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Abstract—Resonant tunnelling diode (RTD) technology is
emerging as one of the promising semiconductor-based solidstate technologies for terahertz (THz) wireless communications.
This paper provides a review of the state-of-the-art, with a focus
on the THz RTD oscillator, which is the key component of RTDbased THz transmitters and coherent receivers. A brief summary
on the device principle of operation, technology, modelling, as
well as an overview of oscillator design and implementation
approaches for THz emitters, is provided. A new insight to
device evaluation and to the reported oscillator performance
levels is also given, together with brief remarks on RTD-based
THz detectors. Thereafter, an overview of the reported wireless
links which utilise an RTD in either transmission or reception,
or in both roles, is given. Highlight results include the record
single-channel wireless data rate of 56 Gb/s employing an all
RTD-based transceiver, which demonstrates the potential of the
technology for future short-range communications. The paper
concludes with a discussion of the current technical challenges
and possible strategies for future progress.
Index Terms—Terahertz, wireless communications, resonant
tunnelling diode, electronic oscillator, terahertz monolithic integrated circuit.

I. I NTRODUCTION

F

OR the last two decades, we have witnessed an extraordinarily fast evolution of mobile cellular networks, starting
from first generation (1G) to fourth generation (4G), and with
the fifth generation (5G) of wireless communication networks
now being deployed [1]. Indeed, the tremendous increase in
mobile data traffic and wireless networks widespread diffusion
is facing the unceasing demand for ultra-broadband multigigabit wireless communication technology, capable of extremely large channel bandwidths and ultra-high data rates
required by modern multimedia services [2], including the
Internet of Things [3]. This is in line with Edholm’s law [4],
which states that the demand for bandwidth performance in
wireless short-range communications has doubled every 18
months since 1980 [5], and so data rates of tens of gigabits
per second (Gb/s) [6] had to be accommodated since around
2020 onwards [7], while hundreds of Gb/s [8] and even
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terabits per second (Tb/s) wireless communication links are
expected within the next ten years [9], in what will be the
sixth generation (6G) networks [10]. In order to meet these
performance levels, an increase in the bandwidth by several
tens of gigahertz (GHz) is required [11]. However, this can
be achieved only through the exploitation of higher frequency
spectrum regions, specifically, the terahertz (THz) band [12].
Indeed, recent technological innovations [13] regarding THz
system components [14] indicate the viability of THz wireless
communications [15]. Regarding transmitters (Tx), two main
approaches for THz signal generation are currently employed:
photonic and electronic techniques [16] [17]. The photonic
approach has proven to be effective to achieve data rates of
up to 100 Gb/s along several meters long links [18]-[23], since
telecom-based photonic components, such as laser diodes,
modulators, and photo-diodes (PD), are available, together
with low-loss optical fibre cables. Generally, this approach
consists of photo-mixing two optically selected wavelengths
by means of a high-speed PD, such as a uni-travelling-carrier
photo-diode (UTC-PD) [24], to generate a THz carrier wave
signal through optical heterodyne down-conversion [25]. However, this technology still remains too complex for portable
consumer applications, such as mobile phones.
Regarding the electronic approach, there are several solidstate semiconductor-device candidates for THz emitters operating at room temperature (RT), including tunnel transittime (TUNNETT) diodes [26], impact ionization avalanche
transit-time (IMPATT) diodes [27], Gunn diodes [28] [29],
Schottky barrier diodes (SBD) [30], superlattice electronic
devices (SLED) [31], transistors [32], and resonant tunnelling diodes (RTD) [33]. Complementary metal-oxidesemiconductor (CMOS) field-effect transistor (FET), silicon
germanium (SiGe) heterojunction bipolar transistor (HBT) and
bipolar CMOS (BiCMOS), indium phosphide (InP) HBT, and
InP high-electron-mobility transistor (HEMTs) technologies
have shown maximum oscillation frequencies fmax of up to
∼ 450 GHz [34], ∼ 720 GHz [35], ∼ 1.1 THz [36], and ∼
1.5 THz [37], respectively, while InP RTDs have demonstrated
values above 2 THz [38].
Fig. 1 shows some of the most relevant reported output
radio frequency (RF) power versus operating frequency performances for THz solid-state integrated sources in the 0.2-2
THz range, including UTC-PD-based photo-mixers, transistorbased terahertz monolithic integrated circuits (TMIC) and
RTD-based oscillators. It can be seen that all the three technologies can provide output powers up to the milliwatt (mW)
threshold in the 300 GHz-band (∼ 275-325 GHz [39]), while
both UTC-PD and RTD-based emitters have also demonstrated
to work well above 600 GHz, and above 1 THz with associated
RF power of up to few microwatt (µW). Indeed, TMICs oscil-
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Fig. 1. Output power versus operation frequency of THz solid-state integrated
sources, including UTC-PD-based photo-mixers, transistor-based TMICs and
RTD-based oscillators in the 0.2-2 THz range, outlining some of the most
relevant results reported in the literature.

lators have shown to work at ∼ 300 GHz in the fundamental
mode [40], ∼ 430 GHz in the second harmonic [41], and
∼ 540 GHz in the third harmonic [42], and with operation
frequencies of 1 THz and mW output powers in the 0.3-0.9
THz range only enabled by extremely complex Tx designs,
including frequency multiplier chains, push-push operation,
sub-harmonic amplification stages, and array configurations
[43]-[48], while RTD oscillators do not require any of these
and are characterised by uncomplex circuit topologies, which
drastically reduces production cost and increases integrability.
Fig. 2 shows the performance of solid-state integrated THz
wireless communication technologies with data rates of up
to 100 Gb/s, including some of the most relevant literature
results. As it is possible to notice, data rates of several
tens of Gb/s have been achieved by different technologies,
including group IV (such as silicon (Si) and SiGe), and
III-V semiconductors (such as gallium arsenide (GaAs) and
InP), even though the link distance is still very limited to
well below 10 m, with the longer ranges largely enabled by
extremely high-gain antennas (> 50 dBi), coherent receivers
(Rx), and power amplifier stages [49]. It is therefore clear
that, in order to increase the link distance and realise practical
THz wireless communications, a significant improvement in
the performance of the associated compact semiconductorbased devices is required. From Fig. 2, it is also clear that
RTD technology demonstrates comparable performance to
other competing technologies in the context of ultra-broadband
short-range wireless links. In addition, while the other technologies typically employ complex transmission signalling
procedures, such as quadrature amplitude modulation (QAM),
quadrature phase-shift keying (QPSK), etc., RTD-based systems have relied on simple amplitude modulation schemes
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Fig. 2. Data rate versus link distance of solid-state integrated THz wireless
communication technologies, outlining some of the most relevant literature
results.

to achieve comparable speed performance, including on-off
keying (OOK) and amplitude shift keying (ASK). Indeed,
even though complex signalling, such as 16-QAM and higher
constellations, feature high-spectral density, signal processing
and synchronisation becomes mandatory, which makes the
designed systems energy-hungry, especially at the Rx side. On
the other hand, RTD transceivers (TRx) are characterised by
simpler implementations, mainly square-law direct detectors,
for which heavy signal processing is not required.
This review paper focuses on RTD technology for THz
wireless communications, which features the simplest Tx and
Rx circuit architectures among available THz technologies.
The paper is organised as follows. Section II provides a description of the device principle of operation, technology, and
modelling. Typical device designs approaches for THz emitters
are also included, together with a succinct description of RTD
oscillator design. Sections III describes the performance of
reported THz RTD oscillators, while Section IV briefly reports
RTD-based THz detectors. THz wireless links utilising the
RTD at the Tx, Rx, as well as those employing all-RTD-based
TRx, are described in Section V. The paper concludes with
a discussion about the current technological challenges and
futures perspectives in Section VI.
II. R ESONANT TUNNELLING DIODE
A. Principle of operation and technology
The resonant tunnelling diode (RTD) is a one-dimensional
(1D) vertical transport unipolar two-terminals semiconductor
active device which is characterized by a highly non-linear
current-voltage (IV ) characteristic, usually comprising of a
negative differential resistance (NDR) region and two positive
differential resistance (PDR) regions [50], as depicted in Fig.
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Fig. 3. Schematic illustration of the RT IV characteristic of a generic
RTD device, assuming a first and a second quasi-bound resonant level in
the quantum well.

TABLE I
RTD III-V ELECTRONIC PHYSICAL PARAMETERS∗
Material

m∗e [m0 ]

Eg [eV]

ϵr,0 [ϵ0 ]

∆Ec [eV]

GaAs

0.063

1.424

12.90

-0.28[a]

AlAs

0.146

2.949
2.153∗∗

10.06

0[a]

InAs

0.023

0.354

15.15

-1.35[b]

AlSb

0.140

2.386

12.04

0[b]

GaN

0.200

3.440

8.90

-2.00[c]

AlN

0.400

6.130

9.14

0[c]

Alx Ga1−x As
(0.45 ≤ x ≤ 1)

0.063+
0.083x

1.424+
1.155x+
0.370x2

12.902.84x

0.470.33x+
0.14x2[d]

In1−x Gax As
(x ≤ 0.47)

0.023+
0.035x+
0.009x2

0.354+
0.593x+
0.477x2

15.152.87x+
0.67x2

-4.88+
0.81x[a]

In0.53 Ga0.47 As

0.042

0.738

13.90

-1.04[a]

∗ Some

of the RT material parameters at the Γ point [59]-[62]. Alx Ga1−x As:
aluminium gallium arsenide, AlSb: aluminium antimonide, InAs: indium
arsenide. x is the molar fraction of the associated binary compounds.
m0 ≃ 9.11 × 10−31 kg is the electron rest mass, while ϵ0 ≃ 8.854 × 10−12
F/m is the vacuum permittivity. ∆Ec is given with respect to a reference
material (0 eV): [a]: AlAs, [b]: AlSb, [c]: AlN, [d]: GaAs. ∗∗ X point value.
These parameters are generic and strain-independent.

3. This non-linearity arises as a result of the quantum mechanical resonant tunnelling [51] of electrons/holes through the
device, even though electron operation is typically preferred
due to the higher associated drift mobility, which leads to
higher current density and maximum operation frequency. The
precise shape of the IV characteristic depends on different
factors, such as device size, material composition, epitaxial
structure, and temperature [52] [53]. The NDR region is

Barrier
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DBQW

RTD

Barrier
Emitter region
Emitter contact
Substrate

a)

Fig. 4. In a), a sketch of the typical layer structure of a generic double-barrier
RTD device, outlining the DBQW region. In b), the corresponding simplified
conduction band diagram in forward bias (peak resonance condition). The
quasi-bound resonant levels E1 and E2 are quantised due to the QW discrete
energy spectrum.

characterised by Ip and Iv , which are the peak and valley
currents, respectively, and corresponding voltages Vp and Vv .
Further, it can be described by ∆I = Ip − Iv , which is the
peak-to-valley current difference, ∆V = Vp − Vv , the peakto-valley voltage difference, and PVCR = Ip /Iv , the peakto-valley current ratio. The electrical span of the NDR region
determines the theoretical maximum RF power the RTD device
can deliver to a load [54]. The actual RF output power would
depend on different factors, such as the operation frequency,
device and circuit parasitic elements, and impedance matching
considerations [55].
RTD devices realized in III-V compound semiconductors
show attractive characteristics for THz operation [56] [57].
The electronic physical parameters of commonly used IIIV materials employed to design RTD-based THz sources
are shown in Table I, including the effective electron mass
m∗e , energy band-gap Eg , conduction band offset ∆Ec , and
static relative dielectric constant ϵr,0 at RT (300 K). In
general, small m∗e leads to high drift mobility and improved
transport properties, whereas high ∆Ec improves the PVCR
by suppressing thermionic emission across the device structure. Even though first attempts in THz oscillators realisation
were based on GaAs [58], the most dominant RTD technology for THz applications nowadays is based on the indium
gallium arsenide/aluminium arsenide (InGaAs/AlAs) material
system [63], which is epitaxially grown onto a lattice-matched
semi-insulating (SI) InP substrate through either molecular
beam epitaxy (MBE) or metal-organic vapour phase epitaxy
(MOVPE). This is because of the low m∗e of In0.53 Ga0.47 As
(RT saturation drift velocity ve,s ∼ 8×106 cm/s [64]) and
high ∆Ec , together with a low specific contact resistivity ρc ∼
10−8 Ω cm2 [65], which enhance current density and fmax .
Recently, III-nitrides have also gained interest in the RTD
community [66]-[68]. They feature large |∆Ec | (∼ 2.0 eV
in the gallium nitride/aluminium nitride (GaN/AlN) material
system), good ve,s (∼ 2.0 × 107 cm/s for GaN), and highbreakdown voltage. Despite that, they are characterised by
large m∗e (∼ 0.2 m0 for GaN and ∼ 0.4 m0 for AlN), the
Ohmic contacts are poor (ρc ∼ 10−5 Ω cm2 ), and the epitaxial
growth is still immature. Demonstrated devices have exhibited
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Fig. 6. Schematic illustration of the RTD epitaxial structure design employed
in the realisation of the 1.92 THz [84] and 1.98 THz [38] oscillators (reprinted
from [84] with permission).

Fig. 5. In a), a schematic illustration of the RTD epitaxial structure employed
in the realisation of the 260 GHz oscillator, in b), the measured static IV
characteristic of a fabricated 16 µm2 large device, in c), a SEM image of the
fabricated device (adapted and reprinted from [83] with permission).

fmax of under 200 GHz, so the jury is still out for this material
system for THz sources.
Fig. 4 a) shows a typical layer structure of a n-type intraband double-barrier RTD device in the InGaAs/AlAs material
system. The core of the diode comprises of a low band-gap
(InGaAs) quantum well (QW) layer sandwiched by two high
band-gap (AlAs) barrier layers, forming the so-called double
barrier quantum well (DBQW). Often, either an indium (In)rich InGaAs well [69] or an indium arsenide (InAs) sub-well
[56] is used for very high-speed operation. The device features
InGaAs-based undoped/lightly-doped spacer layers on either
emitter and collector sides, together with n+ emitter/collector
regions and heavily-doped contacts. Spacers are designed to
avoid dopant diffusion into the DBQW active region, to reduce
the device self-capacitance, and to maximise both speed and
power performances [70]-[72], while contacts doping level and
In molar fraction are optimised to enhance current density
and reduce the associated contact resistance [69]. Generally
speaking, layers thickness/doping level and QW indium molar
fraction reflect on the diode IV characteristic and capacitance,
and therefore impedance [52] [73], affecting both speed and
RF power performances. Variations in the DBQW, spacers
and contacts are found among the different RTDs reported
in the literature, while metal contacts typically employ a
titanium/palladium/gold (Ti/Pd/Au) stack scheme.
The DBQW region is nanometric in dimensions, typically well
below 10 nm, and therefore thin enough to allow electron
quantum mechanical resonant tunnelling [74]. In this sense,
the term resonant refers to the behaviour of electrons with
energy lower than the barrier potential, but still able to travel
across the DBQW region [75]. This is a consequence of the
wave-particle duality, where the electron can be described
through a wave-function [76]. The energy states in the QW
are quantised, i.e., the energy distribution spectrum is discrete
due to the associated stair-like density of states (DOS) [77].

The simplified conduction band diagram of a generic RTD
device under forward bias (peak resonant condition) is depicted in Fig. 4 b). In the illustration, the first and second
quasi-bound resonant energy levels E1 and E2 are shown.
The probability of electron tunnelling through the DBQW is
defined by the transmission coefficient Tdbqw : at the resonant
condition, Tdbqw ≈ T1 T2 ∼ 1, whereas Tdbqw ∼ 0 otherwise,
where T1 and T2 are the transmission coefficients associated
with the first and second barrier, respectively. The resonant
condition is met when the electrons entering the DBQW
region from the emitter conduction band have energy equal
to one of the allowed QW energy levels [78]. Thus, as the
electron transmission coefficient changes with the applied
bias voltage, the device static IV characteristic exhibits a
NDR [79]. Moreover, since resonant tunnelling in these 1D
vertical transport semiconductor-based nanostructures is a very
fast process, the NDR is characterized by an extremely wide
bandwidth, which can extend up to the THz range [80]-[82].
Therefore, RTDs can be embedded in resonators to build ultrahigh speed THz continuous wave (CW) sources and highly
sensitive detectors.
An example of an RTD epitaxial layers structure used in THz
sources up to around 300 GHz [83] is depicted in Fig 5 a).
It comprises of a In0.53 Ga0.47 As/AlAs DBQW heterostructure
with ∼ 1.46 nm thick barriers, ∼ 4.4 nm thick In0.53 Ga0.47 As
QW, and 25 nm thick lightly-doped (Si: 2×1016 cm−3 )
spacers, which was grown onto a SI InP substrate by MBE.
The reported RTD electrical quantities of a fabricated device
with mesa area A ∼ 16 µm2 are reported in Fig. 5 b), together
with the measured static IV characteristic, and were peak
current density Jp = Ip /A ≃ 3 mA/µm2 , ∆I ≃ 25 mA,
∆V ≃ 0.7 V, and PVCR ≃ 3. A scanning electron microscope
(SEM) image of the fabricated device is shown in Fig. 5 c).
Fig. 6 shows a high-speed InGaAs/AlAs DBQW heterostructure which has been used in > 1 THz sources [38] [84]. It
features an indium aluminium gallium arsenide (InAlGaAs)based graded emitter layer, which allows to reduce the DC
voltage needed to bias the RTD device in its NDR region by
moving the emitter conduction band edge closer to E1 , thereby
shifting the peak voltage Vp to lower bias [85]. This increases
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Fig. 7. Small-signal equivalent circuit of an RTD device [95].

the DC-to-RF efficiency, reduces thermal heating, and prevents
the generation of high-electric fields in the diode depletion
regions, which could cause electrical breakdown. An In-rich
In0.9 Ga0.1 As QW was employed to further reduce the DC bias
by depressing the ground state (E1 ) subband, while the second
subband (E2 ) stays almost in place, increasing the PVCR [69].
Moreover, employing thin ∼ 1 nm thick AlAs barriers and a
thin ∼ 2.5 nm thick QW increases current density and reduces
the electron transit time [86], increasing fmax , while a 12
nm thick undoped collector spacer layer was used to trade-off
between depletion and carrier transit-related capacitances [71]
[87]. The heavily doped In-rich graded cap layer was designed
to improve the Ohmic top contact by reducing the Schottky
barrier height and the associated contact resistance. The IV
curve electrical quantities of a ∼ 0.2 µm2 large fabricated
device were reported in [38] and are Jp ≃ 31 mA/µm2 ,
∆I ≃ 2.8 mA, ∆V ≃ 0.5 V, and PVCR ≃ 1.8.
B. Modelling
The non-linear IV characteristic of an RTD is usually
computed through quantum mechanical analytical expressions
derived from semiconductor device physics [88] [89] or
through advanced numerical techniques, such as the nonequilibrium Green’s function method [90]. Other modelling
approaches include fitting experimental data [91] [92] or,
for simplified device analysis, employing a simple cubic
function, where I(V ) ∝ −V (1 + V 2 ) [54], or higher order
polynomials [94]. However, at any specific bias point, the
RTD can be modelled using a linear small-signal lumped
element equivalent circuit model [95], as shown in Fig. 7.
In this representation, the device is modelled through a selfcapacitance Crtd = Cd + Cqw + Ct , where Cd = ϵrtd A/trtd is
the depletion capacitance (being ϵrtd and trtd the equivalent
dielectric constant and thickness associated with the RTD
depleted regions, respectively, while A is the RTD mesa area),
while Cqw ≈ τc Grtd = h̄Grtd /Γc and Ct ≈ τt Grtd are the
quantum capacitance [96] and the capacitance associated with
depletion regions transit delay [97] (being h̄ the normalised
Plank constant, Γc the QW resonant level full width at half
maximum (FWHM) energy broadening as a result of electron
wave-function leakage from the collector barrier, and τt the
depletion regions electron transit time), respectively, in parallel
with the series of a negative differential conductance -Grtd
and a negative QW inductance Lqw ≈ −τqw /Grtd [98], with
Grtd positive in the NDR region. In particular, Lqw models the
lag associated with the QW charging and discharging caused
by the change in the available emitter electron density for
resonant tunnelling with bias, being related to the QW electron
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quasi-bound state tunnelling lifetime τqw = τe τc /(τe +τc ) [95]
[98] (where τe and τc are the inverse of the electron QW-toemitter and QW-to-collector escape rates, respectively), Cqw is
associated with the consequent change in the collector charge
due to the QW charge variation with the applied voltage [96],
while Grtd models the RF gain capability of the device [99]. In
principle Grtd , Crtd , and Lqw are both voltage and frequency
dependent. High and low-frequency analytical expressions for
the RTD admittance have been provided in [55] [100]. The
model is completed by a series resistance Rs , which mainly
models the emitter/collector contact resistance Rc , the sheet
resistance of the device mesa, spreading resistance, and the
resistance associated with emitter/collector contacts and bondpads metallisation [101]. An equivalent RC model based
on the total intrinsic delay time across the RTD structure
τrtd = τdbqw + τt /2, has been proposed in [55] [102] (being
τdbqw the tunnelling time across the DBQW region), together
with advanced RLCR models [52] [100] [103] [104].
Both the device measured static IV characteristic and its
small-signal model elements can be utilised for technological
optimisation. For instance, they can be used to estimate the
device maximum RF power capability and cut-off frequency.
For practical device equivalent circuit modelling, fmax can be
approximated, as [98] [101]:
r
1
Grtd
−1
(1)
fmax ≈
2πCrtd Rs Grtd
which corresponds to the frequency at which the NDR
is cancelled out by the equivalent circuit resistance. Here,
Crtd and Grtd can be either extracted from S-parameters
measurements [105] or theoretically estimated, where Grtd ≈
3∆I/2∆V = 3A∆J/2∆V [94], with ∆J = ∆I/A the available current density. The resistance Rs can be both extracted
from measured S-parameters or estimated as Rs ≈ Rc =
ρc /A, where the specific contact resistivity ρc is extracted from
transfer length model (TLM) measurements [106]. However,
S-parameters characterisation of the RTD device remains nontrivial [107], especially at THz frequencies (> 100 GHz) due
to parasitic bias oscillations [108] [109]. Accurate characterisation with reliable de-embedding for small-signal parameters
extractions has been demonstrated up to 110 GHz [105].
A reliable non-linear model for the RTD device is yet to be
developed to efficiently carry out oscillator large-signal [98]
analysis, e.g., to estimate the output power at the oscillation
frequency, or in the design of RTD-based coherent detectors
[52], but work in this direction is underway [110]-[112].
Cdc . In summary, current RTD oscillator design is carried
out relying on empirical approaches [55] [94]. Based on the
measured static IV characteristics and extracted small-signal
parameters of the devices, basic oscillator design is performed
and, after experimental characterisation, circuit optimisation is
carried out.
C. RTD THz oscillator design
RTD-based NDR oscillators can produce either sinusoidal
or non-sinusoidal waveforms. The latter, called relaxation
oscillators, have been demonstrated in both transmission line
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Fig. 8. In a), the RTD-based sinusoidal oscillator lumped-element equivalent circuit topology. In b), the oscillator RF large-signal equivalent circuit. In c),
the oscillator simplified equivalent circuit at start-up.
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[113] or monolithic [114] forms, but they typically work at
lower frequencies and so they are not discussed here. On the
other hand, state-of-the-art RTD THz Tx exclusively employ
sinusoidal generators, whose principle of operation conforms
to classical NDR diode-based electronic oscillators. When the
RTD is biased within the NDR region, electronic noise in the
circuit is amplified by the NDR and the system filters out all
frequency components, except those defined by the resonator
passband. The shape of the spectrum defines its quality factor
(Q) and the corresponding relative bandwidth, which depend
upon the resistor-inductor-capacitor (RLC) lossy resonator.
If the large-signal NDR can compensate for circuit, device
and load (antenna) losses within the resonator bandwidth, a
stable oscillating signal is obtained across the load [115]. An
RTD oscillator can be therefore considered a DC-to-RF power
converter, where the energy provided by the DC bias supply is
transformed into an RF output signal with a certain efficiency,
and then delivered to a load, usually an antenna.
A schematic representation of a generic RTD-based sinusoidal
oscillator lumped-element equivalent circuit topology is shown
in Fig. 8 a), together with its large signal RF equivalent circuit
(Fig. 8 b)) and at start-up (Fig. 8 c)). The DC part of the circuit
is composed of the DC bias supply Vb , the bias line, which
is modelled through its parasitic resistance Rb and inductance
Lb , the decoupling capacitance Cdc , and the stabilizing shunt
resistance Rst , while the RF part of the circuit comprises of
the resonating inductance L, the RTD device, and the load
resistance RL = 1/GL . The shunt resistor suppresses lowfrequency bias oscillations and since the DC bias is fed via
the resonating inductance, the decoupling capacitor is used
to ground the inductor and to short-circuit the stabilising
resistor at the oscillation frequency fosc , thereby decoupling
the oscillator circuit from the DC bias supply. The decoupling
capacitor is designed to be a short-circuit at fosc [94]:
p
(L − Crtd Rs2 )
√
(2)
fosc ≈
2πL Crtd (1 + Rs GL )
√
(which simplifies to ≈ 1/2π LCrtd if Rs → 0 [98]), i.e.,
1/2πfosc Cdc → 0, while the shunt resistor is designed so that
Rst > 1/Grtd [116]. Note that Rst establishes the maximum
device size Amax = 2∆V /3∆JRst which can be used to
realise an oscillator [117]. The resonating inductance L is usually realised from a short section of a transmission line, such as

10 -2

10 -3
10 -4
10 -5
10 -6
10 -7

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Frequency [THz]

Fig. 9. Output power versus fundamental frequency of oscillation for some
of the most relevant reported single-device RTD THz oscillators to date,
including some results below 100 GHz.

a coplanar waveguide (CPW) [118], a coplanar stripline (CPS)
[119], or a microstrip line [120], where 2πfosc L = Z0 tan(βl),
being β the phase constant, l the length of the stub, and Z0
its characteristic impedance, while the resonating capacitance
is provided by the intrinsic self-capacitance of the diode. This
is often the case for RTD oscillators operating below ∼ 300
GHz, where an external load is employed [83]. For higher
oscillation frequencies, an on-chip integrated antenna (mostly
slot) is usually employed, which works both as the resonating
inductance as well as radiator, i.e., load resistance [33].
The maximum maximum oscillator output power PRF,max can
be expresses as [54]:
PRF,max ≈

3
3
A∆J∆V =
∆I∆V
16
16

(3)

However, in practical oscillators, the delivered output power
at the frequency of oscillation PRF,out is much lower (with
factors that can range from 3-4 up to several hundreds depending on the operation frequency), mostly due to the RTD device
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TABLE II
RTD DEVICES ELECTRICAL QUANTITIES
Ref.

Jp [mA/µm2 ]

∆J [mA/µm2 ]

[136]

24

12

[84]

50

20.6

Vp [V]

Crtd [fF/µm2 ]

ρc [Ω µm2 ]

fmax ∗

2

-

-

9.5-12

-

1.7

0.4

-

-

-

PVCR [ ]

[38]

31

13.8

1.8

-

-

-

-

[121]

-

14

-

-

-

3

-

[127]

29

14.5

2

-

-

-

-

[83]

3

1.6

3

1

3.8

50

338 GHz

[92]

1.9

1.1

2.5

0.9

2.5

83

317 GHz

[93]

1.2

1.1

12

1.4

4.5

106

114 GHz

[126]

6.9

2

1.4

0.7

8.1

4.6

1.08 THz

[128]

6.7

1.9

1.4

0.6

-

-

-

fosc

PRF,out ∗

∗ Computed

through Eq. (2). ” - ” stands for not provided.
TABLE III
RTD TH Z OSCILLATORS SPECIFICS

Ref.

A [µm2 ]

∆I [mA]

∆V [V]

PRF,max [mW]

Antenna

[136]

1.5-1.9

18-22.8

0.4

1.4-1.7

slot

548 GHz

0.4 mW

[84]

0.1

2.1

0.4

0.2

slot

1.92 THz

0.4 µW

[38]

0.2

2.8

0.5

0.3

slot

1.98 THz

40 nW

[121]

1.4

19.6

0.4

1.5

slot

620 GHz

0.6 mW[a]

[127]

0.5

7.2

0.3

0.4

dipole

1 THz

0.7 mW[b]

[83]

16

25

0.7

3.3

/

260 GHz

1 mW

[92]

16

18.2

0.8

2.7

/

84 GHz

2 mW[c]

[93]

26.4

29

1.3

7.1

/

62.5 GHz

3.1 mW

[126]

0.9

1.8

0.2

0.1

patch

1.52 THz

1.9 µW[d]

[128]

1.6

3

0.2

0.1

dipole

675 GHz

47 µW[e]

∗ Reported

values are radiated when the antenna type is specified, on-chip measured otherwise. [a]: two-elements synchronised oscillators array, [b]: 89-element
unsynchronised oscillators array, [c]: two-parallel RTDs oscillator, [d], triple-push configuration, [e], differential double-RTD oscillator. ” - ” and ” / ” stand
for not provided and not included, respectively.

negative differential conductance (NDC) roll-off caused by the
intrinsic electron delay time across the RTD structure [52] [73]
[102], but also due to extrinsic device and circuit parasitics
[73] [117]. Indeed, a non-negligible Rs causes the oscillator
RF power to drop, since it poses a boundary to fmax [83].
Approximate but reliable analytical expressions have been proposed to estimate the output power at a specific oscillation frequency due to NDC roll-off and Rs constrains [55] [98] [117],
but simple forms include PRF,out ≈ PRF,max cos(2πfosc τrtd )
2
2
[121], and PRF,out ≈ PRF,max [1 − (fosc
/fmax
)] [122].
III. RTD TH Z OSCILLATORS
Different approaches have been adopted to develop InPbased DBQW RTD THz oscillators, featuring different device
epitaxial structures and circuit implementations. The details of
state-of-the-art oscillators are summarised in Table II, Table
III, and Fig. 9. The highest reported fundamental oscillation
frequency is ≃ 1.98 THz with around 40 nW of radiated output

power [38], while the highest reported RF power (on-chip
measured) is ≃ 1 mW at 0.26 THz [83]. Table II provides with
the electrical quantities of the employed RTD devices, while
Table III reports the oscillator specifics, where provided. Note
that, for frequencies far beyond 300 GHz, oscillator design
employs integrated antennas and the devices are characterised
by high Jp and low ∆V (< 0.5 V). Moreover, device sizes
are small (around or well below 1 µm2 ) and the RF power
is typically low (µW range). On the other hand, in the lowTHz band, moderate Jp , large ∆V (≫ 0.5 V), and large mesa
area (≥ 16 µm2 ) devices are employed, as well as external
antenna loads, with output powers in the mW range. Indeed,
∆I, as well as ∆V, are high for devices operating below
600 GHz, while small for RTDs operating above 1 THz.
From Table III, it can be seen that typical Crtd are in the
range of 3-8 fF/µm2 , while ρc are also very varied, ranging
from 3-106 Ω µm2 , which mainly depends on the fabrication
process of Ohmic contacts. The peak current density Jp also
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Fig. 10. Photomicrograph of the fabricated 260 GHz microstrip RTD
oscillator (reprinted from [83] with permission).

Fig. 12. Schematic representation of an RTD THz oscillator integrated with
a slot-antenna (reprinted from [55] with permission).

Fig. 11. Measured spectrum of the 260 GHz microstrip RTD oscillator
(reprinted from [83] with permission).

2

varies over a large range, between 1-50 mA/µm which, in
some ways, shows the relative immaturity of the epitaxial
design approaches and associated oscillator circuit realisation.
Fig. 9 shows the reported output power and corresponding
fosc of these oscillators to date. Clearly, THz operation has
been demonstrated, but the output power is still under 1 mW
beyond 300 GHz, which is perhaps the main limitation of
this technology. These results also show a wide variation in
performance, which perhaps indicates the lack of established
and optimal design practices.
A micrograph of the fabricated 0.26 THz oscillator is shown
in Fig. 10 and its spectrum of oscillations is shown in Fig.
11 [83]. The corresponding measured output power was ≃ 1
mW, with a corresponding DC-to-RF efficiency of ≃ 0.7 %.
Circuit design was carried out employing a single RTD device
and a 88 µm long microstrip-based resonating inductance with
characteristic impedance Z0 = 10.4 Ω, where Polyimide PI2545 was used as dielectric. It featured a 0.1 pF silicon nitride
(SiNx ) metal-insulator-metal (MIM) decoupling capacitor, a
1.3 pF SiNx -based MIM DC block capacitor, together with a
nichrome (NiCr)-based stabilising resistor with Rst = 22 Ω.
The oscillator was designed for on-wafer probing and did not
feature an on-chip antenna and microfabrication was carried
out solely with standard low-cost optical-lithography.
RTD THz oscillators operating far beyond 300 GHz employ
integrated on-chip antenna loads with different antenna types,
such as slot [84], Vivaldi [56], radial-line slot [123], patch

Fig. 13. Sketch of the circuit layout employed in the realisation of the 1.92
RTD THz oscillator (reprinted from [84] with permission).

[124]-[126], dipole [127]-[129], and bow-tie [130]. However,
the most common on-chip antenna is the slot-antenna, which
is used in conjunction with a hemispherical Si lens [131]
[132]. Because of the high dielectric permittivity of InP
(ϵr,0 ∼ 12.5 [133], ϵr,∞ ∼ 9.6 [134]), most of the output
power is radiated into the substrate. Thus, the oscillator is
mounted onto the Si lens to extract and collimate it, with the
thickness of the chip and the lens designed to maximise the
power extraction efficiency [69]. Fig. 12 shows the general
schematic of a RTD THz oscillator integrated with a slotantenna [55]. In this configuration, the electrodes of the RTD
device are connected to the left and right electrodes of the
antenna, which have a silicon dioxide (SiO2 ) layer between
them, forming a decoupling MIM capacitor, across which a
stabilising resistor is connected. The frequency of oscillation
is mainly determined by the parallel resonance of L and Crtd ,
where the resonating inductance is provided by the antenna.
Indeed, L could also be viewed as the inductance of the metal
connection between the decoupling capacitor and the RTD
device. Therefore, the equivalent circuit of the antenna load
can be seen as the parallel of its inductance L and resistance
RL , as shown in Fig. 8 b).
It is important to underline that, in Fig. 12, the diode is
located at the centre of the slot. However, since the input
impedance of the antenna is infinity at the centre and zero
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Fig. 14. In a), a schematic of the 1.92 THz oscillator layout cross section,
showing the integration of the RTD device with the slot-antenna through the
air-bridge structure (reprinted from [84] with permission). In b), a sketch
showing the oscillator chip mounted onto the hemispherical Si lens for field
collection and focusing (reprinted from [69] with permission).

at the edges of the slot, the RTD should be placed away
from the centre for good impedance matching between the
device and the antenna [135], where the exact location can
be determined from 3D electromagnetic simulations. For this
realisation, the dimension of the shorter part determines the
antenna susceptance, which is mainly inductive and defines
the oscillation frequency, while the dimensions of the longer
part determine the radiation conductance, which determines
the output power of the oscillator. Using this approach, RF
powers of up to ≃ 0.42 mW at a fundamental oscillation
frequency of 548 GHz have been demonstrated [136].
Furthermore, different oscillator cavity implementations have
been proposed for frequency and RF power enhancement in
the THz range, including circular [137], rectangular [138], and
split ring [139], as well as simplified layouts without MIM
capacitors [140]. In addition, mutual injection locking between
two synchronised RTD oscillators has been demonstrated,
which provided ≃ 0.61 mW of CW radiation at a fundamental
oscillation frequency of 620 GHz [121]. Large scale arrays
have also been proposed [127], featuring ≃ 0.73 mW at
1 THz in pulsed-mode, but the oscillators were not phaselocked. Further, a varactor diode integrated with the RTD
was proposed to increase the frequency tunability range by
overcoming the weak bias dependence of the device selfcapacitance, e.g. up to ∼ 40 % [141].
The layout of the RTD THz slot-antenna oscillator operating
at 1.92 THz is depicted in Fig. 13. The upper RTD electrode
was connected to the top antenna electrode along the back side
of the slot through an air-bridge structure, as shown in Fig. 14
a), while the RTD bottom contact was connected to the bottom
antenna electrode on the front side of the slot, integrating the
RTD device with the antenna. The decoupling MIM capacitor
was placed on the back side and it was fabricated through a
thin SiO2 layer sandwiched between the upper and lower Aubased antenna electrodes. The stabilising shunt resistor was
realised from the heavily-doped InGaAs emitter contact layer
and connected between the upper and bottom electrodes of
the MIM capacitor and RTD device. The oscillator chip was
mounted onto a Si lens, as shown in Fig. 14 b). The diode had
a mesa area of ∼ 0.1 µm2 and the measured output power was
0.4 µW at ≃ 1.92 THz [84]. By further optimising the antenna
electrode thickness (3 µm) to reduce the associated conduction
losses, fundamental oscillations of up to ≃ 1.98 THz with

Fig. 15. Operation principle of a DBQW RTD detector based on the associated
IV curve. The device can be either biased close to the peak (marked as A
and B depending on the polarisation region) in the case of a direct detector, as
well as within the NDR region (highlighted in orange) if coherent detection
is employed (reprinted from [146] with permission).

an output power of 40 nW were achieved, employing a RTD
with a mesa size of ∼ 0.2 µm2 [38]. For the measurement of
the oscillation frequency, a Fourier-transform infrared (FTIR)
spectrometer with a liquid helium-cooled bolometer was used
as a THz receiver while, for the output power measurement,
the radiated THz wave was focused by a parabolic mirror and
THz lenses, and then fed to a power meter via a horn-antenna.
RTD THz oscillator concepts other than the aforementioned
ones have also been reported in the literature. Their output
powers are low and so are not discussed here in detail. For
instance, they include a 675 GHz differential double-RTD
oscillator [128], and a 165 GHz push-push [142] and 1.52
THz triple-push [126] oscillator based on second and third
harmonics, respectively.
IV. RTD TH Z DETECTORS
Due to their superior speed performance, DBQW RTDs can
be also used to realise high-sensitivity THz detectors [81]
[82], and can operate both as standard direct [119], as well as
coherent [143], detectors according to the specific bias point
[144], as illustrated in Fig. 15. In the first case, the device
is typically biased in close proximity to Vp and can perform
envelope detection of amplitude modulated signals (including
OOK and ASK) according to the square-law scheme by
exploiting the large associated IV curve non-linearity [145]
[146]. It is important to make it clear that, in contrast to SBDs,
this non-linearity is not associated with thermionic emission,
but rather with the thermal broadening of the QW subband
associated with the ground-state resonant level, overcoming
the thermal limit [52]. This makes the RT sensitivity of an
RTD detector much higher than of a standard SBD, whose
theoretical maximum DC current responsivity can go only
up to ∼ 19.7 A/W [147], while it is even lower for fieldeffect transistors (FETs) [148] [149]. For instance, III-V SBDs
have shown voltage responsivities of up to ≃ 1 kV/W at 250
GHz [150], while InP RTDs have demonstrated values of ≃
4 kV/W [151] and ≃ 80 V/W [152] at 0.35 THz and 0.76
THz, respectively, and current responsivities of up to ≃ 7.3
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Fig. 16. Comparison of the measured output voltage versus Tx incoming
300 GHz RF power at 1.5 Gb/s in the wireless experiment reported in [146]
(reprinted from [146] with permission).

A/W at 0.78 THz [153]. Fig. 16 shows the measured output
voltage versus the incoming 300 GHz signal RF power of a
wireless experiment where both an InP-based RTD and SBD
direct detectors were employed for performance comparison,
and shows a factor of up to 4 times higher sensitivity for
the RTD detector [146]. The voltage responsivity of the RTD
detector around 300 GHz was up to 12 dB higher than the
SBD one below the saturation voltage of the amplifier (∼ 5
µW), and a maximum DC sensitivity of up to 30 dB higher
was estimated from the IV curve degree of non-linearity
η ∝ d2 I(V )/dI(V ) [147]. Voltage responsivities of up to
∼ 13 kV/W have been reported in the 26.5-50 GHz band
[154]. Note, however, that since the RTD is biased close to
the NDR region, the amplitude of the detected signal must
be reasonably small to avoid triggering oscillations due to the
RTD instability, which would distort the incoming waveform,
resulting in a lower dynamic range than SBDs [52].
Triple-barrier (TB) RTDs have also been proposed as highsensitivity THz direct detectors due to their superior prospective performance if compared with DBQW-based counterparts.
The advantage lies in the strong current blocking due to the
misalignment of the ground resonant subbands in the two adjacent QWs. When bias is applied and the resonant condition is
met, the strong current increase leads to a strong non-linearity,
with associated responsivity that can exceed the thermal limit
[52]. TB RTDs can be used as high-sensitivity zero-bias
detectors [155], with demonstrated voltage responsivities of up
to 66 kV/W at 280 GHz [156]. This exceptional performance
of TB RTDs has not yet been exploited in system applications.
TB RTDs have also been employed in THz sources [157][159], though their RF output powers tend to be low and so
they are not discussed here.
Although direct detection can provide a simple solution for
THz Rx systems, it relies only on the incoming amplitude
information of the signal, which reduces spectral efficiency
and sensitivity, limiting transmission distance and/or the corresponding data rate according to the specific link budget [145].
This apparent disadvantage can nonetheless be offset by the
large available bandwidth at THz frequencies.
In the second type of RTD detector, the RTD device is embed-

Fig. 17. Schematic illustration of the operation principle of an RTD coherent
detector (reprinted from [143] with permission).

Fig. 18. Comparison of the measured BER versus Tx incoming RF power
at 10 Gb/s in the wireless experiment reported in [163], where the RTD bias
point was changed to switch from direct to coherent detection (reprinted from
[163] with permission).

ded in an oscillator circuit and operates as a coherent detector
[144]. The principle of operation of this detector is illustrated
in Fig. 17. In this case, the RTD is biased within its NDR
region and the circuit acts as a local oscillator (LO) [160]. If
the incoming carrier frequency fc is close enough to the LO
one, injection locking [161] takes place and the two signals
synchronise [162], performing coherent homodyne detection
[143]. At the same time, the incoming signal is demodulated
through the non-linear mixing properties of the NDR region
[163], where the RTD acts as a self-oscillating mixer [145].
Since the RTD works, at the same time, as a LO and mixer, this
approach enables the realization of ultra-compact and highsensitivity Rx chips. For instance, a sensitivity enhancement
of up to 20 dB higher than direct detection was demonstrated
in the wireless experiment reported in [163] employing a 300
GHz-band InP-based all-RTD TRx. In another experiment,
√ a
minimum noise equivalent power (NEP) of ≃ 7.7 pW/ Hz
was reported at 0.78 THz [144].
Together with the higher sensitivity due to the gain provided
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TABLE IV
TH Z RTD WIRELESS COMMUNICATION LINKS SPECIFICS
Ref.

Tx

Rx

fc [GHz]

Modulation

Distance [cm]

Data rate [Gb/s]

BER

[167]

RTD
RTD

SBD
SBD

490
490

ASK
ASK

20-30
20-30

22
34

EF
1.9×10−3

[168]

RTD
RTD

SBD
SBD

650
650

ASK
ASK

20-30
20-30

25
44

EF
5×10−4

[166]

RTD
RTD

SBD
SBD

62.5
62.5

OOK
OOK

30
150

10
15

EF
10−5

[169]

UTC-PD

RTD

297

OOK

3

17

EF

[143]

UTC-PD
UTC-PD

RTD
RTD

322
322

OOK
OOK

2
2

27
32

EF
2.7×10−2

[151]

UTC-PD
UTC-PD

RTD
RTD

350
350

OOK
OOK

3
3

32
36

EF
9×10−2

[119]

RTD
RTD

RTD
RTD

286
286

OOK
OOK

10
10

9
12

EF
4×10−3

[176]

RTD
RTD

RTD
RTD

345
345

OOK
OOK

7.5
7.5

13
20

EF
2.1×10−3

[163]

RTD
RTD

RTD
RTD

343
343

ASK
ASK

7
7

30
56

EF
1.39×10−5

[170]

RTD

SBD

500-800

ASK

20

56[a]

∼ 10−4 − 10−3

[172]

UTC-PD

RTD

324

16-QAM

1

60

2×10−3

[92]

RTD

SBD

84

ASK

50

15

4.1×10−3

[165]

RTD
RTD

SBD
SBD

278
278

ASK
ASK

80
80

12
22

EF
10−3

[83]

RTD

SBD

260

ASK

1

13

EF
EF
2×10−3

[173]

UTC-PD

RTD

324-335

OOK

2-3

48[a]

[174]

RTD
RTD

RTD
RTD

354
354

OOK
OOK

7
7

25
30

[a]: multi-channel link.

Fig. 20. Block diagram of a THz wireless system architecture employing an
RTD-based Tx.

methodologies to guarantee injection locking and maximise
sensitivity need to be developed.
V. RTD TH Z WIRELESS COMMUNICATIONS
Fig. 19. Illustration of ASK/OOK modulation in RTD THz Tx (reprinted
from [92] with permission).

by the device NDR, better spectral efficiency is possible,
where the phase, frequency, and polarisation information of
the received signal can be retrieved through injection locking
[145]. Despite all the positive attributes, however, the use of
a coherent RTD Rx is still very new and appropriate design

In this section, state-of-the-art THz wireless communications employing RTDs are described. In these experiments, an
RTD THz oscillator is usually employed at the Tx side. Both
ASK and OOK modulation are applicable to the Tx depending
on the bias level and the amplitude of data, as illustrated in
Fig. 19. ASK modulation has been widely used because of
the advantages of being a simple, low cost, high-bandwidth,
and high-efficiency technique, while OOK, as a special case
of ASK, implements data modulation by switching the carrier
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Fig. 21. Block diagram of the THz wireless data transmission experimental
setup employed in [167] (reprinted from [167] with permission).

Fig. 23. Schematic representation of the RTD THz oscillator circuit layout
employed at the Tx side for wireless data transmission through FDM and
PDM (reprinted from [170] with permission).

a)

b)

Fig. 22. Results of the wireless communication experiment reported in [167].
In a), the measured BER as a function of the data rate, showing EF data
transmission up to 22 Gb/s and data rates of up to 34 Gb/s with BER ≃
1.9 × 10−3 , in b), the corresponding measured eye diagrams (reprinted from
[167] with permission).

on and off [145]. For ASK modulation, the RTD device is
biased within its NDR region, while its bias point is set close
to Vp for input non-return to zero (NRZ) data in the case of
OOK, in order to switch on and off the oscillator. Clearly, the
input data amplitude for ASK is limited by the NDR voltage
span, which is low. Since modulation of RTDs is via the bias
line, the modulation bandwidth is mainly determined by the
DC decoupling circuit comprising Cdc and Rst , as shown in
Fig. 8 a), and has been measured to be around 110 GHz for
300 GHz oscillators [164].
A. Wireless systems architecture
The block diagram of a THz wireless link employing a
RTD-based Tx is illustrated in Fig. 20. The Tx consists of
an RTD voltage-controlled oscillator (VCO) and an external
antenna or integrated on-chip antenna mounted on a hemispherical Si lens. THz lenses are often employed between
the Tx and Rx antennas to focus and collimate the beam.
The data is superimposed over the DC bias through a biasT. Commercial power amplifiers are not yet available at THz

Fig. 24. Block diagram of the wireless communication experimental setup
employed to perform data transmission through FDM and PDM (reprinted
from [170] with permission).

frequencies and therefore none is employed at the Tx. At the
Rx side, an antenna, which may be external or integrated,
is also employed. The received signal is demodulated using
either square-law-based direct detection, by employing an
SBD or an RTD direct detector, or employing a coherent
RTD detector. The received signal is amplified by a low noise
amplifier (LNA). Table IV summarises some of the most recent
wireless communication link results reported in the literature
involving RTDs, either employed as a Tx, Rx, or both. In many
cases, an SBD detector is used at the Rx while, in some other
cases, an UTC-PD is employed at the Tx. The longest link
distances of 50 cm [92], 80 cm [165], and 150 cm [166] feature
Tx operating below 0.3 THz. For higher carrier frequencies
fc , link distances are under 30 cm. As it is possible to notice,
there is a clear correlation between the link distance and the
Tx output power, which is in the milliwatt (mW) range for
the sub-100 GHz Tx and microwatt (µW) range for the ones
operating at higher frequencies. Data rate results in the 9-60
Gb/s range have been demonstrated, including a 30 Gb/s error
free (EF) transmission over a 7 cm long link through an allRTD TRx [163].
B. Wireless data transmission
Here, we describe some of the wireless transmission experiments in detail, the first in which a 490 GHz oscillator
was used as a Tx [167]. Direct modulation was carried out
by superimposing a modulation signal onto the bias voltage
through ASK. The experimental setup is shown in Fig. 21,
where a pulse pattern generator (PPG) was used to impress
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a)

b)

Fig. 25. In a), a photograph of the direct RTD-based Rx front-end module
reported in [151], with a zoom in of the RTD integrated with a Si-based
photonic crystal waveguide through a tapered-slot mode coupler, in b), the
wireless experimental setup used for real-time high-resolution 4K video
transmission (reprinted from [151] with permission).

a)

Fig. 27. Photographs of the 300 GHz-band RTD coherent Rx front-end
module and a zoom of the RTD oscillator chip (reprinted from [143] with
permission).

b)

Fig. 26. Results of the wireless communication experiment reported in [151].
In a), the BER as a function of the data rate, in b), the eye diagram at 32
Gb/s (reprinted from [151] with permission).

digital data over the carrier. The modulated THz signal was
received through a horn-antenna, demodulated by an SBD
direct detector and amplified through a LNA. The link distance
between the Tx and the Rx was set to 20-30 cm. The demodulated signal was then measured through an error detector (ED)
and an oscilloscope. The results are shown in Fig. 22. Clear
eye opening and EF data transmission were obtained at a data
rate of ≃ 22 Gb/s, while data rates of up to ≃ 34 Gb/s where
achieved with BER ≃ 1.9 × 10−3 .
Recently, multi-channel wireless data transmission employing
polarisation and frequency division multiplexing (PDM/FDM)
schemes have also been reported [170]. Fig. 23 shows a
schematic representation of the Tx chip circuit layout. Four
slot-antenna RTD oscillators were integrated together: two
of them oscillated at 500 GHz and the other two at 800
GHz for FDM, while the two oscillators, at each of these
two frequencies, had polarizations that were orthogonal to
each other, realised through the relative orientation of their
antennas layouts (perpendicular to each other), for PDM. The
wireless communication setup is depicted in Fig. 24, where
SBD detectors were employed at the Rx front-ends, together
with horn-antennas. Data rates of up to ≃ 56 Gbps (≃ 28
Gbps per channel) were obtained using FDM in the 500
GHz and 800 GHz channels with BER ≃ 2.3 × 10−4 and
≃ 1.5 × 10−3 , respectively, and through PDM at 500 GHz

Fig. 28. Measured BER versus data rate of the wireless data transmission
experiment reported in [163] (reprinted from [163] with permission).

with BER ≃ 1.5 × 10−3 and ≃ 1.4 × 10−4 for the vertical and
horizontal polarization channels, respectively.
Fig. 25 b) shows a THz wireless data transmission experimental setup involving an RTD as a direct detector [151]. The Tx
was based on an UTC-PD-based photo-mixer, providing fc ∼
350 GHz, which was modulated through OOK. The detector
was integrated with a Si-based photonic crystal waveguide
platform [171] and had a measured voltage responsivity ≃ 4
kV/W. Fig. 25 a) shows a photograph of the Rx front-end
module, outlining the metal-based tapered-slot mode converter
and the photonic crystal waveguide. Fig. 26 shows the experimental results, where EF data transmission of up to ≃ 32
Gb/s and data rates of up to ≃ 36 Gb/s with BER ≃ 9 × 10−2
were achieved over 3 cm distance. Using a similar setup and
16-QAM, record date rates of up to ≃ 60 Gb/s with BER
≃ 2×10−3 over a 10 mm long wireless link were demonstrated
at ∼ 324 GHz [172]. In addition, multi-channel EF wireless
data transmission through OOK of up to ≃ 48 Gb/s was
demonstrated in the 300 GHz band over a distance of ∼ 2-3
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cm using a UTC-PD-based Tx and an RTD direct Rx [173].
When a coherent RTD detector was employed, a coplanar
stripline (CPS) was used to realise the resonator of the oscillator circuit and to connect the RTD device to a bow-tie antenna,
while the Rx chip was mounted onto a Si lens to increase the
antenna gain, as shown in Fig. 27. The experimental wireless
communication setup was similar to the one shown in Fig. 25
b). The link distance was set to 2 cm, while an oscilloscope and
an ED were used to measure the demodulated signal. EF data
transmission through OOK at around 322 GHz of up to ≃ 27
Gb/s and data rates of up to ≃ 32 Gb/s with BER ≃ 2.7×10−2
were reported [143], with a sensitivity enhancement of around
10 dB with respect to the direct detection counterpart.
In the THz wireless data links reported in [119], [163], [175],
and [176], an RTD was employed at both the Tx and Rx
sides, by exploiting both the direct [119] [175] [176] as
well as the coherent [163] detection scheme. With an allRTD wireless TRx setup and coherent detection, EF data
transmission through ASK of up to ≃ 30 Gb/s and data rates
of up to ≃ 56 Gb/s with BER of ≃ 1.39 × 10−5 were reported
in the 300 GHz-band over a link distance of 7 cm [163].
A sensitivity enhancement of up to 40 dB with respect to
the direct detection approach was demonstrated, where the
associated measured BER versus data rate is shown in Fig. 28.
On the other hand, using a direct detection [119], EF wireless
data transmission through OOK of up to ≃ 9 Gb/s and record
data rates of up to ≃ 12 Gb/s with BER of ≃ 4 × 10−3 were
reported in the 300 GHz-band over a distance of 10 cm. In
the setup described in [175], data in the optical domain was
converted into an electrical signal and used to modulate the
RTD. OOK data was modulated using an intensity modulator
and, after passing through a 1 km long fibre, it was converted
to an electrical signal using a photo-diode (PD). The output
signal was added to a DC biasing voltage using a bias-T and
the resultant signal used to modulate the RTD at the Tx. Using
multi-chip code division multiple access (CDMA), EF data
rates of up to ≃ 13 Gb/s and of up to ≃ 20 Gb/s with BER
of ≃ 2.1 × 10−3 were demonstrated [176].
Although data rates of several tens of Gb/s have been achieved
employing RTD devices at the Tx and/or Rx side, including
single-channel EF data transmission at 30 Gb/s and record
data rates of up to 56 Gb/s employing an all-RTD TRx,
the link distance is still limited to the centimetre range at
carrier frequencies above ∼ 300 GHz, while no wireless
communication experiment has been reported at frequencies
above 0.8 THz, which is inherently caused by the low output
power of the Tx.
It would therefore seem that, in the 300 GHz-band and above,
RTDs are more promising for practical THz wireless communication applications if compared to conventional transistor
electronics for many reasons, including simplicity (a single
RTD device can provide > 1 mW RF power compared to a
transistor-based amplifier with typically 3-4 stages), low-cost
lithography requirements (micron-sized RTD devices vs sub100 nm gate transistors), and highly-sensitive RTD detectors
(and so monolithic TRx can be realised). Moreover, the RTD
can be epitaxially integrated with transistors, where the latter
can provide basic functionalities, which could lead to the

desired versatile THz systems.
VI. C HALLENGES AND FUTURE PERSPECTIVES
RTD technology seems to offer the simplest and highest
performance technology option for THz wireless TRx. The
main weakness of the technology nowadays is the same for
any THz technology, and it is represented by the low RF output
power of the sources. As discussed throughout this paper,
the main reasons for this includes underdeveloped device and
circuit design techniques, in particular non-optimal epitaxial
designs and circuit implementation approaches, and the lack
of effective design techniques for arrays of RTD oscillators.
Current research trends suggest that increasing the RF power
of RTD devices at THz frequencies is feasible and would
enable the development of compact RTD THz ultra highspeed wireless TRx systems [163]. Individual sources with
mW-range output powers would facilitate the use of pulse
amplitude modulation signalling. Such an approach would
offer a way to dramatically reduce the Rx complexity, as
no carrier synchronization is required. In that case, the total
energy-per-bit will be significantly improved and will make
the system more energy efficient, with expected efficiencies
well below 10−1 pJ/bit/cm [165].
Overcoming limitations associated with the high-permittivity
InP substrate is another important challenge in RTD technology, since these have hindered the development of arrays of
oscillators. Indeed, on-chip antennas have low gain, typically
under 6 dBi, and the radiation is directed into the substrate.
Therefore, the semiconductor dies are usually mounted on
hemispherical lenses to collimate and focus the radiation, but
these are bulky and make the systems cumbersome. As such,
efforts to design sources with airside or upward radiation from
the chips are underway. In this regard, on-chip radial-line
slot-antenna (RLSA) arrays [123], together with dipole array
[127] and patch [157] antenna configurations with dielectric
supports for upward emission have been reported, though
further innovations to this challenge are needed.
Also, because of the high-permittivity substrate, surface electromagnetic fields cannot be avoided, which cause unintentional coupling of arrays of oscillators and hinder proper
synchronisation for spatial power combining. It thus remains a
challenge to achieve mutual coupling with large scale arrays.
Even though arrays of RTD oscillators have been reported,
they have fallen short of delivering the expected high output
power. RF powers of up to ≃ 0.61 mW at 620 GHz, ≃ 0.27
mW at 770 GHz, and ≃ 0.18 mW at 810 GHz have been
reported by employing a two-element frequency-locked oscillator array for CW coherent emission [121]. Most realisations,
however, remain unsynchronised. For instance, a 16-element
and a 64-element arrays provided output powers of up to
≃ 28 µW at a fundamental frequencies of 290 GHz and 650
GHz, respectively [131]. Earlier efforts in this regard included
quasi-optical resonators for oscillators stabilisation [177] and
power combining [178]. And recently, pulsed emission with
RF powers of up to ≃ 0.73 mW at around 1 THz was reported
by employing an unsynchronised 89-element large scale array
[127], but the RF power have remained below the 1 mW level.
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Thus, new approaches for this challenge are required.
At the device level, accurate characterisation and modelling
of the RTD, especially of the key NDR region, is still nontrivial due to device instability. It would be advantageous to
develop robust characterisation techniques which would enable
the development of a complete physics-based non-linear largesignal model of the RTD device at THz frequencies in both
NDR and PDR regions [52] [110]. The availability of such a
model would enable the full non-linear dynamic analysis of
the device in its entire operation frequency range. Moreover,
quantum-transport-based numerical techniques aimed at accurately estimate the RTD DC IV characteristic and capacitance
are still required.
Even though nowadays THz RTD technology is based on InP,
the future may belong to antimonides-based RTDs [57] [179].
Indeed, beyond around 300 GHz, the advantages of semiinsulating (SI) substrates, such InP, become less important
in terms of insulation from the THz circuitry. In earlier
efforts, antimonides-based RTDs were grown on either GaAs
or gallium antimonide (GaSb) substrates, and so suffered
from poor material quality due to the large lattice mismatch
between the substrates and the device epitaxial layers [180]
[181]. At THz frequencies, there is no apparent need for
such substrates, since they can be electrically insulated from
the passive THz circuitry, and so growth on the conductive
but lattice-matched InAs substrates of high-quality InAs/AlSb
RTDs can be undertaken. Compared with InP-based RTDs,
antimonides-based RTDs promise superior speed and power
performances [182], and so may underpin future THz TRx
systems.
Beyond wireless communications, it is important to mention that THz RTD oscillators are also being developed for
other applications, including compact high-resolution imaging
[183]-[185], spectroscopy [186], and radar [187]-[189] systems. It would therefore seem that the RTD is a very promising
candidate technology for many practical THz applications.
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