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The remarkable explosion of wireless devices and bandwidth-consuming Internet
applications have boosted the demand for wireless communications with ultra-high data
rate. The wireless traffic volume is foreseen to match or even surpass the wired services
by 2030, and high-precision wireless services will need to be guaranteed with a peak data
rate of well beyond 100 Gbit/s, eventually reaching 1 Tbit/s. To meet the exponentially
increasing traffic demand, new regions in the radio spectrum are being explored. The
terahertz band, which is sandwiched between microwave frequencies and optical frequen-
cies, is considered a next breakthrough point to revolutionize communication technology
due to its rich spectrum resources. It is recognized as a promising candidate for future
rate-greedy applications, such as 6G communications. At the World Radio Communication
Conference 2019 (WRC-19), it was announced that the identification of frequency bands in
the frequency range of 275 GHz–450 GHz is permitted for land-mobile and fixed service
applications, indicating potential standardization of the low-frequency window of terahertz
band for near-future wireless communications.

Motivated by the potential of terahertz wireless communications, this Special Issue
reports on recent critical technological breakthroughs in terms of broadband terahertz
devices and communications, as well as novel technologies at other frequency bands that
can also motivate terahertz research. Five studies [1–5] present key devices for terahertz
communications, including terahertz reconfigurable intelligent surfaces [1], terahertz micro-
electro-mechanical system (MEMS) switches [2], resonant triple-band terahertz thermal
detectors [3], G-band continuous-wave traveling wave tubes [4], and wide-dynamic-range
GaAs transceivers [5], which could effectively support broadband terahertz systems. Fur-
thermore, we have also selected three interesting research studies [6–8] on low-frequency
bands for this Special Issue, including the design of 5G multiple-input multiple-output
(MIMO) antennas [6,7] and differential low-noise amplifiers [8]. We believe these works
could also motivate research on terahertz communication devices and systems for 6G
communications and other typical application scenarios. With the advances in broadband
terahertz devices and the design of novel digital signal-processing routines, high-speed
terahertz communications could be realized. In this Special Issue, three terahertz communi-
cating systems were analyzed and demonstrated [9–11], including a 144 Gbps photonics
terahertz communication system working at 500 GHz [9], a W-band communication and
sensing convergence system [10], and an analysis of secure terahertz communications with
perfect electric conductor (PEC) and multiple eavesdroppers [11].

To overcome the high loss and line-of-sight connectivity challenges of terahertz com-
munication links, reconfigurable intelligent surfaces (RISs) are widely analyzed. However,
active elements used for 5G RIS are often impractical for future 6G communications due
to cutoff frequency limitations and higher loss at terahertz frequencies. Yang et al. [1]
provided a comprehensive review on reconfigurable metasurfaces operating in the ter-
ahertz band with the potential to assist 6G communication links, categorized based on
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tuning mechanisms, including complementary metal-oxide-semiconductor (CMOS) tran-
sistors, Schottky diodes, high-electron mobility transistors (HEMTs), graphene, photoactive
semiconductor materials, phase-change materials (vanadium dioxide, chalcogenides, and
liquid crystals), and MEMS. Terahertz RISs are believed to be crucial for actualizing 6G
communication links.

MEMS switches are important elements for future terahertz communication networks,
but designing them for the terahertz frequency band is challenging since their physical
dimensions are comparable to the wavelength. Feng et al. [2] designed and realized a
terahertz MEMS switch using both silicon and fused quartz as examples of high and low
dielectric-constant substrates, respectively. Both silicon and fused-quartz switches were
calibrated based on the two-port through-reflection-line method from 140 to 750 GHz. At
750 GHz, the measurement results from the switches on both substrates show an ON-state
insertion loss of less than 3 dB and an OFF-state isolation greater than 12 dB.

Terahertz waves possess unique properties, such as the ability to penetrate non-
conductive materials and identify specific materials based on their characteristic terahertz
signatures. Thus, terahertz detectors show great application potential in imaging, spec-
troscopy, and sensing fields. Wang et al. [3] experimentally validated a room-temperature
CMOS monolithic resonant triple-band terahertz thermal detector. The responsivity, noise
equivalent power, and thermal time constant of the detector were experimentally assessed
at 0.91 THz, 2.58 THz, and 4.2 THz. The detector also has natural scalability to focal plane
arrays, demonstrating significant advances in developing compact, room-temperature,
low-cost, and mass-production multiband terahertz detection systems.

At the terahertz band, the G-band electromagnetic wave provides availability for the
design of terrestrial and satellite radio communication networks according to the radio
regulations of the International Telecommunication Union. The European Commission
Horizon 2020 ULTRAWAVE project aims to exploit portions of the millimeter-wave spec-
trum for creating a very high-capacity layer. Feng et al. [4] presented the development of
a G-band broadband continuous-wave traveling wave tube for wireless communications
based on a slow-wave structure of fold waveguide. The device successfully provides a
saturation output power over 8 W and a saturation gain over 30.5 dB with a bandwidth of
27 GHz.

Due to the abundance of spectrum resources in the millimeter-wave band, the WRC-19
conference approved multiple mm-wave spectra for future mobile communication research
and development, including the 66–67 GHz frequency range, which is near the terahertz
band. Zhou et al. [5] presented a 66–67 GHz transceiver monolithic microwave-integrated
circuit (MMIC) in a waveguide module for massive MIMO channel emulator applications.
The proposed transceiver integrates a tripler chain for local oscillator drive, a mixer, and
a band-pass filter using a 0.1 μm pHEMT GaAs process. A high dynamic output power
range, up to 50 dB over 66-to-76 GHz, is achieved by dealing with all unwanted harmonic
signals employing highly selective band-pass and high-pass filters in the transceiver. The
total power consumption of the chip is 645 mW with a supply voltage of 5 V.

In addition to the aforementioned research works, we have also selected three inter-
esting studies [6–8] at low-frequency bands for this Special Issue, including the design
of 5G MIMO antennas by Sheriff et al. [6] and Zhang et al. [7], and differential low-noise
amplifiers by Wang et al. [8]. We believe these studies could also motivate research on
terahertz communication devices and systems for 6G communications and other typical
application scenarios.

Supported by broadband terahertz devices, terahertz communication systems have
developed rapidly in recent years. Terahertz wireless communication systems based on
photonics have emerged as promising candidates for 6G communications, capable of
providing hundreds of Gbps or even Tbps data capacity. Liu et al. [9] experimentally
demonstrated a 144 Gbps dual-polarization quadrature-phase-shift-keying (DP-QPSK)
signal generation and transmission over a 20 km SSMF and 3 m wireless 2 × 2 MIMO link.
A novel and low-complexity joint deep belief network (J-DBN) equalizer was proposed to
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compensate for linear and nonlinear distortions during fiber–wireless transmission. This
scheme shows promises for meeting future fiber–terahertz integration communication
demands for low power consumption, low cost, and high capacity.

The convergence of communication and sensing is highly desirable for future wire-
less systems. Idrees et al. [10] presented a converged system using a single orthogonal
frequency-division multiplexing (OFDM) waveform and proposed a novel method, based
on the zero-delay shift for received echoes, to extend the sensing range beyond the cyclic
prefix interval (CPI). Both simulation and proof-of-concept experiments evaluated the
performance of the proposed system at the W-band (97 GHz). The experiment employed a
W-band heterodyne structure to transmit/receive an OFDM waveform featuring 3.9 GHz
bandwidth with quadrature amplitude modulation (16-QAM). The proposed approach
successfully achieves a range resolution of 0.042 m and a speed resolution of 0.79 m/s
with an extended range, revealing the potential of terahertz technologies in the field of
communication and sensing convergence.

The transmission security of high-speed THz wireless links is an important issue in
terahertz research. He et al. [11] comprehensively investigated the physical layer security
issue of a terahertz communication system in the presence of multiple eavesdroppers
and beam scattering. The method of moments (MoM) was adopted to characterize the
eavesdroppers’ channel. To establish a secure link, traditional beamforming and artificial
noise (AN) beamforming were considered as transmission schemes for comparison. The
numerical results show that eavesdroppers can indeed degrade the secrecy performance by
changing the size or location of the PEC, while the AN beamforming technique can be an
effective candidate to counterbalance this adverse effect.

We would like to thank all the authors for their submissions to this Special Issue. We
also thank the reviewers for dedicating their time and helping to ensure the quality of the
submitted papers. Finally, we are grateful to the staff at the Editorial Office of Micromachines,
and in particular Mr. Scott Wang, for their efficient assistance.
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Terahertz Reconfigurable Intelligent Surfaces (RISs) for 6G
Communication Links
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yang_fengyuan@ime.a-star.edu.sg
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Abstract: The forthcoming sixth generation (6G) communication network is envisioned to provide
ultra-fast data transmission and ubiquitous wireless connectivity. The terahertz (THz) spectrum, with
higher frequency and wider bandwidth, offers great potential for 6G wireless technologies. However,
the THz links suffers from high loss and line-of-sight connectivity. To overcome these challenges, a
cost-effective method to dynamically optimize the transmission path using reconfigurable intelligent
surfaces (RISs) is widely proposed. RIS is constructed by embedding active elements into passive
metasurfaces, which is an artificially designed periodic structure. However, the active elements
(e.g., PIN diodes) used for 5G RIS are impractical for 6G RIS due to the cutoff frequency limitation
and higher loss at THz frequencies. As such, various tuning elements have been explored to fill this
THz gap between radio waves and infrared light. The focus of this review is on THz RISs with the
potential to assist 6G communication functionalities including pixel-level amplitude modulation and
dynamic beam manipulation. By reviewing a wide range of tuning mechanisms, including electronic
approaches (complementary metal-oxide-semiconductor (CMOS) transistors, Schottky diodes, high
electron mobility transistors (HEMTs), and graphene), optical approaches (photoactive semiconductor
materials), phase-change materials (vanadium dioxide, chalcogenides, and liquid crystals), as well as
microelectromechanical systems (MEMS), this review summarizes recent developments in THz RISs
in support of 6G communication links and discusses future research directions in this field.

Keywords: reconfigurable intelligent surface (RIS); terahertz (THz); 6G communication; reconfigurable
metasurface

1. Introduction

With the commercial launch of the fifth generation (5G) network in 2020, research into
the sixth generation (6G) communication system is eagerly on the agenda [1–3]. In order to
meet the communication requirements of modern society in building smart cities, the 6G
wireless network is envisioned to provide ultra-fast data rates (~1 Tbps), ultra-low latency
(<1 ms), ubiquitous wireless connectivity, superior spectral and energy efficiency, as well
as extremely high reliability and security [4–6]. The terahertz (THz) spectrum, ranging
from 0.1 THz to 10 THz, is well suited for 6G applications due to its higher frequency, large
bandwidth, and short response time [7–9]. However, the THz spectrum is highly absorbed
by water molecules in the atmosphere, and its ultra-short wavelength is easily scattered
by obstacles along the propagation path. This high path loss limits the THz wave to short-
range transmission. Energy-concentrated directive beam transmission is imperative for the
THz network to compensate for propagation losses. In contrast with active phased-array
antennas [10,11] applied on the transmitting and receiving end, reconfigurable intelligent
surfaces (RISs) are proposed to modify the wireless transmission path [12–16]. RIS consists
of periodic elements (meta-atoms or unit cells) altering the phase and magnitude of incident
waves to have constructive/destructive interference in desired directions. Based on this,
THz wireless communication is capable of being extended to non-line-of-sight (NLOS)
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transmission (Figure 1a) [17]. Compared with existing relays using power amplifiers
for wave receiving and retransmitting, RIS enhances the transmission by phase control
using nearly passive elements, requiring less spectrum and energy [4,13]. Therefore,
RISs can be embedded within infrastructure cost-effectively, enabling advanced wireless
communication in 6G smart cities (Figure 1b) [18]. RIS is also known as reprogrammable
intelligent surface [19,20] or intelligent reflecting surface (IRS) [21,22] in some contexts. The
latter primarily denotes an intelligent surface operating in the reflective mode. A promising
application of such a surface is deploying it on infrastructure to reflect waves in a desired
direction [4].

Figure 1. RIS-assisted wireless communication. (a) RIS-enabled non-line-of-sight (NLOS) transmis-
sion. Reprinted from Ref. [17]. (b) RIS-embedded smart infrastructures for future 6G communications.
Reprinted from Ref. [18].

RIS benefits have been realized as a result of the flourishing development of elec-
tromagnetic metasurfaces in the last decade. Metasurfaces are two-dimensional versions
of metamaterials and have the advantages of low profile, reduced loss, and ease of fab-
rication [3,4]. Metasurfaces consist of artificially designed periodic structures, enabling
unprecedented wave manipulation that is unattainable with natural materials [23]. In

6



Micromachines 2022, 13, 285

2011, Yu et al. first proposed the generalized Snell’s law, including abrupt phase shifts
from the metasurface unit cells to realize nearly arbitrary wavefront shaping [24]. Since
then, various fascinating wavefront manipulations have been demonstrated, such as re-
flectionless wide-angle refraction [25,26], sub-diffraction focusing with ultrathin planar
lens [27,28], and wave-impedance matching across different material boundaries [29].
Such metasurfaces have only a static function once fabricated, whereas reconfigurable
metasurfaces with tunable functions are gaining attention. The reconfigurable function is
achieved by incorporating meta-atoms with tunable components or materials, which alter
the electromagnetic response through external stimuli. With the development of digital
control, coding metasurfaces were proposed to manipulate waves by changing the coding
sequences of digital particles (unit cells) [30–36]. Active electronic components, such as
positive-intrinsic-negative (PIN) diodes [30,37–39], have been widely applied in RISs work-
ing at 5G networks but are incompetent for applications in 6G systems due to the cutoff
frequency limit. To overcome this challenge, reconfigurable technology approaches from
both the electronic and optical sides are being explored intensively to fill the “THz gap” [40].
Beyond that, phase-change materials and microelectromechanical systems (MEMS) for THz
RISs are also widely investigated.

Most existing review papers focused on summarizing various possible applications of
RISs in wireless communication [41] or analyzing different tunable metasurfaces according
to their tuning mechanisms [42,43]. Several review papers analyzed active metasurfaces
for only one tuning element [44–47]. This paper emphasizes reconfigurable metasurfaces
operating in the THz spectrum with the potential to assist 6G communications, i.e., meta-
surfaces with tunable functions such as pixel-level amplitude modulation or wide-range
phase coverage for beam steering. Polarization modulation is briefly discussed as a possi-
ble future carrier-wave function. To underline the reconfigurability, RISs are categorized
based on their tuning mechanisms, including complementary metal-oxide-semiconductor
(CMOS) transistors, Schottky diodes, high-electron mobility transistors (HEMTs), graphene,
photoactive semiconductor materials, phase-change materials (vanadium dioxide, chalco-
genides, and liquid crystals), and MEMS.

The rest of this paper is organized as follows: Section 2 presents various reconfigurable
metasurfaces with pixel-level amplitude modulation or dynamic-beam-steering functions
at THz frequency (0.1 THz–10 THz). Subsections are divided according to the tuning
elements. Section 3 summarizes the properties of THz RISs and discusses possible future
research directions.

2. Terahertz Reconfigurable Intelligent Surface

Various THz RISs with the potential to assist 6G communications are discussed in this
section. The functionality of the reconfigurable metasurface focuses on amplitude modula-
tion at the pixel-level or phase modulation for dynamic beam steering. The subsections are
devoted to the tuning elements, investigating the reconfigurable mechanism for achieving
RIS. The analysis begins with electronic approaches (CMOS transistors, Schottky diodes,
HEMTs, and graphene), followed by optical approaches involving semiconductor materials,
then phase change materials (vanadium dioxide, chalcogenides, and liquid crystals), and
finally MEMS-based structural deformation.

2.1. Electronic Approaches

Active electronic components, such as diodes and varactors, have been widely uti-
lized in microwave and millimeter-wave regimes for reconfigurable metasurface con-
trol [30,37–39,48–51]. However, they are incompatible with 6G applications in the THz
spectrum due to the restricted cutoff frequency and dramatically increased loss [52]. To
overcome this obstacle and implement reconfigurable metasurfaces in the THz spectrum
using electronic approaches, CMOS transistors have to be embedded in meta-atoms with
specially designed structures for local resonances [52]. Alternative solutions include inte-
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grating metasurface meta-atoms with layered semiconductor structures or graphene with
electrical tunability.

2.1.1. Complementary Metal-Oxide-Semiconductor (CMOS) Transistor

Incorporating active electronic devices into a passive metasurface allows for fast dynamic
control, but the application is limited to microwave frequencies. In 2020, Venkatesh et al.
presented a programmable metasurface using complementary metal-oxide-semiconductor
(CMOS) transistors operating at 0.3 THz beyond its cutoff frequencies [52]. They applied a
65 nm industry-standard CMOS process to fabricate the metasurface in a silicon chip tile,
consisting of 12 × 12 arrays (Figure 2a). Each meta-atom contained eight n-type metal-
oxide-semiconductor (NMOS) transistors for an eight-bit reconfiguration at gigahertz (GHz)
speed. Parallel subwavelength inductive microloops were added to the transistor for local
resonance to suppress the non-negligible parasitic capacitance leakage. An amplitude
modulation of 25 dB was achieved between all switches open (maximum transmission)
and closed (minimum transmission) states. A demonstration of the 2 × 2 tiled chips
(Figure 2b) for holographic projections of the letter ‘P’ is shown in Figure 2c. The unit-cell
structure was derived from a general C-shaped split-ring resonator (SRR), which controls
the transmitted amplitude and phase by varying the gap-opening orientation and size,
respectively. This was realized by selectively switching the eight transistors of a meta-atom,
leading to 256 states in total. Due to the symmetric configuration, each meta-atom had
84 unique codes and realized a phase coverage of 260◦. Beam steering from 0◦ to ±30◦ was
achieved by configuring the unit cell in three different phase profiles and meta-atom digital
settings (Figure 2d).

Figure 2. CMOS transistor-enabled reconfigurable metasurface. (a–d) GHz-speed programmable
metasurfaces using CMOS-based chip tiles. (a) A single silicon chip tile consists of a 12 × 12 array (left).

8
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The enlarged portion (right) shows the unit-cell structure with active NMOS transistors embedded
in the gap of inductive microloops. Each unit cell has an eight-bit control, enabling 256 states for
amplitude and phase control. (b) Photo of the fabricated 2 × 2 tiled chips, which were wire-bonded
to a customized printed circuit board for external voltage control. (c) Amplitude modulation was
experimentally demonstrated as a holographic projection of the letter ‘P’. (d) Beam steering at ±30◦

with the corresponding three different phase profiles and meta-element digital settings. Reprinted
from Ref. [52]. (e–g) Reconfigurable metasurface based on CMOS structures. (e) A bias voltage is
applied for transmitted amplitudes and phase modulation. The reconfigurable metamaterial can
be divided into subsections for greater functionality. (f) Cross section of the unit cell, consisting of
six layers for the CMOS transistor configuration. (g) Layout with wire connection for the biasing
control. Reprinted from Ref. [53].

By utilizing custom-designed CMOS-based semiconductor structures, it is possible
to circumvent the cutoff frequency limitation of commercial transistors (Figure 2e) [53].
The meta-atom structure, consisting of a square SRR on top of a six-layer CMOS-based
semiconductor structure, is shown in Figure 2f. The gap of the SRR was connected to the
source and drain of a metal-oxide-semiconductor field-effect transistor (MOSFET) through
vias (Figure 2g). The metasurface was fabricated with 180 nm CMOS technology. With a
bias voltage from 0 V to 1.8 V, a redshifted frequency of 35 GHz and a phase difference
of 3◦ were achieved at 0.3 THz. Although the phase modulation was limited, the authors
presented an alternative solution for realizing a CMOS-based reconfigurable metasurface.

2.1.2. Schottky Diode

Commercial off-the-shelf (COTS) diodes have been extensively used in 5G RIS for
active tuning; the concept was adopted in the THz spectrum by constructing semiconductor
metamaterials with a Schottky gate structure. This idea was first realized by an active
metamaterial switch in 2006 [54]. The Schottky junction was formed by integrating a
metallic SRR with a 1 μm thick n-doped gallium arsenide (GaAs) layer (Figure 3a) [55].
Applying a reverse gate-bias voltage alters the substrate charge-carrier density around the
split gap, thus affecting the resonance response of the SRRs. Later, the same group used the
unit cell to build a 4× 4 pixelated spatial light modulator (Figure 3b). Each pixel, consisting
of 50 × 50 split-ring resonators (SRRs) with a total size of 4 × 4 mm2, was independently
controlled by the external bias voltage. An amplitude-modulation depth of ~3 dB was
achieved at 16 V bias voltage in kilohertz (kHz) speed. The modulation speed was enhanced
to megahertz (MHz) by placing the ohmic ground plane directly underneath the Schottky
layer to minimize the device capacitance, as shown in Figure 3c [56]. This was utilized to
build a four-color, 8 × 8 pixelated spatial light modulator by repeating a 2 × 2 four-color
subarray, thereby realizing a more advanced spatial and spectral control (Figure 3d).

To realize beam steering, a switchable-diffraction grating with combined amplitude
and phase modulation using Schottky gate structure for tuning was presented in [57]
(Figure 3e). By applying a reverse bias voltage (−13 V) on alternate columns, the metasur-
face achieved 20 dB amplitude modulation at 36.1◦ with a speed of 1 kHz at 0.4 THz. An
alternative method applied to achieve beam steering was shown using meta-atoms with
specially designed ‘C’-shaped structures covering a 2π phase range. Figure 3f shows eight
‘C’-shaped SRRs with different gap sizes and orientations for a π/4 phase gradient [58]. The
metasurface metallic pattern was made using gold film and embedded with a doped semi-
conductor substrate (Figure 3g) [58]. As a result, the metasurface realized broadband (0.55
to 0.83 THz) beam steering with a deflection angle from 59.09◦ to 34.88◦ at a modulation
speed of 3 kHz (Figure 3h).
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Figure 3. Schottky-diode-structure-enabled reconfiguration. (a,b) A 4 × 4 pixel amplitude modulator.
(a) Schematic of the cross section of the unit cell incorporating SRR with Schottky gate structure (top).
The gray scale of the depletion region indicates the free charge-carrier density. A single pixel on the
THz SLM for amplitude modulation (bottom). (b) THz SLM consisting of 4× 4 pixels. Reprinted from
Ref. [55]. (c,d) An 8 × 8 four-color spatial light modulator. (c) Schematic of the metamaterial absorber
with a flip-chip-bonded, n-doped GaAs epitaxial layer. (d) An example of the spatial light modulator
with different frequencies for each pixel. Reprinted from Ref. [56]. (e) A diffractive modulator with
grating configuration realizing 22 dB amplitude modulation at 36.1◦. Reprinted from Ref. [57]. (f–h)
A phase-modulated deflector. (f) An array consisting of eight unit cells realized 2π phase control with
nearly the same transmission efficiency. (g) Microscopic image of the fabricated metasurface. (h) An
illustration of the deflected wave transmission. Reprinted from Ref. [58].

2.1.3. High-Electron Mobility Transistor (HEMT)

The instability of two-dimensional electron gases (2DEGs) in short-channel high-
electron mobility transistors (HEMTs) leads to a resonant response at the geometrical plas-
mon frequency, which depends on the size and shape of the channel [59–61]. A pseudomor-
phic HEMT-integrated metadevice was first introduced in 2011 by D. Shrekenhamer et al.
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(Figure 4a) [61]. HEMTs were integrated beneath the capacitive gaps of a square electric-LC
(ELC) resonator. The resonance response was reconfigured by changing the channel-carrier
density through external bias voltage (1 V). The metadevice was fabricated using a com-
mercial GaAs process and realized a modulation depth of 33% at 0.46 THz with a rate of
10 MHz. In 2016, the authors adopted the same meta-atom to demonstrate a 2 × 2 spatial
light modulator (Figure 4b) [62].

Various structures have been designed to explore 2DEGs in HEMTs [63–65]. One such
embedded HEMT with metal–insulator–metal (MIM) capacitors for amplitude modulation
(45%) was introduced in [63] through a biasing voltage of 3 V at 0.58 THz. Reconfigurability
with both amplitude and phase modulation is desirable. Double-channel heterostructures
with two split channels of decreased polarized-carrier concentration were designed to
support a nanoscale 2DEG layer with high concentration and mobility [66] (Figure 4c). An
equivalent collective dipolar array was combined with a double-channel heterostructure.
An external electrical signal was applied to control the electron concentration in the 10 nm
thick 2DEG layers, which led to a resonant mode conversion between two dipolar reso-
nances, providing fast amplitude and phase modulations. Depletion of the 2DEG layer
shifted the dipolar resonance from the long central wire to the short one, resulting in a
blueshift of the resonance frequency. This design demonstrated 1 GHz modulation speed
for the first time and achieved 85% modulation depth (Figure 4d) and 68◦ phase shift
(Figure 4e) at ~0.351 THz. By combining inductance–capacitance resonance and dipole
resonance, an enhanced-resonance active HEMT metasurface was designed (Figure 4f), re-
alizing a phase modulation of 137◦ at 0.35 THz with a biasing voltage of 8 V (Figure 4g) [67].

Figure 4. High-electron-mobility-transistor (HEMT)-enabled reconfigurable metasurface. (a,b) An
HEMT-embedded metamaterial modulator with a speed of 10 MHz. (a) A simulation unit-cell model
with HEMT beneath each split gap. The cross-sectional view is shown on the right. Reprinted from
Ref. [61]. (b) A 2 × 2 spatial light modulator with a modulation depth of 33% at 0.46 THz. Reprinted
from Ref. [62]. (c–e) Metasurface with 1 GHz modulation speed combining a dipolar array with a
double-channel heterostructure. (c) Image of the fabricated metasurface. (d) Depth modulation of
85%. (e) Phase modulation of 68◦. Reprinted from Ref. [66]. (f,g) Large phase modulator with HEMT
embedded and an enhanced-resonance metasurface. (f) Schematic of the unit-cell structure. (g) Phase
modulation of more than 130◦. Reprinted from Ref. [67].
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2.1.4. Graphene

Graphene is a two-dimensional (2D) material of honeycomb structures formed by
single-layer carbon atoms arranged in hexagonal lattices. Graphene has complex conduc-
tivity that supports the propagation of plasmonic modes at THz frequencies [68]. The
surface conductivity can be efficiently controlled through a perpendicular-bias electric field
that induces charge carriers to shift the graphene chemical potential (Fermi level) away
from the Dirac point. Compared with conventional semiconductors, graphene has the
attractive advantages of high electron mobility, considerable thermal conductivity, and
strong mechanical ductility [69]. Hence, graphene has considerable potential to be applied
in the THz frequency for dynamic wave control.

A graphene-based electroabsorption modulator was demonstrated by placing atom-
ically thin graphene layer on top of a dielectric substrate with a reflective metal back
gate (Figure 5a) [70,71]. The substrate thickness was designed to be an odd multiple of
a quarter-wavelength of the incident wave to enhance the modulation depth. With a
biasing voltage of −10 V, the Fermi level in graphene was tuned at the Dirac point, realiz-
ing the maximal reflectance. The carrier concentration increased with increased voltage,
resulting in enhanced absorption. The graphene layer was patterned using O2 plasma
to demonstrate a 4 × 4 pixelated reflectance modulator (Figure 5b) [71]. An alternative
approach using electrolyte gating, producing higher charge densities to build a spatial
phase modulator, was presented in [72] (Figure 5c). Large electric fields were generated
at the graphene–electrolyte interface, giving rise to charge accumulation over a large area
without an electrical short circuit and removing the thickness control. In order to build the
16 × 16 pixelated modulator, graphene was grown by chemical-vapor deposition (CVD) on
a large area. Selective control of a single pixel was achieved by voltage biasing through the
corresponding column and row (Figure 5d).

A reflect array combined with graphene for dynamic beam steering was first proposed
using a square graphene patch (Figure 5e) [68]. Due to the slow wave propagation in the
plasmonic mode of graphene, a patch was designed with much smaller dimensions (λ/10,
compared with conventional conductors of λ/2) for a resonance response. This reduced
interelement spacing allows for more efficient wavefront manipulation. By tuning the
chemical potential from 0 to 0.52 eV, a phase coverage of 300◦ was obtained at 1.3 THz with
a fixed patch dimension. To have full 360◦ phase coverage for dynamic-gradient phase
control, graphene was designed with resonant structures (Figure 5f) [73,74] or combined
with resonant metallic patterns [75,76]. A graphene-based coding metasurface for beam
splitting was proposed by controlling the Fermi level (Figure 5g) [77–81]. Such coding
metasurfaces also have great potential to be applied to security systems for message
transmission [81]. Spatially selective column-level tuning was presented with graphene
embedded in SRR, resulting in four deflection angles (5◦, 11◦, 17◦, and 23◦) at 1.05 THz
(Figure 5h) [82]. Such graphene-based beam steering metasurfaces had only been tested in
simulations. The first experimentally demonstrated design was illustrated in [83] (Figure 5i).
The graphene strip was placed at the gap of a bowtie structure for field concentration. Each
column was individually controlled, resulting in a maximum beam steering of ±25◦ at
1 THz (Figure 5j).
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Figure 5. Graphene-based reconfigurable metasurface. (a,b) A 4 × 4 reflection modulator. (a) A
schematic of the graphene-SiO2-Si structures. The substrate has an optical thickness of an odd
quarter wavelength. (b) Optical image of the graphene-enabled reflection modulator. Reprinted from
Ref. [71]. (c,d) A 256-pixel spatial light modulator. (c) Photo of the modulator (left). The enlargement
(right) shows the graphene–electrolyte–graphene unit-cell structure. (d) A THz transmission image at
0.1 THz with two rows and columns biased at +1.0 and −1.0 V, respectively. Reprinted from Ref. [72].
(e) Unit cell consisting of a square graphene patch for a tunable reflective metasurface at 1.3 THz.
The cell has dimensions of a = b = 14 μm, ap = bp = 10 μm. Reproduced with permission from [68].
(f) Beam steering with graphene patterned in SRRs. Reprinted from Ref. [73]. (g) Digital metasurface
using a graphene–insulator–graphene stack for beam steering. Reprinted from Ref. [81]. (h) Column-
level controlled beam steering with graphene embedded with SRR structures. Reprinted from Ref. [82].
(i–j) Experimentally demonstrated beam-steering metasurface with graphene embedded with a
bowtie structure. (i) Cross section of the experimentally demonstrated beam-steering metasurface
(left) and its unit-cell structure (right). (j) Schematic of the metasurface with the individually biased
column. Reprinted from Ref. [83].

2.2. Optical Approaches

In photosensitive semiconductors (e.g., silicon, GaAs, and conducting oxide), con-
ductivity can be controlled by pumping carriers from the valence band to the conduction
band using an external laser beam with photon energy higher than that of the bandgap [84].
This dynamic photoconductivity provides temporal modulation of the metasurface. Fig-
ure 6a shows a hybrid circular SRR with an aluminum SRR placed on a circular silicon
ring [84]. The top layer SRR was designed with eight patterns for 360◦ phase coverage,
realizing a wideband (0.6–1 THz) cross-polarized wavefront deflection from 51◦ to 28◦
(Figure 6b). Stimulating the silicon with an external optical laser pump (800 nm) increased
its conductivity and closed the SRR gap, eliminating the beam-splitting and deflection
effect. A similar concept was applied to high-resistivity silicon resonators (Figure 6c) [85].
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A supercell consisting of four resonators was designed, realizing a beam-deflection angle of
34.7◦ at 0.586 THz with 5 mW laser-pump power (Figure 6d). The rise time for the transient
photocarrier was 14 ps. This symmetry-preserved Huygens’ metasurface design achieved
a high transmission efficiency of 90%.

Figure 6. Semiconductor materials for temporal modulation. (a,b) Optical active polarization switch-
ing and dynamic beam splitting. (a) An illustration of the hybrid circular split-ring resonator (h-SRR)
pumped by near-infrared femtosecond pulses. (b) An active polarizing beam splitter. Reprinted from
Ref. [84]. (c,d) Spatiotemporal dielectric metasurfaces for beam steering. (c) Ultrafast femtosecond
laser pulses (@ 800 nm, 100 fs) pump high-resistivity silicon on a quartz substrate, providing transient
photocarriers for temporal modulation. (d) Temporal beam steering of 34.7◦ at 0.586 THz. Reprinted
from Ref. [85].

2.3. Phase-Change Materials

Phase-change materials (PCMs) transform from the amorphous to the crystalline
state or between different crystalline phases upon external stimulation [86]. Their re-
versible phase transition, thermal stability, and fast switching speed make PCMs ex-
tremely popular [87]. Various phase-change materials, such as vanadium dioxide (VO2),
chalcogenide phase-change materials, and liquid crystals (LCs), have been explored for
reconfigurable metasurfaces.

2.3.1. Vanadium Dioxide (VO2)

Vanadium dioxide (VO2) has a unique atomic rearrangement of monoclinic phases,
exhibiting semiconductor behavior at room temperature and rutile phases at high temper-
atures (~68◦), experiencing an abrupt transition from insulator to metal when subjected
to thermal, electrical, optical, or mechanical stimulation [88–92]. This insulator-to-metal
transition property provided a diversified application for switching a metasurface between
the broadband-absorber and half-wave plate states (Figure 7a) [90]. The metasurface had an
absorption efficiency >90% at room temperature but became a reflector as the temperature
rose above the phase-change temperature [90]. Supercells consisting of eight resonators
were designed to have a beam-steering effect in the metallic state (Figure 7b). The meta-
surface had a simulated wideband deflection of ~28◦ at 0.8 THz (Figure 7c). Embedded
VO2 with resonant structures for a multifunctional coding metasurface was also presented
numerically [91,93–95]. An experimental demonstration of VO2-based reconfigurable beam
steering was presented in [89] (Figure 7d). The unit cell had a cross-shaped aperture with
a resistive heater electrode placed beneath for independent Joule-heating actuation. A
100 nm thick SiO2 layer was used to insulate the resistive-heater electrodes from the top Au
layer. The refractive index of the VO2 was varied through temperature changes. The meta-
surface achieved a 44◦ beam deflection in both horizontal and vertical directions at 0.1 THz
(Figure 7e,f). Recently, an electrically triggered VO2-based reconfigurable metasurface for
both phase (90◦) and amplitude (71% at 0.79 THz) modulation was experimentally demon-
strated in [96]. And a multi-state 8 × 8 pixelated reflective modulator was demonstrated
with a modulation speed of 1 kHz [97].
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Figure 7. Phase-change materials of a vanadium-dioxide (VO2)-enabled reconfigurable metasurface.
(a–c) A thermally controlled reconfigurable metasurface with broadband absorption-to-reflection
conversion. Reprinted from Ref. [90]. (a) Schematic of the VO2 integrated metasurface. (b) Unit-cell
structure (top) and a unit-cell array for 2π phase control (bottom). (c) Broadband reflection when VO2

is in its fully metallic state. (d–f) An electronically controlled beam-steering metasurface operates
at 0.1 THz. Reprinted from Ref. [89]. (d) Top-view scanning electron microscopic image of the
metasurface (top left), unit-cell structure (bottom left), and beam steering (right). (e) Horizontal beam
steering at −22◦, −14◦, 0◦, 12◦, and 22◦. (f) Vertical beam steering at −14◦, 0◦, and 12◦.

2.3.2. Chalcogenide Phase-Change Materials

Phase transitions of chalcogenide phase-change materials are mediated by nucleation
dynamics, providing an analog response by continuously varying the crystallinity frac-
tion. Moreover, these analog states are nonvolatile, requiring zero-hold power [86]. A
chalcogenide phase-change material, germanium–antimony–tellurium (GST), a ternary
compound made of germanium (Ge), antimony (Sb), and tellurium (Te), exhibits a re-
configurable phase-transition response between amorphous and crystalline states under
external optical, electrical, or thermal stimulation. A multifunctional tunable metadevice
was described in [98] using Ge2Sb2Te5. A dual-split asymmetric SRR was designed for Fano
resonance (Figure 8a). Four meta-atoms designed for different THz frequency responses
were configured in a 2 × 2 array. A spatially selective reconfiguration was achieved by
Joule heating from the isolated biasing current (Figure 8b). Continuously increasing the ma-
terial temperature led to increased terahertz conductivity and refractive index, providing
multilevel resonance modulation states (reaching 100% at 850 mA) (Figure 8c).

Germanium telluride (GeTe) with a crystallization temperature of ∼ 200 °C and a
resistivity reduction of six orders has also been extensively studied for the construction
of tunable metasurfaces [99,100]. Optical stimulus provides faster material phase-change
modulation [98,101]. Recently, a two-bit coding metasurface based on GeTe was experimen-
tally demonstrated with multifunctionality, including beam tilting, directing, and splitting
at 0.3 THz (Figure 8d) [101]. A laser pulse excited the meta-atom between crystalline
(conductive) and amorphous (insulating) states (Figure 8e), achieving a reflected phase
difference of 180◦ (Figure 8f). Five different beam controls were demonstrated with five
coding masks, as shown in Figure 8g.
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Figure 8. Chalcogenide phase-change materials enabled a reconfigurable metasurface. (a–c) Germanium–
antimony–tellurium (GST) incorporated with Fano-resonance mate atoms for multicolor spatial light
modulation. (a) A 2 × 2 array for four-color spatial light modulation. (b) Schematic of current biasing.
(c) Multilevel Fano-resonance modulation (FRM) results from different input currents (stimulus
period ≈ 15 s). Reprinted from Ref. [98]. (d–g) Phase-change GeTe material applied for a multifunc-
tional coding metasurface. (d) Illustration of the coding metasurface. (e) GeTe- and gold-integrated
unit cell with amorphous (insulating) state of GeTe and crystalline (conductive) state. (f) Reflected
phase of 180◦ at 0.3 THz for the coding element at two different states. (g) Multifunctionality (beam
tilting, directing, and splitting) is realized through different coding masks. Reprinted from Ref. [101].

2.3.3. Liquid Crystals

Liquid crystals are attractive for their inherent birefringent properties, which depend
on the orientation of liquid crystal molecules and can be effectively controlled by an
external electric field or light [102–105]. Figure 9a shows a THz spatial light modulator
based on liquid crystals combined with metamaterial absorbers [102]. The authors used
an isothiocyanate-based liquid-crystal mixture to fill the space around the electric ring
resonator (ERR). The spatial light modulator consisted of a 6 × 6 pixel array (Figure 9b),
and each pixel was individually controlled by a 15 V peak-to-peak square waveform at
1 kHz. The applied electric field forced the liquid-crystal molecule to align with its direction,
achieving 75% reflectivity modulation at 3.67 THz (Figure 9c).
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Figure 9. Liquid-crystal-enabled reconfigurable metasurface. (a–c) A spatial light modulator based
on liquid crystals. (a) Schematic of metamaterial absorbers covered with a layer of liquid crys-
tals. (b) Spatial light modulator device and an enlargement for the meta-atom dimensions. (c) A
6 × 6 pixelated absorption map measured at 3.725 THz. Reprinted from Ref. [102]. (d–g) A spatial
phase modulator operating at 0.8 THz. (d) Schematic of the metasurface. (e) An optical microscopic
image of the fabricated metasurface. (f) Phase difference as a function of liquid-crystal tilt angle.
(g) Calculated beam deflection. Reprinted from Ref. [104]. (h,i) Programmable metasurface for beam
steering. (h) Schematic of the beam steering metasurface with the control element (top). The unit cell
consists of a liquid-crystal layer embedded between two metallic layers. Schematic of the metasurface
with the applied coding sequence of /01.../(bottom). (i) Reflected angles for five different coding
sequences with an incident angle of 20◦ at 0.672 THz. Reprinted from Ref. [105]. (j,k) Liquid crystal-
based multifunctional transmissive coding metasurface. (j) Schematic of the functional metasurface
(top) and the asymmetric unit-cell design (bottom). (k) Measured transmitted pattern for different
coding sequences. Reprinted from Ref. [106].

The reconfigurable effective refractive index of liquid crystal makes it suitable for both
amplitude and phase modulation [103]. Figure 9d shows a spatial phase modulator of a ne-
matic liquid-crystal layer sandwiched between two orthogonally placed metasurfaces [104].
Meandering wires enabled the electric potential of each pixel to be selectively and spatially
addressed. The anisotropic metapixel (unit cell) consisted of two metallic split rings to
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enhance liquid-crystal birefringence (Figure 9e,f). The maximum phase change (32◦) re-
sulted from a 90◦ tilt angle. A biasing voltage of 20 V achieved a deflection angle of 5◦ at
0.8 THz (Figure 9g). Combining liquid crystals with a programmable metasurface enabled
more advanced dynamic beam steering (Figure 9h) [105]. A 25 μm thick liquid-crystal layer
was embedded inside a metal–insulator–metal (MIM) resonator with a top metal layer
patterned in the Jerusalem cross structure. Bias voltages of 0 and 40 V were applied to
have “0” and “1” states with 180◦ phase differences while maintaining the same reflection
amplitude. By changing the phase gradient through coding pattern, different reflected
angles were achieved at 0.672 THz, for an incident angle of 20◦, as shown in Figure 9i.
The maximum acquired deflection angle was 32◦, with a reflection efficiency of 19.1%. By
designing unit cells with more phase changes, this method can be further extended to
two-bit- or three-bit-coding liquid-crystal metasurfaces, achieving a wider beam-deflection
angle and higher reflection efficiency. Recently, an liquid crystal -based transmissive coding
metasurface was demonstrated for multifunctional control (Figure 9j) [106]. An asymmetric
metasurface pattern was designed for Fano resonance, realizing a transmission efficiency
as high as ~50% at 0.426 THz. Figure 9k shows the measured beam-splitting patterns using
different coding sequences.

2.4. Micro-Electromechanical-System (MEMS)

In contrast to other tuning mechanisms that alter the properties of materials, micro-
electromechanical-system (MEMS) metasurfaces directly change the structural geometry of
the unit cell, transforming the electromagnetic wave responses. Moreover, advanced and
developed MEMS manufacturing makes it attractive for reconfigurable THz devices [107].
The simplest microstructure cantilever has been extensively studied and was embedded
in a metasurface for active tuning [44]. A wideband spatial light modulator was built
using an array of 768 actuatable mirrors, with a length of 220 μm and a width of 100 μm
(Figure 10a) [108]. These dimensions were selected to reduce diffraction from individual
mirrors and to increase the pixel-to-pixel modulation contrast of the spatial light modulator.
A cantilever consisting of chrome –copper–chrome multilayers had intrinsic residual stress
forcing it to tilt up with an angle of 35◦ (Figure 10b), which minimized back-diffracted waves
in the incident direction. The mirrors were pulled down to the substrate by applying a bias
voltage of 37 V. The SLM was built with micromirror arrays based on the grating concept
to have a wide operational spectral range. The authors designed a spatial light modulator
with 4 × 6 independently switchable pixels. Each pixel consisted of 4 × 8 micromirrors
with a pixel size of 1 mm × 2 mm (Figure 10c). The modulation contrast was higher
than 50% over the frequency range from 0.97 THz to 2.28 THz, with a peak modulation
contrast of 87% at 1.38 THz. This method allows for almost arbitrary spatial pixel sizes by
collectively switching the corresponding group of mirrors.

Beam steering was demonstrated by a cantilever designed for electrical LC resonance
(Figure 10d) [109]. By controlling the suspension angle (from 2◦ to 0◦) of the bimorph
cantilever through biasing voltage (from 0 V to 30 V), a phase coverage of 310◦ was
achieved at 0.8 THz (Figure 10e). Steering angles of ±70◦ and ±39◦ were demonstrated
through simulation by grouping twelve columns as a super cell and controlling each
column individually (Figure 10f). Each unit cell could potentially be addressed separately
to have unit-cell-level control to enable a programmable MEMS metasurface. A MEMS-
based metasurface for wireless security encoding was demonstrated using square double
SRRs, forming a Fano resonator (Figure 10g) [110]. Independent control of the two SRRs
provided four transmission states for an exclusive-OR (XOR) logic operation (Figure 10h).
An application performing the XOR logic operation for one-time-pad (OTP) security in
wireless transmission is illustrated in Figure 10i. A private message (m) was encoded with
a secret key (k) using the XOR logic operation before sending it out for public-channel
transmission, and the original message was decrypted at the destination through the
inverse XOR operation. This fast encryption method could be extended to other wireless
communication networks requiring high security.
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Figure 10. MEMS-enabled reconfigurable metasurface. (a–c) Micromirror array for the wideband
spatial light modulator. (a) Schematic of a single-pixel in OFF state (top) and ON-state (bottom) for
a bias voltage of 0 V and 37 V, respectively. (b) SEM image of the inclined mirrors. (c) Model of a
2 × 2-pixel SLM with two ON pixels (highlighted by black frames) along one diagonal (left) and
its corresponding measured-intensity distribution (right) at 1.38 THz. Reprinted from Ref. [108].
(d–f) MEMS-based metal–insulator–metal metadevices for beam steering. (d) Images of the fabri-
cated metasurface in “ON” and “OFF” states. (e) Simulated phase response as a function of the
cantilever angles. (f) Simulated dynamic beam steering with six-digit control. Reprinted from
Ref. [109]. (g–i) Reconfigurable MEMS Fano metasurfaces for logic operations in cryptographic
wireless communication networks. (g) Unit-cell model of the metasurface. (h) Measured far-field
transmission spectra showing the exclusive-OR (XOR) logic feature for various voltage states of the
SRRs at 0.56 THz. (i) Implementation of the XOR logic for OTP-secured wireless communication
channels. Reprinted from Ref. [110].

3. Discussion

THz RISs can dynamically modify the wave propagation direction, thereby enhancing
wireless network efficiency, are crucial for actualization of 6G communication links. Recon-
figurable metasurfaces with the function of pixel-level amplitude modulation and tunable
beam steering are summarized in Tables 1 and 2, respectively, according to tuning elements.
Electrical control allows for more precise, spatially selective pixel-level modulation but
requires additional wires and complex control circuits. Optical control usually modulates
the whole surface with a laser pump, but localization may be possible through an additional
coding mask [101]. Tuning elements can be combined to add additional reconfigurable
freedom [111,112]. Other reconfigurable methods, such as mechanical [113] and microfluid-
based [114] tuning, are also feasible. RISs realized through industry-standard fabrication
processes have greater potential for large-scale construction, which is required for future
6G smart cities. Moreover, emerging 2D van der Waals materials using surface-plasmon
polaritons provide new approaches for dynamic tunning in the THz spectrum [115–120].
Graphene plasmons demonstrate lower loss than conventional metal-based plasmonic
metasurfaces [121,122]. Recently discovered phonon polaritons in van der Waals crystals
exhibit remarkably low losses [123–125]. These phonon polaritons can be tunned through
chemical intercalation [126–128], twisted stacking [129], and heterostructures [130–133].
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Since the emergence of multiple-input, multiple-output (MIMO) technology for wire-
less communication, polarization modulation (PoM) has gained more and more atten-
tion thanks to its excellent signal distinguishability, thereby increasing spectrum effi-
ciency [134,135]. Metasurfaces with active elements for polarization modulation at THz
frequencies were investigated in [136–139] and were found to have great potential to be
utilized for future 6G wireless communications. Another promising area for future THz RIS
applications is space-time-coding digital metasurfaces with have multifrequency control
for beam shaping and steering [140]. Cell-free massive MIMO for mobile access is expected
in 6G based on massive MIMO in 5G. Hybrid RISs with MIMO constitute an important
future research direction.
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Abstract: In this work, an mm-wave/THz MEMS switch design process is presented. The challenges
and solutions associated with the switch electrical design, modeling, fabrication, and test are explored
and discussed. To investigate the feasibility of this design process, the switches are designed on
both silicon and fused quartz substrate and then tested in the 140–750 GHz frequency range. The
measurement fits design expectations and simulation well. At 750 GHz the measurement results
from switches on both substrates have an ON state insertion loss of less than 3 dB and an OFF state
isolation larger than 12 dB.

Keywords: millimeter-wave; terahertz; MEMS; switch; transmission line model

1. Introduction

Compared with conventional diode-based RF switches, MEMS switches have signifi-
cant advantages in RF performance including higher isolation, lower insertion loss, and
fewer intermodulation products. Meanwhile, since the MEMS switch does not require
constant DC bias current in the static ON and OFF states, it consumes nearly zero power [1].
Because of these advantages, significant effort has been made to develop MEMS switches in
the centimeter band [2–6], and some had also been successfully introduced in commercial
applications [7,8]. In comparison, MEMS switch development in the millimeter-wave or
THz spectrum faces more challenges.

In such frequencies, the switch’s physical dimensions are comparable with its RF signal
wavelength. Instead of regarding the switch as a lumped element, one needs to model the
circuit from a transmission line perspective. The EM finite analysis is also frequently applied
in RF optimization. Meanwhile, at such high frequencies, the switch RF performance
improvement requires adjusting the circuit’s physical features in dimensions of micro-
meters. Inevitably, the electrical design has to trade off with the fabrication techniques and
limitations; which makes mm-wave/THz MEMS switch design more challenging.

In 2010, a DC contact MEMS switch operating at 50–100 GHz was reported [9]. Its
center conductor in the coplanar waveguide (CPW) was actuated through a long cantilever
beam from one side of the switch. The cantilever was driven by a comb-electrode actuated
folded spring structure, which significantly complicated the bias structure and increased
the circuit size. Another CMOS-based MEMS switch was successfully demonstrated at
220 GHz [10]. In this design, the air bridge structure that supported the actuator introduced
a large parasitic capacitance and limited the isolation performance. Two switches had to be
placed in series to provide 12 dB isolation. The switch reported in 2017 [11] successfully
integrated a MEMS switch with a BiCMOS process. In the 220–320 GHz band this capacitive
switch achieved 1 dB insertion loss and 12 dB isolation. Another 500–750 GHz waveguide
switch [12] reported in 2017 used a MEMS-reconfigurable surface to block & unblock the
wave propagation through the waveguide; however, this structure is incompatible with
planar RF circuits.

In our previous work [13], we demonstrated an RF MEMS switch on a silicon sub-
strate and provided the preliminary measurement in the 500–750 GHz (WR1.5) band. To
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investigate the feasibility of this design process on different dielectric substrates in a wider
millimeter/THz spectrum, the switches were designed on both high resistivity silicon and
fused quartz substrate and then tested in the 140–750 GHz frequency range. In this work,
we provide a method to design RF MEMS switches in the mm-wave/THz frequency band.
The challenges associated with the switch electrical design, modeling, fabrication, and test
are discussed and the solutions are provided.

2. Mechanical Design

In this work, we focus on developing a series switch using a CPW structure as shown
in Figure 1. Under applied external bias voltage, the electrostatic force pulls the cantilever
towards the bias pad. The voltage that provides sufficient force that can turn the switch to
an ON state is the actuation voltage. Once the external bias voltage reduces, the cantilever
starts to restore to its initial position and returns to the OFF state under zero bias. In
Figure 2, the switch’s ON/OFF states are presented.

Figure 1. (a) 3-D model of an electro-static actuated MEMS switch in a series configuration. The
switch’s OFF state isolation is provided an air gap between the actuator’s tip and the CPW section’s
tip. When applying external DC bias, the electrostatic force between the bias pad and the actuator will
pull the actuator down and provide an RF signal path. (b) A photomicrograph of a fabricated switch.

(a) switch is “OFF” under 0 bias voltage

( ) switch is “ON’’ under actuation voltage

Dimple Structure

g
h

g1

1L

Figure 2. The OFF and ON states of the RF MEMS switch under different DC bias conditions. The
cantilever to bias pad gap g and dimple to CPW distance g1 are both marked. (a) The Switch is under
OFF state. (b) The Switch is under ON state.

The first step of this switch design is to choose the desired substrate. Among several
widely used materials, high resistivity silicon and fused quartz are chosen. These two
substrates have significant differences in physical features that lead to different approaches
in their mechanical and electrical designs. Silicon, with its higher relative permittivity
(εr = 11.9) than fused quartz (εr = 3.8), takes less physical length to build the same RF
circuit on a silicon substrate, moreover, the transmission line features are also narrower.
This can be an advantage to develop a more compact device but requires finer adjustment
on the device RF optimization. On the other hand, depending on the type of fused quartz
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been used, it could have a dielectric strength as high as 10 MV/cm [14] in comparison with
0.3 MV/cm for resistivity silicon substrates. Therefore, using equivalent circuit dimensions,
fused quartz substrate can potentially support 30× higher DC bias voltage than the silicon
substrate. Such an additional safe margin provides more design flexibility for designing
electrostatic actuated MEMS devices. Meanwhile, high resistivity silicon’s resistivity is at
the order of 104 Ω ·cm [15]; in comparison, fused quartz has a higher resistivity at the order
of 1014–1016 Ω ·cm [16]. A thin layer of silicon dioxide should be deposited on top of the
silicon surface to improve DC isolation.

The actuator of the proposed RF MEMS switch can be modeled as a cantilever from
a mechanical perspective. The cantilever’s spring constant k can be calculated by the
following equation [17]:

k = 2Ew(
t
l
)3 1 − ( x

l )

3 − 4( t
l )

3 + 4( t
l )

4
. (1)

Its pull-down voltage Vpull can be estimated by the following equation [1]:

Vpull =

√
8kg3

27ε0L1w
. (2)

Here, E is Young’s modulus of the cantilever material; x is the distance from the
cantilever anchor to the center of the bias pad; l, t, and w are the cantilever’s length,
thickness, and width. As shown in Figures 1 and 2, g and L1 are the actuation gap and the
length of the actuation pad beneath the actuator.

A small dimple structure is attached beneath the cantilever tip. Its thickness h is
0.2 μm. This dimple reduces the contact surface at the switch’s ON state to reduce the Van
der Waals forces.

Previous research [17] included a similar sized dimple beneath the cantilever beam
tip, and the experimental result suggests a restoring force of 0.07 mN is needed for reliable
restoration. Assuming gold as the cantilever material, l in a range of 70–100 μm and x is
roughly half of l, w and t can be calculated accordingly. In consideration of fabrication
feasibility, w should be at least 2–3 times longer than t. With an actuation gap g of 1.2 μm,
the initial values of t and w are selected as 2.3 μm and 7 μm, respectively. The resulting
Vpull is estimated to be around 55 V.

To prevent dielectric breakdown during actuation, the electric field between the bias
pad and nearby CPW should be kept well below the substrate dielectric strength. As
presented in Figure 3, a crude estimate of the electric field strength can be obtained by
assuming a uniform field distribution.

Rquartz

Rsilicon

Rsilicon-dioxide Rsilicon-dioxide 

CPW

Bias Pad

CPW

q

Uniform E

 E through Silicon Dioxide

 E in Silicon

 E through Silicon Dioxide

Fused Quartz

Silicon Dioxide

Silicon 

Figure 3. The strongest electric field is between the CPW and the adjacent DC bias pad.

In the fused quartz-based design, the strongest electric field extends along the mini-
mum gap between the CPW and adjacent bias pad. Under a 55-V bias voltage, the electric
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field is approximately 0.11 MV/cm along the 5 μm gap. This value is well below the
substrate’s dielectric strength and can be further reduced by increasing the gap between the
bias pad and CPW. By comparison, in the silicon based design, the electric field extended
through the silicon dioxide thickness as depicted in Figure 3. Considering silicon dioxide’s
dielectric strength of around 3–5 MV/cm, the silicon dioxide insulation layer should be
around 100 nm to prevent dielectric breakdown. One common method to deposit a silicon
dioxide layer is through plasma-enhanced chemical vapor deposition (PECVD). However,
previous fabrication and subsequent tests suggest this PECVD oxide has a high risk of
creating an un-covered silicon area known as pinholes inside the oxidation layer that result
in potential shorts between the MEMS devices and silicon substrate [18,19]. In this work, a
very uniform dry thermal silicon-dioxide layer was grown on the high resistivity silicon
surface with a thickness of 100–110 nm.

3. Electrical Design

In Figure 4, a cross-section view of a coplanar waveguide (CPW) structure is presented.
The impedance of a CPW is largely determined by the signal line’s width, w, and the signal
to ground gap, gc. When scaling w and gc by the same ratio, CPW’s impedance has little
variation. At a minimum feature size gc = 4 μm, the corresponding w to realize a 50 Ω
impedance on different substrates is simulated through Ansys HFSS and listed in Table 1.
The result shows that a lower relative permittivity substrate require a large signal line
width. On silicon, the required signal line width is 7 μm, while for a fused quartz, the
signal line width increases to 35 μm.

g w
t

h

c g
c

h
Figure 4. The cross-section view of a CPW. In this work, both high resistivity silicon and fused quartz
substrate have thickness h of 500 μm. The CPW is evaporated gold with a thickness t of 400 nm. The
signal line width w and signal-ground gap g are impacted by the substrate’s relative permittivity.

Table 1. The cross-section dimensions of a 50 Ω CPW on different substrates.

Substrate Relative g w
Material Permittivity ε (μm) (μm)

Silicon 11.9 4 7

SiC 9.7 4 9

AlN 9.2 4 10

Quartz 4.0 4 35
The dimensions of 50 Ω CPWs on the different substrates are compared through Ansys HFSS simulation. In the
CPW design, the signal-ground gap gc is limited to 4 μm to keep the transmission line fabrication feasible. With
the same gc, the differences in signal line width w are compared under different relative permittivity ε.

At the OFF state, the switch’s actuator is coupled to the bias pad and the CPW signal
line through parasitic capacitances as presented in Figure 5. Here C1 is actuator-bias pad
coupling capacitance; C2 is pad-CPW coupling capacitance; Ctip is the coupling capacitance
between actuator tip and CPW. The equivalent series capacitance of C1 and C2 is designed
to be much smaller than Ctip so that the total parasitic capacitance Ctotal ≈ Ctip. At the OFF
state, the switch’s RF isolation is determined by the impedance of the total capacitance.
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Bias Pad

Signal Line 

Figure 5. The parasitic capacitance of MEMS switch under OFF state and the switch’s equivalent
circuit model.

To reach a higher RF isolation, a smaller Ctip is desired. Assuming the switch actuator
and CPW overlaps by 2 μm, the initial switch designs on silicon and fused quartz are
each shown in Figures 6a and 7a. Using the parallel plate capacitance equation, the tip
capacitance of the silicon and quartz designs are estimated to be 0.6 fF and 2 fF, respectively.
From these initial capacitance values, their isolation performance is simulated through a
simplified transmission line circuit model. The results are plotted in blue and black curves
in Figure 8. In this work, limited by equipment availability, the highest measurement
frequency is 750 GHz; so the simulation is plotted in the DC-750 GHz frequency range. For
the purposes of switch design comparison, a 15 dB isolation level is drawn as a reference.
The estimation suggests the silicon design will have 15 dB isolation at around 470 GHz;
due to the wider cantilever causing larger capacitance, the isolation of the quartz design is
reduced to 15 dB at about 140 GHz.

Figure 6. Three dimensional (3-D) model of high resistivity silicon-based MEMS switch. The initial
design (a) has a larger parallel area at the actuator tip, which causes larger capacitance. To reduce
such capacitance for higher isolation performance, its actuator tip is trimmed (b).

Figure 7. Three dimensional (3-D) model of fused quartz-based MEMS switch. In the initial design
(a) the actuator has the same width as the CPW’s signal line, which causes roughly 2 fF parasitic
capacitance at the tip. To reduce such capacitance, the actuator’s width was reduced and the tip is
trimmed to further reduce the capacitance (b).
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Figure 8. Estimated switch isolation performance dominated by actuator tip capacitance.

To improve the isolation performance, the overlapping area that forms Ctip must be
trimmed to minimize the cantilever’s parasitic capacitance. In the silicon switch, as shown
in Figure 6b, the cantilever tip and the CPW’s signal line tip are both tapered from 7 μm to
3.5 μm. With a smaller overlapping area, the capacitance is reduced to 0.3 fF. In the quartz
switch, the cantilever width is reduced to 8 μm. To match the elevated CPW impedance
to 50 Ω, the horizontal gap between signal and ground is adjusted to 15 μm; the CPW’s
signal line tip is also tapered to 3 μm. This adjustment is presented in Figure 7b. Through
trimming the geometries of the cantilever and the CPW, the parasitic capacitance of the
quartz switch is significantly reduced to roughly 0.5 fF. The estimated RF isolation of both
silicon and fused quartz switches are plotted in green and red in Figure 8. The fused quartz
switch’s cut-off frequency with 15 dB isolation is expanded to 560 GHz, in comparison, the
silicon switch’s 15 dB isolation bandwidth is higher than 750 GHz.

At the ON state, the switch’s RF performance can also be analyzed through a transmis-
sion line model. As presented in Figures 1 and 2, the actuator in the MEMS switch creates
a discontinuity in physical geometry and impedance mismatch. The switch’s actuator
and its adjacent ground lines can be modeled as a CPW section, which is elevated from
the substrate. As the CPW elevates further away from the silicon substrate surface, the
effective relative permittivity εe f f for the CPW decreases and the impedance increases.
This relationship is presented in Figure 9a. In Table 2, the simulated CPW impedance with
different elevation heights above the silicon substrate is provided.

Figure 9. (a) Impedance variation caused by CPW structure elevation. (b) impedance tuning is
realized by adjusting the DC bias pad size.

Table 2. CPW impedance & its elevation height above the silicon substrate.

Elevation Height (μm) Impedance (Ω)

0 50

0.4 63.6

0.8 64.3

1.2 70

Because the actuator beam is elevated to 1.2 μm above the substrate, the effective
relative permittivity εe f f reduces to around 4.8, the impedance rises to 70 Ω, and the return
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loss will be more than 10 dB at 700 GHz. Such RF performance change can be explained
through a simplified transmission line model in Figure 10. For example, at 3 GHz, a
70 μm cantilever beam has an electrical length of merely 0.9◦ and the resulting impedance
mismatch is negligible. In comparison, at 300 GHz, the electrical length significantly
increases to 90◦, which naturally has a significant impact on the RF performance.

Figure 10. Simplified transmission line model of MEMS switch at the ON state.

The cantilever’s impedance mismatch is most significant at the frequency when it
reaches 90◦ electric length. Here Zc is the introduced resistance due to switch Ohmic
contact, on a scale of around 1 Ω or less. The Za section is a quarter wavelength long and
therefore, the input impedance at is given by:

Zin = Z2
a /Z0

In this case, the equivalent impedance of Zin is 98 Ω.
In order to reduce this impedance mismatch, the DC bias pad size is engineered to

reduce the actuator impedance Za. Since the coplanar waveguide’s characteristic impedance
is approximated as:

Z =

√
L
C

, (3)

by increasing the bias pad’s size, the total parasitic capacitance at the actuator area is
doubled, and the impedance is then successfully tuned to 48 Ω. This engineering tuning
method is presented in Figure 9b.

A more comprehensive circuit model includes the anchor and the actuator’s tip is
provided in Figures 11 and 12 respectively. Figure 11 represents the ON state, in which
the actuator is pulled down to make tip contact at the free end. Zanc represents the anchor
section of the actuator; Za represents the elevated actuator after impedance tuning. Zelev
represents the elevated CPW section assuming no fringing capacitance impact from the
bias pad. The switch’s transmission line model for the OFF state is shown in Figure 12. The
gap beneath the actuator tip serves as an isolation capacitor and introduces impedance Zc1.

The simulation result of a silicon-based switch at the ON state is presented in Figure 13a.
In this figure, both the transmission line model and HFSS finite element analysis are
included and compared. The insertion loss is smaller than 1 dB across DC-750 GHz band,
while the return loss is better than 15 dB. Compared with EM simulation, the transmission
line model catches the major scale and trends of insertion loss and return loss.

Figure 11. A comprehensive transmission line circuit model for ON state MEMS switch.
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1

1

Figure 12. A comprehensive transmission line circuit model for OFF state MEMS switch.

The silicon switch’s OFF state simulation is given in Figure 13b. The result shows the
expected OFF state isolation better than 15 dB. The transmission line model fits the EM
simulation result well in the isolation plots (S21/S12). In the reflection plots (S11/S22), the
transmission line model does not account for the radiated energy. As a result, its simulation
result has a minor difference from HFSS analysis. Similar results are also seen in fused
quartz based simulation in Figure 13c,d.

(a) (b)

(c) (d)

Figure 13. The THz MEMS switches were modeled as transmission line circuits and simulated using
AWR Microwave Office (marked as T line). The circuit simulation results are compared with ANSYS
HFSS finite element analysis. (a) Silicon based design at the ON state. (b) Silicon based design at the
OFF state. (c) Quartz based design at the ON state. (d) Quartz based design at the OFF state.

4. Switch Fabrication Challenge & Solution

The silicon-based MEMS switch fabrication flow is simplified and presented in Figure 14.
The fabrication process starts with circuit layer deposition using the lift-off technique. After
that, two aluminum sacrificial layers are deposited and the dimple position is prepared
with another lift-off. Dry etching and plating were used to form the anchor of switch.
After the gold seed layer and photoresist patterning, the actuator beam was plated. After a
series of wet etch steps, the switch is finally released by a critical point dryer (CPD). The
quartz-based MEMS switch fabrication process is very similar.
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Figure 14. A simplified silicon-based MEMS switch fabrication flow. The fabrication process starts
with circuit layer deposition using a lift-off technique in (a,b). After that, two aluminum sacrificial
layers are deposited and dimple position is prepared with another lift-off in (c). Etching and plating
were used to form the switch’s anchor in (d). After the gold seed layer and a photoresist patterning,
the beam was plated in (e). After a series of wet etch steps, the switch is finally released by CPD in (f).

Typical MEMS fabrication uses photoresists such as SU-8 as a sacrificial layer, which
has a coefficient of thermal expansion (CTE) as high as 50–102 ppm/K [20,21]. In compari-
son, Aluminum’s CTE is 25.5 ppm/K, much closer to Gold’s CTE of 13.9 ppm/K. In this
research, using an Al sacrificial layer significantly reduced the CTE mismatch between the
actuator beam and the sacrificial layer beneath it, which prevented the commonly observed
beam bowing after device release [22].

The Al sacrificial layer can also be easily removed through halogen gas-based reactive
ion etch (RIE) or alkali solution wet etch. However, using an Al sacrificial layer also brings
challenges in fabrication because it can easily form Al-Au compounds which cannot be
easily removed. This red Al-Au compound can be observed in Figure 15a. A chromium
layer is added as a diffusion barrier layer between the Al sacrificial layer and Au circuit
layer [23,24]. In Figure 14d–e, a chlorine RIE and wet etch combined procedure is used to
remove the aluminum layer and the chromium barrier layer.

Figure 15. (a) The Al-Au compounds observed (b) Al-Au compounds are reduced with 50 nm
chromium barrier layer applied between the gold and aluminum layer (c) 80 nm chromium barrier
layer prevented Al-Au to produce.
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5. Switch Calibration & Measurement

In order to verify the switch design, the RF MEMS switch is fabricated and tested. An
on-wafer measurement is set up as presented in Figure 16. A Keysight VNA (PNA-5245A)
is used to conduct a two-port S-parameter measurement. Four sets of VNA extender pairs
(VDI WR-5.1, WR3.4, WR2.2, and WR-1.5) are used to up-convert VNA test frequency
sweeping to 140–220 GHz, 220–330 GHz, 330–500 GHz, and 500–750 GHz. To conduct
the on-wafer measurement, DMPI T-wave probes (WR5.1, WR3.4, WR2.2, and WR1.5) are
also used correspondingly [25]. An SEM image of the calibration kit and completed RF
MEMS contact switch is provided in Figure 17. The switch’s DC high voltage bias and
ground are provided through a bias tee integrated into the DMPI probes. A series 10 MΩ
resistance is placed in the DC bias circuit to limit the current below 10 μA in the potential
breakdown condition.

Before measurement, on-wafer calibration is applied using Through-Reflection-Line
(TRL) standards and WinCal XE calibration software. Standards include a 120 μm through,
two reflection and three lines. The three different lines have additional lengths of 45 μm,
67 μm and 113 μm. Redundant reflections and lines are used for higher calibration
accuracy [25]. Calibrated measurement shows the loss of 50 Ω CPW is around 3.5 dB/mm
at 500 GHz and around 6.5 dB/mm at 750 GHz.

Figure 16. On wafter two-ports probing set up used for MEMS switch RF measurement is shown in
this diagram.

Figure 17. SEM image of (a) on-wafer TRL calibration kit and (b) an example silicon switch.

The silicon switch measurement is compared with corresponding HFSS simulation
results in Figure 18a,b. The ON state performance is shown in Figure 18a. The measurement
shows the switch’s impedance is well matched and has a small variation over frequency.
The return loss is better than 10 dB in the whole band. The switch’s insertion loss is
thus dominated by the actuator contact resistance and metal loss. Previous discussion
demonstrated the contact resistance will bring insertion loss merely on a scale of 0.1 dB
across the whole band; meanwhile, the metal loss will cause switch insertion loss to increase
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slightly over frequency. The measured insertion loss (S21 and S12) in Figure 18a fits the
expectation. The return loss (S11 and S22) is mostly better than 20 dB as HFSS simulation
suggested. Because the measurement is conducted in four different waveguide bands
through four calibrations, there are inevitably certain minor measurement errors at the
boundary frequency points. However, the return loss measurement trend still fits the
simulated curve.

Silicon Switch ON State Measurement & Simulation 

(a)

Silicon Switch OFF State Measurement & Simulation 

(b)

Quartz Switch ON State Measurement & Simulation  

(c)

Quartz Switch OFF State Measurement & Simulation 

(d)

Figure 18. The THz MEMS switch HFSS simulation measurement comparison. (a) Silicon switch
ON state measurement and simulation. (b) Silicon switch OFF state measurement and simulation.
(c) Quartz switch ON state measurement and simulation. (d) Quartz switch OFF state measurement
and simulation.

The silicon switch’s OFF state measurement is presented in Figure 18b. Because the
CPW sections are isolated by the air-gap capacitance, any incident RF energy is mostly
reflected. In this measurement, the return loss (S11 and S22) curves are only slightly lower
than 0 dB, which fits the simulated result well. The isolation plot (S12 and S21) also match
the simulated curves.

A similar condition is also observed in the fused quartz switch’s ON and OFF state
measurements. Comparing Figure 13a,c, the silicon switch’s impedance match is expected
to be better than the fused quartz switch in the 200–500 GHz band, which is due to different
bias pad-actuator coupling conditions and associated resonance. The measurement in
Figure 18a,c matches such expectation. Meanwhile, the fused quartz switch and silicon
switch have similar insertion loss conditions, which is very reasonable. In both switch
designs, insertion loss is majorly determined by the actuator’s contact resistance and gold
metal loss. In both switches, the actuation bias voltage is 55 V, and both actuators have
the same thickness. The actuation force is expected to be similar, which leads to the same
expected contact resistance. Gold is used in both switch designs, which provides the same

39



Micromachines 2022, 13, 745

metal loss over frequency. Those factors determine both switches to have fairly similar and
constant insertion loss over frequency; as frequency increases, the insertion loss increases
by a similar magnitude in both silicon and fused quartz designs.

The quartz switch measurement in Figure 18d also follows the HFSS simulation result
well. Similar to the silicon switch’s OFF state measurement, the fused quartz switch has
0.3–0.4 fF air gap capacitance. The impedance of this capacitance is dominant compared
with 50 Ω transmission line impedance. As frequency increases, the reduced capacitance
impedance leads to reduced isolation and rising S21/S12 measurement curves over frequency.

6. Discussion & Conclusions

In this paper, a THz MEMS switch design process is presented. To validate this process,
THz MEMS switches are realized on both silicon and fused quartz as examples of both high
and low dielectric constant substrates respectively.

In the device design, electrostatic actuation is selected to control the switches in
consideration of its advantage over device size, integration challenges, switching speed,
power consumption, and RF performance. Manufacturing limits and mechanical reliability
together determined the minimum dimensions and thus the switches’ geometries. To
integrate elevated actuators with CPW, the bias pad geometry is engineered to provide
an optimized impedance match. The designed MEMS switches are modeled through
transmission line analysis as well as finite element-based electromagnetic simulations. The
comparison suggests the transmission line model captures the major electrical features
successfully; meanwhile, the finite element model can also evaluate certain minor coupling,
resonance, and frequency-dependent conductor loss. Fabrication flow of the THz MEMS
switch is provided, in which a diffusion barrier layer is used to prevent forming Au-Al
compound [26]. A new RIE/wet-etch combined process is critical to selectively etch certain
metal layers. Both silicon and fused quartz switches are calibrated through the two-port
TRL method from 140 to 750 GHz. The measurements fit previous modeling and simulation
results well and serve to verify this THz MEMS switch design process.
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CPW Coplanar waveguide
CMOS Complementary metal-oxide-semiconductor
BiCMOS Bipolar Complementary metal-oxide-semiconductor
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Abstract: Multiband terahertz (THz) detectors show great application potential in imaging, spec-
troscopy, and sensing fields. Thermal detectors have become a promising choice because they could
sense THz radiations on the whole spectrum. This paper demonstrates the operation principle, mod-
ule designs with in-depth theoretical analysis, and experimental validation of a room-temperature
CMOS monolithic resonant triple-band THz thermal detector. The detector, which consists of a
compact triple-band octagonal ring antenna and a sensitive proportional to absolute temperature
(PTAT) sensor, has virtues of room-temperature operation, low cost, easy integration, and mass pro-
duction. Good experimental results are obtained at 0.91 THz, 2.58 THz, and 4.2 THz with maximum
responsivities of 32.6 V/W, 43.2 V/W, and 40 V/W, respectively, as well as NEPs of 1.28 μW/Hz0.5,
2.19 μW/Hz0.5, and 2.37 μW/Hz0.5, respectively, providing great potential for multiband THz sensing
and imaging systems.

Keywords: terahertz; multiband detector; CMOS; octagonal ring antenna

1. Introduction

Terahertz (THz) waves possess many unique properties, such as penetrating non-
conductive materials, which are opaque in visible and infrared bands [1]. They could
identify specific materials according to their characteristic THz signatures [2]. THz waves
are safe for biological tissue because of low photon energy and non-ionizing attributes, in
contrast to X-rays, and promise higher resolution compared with microwave bands [3,4].
The above characteristics of THz waves have promoted THz technology to make great
progress in medical detection [5], security inspection [6], non-destructive testing [7], wire-
less communication [8], atmospheric monitoring [9], astronomical observation [10], and so
on. However, the interest in a wide range of commercial THz applications is the main driver
for the development of widely accessible room-temperature THz detectors. In addition,
as the same material is imaged at different frequencies, the image sharpness would vary
with different transmission rates. Hence, multiband detectors could dramatically improve
the overall sensing and imaging ability by means of obtaining more informative images
through fusion technology [11]. Besides, multiband detectors also have the advantages of
enhanced detection probability, increased calibration capability, and reduced influences
of standing waves or scattering, showing great potential for further development of THz
applications [11–14].

With continuous developments in CMOS technology, which is considered as an attrac-
tive device technology because of its low cost, high yield, and high integration ability [15],
various kinds of room-temperature CMOS multiband THz detectors have attracted more
attention and have gradually received in-depth research in the last couple of years [16–20].
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Multiband active detectors use a higher harmonic, resulting in sharply increased noise fig-
ures and fixed operation frequencies, which are determined by fundamental and harmonic
frequencies [21]. Similar trends do not exist for passive devices that are more suitable for
human vision and image processing [22]. Therefore, several multiband passive detectors
consisting of antennas and MOSFETs have been proposed [16–20]. The above FET-based
THz detectors, whose operation frequencies are seriously restricted and influenced by
transistors, achieve better characteristic results below 1 THz, and their performances de-
grade dramatically as the frequency exceeds 1 THz owing to frequency-dependent parasitic
elements [19]. Besides, the detectors in [19,20] are composed of multiple discrete antennas
and multiple FETs, resulting in lower integration levels, a larger chip area, and higher cost,
thus it is necessary to design compact multiband THz detectors. However, it is hard to
obtain compact FET-based detectors because the input impedance of transistors differs at
multiple frequencies [16,21]. Compared with FET-based detectors, THz thermal detectors
constitute promising options as they allow wideband detection, support high-frequency
THz detection, and show performance advantages in higher THz bands because their out-
put signals are independent of frequencies [23–25]. Therefore, several room-temperature
CMOS multiband THz thermal detectors have been proposed. A room-temperature CMOS
multiband THz thermal detector composed of an antenna and an NMOS sensor is proposed,
but it operates at 0.546 THz, 0.688 THz, 0.78 THz, and 0.912 THz [26]. It is necessary to
design room-temperature CMOS multiband THz thermal detectors that could detect sub 1
THz waves and above 1 THz waves to possess good sensitivity and high resolution [11].
Previous works have described two kinds of CMOS triple-band THz thermal detectors,
which mainly concentrate on modules’ designs, including designs of receiving structures
and temperature sensors, thus they lacked the concept of collaborative designs between
modules, such as completing the layout of a temperature sensor according to the raised
temperature distribution of receiving structures [27,28]. Besides, these triple-band detectors
just completed the performance characterizations at two frequencies.

This paper presents a compact room-temperature triple-band THz thermal detector
made up of a strong octagonal ring antenna and a sensitive PTAT sensor using a Global
Foundry 55 nm CMOS process. Because lower THz waves have a greater penetration depth
and higher THz waves provide better spatial resolution, the proposed detector is chosen
to operate at 0.91 THz, 2.58 THz, and 4.2 THz for available THz sources so as to obtain
better penetration and greater spatial resolution. It achieves relatively better measurement
results at three operation frequencies with detailed analysis, exactly presenting an uncooled,
compact, cost-effective, easy-integration, and mass-production multiband detection system.

2. Detector Structure and Operation Principle

Antennas are ready to shape the radiation pattern and tune the impedance match
within a wider bandwidth [29], while octagonal rings are used to constitute antennas
because they have advantages of smaller chip area occupation and less coupling effect than
other structures [30]. In addition, PTAT sensors as a type of common CMOS temperature
sensor show great application potential owing to their better linearity and accuracy [31].
Based on this, Figure 1 shows the schematic diagram of the proposed detector, which
consists of a compact triple-band octagonal ring antenna, a polysilicon resistor at the
termination of the antenna, and a sensitive PTAT sensor. As THz waves interact with
the antenna, an instantaneous frequency-dependent current is excited and flows through
the resistor; by this means, incident THz waves are frequency-selective absorbed. Thus,
electromagnetic (EM) energy is immediately transformed into thermal energy through
ohmic loss and conductive loss, leading to the localized temperature increment depending
on the magnitude of the radiation [24]. In addition, the PTAT sensor transforms the rising
temperature into an increased output voltage, so the sensor is located below the antenna
and in close proximity to the resistor in order to reduce heat loss and sense an increased
temperature as fast as possible. The triple-band detection is accomplished as THz waves of
three frequencies are incident on the detector successively.
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Figure 1. Schematic diagram of the proposed triple-band detector.

Furthermore, a lower operating frequency leads to larger antenna sizes, so the tem-
perature distribution caused by conductor loss is far from that caused by ohmic loss. The
resistor becomes the main heat source and presents a strong, uniform, and raised temper-
ature distribution in a certain area, because temperature sensing elements of the sensor
should sense the same temperature and the received EM energy is mainly converted into
joule heat through the resistor. Therefore, the increased temperature is approximately
equal to the temperature increment generated by the resistor. However, a higher operating
frequency leads to smaller antenna sizes, so the temperature distribution generated by the
antenna and the resistor is closed or even overlapped and, finally, a strong, uniform, and
raised temperature distribution is generated in a certain area centered on the resistor. In this
way, the perceived temperature increment is approximately equal to the sum temperature
increment caused by the resistor and the conductor of the antenna.

According to the operation principle of the detector, its design task not only includes
the independent design of the antenna and the PTAT sensor, but also contains the co-design
between the antenna and the PTAT sensor based on the temperature distribution of the
antenna caused by the incident THz waves.

2.1. Design of Octagonal Ring Antenna

The structure diagram and optimized geometric parameters of a compact triple-band
octagonal ring antenna (sample A) using HFSS tools are shown in Figure 2a,b. Nested
octagonal rings are composed of three concentric rings with different sizes, and the smaller
ring is embedded in the larger ring. As perimeters of the outer ring, the middle ring, and
the inner ring are about dielectric wavelengths of 0.91 THz waves, 2.58 THz waves, and
4.2 THz waves, respectively, the fundamental modes of the outer octagonal ring, the middle
octagonal ring, and the inner octagonal ring could radiate 0.91 THz waves, 2.58 THz waves,
and 4.2 THz waves, correspondingly. Based on the reciprocity theorem, sample A could
also receive THz waves of 0.91 THz, 2.58 THz, and 4.2 THz, respectively.

As shown in Figure 2a,b, sample A was made up of three nested octagonal rings,
connection structures, a ground plane, two transmission lines, and a grounded wall. The
outer octagonal ring was constructed in the metal 9 layer of the 55 nm CMOS process, while
the middle and inner octagonal rings were fabricated in the metal 8 layer. The connection
structures between the outer octagonal ring and the middle octagonal ring were realized in
metal 8. The metal 3 layer was used to fabricate the metallic ground plane, which could
effectively prevent the waves from being exposed to the lossy substrate because metal 1
and metal 2 were used for the electronics routing of the PTAT sensor. The resistance of
the polysilicon resistor was 100 Ω for impedance matching and transmission lines were
formed from the octagonal ring antenna down to the resistor. A grounded wall composed
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of metal layers and vias layers around the antenna was applied to trap EM energy and
prevent external interference. Besides, metal layers and inter-metal dielectric regions were
modeled as aluminum and SiO2, respectively, and they were fixed by the CMOS process.
In addition, sample B with only a ground plane in the metal 3 layer was also simulated for
verifying the frequency-selective absorption of sample A.

Figure 2. Designed antenna: (a) top view; (b) side view; (c) simulated return loss.

Figure 2c shows the simulated return loss curves, where sample A could resonate
at 0.91 THz, 2.58 THz, and 4.2 THz, while sample B does not have frequency−selective
characteristics. Within the observation frequency range, three octagonal rings radiate
0.91 THz waves, 2.58 THz waves, and 4.2 THz waves, while the second-order mode and
fourth-order mode of the outer octagonal ring correspond to radiating 1.82 THz waves
and 3.74 THz waves, respectively. Although sample A could radiate THz waves of five
frequencies, it is still considered that a triple-band THz antenna is obtained instead of a five-
band antenna. Besides, the fundamental modes of three octagonal rings are still applied to
radiate 0.91 THz waves, 2.58 THz waves, and 4.2 THz waves, instead of only constructing
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an outer octagonal ring to obtain a THz antenna operating in multiple bands through its
fundamental modes and higher modes. This is because, compared with fundamental modes,
higher order modes of the antenna are unstable, and have less energy and greater loss. In
addition, as the antenna operates with higher order modes, the directional pattern usually
has a large domain change because of the multi-periodic current distribution. Therefore,
the application of higher order modes of the antenna is generally not recommended. As
sample A obtains simulated gains of 3.9 dBi, 4.24 dBi, and 3.13 dBi in the z-axis direction
with simulated radiation efficiencies of 63.5%, 82.6%, and 83.4% at 0.91 THz, 2.58 THz,
and 4.2 THz, respectively, the receiving efficiencies of sample A towards 0.91 THz waves,
2.58 THz waves, and 4.2 THz waves are 63.5%, 82.6%, and 83.4%, respectively.

2.2. Design of the PTAT Sensor

Bipolar junction transistors (BJTs) have become attractive temperature sensing ele-
ments because of their lower cost, better stability, higher temperature sensitivity, lower
power consumption, and better process compatibility and predictability [32]. Besides, it
was recognized that, if two BJTs with the same emitter area operated at different current
densities or two BJTs with proportional emitter areas operated at the same current density,
then their emitter–base difference voltage is proportional to the absolute temperature [33].
Therefore, PTAT sensors that convert the temperature increment into an output voltage
variation proportionally constitute a type of circuit structure that relies on BJTs’ temperature
characteristics [34]. In order to obtain detectors with higher responsivity, there is an effec-
tive approach to adopt an optimized PTAT sensor made up of four modules with enhanced
temperature sensitivity. Previous research has proposed a sensitive PTAT sensor with an
increased temperature sensitivity of 10.31 mV/◦C at 25 ◦C, as shown in Figure 3 [27]. The
starting circuit is used to ensure the sensor quickly enters the normal operation state at
the moment of supplying power. The PTAT current IPTAT could be generated by the PTAT
core circuit, and the complementary to absolute temperature (CTAT) current ICTAT could
be obtained from the CTAT current generation circuit. IPTAT and ICTAT are differentiated
in a proper proportion to obtain a PTAT current with an enhanced positive temperature
coefficient in the output circuit and, finally, a PTAT voltage is generated.

Figure 3. Schematic diagram of the optimized PTAT sensor.
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2.3. Co-Design of Antenna and PTAT Sensor

As 0.91 THz waves are incident normally, under the action of electric field horizontally
to the right along xoy plane, the right side of the outer octagonal ring would gather a large
amount of positively induced charge, while the left side would gather equal amounts of
negatively induced charge. By this means, the outer octagonal ring generates an induced
electromotive force (EMF) and an induced electric field, which is opposite to the incident
electric field of 0.91 THz waves. As the circumference of the outer octagonal ring is about
a dielectric wavelength of 0.91 THz waves, accumulated anisotropic charges cause an
induced current distributed in full wave among the outer octagonal ring, and the current
finally flows to the resistor through feeding structures. Similarly, as 2.58 THz waves or
4.2 THz waves are incident normally, the middle octagonal ring or inner octagonal ring
would generate an induced electric field and an induced current, which also flows to
the resistor. It could be concluded that octagonal rings and the resistor constitute heat
sources. Therefore, the temperature distribution of the antenna is obtained using the
EM field frequency domain module and solid heat transfer module in COMSOL tools.
The lumped port and boundary conditions are set to make sure that the antenna could
frequency-selective receive THz waves, and incident power at the excitation port is set
according to the receiving efficiency enabling the antenna to receive EM energy of 0.1 mW.
Besides, the antenna and resistor are set as heat sources, and the initial temperature of the
model is set to 25 ◦C. The temperature distribution of the antenna is obtained by frequency
domain research and steady state research.

In order to clarify the layout of temperature-sensing elements and determine whether
all temperature-sensing elements could be distributed within the same raised temperature
distribution area, the raised temperature distribution of the antenna needs to be simulated.
As the antenna receives 0.91 THz waves, the resistor at the termination of the antenna
becomes the main heat source owing to ohmic loss, showing a strong temperature distribu-
tion in a certain area around the resistor. According to the antenna size, the certain area
could be approximately considered as 30 μm × 30 μm, and this means that the resistor
generated a strong, uniform, and raised temperature distribution in this area, as shown in
Figure 4.

Figure 4. Temperature distribution of the proposed detector.
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Then, 2.58 THz waves or 4.2 THz waves with the same EM energy of 0.1 mW were
incident on the antenna, so the resistor that acts as the main heat source also generated
a strong and uniform temperature in this area. Based on this, two BJTs of the PTAT
sensor are the main temperature-sensing elements, and the transistor M11 working in the
subthreshold region could also sense the raised temperature. Thus, two BJTs and M11
should be distributed within this area, which is centered around the resistor with an area of
30 μm × 30 μm. In this way, it not only benefits sensing the raised temperature effectively,
but also could ensure that all temperature-sensing elements sense the same temperature.
In addition, two BJTs are composed of a single transistor unit and seven parallel transistor
units with an emitter area of 5 μm × 5 μm and an overall size of 10 μm × 10 μm. Besides,
the overall size of M11 is 3 μm × 25 μm. It could be seen that, as two BJTs are closely
arranged in a “square” shape, and there is an empty position of one transistor unit in
the center to construct a polysilicon resistor, BJTs could be centrally arranged around the
resistor. At the same time, when transistor M11 is distributed near two BJTs, the layout
area formed by temperature-sensing elements is basically consistent with the temperature
distribution generated by the antenna.

3. Experiment and Discussions

A die micrograph of the designed detector (DUT 1) and a device with only a PTAT sen-
sor (DUT 2) is shown in Figure 5. DUT 1 and DUT 2 occupy chip areas of 164 μm × 214 μm
and 141 μm × 193 μm, respectively. Various figures of merit, such as responsivity, noise
equivalent power (NEP), and thermal time constant, are adopted to evaluate the perfor-
mances of detectors.

Figure 5. Die micrograph of thermal detectors.

3.1. Responsivity

The responsivity (Rv) was determined by the output voltage difference ΔVout and the
incident power Pin. ΔVout was obtained by monitoring output voltages of detectors while
THz waves were on and off. Pin was calculated by the effective area Aeff of the antenna and
incident power density Jin, which was obtained by the total power of the THz beam and
the area of the focused beam. Rv and Aeff could be expressed as follows [35]:

Rv =
ΔVout

Pin
=

ΔVout

Jin · Ae f f
(1)

Ae f f =
G · λ2

4π
(2)

where G is the gain and λ is the EM wavelength in free space.
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The block diagram of the output voltage measurement setup at 0.91 THz is shown
in Figure 6a. The backward-wave oscillator (BWO) radiated THz waves with an average
power of about 125 μW at 0.91 THz. Adjusting the height and position of two parabolic
optical mirrors, as the THz beam was reflected by the first parabolic mirror, almost all
THz waves were collimated and incident to the parallel second parabolic mirror. Then,
after reflection and focusing, a THz beam with a diameter of about 1.15 mm was obtained.
Detectors mounted on a three-dimensional stage were positioned at the focus point of the
THz beam. A mechanical chopper with a minimum chopping frequency of 2 Hz modulated
the THz beam, and a chopper controller modulated the chopper and the lock-in amplifier
synchronously. The detector was biased at 2.5 V using a DC voltage source, and the output
voltage was measured by a lock-in amplifier. As shown in Figure 6b, DUT 1 achieved the
highest responsivity of 32.6 V/W as it resonated at 0.91 THz with a chopping frequency
of 2 Hz. The responsivity at 0.91 THz was higher than the responsivity at both sides of
0.91 THz for the following reasons. On the one hand, the EM modeling of the antenna
fully considered the design rules and implementation methods of the process in order to
ensure that the antenna model was highly consistent with the layout. On the other hand,
the circumference of the outer octagonal ring constructed by the metal 9 layer determined
the operation frequency, and the processing tolerance of the metal 9 layer was ±0.135 μm.
However, even with the maximum processing tolerance, the receiving of 0.91 THz waves
was still higher than the receiving of THz waves on both sides of 0.91 THz. Furthermore,
the responsivity of DUT 2 was close to zero as there was no significant voltage variation
while THz waves were on or off.

Figure 6. (a) Output voltage measurement setup as detectors operate at 0.91 THz. (b) Responsivities.

Figure 7a shows the output voltage measurement setup at 2.58 THz. A quantum
cascade laser (QCL) radiated 2.58 THz waves with a peak power of 60 mW and a duty cycle
of 4%. The 2.58 THz beam with a diameter of about 500 μm was collimated and focused
using two parabolic optical mirrors. The detector was biased at 2.5 V and the output voltage
was measured by the SR830 lock-in amplifier. The responsivity as a function of modulation
frequency was acquired by modulating the QCL and the amplifier simultaneously using
a signal generator. Figure 7b shows the measured responsivities of DUT 1 and DUT 2
versus modulation frequencies. Because the duration of THz waves on detectors increased
as the modulation frequency decreased, the output voltage and responsivity of detectors
gradually increased until the output was saturated. DUT 1 almost reached saturation at
the modulation frequency of 0.5 Hz with a responsivity of 43.2 V/W, while DUT 2 showed
responsivities of near zero.
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Figure 7. (a) Output voltage measurement setup as detectors operate at 2.58 THz. (b) Responsivities.

Figure 8a shows the output voltage measurement setup at 4.2 THz. A QCL provided
4.2 THz waves with an average power of about 0.5 mW and a duty cycle of 40%. The
THz beam with an average power of about 0.15 mW and a diameter of about 209 μm was
incident on the chip because of the strong absorption of 4.2 THz waves. The SR830 lock-in
amplifier outputs synchronous modulation signals to the QCL and the output signal of
the detector simultaneously. The responsivity as a function of modulation frequency from
0.3 Hz to 3 Hz was obtained from the lock-in amplifier as the detector was biased at 2.5 V.
Figure 8b shows the measured responsivities of DUT 1 and DUT 2. DUT 1 almost reached
saturation at the modulation frequency of 0.5 Hz with a responsivity of 40 V/W, while
DUT 2 showed responsivities of near zero.

Figure 8. (a) Output voltage measurement setup as detectors operate at 4.2 THz. (b) Responsivities.

3.2. NEP

NEP was equal to the noise spectral density (NSD) divided by the responsivity. In
addition, the NSD was obtained by measuring noise voltages using a dynamic signal
analyzer as detectors were biased at 2.5 V [36]. As the proposed detector operated at
0.91 THz with a modulation frequency of 2 Hz, it obtained an NEP of 1.28 μW/Hz0.5.
Besides, as the detector operated at 2.58 THz and 4.2 THz, it almost reached saturation
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at a modulation frequency of 0.5 Hz, thus corresponding NEPs were 2.19 μW/Hz0.5 and
2.37 μW/Hz0.5, respectively.

3.3. Thermal Time Constant

The thermal time constant represented the duration for the temperature change and output
signals rising from 0 to 63.2% of the steady-state values, deriving from the responsivity versus
modulation frequency [36]. The thermal time constant values of the proposed detector operating
at 2.58 THz and 4.2 THz were extracted as 298 ms and 330 ms, respectively.

3.4. Performance Summary and Comparison

Although multiband thermal detectors show lower responsivity and higher NEP than
multiband semiconductor detectors, they exactly constitute compact multiband structures,
allow a wide spectrum detection, and avoid multiband impedance matching. Therefore,
the proposed triple-band THz thermal detector and several published thermal detectors
are summarized and compared in Table 1. A quad-band thermal detector consisting
of an antenna and an NMOS sensor is designed to operate at 0.546 THz, 0.688 THz,
0.78 THz, and 0.912 THz [26]. It obtains better characteristic results, but operation at higher
frequencies is preferable, thus THz thermal detectors operating above 1 THz have been
proposed. Thermal detectors operating at three single frequencies of 1 THz, 2.9 THz, and
28.3 THz are composed of three discrete detectors with worse characteristic results [24]. In
addition, compared with triple-band detectors in [27,28], the proposed detector applied an
octagonal ring antenna as an alternative absorbing structure, showing a slight difference
in performance due to the processing error or measurement error. Besides, the proposed
detector, which was measured at three operation frequencies, also highlighted the concept
of collaborative designs and detailed analysis. Although performance measurements
of the proposed detector were finished at three operation frequencies, we would like
to obtain traces of the output voltage from an oscilloscope or source meter at a certain
chopping frequency for the purpose of visualizing in-time performances greatly in the
future. Furthermore, in future work, we also prefer to compare performances at different
ambient temperatures in order to further estimate the best possible performances.

Table 1. Performance summary and comparison.

Ref. No Frequency (THz) Structure Technology Rv (V/W) NEP (W/
√

Hz)

[26] 0.546, 0.688, 0.78,
0.912 Antenna + NMOS sensor 0.18 μm CMOS 5.5 k, 5.3 k, 3 k, 5 k 0.94 p, 0.98 p,

1.72 p, 1.03 p

[24] 1, 2.9, 28.3 Dipole antenna + PTAT sensor 0.18 μm CMOS 18 *, 18.9, 18.6 * 1.7 μ *

[27] 0.91, 2.58, 4.3 Metamaterial absorber +
PTAT sensor 55 nm CMOS 33.4, 47.9, 61.11 * 1.49, 1.88, 1.31 * μ

[28] 0.91, 2.58, 4.3 Loop antenna + PTAT sensor 55 nm CMOS 29.2, 46.5, 47.6 * 1.57, 1.26, 3.29 * μ

This
work 0.91, 2.58, 4.2 Octagonal ring antenna +

PTAT sensor 55 nm CMOS 32.6, 43.2, 40 1.28, 2.19, 2.37 μ

* based on simulation results.

4. Conclusions

To conclude, this paper presents the design, simulation, and experimental validation
of a room-temperature monolithic resonant triple-band THz thermal detector, which was
fully implemented in a CMOS process, allowing reduced fabrication complexity and lower
production cost. The detector was composed of a compact triple-band octagonal ring an-
tenna loaded with a polysilicon resistor and a sensitive PTAT sensor. The responsivity, noise
equivalent power, and thermal time constant of the detector were experimentally assessed
at 0.91 THz, 2.58 THz, and 4.2 THz, showing relatively better measurement results. The de-
tector also has natural scalability to focal plane arrays, demonstrating significant advances
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in developing compact, room-temperature, low-cost, and mass-production multiband THz
detection systems.
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Abstract: Development of a G-band broadband continuous wave (CW) traveling wave tube (TWT)
for wireless communications is described in this paper. This device provides the saturation output
power over 8 W and the saturation gain over 30.5 dB with a bandwidth of 27 GHz. The maximum
output power is 16 W and the bandwidth of 10 W output power is 23 GHz. The 3 dB bandwidth is
greater than 12.3% of fc (center frequency). The gain ripple is less than 10 dB in band. A pencil beam
of 50 mA and 20 kV is used and a transmission ratio over 93% is realized. The intercept power of
the beam is less than 70 W and the TWT is conduction cooled through mounting plate and air fan,
which makes the device capable of operating in continuous wave mode. A Pierce’s electron gun and
periodic permanent magnets are employed. Chemical vapor deposition diamond disc is used in the
input and output radio frequency (RF) windows to minimize the loss and voltage standing wave
ratios of the traveling wave tube. Double stages deeply depressed collector is used for improving the
total efficiency of the device, which can be over 5.5% in band. The weight of the device is 2.5 kg, and
the packaged size is 330 mm × 70 mm × 70 mm.

Keywords: G-band broadband amplifiers; traveling wave tubes; folded waveguide

1. Introduction

G-band electromagnetic wave provides availability for the design of terrestrial and
satellite radio communication networks according to the radio regulations of International
Telecommunication Union.

The European Commission Horizon 2020 ULTRAWAVE, “Ultra-capacity wireless layer
beyond 100 GHz based on millimeter wave Traveling Wave Tubes”, aims to exploit portions
in the millimeter wave spectrum for creating a very high-capacity layer [1].

However, there are two problems. One problem is the atmospheric attenuation, which
directly influences using these frequencies for long range communication [2]. The high
atmosphere attenuation and the lack of enough transmission power limit the range to a
few tens of meters, even by using high gain antennas [3].

Another problem is that there is a frequency range called “Terahertz Gap” between
the highest frequency of microwave technology and the lowest frequency of photonic
technology [4].

Vacuum electronic devices (VEDs) exhibit the advantages of high average power, high
operation frequency, and high efficiency. Traveling wave tubes (TWTs), one of the most
widely used VEDs, exhibit the incomparable advantage of wideband, which is much higher
than that of the available solid-state devices [5]. In THz regime, TWTs are the most widely
used VEDs.

In recent years, great progress has been made in the development of G-band TWT.
Some TWTs operating at G-band have been demonstrated [6–11], and the performances of
the TWTs are shown in Table 1.
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Table 1. Some G-band TWTs performances in recent years.

No.
Output
Power

Bandwidth Gain
Operational
Duty Cycles

Organization

1 50 W 2.4 GHz — 50% Northrop Grumman

2 50 W 3.6 GHz 35 dB 5% BVERI

3 11 W 14 GHz 27 dB — UC Davis

4 9 W 10 GHz 25 dB CW China Academy of Engineering Physics

5 14.1 W 7 GHz 30.7 dB CW China Academy of Engineering Physics

6 15 W 7.6 GHz 32 dB CW BVERI

7
8 W (3 dB) 27 GHz (12.3% fc)

30.5 dB CW This TWT
10 W 23 GHz

The bandwidth of most of the TWTs have narrower bandwidth (≤10 GHz), and half
of them cannot operate at continue wave (CW) mode. These performances of these devices
limited the applications in wireless communications, which require wider bandwidth (3 dB
bandwidth ≥10%), higher operational duty cycles (100%), higher total efficiency (≥5%),
higher gain (≥30 dB), and lower gain ripple (≤10 dB in band).

In order to solve the problems of the above G-band TWT and fit the requirements
of terahertz communication applications, a G-band wideband continuous wave TWT is
designed by Beijing Vacuum Electronics Research Institute (BVERI) and described in this
article. The device is developed according to the following design routes, which is different
from normal.

(1) In order to realize wideband beam–wave interaction, phase shift beyond 540◦ is used
as the working points, where the coupling impedance is low, but the dispersion is flat.

(2) The highest frequency (230 GHz) in band is used as the reference frequency instead of
the center frequency, which is beneficial to the optimization of structure parameters
and electrical parameters to reduce the gain ripple.

(3) A double stages deeply depressed collector is used for improving the total efficiency
of the TWT.

By the above design routes, a G-band TWT with a continuous wave output power
of 8 W and a gain of 30.5 dB with 27 GHz bandwidth is realized. The maximum output
power is 16 W and the bandwidth of 10 W output power is 23 GHz. The 3 dB bandwidth is
greater than 12.3% of fc (center frequency). The gain ripple is less than 10 dB in band.

2. TWT Design and Simulation

The TWT primarily contains five parts: electron gun, focusing system, radio frequency
(RF) circuit, RF windows, and collector. The building blocks of the TWT are shown
in Figure 1.

A Pierce’s electron gun is used to produce an electron beam with a current of 20 kV
and 50 mA. The type of the cathode is M-type and the cathode loading is 5 A/cm2. A
focus electrode modulates the beam providing a duty cycle from 0.1% to continuous wave.
The double anodes adjust the beam current and transmission. Opera 3D is used to design
the electron gun, and the simulation result is shown in Figure 2. The designed beam
voltage and current of the TWT are 20 kV and 50 mA with a beam radius of 0.06 mm and a
beam-shot of 10 mm, respectively.
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Figure 1. Building blocks of the G-band TWT.

Figure 2. Simulation result of the electron gun.

Sm2Co17 periodic permanent magnet (PPM) is used as the focusing system. The
samarium cobalt magnets produce an on-axis Bz whose peak value is 0.5 T. The system is
simulated by opera 3D. Figure 3 shows the simulation model. According to the simulation
results, a high beam transmission ratio of 99% through the small diameter beam tunnel in
the slow wave circuit is essential.

 
Figure 3. Model of Sm2Co17 periodic permanent magnet focusing system.
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A folded waveguide is employed as the slow-wave structure in the TWT. It is fabricated
with CNC-machining. The material chosen was oxygen free copper. The fabricated circular
is shown in Figure 4.

 
Figure 4. The fabricated circular of the folded waveguide slow-wave structure.

Figure 5 shows the dispersion curves of a traditional folded waveguide circuit. For
traditional fold waveguide slow-wave structure, n = −1 forward branch of the dispersion
curve was used for the circuit, which operated as usual.

Figure 5. Dispersion curves of a traditional folded waveguide circuit.

For the fully symmetric folded waveguide slow-wave structure, there is no stop band
at phase shift of 540◦ in theory. However, due to the machining, the actual slow wave
structure will have a certain asymmetry, which may result in a stopband at the phase shift
of 540◦ [12]. This stopband may affect the matching characteristics at the frequency, which
may depress the output power at this frequency. In addition, it may result in the undesired
3π oscillations. Therefore, phase shift of 540◦ is usually avoided to fall into the operating
frequency band when designing the folded waveguide slow-wave structure.
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According to the calculation formula of coupling impedance

Kc =
|Ez|2
2βP

for folded waveguide slow-wave structures, the closer to the cutoff frequency, the stronger
coupling impedance is. Here, Ez is the axial component of the electric field, β is the phase
constant of the electromagnetic wave, and P is the power flowing. Therefore, in order
to obtain greater power and higher interaction efficiency, the operating point is usually
selected within 540◦.

However, as shown in Figure 5, the phase shift within 540◦ means that the dispersion
is stronger, which directly affects the operating bandwidth of the TWT. As the dispersion
intensity of the folded waveguide slow-wave structure is positively correlated with the
proportion of the beam injection channel size to the waveguide, due to the limitations of
the performance of the current focusing system, it is difficult to further reduce the size of
the beam injection channel in the THz band.

One way to achieve broadband performance is selecting the operating point above
540◦, which is not usually used for its lower coupling impedance. The dispersion is more
flat, which is more conducive to the synchronization and interaction between beam and
wave. In addition, as the operating point moves away from the cutoff frequency, high
frequency loss can be reduced. The saved power from high frequency loss can be stored
in the beam and recovered by the deeply depressed collector with an efficiency of more
than 90%.

At the same time, the decrease of electronic efficiency can inhibit the dynamic defocus
of the beam, which is beneficial to improve the dynamic flow rate.

By the above design routes, the G-band broadband folded waveguide slow-wave
structure is designed, and its cold characteristics are calculated by CST Microwave Studio.
The simulation results are shown in Figures 6–9.

Figure 6. Dispersion curves of the folded waveguide circuit.

Figure 7. Normalized phase velocity of the folded waveguide circuit.
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Figure 8. Coupling impedance of the folded waveguide circuit.

Figure 9. Attenuation coefficient of the folded waveguide circuit.

Considering the effects of dispersion, coupling impedance, and attenuation, the work-
ing point is selected between 540◦ to 630◦. The beam line almost coincides with all frequency
points from 208 GHz to 233 GHz, which ensures excellent beam–wave synchronization in
the band and allows a wideband beam–wave interaction.

According to the results of Figures 7 and 8, the difference of phase velocity is less
than 1% of vpc (center) and the coupling impedance of the folded waveguide circuit is over
0.5 Ω in band. The effective conductivity of the circuit is empirically set as 2.6 × 107 S/m
considering the surface roughness. The attenuation coefficient of the folded waveguide
circuit is less than 150 dB/m, as shown in Figure 9.

The severed folded waveguide circuit consists of an input section and an output
section, which ensures the stable operation while providing a high gain over 30 dB with
low ripples.

The center frequency is usually selected as the reference frequency to find the operating
voltage when designing TWTs. The method is applicable when designing low frequency
TWTs or THz narrow band TWTs, as their variation of in-band coupling impedance is small.
However, for THz wideband TWT, the in-band coupling impedance varies strongly, and
the coupling impedance of which at the low frequency may be more than three times that
at the high frequency end, resulting in large gain ripple.

The design scheme in this paper does not follow the traditional design scheme, and
the highest frequency in band has been taken as the reference frequency to determine
the operation voltage. By adjusting the dispersion strength of the slow-wave structure,
the beam–wave interaction performance at the low-frequency can be adjusted, which can
bridge the gain ripple caused by the change of coupling impedance.

The performance of the circuit is simulated by using a large signal beam–wave interac-
tion software microwave tube simulator suite (MTSS). The saturation output power of the
circuit is over 12 W and the saturation gain is over 27.8 dB in 208–233 GHz at the designed
beam voltage and current, as shown in Figures 10 and 11.
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Figure 10. Saturation output power of the circuit.

Figure 11. Saturation gains of the circuit.

In order to increase the total efficiency, a double stage depressed collector with an
efficiency of over 90% is used in the TWT. The design voltage of the first stage is 17.5 kV,
and the voltage of the second stage is 18.5 kV. The simulation results are shown in Figure 12
and Table 2. According to the results, the total efficiency of the TWT can be over 8%
in band.

Figure 12. Electron distribution in the double stages depressed collector.

Table 2. The simulation results of different frequency.

f (GHz) Collector Efficiency (%) Total Efficiency (%)

210 91.73 8.03
220 91.38 9.5
230 91.99 8.15

Diamond is used as window disk material because of its small dielectric constant, small
loss tangent, high thermal conductivity, and good broadband matching. Both the input
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and output RF windows of the TWT are pillbox windows, and the waveguide standard
WR-4 is selected according to the operating frequency. CST Microwave Studio was used
to optimize the S-parameters of the window. The measured S21 of a typical RF window is
about −1 dB and the S11 is lower than −10 dB in 200–240 GHz, as shown in Figure 13.
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Figure 13. Measured S11 and S21 of a typical RF window employed in the TWT.

3. TWT Performance

The block diagram of the experimental setup is shown in Figure 14, and the test system
is shown in Figure 15. A solid-state amplifier-multiplier chain (AMC) is used to provide
the input power for the TWT. Two directional couplers are used to sample the input and
output power of the TWT, respectively. The input and output power are measured with
two THz power meters simultaneously.

Figure 14. Block diagram of the experimental setup.
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Figure 15. Test system.

The TWT operates in continuous wave mode at an optimal voltage of 20 kV and a
beam current of 50 mA. The body current is 3 mA without RF and the worst body current
with RF is 3.5 mA. The corresponding electron transmission ratio is over 93%. The TWT is
conduction cooled through the mounting plate.

The measured output power and gain against input power for the TWT at different
frequencies are shown in Figures 16 and 17. The input and output segments of the slow-
wave structure have the same size in the design, and the AM (amplitude modulation) /AM
was not specifically considered. We plan to use anomalous dispersion to improve linearity
in the future.

Figure 16. Measured output power against input power for the TWT at different frequencies.

Figure 17. Measured gain against input power for the TWT at different frequencies.
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The measured saturation output power and gain of the TWT are shown in Figures 18 and 19.
The saturation output power is over 8 W and the saturation gain is over 30.5 dB in
204–231 GHz. The saturation output power is over 10 W in 205–228 GHz. The maxi-
mum output power is 16 W at 218 GHz. The 3 dB bandwidth is greater than 12.3% of fc.
The gain ripple is less than 10 dB in band.

Figure 18. Measured saturation output power of the TWT.

Figure 19. Measured gain of the TWT.

Comparing the measured saturation output power of the TWT with the simulation
results, the output power is lower than simulated. One reason for this is that the beam
current is set as 50 mA in the simulation, however, electrons of 3.5 mA are intercepted before
they research the output port of the TWT, which can depress the beam–wave interaction
efficiency. Another reason is that the insertion loose of the RF window is estimated as
1.5 dB in the simulation, which has been verified by the cold test of the RF window.

In addition, the maximum output power of the solid-stage source is less than 8 mW
beyond 228 GHz. This is why the output power beyond 228 GHz reduced significantly.

Comparing the measured gain of the TWT with the simulation results, the gain is
higher than simulated. A possible reason is that the input beam is thicker in the input part
than design. This can let the average coupling impedance in the beam cross section be
higher than the design. Stronger beam–wave interaction can occur, and the gain is higher.

The maximum efficiency of the TWT can research 10.2% and the total efficiency is
over 5.5% in band, corresponding to a power dissipation of less than 160 W, as shown
in Figure 20.
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Figure 20. Measured total efficiency of the TWT.

Figure 21 is the photo of the packaged G-band TWT. The weight of the packaged TWT
is 2.5 kg and the size is 330 mm × 70 mm × 70 mm, respectively.

 

Figure 21. The photo of the packaged G-band TWT.

4. Conclusions

This article presents the development of a G-band broadband continuous wave TWT
for wireless communications based on a slow-wave structure of fold waveguide. The device
provides the saturation output power over 8 W and the saturation gain over 30.5 dB with a
bandwidth of 27 GHz. The maximum output power is 16 W and the bandwidth of 10 W
output power is 23 GHz. The 3 dB bandwidth is greater than 12.3% of fc. The gain ripple is
less than 10 dB in band. A pencil beam of 50 mA and 20 kV is used and a transmission ratio
over 93% is realized. A double stages deeply depressed collector was used for improving
the total efficiency of the device, which can be over 5.5% in band. The weight of the device
is 2.5 kg, and the packaged size is 330 mm × 70 mm × 70 mm.
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Abstract: In this study, we developed a single-channel channel emulator module with an operating
frequency covering 66–67 GHz, including a 66–76 GHz wide dynamic range monolithic integrated
circuit designed based on 0.1 μm pHEMT GaAs process, a printed circuit board (PCB) power supply
bias network, and low-loss ridge microstrip line to WR12 (60–90 GHz) waveguide transition structure.
Benefiting from the on-chip multistage band-pass filter integrated at the local oscillator (LO) and
radio frequency (RF) ends, the module’s spurious components at the RF port were greatly suppressed,
making the module’s output power dynamic range over 50 dB. Due to the frequency-selective filter
integrated in the LO chain, each clutter suppression in the LO chain exceeds 40 dBc. Up and down
conversion loss of the module is better than 14 dB over the 66–67 GHz band, the measured IF input
P1 dB is better than 10 dBm, and the module consumes 129 mA from a 5 V low dropout supply.
A low-loss ridged waveguide ladder transition was designed (less than 0.4 dB) so that the output
interface of the module is a WR12 waveguide interface, which is convenient for direct connection
with an instrument with E-band (60–90 GHz) waveguide interface.

Keywords: channel emulator; E-band; GaAs; ridged waveguide ladder transition; wide dynamic range

1. Introduction

6G is a new generation of mobile communication system developed for the needs of fu-
ture mobile communication. According to the law of mobile communication development,
6G will have ultra-high spectrum utilization and energy efficiency, and will be an order of
magnitude or higher more efficient than 5G in terms of transmission rate and spectrum
utilization. Its wireless coverage performance, transmission delay, system security, and
user experience will also be significantly improved [1]. Traditional mobile communications
mainly use the frequency band below 6 GHz, which has become increasingly saturated.
With the huge demand of 6G for system capacity, in some 6G applications, spectrum re-
sources of several GHz may be required to meet specific transmission requirements. Due to
the abundance of spectrum resources in the millimeter-wave (mm-wave) band, the World
Radio Conference (WRC-19) has approved multiple mm-wave spectra for future mobile
communications research and development, including the 66–67 GHz frequency range [2].

Different from frequency bands below 6G, the mm-wave band has poor penetration
ability and large path loss. In order to effectively increase the propagation distance of the
link, an effective solution is to adopt a large-scale multiple-input multiple-output (MIMO)
system architecture [3]. In a MIMO system architecture, the number of antennas is greatly
increased, and the systematic conductive testing becomes more impractical due to the
influence of the long calibration time [4]. Moreover, the cost of testing is expensive, and the
complexity of the test system increases exponentially. Therefore, multi-probe over-the-air
(OTA) testing in millimeter-wave shielded anechoic chambers is becoming the mainstream
testing solution [5–7].
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As a vital part of the mm-wave OTA test system, a wireless channel emulator can accu-
rately simulate and measure the wireless environment’s degradation of system performance,
including the free space path loss, shadowing, and multi-path fading of the transmitted
signals from the antenna ports [4]. Transceivers in the channel emulator send/receive
up/down mm-wave signals to/from OTA probe antennas. The channel emulator is an
important high-end general-purpose instrument for verifying the performance of system
equipment and terminal equipment in various complex channel environments. However,
due to high demands on dynamic range, compactness, cost, and power consumption,
the mm-wave channel emulators are rarely seen, especially when operating at frequen-
cies above 50 GHz. At present, the known channel emulator with the highest operating
frequency is PROPSIM released by Keysight, which can support up to 43.5 GHz [8].

This paper presents a 66–67 GHz transceiver monolithic microwave integrated circuit
(MMIC) in waveguide module for massive MIMO channel emulator application. The
proposed transceiver is integrated by cascading a tripler chain for LO drive, a mixer, and a
band-pass filter using a 0.1 μm pHEMT GaAs process.

A high dynamic output power range, up to 50 dB over 66-to-76 GHz, is achieved by
carefully dealing with all unwanted harmonic signals employing highly selective band-pass
and high-pass filters in the transceiver. Total power consumption of the chip is 645 mW with
the supply voltage of 5 V. A low-loss ridged waveguide ladder transition was designed so
that the output interface of the module is a WR12 waveguide interface, which is convenient
for direct connection with an instrument with E-band waveguide interface. To the best
of our knowledge, the proposed integrated module is a competitive E-band transceiver
system for radio channel emulation application.

2. System Architecture

Figure 1 shows the system block diagram of the channel emulator and its connection
to an RF system. The whole N-channel system includes three parts: baseband, LO signal
source, IF chain, and RF front-end. Among them, the research on baseband (BB), Lo
signal source, and IF TX/RX is relatively mature. However, there are few research reports
on RF channel emulators. An E-band specific RF front-end chip for channel emulator
applications is currently scarce in the market. Therefore, in this paper we develop a channel
simulator for evaluating E-band channel characteristics for future E-band communication
application scenarios.

The red dotted box in Figure 1 shows the system block diagram of the 66–67 GHz
channel emulator module designed in this paper. The transceiver chip is realized by cas-
cading a frequency tripler, the first LO band-pass filter (BPF), a LO driver amplifier, the LO
high-pass filter (HPF), a mixer, and the second RF BPF [4]. The LO chain integrates a tripler
instead of a doubler or higher order frequency multiplier in order to make a compromise
between test convenience, conversion gain, and power consumption. Additionally, the
tripler was chosen to have a trade-off between the cost of the LO signal source and power
consumption. The IF frequency is selected around 27 GHz in the 5G mm-wave hotspot
frequency band to facilitate the measurement of the channel emulator. In order to facilitate
the connection with the instrument and the TX module, the IF and LO are coaxial interfaces,
and the LO and IF ports of the transceiver are connected to the module via microstrip gold
wire bonding. The RF output port of the module is a WR12 waveguide interface, as shown
in Figure 1.

The mixer in the system architecture is a passive star mixer, so the channel emulator
can be used for TX testing or RX testing. When applied to TX test scenarios, the RF
signal output power budget is between −50 dBm and 0 dBm over 66-to-76 GHz. When
an RX is tested, the input power range of the RF signal is −45~0 dBm. In addition, for
the channel emulator, the transmit output power and receive noise figure are not key
indicators, so the RF power amplifier and low noise amplifier are not integrated in the
system [7,8]. To the best of our knowledge, extensive research has been carried out on
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mm-wave transceivers [9–12], while studies have rarely been published concerning E-band
radio channel emulator application.
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Figure 1. System block diagram of the channel emulator system.

3. Circuit Design Methodology

In this section, we will present the circuit design methodology of the 66–67 GHz
channel emulator, including the consideration of each block, and then present the simulated
and measured results of key building blocks.

3.1. Frequency Tripler

As shown in Figure 1, the LO chain integrates a frequency tripler, a BPF, an LO driving
power amplifier, and an HPF. The schematic of the frequency tripler and the succeeding
frequency selective BPF is illustrated in Figure 2. The tripler core is composed of anti-
parallel diode pairs (APDP) [13,14], and the diode is implemented by connecting the drain
and source of pHEMT transistors as the cathode with the gate as the anode. Due to the
passive structure, sufficient input power is required for the tripler to generate odd-order
harmonics while suppressing even-order spurs [15]. Two 4-finger 10 μm pHEMTs are
employed as the APDP in this design in consideration of a trade-off between output power
and bandwidth. The input matching network consists of a capacitor connected in parallel
to ground and a microstrip line connected in series. The output matching network consists
of two capacitors connected in series and an inductor connected in parallel to ground
in a T-shaped configuration. In order to effectively improve the unwanted harmonics
suppression of the tripler and reduce the frequency conversion loss, a transmission line
TL as depicted in Figure 2 is adopted to reflect idle frequency signals to the APDP core. A
seventh-order BPF was connected after the frequency multiplier to further improve the
harmonic suppression characteristics of the LO chain.

The simulation results of each harmonic output power of the tripler plus the cascaded
BPF when the input power is 16 dBm are shown in Figure 3. The simulated input and
output return loss are better than −10 dB over 41–51 GHz, and the simulated output power
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of the third harmonic signal is around 0 dBm. Benefiting from the BPF, all unwanted
harmonics can be suppressed significantly within the interested frequency bands. It can be
deduced from Figure 3 that the fundamental signal and 2nd harmonic rejection are over
30 dB compared with the third harmonic signal, and the 4th and 5th harmonic suppressions
are better than 35 dB.

126 fF

In

920 um

IMN Out
50 fF

210 um

OMNAPDP

TL

Frequency 
Selective BPF

15 um 45 um 590 um 155 um220 fF75 fF 44 fF

153 fF 117 fF

Figure 2. Schematic of the frequency tripler and its cascaded frequency selective BPF.
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Figure 3. Simulated output power of the tripler with BPF.

3.2. Power Amplifier

The schematic of the LO driving power amplifier and the HPF is shown in Figure 4.
The power amplifier adopts a three-stage common-source structure to obtain sufficient
power gain at 41–51 GHz while ensuring high power-added efficiency (PAE) [16]. The
first two driver stages use a 4 × 25 μm pHEMT transistor to obtain sufficient gain, and the
final power stage uses a larger 4 × 50 μm pHEMT transistor to obtain a sufficiently high
output power. Source degeneration inductors are connected to the source of the pHEMT
transistors to increase the stability of the power amplifier. The input matching network of
the power amplifier is co-designed with the previous frequency selective BPF. The output
matching network is co-simulated with the following HPF in full wave electromagnetic
simulation. All transistors are biased with a shunt by-pass capacitor and a series resistor
close to the gate, and the dc power (Vdd) is feeded through an LC network to the drain.
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Figure 4. Schematic of the power amplifier with HPF.

For the power amplifier used in the LO chain, a key indicator is the out-of-band
suppression. For the channel emulator, the requirements for the suppression of each
harmonic in the LO chain are higher, because this out-of-band clutter will degrade the
dynamic operating power range of the channel emulator. Therefore, the fifth-order HPF
is employed after the power amplifier. As depicted in Figure 5, an additional 25 dBc
forward fundamental signal rejection can be obtained with the HPF. The 2nd harmonic is
suppressed by 10–25 dBc, while the 4th and 5th harmonics are amplified with low gain by
tuning matching networks to make the out-of-band gain drop slope as steep as possible.
The simulated input and output return loss of the power amplifier is better than −10 dB
in the 41–51 GHz frequency band, and the small-signal gain is around 20 dB. Saturated
output power varies from 17 dBm to 18.8 dBm including the insertion loss of the HPF. The
circuit draws a total current of 102 mA at 3.3 V power supply with −0.4 V gate bias.
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Figure 5. Simulated S-parameters of the LO driver power amplifier with or without HPF.

3.3. Star Mixer

The passive star mixer has been widely used in mm-wave on-chip systems since being
proposed by Basu and Maas [17]. Its highly symmetrical star topology can offer better
port-to-port isolation and high spurious rejection [18,19]. Different from the traditional
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star mixer, the traditional straight symmetrical Marchand Balun is modified to S type with
two bends, which can reduce the chip size while ensuring the performance of the mixer,
as shown in Figure 6. To reduce the coupling between transmission lines, the decoupling
ground wall consisting of metal-vias array is inserted between four S type balun and the
IF port. Additionally, double side coupling lines of the Marchand Balun are grounded
separately in the end, rather than joint together by the bottom metal layer for better spurious
rejection. Four diodes measuring 1 × 15 μm are arranged in a symmetrical layout for broad
IF bandwidth. In addition, the LO input matching network is co-optimized with a pre-stage
HPF output network. Furthermore, an extra BPF with the same topology as the one after
the tripler is integrated after the star mixer. Finally, the micrograph of the complete channel
emulator is shown in Figure 7, with a chip size of 2.7 by 0.9 mm2.

Decoupling 
Ground Wall

IF

LO

RF

Figure 6. Schematic of the modified star mixer.

 

Tripler Amp.
HPF Mixer

Figure 7. Chip micrograph of the channel emulator.

Simulation results of the mixer with the following BPF show that both the input and
output return loss is better than −10 dB, and the conversion loss of the mixer is about
6.5 dB from 66 to 76 GHz. Furthermore, the insertion loss of the BPF after the mixer is
between −1.4 and −2 dB within the RF operating bandwidth.
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4. Packaging Methodology

As an important part of the OTA test system, the channel emulator module is di-
rectly connected to the RF transceiver of the communication system to simulate path loss,
multipath fading, and shadow fading in the wireless environment. Therefore, the input
and output interface of the channel emulator should have better robustness so that it can
be directly connected with the transceiver or instrument. In mm-wave low-frequency
bands (below 30 GHz), interfaces such as instrument or RF transceiver outputs typically
use coaxial connectors [20]. When the frequency is higher than 50 GHz, the instrument
interface is usually designed as a waveguide interface for more favorable stability and cost.

This channel emulator is aimed at 66–67 GHz wireless communication system test
applications, and the RF frequency range is 66–67 GHz. The IF port is compatible with
the existing commercial 5G mm-wave band, the IF frequency is 27 GHz, and the IF power
coverage range is −40~10 dBm. The LO input frequency range is 13~16.33 GHz. Therefore,
the LO and the IF port use a coaxial connection scheme, and the RF port uses a WR12
waveguide interface. The frequency of the IF and LO ports is lower, and the influence of
the gold bonding wire is small. In the module design, the RF and IF signal interfaces on the
chip are directly bonded to the PCB through gold wires, and are connected to the coaxial
connector through the 50 ohm characteristic impedance microstrip line on the PCB.

The working frequency of the RF port is relatively high. In order to transfer the RF
port to the WR12 waveguide interface, firstly, the RF GSG PAD-to-50ohm microstrip line
(as shown in Figure 8) was designed on the TLY-5 sheet with a dielectric constant of 2.2 and
a thickness of 0.254 mm using bonding wires. The distance from the microstrip line to the
edge of the RF GSG PAD, the height of the gold bonding wire, and the structure of the
microstrip line were all optimized by electromagnetic simulation [21]. Then, a low-loss
microstrip to WR12 ridged waveguide ladder transition (RWLT) structure (as shown in
Figure 9) was designed using aluminum metal [22,23]. The transition structure includes a
4-stage stepped impedance transformation. By optimizing the length and height of each
stepped transformation unit, a lower transition loss from the microstrip to WR12 can be
obtained, and the connection loss in the 66–67 GHz frequency band is lower than 0.36 dB.

0.254mm

TLY-5
r=2.2

Pad

0.8mm

2mm

Microstrip

0.1mm

0.1mm

Figure 8. 3D model of the RF GSG PAD to microstrip transition.

Figure 10 shows the S-parameters of the transition structure between the simulated RF
GSG PAD and the microstrip line and the microstrip line to the WR12 waveguide port in
the entire E-band. As illustrated in Figure 10, in the channel emulator operating frequency
band 66–67 GHz, the return losses (S11, S22) of the above connection structures are all
better than −10 dB, and the total insertion loss between the RF GSG PAD and the WR12
waveguide port is equal to less than 2 dB.
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Figure 9. Ridge waveguide ladder transition from WR12 waveguide interface to 50-ohm
microstrip line.
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Figure 10. The simulated connection loss of the RF GSG PAD to the microstrip line and the microstrip
line to the WR12 waveguide port.

The photograph of the opened split-block and assembled module including the RF
transceiver chip, RF microstrip-to-waveguide transition, and the DC biasing network is
shown in Figure 11. The PCB was sintered on the aluminum structure to obtain a tighter
and better grounding effect. The RF transceiver chip was installed in a groove dug in the
middle of the PCB. The depth of the groove was slightly higher than the height of the chip
to ensure that the top surface of the chip (after the conductive adhesive is pasted) was the
same height as the PCB surface. In the design of the DC bias network, we first placed some
decoupling chip capacitors next to the chip to obtain better DC bias characteristics. The
DC voltage of the amplifier’s drain, gate, etc. is provided through the LDO DC biasing
network, and the entire module has only a 5V DC input voltage. On the side of the module,
two 2.92-mm coaxial connectors were used as LO and IF ports, and the RF port is a WR12
waveguide interface.

74



Micromachines 2022, 13, 809

 

LO
IF

RF
IF

WR 12
RF

DC Biasing 
Network

(Backside)

Figure 11. Photo of the 66–67 GHz channel emulator module integrating the RF transceiver chip, the
microstrip-to-waveguide transition structure, and the DC biasing network.

5. Measurement Results

The measurements were performed using two steps. First, the RF transceiver chip was
measured with on-chip characterization to obtain accurate conversion gain, dynamic range,
and other performances; then, the packaged module was tested. In addition, since the
harmonic suppression performance of the LO link is important for the channel emulator,
the LO chain was separately processed and the output power of each harmonic was tested;
the measured results are illustrated in Figure 12. In the working frequency range of 3×LOIn
(39–49 GHz), the output power of the third harmonic of the LO chain exceeds 15 dBm, and
the unwanted harmonics suppression of each order exceeds 40 dBc.
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Figure 12. The measured output power of each harmonic of the LO chain.

The on-chip measurement setup of an up-conversion configuration is shown in
Figure 13. In this measurement, the chip is implemented as a transmitter. LO and IF
signals are pumped from two signal source Keysight E8257Ds through co-axial cables and
probes. The RF signal is measured by a waveguide probe and a spectrum analyzer. As
our corresponding band was E-band, the measurements were conducted by two steps and
limited by our testing equipment. One is the V-band (50–75 GHz) test and the other is the
W-band (75–110 GHz) measurement. For the two setups, different waveguide probes and
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two kinds of harmonic mixers were applied. To obtain the accurate output power of the
chip, power meter was employed. The down-conversion test setup was similar to that in
Figure 13, expect that the RF output was changed to input, and the IF input was changed
to output.

Figure 13. On-chip measurement setup.

Figure 14 shows the measured results of the conversion gain of the RF transceiver
chip and the channel emulator module when the LO signal power is 16 dBm and the IF
signal frequency is 27 GHz. The measured results show that the conversion gain of the
RF chip is between −8 and −12 dB in the 66–67 GHz frequency band. The conversion
gain corresponding to the transmit mode and the receive mode are in agreement. The
conversion loss measured in the 66–67 GHz band is large, mainly because the output power
of the LO chain is low, which is not enough to drive the star mixer. The conversion loss of
the channel emulator module integrated with the RF waveguide interface and the LO and
IF coaxial interfaces is about 2 dB higher than the on-chip measured results. In addition to
the transition between the RF GSG PAD and the WR12 waveguide port, this part of the loss
also includes the loss of a section of the IF signal transmission line on the PCB.
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Figure 14. Measured conversion gain of the RF channel emulator and the module.
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Additionally, the in-band harmonic signal has a great influence on the sensitivity of
the channel emulator. In this design, the frequency of the IF signal is 27 GHz, the frequency
of the LO signal is 13–16.33 GHz, and the frequency of the RF signal is 66–67 GHz. The 5th
harmonic of the LO signal falls within the RF band. Therefore, we measured the power
of the 5th harmonic of the LO input signal in the RF band, and the results are shown in
Figure 14. It can be deduced that within the RF bandwidth, the 5th harmonic leakage
amplitude of the LO is less than −63 dBm.

Figure 15 shows the measured results of the RF output power of the channel simulator
module varying with the IF input power. The measured input P1 dB of the module is about
10 dBm. In the 66–67 GHz band, the RF output 1 dB compression point is between −2 and
−4.5 dBm. For linear channel simulator transceiver application scenarios, considering a
certain spurious suppression margin, the dynamic operating power range of the module
can reach more than 50 dB. In the down-conversion test, the receiving dynamic range can
reach more than 54 dB under the same signal quality.
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Figure 15. The measured RF output power of the channel emulator varies with the IF input power.

6. Conclusions

This paper presents a 66–67 GHz channel emulator module in a waveguide pack-
age. The module includes a 66–67 GHz transceiver chip processed by a 0.1 μm pHEMT
GaAs process, a DC bias network designed on a PCB, and a low-loss ridge microstrip
line to a WR12 waveguide transition structure. In each circuit block of the transceiver,
the various clutter signals are closely monitored and studied. By integrating multiple
frequency-selective filters and a high-isolation mixer in the link, the transceiver achieves
good spurious rejection performance. In addition, benefiting from the designed low-loss
stepped microstrip-to-waveguide transition structure, the RF output of the module is a
WR12 waveguide interface. This makes it easy to interface with commercial E-band in-
struments to evaluate the performance of the channel emulator module. Measured results
show that the channel emulator module can achieve a dynamic operating power range of
more than 50 dB in the 66 to 76 GHz frequency band. Due to better dynamic range perfor-
mance and higher integration, the transceiver chip and module can meet the application
requirements of E-band channel simulators.
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Abstract: A compact four-port multi-input, multi-output (MIMO) antenna with good isolation is
proposed for sub-6 GHz and Internet of Things (IoT) applications. Four similar L-shaped antennae
are placed orthogonally at 7.6 mm distance from the corner of the FR4 substrate. The wideband
characteristics and the required frequency band are achieved through the L-shaped structure and
with proper placement of the slots on the substrate. To obtain good isolation between the ports,
rectangular slots are etched in the bottom layer and are interconnected. The proposed antenna has
total dimensions of 40 mm × 40 mm × 1.6 mm. The interconnected ground plane provides good
isolation of less than −17 dB between the ports, and the impedance bandwidth obtained by the
proposed four-port antenna is about 54% between the frequency range of 3.2 GHz to 5.6 GHz, thus
providing a wideband antenna characteristic covering sub-6 GHz 5G bands (from 3.4 to 3.6 GHz and
4.8 to 5 GHz) and the WLAN band (5.2 GHz). The proposed design antenna is fabricated and tested.
Good experimental results are achieved when compared with the simulation results. As the proposed
design is compact and low profile, this antenna could be a suitable candidate for 5G and IoT devices.

Keywords: 5G; MIMO; IoT devices; Wi-Fi; four-ports; sub-6 GHz

1. Introduction

With a large number of users and the rapid development of wireless communication
technologies, higher data rates and channel capacities are in great demand [1,2]. Multiple
antennae integrating in the same portable device is seen as a hopeful solution, which
could enhance communication network quality and channel capacity. Hence, multi-input,
multi-output (MIMO) technology plays a key role in the 5G research hotspot. The European
Commission (EC) announced that the band from 3.4 to 3.8 GHz was allocated for 5G, and
similarly the Ministry of Industry and Information Technology of China has also considered
3.3–3.6 GHz and 4.8–5 GHz as the operation frequency bands of the 5G system [3]. Recently,
many MIMO antenna designs for 5G sub-6 GHz were reported in the literature [4–12],
but these antennae provide less bandwidth or higher mutual coupling. Contradictorily,
the mutual coupling reduction and low envelope correlation coefficients (ECCs) between
nearby antenna elements could increase the antenna size, and hence these factors play a key
role in antenna design for portable devices. Hence, embedding multiple antennae inside
the device in a limited space while maintaining good isolation becomes an antenna design
challenge for portable devices.

Different techniques were presented in [13] to reduce the mutual coupling. In order to
enhance the isolation, parasitic elements [14,15] are placed between radiating elements to
create extra coupling paths. Defected ground structures [16] inhibit surface waves to reduce
mutual coupling between the antenna elements by acting as band-stop filters. However,
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this technique decreases the total antenna efficiency. The etching of slots [17] disturbs
the surface current distribution and the path length, which reduces the electromagnetic
energy coupling between the ports. Neutralization lines [18] are employed for isolation
enhancement by creating an extra coupling path suitable for narrow band decoupling.
In [19,20] high isolation is achieved through the orthogonal polarization diversity technique
using different excitation modes, while in [21] the multimode decoupling technique is
employed to improve the isolation between the antenna elements. However, these designs
work only for a single band or less bandwidth. In [7,9,22,23], an antenna is designed for
multiple bands for sub-6 GHz applications. Good isolation is achieved using the slotted
ground plane method in [24], and similarly in [25], the rectangular slot is etched in the
ground plane to stop the flow of current. Moreover, the antenna designs presented were
either complex in structure or larger in size and thus integration into a compact MIMO
structure for portable devices could be challenging. Therefore, a unique antenna design
with the features of extended bandwidth and good isolation suitable for sub-6 GHz and
IoT applications needs to be investigated urgently.

In this paper, a compact four-port wideband MIMO antenna design is presented,
with four antenna elements positioned near each other in a symmetric fashion with a
common ground plane. Simple techniques of etching the slots are used in the top layer and
the ground plane to attain the required impedance bandwidth and enhance the isolation
between the ports. A peak gain lies between 2.4 to 4.9 dBi for the entire operational
bandwidth and the average radiation efficiency obtained is 93%. ECC achieved is less than
0.05, which satisfies the IEEE standards [6] for MIMO antennae for portable devices. The
impedance bandwidth obtained by the proposed four-port antenna is about 54%, which
ranges from 3.2 GHz to 5.6 GHz, thus providing wideband antenna characteristics covering
sub-6 GHz 5G bands (from 3.4 to 3.6 GHz and 4.8 to 5 GHz) and the WLAN band (5.2 GHz).

2. Antenna Design

A compact four-port MIMO antenna is designed and fabricated on a FR4 substrate
with thickness (t) = 1.6 mm, loss tangent (tanδ) = 0.025, and dielectric constant (εr) = 4.4.
Figure 1 illustrates the geometry of the proposed antenna, and the optimum parameters
related to the proposed antenna design are listed in Table 1. A simple decoupling structure
is implemented in the ground plane to obtain good isolation. CST Microwave Studio has
been used for simulation purposes to design and analyze the antenna parameters. The total
dimensions of the MIMO antenna are 40 mm × 40 mm (~0.59λ × 0.59λ at center frequency
of 4.45 GHz). The design stages are demonstrated in the subsequent sections.

Table 1. Antenna dimensions of the proposed design (mm).

Parameter Dimension (mm)

L 40
W 40

CSL 6.5
MSL 8
l_port 10
w_port 2.8

A 0.8
B 8
C 7
D 8.5
E 22

W_slot 10
L_slot 4
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Figure 1. Structure and dimensions of proposed 4 × 4 MIMO antenna.

2.1. Single-Port Antenna

An initial configuration of the proposed MIMO system with a single-port antenna is
shown in Figure 2C and its total dimensions is 20 mm × 20 mm × 1.6 mm. The design-
evolution steps of the proposed antenna are shown in Figure 2. In Figure 3, the return-loss
(S11) results obtained in each evolution step while designing the proposed MIMO antenna
are shown.

Initially, an antenna with less than half ground plane and an L-shaped antenna element
is designed, as shown in Figure 2A. It can be observed that the impedance bandwidth of
26% is achieved from 4.6 to 6 GHz (S11 < −10 dB). In the next steps, the ground plane is
modified (Figure 2B) and then further improved (Figure 2C) to radiate for the required
frequency band. The S-parameter plot in Figure 3 shows that S11 < −8 dB is achieved for the
complete required frequency range from 3.5–5.4 GHz with impedance bandwidth of 43%.

Figure 2. Design-evolution process of the single-element antenna. (A) Step–1, (B) Step–2, (C) Step–3.
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Figure 3. S–parameters for different configuration.

2.2. Four-Port MIMO Antenna

The four-port MIMO antenna is proposed from the single-port antenna design dis-
cussed in the preceding section. At the initial stage, four antennae are placed orthogonally
to each other on the top layer of the FR4 substrate, as shown in Figure 4, and the total
volume of the antenna is 40 mm × 40 mm × 1.6 mm. Each antenna element with its feeding
port of width (w_port) = 3 mm is placed at a distance of 7.6 mm from the corner end of
the substrate. The inter-element spacing between the two antenna elements is 12 mm. The
dimensions are properly adjusted in such a way to achieve good bandwidth covering the
required frequency range and to obtain good isolation.

 

Figure 4. Design evolution of the ground plane structure for the proposed antenna.

The step-by-step configuration of the proposed antenna is shown in Figure 4. The
simulated S-parameters plotted in Figure 5A clearly show that the return loss of −10 dB
starts only from 4.5 GHz and from 4.2 GHz in steps 1 and 2, respectively. Similarly, both the
step designs (STEP 1 and STEP 2) have high mutual coupling between the ports (Figure 5B).
In order to achieve good isolation, the ground plane is modified as shown in Figure 4
(steps 2 and 3) by arranging a slot in the center of the antenna ground plane, connected to
each other to form a common ground plane. It is also observed that, the currents almost
penetrate between the nearby antenna elements in step 2 compared to current distribution
in step 3. Good isolation and impedance bandwidth is achieved in the proposed design of
step 3 (Figure 5B).
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(A) (B) 

Figure 5. Frequency variation of S-parameters for different configuration: (A) S11 [dB], and (B) S13

[dB].

3. Results and Discussion

The fabricated four-port MIMO antenna is shown in Figure 6A (top view) and
Figure 6B (bottom view). Using an Agilent PNA-X N5242A vector network analyzer
(VNA), the S-parameters are measured. The radiation pattern is measured in an anechoic
chamber by using a Nanjing Lopu Co. antenna measurement system. The measurement
scenario of the proposed antenna is given in Figure 7 to show the measurement environ-
ment. The simulated and measured return loss for the designed antenna is represented in
Figure 8A. The figure representation clearly shows that the simulated S11 results of all the
four ports are the same due to its similar structure, and good impedance bandwidth of 57%
is achieved between the frequency range of 3.2 GHz to 5.8 GHz.

  
(A) (B) 

Figure 6. Fabricated prototype of the proposed antenna design: (A) top view and (B) bottom view.

On the other side, measured return-loss results of the proposed antenna show utmost
similar results with good bandwidth of 54% covering the frequency range from 3.2 GHz to
5.6 GHz. The measured return-loss results show a slight difference in the frequency range.
This difference is primarily due the fabrication process and slight alteration in the dielectric
constant of the substrate.

Similarly, the simulation and measured isolation results between the antenna elements
are shown in Figure 8B, and isolation between the antenna elements are greater than 16 dB
throughout the expected frequency, which demonstrates that all the four antenna elements
work independently. A sequence of parameter analyses is presented on the proposed MIMO
antenna system to understand the process of the design principle. In Figure 5, the purpose
of the rectangular slot at the ground plane is studied with S11 and S12 measurements by
etching with and without the slot in the ground layer. The use of slot C in the ground
not only improves the isolation to −22 dB but also enhances the frequency bandwidth.
As slot C in the ground plane increases, the frequency bandwidth of the MIMO antenna
gradually increases with the frequency range gradually moving back from 4.3 GHz to
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3.3 GHz, and similarly the bandwidth also increases from 0.4 GHz to 2.5 GHz, as shown in
Figure 9A. Similarly, to understand the effects of using slot E etched in the ground plane,
the dimensions of slot E are adjusted from 2 mm to 7 mm while maintaining all other
parameter values unchanged. It can be seen in Figure 9B, that the return-loss S11 gradually
decreases to −10 dB covering the entire frequency range from 3.3 GHz to 5.8 GHz.

Figure 10B shows the working principle of the proposed four-port antenna with the
surface current distribution for different frequency bands. This indicates that with the
proposed antenna design, the surface current almost does not transfer between the nearby
antenna elements at 3.4 GHz, 4.8 GHz, and 5 GHz. This feature assures good isolation
between the antenna elements.

 

Figure 7. MIMO antenna measurement setup in an anechoic chamber.

  
(A) (B) 

Figure 8. Simulated and measured results of the proposed antenna: (A) S11, S22, S33, S44 and (B) S13,
S23, S23, S24.
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(A) 

 
(B) 

Figure 9. Parametric Analysis: (A) S11 [dB] vs. Frequency [GHz] for slot C parameter values, (B) S11

[dB] vs. Frequency [GHz] for slot E parameter values.

 
(A) 

 
(B) 

Figure 10. Current distributions in 3.4 GHz, 4.8 GHz and 5.2 GHz. (A) Step 2 design antenna; (B)
final proposed antenna.
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Figure 11A–D depicts the simulated and measured 2D YZ-plane and XZ-plane radia-
tion patterns with port 1 excited at 3.4 GHz and 4.8 GHz. The other ports are connected to
the 50–ohm match load. It is obvious that the radiation patterns of both the simulated and
measured are similar while port 1 is excited and are radiating omnidirectionally. The peak
gain achieved by all the four ports lies between 2.4 to 4.9 dBi over the entire operational
bandwidth and the average radiation efficiency obtained is 93%. From Figure 11A,B, it
can be seen that the maximum measured gain of 2.6 dBi is achieved in the YZ and XZ
planes. Similarly, a maximum measured gain of 4 dBi at 4.8 GHz is achieved, as shown in
Figure 11C,D.

(C) (D) 

(A) (B) 

Figure 11. Simulation and measured radiation pattern for port 1: (A) 3.4 GHz at YZ plane, (B) 3.4 GHz
at XZ plane, (C) 4.8 GHz at YZ plane, and (D) 4.8 GHz at XZ plane.

The ECC and the diversity gain (DG) are important parameters to assess the per-
formance of the MIMO system. The mutual coupling and return loss at the ports can
be used to determine ECC, which helps to find the diversity performance of the MIMO
antennae [23,24], and is given in Equation (1):

|ρe(i, j, N)| =
∣∣∣∑N

n=1 S∗
i,nSn,j

∣∣∣√∣∣∣Πk(=i,j)

⌈
1 − ∑N

n=1 S∗
i,nSn,k

⌉∣∣∣ (1)
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The correlation can also be measured from MIMO antenna’s far-field radiation pat-
terns [25], as given in Equation (2):

ECC =

∣∣∣∫ ∫ 4
0

[
Ei(θ, φ) ∗ Ej(θ, φ)

]
dΩ

∣∣∣2∫ ∫ 4
0

∣∣∣Ei(θ, φ)|2 dΩ
∫ ∫ 4

0

∣∣∣Ej(θ, φ)
∣∣2 dΩ

(2)

where i and j are the antenna elements and N is the number of antennae. Ei(θ, φ) and
Ej(θ, φ) are the three-dimensional radiation patterns of ith and jth antenna and Ω is the
solid angle. The acceptable and standard value of ECC should be less than 0.5 for portable
devices. Similarly, the antenna DG is a well-known performance parameter used to verify
the efficacy of the diversity [26]. It can be defined as the ratio of rise in SNR of mixed
signals from multiple antennae to the SNR from a single antenna in the system. The DG
can be calculated using Equation (3):

DG =
10
√

1 − |ECC|2 (3)

It can be observed that the ECC is less than 0.005 and DG is greater than 9.9 dB in
the 3.4 to 6.5 GHz frequency band, as shown in Figure 12. This signifies good diversity
performance and shows good performance results in the achieved frequency band. Table 2
provides a comparison between the proposed wideband MIMO antenna and other antenna
designs [27–34] found in the literature. This comparison clearly indicates that the proposed
antenna design is exceedingly competitive with other designs discussed in the literature in
terms of impedance bandwidth, size, and isolation, along with good values of ECC and
diversity gain.

  
(A) (B) 

Figure 12. (A) Envelope correlation coefficient [dB] vs. frequency [GHz] (B) diversity gain [dB] vs.
frequency [GHz].

Table 2. Comparison between the proposed antenna and other antenna designs in the literature.

Reference/Year
Isolation

(dB)
Bandwidth

(GHz)
ECC

Isolation/Diversity
Technique

Impedance
Bandwidth

Total Antenna
Size(mm)

Inter-Element
Spacing

Common
Ground

Number
of Ports

[27]/[2020] 19 4.3–6.5 0.004 Orthogonal
placement 40% 50 × 50 ~0.18λ No 4

[28]/[2019] 15 2.4, 5.2 and
5.8 0.5 Orthogonal

placement - 52 × 50 ~0.10λ No 4

[29]/[2019] 15 3–10.74 0.1 Parasitic T-shaped
strip 112% 81 × 87 ~0.77λ No 4
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Table 2. Cont.

Reference/Year
Isolation

(dB)
Bandwidth

(GHz)
ECC

Isolation/Diversity
Technique

Impedance
Bandwidth

Total Antenna
Size(mm)

Inter-Element
Spacing

Common
Ground

Number
of Ports

[30]/[2019] 17 4.58–6.37 0.05 Parasitic C-shaped 32% 40 × 36 ~0.20λ No 4

[31]/[2019] 15 5.1–5.7 0.05 DGS/decoupling
network 11% 50 × 27 ~0.16λ No 4

[32]/[2019] 13 3.3–4.2 0.06 Slots/stubs 24% 42 × 42 ~0.15λ Yes 4

[33]/[2022] 20 3.2–5.7 0.002 EBG 56% 46 × 46 ~0.3λ Yes 4

[34]/[2017] 15 2.3–3.2 and
5.4–5.6 0.05 Polarization

diversity/SRR 36% 40 × 40 ~0.18λ Yes 4

This
work/[2022] 15 3.2–5.5 0.005 Polarization diversity 54% 40 × 40 ~0.17λ Yes 4

4. Conclusions

A four-port fabricated compact MIMO antenna with interconnected ground plane
and simple decoupling structure is proposed and developed covering different sub-6 GHz
bands, including 5G and Wi-Fi bands. The measured results show that the impedance
bandwidth of 54% (3.2–5.6 GHz) and approximate peak gain of 2.4 to 4.9 dBi over the
entire operational bandwidth is achieved. Simple decoupling structure provided good,
measured isolation results, better than 16 dB, for the proposed four-port MIMO antenna
system, even though the antenna elements are placed close to each other. Furthermore,
the measured results and the radiation patterns ensure that the fabricated MIMO antenna
system provides a good solution for compact sub-6 GHz MIMO portable devices with
diversity performance and for IoT devices.
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Abstract: An ultrathin dual-band eight-element multiple input–multiple output (MIMO) antenna
operating in fifth-generation (5G) 3.4–3.6 GHz and 4.8–5 GHz frequency bands for future ultra-
thin smartphones is proposed in this paper. The size of a single antenna unit is 9 × 4.2 mm2

(0.105 λ × 0.05 λ, λ equals the free-space wavelength of 3.5 GHz). Eight antenna units are structured
symmetrically along with two sideboards. Two decoupling branches (DB1 and DB2) are employed to
weaken the mutual coupling between Ant. 1 and Ant. 2 and between Ant. 2 and Ant. 3, respectively.
The measured −10 dB impedance bands are 3.38–3.82 GHz and 4.75–5.13 GHz, which can entirely
contain the desired bands. Measured isolation larger than 14.5 dB and 15 dB is obtained in the
first and second resonant modes, respectively. Remarkable consistency between the simulated and
measured results can be achieved. Several indicators, such as the envelope correlation coefficient
(ECC), diversity gain (DG), total active reflection coefficient (TARC), and multiplexing efficiency
(ME), have been presented to assess the MIMO performance of the designed antenna.

Keywords: 5G; multiple input–multiple output (MIMO); ultrathin; smartphone; dual-band

1. Introduction

Fifth-generation (5G) communication is burgeoning, demanding wireless devices with
a transmission data rate as high as possible. Multiple input–multiple output (MIMO)
technology possesses promising application prospects in improving the data rate. Recently,
many sub-6 GHz 5G smartphone MIMO antennas have been developed [1–16], such as
four-element MIMO antennas [2–5], eight-port smartphone antennas [6–10], and even
twelve-element MIMO antennas [11,12]. One nonnegligible challenge encountered during
the design process is the method to effectively weaken the mutual electromagnetic coupling
between antenna elements in a MIMO antenna array. However, numerous decoupling
mechanisms have been put forward, such as polarization diversity [9], defected ground
structure (DGS) [12,13], decoupling branches [14], neutralization lines [15], and orthogonal
mode [16]. More attention still needs to be focused on the decoupling design in the MIMO
antenna array.

The usual height of the lateral side frame of a conventional smartphone’s antenna [2,3,6,7]
is 7 mm, which is not conducive to implementing future ultrathin smartphones. Some
low-profile MIMO antennas for the 5G handsets have been proposed recently. In [17], a
compact four-element MIMO antenna pair for 5G mobile was presented, integrating two
antenna elements at a close distance of 1.2 mm. The designed antenna pair resonated
precisely at 3.5 GHz. One more worthy mention is that the overall volume of the MIMO
system was 150 × 73 × 6 mm3, which realized a 1 mm reduction in the height of the
lateral side frame. Another self-decoupled four-element antenna pair [18] functioning in
the 3.5 GHz band (3.4–3.6 GHz) with the same height of 6 mm has been presented, and
the mutual coupling of the antenna pair was decreased to 16.5 dB. In [19], a low-profile,
high-isolation eight-port MIMO antenna for the 5G handset was presented, and the height
of the lateral sideboard was 5.3 mm.
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This paper presents an ultrathin eight-port MIMO antenna working at 5G 3.4–3.6 GHz
and 4.8–5 GHz frequency bands. The integral volume of the proposed antenna is only
145 × 70 × 5 mm3, which is thinner than other published 5G smartphone antennas. Eight
antenna elements are manufactured along the inner face of two sideboards. Two decoupling
branches (DB1 and DB2) are employed to attenuate the mutual coupling. The proposed an-
tenna is fabricated and measured. The measured −10 dB impedance bands are 3.38–3.82 GHz
and 4.75–5.13 GHz, which can fully contain two target bands. A measured lowest isola-
tion (14.5 dB) emerged in S23 around 3.5 GHz. DHM mode is provided to assess practical
application ability. ECC, DG, TARC, and ME are calculated to evaluate diversity performance.

2. Antenna Structure

The overall view and lateral perspective of the proposed antenna array are shown in
Figure 1. Eight antenna elements are printed along the inner side of two sideboards with a
size of 145 × 4.2 × 0.8 mm3, which are constructed perpendicularly to the system board.
The size of the system board is 145 × 70 × 0.8 mm3. The sideboards and system board
substrate are an FR4 substrate with loss tangent = 0.02 and relative permittivity = 4.4. The
height of the whole smartphone is only 5 mm, since the sideboards are placed on the system
board. A 2 mm-wide microstrip line feeds each element through an SMA connector via the
hole from the bottom of the system board. The designed DBs are separately printed on the
inner face and upper side of the sideboard and system board, which are welded together.
A ground plane (145 × 70 mm2) with two rectangular ground clearances (145 × 3.5 mm2)
is fabricated on the bottom of the system board. The dimensions of DB1(2) and the detailed
construction of a fundamental antenna element are illustrated in Figure 1c,d. Parameters
that affect antenna performance are described as variables rather than a fixed value. Notably,
the values of S1 of DB1 and DB2 are 11 mm and 9 mm, respectively.

 
(a) 

 
(b) 

  
(c) (d) 

Figure 1. Perspectives of the proposed antenna. (a) Overall view, (b) side view, (c) dimensions of DB1
and DB2, and (d) detailed structure of an antenna element. (All values are in millimeters).
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3. Working Mechanism and Application Scenario

In this section, the design evolution steps are first presented to understand the operat-
ing mechanism better. Consequently, the role of the DBs is analyzed. The third part shows
the current vector distribution of the proposed antenna at 3.5 GHz and 4.9 GHz when DB1
is utilized or not, and some variables are selected to be analyzed. The last portion of this
section provides a scenario where this device is held in dual-hand mode (DHM).

3.1. Design Procedure

This section presents a precise design evaluation of the proposed antenna. Figure 2a
gives the four structures during the design process. The first structure is a single rectan-
gular plane with a small open-ended L-shaped slot. It can be seen from Figure 2c that an
obvious resonant mode around 4.3 GHz of Ant. 1 and Ant. 2 is obtained. However, the
port impedance matching needs to be optimized. As shown in Figure 2b, the simulated
normalized port impedance curve is far away from the center point of the Smith chart. An-
other small rectangular slot and ground clearance (145 × 3.5 mm2) are cut from the antenna
element and grounding plane in the second structure. A T-shaped strip is introduced to
diminish the mutual coupling between Ant. 1 and Ant. 2. It can be distinctly observed
from Figure 2c that two resonant modes (around 3.6 GHz and 5.5 GHz) are excited. Little
frequency offset between S11 and S22 occurs because of the two elements’ different locations.
The mutual coupling S12 of the second structure is 10 dB and 13 dB in the lower and higher
bands, respectively.

 
(a) (b) 

 
(c) (d) 

Figure 2. (a) Design evolution, (b) simulated Smith chart of S11, (c) simulated S11 and S22, (d) simu-
lated S12 and S23.

Furthermore, a significant enhancement in the normalized impedance matching con-
dition is acquired, which can be observed in Figure 2b. In the third structure, a small
rectangular slot is cut from the antenna element of the second structure. An extra two
C-shaped strips are added to the upper terminals of the aforementioned T-shaped decou-
pling branch. The simulated S22 obtains a good matching condition at 3.53 GHz. The
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lowest isolation of 8 dB occurs at 3.53 GHz, and little isolation promotion at 5.5 GHz is
realized. The final antenna element structure is produced by cutting a small rectangular
slot in the feedline side of the lowest rectangular strip and reconnecting it on the other side.
At the same time, another newly introduced horizontal T-shaped branch is connected to the
existing decoupling branch as the third structure. The final design of an antenna element
and DB1 are generated in Figure 2a. The simulated S11 and S22 can entirely contain the
target bands, and the isolation S21 is also lifted to 15 dB and 18 dB across 3.4–3.6 GHz and
4.8–5 GHz, respectively. Table 1 lists the simulated normalized impedance at each design
stage at 3.5 GHz and 4.9 GHz. The final structure obtains better impedance matching
performance than the former three design stages.

Table 1. The simulated normalized impedance at two resonant frequencies of each design stage.

Design Evolution 3.5 GHz 4.9 GHz

1st structure 0.094 + 0.518i 0.2946 + 0.9528i

2nd structure 0.5085 + 0.0955i 0.3626 + 0.2061i

3rd structure 0.6245 + 0.0824i 0.3102 + 0.2382i

Final structure 1.08–0.3846i (3.35 GHz)
0.7507–0.3014i (3.5 GHz) 1.3667 + 0.0222i

3.2. Study of the Role of the DBs

This section presents the simulated results with/without DBs. As shown in Figure 3a,
when there is no DB1, the simulated S11 and S22 can still cover the desired bands. However,
the first resonant frequency of Ant. 1 moves to 3.6 GHz, while the other operation band
causes little influence. Figure 3b illustrates the simulated isolation curves S12 and S23
with/without DB1 and DB2. The utilization of the DBs can effectively attenuate the mutual
coupling at 3.5 GHz, while there is little impact on the mutual coupling at 4.9 GHz, as
shown in Figure 4. The worst simulated isolation (14 dB) appeared at S12. Figure 3c portrays
the simulated S23 with various values of S1. Relatively low isolation (8 dB) at 3.5 GHz
was obtained when no DB was used. After the DB1 is constructed between Ant. 2 and
Ant. 3, a distinctly improving trend occurred to S23, as depicted in Figure 3c, but it was still
insufficient. By adjusting the length of S1, isolation performance can be improved. When
the value of S1 is 9 mm, the simulated S23 satisfies the requirement of 15 dB within the
desired bands at 3.5 GHz. When the value of S1 decreases to 7 mm, some deterioration
happens to S23, as shown in Figure 3c. The final optimized value of S1 is 9 mm.

3.3. Current Distribution and Parametric Analysis

The simulated current distribution of Ant. 1 and Ant. 2 at two operating frequencies
when the DB1 is adopted or not are portrayed in Figure 4. When Ant. 1 is excited at 3.5 GHz,
the strongest current density is allocated over the upper L-shaped slot of Ant. 1 and the
inner edges of slots of the lateral section of DB1. The introduction of DB1 significantly
decreases the current density coupled in Ant. 2 when Ant. 1 is excited at 3.5 GHz. When
Ant. 2 is excited at 4.9 GHz, the maximum current spread around the middle rectangular
slot of Ant. 2. There is no significant difference in the coupling current of distribution of
Ant. 1 when DB1 is applied or not. The utilization of DB1 powerfully absorbs the mutual
magnetic coupling existing between Ant. 1 and Ant. 2 at 3.5 GHz, hence enhancing the
isolation. The slight improvement resulting from the DB1 is realized upon S12 at 4.9 GHz,
which is also consistent with the simulated curves in Figure 3b.
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(a) (b) 

 
(c) 

Figure 3. Simulated (a) S11 and S22 and (b) S12/23 with/without DBs, (c) S23 with various values of S1.

 

Figure 4. Current distribution at two resonant modes when DB1 is utilized or not.

According to the current distribution, numerous parameters are selected to make a
parametric analysis, as shown in Figure 5. Little resonant frequency offset of the latter
band arises with the increase in L1, and almost no impact is caused on the first operating
band. The final value of L1 is 5.4 mm. As illustrated in Figure 5b, the variation in L2
affects all three resonant points. With the increase in L2, the impedance matching condition
at 3.5 GHz deteriorates, the middle resonant mode around 3.7 GHz shifts to the higher
frequency, and the ultimately optimized length of L2 is 0.8 mm. Without influencing the
first resonant mode of Ant. 1, the addition of the value of W1 contributes a lot to the
movement of the other two resonant modes. As illustrated in Figure 5c, the second resonant
mode moves to 4 GHz when the value of W1 is 2.2 mm, and the final impedance band is
not satisfied. The ultimately modified value of W1 is 2.8 mm. Parameter L3 mainly affects
the decoupling performance. A significant difference in the isolation at 3.5 GHz occurs
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with the varying of L3. When the value of L3 equals 0.6 mm, the simulated S21 is separately
larger than 15 dB and 14 dB at 3.5 GHz and 4.9 GHz, respectively.

(a) (b) 

  
(c) (d) 

Figure 5. Simulated S11 with various (a) L1, (b) L2, (c) W1, and (d) S21 with different L3.

3.4. Application Scenario

An application scenario of the presented antenna held in dual-hand mode (DHM)
is studied to identify the robustness and practicability of the proposed MIMO antenna
array. Figure 6 plots the simulated S-parameters in DHM and the −10 dB bandwidth of
Ant. 5, with Ant. 8 not being able cover two target bands. The −10 dB impedance matched
bandwidth of Ant. 2, Ant. 3, Ant. 6, and Ant. 7 can contain 5G 3.6–3.8 GHz and 4.8–5 GHz
frequency bands. The simulated S11 and S44 can still wholly cover the two desired bands.
Figure 6b provides the total radiated power (TRP) of the proposed antenna when Ant. 1,
Ant. 2, Ant. 5, and Ant. 6 are separately excited with 1 W input power. The radiating
ability of four inner elements (Ant. 2, Ant. 3, Ant. 6, and Ant. 7) are generally better than
the other four elements constructed in the corners of the system substrate, which have
the closest distance to the hand tissue compared with the inner four elements. Figure 7
presents the proposed antenna’s simulated three-dimension (3D) and two-dimension (2D)
radiation patterns when Ant. 8 and Ant. 7 are independently excited at 3.5 GHz and
4.9 GHz, respectively. The simulated specific absorption rate (SAR) distribution when
Ant. 8 and Ant. 7 are separately excited with 100 mW input power at two resonant modes,
as shown in Figure 8. A maximum SAR value of 1.45 W/kg and 1.22 W/kg is acquired
at 3.5 GHz and 4.9 GHz, respectively. Both SAR values are lower than the European and
American requirements of 2.0 W/kg and 1.6 W/kg.
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(a) (b) 

Figure 6. Simulated (a) S-parameters and (b) TRPs for the presented antenna held in DHM.

 
(a) 

 
(b) 

Figure 7. Simulated 3D and 2D patterns when (a) Ant. 8 excited at 3.5 GHz and (b) Ant. 7 excited at
4.9 GHz.

Ant. 8  excited
@ 3.5 GHz

Ant. 7  excited
@ 4.9 GHz

X

Y

X

Y

 
Figure 8. SAR field distribution.

4. Experimental Results

A prototype of the explored antenna was printed and measured to validate the simu-
lated results. Figure 9 presents the photograph of the prototype and test scenarios using
a vector network analyzer (VNA: N5224A) and anechoic chamber. In Figure 9a, when
Ant. 2 and Ant. 3 are excited, two distinctly resonant modes around 3.5 GHz and 4.9 GHz
can be obtained, and excellent uniformity between S22 and S33 can be observed. Little
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frequency offset occurs because of the soldering process of the SMA connectors. Figure 9b
illustrates the measuring environment of the 2D radiating patterns. Figure 10a,b compare
the simulated and measured S-parameters (Sii and Sij, respectively). A slight frequency
shift exists between the simulated and measured results, but the measurement can still
completely cover the target bands. Measured worst isolation (14.5 dB) of S23 appears at
around 3.5 GHz. Figure 10c,d present the measured S-parameters of the proposed antenna.
All the tested input return loss curves of eight ports can contain the desired bands, and
the measured mutual coupling is separately larger than 14.5 dB and 15 dB at 3.5 GHz and
4.9 GHz. Figure 11 provides the simulated and measured gain and radiating efficiency
of Ant. 1 and Ant. 2. As shown in Figure 11a, maximum gains of 5 dBi and 4.8 dBi are
achieved during the former and latter operating bands, respectively. Radiating efficiency of
approximately 60% and 70% is obtained separately at 3.5 GHz and 4.9 GHz, as shown in
Figure 11b. The measured and simulated 2D radiating patterns of the proposed antenna
are illustrated in Figure 12. The discrepancies between the simulated and measured curves
are caused by the soldering process and the installation angle of the antenna when it is
tested in the anechoic chamber.

 
(a) (b) 

Figure 9. Photograph of the manufactured model of the proposed antenna and the experimental
environment (a) measured by the VNA and (b) measured in the anechoic chamber.

Numerous indicators, including ECC, DG, TARC, and ME, were computed to assess
the MIMO performance of the designed MIMO antenna. Figure 13 . The largest measured
ECCs of 0.004 and 0.008 are realized across the former and the latter operating modes,
respectively. The ECCs are computed from the radiating results based on Formula (1) [18].
The computed DGs, calculated from Formula (2) [19], are better than 9.99 dB and 9.978 dB
within the two target bands, respectively. TARC is the definition of the square root of the
ratio of total reflected radio-frequency (RF) power to the total incident power. As shown
in Figure 14, the TARC curves are calculated by Equation (3) [20], which are well below
the −10 dB level within the two desired bands. ME is defined as the power loss of a
realistic antenna in achieving a given power capacity compared with an ideal antenna with
total percentage radiation efficiency. ME can be expressed by Equation (4) [21]. Figure 15
compares the simulated and measured ME results between Ant. 1 and Ant. 2, and between
Ant. 2 and Ant. 3, respectively. Measured ME values of approximately 70% and 75%
are obtained at 3.5 GHz and 4.9 GHz, respectively. Remarkable consistency between the
simulated and measured ME curves was observed.

ECC =

∣∣∣S∗iiSij+S∗jiSjj

∣∣∣2
(1 − |Sii|2 −

∣∣Sji
∣∣2)(1 − ∣∣Sjj

∣∣2 − ∣∣Sij
∣∣2) (1)

DG = 10 ×
√

1 − ECC2 (2)

TARC =

√
(S 11+S12)

2+(S 22+S21)2

2
(3)
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ME =

√
η1η2(1 − ECC2

12

)
(4)

where η1 and η2 represent the total efficiency of Ant. 1 and Ant. 2, respectively.

  
(a) (b) 

  
(c) (d) 

Figure 10. Simulated and measured S-parameters (a) Sii, (b) Sij, (c) measured Sii, and (d) measured Sij.

 
(a) (b) 

Figure 11. Simulated and measured (a) gain and (b) radiating efficiency of Ant. 1 and Ant. 2.
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(a) (b)

(c) (d)

Figure 12. Measured and simulated 2D radiating patterns. (a) Ant. 1 is excited at 3.5 GHz, XOY plane,
(b) Ant. 1 is excited at 3.5 GHz, XOZ plane, (c) Ant. 2 is excited at 4.9 GHz, XOY plane, (d) Ant. 2 is
excited at 4.9 GHz, XOZ plane.

 

Figure 13. Simulated and measured ECCs and DGs.

 

Figure 14. Simulated and measured TARCs.
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Figure 15. Simulated and measured MEs.

Table 2 presents a performance contrast between the presented antenna and other 5G
smartphone antennas exploited in recent years. The primary highlights of the proposed
antenna are the lowest lateral sideboard, superior isolation performance, and lower ECCs.

Table 2. Performance contrast between this work and other reported 5G smartphone antennas.

Design
Working Band

(GHz)
Total Size (mm3)

Dimension of A
Single Element (mm3)

Decoupling
Method

Isolation
(dB)

ECC

[14] 3.4–3.6
4.8–5 (−6 dB) 150 × 75 × 7 14.8 × 7 × 0.8 Decoupling

structure
15.5
19

0.07
0.06

[15] 3.4–3.6
4.8–5 (−6 dB) 150 × 75 × 7 15 × 7 × 0.8 Neutralization

line 11.5 0.08

[16] 3.4–3.6
(−10 dB) 150 × 73 × 6 12 × 4.2 × 0.8 Orthogonal

Mode 17 0.06

[22] 3.4–3.6
4.8–5 (−10 dB) 150 × 75 × 6 17.4 × 6 × 0.8 Self-isolated 19.1 0.0125

[23] 3.3–3.6
4.8–5 (−10 dB) 150 × 73 × 7 15.5 × 7 × 0.8 Self-isolated 11 0.15

[24] 4.4–5
(−6 dB) 150 × 80 × 0.787 50 × 30 × 0.787 Shorting pins 18 0.24

[25] 3.4–3.6
(−10 dB) 150 × 75 × 5.3 16.1 × 4.5 Self-isolated 20 0.4

This work 3.4–3.6
4.8–5 (−10 dB) 145 × 70 × 5 9 × 4.2 × 0.8 DBs 14.5

15
0.004
0.008

5. Conclusions

An ultrathin eight-port MIMO antenna functioning in 5G 3.4–3.6 GHz and 4.8–5 GHz
is presented in this paper. The explored antenna element obtained a minimized dimension
of 9 × 4.2 mm2, and the overall volume of the MIMO system was only 145 × 70 × 5 mm3.
Two kinds of DBs were employed to attenuate the mutual coupling at 3.5 GHz. Besides the
design stages of the proposed antenna, the role performed by the DBs were also studied
to gain profound understanding of the decoupling mechanism. An application scenario of
DHM was given to evaluate the robustness and practicability of the presented antenna. The
measured −10 dB impedance band is able to contain the target bands entirely. The measured
worst mutual coupling (14.5 dB) appeared in S23 around 3.5 GHz. Maximum radiating
efficiency of 60% and 75% were obtained within the first and second bands, respectively.
The computed results of indicators, such as the ECC (0.008), DG (9.978), TARC (10 dB), and
ME (70%), have proved the excellent MIMO performance of the proposed antenna.
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Abstract: The observed data of transient electromagnetic (TEM) systems is often contaminated
by various noises. Even after stacking averages or applying various denoising algorithms, the
interference of the system noise floor cannot be eliminated fundamentally, which limits the survey
capability and detection efficiency of TEM. To improve the noise performance of the TEM receiver,
we have designed a low-noise amplifier using the current source long-tail differential structure and
JFET IF3602 through analyzing the power spectrum characteristics of the TEM forward response.
By the designed circuit structure, the JFET operating point is easy to set up. The adverse effect on
the JFET differential structure by JFET performance differences is also weakened. After establishing
the noise model and optimizing the parameters, the designed low-noise differential amplifier has a
noise level of 0.60nV/

√
Hz, which increases the number of effective data 2.6 times compared with

the LT1028 amplifier.

Keywords: low noise; junction field-effect transistor; transient electromagnetic method

1. Introduction

The transient electromagnetic (TEM) method is a classic geophysical exploration
method that detects the induction response of a geological body to emitted electromagnetic
(EM) waves. It distinguishes subsurface geological structures based on characteristic
differences in the amplitude and decay rate of the response of geological bodies with
different resistivities. Due to the non-destructive propagation of EM waves in the subsurface
medium, TEM is widely used in mineral resource exploration, geological surveys, and
urban disease exploration. The TEM signal is characterized by high amplitude in the
early time and low amplitude in the late time. Therefore, in order to obtain a high-quality
signal, it is necessary to use a wide frequency band, a large dynamic range amplifier, and
a high-precision acquisition system with high speed to collect high-quality TEM data for
subsequent data processing and data interpretation [1,2].

The observed signal is always interfered with by strong noise in practice. The noise
contaminates the signal, especially the late time, which is in low amplitude and represents
the deep geological information [3]. These kinds of noise are classified by their source. Part
of the noise is from the EM interference in the environment, which is called environmental
noise; the other part of the noises is from the TEM receiver, which is called the system
noise floor. Environmental noise has a certain pattern in statistics and can be eliminated by
using algorithms such as half-cone gate filtering, minimum noise separation, and improved
algorithms based on temporal correlation [4–6]. However, these data processing methods
cannot eliminate the effect of the system noise floor, so the TEM receiver needs to be
optimized to obtain a more accurate signal.
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The amplifier noise floor of the TEM receiver is a major part of the system noise
floor, and there have been many related studies on TEM low-noise amplifiers (LNA) [7].
Chen et al. designed an amplifier with a noise floor of 1.83nV/

√
Hz using the low-noise

integrated operational amplifier (IOA) AD797 for the ZTEM receiving device [8]. Pi et al.
used the IOA LT1028 to design a low-noise preamplifier circuit with an ideal noise of
2.45nV/

√
Hz for urban TEM devices [9]. Low-noise IOA is mainly used in TEM pream-

plifiers currently [10,11], but the noise characteristics of IOAs are inferior to discrete com-
ponents due to the cost restriction, which also limits the noise optimization of subsequent
circuits [12]. To solve the problem, Wang et al. developed a 2nV/

√
Hz ZTEM signal condi-

tioning circuit using the junction field-effect transistor (JFET) LSK389B in the helicopter
TEM receiver, which introduced a new idea for the optimization of TEM devices [13].

At present, JFET LNA is mainly used for the measurement and amplification of weak
signal sensors such as piezoelectric accelerometers, wireless radio frequency equipment,
and seismic accelerometers at present [14]. Scandurra proposed a feedback compensation
JFET differential amplifier circuit for low-frequency noise measurement circuits with the
noise floor of 1.00nV/

√
Hz@1.00kHz [15]. Cannatà designed a 0.80nV/

√
Hz@1.00kHz

single-ended amplifier based on discrete components JFET for low-frequency noise mea-
surement [16]. To summarize, JFET has a very low system noise floor and a wide stable
noise frequency band [17], which is very suitable for noise optimization of TEM receivers.

The rest of the paper is as follows: In Section 2, we analyze the time-frequency
characteristics of the TEM signal according to the TEM principle and forward response,
and clarify the requirements; Section 3 gives the JFET LNA for TEM receiver with the
circuit structure, model, and actual noise floor test; In Section 4, we conducted laboratory
experiments to compare the length of TEM effective data from the JFET receiver and the
IOA receiver. Finally, the optimization direction of the amplifier and the application effect
in transient electromagnetic systems are discussed.

2. The Analysis of TEM Signal

The TEM system consists of a transmitting coil, a transmitter, a receiving coil, and
a receiver. Its working principle is shown in Figure 1. A bipolar step pulse current
is sent through the transmitting coil by the transmitter. Meanwhile, a primary field is
created, surrounded, and transmitted in the form of smoke rings. Due to Faraday’s law of
electromagnetic induction, geological bodies are excited by the primary field, and the eddy
current is induced underground with the secondary field when the pulse is on. When the
pulse is turned off, the secondary field starts decaying at different rates, which are related
to the conductivity of the subsurface layers. The voltage in the receiving coil is generated
by the secondary field and observed in the receiver. After TEM data interpretation, the
abnormality and subsurface layers can be known [18].

To further analyze the characteristics of TEM signals, we use the TEM forward model-
ing to generate ideal signals for time-frequency analysis. Since the actual geological layering
is very complex, it is difficult to fully cover the condition of multi-layer forward modeling.
Because the TEM has the characteristics of a strong response in a low-resistance medium
and a weak response in a high-resistance medium, the actual geological response will
be higher than the pure high-resistance response and lower than the pure low-resistance
response. Therefore, we set the high-resistance uniform half-space to 100 Ω·m and adjust
the transmitting magnetic moment to 1 × 104 A·m2, and the receiving equivalent area
to 128 m2 [19]. The forward modeling based on the sinusoidal numerical filtering algo-
rithm is used to obtain the forward response within 1 ms, as shown in Figure 2 [20,21].
It is observed that the early TEM forward response is five orders of magnitude higher
than the late response. Therefore, to identify the late signal, not only a high-amplification
amplifier is required, but also the noise floor of the amplifier is limited; otherwise, it is
extremely difficult to obtain useful information on TEM from the circuit noise. Since the
noise power spectrum is mainly used to measure the noise characteristics of LNA, we
calculate the power spectral density (PSD) of the forward response in 100 Ω·m pure high
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resistance as a reference index for designing the LNA. The results in Figure 3 show that the
low-frequency PSD of the TEM signal is larger and the high-frequency PSD is smaller and
below 1nV/

√
Hz. Therefore, when designing the amplifier, it is necessary to ensure that the

amplifier has a stable gain and an extremely low noise floor in the whole frequency band to
obtain high-quality TEM data and lay the foundation for subsequent data denoising and
data interpretation.

Transmitting Coil Receiving Coil

Survey Line

Primary Field
Secondary Field

Abnormality

I(t)

t

V(t)

t

Current Waveform In 
Transmitting Coil

Voltage of Secondary Field 
In Receiving Coil

Figure 1. Schematic diagram of TEM survey.

Figure 2. The TEM forward response.

Figure 3. The PSD of TEM forward response.
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3. Optimal Design of JFET LNA

3.1. Selection of LNA Circuit Components

Because of the characteristics of the wideband and large dynamic range of the TEM
signal, the suitable amplifier must have a sufficient gain-bandwidth product, as mentioned,
and a low-noise cascade amplifier circuit needs to be designed to achieve reliable signal
amplification. The Frith formula, shown in Equation (1), reflects the relationship between
the overall noise of the cascaded circuit and the noise of the circuits at all levels as follows:

F = F1 +
F2 − 1

K1
+

F3 − 1
K1K2

+ · · ·+ FM − 1
K1K2 · · · KM−1

(M = 2, 3, · · · ) (1)

F is the total noise figure of the cascaded amplifier, FM is the noise figure of the M
amplifier, and KM−1 is the gain of the M−1 amplifier. The noise of the cascaded amplifier
is mainly restricted by the first-stage amplifier, and the influence of the latter stage is
slighter, which means reducing the noise floor of the first-stage amplifier is the primary
consideration when designing a low-noise system for weak signal detection.

To optimize the noise floor of the first-stage amplifier circuit, a low-noise device must
be selected as the core of the circuit. Common choices of low-noise devices are bipolar
transistors (BJTs), JFETs, and IOAs. Because BJT devices and BJT-type IOAs have a low
noise floor in low-frequency and mid-frequency bands, they are generally used to make
TEM preamplifiers, but with the development of low-noise JFET, such as LSK389B and
2SK3320. These components significantly reduce device voltage noise when their own
current noise is negligible. These give low-noise JFETs the advantage of a low device noise
floor and simple noise components, which are more suitable for making LNAs. In order
to select the low-noise device for the preamplifier, we compared the noise performance of
common low-noise devices, and the results are shown in Table 1.

Table 1. Comparison of noise performance of low-noise devices.

Device Model en (nV/
√

Hz) in (pA/
√

Hz)

AD745 3.2 (f = 1 kHz) 0.007 (f = 1 kHz)
AD797 0.9 (f = 1 kHz) 2.0 (f = 1 kHz)
AD8672 2.8 (f = 1 kHz) 0.3 (f = 1 kHz)
OPA847 0.92 (f > 1 MHz) 3.5 (f > 1 MHz)
INA163 1.0 (f = 1 kHz) 0.8 (f = 1 kHz)
LT1028 0.85 (f = 1 kHz) 1.0 (f = 1 kHz)
LSK389 0.9 (f = 1 kHz) ——
IF3602 0.5 (f = 100 Hz) ——

Table 1 shows that IF3602 has very low voltage noise (0.5nV/
√

Hz@100Hz) and the
noise frequency is only 100 Hz. The principle of a JFET is using the electric field effect
in the semiconductor to change the barrier width of the gate PN junction by controlling
the gate-source voltage VGS and using the pinch-off of the depletion layer to control the
internal carriers. No current flows between the gate and the source, so the current noise is
negligible. This feature simplifies the noise model of the JFET amplifier circuit. According
to the comparison, we proposed a low-noise differential circuit design for the JFET IF3602
and combined the noise model to optimize the external circuit.

3.2. Overall Design of Low-Noise JFET Amplifier Circuit

Based on the characteristics of the TEM signal analyzed in Figures 2 and 3, we designed
the amplifier circuit shown in Figure 4. According to the functions of each cascade amplifier,
the LNA circuit is divided into a four-level structure, as shown in Figure 5. The first-stage
circuit is a differential circuit based on the JFET IF3602, which can achieve low-noise and
high-gain amplification for the received signal. The low noise floor of the amplifier circuit
means that the impact of circuit noise on the signal-to-noise ratio (SNR) of the TEM signal
is weak. Besides, the high gain in the first-stage circuit weakens the impact of the noise
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floor in the post-stage circuits. For the differential circuit, it also has the characteristics
of high differential mode magnification and low common mode magnification, which
can effectively suppress the interference of common mode noise and enhance the anti-
interference ability of the TEM device.
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Figure 4. Schematic diagram of low-noise amplifier circuit.
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Figure 5. Schematic diagram of the function of the low-noise amplifier circuit.

The second-stage circuit is an amplifier made from the low-noise IOA LT1028 with
a high-pass filtering function. Although the noise floor of the LT1028 IOA is not as good
as IF3602, its equivalent voltage noise is only 0.85nV/

√
Hz, and the IOA circuit is easy to

design because of its simple structure. Therefore, it is very suitable to be the secondary
amplifier. In addition, as shown in Figure 3, it is necessary to reduce the impact of a
low-frequency component of TEM to avoid the early signal saturation. Therefore, adding
high-pass filtering can make full use of its amplitude-frequency characteristics, to reduce
the amplification factor of low-frequency components, and avoid early signal saturation.

The third-stage circuit contains a precision differential amplifier INA105, which inte-
grates a laser-corrected 25 kΩ precision resistor to ensure the gain accuracy of the internal
feedback amplifier circuit and reduce the impact of resistance temperature drift on the
accuracy of the differential amplifier.

An RC low-pass filter network is used in the fourth stage with a 257 kHz cut-off
frequency, which includes the ideal signal frequency band in forwarding modeling, to avoid
the influence of high-frequency noise on the circuit and ensure the quality of TEM signals.
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3.3. Design and Analysis of JFET Differential Low-Noise Amplifier Circuit

As an important part of the LNA, the JFET differential amplifier circuit needs to have
the characteristics of low noise and high gain. As a voltage-controlled device, JFET must
work in the amplification mode when used for signal amplification. At that time, the
depletion layer is partially pinch-off, the input AC signal causes the width of the depletion
layer to change slightly, and the output drain current also changes accordingly. The signal
is amplified at the output. The noise floor and amplification capability of JFET are also
limited by the internal channel. The JFET must be operated at a suitable static operating
point to make it both low-noise and high-gain.

In practice, due to the limitations of manufacturing technology and semiconductor
doping technology, JFET devices will show a large performance difference even in the same
batch [17], resulting in the unequal current in the left and right branches of traditional JFET
long-tail differential circuits. This problem makes the circuit design difficult because of the
static operating point offset. Fortunately, the IF3602 not only has excellent amplification
characteristics and noise performance but also integrates a pair of matched low-noise JFETs,
which greatly reduces the impact of JFETs differences on performance. In addition, we
introduce a source-coupled differential amplifier circuit design, in which a current source
is used to replace the tail resistors in traditional long-tail differential circuits. Compared
with the long-tail differential circuit, the higher equivalent resistance of the current source
gives the circuit an extremely strong common-mode signal rejection and can provide stable
current output for the branch. Usually, the following three correlated variables need to
be considered when setting the static operating point of the JFET: drain-source voltage
VDS, gate-source voltage VGS, and drain current ID. However, the new source-coupled
differential amplifier circuit design reduces the variables to VDS and VGS, which simplifies
the difficulty of circuit design. The DC path and the AC path were analyzed in this part,
where the DC path is used to stabilize the static operating point for the device for optimum
performance of the JFET; the AC path determines the amplification capability of the circuit.
The results will provide theoretical support for subsequent circuit noise analysis and
circuit optimization.

The DC path of the JFET amplifier circuit is shown in Figure 6, where BJT T1, R5, and
R6 are formed as a current source to output a stable current of Ip = (−VSS−VPN)/R6. Due
to the high symmetry of the circuit, ID1 = ID2 = 0.5Ip. After determining the quiescent
operating current of the JFET, only the operating voltages VDS and VGS need to be con-
sidered. For JFET, the stable amplification must be achieved in the amplification mode.
It is necessary to keep the VDS > 0, VGS < 0 where VD = VDD − ID1R1 = VDD − ID2R2 and
ID1R3 = −VBE + ID2R4. The JFET gate is grounded during DC analysis, so VG = 0. The cur-
rent source maintains the stability of the loop current, so ID1 and ID2 are known. According
to the external resistors R1, R2, R3, and R4, the static operating point of the amplifier circuit
can be calculated, avoiding the problem of static operating point setting caused by the
interaction of VGS, VDS, and ID in the JFET circuit. In order to ensure that the IF3602 has
excellent noise characteristics, it needs to be set at the minimum noise static operating
point “VDS = 3 V, ID = 5 mA” in the datasheet. After calculating the theoretical external
parameters, the R1 and R2 should be fine-tuned to fit the minimum noise static operating
point in the datasheet as much as possible, ensuring that the IF3602 can stably exert its
noise performance advantages.

The AC path of the JFET amplifier circuit is shown in Figure 7. Because the differential
circuit contains excellent differential mode signal amplification capability and common
mode noise suppression capability, the current source at the common terminal does not
be amplified. Therefore, the current source can be ignored in the AC equivalent circuit.
Besides, the amplification capabilities of the circuits on both sides are the same, so only
one side of the circuit needs to be considered when constructing the small-signal model
to analyze the magnification. The single-side small-signal model is shown in Figure 8. It
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can be seen from Figure 8 that the amplification factor of the differential amplifier circuit
satisfies the following:

Av = (−gmR1)/(1 + gmR3) = (−gmR2)/(1 + gmR4) (2)

R1 R2

R3 R4

R6

R5

GND

VDD

VSS

J1 J2

T1

GND GND

Figure 6. DC equivalent path of JFET differential circuit.
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R3 R4

GND

GND

J1 J2
Vsig+ Vsig-

Figure 7. AC equivalent path of JFET differential circuit.
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+

-

+

-

gmVgs

GND

R3

Vgs

Vsig+ VJout+

Figure 8. Analysis of AC small signal model of JFET differential circuit.

gm is the JFET transconductance, which is affected by the internal conduction channel,
so it is only related to the static operating point. The source-coupled differential amplifier
circuit constructed by the current source not only simplifies the circuit design but also
stabilizes the noise performance and amplification capability of the JFET IF3602. Av is the
magnification of the differential amplifier circuit, and its value mainly depends on the ratio
of the external circuits R1 and R3 or R2 and R4. The purpose of R3 and R4 is to stabilize the
source potential of the JFET. In order to maintain the amplification ability of the circuit,
their values are relatively small (less than 10 Ω). Therefore, maintaining the JFET in the
amplification area, keeping the JFET working near the static operating point of minimum
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noise, and increasing the values of R1 and R2 at the same time will significantly increase
the amplification factor of the differential amplifier circuit and ensure the performance of
the first-stage differential amplifier circuit.

3.4. Noise Analysis and Parameter Optimization of JFET Differential Amplifier Circuit

The equivalent model of the circuit is constructed by analyzing the AC and DC path
signals of the circuit. In order to further optimize the noise performance and amplification
performance of the JFET IF3602 differential amplifier circuit, a noise equivalent model
was built as shown in Figure 9. en1 and en2 are the equivalent noise sources of the IF3602,
en3 and en4 are the equivalent thermal noise sources of the drain resistors R1 and R2, and
en5 and en6 are the equivalent thermal noise sources of the source resistors R3 and R4. T1,
R5, and R6 constitute the current source I. According to the previous analysis of the AC
path, the current source does not get amplified as the AC signal, and its equivalent noise
source is suppressed by the differential amplifier circuit as a common-mode signal, which
can be ignored.

R1 R2

R3 R4

VDD

VSS

J1 J2Vsig+
en1 en2

en3 en4

Vsig-

en5 en6

Vout1

I

Figure 9. JFET differential circuit noise model.

For the equivalent noise sources en1 and en2 of IF3602, the noise source is input from the
gate, and the differential amplifier circuit can be equivalent to a common source amplifier
circuit, and its amplification factor is (−gmR2)/(1 + gmR4). The sum of the output noise of
en1 and en2 at the output of Vout1 is as follows:√

2(−gmR1)
2en1

2/(1 + gmR3)
2 (3)

For thermal noise sources en3 and en4 of R1 and R2, the noise source PSD satisfies√
4kTR1 and

√
4kTR2, k is the Boltzmann constant, and T is the temperature in Kelvin.

These sources influence on the output end directly, and R1 and R2 are equal, so the sum of
the output noise of en3 and en4 at the output end is as follows:√

2en32 (4)

The PSDs of thermal noise sources en5 and en6 of R3 and R4 are
√

4kTR3 and
√

4kTR4,
respectively, and their resistance values are equal. The thermal noise is input from the
source of IF3602 and output at the drain after being amplified. In the circumstances,
the differential circuit should be equivalent to a common-gate amplifying circuit, and its
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amplification factor is gmR1/(1 + gmR3). The sum of the output noises of en5 and en6 at the
output is as follows: √

2(gmR1)
2en52/(1 + gmR3)

2
(5)

According to the circuit superposition theorem, the sum of the output noise of the
IF3602 differential amplifier circuit at the output end is as follows:

enJFETout =

√
2en32 + 2(en1

2 + en52)(gmR1)
2/(1 + gmR3)

2 (6)

Usually, to avoid the influence of circuit amplification on noise results, it is necessary
to normalize the output noise by dividing it by the circuit’s amplification (i.e., the transfer
function) and convert it into equivalent input noise to measure the noise floor of the circuit.
The equivalent input noise of the differential amplifier circuit is as follows:

enJFETin =
enout

|Av| =

√
2en1

2 + 2en52 + 2en32(1 + gmR3)
2/(gmR1)

2 (7)

The equivalent noise source en1 of the JFET is related to the static operating point,
which can be regarded as a fixed value after referring to the minimum noise static operating
point setting in the datasheet. The value of R3 is very small and leads to the thermal noise
introduced into the input is extremely limited. Therefore, the optimization of resistor R1
should be focused. From Equation (6), the thermal noise of R1 resistance at the input
terminal equivalently is as follows:

enR1in =

√
en32(1 + gmR3)

2/(gmR1)
2 =

√
4kT(1 + gmR3)

2/gm2R1 (8)

When increasing the resistance value of R1, the input noise of R1 will decrease accord-
ing to Equation (8), and the amplification factor will increase according to Equation (2).
The whole optimization meets the requirements of the increasing the gain of the first stage
and decreasing the noise floor of the circuit. However, increasing R1 will inevitably cause
the offset of the static operating point of the circuit; therefore, the supply voltage of the
amplifier circuit must be increased synchronously to roughly keep the static operating
point of the JFET as described in the datasheet (VDS = 3V, ID = 5mA). After optimization,
the parameters of the amplifier circuit shown in Figure 4 are finally determined as shown
in Table 2.

Table 2. Circuit device parameters.

Components Component Type Component Value

R1, R2 1% Resistor 2.4 kΩ 0805 × 2 1.2 kΩ
J1, J2 IF3602 Low Noise N-Channel JFET Pair InterFET

R3, R4 1% Resistor 0805 1 Ω
T1 BJT 2N1711
R5 1% Resistor 0805 0 Ω
R6 1% Resistor 3.6 kΩ 0805 × 4 900 Ω

C1, C3 4.7 μF Y5V 0805 Capacitor × 4 18.8 μF
C2, C4 Y5V 0805 Capacitor 10 nF
R7, R9 1% Resistor 0805 510 Ω
R8, R10 1% Resistor 0805 100 Ω
A1, A2 Low Noise IOA LT1028

R11, R12 1% Resistor 0805 5.1 kΩ
R13, R14, R19 1% Resistor 100 Ω 0805 × 2 50 Ω

R15, R16, R17, R18 INA105 Built-in Resistor 25 kΩ
A3 Precision Difference Amplifier INA105
R20 1% Resistor 0805 910 Ω
C5 Y5V 0805 Capacitor 860 pF

VDD Lithium Battery +12 V
VSS Lithium Battery −12 V
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3.5. Noise Testing and Analysis

The instrument can only measure the output noise power spectrum of the amplifier
circuit. The actual noise floor of the sensing system needs to be converted through the
transfer function. First, the transfer function of each level, the overall transfer function in
Figure 4, needs to be calculated, and the results are shown in Equations (9)–(13) as follows:

Hcircuit(s) =
Vout(s)
Vin(s)

=
Vout(s)

Vsig+(s)− Vsig−(s)
= H1(s)H2(s)H3(s)H4(s) (9)

H1(s) = Av = (−gmR1)/(1 + gmR3) = (−gmR2)/(1 + gmR4) (10)

H2(s) = (−sC1R11)/(1 + sC1R7) = (−sC3R12)/(1 + sC3R9) (11)

H3(s) = R17/ (R 13+R15) = R18/ (R 14+R16) (12)

H4(s) = 1/(1 + sC5(R 19+R20)) (13)

The final transfer function can be calculated by substituting the parameters in Table 2
into Equation (9). The result is shown in Figure 10.

Figure 10. Overall amplitude-frequency characteristic curve of low-noise amplifier circuit.

The gain of the IF3602 LNA circuit is kept stable at 55 dB in the 100 Hz–100 kHz.
Because the PSD of the TEM low-frequency signal is large, if the gain at the full band
is maintained stable, the signal will be more likely to saturate in the early stage. In this
case, a non-ideal high-pass filter can be used to reduce the gain of the amplifier circuit for
low-frequency signals, because the gain of the non-ideal high-pass filter is weak in the low
frequency and large in the high frequency. A more accurate TEM secondary field signal
can be recovered by adding a transfer function correction during data processing. The
noise PSD at the output of the circuit was detected using an Agilent 35670A dynamic signal
analyzer when shorted the input under EM shielding conditions. In order to record the
noise floor of the amplifier circuit detail, the output noise floor of the IF3602 low-noise
amplifier and LT1028 amplifier in the frequency bands of 0–800 Hz, 800–1600 Hz, and
1.6–52.8 kHz were collected and spliced. The equivalent input noise floor of the two is
shown in Figure 11.
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3.507×10-9

6.001×10-10

1.002×104

1.002×104

2.394×10-9

2.148×10-9

3.038×10-9

1.121×10-9

Figure 11. Comparison of the noise floor between the IF3602 circuit and the LT1028.

According to Figure 11, the noise floor of the IF3602 differential amplifier at 100 Hz,
1 kHz, and 10 kHz are 2.15nV/

√
Hz, 1.12nV/

√
Hz, and 0.60nV/

√
Hz respectively, which

are lower than the corresponding frequency noise of the LT1028 as follows: 3.50nV/
√

Hz,
3.04nV/

√
Hz, and 2.39nV/

√
Hz. The noise floor of the IF3602 circuit is significantly lower

than the noise floor of the LT1028 circuit in the TEM band of 100 Hz–52.8 kHz.
Figure 12 compares the actual noise curve of the IF3602 differential amplifier circuit

with the calculated one based on Table 2 and Equation (7). The actual noise is close to the
theoretical noise, and both of them reach below 1nV/

√
Hz above 1 kHz. However, the noise

floor is different at low frequencies. The reason is that, when calculating the thermotical
noise, only the corresponding noise of the device at 100 Hz given by the datasheet was used.
However, the JFET is seriously disturbed by 1/f noise at low frequency in practice, and the
amplitude of 1/f noise is inversely proportional to the frequency. So, in the high-frequency
band, the theoretical noise is close to the actual noise, and the actual noise floor deviates
from the theory.

9.883×10-10

7.507×10-10

Figure 12. Comparison of measured noise data and theoretical calculated values of IF3602 low-noise
amplifier circuit.
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4. Indoor Comparison Experiment

To further compare the performance of the IF3602 LNA in the receiver, we experi-
mented with the simulation using a small-loop TEM device in the laboratory. Figure 13
shows the schematic diagram of the comparison test. The devices are shown in Figure 14,
and the parameters of the device are as follows:

• The radius of the small loop transmitting coil used is 26.5 cm;
• The number of turns of the transmitting loop is 10;
• The transmitting current is 6 A;
• The radius of the receiving coil is 10 cm;
• The number of turns of the receiving loop is 32.

Transmitting Coil

Receiving Coil

TEM Transmitter

LT1028 Amplifier

IF3602 Amplifier

Wave Filter

AD Acquisition

PC

TEM Receiver

Figure 13. Schematic diagram of laboratory simulation comparison test.

To keep the circuit filter from interfering with data observation, a low-noise LT1028
amplifier board with an amplification factor of 10 was used as the pre-stage, and the
same post-stage circuit as the IF3602 low-noise circuit was added, which was adjusted
to have the same frequency band and similar gain as the IF3602 amplifier. Both groups
of experiments were taken 128 times superposition average to avoid the influence of the
amount of superposition on the quality of the received data. The results are shown in
Figure 15.

Transmitting
Coil

Receiving
Coil

TEM Receiver

TEM Transmitter

Figure 14. The laboratory simulation comparison test and TEM devices.
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300  s

800  s

Figure 15. Comparison of the data observed by the receiving device in the laboratory.

According to the results, the IF3602 amplifier receiver has a smoother signal and
higher data quality than the LT1028 amplifier receiver after taking a double logarithm. The
effective data length of the IF3602 amplifier raw data is 800 μs, which is about 2.6 times
longer than the LT1028 amplifier receiver.

The relationship between TEM detecting depth and detecting time is described using
formula h =

√
2t/σμ0, σ is the electrical conductivity of the geological body and μ0 is the

vacuum magnetic permeability. Since the location of the experiment remains unchanged,
the electrical conductivity values of the two geological bodies are the same, and the vacuum
magnetic permeability is a fixed value, so the performance of the system is only determined
by the effective length of the data. The receiver with the IF3602 amplifier increases the
TEM theoretical maximum detection depth to about 1.6 times that of the original system,
according to the result and the TEM detecting depth formula. In addition, because of the
smoother performance of the IF3602 receiver observed data under 128 times of superposi-
tion, it is suggested that the number of superpositions can be reduced to have the same
SNR as the LT1028 amplifier receiver while still accessing the higher detection efficiency.

5. Discussion

The IF3602 LNA has better noise characteristics than the current TEM common LT1028
LNA, and its noise reduces to 0.60nV/

√
Hz at 10 kHz. By comparing the IF3602 LNA TEM

receiver and the LT1028 LNA TEM receiver, the observed signal of the receiver with the
IF3602 LNA has a significant improvement in effective data length and data quality. The
detection depth is increased to 1.6 times that of the former LT1028 system. However, we
hold that there are still the following problems, which limit its application and use effect.

Due to the limitations of the JFET device manufacture, the parameters between the
devices are quite different, which requires strict pairing before use. Even if the IF3602
used in the experiment has been paired, there are still differences in the internal JFET. The
symmetry of the circuit is not as good as that of the ideal differential circuit. The ignored
current source also introduces circuit noise. Although the IF3602 has a pair of paired JFETs
built-in, its high cost and its inside JFETs parameter difference limit the application of
low-noise JFETs.

However, we hold that the above problems can be ameliorated by the following
improvements. Before the circuit is manufactured, it is recommended to use a graphic
instrument to test the JFET parameter curve and try to select a JFET with similar parameters.
If the test conditions are not available, i.e., the parameter characteristic curve cannot be
tested, first, a simple circuit can be designed about the minimum noise static operating point
in the datasheet, then measure the actual static operating point of each JFET, and select a
JFET with good consistency. This can effectively reduce the introduction of common-mode
circuit noise caused by JFET parameter difference. Matching can effectively reduce the
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demand for JFETs such as the IF3602 that have been matched by manufacturers and can
effectively reduce the cost of JFET LNA circuits.

6. Conclusions

In order to improve the survey capability and accuracy of the TEM system, we have
designed a low-noise differential amplifier for the TEM receiver by using the low-noise
JFET IF3602 according to the power spectrum characteristics of the TEM forward response.
Additionally, effectively increase the effective length and quality of the TEM observed data.

Firstly, based on the model of TEM forward response, we created the theoretical signal
by homogeneous half-space. Secondly, we analyzed the power spectrum characteristics
of the TEM signal to determine the requirements of the TEM amplifier noise floor and
frequency bands. Thirdly, we designed a source-coupled differential amplifier circuit using
the IF3602 low-noise JFET. We applied a current source to replace the resistance in the con-
ventional long-tail circuit for providing stable current output for the left and right branches
to simplify the JFET static working point settings. Besides, the parameters of the low-noise
circuit were optimized combined with the theoretical model of the circuit and noise. Results
of the noise test indicate that the designed circuit achieves good noise characteristics per-
formance with a minimum of 0.60nV/

√
Hz · · ·@10kHz, which is significantly lower than

the performance of the corresponding frequency point of the LT1028 LNA. It can improve
the ability of the system to distinguish TEM signals. Compared with the LT1028 LNA, the
designed IF3602 low-noise circuit can increase the effective data points of the observed
data by about 2.6 times and the theoretical detection depth by about 1.6 times under the
same experimental conditions. In addition, under the condition of the same number of
superpositions, the signal amplified by the IF3602 LNA is of high quality and smoother,
which proves that reducing the noise floor of the preamplifier can not only improve the
data quality but also greatly help improve the survey capability and detection efficiency.

Therefore, this study is of great significance for the design of preamplifier circuits in
TEM receivers. In future work, we will continue to explore new circuit design schemes,
such as parallel noise reduction design, to further improve the detection performance of
the TEM receivers.
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Abstract: The THz wireless transmission system based on photonics has been a promising candidate
for further 6G communication, which can provide hundreds of Gbps or even Tbps data capacity. In
this paper, 144-Gbps dual polarization quadrature-phase-shift-keying (DP-QPSK) signal generation
and transmission over a 20-km SSMF and 3-m wireless 2 × 2 multiple-input multiple-output (MIMO)
link at 500 GHz have been demonstrated. To further compensate for the linear and nonlinear distor-
tions during the fiber–wireless transmission, a novel joint Deep Belief Network (J-DBN) equalizer is
proposed. Our proposed J-DBN-based schemes are mainly optimized based upon the constant mod-
ulus algorithm (CMA) and direct-detection least mean square (DD-LMS) equalization. The results
indicate that the J-DBN equalizer has better bit error rate (BER) performance in receiver sensitivity.
In addition, the computational complexity of the J-DBN-based equalizer can be approximately 46%
lower than that of conventional equalizers with similar performance. To our knowledge, this is the
first time that a novel joint DBN equalizer has been proposed based on classical algorithms. It is a
promising scheme to meet the demands of future fiber–wireless integration communication for low
power consumption, low cost, and high capacity.

Keywords: Terahertz-band; multiple-input multiple-output; polarization multiplexing; seamless
integration; Deep Belief Network

1. Introduction

The explosive growth of wireless devices and streaming services, e.g., 3D video, cloud
office, virtual reality (VR), internet of vehicles, and 6G services, has led to the demand for
higher transmission capacity and more spectrum resources [1,2]. The Terahertz band (THz
band), occupying the spectrum range of 0.3 THz to 10 THz, is a promising candidate for
providing large capacity; it can provide a data capacity of hundreds of Gbps or even Tbps
due to its substantial available bandwidth [3–5]. Moreover, the devices at THz band have a
small and compact size, and can be monolithically integrated with other front-end circuits
in portable terminals.

THz communication techniques can be divided into two main categories: pure elec-
tronic schemes and photonics-aided schemes. Photonics-aided THz-wave signals can be
adopted in fiber–wireless communication systems, which overcomes the bandwidth limita-
tion and electromagnetic interference resulting from electronic devices [6–8]. Moreover, the
characteristics of photonic technology have effectively promoted the seamless integration
of wireless and optical fiber networks. A photonics-assisted transmission system at the THz
band integrates the large-capacity, long-distance advantages of fiber-optic transmission
and a THz wireless transmission link, and therefore it has excellent potential for future 6G
communication. In previous years, several seamless integration systems of THz wireless
and optical fiber networks have been demonstrated, enabled by photonics [9–15]. However,
the nonlinear impairments induced by photoelectric devices and wireless links will cause
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severe degradation and significantly restrict the transmission rate and distance. There-
fore, advanced equalization algorithms are required to compensate for these nonlinear
impairments.

To mitigate the distortions of nonlinearity, several nonlinear equalization methods
have been widely researched, i.e., Volterra [16], Kernel [17], and Maximum Likelihood
Sequence Estimator (MLSE) [18]. However, with the increase in transmission speed, con-
ventional digital signal processing (DSP) algorithms cannot effectively equalize nonlinear
noise such as relative intensity and modal partition noise in the practical system [19]. In
addition, blind equalization, which performs adaptive channel equalization without the
aid of a training sequence, has become a favorite of practitioners, such as the constant
modulus algorithm (CMA) equalizer and direct-detection least mean square (DD-LMS)
equalizer. As we know, CMA is a typical blind adaptive algorithm for adaptive blind
equalizers in Quadrature Amplitude Modulation (QAM) format [20]. Nevertheless, CMA
has a significant residual error after convergence, which is unsuitable for the nonlinear
channel balance. Furthermore, more advanced artificial intelligence (AI) algorithms are
considered as promising solutions for signal equalization in optical communication sys-
tems. Table 1 summarizes the typical photonics-aided wireless communication systems
using AI equalization algorithms. Different paradigms based on artificial neural networks
(CNN) [21,22] and deep neural networks (DNN) [23–26] have been proven to obtain bet-
ter performance than conventional DSP algorithms, showing an excellent capability of
mitigating nonlinear distortions. However, a CNN fails to fully account for the relevant
characteristic information of the input sample, leading to performance degradation in
the optical communication system [27]. Moreover, a CNN is unable to meet the demand
for complex-valued equalization in wireless transmission systems [24]. Furthermore, a
DNN requires many training sequences in order to achieve the optimum result, reducing
the effective channel capacity. Due to the ability to learn the relevant information and
make the nonlinear decision in feature space, the Deep Belief Network (DBN) is used for
nonlinear equalization, which is more helpful in handling the receiver sensitivity issue in
the THz-band wireless communication system [28].

Table 1. Summary of photonics-aided wireless transmission systems based on AI algorithms.

Frequency
(GHz)

Line Rate
(Gb/s)

Format
Distance

(m)
Pol. Mux

AI
Algorithm

Year Ref.

340 53.5 16QAM 54.6 Single CNN 2022 [21]
120 40/55 16/64QAM 200 Single 2D-CNN 2022 [22]
135 60 PAM-8 3 Single DNN 2020 [23]
140 90 PAM-4 3 Single DNN/LSTM 2021 [24]
80 60 64QAM 1.2 Single Dual-GRU 2022 [25]

500 144 QPSK 3 Dual DBN 2022 This work

In this study, we propose a novel joint DBN (J-DBN) equalizer for the combination
of two loss functions based on blind CMA and DD-LMS equalizers. The J-DBN nonlinear
equalizer not only retains an excellent capability of mitigating nonlinear impairment but
also reduces the computational complexity. By using our proposed J-DNN equalizer, we
experimentally off-line demonstrated a 144 Gbit/s dual polarization QPSK (DP-QPSK)
signal generation over a 20-km standard single-mode fiber (SSMF) and 3-m wireless 2 × 2
multiple-input multiple-output (MIMO) link at 500 GHz with BER below 3.8 × 10−3. The
results show that a J-DBN equalizer can significantly improve the receiver sensitivity
performance. In addition, the computational complexity of the J-DBN equalizer can be
approximately 46% lower than that of traditional equalizers with similar BER performance.
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2. Operation Principle for J-DBN-Based Equalization

2.1. Traditional DBN Method

The DBN can be approximated as a stack of restricted Boltzmann machines (RBMs) [28],
as shown in Figure 1a. An RBM is a generative stochastic network containing a visible
layer v = {vi}N

i=1 and a hidden layer h =
{

hj
}M

j=1 with the parameters θ = {W, d, c}. The
energy function and the likelihood function of the RBM can be stated as

E(v, h) = −∑
i,j

viWijhj − ∑
i

divi − ∑
j

cjhj, (1)

P(v, h) =
1
Z

exp(−E(v, h)), (2)

where vi ∈ {0, 1}, hj ∈ {0, 1}, W =
(
Wij

) ∈ RN×M are the weights connecting the visible
layer and hidden layer, d and c are the bias terms of the visible and hidden layers, and Z
represents the partition function. Moreover, the probabilities P(v|h) and P(h|v) can be
calculated by

P(vi = 1|h) = σ

(
∑

j
Wijhj + di

)
, (3)

P(hj = 1|v) = σ

(
∑

i
Wijvi + cj

)
, (4)

where σ(·) is the sigmoid function defined as σ(x) = 1/(1 + e−x).
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Figure 1. (a) The structure of DBN, which can be approximated as a stack of RBMs. (b) The
feedforward architecture of the j-th hidden neuron. (c) The reconstruction architecture of the j-th
hidden neuron.

The DBN with λ hidden layers contains W1, W2, . . . , Wλ connection weight matrices
and λ + 1 biases d0, d1, . . . , dλ, where d0 is the bias of the visible layer v. Therefore, the
output probability can be calculated by the hidden vector: Φ = σ(Wλhλ−1 + dλ).

Figure 1b,c represent the j-th neuron of the feedforward and reconstruction architec-
ture. The RBM utilizes the stochastic approximation method to update the parameters
θ = {W, d, c} by maximizing the likelihood Pθ(v).

2.2. J-DBN Nonlinear Equalizers

There are two main NN-based equalization schemes, namely the blind NN equaliza-
tion and adaptive NN equalization algorithms. To avoid the residual error for equalizing
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nonlinear channels, the CMA equalizer can be combined with the NN algorithm. Mean-
while, DD-LMS combined with the NN equalization algorithm can further accelerate the
convergence speed and ensure the optimum nonlinear decision. Our proposed J-DBN
method, including an adaptive DBN-1-based equalizer and a blind DBN-2-based equalizer,
is mainly based upon CMA and DD-LMS blind equalizers, as shown in Figure 2a.
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Figure 2. The proposed J-DBN equalizers: (a) schematic diagram; (b) architecture.

Figure 2b shows the detailed architecture of our proposed J-DBN equalizer, including
two sequential DBNs. Each link between one visible layer and multiple hidden layers in
J-DBN is associated with the weight value wk

ij, where k denotes the k-th hidden layer, and
i and j represent the i-th node in the visible layer and the j-th node in the current hidden
layer, respectively. The output of nonlinear neurons is summed as hk

j = σ
(

∑S
i=1 wk

ijxi

)
,

where S is defined as the length of input samples, and σ(·) denotes the nonlinear active
function between multiple hidden layers. The selection of a matching activation function is
an important part of DBN construction.

During the feedforward training process, the output of the j-th neuron in the other
(k + 1)-th visible layer can be calculated as vk+1

j = σ
(

∑N
i=1 wk+1

ij vk
j

)
, where vk

j is the output
of the j-th neuron cell in the kth hidden layer, and the total number of cells in this layer
is N. When k is increased as λ, we define hL+1

j as the final output signal calculated from
the output layer. The DBN-1 and DBN-2 equalizers update the weights according to their
respective cost functions, guaranteeing the optimal solution of the whole equalization
process.

2.3. Cost Function of DBN-1 and DBN-2 Equalizers
2.3.1. Cost Function of the Adaptive DBN-1-Based Equalizer

As we know, CMA is a typical blind equalizer for OOK or QPSK modulation format
with a single reference radius. To reduce the large residual error after convergence, CMA
blind equalization can be combined with a DBN-1 equalizer. The corresponding filter tap
weight hnn and the cost function of the DBN-1 equalizer based on the CMA algorithm are
defined as

hnn → hnn + μen_CMAx(n) (5)

Jn_CMA =
1
2∑Q

n=1(R1 − |O(n)|)2 (6)

where μ is defined as the CMA convergence parameter, R1 is the constant module of signals,
O(n) is the output of the DBN-1 network, and the input sequence x(n) in the optimization
network is the test signal with a size of Q.
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The adaptive error function can be defined as en_CMA = R1 − |O(n)|. In practical
terms, we can find the optimum μ and tap number to obtain better channel equalization.
Moreover, the weight value can be further optimized with the aid of adaptive equalization
and the BP algorithm, which can be given as

wk+
ij = wk

ij − Δwk
ij = wk

ij − η
∂Jn_CMA

∂wk
ij

(7)

2.3.2. Cost Function of Blind DBN-2-Based Equalizer

Unlike forwarding propagation steps, the weight values and model hyper-parameters
are updated based on the backpropagation (BP) algorithm. According to the minimum
mean square error (MMSE) algorithm, the cost function of the DBN-2 blind equalizer based
on the DD-LMS algorithm can be defined as

Jn_ddlms =
1
2∑S

n=1(Tn − O2(n))
2 (8)

Compared the obtained value O2(n) with the corresponding expected value Tn, the
error en = Tn − O2(n) is sent to the network with a reverse training algorithm. Thus, the
connected weight vector wk+

ij can be iteratively updated until the desired epoch or error
value is reached, which can be represented as

wk+
ij = wk

ij − Δwk
ij = wk

ij − η
∂Jn_ddlms

∂wk
ij

(9)

where η is the learning rate and Δ represents the gradient operation. In order to accurately
update the weight value of every nonlinear node, we must calculate the gradient of the
whole training sequence. Owing to the introduction of the blind error function, we will
decrease the training size and improve the computation speed effectively.

Thus, our proposed J-DBN equalizer comprises two parts, including the DBN-1 adap-
tive equalization and the DBN-2 blind equalization. Note that the former updating of the
weight value is based on the traditional BP algorithm, while the latter deploys the blind
equalization algorithm to optimize the network further.

3. Experimental Setup

In our previous work, we have established some real-time photonics-aided THz
seamless integration transmission systems [12–15]. In order to verify the effectiveness of
our proposed algorithms in this paper, we further perform an experimental demonstration
for 144−Gbps photonics-assisted THz wireless transmission at 500 GHz enabled by J-
DBN equalization. A detailed description of the experimental setup is shown in Figure 3,
including the optical and THz transmitter modules, THz 2 × 2 MIMO wireless link, THz
receiver module, and the off-line DSP blocks. For a fair comparison, there were four
alternative algorithms included in the experiment at the off-line DSP blocks.

3.1. Optical and THz Transmitter Modules

Figure 3 provides the experimental setup of the optical and THz transmitter modules.
An arbitrary waveform generator (AWG) of 92-Gsa/s sampling rate is used to generate
the I and Q components of the baseband electrical signals. A parallel electrical amplifier
(EAs) is used to amplify the I/Q electrical signals. Then, a 193.5-THz linewidth external
cavity laser-1 (ECL-1) is used to produce the optical carrier, which is modulated via an I/Q
modulator with 30-GHz bandwidth and approximately 7-dB insertion loss. The modulated
optical signal is divided to the polarization multiplexing channels by an optical coupler
(OC) to simulate signal delay and attenuation. One is transmitted through a 1-m fiber direct
link (DL) and the other passes through a variable optical attenuator (VOA). Then, after a
polarization beam coupler (PBC), the 193.5-THz optical baseband signal is sent to SSMF.
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Figure 3. Experimental setup of photonics−aided THz wireless transmission system over 20-km
SSMF and 3-m wireless distance with detailed DSP blocks at Tx- and Rx-side, including (a) Tx-side
DSP block, (b) the optical spectra of the optical signal with tunable optical LO after optical coupler
(0.03 nm resolution). Insets: (c) 3-m 2 × 2 MIMO wireless transmission link. (d) Lens position at THz
receiver side. (e) Rx-side DSP block with three proposed J−DBN optional schemes.

Erbium-doped fiber amplifiers (EDFA) are used to compensate for the optical-fiber
transmission loss after a 20-km SSMF transmission link. In order to suppress the out-of-
band amplified spontaneous emission (ASE) noise, a passband tunable optical filter (TOF)
is used. A free-running tunable external cavity laser (ECL-2) is operated as an optical local
oscillator (LO), which has a linewidth of less than 100 kHz. An optical baseband signal with
10.5 dBm optical power and an optical LO with 13.5 dBm optical power are coupled by an
OC. The optical spectra of the optical signal with the tunable optical LO after OC (0.03 nm
resolution) are shown in Figure 3b. Note that the optical power of the X- and Y-polarization
components after PBS should be as equal as possible. The AIPMs used in our setup are
polarization-sensitive, with a maximum of 4.5 dB polarization-dependent responsivity
(PDR). The X- and Y-polarization imbalance will result in 2 × 2 MIMO THz-wave imbalance
and deteriorate the system performance. Therefore, two polarization controllers (PCs) are
required before the OC. In the test, the optical signal and optical LO separately adjust the
incident X- and Y-polarization direction to maximize the optical power in the antenna-
integrated photomixer module (AIPM, NTT Electronics Corp. IOD-PMAN-13001).

The side-mode suppression ratio (SMSR) of the optical signal and optical LO is >50 dB.
In our proposed system, THz-wave wireless signals with a tunable carrier frequency range
from 340 GHz to 530 GHz are generated by photonic heterodyning using AIPMs. The
AIPM consists of an ultra-fast uni-traveling-carrier photodiode (UTC-PD) and a bow-tie or
log-periodic antenna. Two parallel AIPMs are used, each with a typical −28 dBm output
power and operating wavelength range from 1540 nm to 1560 nm. The typical photodiode
responsivity is 0.15 A/W, and the maximum optical input power is 15 dBm. PBS is used to
separate the X- and Y-polarization components by APIMs to generate two parallel THz-
wave wireless signals, respectively. To drive the AIPMs, another EDFA is used to boost the
optical power of combined lightwaves before PBS.

3.2. THz 2 × 2 MIMO Wireless Link and THz Receiver Modules

Figure 3 shows the THz 2 × 2 MIMO wireless transmission link and lens position. The
two parallel THz-wave signals from the AIPMs are transmitted over a 3-m 2 × 2 MIMO
wireless transmission link. In order to focus the wireless THz-wave, three pairs of lenses
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are deployed to maximize the received THz-wave signal power and are manually aligned.
Lenses 1, 2, 5 and lenses 3, 4, 6 are aligned with the X-polarization and Y-polarization
wireless link, respectively. Lenses 1–4 are identical, each having a 20-cm focal length and
10-cm diameter. The smaller lenses 5 and 6 have a 10-cm focal length and 5-cm diameter,
which are used for THz-waves’ high-accuracy alignment to horn antennas (HA). For the
X-polarization (Y-polarization) THz wireless link, the longitudinal separation distance
between the AIPM and lens 1 (lens 3), lens 2 (lens 4), and lens 5 (lens 6) and the receiver
HA are 0.2 m, 3 m, and 5 cm, respectively. The lateral separation between the two AIPMs
and two HA pairs is 25 cm. In order to avoid multi-path fading from reflections on the
optical table, the conversion modules are placed at the height of 20 cm. Photos of the 3-m
wireless transmission link and lens position are shown in Insets Figure 3c and Figure 3d,
respectively.

At the THz-wave receiver end, THz-wave wireless signals are received with two
parallel THz-band HAs with 26-dBi gain. Electronic LO sources drive two identical THz
receivers to implement analog down-conversion for X- and Y-polarization THz-wave
wireless signals. Each consists of a mixer, a ×12 frequency multiplier chain, and an
amplifier, and operates at 500 GHz. Then, the down-converted X- and Y-polarization
intermediate-frequency (IF) signal at 20 GHz is boosted by two cascaded electrical low-
noise amplifiers (LNAs) with a 3-dB bandwidth of 47 GHz and captured by a digital
oscilloscope with a 128-Gsa/s sampling rate.

3.3. Off-Line DSP Blocks

The block diagram of the off-line DSP is illustrated in Figure 3a,e. In the Tx-side
DSP, a QPSK symbol mapping and a raised-cosine (RC) filter with a roll-off factor of
0.01 are deployed, as shown in Figure 3a. Figure 3e depicts the four DSP options at the
Rx side, verifying the validity of the J-DBN-based equalization schemes. Conventional,
Opt. 1: the captured signal is offline, proposed by typical DSP steps including down-
conversion into baseband, resampling, Gram–Schmidt orthogonalization process (GSOP),
followed by 53-tap CMA equalization. Then, the frequency offset noise can be mitigated
via frequency offset estimation (FOE), and the phase offset problem can be solved after
carrier phase recovery (CPR). Finally, a 37-tap DD-LMS equalizer is added to compensate
for the remaining linear damage and I/Q imbalance before BER calculation.

We also compare the BER performance between the CMA equalizer, DBN-based
equalizer, and J-DBN equalizer within these DSP steps. In Opt. 2, the adaptive DBN-1
equalizer adapts itself to compensate for the nonlinear distortion. It extracts the signal
sequences’ characteristics based on the BP algorithm and blind CMA algorithm. The
scheme can reduce the sizeable residual error after convergence, which is suitable for the
nonlinear channel balance. In Opt. 3, the blind DBN-2 equalizer optimizes the weight value
and tap number based on the BP algorithm and DD-LMS equalizer. Moreover, the DBN-2
equalizer can utilize the weight value updated by the DBN-1 as the initial value. The
scheme can further compensate for the remaining linear damage and nonlinear decision
ability. In Opt. 4, the J-DBN equalizer combines two error cost functions, which is more
helpful in handling the receiver sensitivity issue in THz-band wireless links and achieving
a more accurate BER decision. Moreover, the J-DBN equalizer can be established via two
steps. Firstly, it can be initialized with the aid of the training sequence, and then the weight
value can be further optimized by employing the error function of CMA. Adopting our
proposed J-DBN equalizer, both the lengths of the training data and the training time can
be effectively reduced.

4. Experimental Results and Discussion

As we know, a well-designed equalizer is useful for resolving nonlinear issues and
has been successfully applied in wireless communications. However, the selection of an
error function is an important factor that affects the residual error of the blind equalizer;
thus, the performance of the equalizer is different. In our experiment, we introduce some
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equalizers in our proposed schemes and compare their performance, such as the typical
CMA equalizer with taps and the DD-LMS equalizer.

4.1. Transmission Results

We first measure the performance of our transparent fiber-optical and THz wireless
2 × 2 MIMO transmission system for the back-to-back (BtB) case, i.e., without fiber and
wireless distance transmission. Figure 4 gives the measured BER of X- and Y-polarization
versus different input power into each AIPM. At the 3.8 × 10−3 HD-FEC limit, the THz-
wave carrier frequency at 500 GHz for the BtB case has a successfully transmitted range
from 28 GBaud to 36 GBaud. The insets show that the QPSK constellation points can
be demodulated well at 28 GBaud. However, the BER performance degrades at high
transmission rates due to the limitations of the receiver LNA bandwidth.

 

Figure 4. BER versus input power into each AIPM for the BtB case without fiber and wireless
transmission. (a) X-polarization; (b) Y-polarization.

Then, we measure the BER versus the input power into each AIPM over one span of
20-km SSMF and 3-m wireless distance, as shown in Figure 5. At the 3.8 × 10−3 HD-FEC
limit, the THz-wave carrier frequency at 500 GHz for the fiber and wireless transmission
can also be successfully transmitted. However, the transmission performance is not ideal
at 36 GBaud. Figure 6 gives the electrical spectrum of the 24/28/32/36 GBaud QPSK IF
signal with the corresponding bandwidth (BW). The signals are more damaged when the
transmission speed increases. Moreover, we can see that the required bandwidth becomes
limited as the transmission rate increases, especially at the 36 GBaud rate with 36.36 GHz
bandwidth. To protect the AIPMs, the maximum input optical power is set at 13.5 dBm. A
THz-wave carrier frequency at 500 GHz can be successfully transmitted at the 3.8 × 10−3

HD-FEC threshold. The best BER performance occurs for the lower transmission rates. The
insets also show that the constellation points can be demodulated well. In order to further
improve the performance for higher transmission rates, the J-DBN equalizer based on the
conventional DSP algorithm is introduced.
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Figure 5. BER versus input power into each AIPM over one span of 20-km SSMF and 3-m wireless
transmission. (a) X-polarization; (b) Y-polarization.

Figure 6. Electrical spectrum of the received QPSK IF signal: (a) 24 GBaud signal with 24.24 GHz
BW; (b) 28 GBaud signal with 28.28 GHz BW; (c) 32 GBaud signal with 32.32 GHz BW; (d) 36 GBaud
signal with 36.36 GHz BW.

Here, the training data are only used for the DBN-1 adaptive equalizer in our proposed
J-DBN equalizer since the DBN-2 blind equalizer and optimization is a self-recovering
equalization method without the aid of a training sequence. It indicates that the J-DBN
equalizer has good training accuracy and satisfactory tracking speed. Figure 7 illustrates
the BER of 36 GBaud QPSK signals versus the input optical power into each AIPM and SNR
over one span of 20-km SSMF and 3-m wireless distance; it can be found that increasing the
optical power can help to improve the BER performance due to the larger SNR. Next, we
compare four equalization schemes (including Opt. 1–Opt. 4) with a 53-tap CMA equalizer,
37-tap DD-LMS equalizer, DBN-1 equalizer with 25 cells, and DBN-2 equalizer with 50 cells.
From the comparison between Opt. 1 and Opt. 4, it can be concluded that the required
power under HD-FEC (3.8 × 10−3) utilizing the J-DBN scheme is close to 12.6 dBm, which
increases by almost up to 0.2 dB in receiver sensitivity and 0.8 dB in SNR gain compared
with the conventional scheme. Moreover, Opt. 2 and Opt. 3 also obtain a slight performance
improvement after the DBN-1 equalizer or DBN-2 equalizer. When the input power into
the AIPM is 12.8 dBm, the illustrations depict the constellation diagrams of QPSK symbols
after recovery. The received QPSK symbol constellation before the receiver DSP chain is
also given. Furthermore, we compared the constellation diagrams of the Opt. 1 and Opt.
4 schemes. The illustrations (i) and (ii) also show that the J-DBN equalizer can reduce
the residual error after convergence and visually improve the nonlinear decision capacity,
which is suitable for the nonlinear channel balance.
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Figure 7. BER versus input power into each AIPM over one span of 20-km SSMF and 3-m wireless
transmission for different proposed equalizers. (a) X-polarization. (b) Y-polarization.

4.2. Complexity Analysis

We further analyze the complexity of the proposed J-DBN nonlinear equalizer and
make a comparison with blind CMA and DD-LMS equalizers. We consider the complexity
in two aspects, convergence steps and computation time, as is shown in Figure 8. Figure 8a
shows that the convergence speeds of the DBN-1 and DBN-2 equalizers are faster than
the conventional CMA and DD-LMS equalizers, which verifies the well-trained neural
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networks. Moreover, the computation time of DBN-based equalizers can be approximately
36.3% and 46% lower than that of CMA and DD-LMS-based methods with similar BER
performance, as is shown in Figure 8b. Therefore, the conclusion can be reached that the
J-DBN equalizer has a significant advantage in dealing with nonlinear distortion, making it
quite suitable in high-speed THz-band wireless communication systems.

(a) (b)

Figure 8. Complexity analysis of the 36 Gbaud QPSK signals with different equalization options when
the input power into AIPM is 12.8 dBm. (a) Loss function versus iteration numbers. (b) Comparison
of the computation time.

5. Conclusions

In this paper, a novel J-DBN equalizer for the 144-Gbps QPSK signal transmission
system over a 20-km SSMF and 3-m THz-band wireless link at 500-GHz is experimentally
demonstrated, which consists of two steps including a DBN-1 adaptive equalizer based
on the CMA algorithm and a DBN-2 blind equalizer based on the DD-LMS algorithm. We
compare the J-DBN equalizer with the classical equalizer in terms of the BER performance.
Meanwhile, our proposed J-DBN equalizer in the adaptive equalization step can reduce the
computational complexity and obtain better training accuracy during the self-recovering
blind equalization process. The experimental results show that the J-DBN method has
good training accuracy, a smaller requirement for training sequences, and satisfactory
computational complexity. Thanks to our proposed J-DBN scheme, an improvement of
0.2 dB and 0.8 dB over the J-DBN equalizer in receiver sensitivity and SNR gains at a
BER of 3.8 × 10−3 is achieved compared with conventional equalizers. Moreover, the
computational time is effectively improved, being up to 46% lower than the conventional
equalizer. To our knowledge, this is the first time that joint DBN equalizers have been
deployed in the THz-band wireless transmission link. Our proposed J-DBN equalization
scheme is promising for future 6G fiber-optical and THz-wireless seamless integration
communication systems.
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Abstract: Convergence of communication and sensing is highly desirable for future wireless systems.
This paper presents a converged millimeter-wave system using a single orthogonal frequency division
multiplexing (OFDM) waveform and proposes a novel method, based on the zero-delay shift for the
received echoes, to extend the sensing range beyond the cyclic prefix interval (CPI). Both simulation
and proof-of-concept experiments evaluate the performance of the proposed system at 97 GHz. The
experiment uses a W-band heterodyne structure to transmit/receive an OFDM waveform featuring
3.9 GHz bandwidth with quadrature amplitude modulation (16-QAM). The proposed approach suc-
cessfully achieves a range resolution of 0.042 m and a speed resolution of 0.79 m/s with an extended
range, which agree well with the simulation. Meanwhile, based on the same OFDM waveform, it also
achieves a bit-error-rate (BER) 10−2, below the forward error-correction threshold. Our proposed
system is expected to be a significant step forward for future wireless convergence applications.

Keywords: communication and sensing; cyclic prefix interval (CPI); orthogonal frequency division
multiplexing (OFDM); range extension

1. Introduction

Starting from Marconi’s first transatlantic wireless transmission in 1899, wireless
communication has been a crucial technology for developing today’s modern lifestyle.
There is a wide range of potential applications in wireless communication and sensing
areas, such as cellular devices [1], wireless local area networks (WLANs) [2], vehicular
communications [3], security scanner, biological diagnosis, non-destructive detection, and
radar imaging [4]. From a technological perspective, a converged system is expected to
provide enormous benefits in terms of both spectrum efficiency and cost-effectiveness [5–7].
In the past, different waveforms have been used independently for implementing most
wireless communication, and sensing functionalities [8,9]; consequently, the systems are
bulky, energy consumable, and uneconomical. In this context, a unified waveform simul-
taneously serving communication and sensing has gained substantial interest [10]. So
far, the orthogonal frequency division multiplexing (OFDM) technique is well known for
its benefits for wireless communications, and has not only been adopted in numerous
standards but is also considered as a strong candidate for future wireless communication
systems (5G and beyond) [11,12]. More interestingly, the OFDM waveform has also been
well documented for its effectiveness in radar applications [13–15]. Therefore, OFDM
waveforms are promising for the convergence of communication and sensing [16–20].

The OFDM wireless communication technically requires inverse fast Fourier transform
(IFFT) and fast Fourier transform (FFT) operations to transmit and receive data. The cyclic
prefix interval (CPI), also known as a guard interval, makes OFDM transmission robust
against multi-path radio channel. However, under the channel impulse response longer
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than the CPI, inter-symbol interference (ISI) degrades communication performance, and
in mobility scenarios, inter-carrier interference (ICI) causes orthogonality loss among the
subcarriers and ISI as a consequence. There are some approaches to equalize this issue in
communication, for instance, basis-expansion-model-based channel transformation [21],
iterative finite length-equalization technique [22], and adjusting the CPI length according
to the channel length [23].

1.1. Related Works

The OFDM waveform for sensing can be processed either by the conventional correlation-
based approach [24,25], or by OFDM symbol-based processing [26]. Correlation-based
sensing is usually performed by cross-correlation in the delay and Doppler domains
between the transmitted and received pulses, and different schemes have been proposed to
improve sensing performance. For example, a good approximation of the transmitted signal
is generated at the receiver for removing clutter in the correlation-based target detection [15].
Work in [25] proposes to use the information of data symbols for ambiguity suppression,
and circular correlation for range extension up to an OFDM symbol duration. Different
correlation-based OFDM radar receiver schemes have been compared in [27], in terms of
complexity, signal-to-interference-plus-noise-ratio, and robustness against ground clutter.

Alternatively, similar to OFDM-based communication, OFDM-based sensing can also
use IFFT/FFT operations to extract range and speed information. Based on this approach,
a 77 GHz OFDM-based sensing system with a bandwidth of 200 MHz demonstrated a
sensing resolution of 0.75 m with the maximum range of 150 m [28]. Another OFDM-based
radar at 77 GHz used a stepped carrier approach to achieve a sensing resolution of 0.146 m
with a bandwidth of 1.024 GHz, while the maximum range is 60 m [29]. Moreover, the
authors implemented OFDM-based radar processing for automotive scenario by using a
relatively longer interval of 128 ms to achieve speed resolution of 0.22 m/s, while the range
resolution was 1.87 m for a bandwidth of 80 MHz at 5.2 GHz [30].

These two sensing processing approaches were employed in the development of
OFDM-based radars, while from the viewpoint of converging OFDM-based communication
and sensing, OFDM symbol-based sensing processing is more attractive, provided that a
sensing receiver is synchronized with the transmitter and the transmitted data are readily
available for sensing processing. Some interesting research has been done on OFDM-based
convergence in the microwave band. By using OFDM waveforms which are designed for
3GPP-LTE and 5G-NR at 2.4 GHz with a bandwidth of 98.28 MHz, OFDM-based sensing
supports a sensing resolution of 1.5 m and a maximum range of 350 m and performs an
algorithm for self-interference cancellation in the full-duplex mode [31]. Authors in [32]
provide measurement results for the indoor mapping using a 28 GHz carrier frequency
for the 5G-NR with a bandwidth of 400 MHz and achieve a sensing resolution of 0.4 m.
Another work in [33] shows results of mmWave demonstration testbed for joint sensing and
communication; measurements were performed at 26 GHz with a bandwidth of 10 MHz to
identify the angular location of different targets using beamforming technique. The work
in [34] also presents a range resolution of 1.61 m and a maximum range of 206 m within
93 MHz bandwidth at the 24 GHz band. In addition, authors in [35] provide a parameter
selection criterion for joint OFDM radar and communication systems by considering
vehicular communication scenarios, such as CPI, subcarriers spacing, and coherence time
of the channel.

1.2. Motivation and Contribution

Please note that enabling the sensing functionality of the OFDM waveform (which is
designed for wireless communication) does not provide the flexibility of parameter adjust-
ment according to the sensing requirements. Furthermore, the ISI cancellation/compensation
techniques proposed for OFDM wireless communication are not differently applicable
for OFDM-based sensing because the transformation or truncation-based equalization de-
structs the sensing information. Ideally, the delay of an echo for sensing should fall within
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the CPI, and the Doppler frequency normalized over OFDM waveform interval should be
an integer. However, in a real scenario for sensing, a target is located randomly and moves
with an arbitrary speed. Consequently, an OFDM waveform designed for communication
shows limitation in obtaining high sensing resolution and a large detection range.

As we know, the detection range of a single target is determined by the detectable
OFDM signal strength and an adjustment of delay offset. In the case of multiple echoes with
delay beyond the CPI, the OFDM-based sensing is mainly limited by the ISI, free-space-
path-loss (FSPL), and processing gain. Echoes outside the CPI cause ISI as previous OFDM
symbols interfere with current OFDM symbol in the processing window, which increases
the threshold for target detection. In addition, echoes with delay longer than the CPI will
achieve less processing gain, which reduces linearly with the delay. This loss of processing
gain along with the ISI makes it difficult for OFDM-based sensing to detect targets outside
the CPI, particularly in the millimeter-wave region featuring large bandwidth and high
FSPL. Therefore, the extension of sensing range beyond the conventional limit of CPI is one
of the important issues in developing communication and sensing converged systems for
applications such as indoor mapping, digital health monitoring, unmanned aerial vehicles,
and residential security.

In this work, we propose and experimentally demonstrate a converged communication
and sensing system operating at 97 GHz using the same 16-QAM (quardrature amplitude
modulation) OFDM waveform. An approach based on zero-delay shift is proposed to ex-
tend the detectable range by compensating for the IFFT processing gain for echoes outside
the CPI. In the proposed method, we extended the range of an OFDM-based sensing, while
the simplicity of operations for range and speed estimation is achieved using IFFT/FFT
operations. The proposed method uses delay-shifts in the received signal before processing
a received OFDM symbol. Active subcarriers in the received OFDM symbol are divided by
the active subcarriers in the current and previous transmitted OFDM symbols (employed
number of transmitted OFDM symbols determine the rang extension), and IFFT operations
are used after each delay-shift to generate matrices in the delay and delay-shift domains (de-
lay domain is the result of IFFT operation). Delay-shift rows at delay zero are concatenated
to extend the delay-shift domain. Concatenation of delay-shift rows for different received
OFDM symbols provides a matrix in delay-shift and time domain, and FFT operations
over time domain provide the speed estimation. An experiment with a heterodyne W-band
transmitter/receiver is performed, and both sensing and communication performance are
measured in terms of range/speed profile and bit-error-rate (BER). The proposed approach
for range extension is verified for distances well beyond the CPI and provides a range
resolution of 0.042 m, and speed resolution of 0.79 m/s using a single OFDM waveform,
which is promising in driving OFDM-based converged systems for future applications.

The rest of this paper is organized as follows. Section 2 presents the model for the
OFDM-based converged system to provide the details of extracting sensing information
from the received OFDM waveform. Section 3 details the proposed method for range
extension in an OFDM-based converged system. Section 4 provides simulation results,
while Section 5 is dedicated to experimental measurement results and discussions. Section 6
provides the conclusion of this work.

2. Communication and Sensing Convergence Using OFDM Waveforms

Motivated by the OFDM-based sensing presented in [26,34], a reference system model
for the convergence of communication and sensing is presented here. An OFDM waveform
for communication purposes consists of several OFDM symbols, each with orthogonal
subcarriers modulated by data symbols and cyclically extended by appending the last
part of the signal at the beginning called cyclic prefix (CP). If Δ f represents the subcarriers
spacing, N the number of orthogonal subcarriers, T the OFDM symbol duration, Tcp as
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the CPI, Ts = Tcp + T the effective duration of the OFDM symbol, and M the number of
OFDM symbols, then the analytical expression of the transmitted OFDM waveform is [34],

s(t) =
M−1

∑
μ=0

N−1

∑
n=0

S(μN + n)e(j2πnΔ f (t−μTs))e(−j2πnΔ f Tcp)rect
(

t − μTs

Ts

)
, (1)

where S(μN + n) is the data symbol at nth subcarrier of μth OFDM symbol. The rect(t)
in (1) is the rectangular pulse shape, such that rect(t) = 1 for t ∈ [0 1] and 0 otherwise.
The term exp

(−j2πnΔ f Tcp
)

appears due to the cyclic extension of OFDM symbols by
the CP.

In order to fulfill the orthogonality among subcarriers, over the interval T, the follow-
ing condition must be held:

Δ f =
1
T

, (2)

and Tcp should accommodate the maximum expected delay caused by the radio chan-
nel. The baseband signal s(t) is up-converted by a carrier frequency fc to form s̃(t)
for transmission,

s̃(t) = s(t)ej2π fct. (3)

The received signal ã(t) at the sensing receiver is the sum of echoes from different
targets. Using point-target channel model for L number of targets,

ã(t) =
L

∑
l=1

bl s̃(t − τl), (4)

where τl and bl represent delay and attenuation related to the lth target, respectively. If lth
target is located at a distance Rl and moving with a speed of vl , delay τl in the received
echo can be expressed as

τl =
2(Rl − vlt)

c0
, (5)

and bl [34],

bl =

√
c2

0GTxGRxσRCSl

(4π)3R4
l f 2

c
, (6)

where in (6), c0 is the speed of light in free space; σRCSl is the radar cross-section of the lth
target; and GTx, GRx represent transmitting and receiving antenna gain, respectively.

For the communication link, the signal attenuation bcom is

bcom =

√
c2

0GTxGRx

(4π)2R2
com f 2

c
, (7)

where Rcom indicates the distance of the communication link.
For sensing processing, a single target is sufficient for mathematical derivations due

to the linear operation in (1). The analytical expression for the received echo from a
target, located at a distance R, moving with the speed of v, and attenuated by b̂ (assuming
constant attenuation factor for frequencies within the bandwidth) is obtained by using
delay τ = (2R − 2vt)/c0 in (1), i.e.,

ã(t) =
M−1

∑
μ=0

N−1

∑
n=0

b̂S(μN + n)e
(

j2πnΔ f (t− (2R−2vt)
c0

−μTs−Tcp)
)

· e
(

j2π fc(t− (2R−2vt)
c0

)
)

rect

(
t − ( 2R−2vt

c0
)− μTs

Ts

)
+ ẑ(t),

(8)
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where ẑ(t) is to account for the additive white Gaussian noise (AWGN). Since fc is usually
very high compared to the bandwidth of the signal, in particular in the millimeter-wave
band, the Doppler shift (nΔ f 2v)/c0 is negligible for the subcarriers and the overall Doppler
shift appears only caused by (2v fc)/c0.

The received signal is down-converted to baseband, which is equivalent to

a(t) =
M−1

∑
μ=0

N−1

∑
n=0

bS(μN + n)e
(

j2πnΔ f (t− (2R)
c0

−μTs−Tcp)
)

e
(

j2π
2v fc

c0
t
)

rect

(
t − ( 2R

c0
)− μTs

Ts

)
+ z(t), (9)

where b and z(t) represent b̂exp(−j2π fc2R/c0) and ẑ(t)exp(−j2π fct), respectively.
Finally, the signal a(t) is sampled, the CP part is removed before it is converted into

the frequency domain by using FFT operation,

A(μN + n) = bS(μN + n)e
(
−j2πnΔ f 2R

c0

)
e
(

j2π
2v fc

c0
μTs

)
+ Z(μN + n),

n ∈ [0, N − 1], μ ∈ [0, M − 1]
(10)

where A(μN + n) and Z(μN + n) are frequency domain equivalents of a(t) and z(t).
Once the received signal is translated back into the frequency domain, the element-

wise division of the received OFDM symbol by the respective transmitted OFDM symbol is
performed to construct the channel matrix H, i.e.,

H(μN + n) = be
(
−j2πnΔ f 2R

c0

)
e
(

j2π
2v fc

c0
μTs

)
+

Z(μN + n)
S(μN + n)

, (11)

where H(μN + n) represents the μth column and nth row of the channel matrix H, and
Z(μN + n)/S(μN + n) defines the noise floor that depends on the digital modulation, e.g.,
a 16-QAM mapping affects the noise floor by approx 2.7 dB [36]. The IFFT of H, along
subcarriers, provides the range information,

r(d) = e
(

j2π
2v fc

c0
μTs

)
b
N

N−1

∑
n=0

e
(
−j2πnΔ f 2R

c0

)
e(j 2π

N nd) + ž(d),

d ∈ [0, N − 1]

(12)

where ž(d) represents the noise part.
The |r(d)| shows a peak value under the following condition:

d =

⌊
2RΔ f N

c0

⌋
, (13)

i.e., the value of d corresponding to the maximum of |r(d)| holds the information of the
target range, and the range resolution ΔR (minimum distinguishable distance between the
two targets) is defined as

ΔR =
c0

2Δ f N
. (14)

Similarly, the FFT operation over different OFDM symbols in H (over μ domain in (11))
provides the information about the speed of the target and can be recognized by using

p =

⌊
2v fcTsM

c0

⌋
, p ∈ [0, M − 1] (15)

whereas the speed resolution Δv can be calculated by setting p = 1,

Δv =
c0

2 fcTsM
. (16)
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The IFFT/FFT operations on H provide processing gain due to coherent addition of
signals, and the overall processing gain is

G = NM. (17)

If there are Ń guardband subcarriers on each side of the OFDM symbol, then the
processing gain reduces to (N − 2Ń)M. Here, it is important to note that the guardband
subcarriers reduce the bandwidth of the OFDM waveform, and consequently the value
of ΔR increases in (14) when N is replaced by (N − 2Ń). Although ΔR increases due to
guardband subcarriers, improvement in the range accuracy (resolution of IFFT) is linked to
the size of IFFT [37].

Figure 1 highlights the sensing processing using H. Figure 1a shows the real part of
the channel matrix H, which has sinusoidal variations due to the range and speed of a
single target. The IFFT operation, along with subcarriers, identifies the delay associated
with the range, as shown in Figure 1b. Afterwards, the FFT operation provides the sensing
information in the delay-Doppler profile, as shown in Figure 1c,d.

It is clear that the sensing performance depends on the OFDM waveform parameters
because bandwidth defines the range resolution, and the duration of the OFDM waveform
determines speed resolution. For the speed, the upper limit is selected as Δ f > 20 fcv/c0 to
maintain the acceptable level of orthogonality among the subcarriers [35].
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Figure 1. OFDM–based sensing from the channel matrix H. (a) IFFT operation over subcarriers.
(b) FFT operation over OFDM symbols. (c) 3–D plot of the delay–Doppler profile. (d) Radar image,
indicating the delay associated to the range and the Doppler frequency related to the speed of
the target.

3. Proposed Method for Range Extension

In OFDM-based sensing, the maximum range is limited by the CPI [28,35] as echoes
falling outside the CPI cause ISI and suffer in processing gain. We propose a zero-delay
shift method to compensate for delay τ in an echo to maintain its processing gain G during
IFFT operation for OFDM-based sensing.

Using sampling intervals ΔT = 1/Fs and Δ f = 1/(NΔT), the sampled version of (9) is

a(kΔT) =
M−1

∑
μ=0

N−1

∑
n=0

bS(μN + n)e
(

j2πn 1
(NΔT)

(
kΔT− 2R

c0ΔT −μ Ts
ΔT −

Tcp
ΔT

))

· e
(

j2π
2v fc

c0
kΔT

)
rect

(
kΔT − 2R

c0
− μ Ts

ΔT
Ts
ΔT

)
+ z(kΔT),

(18)
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where k is the sampled time index. Using Fs/Δ f = T/ΔT = N, Ts/ΔT = Ns, Tcp/ΔT =
Ncp, m = �(2R)/(c0ΔT)�, and a(k), z(k) to represent a(kΔT) and z(kΔT) respectively,

a(k) =
M−1

∑
μ=0

N−1

∑
n=0

bS(μN + n)e(j2π n
N (k−m−μNs−Ncp))

· e
(

j2π
2v fc

c kΔT
)

rect
(

k − m − μNs

Ns

)
+ z(k).

k ∈ [0, MNs − 1]

(19)

A delay-shift in k by m samples shifts the target at zero on the delay axis. Since m is
unknown, sequentially increasing the delay-shift in k identifies m when a peak appears at
delay zero. This process can identify echoes with delay longer than the CP, provided they
arrive with detectable signal strength. If we extend the sensing range up to Q number of
OFDM symbols, the proposed method can be described in following steps:

1. N samples are selected (window of length N) from the received OFDM waveform to
perform an N-point FFT operation;

2. Received data symbols are divided by the transmitted data symbols in the current
and previous Q − 1 OFDM symbols;

3. N-point IFFT operation is performed on results obtained in step 2, which provides
first columns (in the delay domain) for Q number of matrices;

4. Steps 1–3 are repeated for Ns number of delay-shifts in the selected window. Com-
pletion of this step provides Q number of matrices each of size N × Ns in delay and
delay-shift domains;

5. Delay-zero rows (d = 0) of each of the Q number of matrices, generated in step 4, are
concatenated to form a row of another matrix, which will be used for range/speed
processing;

6. At this point, the selected window of N samples has been shifted by Ns samples; now,
OFDM symbols, which are used for division in step 2, are replaced by next OFDM
symbol, e.g., [Sq, Sq−1, . . . , Sq−(Q−1)] are replaced by [Sq+1, Sq, . . . , Sq−(Q−2)], where
Sq denotes qth OFDM symbol;

7. Steps 1–6 are repeated M times.

Using the above process, a matrix (in the delay-shift and time domains) of size QNs × M
is constructed, which requires an M-point FFT operation to complete the range/speed plot.

Figure 2 shows different steps in the proposed method to detect two targets separated
by more than one OFDM symbol duration; Q = 2 is used, and the current OFDM symbol
number is q. Figure 2a,b are obtained using steps 1–4 of the proposed method; Figure 2c
is the plot of step 5 and using M = 12 for step 6; Figure 2d is the final range/speed
plot, where the range is extended up to two OFDM symbols. A schematic diagram of the
proposed method is presented in Figure 3. Delay shifts are used in the sampled version
of the incoming OFDM waveform to get the frequency domain signal Yq. Element-wise
division of Yq is performed with the current OFDM symbol Sq and previous OFDM symbols
for sensing and combining.

We use periodogram to compare the performance of the proposed method with
conventional OFDM-based sensing. Periodogram of the conventional OFDM-based sensing
is defined as [31],

Dconv(d,p) =

∣∣∣∣∣M−1

∑
μ=0

r(d)e
−j2πμp

M

∣∣∣∣∣
2

,

d ∈ [0, N − 1] p ∈ [0, M − 1]

(20)

where r(d) is defined in (12). A target is detected if the peak in Dconv(d,p) is above a
threshold level (usually defined by the minimum detectable signal strength). For the
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range/speed plot, D is often transformed to normalized power, and in dB scale using
10 log10 (D/max[D]), where max[D] represents the maximum value of D.
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Similarly, the periodogram of the proposed method is

Dpro(d̂,p) =

∣∣∣∣∣M−1

∑
μ=0

r̂d̂(0, μ)e
−j2πμp

M

∣∣∣∣∣
2

, d̂ ∈ [0, (Q − 1)Ns − 1] p ∈ [0, M − 1] (21)

where d̂ represents the delay-shift domain and r̂d̂(0, μ) is obtained by concatenation of Q
segments as defined in step 5 of the proposed method, i.e.,

r̂d̂(0, μ) = [rd́(0, μ), rd́(0, μ − 1), ..., rd́(0, μ − (Q − 1))], d́ ∈ [0, Ns − 1] (22)
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where rd́(0, μ) is obtained by using d = 0 in rd́(d, μ),

rd́(d, μ) =
1
N

N−1

∑
n=0

Hd́(μN + n)e
j2πnd

N , d ∈ [0, Ns − 1] (23)

i.e.,

rd́(0, μ) =
1
N

N−1

∑
n=0

Hd́(μN + n). (24)

If we represent m = gNs + m̂ where g ∈ [0, Q − 2] and m̂ ∈ [0, Ncp − 1], received qth
OFDM symbol and transmitted OFDM symbols provide

Hd́,(q−i) =
Yd́,q

S(q−i)
, (25)

where Hd́,(q−i) is taken as simplified notation for Hd́((q − i)N + n), i ∈ [0, Q − 1], and

Yd́,q = FFT(Ad́(k)), where Ad́(k) is the delay-shift of A(k) by d́ and k ∈ [d́ + (q)Ns − gNs −
m̂+, d́ + (q + 1)Ns − gNs − m̂ − Ncp] (interval of the N-samples of the waveform is selected
at the initial step of the proposed method). It is clear that at d́ = d́0 = m̂ + Ncp, Ad́0

(k)
represents (q − g)th OFDM symbol without Ncp; hence, (25) changes to

Hd́0,(q−i) =
bS(q−g) + Z(q−g)

S(q−i)
, (26)

where Z(q−g) represents noise part in the (q − g)th OFDM symbol. Similarly, at d́ = d́1 =
(m̂ + N), Ad́(k) consists of last Ncp samples of the (q − g)th OFDM symbol and N − Ncp
samples of (q − g + 1)th OFDM symbol; therefore,

Hd́1,(q−i) =
N − Ncp

NS(q−i)
bS(q−g)e

−j2πn
N Ncp +

Ncp

NS(q−i)
bS(q−g+1) +

Z(q−g)

S(q−i)
. (27)

Using (26) in (24) provides the maximum of rd́(0, μ), which is same as r(d) in (20),
whereas (27) indicates the additional peak with height reduced by a factor of Ncp/N and
affected by the ISI. Similar to Dconv(d,p), where a processing of NM is assigned to a peak,
Dpro(d̂,p) also provides the same processing gain when i = g in (26); otherwise, Hd́,(q−i)
in (26) is interference. In (27), contrary to interference term, Ncp samples are coherently
added when used in (24) and the processing gain is 10log10(N2

cp/(N − Ncp)).
In a generalized scenario, there can be L echoes with delays not limited to CPI; the

received signal y(k) is the summation of all echoes, each represented by the (19),

y(k) =
L−1

∑
l=0

M−1

∑
μ=0

N−1

∑
n=0

blS(μN + n)e(j2π n
N (k−ml−μNs−Ncp))

· e
(

j2π
2vl fc

c kΔT
)

rect
(

k − ml − μNs

Ns

)
+ z(k),

(28)

where ml represents the delay associated with lth echo. Based on the delay ml , we split the
y(k) into three portions such as y1(k) for ml ≤ Ncp, y2(k) for Ncp < ml ≤ Ns, and y3(k) for
ml > Ns, i.e.,

y(k) = y1(k) + y2(k) + y3(k) + z(k). (29)

Since y3 is formed by the summation of echoes that are outside the current OFDM
symbol, therefore this part is only ISI. Unlike y3(k), the ISI part of y2(k) increases as ml
approaches to Ns. The detection of the echoes in y2(k) and y3(k) is possible if the processing
gain G is sufficient to overcome the related ISI and noise.
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3.1. Signal-to-Interference Ratio

In the proposed method, the signal-to-interference ratio (SIR) changes with the shifting
of k. At the sensing receiver, strength of an echo depends on several factors such as antenna
gain, round trip distance from the target, carrier frequency, and radar cross-section, as
mentioned in (6). If we define PRx1 as the received power of y1(k), PRx2 for y2(k), and PRx3

for y3(k), then the SIR during the shifting of k is as below.

• At the beginning, echoes within y1(k) are detected under the collective ISI caused by
y3(k) and y2(k), and we can define the SIR during this process as

SIR1 =
PRx1

α2(ḱ)PRx2 + PRx3

, (30)

where ḱ indicates the shift in k and 0 ≤ α2(ḱ) < 1 defines the part of PRx2 appearing as
interference. α2(ḱ) = 0 indicates that there are no echoes to form y2(k).

• At the second stage, when ḱ is beyond the Ncp and within Ns, echoes that form y2(k)
are detected and a part of y1(k) causes ISI, which increases with ḱ. The SIR can be
defined as

SIR2 =
PRx2

α1(ḱ)PRx1 + PRx3

, (31)

where 0 ≤ α1(ḱ) < 1 is used to account for the ISI caused by part of PRx1 .
• Similarly, when we detect echoes in y3(k), the SIR is

SIR3 =
PRx3

PRx1 + α2(ḱ)PRx2

, (32)

where PRx1 appears as ISI because at this stage the element-wise division is performed
by the previous OFDM symbol Sq−1.

Here, it is important to mention that PRx1 > PRx2 > PRx3 (assuming same radar cross-
section for different targets associated with echoes) because of the FSPL difference between
echoes that form y1(k), y2(k) and y3(k). Therefore, SIR1 > SIR2 > SIR3, which clearly
indicates that detection of echoes in y2(k) and y3(k) is not possible without the sufficient
processing gain obtained through the IFFT/FFT operation during sensing. Usually, the
Doppler estimation requires large interval (compared to the OFDM symbol duration) of
the waveform; therefore, large number of OFDM symbols can provide sufficient processing
gain for the echoes to overcome ISI.

3.2. Effect of CP

For y3(k), during delay-shifting stage of the proposed method, the last part of the
window, which is selected in step 1 of the proposed method, occupies the complete CP
part of the OFDM symbol, and a peak with processing gain of 20log10(Ncp)− 10log10(N −
Ncp)− Modnoise dB appears at delay zero (defined by (27)). Where Modnoise dB is the raise
in noise due to digital modulation, e.g., 16-QAM causes a raise of ≈2.7 [36]. For M number
of OFDM symbols, an additional 10log10(M) dB is added to CP peak. Appearance of peaks
due to CP, for echoes with delay longer than OFDM symbol duration, which are exactly N
samples behind the target, can be eliminated from the observations.

3.3. Computational Complexity of the Proposed Method

The computational complexity is measured in terms of number of complex multipli-
cations and additions. It is considered that removal of the CPI is negligible in complexity,
divisions are equivalent to multiplications, and performing an IFFT/FFT of size N requires
(N/2)log2(N) number of complex multiplications and Nlog2(N) number of complex ad-
ditions [27]. Table 1 provides the complexity of the proposed method and the conventional
OFDM-based sensing. The complexity of the proposed method is higher by a factor of
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≈QNs because whole chain of operation, for range detection, is performed after each shift
in k with maximum shifts as QNs. For speed, N number of M-point FFTs is increased
to QNs.

Table 1. Computational complexity of the proposed method.

OFDM-Based Sensing Proposed Method

Operation
Complex Complex Operation Complex Complex

Multiplications Additions for QNs Delays Multiplications Additions

Division to get H 4MNac 0 Division to get H 4MNacQNs 0

N-point IFFT M(N/2) log2(N) MN log2(N) N-point IFFT (QNs)M(N/2) log2(N) (QNs)MN log2(N)

M-point FFT N(M/2) log2(M) MN log2(M) M-point FFT (QNs)(M/2) log2(M) (QNs)M log2(M)

Total (MN/2) log2(MN) MN log2(MN) Total
(QNs)(M/2)(N log2(N) (QNs)M(N log2(N)

+ log2(M)) + log2(M))

4. Simulation Results

To verify the processing of the proposed OFDM-based converged system, a baseband
equivalent model is implemented and simulated in MATLAB. An impulse response, having
taps at the round-trip delay of the targets, and each tap varying over OFDM symbols
according to the complex exponential of the Doppler frequency, is used to represent the
sensing channel, whereas SNR = 15 dB is set for simulation. Equal signal strength is
used for different targets, while other parameters, listed in Table 2, are selected to match
parameters used in our experiment.

Table 2. Simulation parameters.

Sampling frequency Fs 6 GHz

Carrier frequency fc 97 GHz

FFT size N 512

Subcarrier spacing Δ f 11.71875 MHz

No. of active subcarriers Nac 300

Bandwidth B 3.9 GHz

Bandwidth occupied by active subcarriers 3.51 GHzNacΔ f

Bandwidth utilization 90%

Digital mapping 16 QAM

Effective OFDM symbol duration Ts 0.1066 μs

Cyclic prefix duration (CP) 128 samples, 0.0213 μs

No. of OFDM symbols M 36 for range
18,432 for speed

Range resolution ΔR = c/(2Δ f Nac) 0.042 m

Unambiguous range (N − 1)c/(2Δ f N) 12.775 m

Maximum range (within CPI) 3.2 m

Speed resolution Δv 0.79 m/s

Unambiguous speed ± (M−1)Δv
2

±7464 m/s
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It is important to note that for scenarios where we use only static targets, M = 36 is
used, which provides sufficient gain for range detection but results in a high value of Δv in
the range/speed plot, although this is irrelevant for static targets. For the range/speed plot,
the absolute of the delay/Doppler matrix is first normalized to unit (by dividing with the
maximum absolute value) and then converted to dB scale. Figure 4a–c presents the range
plots for static targets at distances 0.6 m, 1.3 m 1.5 m, and 10 m, respectively, using the
conventional OFDM-based sensing. Results show that the targets are identified correctly at
the distances in Figure 4a,b.
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Figure 4. Simulation results of the conventional OFDM–based sensing vs. the proposed range
extension method. (a–c) Range plots for a target at 0.6 m, two targets at 1.3 m and 1.5 m, and a target
at 10 m, respectively, by using conventional OFDM–based sensing. (d–f) Range plots obtained by
using the proposed range extension method.

However, Figure 4c clearly shows that the sensing performance has been compromised,
in terms of SNR, for the target located at a 10 m distance. This reduction of SNR happens
because the CPI covers a range up to 3.2 m. Beyond this range limit, ISI occurs, and the
processing gain is also reduced for that target located at 10 m. In comparison, the scenario
mentioned above is also processed for sensing using our proposed method by finding the
zero-delay for each target, as shown in Figure 4d–f. Our proposed method offers better
performance for the target at 10 m by avoiding the loss in processing gain.

Figure 5 represents the results when multiple targets exist and one of them is moving.
In Figure 5a, the conventional approach provides accurate results for two targets, one static
target located at 0.6 m and the other target moving with a speed of 5 m/s and situated at
0.85 m. In comparison to Figure 5a, Figure 5b represents the results obtained by using our
proposed method where peak height is similar to the peak height in Figure 5a, but ISI effect
is used for locations away from the targets.

In order to verify the proposed method for the range beyond the OFDM symbol, we
also simulated the case that three targets are placed at 0.85 m (moving with 2.34 m/s),
12.65 m, and 17.65 m, respectively, and the sensing results are shown in Figure 5c,d. The
farthest target at 17.65 m is beyond the range of an OFDM symbol duration (12.77 m) and
it does not appear in Figure 5c using the conventional approach, but it is detectable with
our proposed method, as shown in Figure 5d. There is another peak with height ≈ −20 dB
at 4.88 m (12.77 m behind the target at 17.65 m) in Figure 5d, which appears due to the
CP effect.
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Figure 5. (a) One static target at 0.6 m and one moving with 5 m/s using the conventional OFDM–
based sensing. (b) Results by using the proposed range extension method for the scenario in (a).
(c) Range–speed plot for targets at 0.85 m and moving with 2.34 m/s, with second and third static
targets at 12.65 m and 17.65 m, respectively. (d) Range–speed plots obtained by using the proposed
range extension method for targets mentioned in (c).

5. Experimental Setup and Results

In this work, we also implement an experimental demonstration. Figure 6 shows
the configuration of our system in the experiment, which is composed of several blocks
in the digital and analog domain for transmission and reception. In our experiment,
the baseband 16-QAM OFDM waveform is digitally generated for communication and
sensing using parameters listed in Table 2. An oversampling factor of 20 is used before the
signal is digitally up-converted to an intermediate frequency (IF) at 3 GHz through the IQ
mixing. The IF signal is then fed to an arbitrary waveform generator (AWG) operating at
120 GS/s. Before the free-space transmission, the signal is up-converted to the W-band with
a carrier frequency of 97 GHz using a commercially available W-band mixer at 94 GHz.
Subsequently, a W-band amplifier with 10 dB gain is used to boost the signal to around
0 dBm, and a pair of conical horn antennas with a gain of 30 dBi is used for transmission
and reception. At the receiver, the signal is first down-converted into the IF domain using a
similar W-band mixer, sampled using a digital sampling oscilloscope (DSO) (KEYSIGHT
MXR608A, sampling rate of 16 GS/s, bandwidth of 6 GHz) and then processed digitally to
retrieve the baseband signal for further processing. In the digital domain, typical Fourier
sidelobes are suppressed by using the Hamming window.

The photos of the experimental setup are shown in Figure 7a–c. Figure 7a shows the
arrangement for realizing the reflective sensing to measure the range of two static targets
with flat reflective surfaces. Figure 7b shows the setup for speed and range measurement
with a static target and a moving target. The speed is measured via a reflective target
mounted on a belt, which moves the target along the LOS and away from the receiver
with adjustable speed. In this case, the Doppler frequency shift is induced in the signal
reflected from the moving target, and the down-conversion from W-band carrier frequency
to an IF yields a sinusoidal of the Doppler frequency, which can be observed at the DSO.
Observation of the sinusoidal-like variations in the received signals at the DSO indicates
the correct measurement arrangement for speed measurement.
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Resample
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L=10 dB
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30

30

dBi

dBi

Figure 6. Block diagram of the measurement setup, showing different stages of processes in the
digital and analog domains at the transmitter TX and the receiver RX .

(b) (c)(a)

Tx
Rx

Static targets

Moving target

26 cm

Tx
Rx

Figure 7. Experimental setup for the measurements. (a) Photo of the setup to measure range of two
static targets. (b) Range-speed measurement setup of a static target and a target mounted on a belt
capable to move with adjustable speed up to 5 m/s. (c) Data link arrangement.

The setup is calibrated during range measurement, and we measure different cases for
illustrating the range and speed measurements, as listed in Table 3, where d1 and d2 are the
actual distances of targets from the receiving antenna and d̂1, d̂2 represent measurement
results. Similarly, v and v̂ in Table 3 represent actual and measured speeds, respectively.
For the data transmission part, a LOS link is established by placing the receiver at the
location of the static target, as shown in Figure 7c. In the following subsections, we discuss
experimental results obtained from the measurements.

5.1. Range Measurement

In Figure 8a, range measurement is implemented when a static target is placed 0.605 m
from the receiver. The target is detected with an error of 0.005 m, as mentioned in Table 3.
Based on Figure 8a, we can also observe multiple reflections originating from the target and
wall; TS1 and TS2 indicate first and second reflections from the target, whereas W is the
wall’s reflection. Here, the second reflection refers to a signal that is reflected twice from the
target and eventually detected by the receiver since the receiver reflects a portion of strong
signal. Then, we perform the measurements for two targets placed at 0.6 m and 0.65 m,
and Figure 8b shows that the closely placed targets are distinguishable from each other
at their locations. Similarly, Figure 8c provides the measurement results for two targets
standing at 1.313 m and 1.548 m, respectively. The change in the received power is due to a
higher FSPL.
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Figure 8. Measurement results for different arrangements of static targets. (a) Range plot of a target
when placed at 0.6 m. (b) Range plot for two targets placed at 0.65 m and at 0.6 m. (c) Results of two
targets placed at 1.313 m and at 1.548 m, respectively.

5.2. Range Extension

In this case, our proposed range extension method is applied using digital delay offset
in the received signal to realize larger range values such as 10 m. In Figure 9, ranging
performance using the conventional (Figure 9a–c) and the proposed method (Figure 9d–f)
is shown, when the target location is within the CPI, within the OFDM symbol duration,
and beyond the OFDM symbol duration.
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Figure 9. Range extension of the measurement results, where the range is extended through offset–
delay. (a–c) Results of conventional approach for targets at 0.6 m, 10 m, and 17.65 m, respectively.
(d–f) Results obtained through the proposed range extension method for the arrangements as for
results in (a–c).

Figure 9a is the range plot for the target placed at 0.6 m in the measurement, whereas
Figure 9b shows the same target shifted to 10 m, which reduces processing gain and, in
turn, performance degradation. Similarly, the target in Figure 9c is beyond the OFDM
symbol duration and does not appear in the conventional OFDM-based processing. As a
benefit, the results obtained through our proposed method are shown in Figure 9d–f, and
all targets are identifiable for all the same cases. Multiple reflections from the target and
reflection from the wall appear as mentioned in Figure 8a.
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Table 3. Number of targets and their arrangements for different scenarios.

Actual Values Measured Values

Scenario d1 v1 d2 v2 d̂1 v̂1 d̂2 v̂2

m m/s m m/s m m/s m m/s

Single static target 0.605 0 N.A N.A 0.60 0 N.A N.A

Two static targets 0.60 0 0.65 0 0.575 0 0.65 0

Two static targets 1.313 0 1.548 0 1.30 0 1.55 0

Single moving target N.A 2.34 N.A N.A 0.85 2.43 N.A N.A

Single moving target N.A 5 N.A N.A 0.85 4.87 N.A N.A

One static target, 0.6 0 N.A 2.34 0.6 0 0.875 2.43one moving target

5.3. Speed Measurement

Figure 10 shows the measurement results for two different speeds. The speed of a
single target (0.03 × 0.03 m2) is set to 2.34 m/s in Figure 10a, while Figure 10b shows the
result for a single target (0.015 × 0.02 m2) moving at 5 m/s. The assembler, which contains
the target mounted on a moving belt, is 0.26 m long and is placed 0.67 m from the receiving
antenna. We can notice that both speed and distance can be identified, but due to the
smaller size of the moving target, the received signal strength in Figure 10b is weaker than
in Figure 10a.
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Figure 10. Range-speed plots for the speed measurements. (a) Range–speed plot of a single target
moving with 2.34 m/s, whereas the moving assembler acts as a static unit. (b) Range–speed plot of
the target in (a) with speed increased to 5 m/s. (c) Range–speed plot of a static target, placed at 0.6 m,
and a moving target with speed of 2.34 m/s.

The result in Figure 10c are obtained by simultaneously placing a static target at
0.6 m and a moving target (0.015 × 0.02 m2) at 2.34 m/s located between 0.67 m to 0.9 m.
It is observed that the setup can accurately measure the speed in different arrangements
within the speed resolution of 0.79 m/s and the range of the static target within the range
resolution of 0.042 m. Measurements for the speed values in our experiment required
an interval of 1.96 ms to capture sinusoidal variations caused by the Doppler frequency.
Multiple reflections from the moving target cause echoes with higher speeds, as indicated
in Figure 10a. The ± speed in the results is due to the use of a double-sideband W-band
mixer for up/down conversion in the experiment. The ± speed ambiguity can be removed
by using single sideband devices such as IQ modulators.

5.4. Data Communication

To demonstrate the convergence of communication and sensing by using the same
16-QAM OFDM waveforms, we also measured data communication performance in terms
of BER. A subframe wise processing is used, where 12 OFDM symbols form a subframe,
and each OFDM symbol has 300 active subcarriers. In one subframe, four OFDM symbols
are multiplexed with pilot subcarriers (4 × 50 pilot subcarrier in a subframe), and a code
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rate of 0.76 is used. In the experiment, we placed the receiver and transmitter in the LOS
link distance of 0.6 m, with a bit rate of 8.08 Gbps. Due to non-ideal environment for the
measurement such as limited dimensions of the lab and surrounding objects, multiple
reflections of the transmitted signal arrive at the receiving antenna. Changes in the spectrum
of the received signal in Figure 11 (red color) confirm the presence of the multiple reflections.
Therefore, channel equalization is necessary to recover the transmitted data, which increases
BER compared to AWGN channel [38]. We performed frequency domain equalization (zero-
forcing) by using the transmitted pilot subcarriers for the channel estimation. As a result,
a BER of 0.01 is recorded by comparing the transmitted and received data bits, when the
average received SNR is around 15 dB, which is below the soft-decision forward error
correction (SD-FEC) threshold of 1.5 × 10−2 [39]. As a comparison, a BER of 3.6 × 10−4 is
obtained in the simulation due to the absence of the background reflections. A comparison
of the received spectrum and the corresponding constellations is provided in Figure 11, for
illustration purposes.
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Figure 11. Data transmission results. The baseband spectrum and 16–QAM constellation, and
red color for a LOS link of 0.6 m with background reflections. Blue color is the corresponding
simulation result.

5.5. Comparison with Existing Works

A performance comparison of the proposed system is compared with the existing
OFDM-based works in Table 4. In most of the experimental demonstrations for the conver-
gence of communications and sensing, the OFDM waveform is evaluated for the sensing
performance only. Since the speed resolution is linked with the observation time, higher
speed resolution can be realized with longer observation intervals, as shown in Table 4.

Table 4. Performance comparison of the proposed converged system with the existing works.

Reference
Carrier

Frequency
Bandwidth

Range
Resolution

Observation
Time

Speed
Resolution

Data Rate

[34] 24 GHz 93 MHz 1.6 m 3.168 ms 1.97 m/s 20 Mbit/s

[31] 2.4 GHz 98.28 MHz 1.5 m 20 ms 4.2 m/s Not evaluated

[32] 28 GHz 400 MHz 0.4 m 0.25 ms N.A Not evaluated

[28] 77 GHz 200 MHz 0.75 m 8 ms 0.48 m/s Not evaluated

[29] 77 GHz 1.024 GHz 0.14 m 4.4 ms 0.38 m/s Not evaluated

[30] 5.2 GHz 80 MHz 1.87 m 128 ms 0.22 m/s Not evaluated

Proposed 97 GHz 3.9 GHz 0.04 m 1.9 ms 0.97 m/s 8.08 Gbit/s

153



Micromachines 2022, 13, 312

6. Conclusions

We demonstrated a W-band simultaneous communication and sensing system oper-
ating at 97 GHz using a common 16-QAM OFDM waveform. The zero-delay-shift-based
approach is proposed to overcome the sensing range limitation in the conventional OFDM-
based sensing systems and enable range extension for the OFDM-based converged system.
Both simulation and experimental measurements are performed in the W-band with a
bandwidth of 3.9 GHz. Due to the large bandwidth available in the W-band, we achieve a
sensing resolution of 0.042 m in range and 0.79 m/s in speed in the experiment. The target
range well beyond the CPI is detected by using our proposed method. Furthermore, we
also measure the 16-QAM OFDM communication performance, and the BER below the SD-
FEC is achieved. The successful demonstration of the convergence of communication and
sensing using the same waveform is a significant step towards future wireless applications.
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Abstract: The terahertz (THz) band is expected to become a key technology to meet the ever-
increasing traffic demand for future 6G wireless communications, and a lot of efforts have been paid
to develop its capacity. However, few studies have been concerned with the transmission security of
such ultra-high-speed THz wireless links. In this paper, we comprehensively investigate the physical
layer security (PLS) of a THz communication system in the presence of multiple eavesdroppers and
beam scattering. The method of moments (MoM) was adopted so that the eavesdroppers’ channel
influenced by the PEC can be characterized. To establish a secure link, the traditional beamforming
and artificial noise (AN) beamforming were considered as transmission schemes for comparison. For
both schemes, we analyzed their secrecy transmission probability (STP) and ergodic secrecy capacity
(ESC) in non-colluding and colluding cases, respectively. Numerical results show that eavesdroppers
can indeed degrade the secrecy performance by changing the size or the location of the PEC, while
the AN beamforming technique can be an effective candidate to counterbalance this adverse effect.

Keywords: THz communications; physical layer security; multiple eavesdroppers; beam scattering;
artificial noise

1. Introduction

Wireless traffic volume has exponentially grown in recent years and wireless data
rates exceeding 100 Gbit/s will be required in the coming decades [1]. As a result, new
frequency spectra are demanded to fulfill the broad bandwidth requirements for future
communication. Among others, the THz band (0.06–10 THz) is regarded as a promising
candidate to enable ultra-fast and ultra-broadband data transmission [2–5]. Recently, THz
wireless communication systems are under rapid development and many wireless trans-
missions exceeding 100 Gbit/s have already been demonstrated in laboratories and in field
environments [6–11], which bring THz communication closer to reality. However, ultra-
high-speed THz communications also pose major challenges to information security [12,13].
Once a malicious eavesdropper tries to intercept the signals, a vast amount of information
will be leaked in the blink of an eye which is absolutely unacceptable, particularly in some
sensitive fields such as the military and financial industry.

Security mechanisms exist at every layer of a network. Compared to the conventional
upper-layer methods [14,15], physical-layer security (PLS) approaches [16–20] do not rely
on the assumption that eavesdroppers have limited computational abilities and avoid
distributing and managing secret keys [21–24]. In contrast to the broadcast nature of the
microwave communication, highly directive THz waves are more prone to the blockage
problem caused by the malicious eavesdropper [25,26]. Recently, researchers have compre-
hensively investigated the blocking effects of an illegal recipient and proposed a hybrid
beamforming and reflecting scheme to eliminate the adverse effects [27,28]. In this environ-
ment, any eavesdropper intending to hide itself should control its size, otherwise, it may
cast a detectable shadow and raise an alarm. Therefore, the performance of eavesdropping
is restricted by the size of the illegal receiver. Alternatively, recent works have pointed
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out that an eavesdropper may put a tiny passive object instead of itself, like a metal cup
or a mobile phone, inside the narrow beam to scatter THz electromagnetic waves [29,30].
By this mean, the bulky illegal receiver placed outside the THz beam can capture the
information signal without raising an alarm, as a consequence. We note that the feasibility
of this scheme has already been demonstrated in experiments in which the eavesdropper
can even intercept a signal strength as good as that of the intended receiver. Nevertheless,
all the aforementioned work using scatter (tiny passive object) only consider a single-
eavesdropper scenario while a case with multiple eavesdroppers has not been investigated.
The reflector in the narrow beam scattering THz waves to multiple eavesdroppers may
bring a greater security threat to the THz communication system.

Compared to the single eavesdropper, multiple eavesdroppers can increase the occur-
rence of stronger attackers that are closer to the legitimate transmitter due to the random
spatial distribution [31,32]. Additionally, multiple eavesdroppers may also combine their
own observations and jointly process their received message, which will considerably de-
grade the secrecy performance [33–35]. From a practical point of view, multi-eavesdropper
scenes will be widespread phenomenon in our future, since potential eavesdroppers in the
ubiquitous Internet of Things (IoT) may be some curious legitimate devices belonging to
different subsystems [36]. However, secrecy performance and secure transmission schemes
in highly directive THz communication systems have not been yet analyzed in the presence
of multiple eavesdroppers. Moreover, how to safeguard this point-to-point THz system
against randomly located eavesdroppers is still unknown.

In this paper, we comprehensively investigated the secrecy performance of a highly
directive THz communication link with multiple eavesdroppers. We established the re-
ceived signal models with two different multi-antenna techniques, namely traditional
beamforming and AN beamforming, as transmission schemes for comparison. We note
that the received signal mode is affected by the fading channel, where both the large-scale
and small-scale effects matter. We emulate the effect of perfect electric conductor (PEC)
parameters on the received signal-to-noise ratio (SNR) of Eve in a multiple-eavesdropper
environment. We derive the mathematical framework of the STP and ESC in both non-
colluding and colluding cases, so that the secrecy performance of the THz wireless link can
be characterized. The results show that Eves can successfully intercept a huge amount of
information by changing some parameters, such as the density, size, and distance. As a
countermeasure, Alice could consider the deployment of the AN beamforming technique
to counterbalance the adverse effect of multiple eavesdroppers.

The rest of the paper is organized as follows. In Section 2, we introduce the system
model in the presence of multiple eavesdroppers. In Section 3, we analyze the STP and ESC
in non-colluding and colluding cases, respectively. In Section 4, we conduct simulation
experiments and demonstrate the factors affecting the secrecy performance. In Section 5,
we discuss how one may find the attackers. Finally, we give a brief conclusion in Section 6.
Additionally, the important notations in this paper are listed in Table 1 to make this
paper clearer.

Table 1. Parameter settings.

Side Symbol Parameter Setting Value

Alice

P Transmitting power −10 dBm
Gt Antenna gain 25/27 dBi
N Antenna number Independent variable
η Power allocation ratio Independent variable

158



Micromachines 2022, 13, 1300

Table 1. Cont.

Side Symbol Parameter Setting Value

Channel

RS Covering radius 10/15 m
λp Density of eavesdroppers Independent variable
NE Number of eavesdroppers Independent variable
a Radius of cylinder Independent variable

d2 Distance between Eve and PEC Independent variable
d3 Distance between Alice and PEC Independent variable
m Nakagami fading parameters 2

Bob d1 Distance between Alice and Bob Independent variable
Gr Antenna gain 25/27 dBi

Other

c Speed of light 3 × 108 m/s
f Frequency Independent variable

PN Noise power −75 dBm
W Bandwidth 50 GHz

N-C Non-colluding case -
C Colluding case -

2. System Model

In this section, we first propose a security model for the THz system, in which two
transmission schemes, namely traditional beamforming and AN beamforming, are adopted
to prevent being overheard by multiple eavesdroppers. Then, the details of the highly
directive channel of Bob hB and the scatter channel of Eve hE are investigated, respectively.

2.1. Signal Model

As shown in Figure 1a, a transmitter (Alice) sends a highly directive THz wave to the
receiver (Bob) in the presence of multiple eavesdroppers (Eves). A PEC on the origin O is
put inside this narrow beam between Alice and Bob. When there is an incident beam, PEC
will scatter the THz signal to Eves in all directions (see Appendix A). We note that the PEC
is located at the very edge of the THz beam with only a sliver of THz wave so it will not cast
a detectable shadow in the receiver Bob. Additionally, the PEC is a cylinder which has the
advantage of being able to scatter light in all directions, giving an attacker more flexibility.
We model the locations of multiple eavesdroppers by the homogeneous Poisson point
process (PPP) Φ in a circle region of radius RS with a density λp, as shown in Figure 1b.
The total number of Eves NE in PPP is a random variable but the average number can be
determined by NE = πR2

Sλp. Due to the short transmission distance (RS < 15 m) in an
indoor environment, all receivers are supposed to be in a high SNR regime. Alice has N
antennas while Bob and all the Eves use only one antenna each for reception.

When traditional beamforming is adopted, the received symbols at Bob and i-th Eve
are, respectively, given by:

yB = hBx + nB, (1)

yEi = hEi x + nE, i = 1, 2, · · ·, NE, (2)

where hB and hEi are both 1 × N vectors denoting the channel between Alice and Bob
and between Alice and the i-th Eve, respectively; NE is the total number of eavesdroppers;
x = pux is the transmitted signal containing the beamforming vector p and signal ux with
useful information; nB and nE are i.i.d. additive white Gaussian noise with n ∼ CN (0, σ2

n).
We assume that both Alice and Bob only know the CSI of hB, while Eve knows both hB and
hEi perfectly, which is a more rigorous scenario for the security issue [37–39].
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s Information
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Figure 1. System model. (a) Alice transmits a highly directive THz signal x to Bob with or without
AN w. A PEC (orange cylinder) located at the edge of beam can scatter the incident THz wave to
Eves in all directions. (b) The spatial distribution of Eves is modeled as PPP in a circle region. The
objects in this indoor scene can scatter THz signals.

With the introduction of AN beamforming, the transmitted THz signal x can be
carefully designed as: x = s + w. The information signal s = pus, where the N × 1
beamforming vector p = h†

B/||hB|| and signal us with a variance of σ2
us . The AN w = Zv,

where the N × (N − 1) matrix Z is the null space of vector hB so that hBZ = 0 while
hEZ = 0 and noise vector v contains (N − 1) random noise elements with a variance of σ2

v .
Consequently, the received signals of Bob and i-th Eve are, respectively, given by:

yB = hB(s + w) + nB = hB pus + nB, (3)

yEi = hEi (s + w) + nE = hEi pus + hEi Zv + nE. (4)

The AN w passes through the channel hEi and finally develops into the additional
noise hEi w. We stress that, despite the AN, the w on Alice’s side is sent to both the i-th
Eve and Bob, whereas on the receiving side, the AN only deteriorates the i-th Eve without
impacting Bob. As we can see, there is additional noise hEi Zv on Equation (4) while there
is no extra term on Equation (3).

The total transmitter power P = E[x†x] = σ2
us + (N − 1)σ2

v , where (·)† denotes the
conjugate transpose. We define η as the fraction of σ2

us to the total transmit power P. When
η = 1, the AN beamforming is equivalent to traditional beamforming as the information
signal is transmitted with the full power P. We note that η is an important design parameter
that can optimize the secrecy performance.

2.2. Highly Directive Channel

The channel model of Bob hB can be obtained as:

hB = lBsB, (5)

where lB is the large-scale factor denoting the fixed pass loss and sB is the small-scale
random vector containing N elements. The lB influenced by the free space pass loss (FSPL)
and highly directive antennas is given by:

lB =
λ
√

GtGr

4πd1
, (6)

where Gt and Gr, respectively, represent the antenna gains of Alice and Bob, and λ stands
for the wavelength, and d1 is the distance between Alice and Bob.

Unlike the conventional channel on the microwave band where the small-scale fading
follows normal distribution, sB on the THz band is usually represented by Nakagami-m
distribution with the i-th element sBi ∼ Nakagami(m, 1), which has recently been proven
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by experiments [40,41]. Finally, according to Equation (3), the signal-to-noise ratio (SNR) of
Bob is given by:

SNRB = SB
LBPη

σ2
n

, (7)

where SB ∼ Gamma(mN, m) and LB = l2
B are given by Equation (6).

2.3. Scatter Channel

The scatter channel of Eve hE is given by:

hEi = lEi sEi , (8)

where li and sEi are, respectively, the large-scale factor and small-scale random vector of
i-th Eve. The lE and sE are totally different from lB and sB owing to the PEC between Alice
and Bob. The PEC between Alice and Bob is a kind of material with infinite conductivity
and zero electric field inside. When the incident field Ei strikes the surface of PEC, it
provokes a surface current JZ that generates a scattered field Es and total reflection occurs.
By adopting the method of moments (MoM) [42], the scatter field Es around the PEC at i-th
Eve is given by (see Appendix A):

Es =
−kη0

4π

√
η0PGt

kd2i

exp{−j(kd2i −
π

4
)}CTA−1D, (9)

where k is the wave number, η0 � 377 Ω is the intrinsic impedance of free space, d2i is
the distance between the PEC and i-th Eve and the matrices C, A, D are determined by
the shape, size, and location of the PEC. Here, we assume that the PEC is a cylinder with
sufficient height. As such, we can denote the scattering coefficient K(a, d3) = CTA−1D,
where a is the radius of PEC and d3 is the distance between Alice and PEC. Therefore, the
lEi can be derived as:

lEi =

√
|Es|2
2η0

Grλ2

4πP
=

η0λK(a, d3)

8π

√
kGtGr

2πd2i

, (10)

where we assume that Bob and all Eves have the same antenna gain Gr.
The scattering coefficient K is influenced by a and d3. As shown in Figure 2, the THz

wave nearly scatters uniformly around the PEC center (d2 � λ, [42]) and the scattered field
gradually fades along as it becomes farther away from the center. The scattering coefficient
K increases with radius a and decreases with d3, as we can see since the color in Figure 2b
is deeper than that in Figure 2a.
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Figure 2. The scattered fields of PEC for (a) a = 20 mm, d3 = 2 m (b) a = 40 mm, d3 = 2 m (c) a = 40 mm,
d3 = 1.5 m. The maximum values were cut off at 8 since only a few values exceed it.

Unlike the main channel wherein a direct line-of-sight (LOS) link exists between Alice
and Bob, Eve indirectly receives the signal information from non-line-of-sight (NLOS)
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transmission. Many rays will scatter from PEC and finally converge on Eve’s side as each
point on the surface of PEC can generate an electromagnetic field. As such, a tiny move of
PEC or Eve may tremendously change the received signal strength. Therefore, we assume
sEi ∼ Nakagami(1, 1), which is also a Rayleigh distribution. Based on Equation (4), the SNR
of i-th Eve is given by:

SNREi =
SEi LEi Pη

ALEi
P(1−η)

NA−1 + σ2
n

(a)
≤ φSequali , (11)

where A ∼ Gamma(N − 1), SEi ∼ Exp(1), LEi = l2
Ei

, the PDF of random variable Sequali

is given by fSequal (x) = N−1
(1+x)N and φ = η(N−1)

1−η , (a) holds for considering the worst-case
situation where the normalized noise σn are arbitrarily small. Note that this approach was
also taken in [16,35,37].

3. Secrecy Performance

In this section, we introduce STP and ECS which are both secrecy performance metrics.
Then, we analyze the secrecy performance with and without AN in both non-colluding and
colluding cases.

3.1. Performance Metrics

In the non-colluding case, the eavesdropper individually overhears the communication
between Alice and Bob without any centralized processing. Therefore, the SNR of multiple
eavesdroppers is given by SNRE = max (SNREi ), where SNREi is defined in Equation (11).
Whereas, in the colluding case, NE Eves are capable of sending the information to a central
data processing unit (CDPU) and jointly process their received information as shown in
Figure 1a. Thus, the SNR of multiple eavesdroppers is given by SNRE = ∑NE

i=1 SNREi . We
adopt the following metrics to evaluate the secrecy performance of the proposed system.

Secure transmission probability (STP): STP is defined as a complementary element of
secrecy outage probability (SOP) [31]. A supremum of the secrecy transmission rate R is
determined by the difference of the main channel capacity CB = log(1 + SNRB) and the
wiretap channel capacity CE = log(1 + SNRE). If secrecy transmission rates R are less than
this supremum CS = CB − CE, a secure transmission can be realized, otherwise, a secrecy
outage occurs. The STP in non-colluding and colluding cases are, respectively, defined as:

P(CS > R) = ∏
Ei∈Φ

P(
1 + SNRB
1 + SNREi

> 2R), (12)

P(CS > R) = P(
1 + SNRB

1 + ∑ SNREi

> 2R). (13)

Ergodic secrecy capacity (ESC): ESC is defined as the average transmission rate of the
confidential message, which is formulated as:

CS = E[CS] =
∫ ∞

0
P(CS > R)dR. (14)

In practice, ECS is used to describe the fast fading channel while STP for a slow fading
channel. However, the numerical value of ECS is still determined by the STP. As long as
we obtain the STP, the ESC can be simply calculated by its integration.

3.2. Non-Colluding Eavesdroppers

In a non-colluding eavesdroppers scenario, we investigated the STP for traditional
beamforming (η = 1) and AN beamforming (η = 1). When traditional beamforming is
adopted, we derived the exact value of STP, whereas AN is introduced, and we calculated
the lower bound of STP which is a rigorous assumption and common practice [16,37].
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We denote the STP for traditional beamforming as P1 and for AN beamforming as P2,
respectively. Based on Equation (12), P1 is given by:

P1 = ∏
Ei∈Φ

P(
1 + SNRB
1 + SNREi

> 2R)
(b)
= ESB{exp(−2πλp

∫ RS

0
P(SE >

SBLB

2RLE
)ρdρ)}, (15)

where (b) holds for SNRB � 1, SNRE � 1 and the probability generating functional lemma
(PGFL, ref. [43]) over PPP.

By denoting u = kGtGr(η0Kλ)2/128π3, we have LE = u 1
d2

. As SE ∼ E(1), the
Equation (15) can finally be derived as:

P1 =ESB{exp(2πλp((vRS + v2)e−
RS
v − v2))}, (16)

where v = u2R/SBLB.
Similarly to the calculation of P1 and by denoting β = 2Rσ2

n
PLB

, P2(CS > R) is given by:

P2 = ∏
Ei∈Φ

P(
1 + SNRB
1 + SNREi

> 2R)
(c)
= ESB{exp(

−πR2
Sλp

(1 + SBη−β
βφ )N−1

)}, (17)

where (c) holds for SNRB � 1 and the PGFL over PPP.

3.3. Colluding Eavesdroppers

In colluding case, we denote the STP without AN as P3 and with AN as P4, respectively.
The STP P3(CS > R) is given by:

P3 = P(
1 + SNRB

1 + ∑ SNREi

> 2R) = P(SB >
2R ∑Ei∈Φ SEi LEi

LB
). (18)

We let I1 = ∑Ei∈Φ SEi LEi and thus P3 can be modified as:

P3 =
∫ ∞

0
P(SB > p1i) f I1(i)di

(d)
=

mN−1

∑
b=0

mb pb
1(−1)bL(b){ f I1(i)}(mp1), (19)

where f I1(i) is the probability density function (PDF) of I1 and p1 = 2R/LB, (d) holds for
SB ∼ Gamma(mN, m) and the complementary cumulative distribution function (CCDF) of
SB is given by Fc

SB
= e−mx ∑b∈B mbxb, where mb = mb

b! and b ∼ (0, mN − 1). The Laplace
transformation L{ f I1(i)}(mp1) of function f I1(i) is given by:

L{ f I}(p1) = exp{−2πλp p1uRS}(1 + RS
p1u

)2πλp2
1u2

. (20)

By adopting Bruno’s formula [44], we can obtain the n-degree derivation of
L{ f I1(i)}(p1) as:

L(n){ f I1}(p1) = ∑
n!

b1! · ·bn!
e f (p1)

n

∏
j=1

(
f (j)(p1)

j!
)bj , (21)

where the sum is over all the solutions b1, · · ·, bn ≥ 0 to b1 + 2b2 + · · · + nbn = n. By
denoting w = RS/u, c1 = 2πλp, c2 = 1 + w

p1
, c3 = 1

p1+w − 1
p1

, c4 = 1
p2

1
− 1

(p1+w)2 , f (p1) and

f (j)(p1) are given by:

f (p1) =c1(p2
1u2lnc2 − p1uRS), (22a)
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f (1)(p1) =c1(2p1u2lnc2 + p2
1u2c3 − uRS), (22b)

f (2)(p1) =c1(2u2lnc2 + 4p1u2c3 + p2
1u2c4), (22c)

f (j>2)(p1) = c1u2
2

∑
kk=0

Ckk
2 (−1)j−kk j!

(j − kk)
p2−kk

1 (
1

pj−kk
1

− 1
(p1 + w)j−kk ). (22d)

When AN beamforming is introduced, P4(CS > R) is given by:

P4 =
∫ ∞

0
P(SB > p2i) f I2(i)di = P(SB >

β(1 + ∑Ei∈Φ φSequali )

η
). (23)

We let I2 = 1 + ∑Ei∈Φ φSequali and thus P4 can be rewritten as:

P4 =
∫ ∞

0
P(SB > p2i) f I2(i)di =

mN−1

∑
b=0

mb pb
2(−1)bL(b){ f I2(i)}(mp2), (24)

where f I2(i) is the PDF of I2 and p2 = β
η . As long as we obtain L{ f I2(i)}(mp2), P4 can be

calculated. The Laplace transformation L{ f I2(i)}(p2) is given by:

L{ f I2}(p2) = exp{−p2 − NE + q1q2}, (25)

where q1 = exp(p2φ)EN(p2φ), EN(x) =
∫ ∞

1
e−xt

tN dt is the N-degree exponential integral and
q2 = NE(N − 1). As such, the n-degree of L{ f I2(i)}(p2) is given by:

L(n){ f I2}(p2) = ∑
n!

b1! · ·bn!
eg(p2)

n

∏
j=1

(
g(j)(p2)

j!
)bj , (26)

where g(p2) and g(j)(p2) are given by:

g(p2) = −p2 − NE + q1q2, (27a)

g(1)(p2) = −1 + q2φekφ(EN − EN−1), (27b)

g(j≥2)(p2) = q2φjekφ
j

∑
jj=0

Cjj
j (−1)jjEN−jj. (27c)

4. Security Analysis

In what follows, we describe Eve’s strategies to degrade the secrecy performance
with a PEC, and then we show the function of AN as a countermeasure to resist the
multiple eavesdroppers. Meanwhile, power allocation as a significant parameter of AN
beamforming is also analyzed. Table 1 shows the parameter settings.

4.1. Eve’s Attack

The intensity of Eves’ attack is affected by the spatial distribution. In Figure 3a, when
we compare the blue line with the red and yellow line, respectively, we find that the
covering radius RS has little effect on STP while density λp significantly reduces the STP.
However, in Figure 3b, both the value of RS and λp have significant impacts on the STP.
The reason is that the SNR of multiple eavesdroppers in the non-colluding case depends on
the ‘nearest’ Eve which has the best channel quality while the SNR in the colluding case
only depends on the total number. The parameter RS can barely increase the chance of the
‘nearest’ Eve as the THz transmit power quickly attenuates with the distance but indeed
increases the total number of them. Therefore, from Eves’ perspective, they have to focus
on ‘a better channel’ or ‘a better location’ rather than the total number in a non-colluding
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case, as we can see the STP of the case when NE = 17 performs even better than the STP
when NE = 7 in Figure 3a.
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Figure 3. Secure transmission probability (STP) under different RS and λp for (a) non-colluding case
and (b) colluding case. Parameters are given by: G = 25 dBi; N = 5; f = 300 GHz; and P = −10 dBm.

In Figure 4, we use normalized secrecy capacity [30] to show the extent to which Eves
reduce the secrecy capacity in non-colluding and colluding cases, respectively. It is shown
that for d2 = 20, the existence of Eves reduces the original capacity by 20% in non-colluding
case and by nearly 40% in colluding case.
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Figure 4. The normalized secrecy capacity as a function of d2 in the non-colluding and colluding
cases. Here, all the eavesdroppers have the same distance d2 to the PEC and the channel fading is
ignored. Other parameters are given by: G = 25 dBi; f = 300 GHz; P = −10 dBm; RS = 15 m; and
d3 = 1 m.

Eve can move the PEC closer to Alice to strengthen the attack. In Figure 5, we find
that the ESC monotonically increases with d3 (PEC) while decreasing with the d1 (Bob).
In addition, the parameters d1 and d3 may have interacted with each other. For example,
for d1 = 3, a unit increase in d3 will give birth to the improved ESC by ΔESC = 1.45. For
d1 = 5, ΔESC becomes 1.95. That is to say, d3(d1) may exhibit a different effect when the
other factor changes. Furthermore, if PEC is located in the midpoint between Alice and
Bob, the ESC will not change significantly with the increase in d1, as we can see that the
white line in Figure 5 nearly remains unchanged at ESC = 4.85.
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Figure 5. Ergodic secrecy capacity (ESC) as a function of d1 (Alice–Bob) and d3 (Alice–PEC) for
(a) non-colluding eavesdroppers and (b) colluding eavesdroppers. Other parameters are given by:
G = 25 dBi; N = 3; f = 300 GHz; P = −10 dBm; RS = 15 m; and λp = 0.015.

Eve can increase the size of PEC to strengthen the attack. In Figure 6a, we find that the
STP will decrease when the radius a rises from 20 mm to 40 mm, regardless of whether it is
in the non-colluding case or in the colluding case. As shown in Figure 2, as a grows from
20 mm to 40 mm, the electromagnetic field around the PEC will be augmented and hence
Eves obtains better signal quality. Additionally, we find that Eves benefit from increasing
a to various degrees when the location of PEC d3 changes. For d3 = 5 m, as shown in
Figure 6b, reducing a from 10 mm to 50 mm will lead to an ESC decrease of 36%. For
d3 = 1 m, however, reducing a from 10 to 50 decreases the ESC by 87% to nearly 0 which
means that Eves can almost intercept all the information. Since being too near to Alice will
increases the risk of being detected, Eve’s strategy is to select a proper size and optimal
location in such a way she can obtain as good a signal strength as possible and hide herself
simultaneously.
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Figure 6. (a) Influence of radius a on STP. (b) ESC versus radius a under different PEC location d3.
The solid line describes the non-colluding case while the dashed line describes the colluding case.
Other parameters are given by: G = 25 dBi; N = 3; f = 300 GHz; P = −10 dBm; RS = 15 m; and
λp = 0.04.

4.2. AN as a Countermeasure

We find that the AN beamforming can compensate for the detriment of multiple
eavesdroppers. As shown in Figure 7, the increase in λp causes an STP (P(CS ≥ 0))
reduction from 0.85 to 0.75 and 0.5 to 0.1, respectively. However, with the introduction of
AN in the non-colluding case, the STP (P(CS ≥ 0)) rises to 0.95, leading to an improvement
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of nearly 27%. In the colluding case, the STP rises to 0.7, corresponding to an improvement
of 600%. It is noteworthy that the detriment of multiple eavesdroppers in the colluding
case is more than that in the non-colluding case. In the non-colluding case, for R > 2, the
STP with AN beamforming (λp = 0.02) is higher than that with traditional beamforming
(λp = 0.01). However, in the colluding case, the situation is reversed for R > 2 which
means that colluding eavesdroppers cause greater damage to transmission security.
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Figure 7. The benefit of AN on STP for (a) a non-colluding case; and a (b) colluding case. Other
parameters are given by: G = 25 dBi, N = 3, f = 300 GHz, P = −10 dBm, RS = 15 m, η = 0.3.

In Figure 8, we find that the optimal η depends on both density λp and the number
of antennas N. For λp = 0.01 (blue and yellow line), the optimal η in the non-colluding
and colluding cases is 0.28 and 0.22, respectively, which are larger than 0.21 and 0.15 for
λp = 0.02. More Eves around PEC signify stronger information attacks. Therefore, Alice
must allocate more transmission power to AN to resist the adverse effect of the added Eves.
Additionally, the optimal value of η increases with N. As shown in the inset, the optimal η
are 0.34 and 0.27 for N = 6 while 0.28 and 0.22 for N = 2. We stress that only Bob benefits
from the increase in antennas since the transmitter maximizes the signal strength to Bob
and the signal power at Eves’ side remains unchanged.
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Figure 8. The optimal η under different λp and N. The solid line describes non-colluding cases while
the dashed line describes colluding cases. The main figure for N = 2 while the inset for N = 6. Other
parameters are given by: G = 27 dBi; f = 300 GHz; P = −10 dBm; and RS = 15 m.
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In Figure 9, we find that the ESC decreases with the f while increasing with the P
when η = 1. For a system without AN, the ESC will not be influenced by P since SNRB and
SNRE benefit from them to the same extent, as shown by Equations (7) and (11). However,
with the introduction of AN, P can no longer influence the supremum of SNRE but still
impacts SNRB. Additionally, we also find P and f cannot significantly change the optimal η.
In Figure 9a,b, the optimal η varies in the ranges of 0.27∼0.31 and 0.26∼0.3 with standard
deviations (STD) of 1.13 × 10−2 and 1.14 × 10−2, respectively, lending to a tiny change. We
note that despite Figure 9 only showing a non-colluding case, the same rule can also be
applied to the colluding scenario.
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Figure 9. Secrecy performance in a non-colluding case. (a) The ECS as a function of η and f with
P = −10 dBm; (b) The ECS as a function of η and P with f = 300 GHz. Other parameters are given
by: G = 25 dBi, N = 3, RS = 15 m, λp = 0.02.

5. Discussion

In practice, the first step to guarantee transmission security is to determine whether
attackers exist instead of determining how to resist attackers. Therefore, before using unique
techniques (such as AN), we should adopt a specific measure to detect the existence of an
attacker, otherwise, many resources will be wasted. Recent work in [30] can successfully
distinguish the suspicious objects from the ordinary environment through measuring the
incoming signal. Here, we consider the possibility of increasing the beam directivity or
enlarging the aperture of the receiver to guarantee the security. In this paper, the diameter
of the THz beam is larger than the aperture of the receiver. Thus, Eves can utilize the
edge of the beam to realize an attack. However, if the receiver has the ability to capture
all of the transmitted THz wave without any leakage, any eavesdroppers trying to put
an object in the beam will cause an extensive power reduction on Bob’ side. In this case,
if Eves still wants to implement an attack, she needs to either utilize the misalignment
effect between Alice and Bob which may also induce a leakage or pretend to be irrelevant
moving objects. Nevertheless, either way, Eves’ strategy to implement an attack would be
significantly more complicated and harder to implement. Another purpose of increasing
the directivity is to resist the interference. Transceivers on the same unlicensed bandwidth
may have interacted with each other. Additionally, jammers can also take advantage of this
large bandwidth in the THz band for interference [45]. Increasing their directivity gains
can make irrelevant transceivers and jammers either less effective or need to increase their
transmit power.

In some cases, Eves are not afraid of being found because they are intended to block the
signal power of Bob (reduce the secrecy capacity at the same time). As a countermeasure,
multiple IRS-assisted THz systems with opportunistic connectivity may be a choice since
Alice can choose different ways to transmit the signal and design unique beamforming
schemes to maximize the secrecy rate performance. Researchers have found that oppor-
tunistic connectivity [46] with well-designed beamforming schemes can significantly boost
the secrecy rate performance and reduce blocking probability.
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6. Conclusions

In this paper, we investigated the secure transmission of THz waves in the indoor
environment against randomly distributed eavesdroppers. We established the PLS model
for this THz communication system, where Bob’s channel is featured by a highly directive
beam while Eve’s channel scatters THz waves. Particularly, we characterize both channels
with stochastic small-scale fading in order to accommodate the random variation in practice
such as scattering on aerosols or the movement of objects. The security performance of
traditional beamforming and AN beamforming in both non-colluding and colluding cases
are analyzed by deriving the STP and ESC. Based on our analysis, we reveal that Eves
can indeed take different strategies to degrade the secrecy performance, for instance, by
changing the size or the distance of the scatter and increasing the density. To deal with
this issue, an AN beamforming technique with a well-designed power allocation can be an
effective candidate to counterbalance this adverse effect. Our study can not only serve as an
inspiration for eavesdropping scenes but also for a widespread network scenario. Future
work may extend this point-to-point communication scene to an indoor THz wireless local
area networks (WLANs) which seem more appealing.
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Appendix A

When the incident field Ei strikes the surface of PEC, it provokes surface current JZ on
PEC, which in turn generates a scattered field Es which is given by:

Es(ρ) = − kη0

4

∫
C

JZ(ρ
′)H(2)

0 (k|ρ − ρ′|)dS′, (A1)

where ρ is the field point on the plane, ρ′ is the source point on the surface and H(2)
0 is the

Hankel function of the second kind of zero order. The integral in Equation (A1) is along
the surface C which is divided into NC segments. According to the property of PEC, the
incident field of segment n Ei(ρ

′
n) is given by:

Ei(ρ
′
n) = − kη0

4
ΣN

m=1 JZ(ρm
′)H(2)

0 (k|ρ′n − ρm
′|)ΔCm, (A2)

where ρ′n, ρ′m is, respectively, the midpoint of segment n and m and ΔCm is the length of
segment m. By applying Equation (A2) to all the segments, there are totally NC equations
and all the equations can be cast in matrix form as:⎡⎣ Ei(ρ

′
1)

· · ·
Ei(ρ

′
NC )

⎤⎦ =

⎡⎣ A11 · · · A1NC
· · · · · · · · ·

ANC1 · · · ANC NC

⎤⎦⎡⎣ J(ρ′1)
· · ·

J(ρ′NC )

⎤⎦, (A3)

where the elements of impedance matrix A are influenced by the PEC itself and the incident
field of segment n Ei(ρ

′
n) is also given by Ei(ρ

′
n) =

√
2η0PGt/4πD2

n, where Dn = d3 +
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acosθn is the distance between Alice and the segment n. Finally, we can calculate the scatter
field Es by substituting Ei(ρ

′
n) and Equation (A3) into Equation (A2):

Es(ρ) =
−kη0

4

⎡⎢⎣ H(2)
0 (k|ρ − ρ′1|)ΔC1

· · ·
H(2)

0 (k|ρ − ρ′NC |)ΔCNC

⎤⎥⎦
T

A−1

⎡⎣ Ei(ρ
′
1)

· · ·
Ei(ρ

′
NC ).

⎤⎦
(e)
=

−kη0

4π

√
η0PGt

kd2
exp{−j(kd2 − π

4
)}CTA−1D,

(A4)

where C = [ΔC1 · · · ΔCNC ], D = [1/D1 · · · Δ1/DNC ]
T , (e) holds for kd2 � 1 in the THz

band so that approximations can be made with |ρ − ρ′| ≈ d2.
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