can play an important role in spectroscopy and communication
applications.’As an example for single pixel imaging, an SLM
served as a key component for decoding to terahertz waves.?’
Figure 9 shows an amplifier consisting of five 150-GHz stages
designed to operate between 160 and 180 GHz. It includes three
cascaded stages and two common emitters. The final stage con-

growth of received signal was calculated
as 6 kHz. With an applied gate voltage of
10 V, a maximum modulated terahertz
wave of 3% was obtained using tera-
hertz time-domain spectroscopy (TDS).
By creating artificial metals known as
metamaterials, it has been possible to
create split ring resonators (SRRs) with
extremely high frequencies.?” The meta-
materials have been analyzed by means
of Maxwell’s equations for different
properties—such as electron permittiv-
ity and magnetic permeability—and the
materials show great promise for use at
terahertz frequencies.

Since these materials can be influ-
enced by an external applied voltage, the
metamaterial resonance can be switched
from active and passive and back again
by tuning the sublayer conductivity.?> A
hybrid semiconductor formed of these
materials consists of SRR electronic
plates fabricated on a 1-um Si-GaAs lay-
er [Fig. 8(a)]. By connecting all SRRs, the
structure resembles a Schottky gate in
function.?” The carrier electron density
can be completely controlled by a reverse
voltage, making control of metamaterial
resonance and terahertz operation pos-
sible [Fig. 8(b)]. This structure can oper-
ate with 50% modulation depth at less
than 15 V applied bias voltage.2® These
metamaterial modulators offer potential
as high-speed modulators for imaging
and communications applications.?”

A spatial light modulator (SLM),
which can operate in the terahertz
region, is capable of electronic and opti-
cal control of transmission and reflec-
tion of an optical beam and as a result
change of direction and advance cod-
ing. These devices are essential for many
optical and electronic applications,
including imaging and spectroscopy.?®
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9. This schematic diagram shows the components in an amplifier designed for use from 160 to 180 GHz.

sists of two devices in parallel to achieve high output power. The
amplifier is optimized by tuning its resistors, capacitors, and
inductors for operation between 140 and 170 GHz. At 170 GHz,
capacitors of less than 30 fF are required. For such small capaci-
tance values, a metal-oxide-metal structure was developed. Fig-
ure 10 offers a MMIC multiplier and amplifier for terahertz use.

Both photonic and electronic means are capable of reaching
terahertz frequencies. As a comparison, Table 2 shows specifica-
tions for a 125-GHz transmitter realized by means of photonic
(UTC-PD) and electronic (InP HEMT MMIC) approaches.*
Each method has advantages and disadvantages, with electronic
approaches being somewhat limited in usable output-power
levels and photonic approaches also allowing fiber connections
from point to point in a system. Il

TABLE 2: COMPARING PHOTONIC AND

ELECTRONIC APPROACHES IN A 125-GHz
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